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Preface

Heavy metals are chemical elements with a specific gravity greater than 5.0.
Among the 90 naturally occurring elements, 21 are non-metals, 16 are light metals,
and the remaining 53 are (with As included) heavy metals. The definition thus
includes the majority of naturally occurring elements, which from a biological
perspective is not very helpful. However, only a limited number of heavy metals
are soluble under physiological conditions and thus bioavailable to living organ-
isms. Some of these are considered essential for life, including Fe, Co, Mo, Mn,
Zn, V, Ni, Cr, Cu, and W. They are required as micronutrients or trace elements
because they often act as cofactors in biochemical reactions, but they are toxic
when present in excess. Other heavy metals such as Cd, Hg, Ag, Pb, and U have no
known biological function and are toxic even at very low concentrations.

Heavy metals are often present as natural components of ultramafic or calamine
soils, but the prevalence of heavy metals in the environment has increased more
recently as a result of human activity. Metal processing facilities, mines, refuse
dumps, sewage sludge, and traffic are all sources of heavy metals. In addition, the
intense use of phosphate fertilizers and municipal sewage sludge in agriculture
contributes to the accumulation of heavy metals in soils. The increasing concen-
trations are potentially toxic to both animal and plant life.

Metal mobility in the soil is strongly influenced by root exudates and microbes
in the rhizosphere. Mobilized metals bind to root cell walls and are then taken
across the plasma membrane by transport systems. Diverse families of metal
transporters are induced under metal deficiency conditions, indicating their
involvement in the regulation of metal uptake, transport, and distribution in the
aerial parts of the plant.

For most plants, both essential and non-essential heavy metals cause toxicity
symptoms and growth inhibition when present in excess. Heavy metals induce
oxidative stress by generating free radicals and reactive oxygen species; they
displace essential ions from proteins and other molecules; and then bind strongly
to oxygen, nitrogen and sulfur groups, and hence inactivate enzymes by binding to
cysteine residues.
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Plants use various strategies to prevent heavy metals accumulating at sensitive
sites within the cell, thus avoiding the damaging effects of heavy metal toxicity.
One important detoxification strategy is the chelation of metals by a ligand, which
is subsequently compartmentalized. Different metal-binding ligands have been
recognized in plants and they appear to regulate different stages of metal transport
and storage. These include organic acids, amino acids, peptides, and proteins.

Recent advances in molecular biology, sequencing technology, and bioinfor-
matics mainly focusing on model plants, have rapidly increased our understanding
of heavy metal detoxification and metal stress tolerance in plants. Understanding
the molecular basis of heavy metal tolerance in plants will play a more prevalent
role in food safety, and will also provide new strategies to address micronutrient
deficiencies through the development of biofortified food crops accumulating
higher levels of essential heavy metals such as zinc. Furthermore, to better
understand the unique feature of several plant taxa of accumulating exceptional
concentrations of heavy metals in aerial tissues will consent to improve the
phytoremediation of contaminated sites. The following chapters report a broad
overview of plant mechanisms involved in the transport, accumulation, and
detoxification of heavy metals and highlight future prospects for the exploitation of
heavy metal tolerance in plants.

Verona, April 2012 Antonella Furini
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Chapter 1
Heavy Metal Toxicity in Plants

Giovanni DalCorso

Abstract Plants are sessile organisms that must cope with the surrounding soil
composition in order to survive and reproduce. Soils often contain excessive levels
of essential and non-essential elements, which may be toxic at high concentrations
depending on the plant species and the soil characteristics. Many metals share
common toxicity mechanisms, and plants deal with these metals using similar
scavenging pathways. The impact of metal toxicity is made more complex by
competition, since high levels of one metal may imbalance the uptake and
transport of others, therefore contributing to the toxicity symptoms. Here, the
toxicity symptoms and mechanisms of the most common essential and non-
essential heavy metals will be considered.

Keywords Heavy metal � Plant nutrition � Metal pollution � Metal toxicity

1.1 Heavy Metals: Nutrients or Toxic Elements?

Plants acquire mineral elements from soil primarily in the form of inorganic ions.
The extended root apparatus and its ability to absorb ionic compounds even at low
concentrations makes mineral absorption highly efficient.

Mineral elements can be divided into two groups: essential nutrients and toxic
non-nutrient elements. The essential minerals include the macronutrients nitrogen
(N), potassium (K), calcium (Ca), magnesium (Mg), phosphorous (P), sulfur (S) and
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silicon (Si), and the micronutrients chlorine (Cl), iron (Fe), boron (B), manganese
(Mn), sodium (Na), zinc (Zn), copper (Cu), nickel (Ni), and molybdenum (Mo). These
are essential components of plant metabolism and structure, and their absence or
deficiency reduces fitness and inhibits growth and reproduction. Micronutrients are
required in only small quantities and their excessive abundance in the soil (especially
Cu, Ni and Zn), due to natural occurrence or introduction by anthropogenic activities, is
also detrimental to the majority of plant species. Other minerals such as cadmium (Cd),
mercury (Hg), lead (Pb), chromium (Cr), arsenic (As), silver (Ag), and antimony (Sb)
are toxic to plants even at low concentration. These metals, collectively defined as
heavy metals since their density is higher than 5.0 g cm-3, are not considered to be
nutrients because they have no known function in plant metabolism and appear to be
more or less toxic to both eukaryotic and prokaryotic organisms (Sanità di Toppi and
Gabbrielli 1999). Only recently, a carbonic anhydrase has been shown to bind Cd as a
cofactor in the marine diatom Thalassiosira weissflogii (Lane and Morel 2000).

When studying heavy metal toxicity in plants, researchers must take into
account the nature of the pollution phenomenon. First, the stress caused by con-
taminated soils is permanent, and therefore long-term rather than short-term
molecular responses must be considered. Most studies have been carried out in
hydroponic or in vitro culture, and have involved the application of extremely high
metal concentrations in the growth media. This seldom resembles actual envi-
ronment and represents the consequences of acute stress caused by a single metal
species. Second, the toxicity of a heavy metal depends on its oxidation state, e.g.,
Cr(VI) is considered the most toxic form of Cr, and usually occurs associated with
oxygen as chromate (CrO4

2-) or dichromate (Cr2O7
2-) oxyanions. Cr(III) is less

mobile, less toxic, and predominantly bound to organic matter in soil and aquatic
environments (Shanker et al. 2005). Third, the ability of heavy metals to persist in
the soil in the form that is bioavailable to roots (i.e., soluble and ready for
absorption) is influenced by their adsorption, desorption, and complexation in the
soil matrix, processes that are strongly influenced by soil pH, composition, and
structure. Heavy metals tend to be more mobile in acidic soils. Finally, heavy
metal toxicity is species dependent. For instance, metal-tolerant plants and certain
plants known as hyperaccumulators [able to accumulate at least 100 mg g-1

(0.01% dry weight) Cd, As, and some other trace metals, 1,000 mg g-1 (0.1% dry
weight) Co, Cu, Cr, Ni, and Pb and 10,000 mg g-1 (1% dry weight) Mn and Ni
(Reeves and Baker 2000; Watanabe 1997) have defense mechanisms that avoid
damage caused by heavy metal-induced stress, although the duration and magni-
tude of exposure and other environmental conditions, contribute to heavy metal
sensitivity (Sanità di Toppi and Gabbrielli 1999).

Metal toxicity is also greatly influenced by the coexistence of many metals in
the soil, which could have both synergic and antagonistic effects depending on the
relative concentrations and other soil properties (i.e., presence of nutrient
elements). For example, Ca2+ strongly inhibits the uptake of Ni in Arabidopsis
bertolonii, whereas the opposite effect is seen in Berkheya coddii (Gabbrielli and
Pandolfini 1984). Ni can induce Fe deficiency either by retarding its uptake or
trapping Fe in the roots (Mysliwa-Kurdziel et al. 2004), and these effects can be
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partially overcome by supplementation with Mg (or Fe) ions suggesting a com-
petitive interaction (Le Bot et al. 1990). In Pisum sativum, Mn toxicity can be
reduced by applying indole acetic acid (IAA). This also promotes seedling growth,
and it has been suggested that IAA protection is mediated by regulation of both the
ammonium content and the activities of enzymes involved in ammonium assim-
ilation (Gangwar et al. 2011). Mn toxicity is also reduced in the presence of Si.
The biochemical and physiological basis of this phenomenon is poorly understood
and may involve the modification of metabolic stress responses (Führs et al. 2009)
and a change in the apoplastic Mn-binding properties that lead to a reduction in the
concentration of Mn in the apoplast (Horst et al. 1999). As already stated, different
species respond to combinations of ions in different ways. As an example, pea
plants are protected from Cd toxicity by Ca, which limits Cd accumulation,
whereas in Brassica juncea, Ca promotes the accumulation of As but reduces its
toxicity (Rai et al. 2011a).

Fertilization is also known to influence heavy metal toxicity. The addition of
phosphate reduces As toxicity in field-grown Medicago truncatula and Hordeum
vulgare without modifying the specific uptake of As(V), and this may be due to the
higher phosphate concentration into cells that outcompetes As in metabolic
reactions (Christophersen et al. 2009). The accumulation and translocation of As in
rice plants is inhibited when sulfur is abundant but enhanced when its availability
is limited. This may reflect the prominent role of sulfur, which is a component of
PCs and GS (both of which form complexes with heavy metals) and the impact of
its availability on the synthesis of thiolic compounds, elements that ultimately
affect As accumulation and metabolism (Zhang et al. 2011).

1.2 Toxicity Mechanisms of Heavy Metals

Heavy metal toxicity in plants occurs through four major mechanisms:

(1) Induction of oxidative stress and changes in the cell membrane permeability
and integrity. Many heavy metals induce the formation of ROS such as H2O2,
O2

.- and OH
.
, which may be a direct process (via the Fenton and Haber–

Weiss reactions, as shown in Fig. 1.1) or as secondary effect due to their
toxicity into the cell. ROS have a negative impact on plant cells, for instance
by inhibiting water channel and transporter proteins and enhancing lipid
peroxidation. The latter alters membrane fluidity, stability, and structure,
inhibiting membrane-dependent processes such as electron flow in chloro-
plasts and mitochondria. ROS are counteracted by the activation of antioxidant
enzymes such as SOD, APX, GPX, CAT, and GSR, whose reaction mechanisms
are shown in Fig. 1.2.

(2) Reaction with sulfhydryl groups (–SH). Heavy metals have a strong affinity for
–SH groups [Cd, for example, shows a threefold higher affinity for –SH groups
than Cu (Schützendübel and Polle 2002)] and therefore bind to structural
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proteins and enzymes containing them. This can prevent correct folding,
interfere with catalytic activity, and perturb enzyme-mediated redox regula-
tion (Hall 2002).

(3) Similarity to biochemical functional groups. As(V) in arsenate (AsO4
3-), for

example, is an analog of the micronutrient phosphate (PO4
3-) and competes

with it in many cellular functions. AsO4
3- displaces phosphate in ATP,

leading to the formation of the unstable complex ADP-As that interferes with
the energy flows in the cell (Meharg and Hartley-Whitaker 2002).

(4) Displacement of essential (cat)ionic cofactors in enzymes and signaling
components. Metal ions in the active sites of enzymes can be displaced by
heavy metal ions resulting in the loss of activity, e.g., the displacement of Cu,
Zn, Fe, and Mn cofactors from superoxide dismutase by Cd. The displacement
of the ionic cofactors from signaling proteins (e.g., calmodulin and tran-
scription factors) results in aberrant proteins that may perturb gene expression.
This process can also interfere with homeostatic pathways for essential metal
ions (Roth et al. 2006). For example, the displacement of Cu and Fe from
proteins releases free ions that may cause oxidative damage, e.g., via Fe/Cu-
catalyzed Fenton reactions (DalCorso et al. 2008).

The large number of targets for heavy metal toxicity means that negative effects
tend to be firstly observed in those cells that are exposed first, i.e., cells responsible
for the metal uptake. Heavy metals interfere with ionic homeostasis and enzyme
activity, and these effects are apparent in physiological processes involving single
organs (such as nutrient uptake by the roots) followed by more general processes
such as germination, growth, photosynthesis, plant water balance, primary
metabolism, and reproduction. Indeed, visible symptoms of heavy metal toxicity

Fig. 1.1 Generation of ROS
by heavy metals, including
examples of reactions
catalyzed by Fe (Halliwell
and Gutteridge 1984)
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include chlorosis, leaf rolling and necrosis, senescence, wilting and stunted
growth, low biomass production, limited numbers of seeds, and eventually death.
We now consider the effects of the most relevant heavy metals individually.

1.3 Non-Essential Heavy Metals: Cadmium, Mercury, Lead,
Chromium and Arsenic

1.3.1 Cadmium

Cadmium (Cd) is one of the most phytotoxic heavy metals because it is highly
soluble in water and promptly taken up by plants. This also represents its main
entry into the food chain, making it a threat to human health. Even at low con-
centrations, the uptake by roots and the transport of Cd to vegetative and repro-
ductive organs have a negative effect on mineral nutrition, homeostasis, growth
and development (DalCorso et al. 2010).

In root cells, Cd imbalances water and nutrient uptake, interfering with the
absorption of Ca, Mg, K, and P. It inhibits root enzymes involved in nutrient
metabolism, such as Fe(III) reductase, nitrate reductase, nitrite reductase, glutamine
synthetase, and glutamate synthetase, leading to Fe(II) deficiency, and reduced
nitrogen assimilation and metabolism (glutamine and glutamate synthetases are
responsible for the incorporation of ammonium into the carbon skeleton, DalCorso
et al. 2008). Nitrogen fixation and primary ammonia assimilation is also inhibited in
the nodules of soybean plants in the presence of Cd (Balestrasse et al. 2003).
Cd inhibits root growth and lateral root formation, with the concomitant

Fig. 1.2 Antioxidant enzymes responsible for the detoxification of H2O2 and O2
.-. APX

ascorbate peroxidase, AsA ascorbate, CAT catalase, DHA dehydroascorbate, DHAR dehydro-
ascorbate reductase, GSR glutathione reductase, GSH reduced glutathione, GSSG oxidized
glutathione, GPX glutathione peroxidase, MDHAR monodehydroascorbate reductase, NADP
nicotinamide adenine dinucleotide phosphate, reduced (NADPH) and oxidized (NADP+), SOD
superoxide dismutase
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differentiation of numerous root hairs, for instance, in Arabidopsis and tobacco
(Farinati et al. 2010). Tomato roots exposed to Cd are thicker and stronger (Chaffei
et al. 2004). In shoot tissues, the most evident symptoms of Cd toxicity are leaf roll,
chlorosis, water uptake imbalance, and stomatal closure (Clemens 2006). Chlorosis
may reflect changes in the Fe:Zn ratio that negatively affect chlorophyll metabolism
(Chaffei et al. 2004). Cd causes stomata to close independent of water status probably
because its similarity to Ca allows Cd to enter guard cells through voltage-dependent
Ca2+ channels and to mimic Ca2+ activity in the cytosol (Perfus-Barbeoch et al.
2002). Indeed, stomatal closure can be actively driven by Ca2+ accumulating in the
guard cell cytosol. The increase in cytosolic free Ca2+ causes plasma membrane
anion and Kþout channels to open, resulting in the loss of water and turgor that drives
stomatal pore closure (MacRobbie and Kurup 2007).

Both cellular and organellar metabolism are compromised by Cd. In chloro-
plasts, Cd damages the photosynthetic apparatus, targeting the light-harvesting
complex II and the two photosystems (PSI and PSII) which are particularly
sensitive. This reduces the chlorophyll and carotenoid content, increases
non-photochemical quenching and limits both photosynthetic efficiency and
effective quantum yield (Sanità di Toppi and Gabbrielli 1999). Moreover, by
inhibiting enzymes involved in CO2 fixation, Cd reduces carbon assimilation
(Perfus-Barbeoch et al. 2002). Cd also affects sulfur metabolism in the chloroplasts
by inducing the accumulation of thiolic compounds with a concomitant reduction
in leaf ATP-sulfurylase and O-acetylserine sulfurylase activity, i.e., the first and
the last enzymes in the sulfate assimilation pathway (Astolfi et al. 2004).

Cd is toxic at the cellular level by interfering with mitosis and inhibiting cell
division, due to chromosomal aberrations and inhibition of mitotic processes
(Benavides et al. 2005). In Arabidopsis, Cd induces mutations, leading to floral
anomalies, embryonic malformations, and poor seed production (DalCorso et al.
2008).

Although Cd does not take part in the Fenton and Haber–Weiss reactions,
without Cd ions altering their oxidation state (Clemens 2006), exposure can still
induce oxidative injuries such as protein carbonylation and lipid peroxidation,
disrupting cell homeostasis and interfering with membrane functions (Romero-
Puertas et al. 2002; Schützendübel et al. 2001). This appears to reflect a
Cd-induced imbalance in the activity of antioxidative enzymes, CAD and SOD
in primis, leading to the accumulation of ROS, which may be a general effect of
redox imbalance or a specific response to heavy metal stress (Romero-Puertas et
al. 2004). Other plants induce GDH in response to Cd (Boussama et al. 1999).
GDH activity is correlated with the onset of senescence and associated changes
in nitrogen metabolism (Masclaux et al. 2000). Similar changes in nitrogen
metabolism are observed in plants exposed to Cd so it is possible that the toxic
effects of Cd reflect the induction of senescence. In peroxisomes, Cd induces
glyoxylate cycle enzymes (malate synthase and isocitrate lyase) as well as
peroxisomal peptidases, the latter being well known as leaf senescence-associated
factors (Chaffei et al. 2004).
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A secondary effect of ROS accumulation is the perturbation of signaling
pathways mediated by H2O2 and oxygen radicals. Indeed, H2O2 plays a role as
signal molecule in triggering, for instance, defence mechanisms against both
abiotic stresses (Dat et al. 2000; Sharma et al. 1996) and pathogen attack
(Bestwick et al. 1998; Thordal-Christensen et al. 1997). Interfering with H2O2

accumulation, Cd meddles with the signal transduction pathways in which ROS
are involved. Cd2+ can also displace the chemically similar Zn2+ from zinc finger
transcription factors, thus interfering with gene expression (Sanità di Toppi and
Gabbrielli 1999). Similarly, Cd2+ can displace Ca2+ from calmodulin proteins, thus
perturbing intracellular calcium level and altering calcium-dependent signaling,
e.g., the regulation of stomatal closure discussed above (DalCorso et al. 2008).

1.3.2 Mercury

Mercury (Hg) is generally found only in trace concentrations in soil, and it is tightly
bound to organic matter and clay particles or as a sulfide precipitates (Schuster 1991).
The predominant source of Hg in the soil is from mining and industrial waste (Zhou et
al. 2007). The toxicity of Hg depends on its chemical state (e.g., HgS, Hg2+, Hg0, and
methyl-Hg). The predominant form in agricultural soils is Hg2+, which is not par-
ticularly phytotoxic at normal concentrations, but it is soluble, highly reactive, and
readily taken up by plants (Han et al. 2006). Alternatively, the uncharged and volatile
form Hg0 can enter leaves via the stomata and diffuse to the mesophyll cells where it
is oxidized to Hg(II) (Zhou et al. 2007). The first visible symptoms of Hg toxicity are
the profound inhibition of root and shoot growth (Cho and Park 2000). The molecular
basis of Hg phytotoxicity remains uncertain but probably reflects: (i) the affinity of
Hg for –SH groups; and (ii) the direct generation of ROS via the Fenton reaction,
which in turn induces oxidative stress (Fig. 1.1).

Roots show the first signs of Hg toxicity because these are the first tissues to be
exposed to the metal. The suppression of root growth by Hg has been observed in
tomato seedlings, in Brassica spp. and in Spinacia oleracea (Cho and Park 2000;
Ling et al. 2010). At high concentrations, Hg can bind to water channels in the
plasma membrane, interfering with water flow and stomatal functions. When
wheat root cells were exposed to HgCl2, the hydraulic conductivity of the mem-
branes was reduced, suggesting that membrane depolarization may inhibit water
transport (Zhang and Tyerman 1999). Hg also strongly inhibits photosynthesis by
interacting with metal ions in the PSII proteins D1 and D2 and with the Mn-cluster
of the OEC (Patra et al. 2004). Oxygen evolution and thylakoid electron transport
are also inhibited because Hg depletes the 33-kDa manganese stabilizing protein
on the luminal side of PSII (Bernier and Carpentier 1995). PSI is also compro-
mised by Hg, which oxidizes the P700 chlorophyll a when present as HgCl2 (Sersen
et al. 1998). In addition to Hg-induced chlorophyll depletion, these negative effects
eventually result in a dramatic reduction in the photosynthetic quantum yield (Cho
and Park 2000).

1 Heavy Metal Toxicity in Plants 7



Laboratory experiments with various explants have shown that high concen-
trations of Hg are genotoxic, causing chromosomal damages, interfering with
mitosis and meiosis, and inducing polyploidy (Patra et al. 2004).

Hg has a global impact on the redox state of the cell because it catalyzes the
formation of ROS. In tomato seedlings, exposure to Hg induces the formation of
H2O2 (Cho and Park 2000), whereas alfalfa leaves exposed to Hg2+ produce excess
levels of both H2O2 and O2

.- (Zhou et al. 2008). This increase in ROS affects many
other cellular functions by damaging nucleic acids and proteins, and by inducing
lipid peroxidation thus modifying membrane integrity and permeability (Patra et
al. 2004). In tomato, the production of ROS correlates with an increased activity of
CAT, SOD, and PRX enzymes, in both roots and shoots (Cho and Park 2000).

1.3.3 Lead

Lead (Pb) is one of the most abundant heavy metals in both terrestrial and aquatic
environments, predominantly arising from human activities such as mining,
smelting, the use of fuels and explosives, and the disposal of Pb-enriched muni-
cipal sewage sludge. Together with Cd, Pb is also considered one of the most
serious hazards to human health, since it is readily taken up by plants and therefore
can easily enter the food chain. Pb toxicity causes similar symptoms to other heavy
metals, namely growth inhibition, chlorosis, and (in the most severe cases) death.

Roots that absorb Pb respond by reducing their growth rate and changing their
branching pattern. In Picea abies, the emergence and growth of secondary roots
are particularly sensitive to Pb toxicity (Godbold and Kettner 1991). In maize, Pb
perturbs the organization of the microtubule network of the root meristem,
resulting in a shorter branching zone with more compact lateral roots emerging
nearer to the root tips (Eun et al. 2000). The inhibition of root growth by Pb also
affects nutrient uptake and nitrogen assimilation. For example, the enzymes nitrate
reductase and glutamine synthetase are inhibited by Pb in Cucumis sativus and
Glycine max, respectively (Sharma and Dubey 2005). Pb also nonspecifically
blocks the uptake of other cations such as K, Ca, Mg, Mn, Zn, Cu, and Fe,
probably by modifying the activity and permeability of membranes or binding
them to ion carriers, making them unavailable for uptake and transport into the
plant (Patra et al. 2004).

High concentrations of Pb cause a water deficit, reducing the transpiration rate,
altering the osmotic pressure of the cell sap and the water potential of the xylem.
These effects contribute to an overall negative change in the plant water status
(Parys et al. 1998).

Pb interacts with –SH groups like many other heavy metals, but it can also
interact with –COOH groups, inhibiting enzymes and altering protein conforma-
tion (Sharma and Dubey 2005). Pb can also displace metal cofactors from
metalloenzymes, which includes Mn in the OEC and Mg in the chlorophyll
porphyrin ring, thus interfering with photosynthesis and electron transport
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by reducing oxygen evolution and chlorophyll levels and altering the thylakoid
membrane structure (Patra et al. 2004). Key chlorophyll biosynthesis enzymes are
also strongly inhibited by Pb, as well as many enzymes in the Calvin cycle (e.g.,
RuBisCO, phosphoenol pyruvate carboxylase, and ribulose 5-phosphate kinase)
thus reducing the rate and efficiency of CO2 fixation (Sharma and Dubey 2005).

One unique effect of Pb is the disruption of the cell cycle by interfering with the
alignment of microtubules on the mitotic spindle. This effect cannot be replicated
with, e.g., Al and Cu, even at concentrations sufficient to inhibit root growth (Eun
et al. 2000).

Pb is not a redox metal so cannot generate ROS directly, but oxidative stress is
caused indirectly as shown by the increased lipid peroxidation in rice and pea
plants exposed to the metal (Malecka et al. 2001). This is countered by the acti-
vation of antioxidant enzymes such as SOD and PRX, but whereas CAT activity
increases in pea plants, it declines in rice, perhaps explaining in part why there is
an increase in lipid peroxidation (Malecka et al. 2001, Verma and Dubey 2003).
This complexity of antioxidant enzyme activity in plants under metal stress may
reflect the presence of diverse isoforms which have different spatiotemporal
expression profiles, different intracellular locations, and different environmental
triggers for activation and inactivation (Scandalios 1990).

1.3.4 Chromium

Chromium (Cr) has received comparatively little attention from plant scientists
perhaps because it is ubiquitous in the environment and, due to its complex
electron chemistry, it exists in many oxidation states upon which its toxicity
depends. Cr pollution results from human activities such as leather processing and
finishing, the production of refractory steel, electroplating, wood preservation, and
the manufacture of specialty chemicals and cleaning agents such as chromic acid.
There is no evidence that Cr has a specific biological in plants, and its absorption
involves the use of Fe, S, and P transporters and carriers; Cr thus competes with
these essential nutrients for binding sites. Cr ions with different oxidation state
appear to be absorbed by different mechanisms (Shanker et al. 2005). Cr stress
inhibits germination in Phaseolus vulgaris, possibly by promoting the activity of
proteases while suppressing the activity of amylases and perturbing the subsequent
transport of sugars to the embryo axes (Zeid 2001). In adult plants, Cr toxicity
inhibits shoot growth, reduces the number of leaves as well as the leaf area and
biomass, reduces the productivity of crops, causes burns on the leaf margins and
tips, and induces chlorosis and necrosis (Sharma and Sharma 1993; Singh 2001;
Jain et al. 2000). Eventually, the global plant fitness is compromised, giving
reduced plant biomass production and productivity, relevant aspects for crops and
agronomy-important species.

A well-documented effect of Cr toxicity is the inhibition of primary root growth
(observed as reduced root length) and the suppression of new lateral root primordia
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(Prasad et al. 2001). The application of Cr inhibited root elongation in Caesalpinia
pulcherrima, wheat, and Vigna radiata (Shanker et al. 2005) possibly by
disrupting cell division through chromosomal damage (Panda and Choudhury
2005). Cr stress also induces changes in root morphology, increasing the number
of root hairs and the relative proportion of pith and cortical tissue layers (Suseela
et al. 2002). The negative effects of Cr on root growth and development combined
with the tendency of Cr to compete with essential nutrients for uptake and
transport means that Cr has a significant impact on nutrient acquisition. Although
there is some variation depending on the plant species and tissue, Cr(VI) seems to
have the most potent effect on the uptake of nutrients such as K, Mg, P, Fe, N, Zn,
Cu, Mo, and Mn (Shanker et al. 2005). As well as reducing root growth and
competing with these essential nutrients for uptake, Cr may also inhibit the activity
of H+ATPases in the plasma membrane, which is required for proton export
from the roots and hence acidification of the rhizosphere and the subsequent
mobilization of metal ions. Inhibition would therefore result in a general reduction
in nutrient bioavailability in the soil (Shanker et al. 2005).

The impact of Cr on plant water status in unknown, although Cr does induce the
typical symptoms of water deficit and reduced transpiration, such as turgor loss,
plasmolysis, and diminished tracheary vessel diameter (Shanker et al. 2005).

Both photosystems are inhibited by Cr(VI) although the mechanisms are
still under investigation. Exposure to Cr(III) and Cr(VI) reduces the chlorophyll
content of bean seedlings and wheat plants by displacing Mg from the chlorophyll
molecule (Samantaray et al. 2001; Sharma and Sharma 1996). Cr stress also
disrupts the ultrastructure of the chloroplast, particularly the arrangement of
thykaloid membranes, probably reducing the size of the antenna complexes (Panda
and Choudhury 2005; Shanker et al. 2005).

Cr can also inhibit certain enzymes in a species-dependent manner, e.g. nitrate
reductase (Panda and Patra 2000) and root Fe(III) reductase (Barton et al. 2000),
the latter affecting Fe nutrition in the plant. In mitochondria, Cr may hamper the
electron transport interfering with the Cu and Fe ions contained in many electron-
carrier proteins. The severe inhibition of mitochondrial cytochrome oxidation, for
instance, could be due to the extreme susceptibility of complex III and IV to
Cr(VI) (Dixit et al. 2002).

Finally, Cr shares the ability of other heavy metals to induce the formation of
ROS in plant cells. Cr is not considered a redox metal, but studies have shown that
it can participate in Fenton reactions (Panda and Choudhury 2005). Sorghum
plants treated with either Cr(VI) or Cr(III) increased H2O2 content in roots and
leaves, correlated with an increase in lipid peroxidation (Panda and Choudhury
2005; Shanker and Pathmanabhan 2004). Antioxidant enzyme activities are also
modulated by Cr, apparently in a dose-dependent manner. For example, low levels
of Cr induce SOD activity in pea plants, whereas higher concentrations inhibit
both CAT and SOD (Dixit et al. 2002; Jain et al. 2000).
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1.3.5 Arsenic

Arsenic (As) is a profoundly toxic heavy metalloid that originates from both
geogenic sources and anthropogenic activities such as mining, the combustion of
fossil fuels, and use of As-based pesticides and wood preservatives (Tu and Ma
2005). It is widely distributed in the environment and recognized as a significant
threat to human health. The chemistry of As in the soil is complex because it can
be present in both organic and inorganic forms, but most As is present as the
oxidized mineral arsenate, AsO4

3- As(V), and its reduced form arsenite, AsO3
3-

As(III). The bioavailability of As depends on the soil characteristics, including its
redox potential, pH, and composition, the presence of other minerals (particularly
Fe and Al oxides and hydroxides), and the abundance of microbes that can reduce
As(V) to As(III) (Smith et al. 2010). Arsenate is chemically similar to phosphate
and it is probably taken up into many plants via phosphate transporters (Pigna et al.
2009). In contrast, arsenite is more abundant and mobile in soils with a low redox
potential, and is thought to be acquired via aquaporin transporters in the plasma
membrane of root cells (Vromman et al. 2011).

As interferes with cell metabolism by reacting with –SH groups on proteins and
replacing phosphate, and inhibits plant growth (Tu and Ma 2005). The symptoms
of As toxicity include poor seed germination and profound growth inhibition
(Smith et al. 2010). In wheat seeds, for example, germination is considerably
affected by both arsenite and arsenate, probably reflecting the inhibition of both
a- and b-amylase (Liu et al. 2005). Maize plants treated with toxic concentration
of As(V) and As(III) produced stunted roots that were thicker and stiffer than
normal, and that had a significantly lower mitotic index; micronuclei and
chromosome aberrations were also observed in the root meristems (Duquesnoy et
al. 2010). In some species, the effect of As on root growth depends on its
concentration. For example, root growth in Artemisia annua is stimulated at low
As concentrations but inhibited at higher concentrations (Rai et al. 2011b).

The reduction in root growth combined with changes in the selectivity and
permeability of cell membranes prevent the uptake of water and nutrients resulting
in water imbalance and nutrient deficiency, the severity depending on the species
(Paivoke and Simola 2001). For example, As significantly increases the accumu-
lation of N, P, K, Ca, and Mg in the shoots of hydroponically grown Phaseulus
vulgaris plants (Carbonell-Barrachina et al. 1997), but reduces the uptake of
macronutrients such as K, Ca, and Mg, and micronutrients such as B, Cu, Mn, and
Zn, in tomato plants (Carbonell-Barrachina et al. 1994). Similarly, arsenite reduces
the uptake of Si, Mn, Zn, Cu, P, and K in rice plants and the translocation of these
minerals to the shoot, possibly by interacting with the –SH groups of transporters
(Hoffmann and Schenk 2011). Interestingly, in some hyperaccumulator species,
such as Pteris vittata, low levels of arsenate stimulate phosphate accumulation in the
fronds and significantly enhance growth (Tu and Ma 2005). The water content, water
potential, and stomatal conductance of Atriplex atacamensis (Phil) leaves and roots
were significantly reduced after prolonged exposure to As (Vromman et al. 2011).
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Following absorption, As is thought to interfere with essential phosphate
metabolism because the corresponding enzymes can also reduce As(V) to As(III)
(Smith et al. 2010). Moreover, As(V) can be reduced nonenzymatically by
glutathione (at least in vitro; Meharg and Hartley-Whitaker 2002) which is
abundant in plants. Although As is not redox-active, it can stimulate the production
of ROS through the conversion of arsenate to arsenite (Meharg and Hartley-
Whitaker 2002), and can thus induce lipid peroxidation and cellular damages
(Gunes et al. 2009). Maize leaves and roots exposed to As(V) produce antioxidant
enzymes such as APX in response to the oxidative stress, whereas SOD activity
declines. Conversely, higher levels of CAT activity were measured in maize shoots
and roots exposed to high concentrations of As(III) (Duquesnoy et al. 2010).
In Bacopa monnieri plants exposed to moderate levels of As, the activities of GSR,
SOD, GPX, APX, and CAT were stimulated in a differential but coordinated
manner in the leaves and roots, presumably representing a global response to As
toxicity (Mishra et al. 2011). Artemisia annua plants treated with As showed a
dose-dependent increase in the activities of SOD, APX, GSR, and GPX followed
by a gradual decline at higher concentrations, again suggesting a coordinated
response to the oxidative stress caused by As toxicity (Rai et al. 2011b).

1.4 Essential Metal Ions: Nickel, Copper, Iron, Manganese,
Zinc, and Selenium

1.4.1 Nickel

Nickel (Ni) is abundant in rocks as a free metal and as a complex with other metal
ions such as Fe. Like other heavy metals, anthropogenic activities such as mining,
smelting, burning fossil fuels, vehicle emissions, waste disposal, electroplating,
and the manufacture and disposal of batteries contribute to the release of Ni into
the environment (Alloway 1995; Salt et al. 2000). Like Cr, Ni exists in many
oxidation states that complicate the investigation of toxicity mechanisms in plants.
However, Ni2+ is the prevalent oxidation state in soils because it is stable over a
wide range of pH and redox conditions (Yusuf et al. 2011).

Unlike the metals discussed above, Ni is an essential micronutrient because it is
required as a cofactor in enzymes such as urease, where it usually coordinates with
cysteine residues (Dixon et al. 1980). Ni deficiency therefore reduces urease
activity, disrupts nitrogen metabolism, and leads to the accumulation of toxic
amounts of urea, which manifests as chlorosis and necrosis (Yusuf et al. 2011).
These effects are particularly severe in species that develop symbiotic relationships
with nitrogen-fixing bacteria, because amino acid metabolism and the ornithine
cycle are also compromised (Eskew et al. 1983). Low levels of Ni thus promote
growth and development in many crops, including oilseed rape, cotton, sweet
pepper, tomato, and potato (Gerendas and Sattelmacher 1999; Welch 1981).
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Although Ni is an essential nutrient, excess amounts are toxic in many species
and the effects are already apparent during germination in species such as pigeon
pea, maize, wheat, and B. juncea (Rao and Sresty 2000; Bhardwaj et al. 2007;
Gajewska and Sklodowska 2008; Sharma et al. 2008). Later in development, the
inhibition of root growth is a prevalent symptom of Ni toxicity, as seen in
B. juncea plants and wheat seedlings (Alam et al. 2007; Gajewska et al. 2006). The
uptake of nutrients is also affected by Ni excess, and its chemical similarity to
nutrients such as Ca, Mg, Mn, Fe, Cu, and Zn suggests that Ni may compete with
these minerals for uptake and subsequent utilization (Chen et al. 2009). Excess Ni
may therefore induce deficiency symptoms for other nutrients, e.g., in barley plants
where toxic levels of Ni reduce the absorption of Ca, Fe, K, Mg, Mn, P and Zn
(Brune and Deitz 1995). Excess Ni also reduces the level of nitrogen in the leaves
and roots of Cicer arietinum and Vigna radiata plants (Athar and Ahmad 2002).
Ni exposure reduces the phosphorus content of Helinathus annus and Hyptis
suaveolens plants (Pillay et al. 1996).

Like other heavy metals, Ni also disrupts the water balance in plants, perhaps
reflecting the cumulative effects of Ni toxicity. Indeed, Ni treatment reduces the
transpiration rate, leaf growth, and the leaf blade area in wheat (Bishnoi et al.
1993; Chen et al. 2009), and increases the level of endogenous ABA in Brassica
oleracea leaves, the plant hormone that promotes stomatal closure (Molas 1997).

Ni has a substantial impact on photosynthesis because it disrupts the thylakoid
membranes and reduces the chlorophyll content (Molas 2002; Ahmad et al. 2007;
Alam et al. 2007). Like other metals, Ni can displace Mg from chlorophyll and
enzymes such as RuBisCO that contain Mg ion as cofactor (Yusuf et al. 2011).
Moreover, both PSI and the PSII appear to be sensitive to Ni in Spinacea oleracea,
where the analysis of submembrane fractions showed that Ni2+ strongly inhibits
oxygen evolution by depleting the extrinsic 16 and 2 kDa polypeptides associated
with the OEC (Boisvert et al. 2007).

Unlike Fe and Cu (see below), Ni is not a redox-active metal and cannot
generate ROS directly, yet the presence of excess Ni nevertheless induces the
formation of superoxide anions, hydroxyl radicals, and hydrogen peroxide in many
species, including Alyssum bertolonii and wheat (Boominathan and Doran 2002;
Gajewska and Sklodowska 2007). Interestingly, the prolonged presence of these
ROS does not increase the amount of lipid peroxidation in wheat, perhaps due to
the concomitant increase in APX and GPX activities (Gajewska and Sklodowska
2007). In a different experiment, the treatment of Triticum durum with Ni2+

resulted in a significant increase in membrane lipid peroxidation, along with higher
levels of H2O2 and O2

.- (Hao et al. 2006). Similarly, H2O2 levels rose significantly
following the exposure of both Alyssum bertoloni and Nicotiana tabacum to Ni,
although there was little oxidative damage in A. bertolonii roots reflecting the
much higher endogenous activities of CAT and SOD in this species (Boominathan
and Doran 2002). The induction or repression of antioxidant enzymes is species
dependent and also reflects the magnitude of the stress. For example, while in
A. bertolonii, SOD, CAT, and APX activities decline in response to Ni,
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the opposite pattern is observed in wheat and maize (Baccouch et al. 2001; Ga-
jewska et al. 2006).

1.4.2 Copper

Copper (Cu) is an essential nutrient that acts as a structural component in regulatory
proteins, as a redox component in chloroplast and mitochondrial electron transport,
and as a cofactor in enzymes such as Cu-SOD, cytochrome oxidase, plastocyanin,
and laccase, therefore participating in a variety of metabolic processes, such as
hormone signaling, cell wall metabolism, and stress response. Cu deficiency
symptoms include chlorosis and necrosis at the leaf tip, together with leaf twisting
and malformation, reflecting the impairment of photosynthetic electron transfer, the
loss of essential pigments, and the degeneration of thykaloids.

Cu in plants exists in two oxidation states, Cu2+ and Cu+, and redox cycling
between these states produces hydroxyl radicals (Li et al. 2002). Moreover, since
Cu is a redox-active transition metal it can generate ROS directly via the Fenton or
Haber–Weiss reactions (Halliwell and Gutteridge 1984), catalyzing the formation
of hydroxyl radicals (OH0) via non-enzymatic chemical reactions between H2O2

and the superoxide anion (O2
.-) (see Fig. 1.1). This enhanced capacity to produce

ROS is the primary mechanism of Cu toxicity.
Further visible symptoms of Cu toxicity include stunted growth and reduced

initiation and development of lateral roots. Nitrogen metabolism and fixation are
disrupted in Glycine max plants exposed to excess Cu, whereas nitrate and free
amino acid levels become depleted in similarly treated Vitis vinifera plants
(Llorens et al. 2000).

One of the most potent effects of Cu toxicity is to inhibit oxygen evolution,
accompanied by a significant reduction in photosynthetic yield, which may reflect
a specific interaction between Cu ions and TyrZ and TyrD on the D2 protein of PSII
(Sabat 1996; Maksymiec and Baszynski 1999). The photosynthetic machinery is
strongly inhibited by excess Cu, resulting in the degradation of stromal lamellae,
the loss of grana stacking, and an increase in the number and size of plastoglobules
(Yruela 2005). The extrinsic proteins of the OEC (PsbO, PsbP and PsbQ) are
degraded in the presence of excess Cu (Yruela 2005) and the redox state of
cytochrome b559 is compromised (Roncel et al. 2001). Important enzymes of the
Calvin cycle are also inhibited by Cu, including RuBisCO and phosphoenol
pyruvate caboxylase (Balsberg Pahlsson 1989). Cu stress increases susceptibility
to photoinhibition in both isolated thylakoids and intact leaves, due to the
Cu-induced reduction of chlorophyll content (Pätsikkä et al. 2002).

1.4.3 Iron

Iron (Fe) is an essential nutrient in plants, with crucial roles in processes such as
photosynthetic electron transport, oxidative stress tolerance, mitochondrial
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respiration, nitrogen fixation, hormone synthesis and organelle maintenance
(Hänsch and Mendel 2009). It exists in soils as both Fe3+ and Fe2+, although only
the latter is soluble and suitable for absorption by plants. Fe geochemistry is
influenced by soil characteristics such as pH, organic matter content, and oxygen
levels. Fe3+ is reduced to Fe2+ by soil microorganisms, root exudates, and chemical
reactions in the soil. An interesting feature of Fe toxicity is that it is greatly
dependent on the soil type; it is often linked to P and Zn deficiency, water logging,
and anoxic conditions (Ponnamperuma et al. 1967).

Fe is a highly reactive redox metal that produces large amounts of hydrogen
peroxide and superoxide during the reduction of molecular oxygen. Therefore,
excess Fe induces the formation of hydroxyl radicals that can damage many targets,
including DNA, proteins, lipids, and sugars. A typical visual symptom of iron
toxicity in rice is the bronzing of leaves due to the accumulation of oxidized
polyphenols (Becker and Asch 2005). In Nicotiana plumbaginifolia and pea plants,
Fe toxicity induces the formation of brown necrotic spots covering the whole leaf
surface (Kampfenkel et al. 1995). In wetland plants, iron oxyhydroxide deposits
(iron plaques) may form on the roots in Fe-rich soils. These deposits reduce further
Fe absorption, thus constituting a protective mechanism against Fe toxicity, but
they may also sequester nutrients such as phosphate and therefore result in defi-
ciency symptoms (Batty and Younger 2003). Excess Fe reduces water transpiration
and photosynthetic activity (Kampfenkel et al. 1995; Adamski et al. 2011), which
manifests, for instance, as a sharp decline in the chlorophyll content of potato leaves
(Chatterjee et al. 2006) together with a loss of thylakoid membrane integrity
(Adamski et al. 2011), and as a reduction in CO2 fixation and starch accumulation in
N. plumbaginifolia plants (Kampfenkel et al. 1995). Fe stress in sweet potatoes
inhibits the reduction of plastoquinone but appears not to affect electron flux from
plastoquinone to the final electron acceptor (Adamski et al. 2011).

Because Fe participates in the Haber–Weiss and Fenton reactions, one of the
main toxicity mechanisms is the direct formation of ROS and the induction of
oxidative stress, which has been documented in N. plumbaginifolia, rice, sun-
flowers, and soybean (Kamplenken et al. 1995; Fang et al. 2001). As a response to
the increased oxidative stress, activity of APX and GSR were increased by Fe2+

excess in rice, as well as the amount of free-radical scavengers, such as mannitol
and reduced GS (Fang et al. 2001). Application of Fe2+ ions was also found to
induce peroxidase activity in rice leaves, which could be mediated by de novo
synthesis of the enzyme at transcriptional level (Peng et al. 1996). CAT and APX
were shown to be induced in N. plumbaginifolia plants exposed to excess Fe
(Kampfenkel et al. 1995).

1.4.4 Manganese

Manganese (Mn) acts as cofactor in many enzymes, including Mn-superoxide
dismutase, catalase, pyruvate carboxylase, phosphoenol pyruvate carboxykinase,
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malic enzyme, and isocitrate lyase (Hänsch and Mendel 2009). It also has a critical
role in oxygen evolution because four Mn atoms are required in the OEC subunits
of PSII. The oxidation state and bioavailability of Mn is strongly dependent on soil
pH, with the more-soluble Mn(II) form becoming more abundant below pH 5.5
(thus risking Mn toxicity) and the less-soluble manganic forms Mn(III), Mn(IV),
and Mn(VII) becoming more abundant above pH 6.5 (thus risking Mn deficiency).
Mn utilization and toxicity is therefore exquisitely sensitive to fertilizer applica-
tions, particularly ammonia-based chemicals that cause soil acidification (Dučic
and Polle 2005).

In Zea mays for instance, Mn deficiency restricted the uptake and transport of
NO3

-, inhibited the activity of enzymes related to N-metabolism, such as nitrate
reductase, glutamine synthetase, and glutamic-oxaloace transaminase. Mn defi-
ciency also promotes glutamate dehydrogenase activity, reduces chlorophyll and
protein synthesis, and thus inhibits growth and development (Gong et al. 2011).

Excess Mn, for instance in low-drained and acidic soils, is toxic in most plant
species, inducing general symptoms such as stunting, chlorosis, crinkled leaves,
brown necrotic lesions, and death in the most severe cases (Dučic and Polle 2005).
Pea plants exposed to excess Mn had lower root and shoot biomass, lower
chlorophyll and carotenoid contents, and lower glutamine synthetase and gluta-
mate synthase activities than controls (Gangwar et al. 2011). In Vigna radiata
leaves, Mn treatment caused a progressive reduction in the total carotenoid, total
chlorophyll and chlorophyll a contents, and inhibited the Hill activity of isolated
chloroplasts, thus reducing the rates of photosynthesis and of CO2 uptake (Sinha et
al. 2002). The decline in photosynthetic activity following exposure to excess Mn
also reflects the production of ROS such as H2O2 and O2

.- (Gangwar et al. 2011;
Shi and Zhu 2008), which cause lipid preoxidation in the thylakoid membranes
and damage enzymes such as RuBisCO (Subrahmanyam and Rathore 2001).
In plants exposed to high Mn levels, the activity of SOD, PRX, APX, DHAR and
GSR is increased. Excess Mn can also cause deficiencies for other nutrients such as
Fe, Mg, Zn and Ca, although the mechanism is unclear (Shi and Zhu 2008).

1.4.5 Zinc

Zinc (Zn) is an essential element and participates in many processes of plant life,
such as enzyme activation, metabolism of proteins and carbohydrates, lipids, and
nucleic acids. Zn is a cofactor in many plant enzymes with important roles in
primary metabolism (e.g., alcohol dehydrogenase, glutamic dehydrogenase, car-
bonic anhydrase, enzymes involved in electron transport, and antioxidant
enzymes) and is also an integral component of several transcription factors (e.g.,
zinc finger transcription factors) (Chang et al. 2005). Zn deficiency initially
manifests as a reduction in internodal growth, which reduces stem length and
causes plants to acquire rosette-like habitus, and in later stages leaves may develop
deficiency symptoms such as chlorosis and necrotic spots (Sharma 2006).
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Zn is usually abundant in the mineral component of soils and is present as
sulfide, sulfate, oxide, carbonate, phosphate, and silicate, e.g., sphalerite, zincosite,
gahnite, smithsonite, hopeite, and willemite (Broadley et al. 2007). Zn levels in
soils have also increased through human activities such as mining, smelting,
limestone topping, burning fossil fuels, and the use of phosphate-based fertilizers
(Nriagu 1996). Under physiological conditions, the relatively stable Zn2+ redox
state is prevalent in soils although this depends on the soil type, clay and mineral
content, moisture content, weathering rates, organic matter content, and microbial
populations. The most important parameter is soil pH; Zn is more readily adsorbed
on cation exchange sites at high pH, while it is more soluble in acidic soils with
low levels of soluble organic matter and these conditions favor Zn toxicity
(Broadley et al. 2007).

The initial symptoms of Zn toxicity are chlorosis and even reddening of the
leaves in severe cases, due to anthocyanin production (Fontes and Cox 1995). This
is followed by the appearance of necrotic brown spots on the leaves of some
species, accompanied by stunting and reduced yield (Harmens et al. 1993;
Broadley et al. 2007). Zn toxicity also inhibits primary root growth and the
emergence of lateral roots (Ren et al. 1993). High levels of Zn can displace Mg
from the OEC water splitting site of PSII, thus inhibiting both photosystems and
the electron transport chain, as seen in Zn-treated Phaseolus vulgaris plants (Van
Assche and Clijsters 1986). In Spinacea oleracea, plastidial ATP synthesis is also
inhibited by Zn toxicity (Teige et al. 1990). Zn is a non-redox metal but it can
generate ROS indirectly, leading to defense responses including the induction of
antioxidant enzymes such as SOD, CAT, and GPX (Prasad et al. 1999; Chang et al.
2005). The oxidative burst induced by Zn toxicity could also be responsible for the
cell death observed in rice root cells, since the application of exogenous ROS
scavengers was able to increase cell viability; this result points to a relationship
between Zn toxicity and programmed cell death (Chang et al. 2005).

1.4.6 Selenium

Although it has a relatively low density (4.82 g cm-3) and according to the
periodic table, it is a non-metal, Se is considered in this article because it shares
many biological properties with other minerals (e.g., it exists in the soil in multiple
forms and can induce toxicity symptoms depending on availability and abun-
dance). In aerobic soils, inorganic Se is present in numerous oxidation states, the
most common being selenite [SeO3

2-, Se(IV)] and selenate [SeO4
2-, Se(VI)],

which are the most soluble and the most toxic forms. Elemental selenium (Se0),
which is more prevalent under anaerobic conditions, is insoluble and biologically
inert. Inorganic Se is released naturally during the erosion and the leaching of
seleniferous minerals, and many human activities also produce inorganic Se,
including mining, burning fossil fuels, and glass manufacturing (Di Gregorio et al.
2005). Se is a nutrient, essential in traces for bacteria, animals, and algae, being
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a component of few enzymes, such as the glutathione peroxidase, in which it is
incorporated as Se-cystein, encoded by the opal codon UGA (Fu et al. 2002). The
status of Se as a micronutrient in higher plants remains controversial. Se stimulates
the growth of Se-hyperaccumulators such as Astragalus pectinatus (Trelease and
Trelease 1939), but true seleno-proteins similar to those found in microbes, ani-
mals, and algae have not yet been identified (Fu et al. 2002). Se can also regulate
the water status of plants subjected to drought stress, increasing the water uptake
capacity of roots and inhibiting the stress-induced accumulation of proline
(Kuznestov et al. 2003). At low concentrations, Se behaves as an antioxidant in
Lolium perenne, inhibiting lipid peroxidation and enhancing the activity of GPX
(Hartikainen et al. 2000). The foliar application of Se to heat-stressed sorghum
plants alleviates oxidative stress by enhancing the antioxidative cycle (Djana-
guiraman et al. 2010).

Both selenate and selenite are readily absorbed by the roots of many plant
species and are efficiently distributed to other tissues. Here, cellular metabolism
converts them into Se-metabolites, which act as analogs of organic sulfur com-
pounds and interfere with the metabolic processes in which these sulfur com-
pounds normally participate. Moreover, the sulfur-containing amino acids cysteine
and methionine are replaced by seleno-cysteine and seleno-methionine, which
become incorporated into proteins, leading to significant alterations in protein
function and structure due to the differences in size and ionization properties
between Se and sulfur (Brown and Shrift 1982). High levels of Se trigger a range
of toxicity symptoms including stunting, chlorosis, drying of leaves, aberrant
protein metabolism, and eventually death. Symptoms vary according to (i) the age
of the plant (older plants are more resistant) (ii) the assimilation characteristics of
the plant (certain species hyperaccumulate Se); and (iii) the availability of sulfates,
which compete with Se and mitigate its toxicity (Terry et al. 2000). Proteomic
analysis in rice showed that Se toxicity led to a gradual decline in the chloroplast
enzymes involved in the redox cycle (ROS scavenging system) and a corre-
sponding gradual increase in the abundance of ROS and damage to the photo-
synthetic apparatus, in particular the chlorophyll a–b binding proteins and
RuBisCO (Wang et al. 2012). This inhibition of photosynthesis combined with the
impact of seleno-cysteine and seleno-methionine on protein synthesis and
metabolism could therefore explain the reduced growth of rice seedlings caused by
excess Se. Finally, it appears that excess Se can also imbalance the uptake of other
nutrients, e.g., increasing the intracellular concentration of Ca, Fe, Cu, Mn, and Zn
but reducing P levels in Trifolium repens (Wu and Huang 1992). Furthermore, due
to the chemical similarity between S and Se, SeO4

2- and SO4
2- probably compete

for absorption and transport (Grant et al. 2011), reducing the amount of SO4
2-

absorbed by the roots (Leggett and Epstein 1956).
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Chapter 2
Plant Responses to Heavy Metal Toxicity

Anna Manara

Abstract Plants, like all other organisms, have evolved different mechanisms to
maintain physiological concentrations of essential metal ions and to minimize
exposure to non-essential heavy metals. Some mechanisms are ubiquitous because
they are also required for general metal homeostasis, and they minimize the
damage caused by high concentrations of heavy metals in plants by detoxification,
thereby conferring tolerance to heavy metal stress. Other mechanisms target
individual metal ions (indeed some plants have more than one mechanism to
prevent the accumulation of specific metals) and these processes may involve the
exclusion of particular metals from the intracellular environment or the seques-
tration of toxic ions within compartments to isolate them from sensitive cellular
components. As a first line of defense, many plants exposed to toxic concentrations
of metal ions attempt to prevent or reduce uptake into root cells by restricting
metal ions to the apoplast, binding them to the cell wall or to cellular exudates, or
by inhibiting long distance transport. If this fails, metals already in the cell are
addressed using a range of storage and detoxification strategies, including metal
transport, chelation, trafficking, and sequestration into the vacuole. When these
options are exhausted, plants activate oxidative stress defense mechanisms and the
synthesis of stress-related proteins and signaling molecules, such as heat shock
proteins, hormones, and reactive oxygen species.
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2.1 Signal Transduction in Response to Heavy Metals

The response to heavy metal stress involves a complicated signal transduction
network that is activated by sensing the heavy metal, and is characterized by the
synthesis of stress-related proteins and signaling molecules, and finally the tran-
scriptional activation of specific metal-responsive genes to counteract the stress
(Maksymiec 2007). The relevant signal transduction pathways include the Ca-
calmodulin system, hormones, ROS signaling, and the mitogen-activated protein
kinase (MAPK) phosphorylation cascade, which converge by activating the above-
mentioned stress-related genes. Different signaling pathways may be used to
respond to different heavy metals (DalCorso et al. 2010).

2.1.1 The Ca-Calmodulin System

Ca2+ signaling features in responses to a number of abiotic stress factors, including
temperature extremes, osmotic stress, oxidative stress, anoxia, and mechanical
perturbation (Knight 1999). Excess heavy metals modify the stability of Ca
channels, thus increasing calcium flux into the cell. Intracellular Ca is a secondary
messenger, which interacts with calmodulin to propagate the signal and ultimately
to regulate downstream genes involved in heavy metal transport, metabolism, and
tolerance (Yang and Poovaiah 2003). Higher intracellular Ca levels are observed
in plants exposed to Cd, inducing adaptive mechanisms that alleviate the toxic
effects of the heavy metal (Skórzyńska-Polit et al. 1998). The Ca-calmodulin
system is also involved in the response to other heavy metal toxicity, such as Ni
and Pb. Transgenic tobacco plants expressing NtCBP4 (Nicotiana tabacum cal-
modulin-binding protein) tolerate higher levels of Ni2+ but are hypersensitive to
Pb2+, reflecting the exclusion of Ni2+ but the accumulation of more Pb2+ than wild-
type plants (Arazi et al. 1999).

2.1.2 Hormones in the Heavy Metal Response

Plant hormones are involved in many physiological and developmental processes,
and play a crucial role in the adaptation to abiotic stress as shown by the regulation
of hormone synthesis in the presence of heavy metals (Peleg and Blumwald 2011).
For example, plants exposed to toxic levels of Cd, Cu, Fe, and Zn produce higher
levels of ethylene, but Co does not have the same effect (Maksymiec 2007; Wise
and Naylor 1988). Cd and Cu stimulate ethylene synthesis by upregulating ACC
synthase expression and activity (Pell et al. 1997). Cu and Cd also induce the rapid
accumulation of jasmonic acid (JA) in Phaseolus coccineus (Maksymiec et al.
2005), and Cu has also been shown to have this effect in rice (Rakwall et al. 1996)
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and Arabidopsis thaliana (Maksymiec et al. 2005). Salicylic acid (SA) is involved
in heavy metal stress responses, as shown by the increase in SA levels in barley
roots in the presence of Cd and the ability of exogenous SA to protect roots from
lipid peroxidation caused by Cd toxicity (Metwally et al. 2003).

2.1.3 The Role of Reactive Oxygen Species

As stated above, one of the major consequences of heavy metal accumulation is
the production of ROS, which as well as causing widespread damage may also
function as signaling molecules. Heavy metals such as Cd can produce ROS
directly via the Fenton and Haber–Weiss reactions, and indirectly by inhibiting
antioxidant enzymes (Romero-Puertas et al. 2007). In particular, H2O2 acts as a
signaling molecule in response to heavy metals and other stresses (Dat et al. 2000).
H2O2 levels increase in response to Cu and Cd treatment in A. thaliana (Maksy-
miec and Krupa 2006), upon Hg exposure in tomato (Cho and Park 2000) and in
response to Mn toxicity in barley (Cho and Park 2000). This increase in H2O2

accumulation changes the redox status of the cell and induces the production of
antioxidants and the activation of antioxidant mechanisms (Fig. 2.1).

Fig. 2.1 The response to heavy metal toxicity in higher plants. As discussed in the text, plant
responses to heavy metals include: a metal ion binding to the cell wall and root exudates;
b reduction of metal influx across the plasma membrane; c membrane efflux pumping into the
apoplast; d metal chelation in the cytosol by ligands such as phytochelatins, metallothioneins,
organic acids, and amino acids; e transport of metal–ligand complexes through the tonoplast and
accumulation in the vacuole; f sequestration in the vacuole by tonoplast transporters; g induction
of ROS and oxidative stress defense mechanisms as described in Fig. 1.2. Metal ions are shown
as black dots
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2.1.4 The MAPK Cascade

The MAPK cascade in plants is a response to both biotic and abiotic stresses,
including pathogens, temperature extremes, heavy metal stress, drought, and
wounding (Jonak et al. 1996; He et al. 1999). The pathway is also used in hormone
signal transduction and in response to developmental stimuli (Jonak et al. 2002).
The MAPK cascade involved three kinases sequentially activated by phosphory-
lation: the MAPK kinase kinase (MAPKKK), the MAPK kinase (MAPKK), and
the MAPK. At the end of this cascade of phosphorylation, MAPKs phosphorylate
different substrates in different cellular compartments, including transcription
factors in the nucleus. In this way, the MAPK cascade allows the transduction of
the information to downstream targets. Four isoforms of MAPK were shown to be
activated in alfalfa (Medicago sativa) seedlings exposed to Cu or Cd (Jonak et al.
2004) and a MAPK gene is also activated by Cd treatment in rice (Yeh et al. 2004).
All these signaling pathways finally converge in the regulation of transcription
factors that activate genes required for stress adaptation, particularly in the context
of heavy metals this means genes for the activation of metal transporters and the
biosynthesis of chelating compounds.

2.2 Metal Ion Uptake from Soil

Metal availability and motility in the rhizosphere is influenced by root exudates
and microorganisms (Wenzel et al. 2003). Higher plants possess highly effective
systems for the acquisition of metal ions and other inorganic nutrients from the
soil. These are based on a small number of transport mechanisms, suggesting that
different heavy metal cations are co-transported across the plasma membrane in
the roots. Because toxic heavy metals such as Cd and Pb have no known biological
function, it is likely that specific transporters do not exist. Instead, these toxic
metals enter into the cells through cation transporters with a wide range of sub-
strate specificity.

2.2.1 Metal Ion Binding to Extracellular Exudates and to the Cell
Wall

As a first line of defense against heavy metals, plant roots secrete exudates into the
soil matrix. One of the major roles of root exudates is to chelate metals and to
prevent their uptake inside the cells (Marschner 1995). For example, Ni-chelating
histidine and citrate are present in root exudates and these reduce the uptake of Ni
from soil (Salt et al. 2000). The binding of metal ions such as Cu and Zn in the
apoplast also helps to control the metal content of root cells (Dietz 1996). Cation
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binding sites are also present on the root cell wall, and this allows metal exchange
thus influencing the availability of ions for uptake and diffusion into the apoplast
(Allan and Jarrel 1989). The cell wall can play a key role in the immobilization of
toxic heavy metal ions by providing pectic sites and hystidyl groups, and extra-
cellular carbohydrates such as callose and mucilage, and thus prevents heavy
metals uptake into the cytosol (Fig. 2.1). Thus, different tobacco genotypes with
chemically distinct root cell wall surfaces have different sensitivities to Mn tox-
icity (Wang et al. 1992). These data suggest that the chemical properties of the cell
wall might modulate plant metal uptake and consequently metal tolerance.
However, the role of the cell wall in metal tolerance is not completely understood.
The cell wall is in direct contact with metal ions in the soil but only a limited
number of absorption sites are available, suggesting the cell wall has only a minor
impact on metal tolerance (Ernst et al. 1992). However, Silene vulgaris ssp.
humilis is a heavy metal-tolerant plant that accumulates different heavy metals by
binding them to proteins or silicates in the epidermal cell walls (Bringezu et al.
1999).

2.2.2 Metal Ion Transport through the Plasma Membrane in Root

Plants possess various families of plasma membrane transporters involved in metal
uptake and homeostasis. At the cellular level, metal transporters on the plasma
membrane and tonoplast are required to maintain physiological concentrations of
heavy metals, but they may also contribute to heavy metal stress responses
(Fig. 2.1). These transporters belong to the heavy metal P1B-ATPase, the NRAMP,
the CDF (Williams et al. 2000), and the ZIP families (Guerinot 2000). The bio-
logical function, cellular location, and metal specificity of most of these trans-
porters in plants are still unknown. In plants most of these metal ions transporters
were identified by complementation in Saccharomyces cerevisiae mutants defec-
tive in metal uptake.

2.2.2.1 The ZIP Family

One of the principal metal transporter family involved in metal uptake is the ZIP
family. ZIP family of transporters have been identified in many plant species
(as well as bacteria, fungi and animals) and are involved in the translocation of
divalent cations across membranes. Certain ZIP proteins are induced in A. thaliana
roots and shoots in response to Fe or Zn loading, and thus appear to be part of a
stress response. Most ZIP proteins are predicted to comprise eight transmembrane
domains and have a similar topology, with the N- and C-termini exposed to the
apoplast, and a variable cytoplasmic loop between transmembrane domains III and
IV that contains a histidine-rich domain putatively involved in metal binding
(Guerinot 2000) and specificity (Nishida et al. 2008).
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The first ZIP transporter to be characterized was the A. thaliana IRT1. This was
identified by functional complementation of the S. cerevisiae fet3fet4 double
mutant, which is impaired in iron transport (Eide et al. 1996). In A. thaliana, IRT1
is expressed in root cells and accumulates in response to iron deficiency, sug-
gesting a role in Fe2+ uptake from the soil (Vert et al. 2002). Many metal trans-
porters present low ion selectivity, and additional studies in yeast showed that
AtIRT1 can also transport Mn2+, Zn2+, and Cd2+ (Korshunova et al. 1999). IRT1,
in plant, is also involved in the uptake of heavy metal divalent cations such as Cd2+

and Zn2+ (Cohen et al. 1998). Furthermore, when expressed in yeast, AtIRT1
enhanced the Ni2+-uptake activity (Nishida et al. 2011). In A. thaliana, AtIRT1 is
induced in response to excess Ni and is involved in Ni2+ transport and accumu-
lation. In S. cerevisiae the ZRT1 and ZRT2 transporters were identified on the
basis of sequence similarity to IRT1 and they are respectively high- and low-
affinity Zn2+ transporters (Zhao and Eide 1996a, b). The zrt1zrt2 double mutant
yeast was then used to clone the A. thaliana Zn2+ transporters, AtZIP1, AtZIP2,
and AtZIP3 by functional complementation (Grotz et al. 1998). ZIP1 and ZIP3 are
expressed principally in the roots and are induced under Zn limiting conditions. In
A. thaliana, the analysis of the genomic sequence revealed the presence of a fourth
member of the family, AtZIP4, which is expressed in roots and shoots, and it is
also induced by Zn restriction, supporting their proposed role in Zn nutrition. ZIP
transporters in plants are also involved in Cd uptake from soil into the root cells
and transport Cd from root to shoot (Krämer et al. 2007). In hyperaccumulator
species, ZIP transporters are necessary (but not sufficient) for the enhanced
accumulation of metal ions and metal accumulating capacity correlates with ZIP
expression (Krämer et al. 2007). In S. cerevisiae, ZRT3 is a further transporter
identified by functional complementation but this appears to be involved in the
mobilization of Zn from vacuole and not only in the uptake from the environment
(MacDiarmid et al. 2000). There is some evidence that Ni is taken up by Zn
transporters (Assunção et al. 2001) although candidate Ni-specific transporters
have also been identified (Peer et al. 2003).

2.2.2.2 The NRAMP Family

NRAMP metal transporters have been shown to transport a wide range of metals,
such as Mn2+, Zn2+, Cu2+, Fe2+, Cd2+, Ni2+, and Co2+, across membranes, and have
been identified in bacteria, fungi, plants, and animals (Nevo and Nelson 2006). In
plants, NRAMP transporters are expressed in roots and shoots and are involved in
transport of metal ions through the plasma membrane and the tonoplast (Krämer
et al. 2007). NRAMPs in A. thaliana are thought to transport Fe and Cd, with
NRAMP1 playing a specific role in Fe transport and homeostasis (Thomine et al.
2000). The AtNramp1 gene complements the yeast fet3fet4 double mutant, and is
induced under limiting Fe conditions. (Curie et al. 2000). The overexpression of
AtNramp1 in transgenic A. thaliana plants leads to an increase in plant resistance
to toxic iron concentration (Curie et al. 2000).
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2.2.2.3 The Copper Transporters Family

The Copper Transporters (CTR) family of transporter has firstly been identified in
yeast and mammalian and subsequently also in plants. CTR proteins comprise a
putative metal-binding motif in the extracellular domain, three predicted trans-
membrane domains, and a conserved and essential MXXXM motif within the
putative second transmembrane domain (Puig and Thiele 2002). The A. thaliana
copper transporter COPT1 was identified by functional complementation of the
S. cerevisiae mutant ctr1-3, which is defective in copper uptake (Kampfenkel et al.
1995a). In A. thaliana, COPT1 has been shown to transport copper, and it also has
a role in growth and pollen development (Sancenón et al. 2004).

2.2.3 Reduced Metal Uptake and Efflux Pumping at the Plasma
Membrane

The plasma membrane plays an important role in plant response to heavy metals
by preventing or reducing the uptake of metals into the cell or by active efflux
pumping outside the cell. There are few examples of ion exclusion or reduced
uptake as a sole protective mechanism in plants. Although an arsenate-tolerant
genotype of Holcus lanatus absorbs less arsenate than an equivalent non-tolerant
genotype (Meharg and Macnair 1992) due to the suppression of the high-affinity
arsenate transport system combined with the constitutive synthesis of PCs
(Hartley-Whitaker et al. 2001). Active efflux systems are more common and are
used to control heavy metals accumulation inside the cell. This mechanism is well
documented in bacteria (Silver 1996) and in animal cells (Palmiter and Findley
1995). Differently, there are only few evident indications of plasma membrane
efflux transporters involved in heavy metal response in plants. Comparing data
obtained for bacteria and mammals, the most likely candidate heavy metal efflux
pumps in plants (based on sequence similarity to microbial and animal proteins)
are the P1B-ATPases and the CDF families of transporters. P1B-type ATPases
belong to P-type ATPase superfamily and use energy from ATP hydrolysis to
translocate diverse metal cations across biological membranes (Axelsen and
Palmgren 2001). P1B-type ATPases share common structural characteristics, such
as eight predicted transmembrane domains, a CPx (Cys-Pro-Cys/His/Ser) intra-
membrane motif that is hypothetically involved in metal translocation (Ashrafi
et al. 2011), and a putative N- or C-terminal metal binding domain (Colangelo and
Guerinot 2006). P1B-ATPases pump metal ions out of the cytoplasm against their
electrochemical gradient, into either the apoplast or into the vacuole. The eight
P1B-type ATPases in A. thaliana and rice were renamed heavy metal ATPases
(HMAs) (Baxter et al. 2003). HMAs are divided into two classes, one involved in
transport of monovalent cations (Cu/Ag) and the second in the transport of divalent
cations (Zn/Co/Cd/Pb) (Baxter et al. 2003). HMAs are more selective than the
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transporters involved in metal uptake, e.g., HMA2, HMA3, and HMA4 export Zn
and Cd exclusively (Krämer et al. 2007). Therefore, hma2 hma4 double mutants
and, to a lesser extent, the hma4 single mutant contain low levels of Zn in the
shoots, display Zn deficiency symptoms, but other micronutrients are unaffected
(Hussain et al. 2004). In addition, they show increased Cd sensitivity and decrease
in Cd root-to-shoot translocation (Hussain et al. 2004; Wong and Cobbett 2009).
Both AtHMA2 (Hussain et al. 2004) and AtHMA4 (Verret et al. 2005) are located
on the plasma membrane and heterologous expression of AtHMA4 in yeast
induces tolerance to Zn and Cd toxicity, thus suggesting that this transporter can
act as efflux pump (Mills et al. 2005).

ABC transporters are also involved in metal ion efflux from the plasma
membrane. For example, AtPDR8 is localized in the plasma membrane of
A. thaliana root hairs and epidermal cells, conferring both metal tolerance (Kim
et al. 2007) and pathogen resistance (Kobae et al. 2006). AtPDR8 is induced in the
presence of Cd and Pb, transgenic plants overexpressing the protein do not
accumulate Cd in the roots or shoots and are tolerant to normally toxic levels of Cd
and Pb. In contrast, mutants accumulate higher levels of Cd and are sensitive to
both metals. Probably, AtPDR8 acts as an efflux pump of these metals at the
plasma membrane (Kim et al. 2007).

2.3 Root-to-Shoot Metal Translocation

Once taken up by the roots, metal ions are loaded into the xylem and transported
to the shoots as complexes with various chelators. Organic acids, especially cit-
rate, are the major chelators for Fe and Ni in the xylem (Tiffin 1970; Leea et al.
1977). In addition, amino acids are potential metal ligands, for instance Ni may
also be chelated by histidine and translocated (Kramer et al. 1996), and the
methionine derivative NA is involved in the transport of Cu (Pich and Scholz
1996). Several types of transporter proteins are involved in the root-to-shoot
transport of metals. Metal ions are also translocated from source to sink tissue via
phloem. Therefore, phloem sap contains metals arising from source tissue, like Fe,
Cu, Zn, and Mn (Stephan et al. 1994). Into the phloem, only NA was identified as
potential metal chelator of Fe, Cu, Zn, and Mn (Stephan and Scholz 1993). NA is
involved in the long distance transport of metals inside the xylem and phloem, but
other chelators are required for loading. High molecular weight compounds that
chelate Ni, Co, and Fe are found in the phloem of Ricinus communis plants
(Wiersma and Van Goor 1979; Maas et al. 1988) and Zn-chelating peptides are
found in Citrus spp. (Taylor et al. 1988) but they have yet to be characterized in
detail.
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2.3.1 The HMA Family of Transporters

The P-type ATPases reclassified as HMAs (see above) function not only as efflux
pumps to remove metal ions from the cell, but also as internal transporters to load
Cd and Zn metals into the xylem from the surrounding tissues. HMA4 is the first
gene encoding for P-type ATPase cloned and characterized in A. thaliana (Mills
et al. 2003). AtHMA4 is a plasma membrane transporter of divalent ions required
for Zn homeostasis and Cd detoxification as it participates in the cytosolic efflux
and in the root-to-shoot translocation of these metals (Mills et al. 2003; Verret
et al. 2004). Overexpression of the AtHMA4 protein not only increases Zn and Cd
tolerance, but also enhances the root-to-shoot translocation of both metals sug-
gesting a role also in metal root-to-shoot transport (Verret et al. 2004). AtHMA5 is
expressed constitutively in roots and induced by Cu in other plant organs, but
hma5 mutants are hypersensitive to Cu and accumulate this metal in roots to a
greater extent than wild-type plants, suggesting a role in root-to-shoot transloca-
tion and Cu detoxification (Andrés-Colás et al. 2006).

2.3.2 The MATE Family of Efflux Proteins

MATE is a family of membrane-localized efflux proteins involved in extrusion of
multidrug and toxic compound from the cell. FRD3 is a MATE protein that
participates in iron-citrate efflux, i.e., the loading of Fe2+ and citrate into the
vascular tissue in the roots. Xylem exudates from frd3 mutant plants contain less
citrate and Fe than wild-type plants, whereas those from transgenic plants over-
expressing FRD3 produce more citrate in root exudates. Ferric-citrate complexes
are required for the translocation of Fe to the leaves because Fe moves through the
xylem in its chelated form (Durrett et al. 2007).

2.3.3 The Oligopeptide Transporters Family

Oligopeptide Transporters (OPT) is a superfamily of oligopeptide transporters
including the YSL subfamily. The YSL family, specific for plants, takes its name
from the maize Yellow stripe 1 protein (ZmYS1) that mediates Fe uptake by
transporting Fe(III)-phytosiderophore complexes (Curie et al. 2001). The ZmYS1
transporter is able to translocate Fe, Zn, Cu, Ni, and, to a lesser extent, Mn and Cd
(Schaaf et al. 2004). These ions can be chelated by either phytosiderophores or NA
(Roberts et al. 2004). Eight putative YSL transporters have been identified in A.
thaliana based on similarity to the maize gene (Colangelo and Guerinot 2006).
AtYSL1 is expressed in the leaf xylem parenchyma, in pollen, and young siliques;
mutants have a low Fe-NA complex content and cannot germinate normally,
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indicating a role of this protein in the transport of chelated Fe (Le Jean et al. 2005).
AtYSL2 is expressed in shoot and root vascular tissues and is localized mainly in
the lateral plasma membrane, consistent with a role in the lateral movement of
metals into the veins (DiDonato et al. 2004; Schaaf et al. 2005). AtYSL2 is
modulated by Fe, Cu (DiDonato et al. 2004), and Zn (Schaaf et al. 2005) and can
transport both Fe and Cu as NA complexes (DiDonato et al. 2004).

2.4 Heavy Metal Chelation in the Cytosol

Inside the cell, heavy metal ions that are not immediately required metabolically
may reach toxic concentrations, and plant cells have evolved various mechanisms
to store excess metals to prevent their participation in unwanted toxic reactions. If
the toxic metal concentration exceeds a certain threshold inside the cells, an active
metabolic process contributes to the production of chelating compounds. Specific
peptides such as PCs and MTs are used to chelate metals in the cytosol and to
sequester them in specific subcellular compartments. A large number of small
molecules are also involved in metal chelation inside the cells, including organic
acids, amino acids, and phosphate derivatives (Rauser 1999) (Fig. 2.1).

2.4.1 Phytochelatins

PCs are the best-characterized heavy metal chelators in plants, especially in the
context of Cd tolerance (Cobbett 2000). PCs are a family of metal-binding pep-
tides with the general structure (c-Glu-Cys)nGly (n = 2–11) (Cobbett and Gold-
sbrough 2002). They are present in plants and fungi. The cysteine thiol groups
allow PCs to chelate metals and form complexes with a molecular weight of
2.5–3.6 kDa (Cobbett 2000). PCs are synthesized in the cytosol and then trans-
ported as complexes to the vacuole. Their synthesis is rapidly activated in the
presence of heavy metals such as Cd, Cu, Zn, Ag, Au, Hg, and Pb (Rauser 1995;
Cobbett 2000). Synthesis involves the chain extension of GS by PCS a constitu-
tively expressed cytosolic enzyme whose activity is controlled post-translationally
because the metal ions chelated by PCs are required for enzyme activity (Grill
et al. 1989; Cobbett 2000). Due to their metal affinity, PCs are thought to be
involved in the homeostasis and trafficking of essential metals such as Cu and Zn
(Thumann et al. 1991) and in the detoxification of heavy metals, but they do not
seem to be involved in hyperaccumulation (Ebbs et al. 2002). Contrasting evidence
has been reported for the role of PCs in heavy metal tolerance. They have a clear
role in the response of plants and yeast to Cd, e.g., they are induced rapidly in
Brassica juncea following the intracellular accumulation of Cd, thus protecting the
photosynthetic apparatus despite a decline in transpiration and leaf expansion
(Haag-Kerwer et al. 1999). Furthermore, the Cd sensitivity of various A. thaliana
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mutants correlated with their ability to accumulate PCs (Howden et al. 1995). Cd
and Cu treatment also induces the transcription of genes involved in the synthesis
of GS, the precursor of PCs (Xiang and Oliver 1998). Transgenic A. thaliana
plants with low GS levels are more sensitive to Cd, whereas those with elevated
GS levels have similar Cd tolerance to wild-type plants (Xiang et al. 2001).
Similarly, overexpression of the Escherichia coli c-glutamylcysteine synthetase
gene in B. juncea increased the synthesis of GS and PCs, resulting in greater Cd
tolerance (Zhu et al. 1999).

The A. thaliana gene for PC synthase (CAD1) was identified by using the
Cd-sensitive, PC-deficient cad1 mutant (Ha et al. 1999). cad1 mutant produces
normal levels of GSH but is deficient in PCs and hypersensitive to Cd (Howden
et al. 1995). A Schizosaccharomyces pombe mutant with the same characteristics
has also been identified (Ha et al. 1999). The expression of AtPCS1 from
A. thaliana and TaPCS1 from wheat in S. cerevisiae increases PC synthesis and
induces Cd tolerance (Vatamaniuk et al. 1999; Clemens et al. 1999). Furthermore,
purified recombinant A. thaliana and S. pombe PC synthases catalyze the pro-
duction of PCs from GSH in vitro (Vatamaniuk et al. 1999; Clemens et al. 1999).

To evaluate the role of PCs in the heavy metal stress response, the sensitivity of
cad1 mutants to different metals was analyzed. The A. thaliana cad1–3 mutant is
more sensitive to arsenate and Cd than wild-type plants, while there is no differ-
ence considering Zn, selenite, and Ni ions (Ha et al. 1999). In contrast to the S.
pombe pcs mutant, cad1–3 was also slightly sensitive to Cu and Hg and showed
intermediate sensitivity to Ag (Ha et al. 1999). The role of PCs in Cu tolerance
remains to be determined. Studies of the copper-tolerant plant Mimulus guttatus
confirmed a role for PCs in Cu tolerance (Salt et al. 1989). In contrast, Cu-sensitive
and Cu-tolerant ecotypes of S. vulgaris produced similar amounts of PC when the
root tips were exposed to Cu, suggesting differential tolerance arises from other
mechanism (Schat and Kalff 1992; De Knecht et al. 1994). Therefore, although
many evidences for the role of PCs in plant response and detoxification are
reported, not all studies have supported an effective role of PCs in metal tolerance.

It is also notable that excessive PC levels in transgenic plants increase the
accumulation of heavy metals without enhancing tolerance (Pomponi et al. 2006)
and can even confer hypersensitivity to heavy metals. Indeed, an excessive
expression of AtPCS genes confers a hypersensitivity to Cd stress (Lee et al. 2003).
This probably reflects additional important roles for PCs in the cell, such as
essential metal homeostasis, antioxidant mechanisms, and sulfur metabolism
(Rauser 1995; Dietz et al. 1999; Cobbett 2000). Their role in heavy metal stress
response probably may be a side effect of these functions (Steffens 1990).

The final stage of PC activity, particularly in the Cd response, involves their
accumulation as complexes in the vacuole (Salt et al. 1998), where they eventually
form HMW complexes after incorporation of S2-. PC-Cd complexes are
transported into the vacuole by Cd/H+ antiporters and ATP-dependent ABC
transporters in the tonoplast (Salt and Wagner 1993; Salt and Rauser 1995).
In S. pombe, a Cd-sensitive mutant has been isolated; this strain can synthesize
PCs but not accumulate the Cd-PC-sulfide complexes (Ortiz et al. 1992).
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The mutant results to have a mutation in the gene hmt1 that encodes for an ABC-type
transporter, suggesting that this gene mediated transport and compartmentalization
of heavy metals. Similar ABC-type transporters may also be involved in the
compartmentalization of Cd in higher plants (Salt and Rauser 1995).

PCs also mediate the root-to-shoot transport of Cd. Transgenic A. thaliana
plants expressing wheat TaPCS1 accumulate small amounts of Cd in the roots but
have an increased Cd transport to the shoot, reflecting the increased transport
efficiency (Gong et al. 2003).

2.4.2 Metallothioneins and Ferritins

Like PCs, MTs are a major family of LMW cysteine-rich metal-binding peptides.
MTs have been found in many organisms, although the MTs in plants differ
considerably from those found in mammals and fungi. As they contain mercaptide
groups they are able to bind metal ions. Class 1 MTs contain cysteine motifs that
align with mammalian MTs, whereas Class 2 MTs contain similar cysteine clus-
ters but they do not align with Class1 MTs (Robinson et al. 1993). Class 1 MTs are
characterized by the exclusive presence of Cys–X–Cys motifs, whereas in Class 2
MTs both Cys–Cys and Cys–XX–Cys pairs are located in the N-terminal domain
(Robinson et al. 1993). In vertebrates, MTs contain a stretch of 20 highly con-
served cysteine residues, whereas plant and fungal MTs do not contain this motif
(Cherian and Chan 1993).

In S. cerevisiae the MT-encoding gene CUP1 is synthesized and activated by
metal ions, such as Cu (Fürst et al. 1988). In plants, MTs are induced by various
abiotic stresses but are also expressed during development (Rauser 1999). In wheat
and in rice, MTs are induced by metal ions, such as Cu and Cd, and by abiotic
stresses such as temperature extremes and nutrient deficiency (Cobbett and
Goldsbrough 2002). Plant MTs sequester excess of metals by coordinating metal
ions with the multiple cysteine thiol groups (Robinson et al. 1993), and have
particular affinity for Zn2+, Cu+, and Cu2+ as shown by the expression of the pea
gene PsMTa in E. coli (Tommey et al. 1991). A. thaliana MT gene expression is
activated in response to Cu and Cd treatment, but not by Zn, e.g., MT2 is
expressed in response to Cu, but only marginally in the presence of Cd and Zn
(Zhou and Goldsbrough 1994). In A. thaliana, MT1a and MT2a are expressed
in the trichomes and the phloem, indicating they take part in both heavy
metal sequestration and in metal ion transport (García-Hernández et al. 1998).
A. thaliana mt1a mutants are hypersensitive to Cd and accumulate much lower
levels of As, Cd, and Zn than wild-type plants, showing that MTs play a role in
both metal tolerance and metal accumulation (Zimeri et al. 2005). This is
supported by overexpression experiments, e.g., Vicia faba guard cells over-
expressing A. thaliana AtMT2a and AtMT3 can tolerate higher levels of Cd than
untransformed cells (Lee et al. 2004). Similarly, the overexpression of CcMT2
from legume Cajanus cajan in A. thaliana induces both Cd and Cu tolerance and

38 A. Manara



allows both metals to accumulate without affecting the expression of endogenous
transporters (Sekhar et al. 2011).

Although animal and fungal MTs have a clear role in heavy metal detoxification
(Hamer 1986) the precise relationship between plant MTs and heavy metals is
unknown (Zhou and Goldsbrough 1994; Zenk 1996; Giritch et al. 1998). MTs are
known to participate in Cu homeostasis (Cobbett and Goldsbrough 2002) and A.
thaliana MT1 and MT2 complement the S. cerevisiae MT-defective cup1 mutant
and confer Cd tolerance (Zhou and Goldsbrough 1994). A. thaliana MT2 can also
partially rescue the Zn hypersensitivity of a Synechococcus amtA mutant, which is
deficient for an endogenous Zn2+-MT gene (Robinson et al. 1996). The expression
pea MT type I as a GSH transferase fusion in E. coli increases Cu accumulation
(Evans et al. 1992), and the expression of B. juncea MT2 in A. thaliana enhances
Cd and Cu tolerance (Zhigang et al. 2006). In contrast, MT2 expression is delayed
in B. juncea plants exposed to Cd although there is a rapid induction of PC
biosynthesis (Haag-Kerwer et al. 1999). These results indicate that there is no
correlation between MT2 expression and Cd accumulation in leaves and the
precise role of MTs in plants under heavy metal stress remains to be established.
MTs probably have different functions in response to different heavy metals and
could also participate in additional antioxidant protection mechanism and plasma
membrane repair (Hamer 1986).

Ferritins are ubiquitous multimeric proteins that can store up to 4500 iron atoms
in a central cavity (Harrison and Arosio 1996). Animal ferritins can also store
other metals, including Cu, Zn, Cd, Be, and Al (Price and Joshi 1982; Dedman
et al. 1992) whereas plant ferritins have only been shown to store Fe. Plant ferritins
are synthesized in responses to various environmental stresses, including pho-
toinhibition and iron overloading (Murgia et al. 2001, 2002). Ferritin gene
expression in plants is dually regulated by ABA and by antioxidants and serine/
threonine phosphatase inhibitors (Savino et al. 1997). Ferritins are therefore a
front-line defense mechanism against free iron-induced oxidative stress (Ravet
et al. 2009). The major function of plant ferritins is not to store and release iron, as
previously reported, but to scavage free reactive iron and prevent oxidative
damage (Ravet et al. 2009).

2.4.3 Organic Acids, Amino Acids, and Phosphate Derivatives

Organic acids and amino acids can bind heavy metals and may therefore be
deployed in response to metal toxicity (Rauser 1999). However, a clear correlation
between heavy metal accumulation and the production of these compounds has not
been established. Organic acids such as malate, citrate, and oxalate confer metal
tolerance by transporting metals through the xylem and sequestrating ions in the
vacuole, but they have multiple additional roles in the cell (Rauser 1999).

Citrate, which is synthesized in plants by the enzyme citrate synthase, has a
higher capacity for metal ions than malate and oxalate, and although its principal
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role is to chelate Fe2+ it also has a strong affinity also for Ni2+ and Cd2+ (Cataldo
et al. 1988). Malate is a cytosolic Zn-chelator in zinc-tolerant plants (Mathys
1977).

Also amino acids and derivatives are able to chelate metals conferring to plants
resistance to toxic levels of metal ions. Histidine is considered the most important
free amino acid in heavy metal metabolism. Thanks to the presence of carboxyl,
amino, and imidazole groups, it is a versatile metal chelator, which can confer Ni
tolerance and enhance Ni transport in plants when supplied in the growth medium,
perhaps reflecting its normal role as a chelator in root exudates (Callahan et al.
2006). Histidine levels also increase in the xylem of Alyssum lesbiacum, a Ni
hyperaccumulator, when the plant is exposed to Ni (Kramer et al. 1996).

The amino acid derivative NA is an aminocarboxylate synthesized by the
condensation of three S-adenosyl-L-methionine molecules in a reaction catalyzed
by NA synthase (Shojima et al. 1990). NA chelates Fe, Cu, and Zn in complexes
(Stephan et al. 1996) and then accumulates within vacuoles (Pich et al. 1997); it is
not secreted from the roots (Stephan and Scholz 1993). NA is also involved in the
movement of micronutrients in plants (Stephan and Scholz 1993). The physio-
logical role of NA has been studied extensively in the tomato mutant chloronerva,
which lacks a functional NA synthase gene and is characterized by the abnormal
distribution and accumulation of Fe (Scholz et al. 1985) and Cu (Herbik et al.
1996). NA is also the precursor of the phytosiderophore mugineic acid, which
binds Zn2+, Cu2+, and Fe3+ (Treeby et al. 1989). This derivative is synthesized in
grasses by the deamination, reduction, and hydroxylation of NA (Shojima et al.
1990).

Phytate (myo-inositol hexakisphosphate) is the principal form of reserve
phosphorous in plants (Hocking and Pate 1977) and is often localized in the roots
and seeds (van Steveninck et al. 1993; Hubel and Beck 1996). The molecule
comprises six phosphate groups which allow the chelation of multiple cations,
including Ca2+, Mg2+, and K+, but also Fe2+, Zn2+ and Mn2+ (Mikus et al. 1992).
The distribution of phytate and its ability to chelate multiple metal species suggest
it could be mobilized as a detoxification strategy. In support of this, the addition of
Zn to the culture medium leads to the production of Zn2+-containing phytate
globoids in the root endoderm and pericycle cells of certain crops (van Steveninck
et al. 1993). Therefore, a controlled synthesis or mobilization of phytate in these
cell layers plays a key role in metal ion loading to the aerial parts of plants.

2.5 Metal Sequestration in the Vacuole by Tonoplast
Transporters

When metal ions are accumulated in excess inside the cytosol, plants have to
remove them in order to minimize their toxic effects. Plants respond to high
intracellular concentrations of metal ions by using efflux pumps either to export the
ions to the apoplast (as discussed above) or to compartmentalize them within the
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cell. The main storage compartment for metal ions is the vacuole, which in plants
accounts for up to 90% of the cell volume (Vögeli-Lange and Wagner 1990).
Several families of intracellular transporters involved in this process have been
identified in plants and yeast and they appear to be highly selective.

2.5.1 The ABC Transporters

ABC transporters can transport xenobiotics and heavy metals into the vacuole, and
two subfamilies (MRP and PDR) are particularly active in the sequestration of
chelated heavy metals. Plant cell vacuoles are, in fact, the major site for accu-
mulation and storage of PC-Cd complexes. PC-Cd complexes are generated in the
cytosol and are then translocated by ABC transporters (Vögeli-Lange and Wagner
1990). In the vacuoles more Cd and sulfide are incorporated to form HMW
complexes, the main Cd storage form. The first vacuolar ABC transporter HMT1
was identified by its ability to complement a S. pombe mutant that cannot produce
HMW complexes (Ortiz et al. 1992). HMT1 is localized in the tonoplast and
transports PC-Cd complexes into the vacuole in a Mg-ATP-dependent manner
(Ortiz et al. 1995). A similar protein has been identified in oat roots, but HMT1
homologs are yet to be found in other plants (Salt and Rauser 1995). In S. cere-
viasiae, the tonoplast ABC pump YCF1 transports Cd into the vacuole as a
bis(glutathionato)Cd complex, and confers Cd tolerance (Li et al. 1997). MRP-
related sequences like YCF1 have been found in A. thaliana (Lu et al. 1997, 1998)
and are the most likely candidates for PC-Cd transport across the tonoplast because
HMT1 homologs are scarce in plants. In A. thaliana, two transporters belonging to
the ABC family, AtMRP1 and AtMRP2 have been shown to transport PC-Cd
complexes into the vacuole but the role of AtMRP3 in Cd transport remains
unclear (Lu et al. 1997, 1998). AtMRP3 partially complements yeast Dycf1
mutants but there is no evidence of PC-Cd transport into the vacuole (Tommasini
et al. 1998). Moreover, many plants produce Mg-ATP-dependent transporters of
GS-S-conjugates (Martinoia et al. 1993).

2.5.2 The CDF Transporters

Members of the CDF transporter family (also called MTPs in plants) are involved
in the transport of metal ions from the cytoplasm to the vacuole (Krämer et al.
2007), and to the apoplast and endoplasmic reticulum (Peiter et al. 2007). CDF
transporters have been characterized primarily in prokaryotes (Nies 1992) but are
also found in many eukaryotes, where they transport divalent metal cations such as
Zn, Cd, Co, Fe, Ni, and Mn (Montanini et al. 2007). Eukaryotic CDF transporters
are characterized by six transmembrane domains, a C-terminal cation efflux
domain, and a histidine-rich region between transmembrane domains IV and V
(Mäser et al. 2001) that may act as a sensor of metal concentration (Kawachi et al.
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2008). The CDF family can be divided into four phylogenetic groups (Mäser et al.
2001), but groups I and III are the most interesting in plants since these are the
ones involved in metal tolerance and accumulation (Krämer et al. 2007). The A.
thaliana ZAT1 transporter (later renamed AtMTP1) is closely related to the animal
ZnT Zn transporter and its function is the vacuolar sequestration of Zn (van der
Zaal et al. 1999). The gene is constitutively expressed and is not induced by Zn,
but its overexpression in transgenic plants exposed to high levels of Zn confers
resistance to Zn toxicity and leads to Zn accumulation in the roots without altering
Cd sensitivity (van der Zaal et al. 1999). These data suggest that AtMTP1 trans-
ports Zn into the vacuole and may represent a Zn tolerance mechanism. Another
tonoplast transporter, AtMTP3, is also involved in the transport of Zn into the
vacuole (Kramer et al. 2007).

2.5.3 The HMA Transporters

As stated above, P1B-ATPases (HMAs) are involved in the efflux of metal ions
from the cytoplasm, and those on the tonoplast (such as AtHMA3) are thought to
contribute to Cd and Zn homeostasis by sequestration into the vacuole (Krämer
et al. 2007). However, AtHMA3 may play a role in the detoxification of a wider
range of heavy metals through storage in the vacuoles, because overexpression
induces tolerance to Cd, Pb, Co, and Zn (Morel et al. 2009).

2.5.4 CaCA Transporters

The CaCA superfamily is ubiquitous in both prokaryotes and eukaryotes and is an
integral component of Ca2+ cycling systems that involve the efflux of Ca2+ across
membranes against a concentration gradient. This is achieved by using a counter-
electrochemical gradient of other ions, such as H+, Na+, or K+ (Emery et al. 2012).
Examples of members of the CaCA families that may be involved in metal
homeostasis are MHX and CAX. MHX is a vacuolar Mg2+ and Zn2+/H+ antiport
expressed predominantly in xylem-associated cells; overexpression in tobacco
increases sensitivity to Mg and Zn although the concentration of these metals in
shoots is unchanged (Shaul et al. 1999). The CAX family are Ca2+/H+ antiports
that also recognize Cd2+, suggesting this is an important route for Cd sequestration
in the vacuole (Salt and Wagner 1993). In A. thaliana, only CAX proteins such as
AtCAX2 and AtCAX4 seem to be involved in the vacuolar accumulation of Cd.
The overexpression of AtCAX2 and AtCAX4 results in the accumulation of more
Cd in the vacuoles (Korenkov et al. 2007). AtCAX4 is expressed mainly in root
tips and primordia and is induced by Ni and Mn. Root growth in response to Cd
and Mn is altered in cax mutants whereas overexpression induces symptoms that
are compatible with Cd accumulation (Mei et al. 2009).
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2.5.5 NRAMP Transporters

NRAMP transporters such as AtNRAMP3 and AtNRAMP4 are localized in the
tonoplast and are probably functionally redundant. The nramp3 nramp4 double
mutant has a Fe-deficient phenotype in seedlings that can be rescued by providing
excess Fe, although the Fe content is the same as in wild-type plants suggesting
that AtNRAMP3 and AtNRAMP4 are required to mobilize Fe from the vacuole
(Thomine et al. 2003; Lanquar et al. 2005). The overexpression of AtNRAMP3
increases Cd sensitivity (Thomine et al. 2000) and reduces the accumulation of Mn
(Thomine et al. 2003), indicating a possible role in the homeostasis of metals other
than Fe.

2.6 Oxidative Stress Defence Mechanisms and the Repair
of Stress-Damaged Proteins

If the intracellular concentration of metal ions saturates the defense mechanisms
discussed above then the plant will begin to suffer oxidative stress caused by the
production of ROS and the inhibition of metal-dependent antioxidant enzymes
(Schützendübel and Polle 2002). Under these circumstances, plants activate their
antioxidant responses, including the induction of enzymes such as CAT and SOD and
the production of non-enzymatic free radical scavengers. There are many examples
of this process, such as the induction of APX and CAT in Nicotiana plumbaginifolia
leaves exposed to excess Fe (Kampfenkel et al. 1995b), and the induction of CAT3 in
B. juncea plants exposed to Cd (Minglin et al. 2005). In pea plants, Cd causes the
oxidation of CAT thus reducing its activity, so the plant responds by upregulating the
transcription of the corresponding gene (Romero-Puertas et al. 2007). The tomato
chloronerva mutant is NA-deficient and contains abnormally high levels of Fe and
Cu in leaves, resulting in the activation of antioxidant enzymes such as cytosolic
APX and Cu/Zn SOD (Pich and Scholz 1993; Herbick et al. 1996). SOD activity is
also induced in tomato seedlings after prolonged Cd treatment (Dong et al. 2006).
SOD activity also increases significantly in wheat leaves, but only following
exposure to high levels of Cd, probably reflecting the accumulation of superoxide
(Lin et al. 2007). Nevertheless, previous studies have shown that SOD activity is
reduced in pea plants exposed to Cd toxicity (Romero-Puertas et al. 2007). An
increase in APX mRNA is also observed in Brassica napus cotyledons subjected to
toxic levels of Fe (Vansuyt et al. 1997). Several metals are able to induce Fe and
Mn-SOD in plants (del Río et al. 1991).

The production of ROS is also countered by the activation of the ascorbic acid-
GS scavenging system. In Phaseolus vulgaris and Pisum sativum, Cd treatment
induces APX (Romero-Puertas et al. 2007). In addition, GR activity, another
enzyme taking part in the cycle, is upregulated in roots and acts as a defence
mechanism against Cd-generated oxidative stress (Yannarelli et al. 2007).
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GS plays a key role in metal tolerance, because it can act as a ROS scavenger,
metal chelator and as a substrate for PC biosynthesis (Krämer 2010). Indeed, the
expression of the E. coli GSS gene gshII in B. juncea increased Cd tolerance in the
seedlings and increased the capacity for Cd accumulation in adult plants (Zhu et al.
1999).

Heavy metals, in particular Cd, reduce the GSH/GSSG ratio and activate
antioxidant enzymes such as SOD and GR (Romero-Puertas et al. 2007). GSH
(Glu-Cys-Gly) is the major intracellular antioxidant inside the cell and is the
precursor of PCs (Cobbett 2000). It can also form complexes with metal ions,
particularly Cd (Wójcik and Tukiendorf 2011). GS synthesis is activated in
response to heavy metal stress.

In common with other forms of abiotic stress, heavy metals induce the synthesis
of stress-related proteins and signaling molecules, such as HSPs, SAPs, salicylic
and abscisic acids, and ethylene. HSPs are found in all cells and are expressed not
only in response to elevated temperatures but also to other stresses, including
heavy metals, where they protect and repair proteins, and act as molecular chap-
erones to ensure correct folding and assembly (Vierling 1991). For example, heavy
metals induce the expression of low molecular weight HSPs in rice (Tseng et al.
1993), and in cell culture of S. vulgaris and Lycopersicon peruvianum (Wollgiehn
and Neumann 1999), the latter also producing the larger protein HSP70 (Neumann
et al. 1994). HSP70 is localized in the nucleus and the cytoplasm, and is also found
at the plasma membrane suggesting a protective role for membranes. These
observations suggest that HSPs could have an important role in heavy metal
response mechanism involving plasma membrane protection and in the repair of
stress-damaged proteins.

The SAPs contain A20 or AN1 zinc finger domains (sometimes both) and, like
HSPs, also respond to multiple abiotic stresses in plants, including cold, drought,
salt, heavy metals, hypoxia, and wounding; they may function as transcriptional
regulators or by direct protein–protein interactions (Dixit and Dhankher 2011).
AtSAP10 is expressed in A. thaliana roots and is induced within 30 min by
exposure to As, Cd, and Zn (Dixit and Dhankher 2011). Plants overexpressing
AtSAP10 are metal tolerant, they accumulate Ni and Mn in the shoots and roots
but there is no change in Zn content (Dixit and Dhankher 2011).
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Chapter 3
Plants that Hyperaccumulate Heavy
Metals

Elisa Fasani

Abstract Heavy metal hyperaccumulators are plants that can tolerate and
accumulate extremely high concentrations of metals in their shoots. This reflects
the enhancement of physiological processes such as metal uptake, mobilization,
translocation, and detoxification by chelation and vacuolar sequestration.
Hyperaccumulation occurs in approximately 500 taxa of angiosperms and is
particularly common among the Brassicaceae. Several candidate genes have been
proposed as determinants of heavy metal hyperaccumulation. They predominantly
encode transporters involved in metal translocation and storage, and also chelators
and genes involved in stress responses.

Keywords Hyperaccumulator � Elemental defense � Metal transporter �
Metal ligand

3.1 Defining Hyperaccumulator Plants

The first plant species reported to accumulate extremely high levels of metals was
Alyssum bertolonii, whose Ni content was greater than 1 mg g-1 dry weight
(Minguzzi and Vergnano 1948). However, the term ‘‘hyperaccumulator’’ was
coined only in 1976 to describe plants whose shoot metal concentration is some
orders of magnitude higher than adjacent plants (Jaffrè et al. 1976). This definition
implies high rates of metal uptake in roots, translocation, and accumulation in
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shoots, thus excluding plants which accumulate metals in the roots alone (Maestri
et al. 2010). Inevitably, hyperaccumulation implies hypertolerance, i.e., the ability
of the plants to detoxify heavy metals stored in aerial tissues (Krämer 2010).
Thresholds have been set for different metals and metalloids to define plants as
hyperaccumulators (Table 3.1).

Hyperaccumulation is an extreme trait that has evolved many times but is
relatively uncommon in terrestrial higher plants. The metal hyperaccumulators
identified thus far belong to approximately 500 taxa, accounting for 0.2% of all
angiosperms (Baker et al. 2000; Krämer 2010). The number of hyperaccumulator
taxa discovered for the main heavy metals is shown in Table 3.2. Most of the
known hyperaccumulators are biennial or short-lived perennial herbs, shrubs or
small trees. They are mainly endemic to metal-rich soils and are often unable to
compete with other species in non-selective soils, possibly due to the higher
metabolic costs of metal accumulation and detoxification (Baker et al. 2000). The
hyperaccumulation trait is particularly well represented among the Brassicaceae.
A phylogenetic tree of the Brassicaceae showing the positions of the main
hyperaccumulator species is shown in Fig. 3.1.

Ni hyperaccumulation is the most common trait, reflecting the large number of
Ni-enriched serpentine soils worldwide, in particular in the Mediterranean area

Table 3.1 Hyperaccumulation thresholds for the most relevant heavy metals, in comparison with
the average content in plant tissues and toxicity levels

Element Average range in plant
tissues (mg/kg dw)a

Critical toxicity level
(mg/kg dw)b

Threshold for hyper-
accumulators (mg/kg dw)a,b

As \0.01–4c \2–80 [1,000
Cd 0.03–0.5 6–10 [100
Co 0.01–3d 0.4-several [1,000
Cu 2–20 20–30 [1,000
Cr 0.2e 0.2–1 [1,000
Pb 0.1–5 0.6–28 [1,000
Mn 1–700 200–3,500 [10,000
Hg 0.005–0.2 0.001–5f [1,000
Ni 0.4–4 10–50 [1,000
Seh 0.01–0.2 3–100 [1,000
Tl 0.1–1.5g 20 [1,000
Zn 15–150 100–300 [10,000
a from Maestri et al. (2010)
b from Krämer (2010)
c from National Research Council, Committee on Medical and Biological Effects of Environ-
mental Pollutants (1977)
d from Sillanpää and Jansson (1992)
e from National Research Council, Committee on Biologic Effects of Atmospheric Pollutants
(1974)
f from Patra et al. (2004)
g from Kazantzis (2000)
h Although Se is not a heavy metal, it is included because a number of Se hyperaccumulators
have also been discovered
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and in New Caledonia. Among the nearly 400 known metal hyperaccumulator
species, approximately 25% are from the families Brassicaceae and Euphorbiaceae
(Krämer 2010). Evident from Fig. 3.1, Ni hyperaccumulation has evolved inde-
pendently six times in the Brassicaceae (Krämer 2010) and occurs most frequently
in the genus Alyssum (Baker et al. 2000), almost exclusively in the section
Odontarrhena (Krämer 2010). As far as Zn is concerned, the majority of
hyperaccumulators belong to the Brassicaceae, with probably three independent
evolutionary events. Zn hyperaccumulation tends to correlate with Cd and Pb
accumulation because these metals share similar chemical properties (Krämer
2010). The only known Cd hyperaccumulator species outside the Brassicaceae are
Viola baoshanensis (Violaceae; Liu et al. 2004), Salsola kali (Chenopodiaceae;
de la Rosa et al. 2004), Sedum alfredii (Crassulaceae; Deng et al. 2007) and
Phytolacca americana (Phytolaccaceae; Liu et al. 2009). Finally, As hyperaccu-
mulation has been reported in only two angiosperm species, both belonging to the
Brassicaceae (Karimi et al. 2009). Interestingly, the only other known As
hyperaccumulators are some fern species from the genus Pteris (Zhao et al. 2002),
among which the most studied is P. vittata (Wang et al. 2002). Species that
hyperaccumulate other metals, such as Se (Reeves and Baker 2000) and Pb (Baker
et al. 2000), have also been identified.

Two model species for hyperaccumulation, Arabidopsis (formerly Cardaminopsis)
halleri and Noccaea (formerly Thlaspi) caerulescens, are particularly suitable
for genetic analysis thanks to their strong similarity and extensive synteny with
A. thaliana.

Arabidopsis halleri is a self-incompatible perennial diploid species that can
tolerate and hyperaccumulate Zn and Cd. It shares 94% sequence identity with
A. thaliana within coding regions (Clauss and Koch 2006) and appears to have

Table 3.2 Number of hyperaccumulator plants discovered to date for relevant heavy metals, as
reported by Krämer (2010), with modification regarding Cd hyperaccumulator species cited by
Liu et al. (2009)

Element Taxa (no.) Families (no.)

As 15 2
Cd 8 5
Co (26)a (11)
Cu (35) (15)
Pb (14) (7)
Mn 10 6
Ni 390 42
Seb 20 7
Tl 1 1
Zn 15 6

a Parentheses indicate that overreporting may have occurred due to contamination with soil
particles or minerals
b Although Se is not a heavy metal, it is included because a number of Se hyperaccumulators
have also been discovered
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diverged from its non-tolerant sister species A. lyrata around 337,000 years ago,
with a speciation event coinciding with major adaptive changes that conferred
hypertolerance (Roux et al. 2011). A. halleri is found mainly in Central
and Eastern Europe, although the subspecies gemmifera occurs in Japan and
Taiwan (Al-Shehbaz and O’Kane 2002). All A. halleri populations, from both non-
contaminated and metalliferous soils, are constitutively able to hyperaccumulate
Zn and Cd, although the degree of hyperaccumulation is variable and heritable
(Macnair 2002; Meyer et al. 2010).

Noccaea caerulescens is a self-compatible diploid species, biannual or perennial,
which shares an average sequence identity of 88% with A. thaliana within the coding
regions (Assunção et al. 2003a; Rigola et al. 2006). Zn hypertolerance and
accumulation is constitutive in this species, although the trait shows more variability
than in A. halleri (Verbruggen et al. 2009; Plessl et al. 2010; Krämer 2010). Some
N. caerulescens ecotypes can also accumulate Cd and Ni. Furthermore, variations in
Cd hyperaccumulation among different ecotypes seem to correlate with different
degrees of Zn accumulation (Assunção et al. 2003b; Roosens et al. 2003). In some
populations from Southern France, Cd may even be necessary for optimal growth
(Roosens et al. 2003). Like Cd, Ni hyperaccumulation in N. caerulescens appears to
be non-constitutive and confined to some populations from serpentine soils
(Assunção et al. 2003b). The most studied ecotypes are: Prayon (Belgium) and
Ganges (France), both of which hyperaccumulate Zn and, in different degrees,
Cd; Monte Prinzera (Italy) that accumulates Zn and Ni; La Calamine (Belgium),
a Zn/Cd-hypertolerant population with low accumulation rates; and Lellingen
(Luxembourg), a non-metalliferous population (Assunção et al. 2003a, b;
Verbruggen et al. 2009).

3.2 Ecological Role of Metal Hyperaccumulation in Plants

Metal hyperaccumulation is an adaptive solution that may be disadvantageous for
plants because it is associated with high energy costs and therefore slows
metabolism and growth. However, the trait has evolved independently several
times in different taxa, indicating that it must provide some evolutionary advan-
tages. Several different explanations for metal hyperaccumulation have been
proposed although in most cases there is no supporting experimental data. Six
hypotheses were reviewed by Boyd and Martens (1992): metal tolerance/disposal,

b Fig. 3.1 Phylogenetic tree of the Brassicaceae family, as reported by Lysak and Koch (2011).
Currently accepted tribes are listed in the first column. Main hyperaccumulator species among the
Brassicaceae are indicated in the second column together with the accumulated heavy metals, and
are highlighted with red squares. Dashed lines indicate uncertain phylogenetic relationships.
Branches are not drawn to scale. *Recent hypothesis for the subdivision of the Camelineae tribe,
as suggested by Bailey et al. (2006)
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induction of drought resistance, interference, inadvertent uptake, and defense
against herbivores and pathogens. Of these, the inadvertent uptake hypothesis
gives no selective value to metal hyperaccumulators, regarding the trait as a by-
product of other physiological processes.

According to the metal tolerance/disposal hypothesis, the accumulation of
heavy metals in the aerial parts of the plant may contribute to tolerance by
removing metals from sensitive tissues and eliminating them through the loss of
leaves (Rascio and Navari-Izzo 2011). The drought resistance theory suggests that
heavy metals could work as osmolytes in the cells. Neither hypothesis is supported
by any experimental evidence.

The interference hypothesis takes allelopathy into consideration. Hyperaccu-
mulators would be able to inhibit neighboring plants by creating a high metal-content
zone, allowing them to compete with faster growing plants for space and light.
However, most studies of elemental allelopathy have been inconclusive and do not
take into consideration important criteria, such as the role hyperaccumulators play in
increasing the metal content in the surrounding area (Morris et al. 2009). Exhaustive
work comparing the Se hyperaccumulators Atragalus bisulcatus and Stanleya
pinnata with the non-accumulators Astragalus drummondii and Stanleya elata
growing in seleniferous and non-seleniferous soils demonstrated that plants can
affect Se accumulation in their neighbors, and that Se in the soil influences compe-
tition and facilitation between plants. Therefore, Se hyperaccumulators may affect
the composition of plant communities by allowing growth of Se-tolerant species
(El Mehdawi et al. 2012).

Finally, the elemental defense hypothesis considers the role of heavy metals
in defense against herbivores and pathogens, and is the most supported theory.
The role of Ni (Jhee et al. 2006b), Cd (Jiang et al. 2005), Zn (Behmer et al. 2005),
As (Rathinasabapathi et al. 2007), and Se (Galeas et al. 2008; Quinn et al. 2010) in
protecting plants from biotic stresses has been confirmed. Biotic stress resistance is
a direct effect of metal accumulation, since metal-tolerant pathogens show a
greater ability to colonize hyperaccumulator plants (Fones et al. 2010). Defense is
mediated both by the toxicity of heavy metals and their deterrent action, since
herbivores seem to prefer plants that accumulate low levels of metals (Pollard and
Baker 1997; Boyd et al. 2002). For example, many experiments conducted on
Brassica juncea plants grown with or without Se, and exposed to caterpillars
(Pieris rapae) and a fungal pathogen of the root system (Fusarium sp.), showed
that caterpillars strongly preferred leaves without Se, and Se-containing plants
were less susceptible to fungal infection (Hanson et al. 2003).

Elemental defense provides advantages over chemical defense because heavy
metal uptake requires less metabolic effort than the biosynthesis of chemical toxins
and deterrents, and inorganic elements cannot be degraded by herbivores, although
some of them are able to chelate metals and therefore develop tolerance (Rascio
and Navari-Izzo 2011). This is supported by the low levels of glucosinolate found
in the metal hyperaccumulators Streptanthus polygaloides (Davis and Boyd 2000)
and N. caerulescens (Tolrà et al. 2001). However, joint effects between different
metals and between metals and chemical compounds have been demonstrated
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(Jhee et al. 2006a). Recently, a proteomic approach aiming to unravel differences
in the A. halleri proteome following treatment with Cd and Zn highlighted that
proteins involved in plant defense mechanisms against biotic stress are down-
regulated by heavy metals. In other words, if a high metal concentration in the
shoot provides protection, then other defense mechanisms can be temporarily
saved. These data also suggest there is cross-talk between heavy metal signaling
and defense signaling (Farinati et al. 2009).

Fig. 3.2 Main mechanisms that are involved in metal accumulation by hyperaccumulating
plants. The most relevant metal transporters and chelators described in this chapter are reported.
The black dots represent metal ions and the black arrows indicate the direction of their transport.
Areas inside the cells indicate the vacuole
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3.3 Determinants for Metal Hyperaccumulation

As stated above, the distinctive characteristic of hyperaccumulator plants is the
partitioning of heavy metals in the aerial tissues, whereas most plant species
confine metals to the roots, thus preventing damage to the photosynthetic
machinery. Hyperaccumulation is achieved by enhancing certain physiological
processes, such as uptake into the roots, symplastic mobility, xylem loading and
unloading, and metal detoxification by chelation or vacuolar sequestration in the
shoots (for a review see Verbruggen et al. 2009; Krämer 2010).

Hypertolerance and hyperaccumulation are quantitative characters (Bert et al.
2003; Assunção et al. 2006; Deniau et al. 2006; Filatov et al. 2006, 2007; Courbot et al.
2007; Willems et al. 2007). Although they coexist in hyperaccumulator species,
segregation experiments using interspecific and intraspecific crosses demonstrate
that they are genetically independent (Macnair et al. 1999; Assunção et al. 2003c; Bert
et al. 2003). At least three QTLs for Zn hyperaccumulation have been identified in A.
halleri (Filatov et al. 2007) as well as one major QTL for Cd accumulation (Willems
et al. 2010). In N. caerulescens, two QTLs have been identified for Zn and Cd accu-
mulation in the roots, three for Zn accumulation in shoots, and one for Cd accumulation
in shoots (Deniau et al. 2006). Different comparative approaches, including tran-
scriptomic (Becher et al. 2004; Weber et al. 2004; Hammond et al. 2006; Rigola et al.
2006; Talke et al. 2006; van de Mortel et al. 2006, 2008) and proteomic analysis (Ingle
et al. 2005b; Tuomainen et al. 2010), have been used to isolate candidate determinants
of hyperaccumulation. Several genes are overexpressed in hyperaccumulators in
comparison to non-accumulator species, including genes encoding metal transporters
and chelators, and genes involved in generic stress responses. The main mechanisms
involved in metal hyperaccumulation are summarized in Fig. 3.2.

3.3.1 Metal Transporters

3.3.1.1 ZIP Family

The ZIP family has been shown to promote cation (particularly Zn) uptake and
accumulation in A. thaliana (Lin et al. 2009), suggesting that ZIP genes may play
an important role in metal hyperaccumulation. Some ZIP genes have been isolated
from hyperaccumulator species, including the N. caerulescens genes encoding
NcZNT1 and NcZNT2, which are homologous to AtZIP4 (Assunção et al. 2001),
as well as NcZNT5 and NcZNT6, which are homologous to AtZIP5 and
AtZIP6, respectively (Wu et al. 2009). Mizuno et al. (2005) cloned the genes for
TjZNT1, which transports Zn, Cd, and Mn, and TjZNT2, which is more specific
for Zn and Mn, from the Ni hyperaccumulator Thlaspi japonicum. AhIRT3, which
is involved in Fe and Zn transport, was identified in A. halleri (Lin et al. 2009), as
well as CsZIP1 from the Mn hyperaccumulator Chengiopanax sciadophylloides
(Mizuno et al. 2008).
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Several ZIP genes do appear to be overexpressed in hyperaccumulator species,
including A. halleri (ZIP4 and ZIP6: Becher et al. 2004; ZIP9: Weber et al. 2004; ZIP6:
Filatov et al. 2007; IRT3, ZIP3, ZIP4, ZIP6, ZIP9, and ZIP10: Talke et al. 2006) and
N. caerulescens (IRT3, ZIP6 and ZIP7: Hammond et al. 2006; ZIP3, ZIP4 and ZIP9:
van de Mortel et al. 2006; ZIP1 and ZIP8: van de Mortel et al. 2008) in comparison to
non-accumulators. The overexpression of ZIP genes may in some cases reflect gene
duplication events, e.g., AhZIP3, AhZIP6 and AhZIP9 in A. halleri (Talke et al. 2006).

3.3.1.2 CDF Family

Members of the CDF family are important for the maintenance of metal homeostasis
by mediating the efflux of metal ions from the cytosol into the apoplast or vacuole
(Gustin et al. 2011). In particular, the A. thaliana CDF protein AtMTP1 induces Zn
tolerance and accumulation when overexpressed in transgenic A. thaliana plants,
suggesting a potential role in hyperaccumulation (van der Zaal et al. 1999).

Accordingly, AtMTP1 homologs in hyperaccumulators appear to have an
important role. MTP1 is strongly expressed in A. halleri (Becher et al. 2004;
Dräger et al. 2004; Talke et al. 2006) and N. caerulescens (Assunção et al. 2001) in
comparison to non-accumulator species, and cosegregates with the QTL for Zn
tolerance in A. halleri (Willems et al. 2007; Shahzad et al. 2010). MTP1 is also
induced in the presence of Cd in N. caerulescens, suggesting a role in the response
to Cd toxicity (Küpper and Kochian 2010).

A. halleri MTP1 genes have been studied in detail and five paralogs have been
detected, named AhMTP1-A1, -A2, -B, -C, and -D (Dräger et al. 2004; Shahzad
et al. 2010). AhMTP1-D is not fixed in at least one metalliculous population. The
AhMTP1 copies share on average 97.5% sequence identity, and respectively 91
and 93% identity with their orthologs in A. thaliana and A. lyrata. Stronger
divergences are present in the promoter regions and are correlated with different
expression levels in the different species (Shahzad et al. 2010). The A. halleri
paralogs are differentially expressed and are modulated by Zn (Dräger et al. 2004;
Shahzad et al. 2010). Exhaustive analysis of MTP1 has also been carried out in the
hyperaccumulators N. caerulescens (Assunção et al. 2001) and Thlaspi goesin-
gense (Kim et al. 2004; Gustin et al. 2009). In particular, the overexpression of
TgMTP1 in A. thaliana induces a systematic response that includes the increased
expression of Zn transporters (ZIP3, ZIP4, ZIP5, and ZIP9), suggesting that
TgMTP1 may induce Zn accumulation by initiating a Zn deficiency response
(Gustin et al. 2009).

AhMTP8 and AhMTP11 are also overexpressed in A. halleri in comparison to
A. thaliana (Talke et al. 2006). Similarly, NcMTP8 is expressed more strongly in the
presence of excess Zn in N. caerulescens in comparison to A. thaliana (van de Mortel
et al. 2006). NcMTP11 and NcMTP12 also show higher expression levels in N.
caerulescens in comparison to T. arvense (Hammond et al. 2006). These metal trans-
porters belong to group I of the CDF family (Krämer et al. 2007) and are homologous to
ShMTP8 (formerly ShMTP1) from the Mn-tolerant legume Stylosanthes hamata,
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which transports Mn into the vacuoles (Delhaize et al. 2003). NcMTP11 and NcMTP12
may therefore contribute to the homeostasis of metals other than Zn and Cd.

3.3.1.3 P1B-Type ATPases

P1B-type ATPases (HMAs) play a prominent role in the homeostasis of different
metals. In A. thaliana they are involved both in Zn and Cd root-to-shoot
translocation (AtHMA2 and AtHMA4: Wong and Cobbett 2009) and metal
detoxification by vacuolar storage (AtHMA3: Morel et al. 2009), confirming their
important role in heavy metal tolerance and accumulation.

HMA1 (Becher et al. 2004), HMA3 (Becher et al. 2004; Filatov et al. 2006) and
HMA4 (Talke et al. 2006) are overexpressed in A. halleri in comparison to
A. thaliana. AhHMA4 was found to co-localize with the QTLs for Zn (Willems
et al. 2007; Roosens et al. 2008) and Cd tolerance (Courbot et al. 2007) and for Zn
and Cd accumulation (Willems et al. 2010). The downregulation of AhHMA4 by
RNA interference demonstrates that Zn and Cd tolerance and Zn hyperaccumu-
lation are mainly due to AhHMA4, which seems to be responsible for loading
metals into the xylem and their redistribution in the leaf blade (Hanikenne et al.
2008). Three almost identical gene copies are present in the A. halleri genome,
suggesting a recent duplication event. In addition to the higher copy number,
promoter modifications have enhanced the expression of AhHMA4 (Hanikenne
et al. 2008). The speciation event that separated A. halleri from its sister species
A. lyrata may have coincided with the duplication of HMA4 (Roux et al. 2011).

The P1B-type ATPases NcHMA3 and NcHMA4 are overexpressed in
N. caerulescens in comparison to T. arvense (Hammond et al. 2006) and A. thaliana
(van de Mortel et al. 2006). NcHMA4 is expressed more strongly in N. caerulescens
roots than shoots and confers Cd resistance in yeast (Bernard et al. 2004). Four
tandem copies of NcHMA4 are present in the N. caerulescens genome. The paralogs
share 88–99% sequence identity as well as 76–78% and 62–66% identity, respec-
tively, with A. thaliana and A. halleri, indicating that the gene amplification is a
relatively recent event within the N. caerulescens lineage (Ó Lochlainn et al. 2011).
Each gene copy is constitutively expressed at high levels as in A. halleri
(Ó Lochlainn et al. 2011). NcHMA3 is localized in the tonoplast and is highly
specific for Cd. It is expressed at a higher level in the Ganges ecotype, which
accumulates more Cd than Prayon. Overexpression of NcHMA3 in A. thaliana
induces Cd tolerance and low levels of Zn tolerance (Ueno et al. 2011).

3.3.1.4 NRAMP Family

NRAMP transporters are involved in the remobilization of metals (especially Fe)
from the vacuole, which suggests a putative role in hyperaccumulation (Lanquar
et al. 2005).
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Accordingly, it was shown that NRAMP3 is overexpressed in A. halleri (Weber
et al. 2004; Filatov et al. 2006; Talke et al. 2006) and N. caerulescens (van de
Mortel et al. 2006) in comparison to A. thaliana. NcNRAMP3 and NcNRAMP4
from N. caerulescens have been characterized and are similar in terms of locali-
zation and biological activity to their orthologs in A. thaliana (Oomen et al. 2009).
NcNRAMP3 can transport Fe, Mn, and Cd in yeast, whereas NcNRAMP4 trans-
ports Zn in addition (Oomen et al. 2009). The expression of NcNRAMP3 in yeast
also induces the accumulation of Cd but reduces Ni accumulation, underlining its
role in heavy metal homeostasis (Wei et al. 2009). These data indicate that the
differing roles of NRAMP proteins in A. thaliana and the hyperaccumulator
N. caerulescens may reflect different levels or patterns of gene expression (Oomen
et al. 2009). An NRAMP4 ortholog has also been cloned in the Ni-hyperaccu-
mulator species T. japonicum, and the expression of TjNRAMP4 in yeast induces
Ni accumulation and sensitivity, inferring a role in Ni homeostasis (Mizuno et al.
2005).

3.3.1.5 YSL Family

YSL transporters interact with a variety of heavy metals as phytosiderophore and
NA chelates (Schaaf et al. 2004). Their involvement in the lateral translocation of
metals into the veins (DiDonato et al. 2004) suggests a role in root-to-shoot
translocation and therefore in metal hyperaccumulation. Nevertheless, few YSL
genes appear to be overexpressed in hyperaccumulator species by transcriptomic
approach, only YSL6 in A. halleri (Talke et al. 2006) and YSL7 in N. caerulescens
(van de Mortel et al. 2006), suggesting that YSL proteins contribute minimally to
the regulation of metals other than Fe. However, three N. caerulescens YSL genes
(NcYSL3, NcYSL5, and NcYSL7) are expressed at higher levels than their orthologs
in A. thaliana (Gendre et al. 2007). These genes are constitutively expressed at
high levels around the vasculature, and they are not inducible by heavy metals.
NcYSL3 can transport both Fe- and Ni–NA complexes in yeast assays (Gendre
et al. 2007).

3.3.1.6 CaCA Superfamily

As discussed above, the MHX and CAX transporters are the only members of the
CaCA family that appear to be involved in heavy metal accumulation in plants.
MHX is a vacuolar Mg2+ and Zn2+/H+ antiport (Shaul et al. 1999). In A. halleri,
the AhMHX gene is present as a single copy; the transcript is present mainly in the
shoots and at similar levels to its ortholog in A. thaliana. However, the MHX
protein is constitutive and much more abundant in A. halleri than in A. thaliana,
indicating some form of post-transcriptional regulation (Elbaz et al. 2006).

Some CAX genes are overexpressed in metal hyperaccumulators, including
CAX2 in A. halleri (Becher et al. 2004; Weber et al. 2004), and CAX2 (Hammod
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et al. 2006), CAX3 (van de Mortel et al. 2008), and CAX7 (van de Mortel et al.
2006) in N. caerulescens. Moreover, NcCAX3 is induced by Cd (van de Mortel
et al. 2008). These data suggest CAX genes are involved in metal hyperaccu-
mulation. However, the metal specificity of CAX transporters has not been
investigated thus far, although CAX2 does not transport Zn (Becher et al.
2004).

3.3.2 Metal Ligands

3.3.2.1 Histidine

Histidine is the most versatile free amino acid in terms of metal hyperaccumula-
tion, and has a particularly high affinity for Ni (Callahan et al. 2006). The
Ni-hyperaccumulator Alyssum lesbiacum accumulates high levels of histidine in
the xylem sap when exposed to excess Ni (Krämer et al. 1996). Interestingly, Ni
tolerance and Ni transport to shoots can also be induced in the non-accumulator
species Alyssum montanum by feeding with histidine, underlining its important
role in hyperaccumulation. Similarly, feeding the non-accumulator Brassica jun-
cea with histidine increases Ni translocation by the xylem, although it has no
impact on Ni uptake (Kerkeb and Krämer 2003).

The role of histidine biosynthesis in Ni accumulation was tested in A. thaliana
by introducing the bacterial ATP phosphoribosyl transferase enzyme StHisG,
which catalyzes the first step of histidine biosynthesis and is insensitive to feed-
back inhibition by histidine. The transgenic plants were much more Ni tolerant
than wild type plants, confirming the important role of the free histidine pool
(Wycisk et al. 2004). The relationship between histidine biosynthesis and Ni
hyperaccumulation was also studied in the Ni hyperaccumulator Alyssum lesbia-
cum, by monitoring transcript and protein levels. This showed that there was no
transcriptional regulation in response to excess Ni, but the levels of all enzymes
(especially ATP phosphoribosyl transferase, ATP-PRT) were constitutively higher
than those in the weak accumulator Alyssum serpyllifolium and the non-accumu-
lator Alyssum montanum (Ingle et al. 2005a). The overexpression of AlATP-PRT
from Alyssum lesbiacum in A. thaliana conferred Ni tolerance but had no impact
on Ni accumulation (Ingle et al. 2005a) and there was no modulation of histidine
biosynthesis by Ni in the Ni-hyperaccumulator Thlaspi goesingense (Persans et al.
1999). These data suggest that additional factors are necessary to develop a
complete hyperaccumulation phenotype.

3.3.2.2 Nicotianamine

NA is the principal metal ligand in plants and it can form complexes with most
transition metal ions (Verbruggen et al. 2009). A role for NA in Zn and Cd
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hyperaccumulation has been proposed because the genes in the NA biosynthesis
pathway are upregulated in hyperaccumulators. NAS2, which is responsible for the
last step in the pathway, is constitutively expressed in A. halleri roots at a higher
level than its ortholog in A. thaliana (Becher et al. 2004; Weber et al. 2004). NAS3
is overexpressed in shoots (Becher et al. 2004). SAMS2, which generates the NA
precursor SAM, is also expressed at higher levels in A. halleri than A. thaliana
(Talke et al. 2006). N. caerulescens NAS3 and NAS4 are also expressed at higher
levels than their A. thaliana orthologs, and NAS4 is constitutively expressed (van
de Mortel et al. 2006, 2008). NA is also involved in Ni chelation, because Ni–NA
complexes are found in N. caerulescens roots exposed to Ni (Vacchina et al.
2003). NcNAS1 is constitutively expressed in shoots, whereas NA accumulation in
roots appears to be Ni dependent (Mari et al. 2006). Furthermore, NcNAS1
overexpression in A. thaliana induces Ni tolerance and accumulation (Pianelli
et al. 2005). Finally, NA is probably involved in the accumulation and mobili-
zation of other metals, such as Fe, because AhNAS4 cosegregates with a QTL for
Fe accumulation in A. halleri (Willems et al. 2010).

3.3.2.3 Metallothioneins

Although no correlation with hyperaccumulation has been demonstrated, MTs are
induced by several heavy metals e.g. in A. thaliana (Murphy and Taiz 1995) and
are involved in metal tolerance and accumulation (Zimeri et al. 2005).

The N. caerulescens MT2a and MT2b genes are expressed at higher levels than
their orthologs in A. thaliana (van de Mortel et al. 2006) and the N. caerulescens
MT2a and MT3 genes are expressed at higher levels than their orthologs in
T. arvense (Hammond et al. 2006). The MT proteins were also expressed at higher
levels in a metal-adapted N. caerulescens population in comparison to non-
metalliculous populations (Hassinen et al. 2009). However, the different expres-
sion levels of NcMT2a, NcMT2b, and NcMT3 do not correlate with the Cu, Cd, and
Zn accumulation capacity and tolerance profiles in transgenic A. thaliana
(Hassinen et al. 2009). There is no evidence of a direct connection between MTs as
metal ligands and hyperaccumulation, thus it is likely that the increased tolerance
induced by MT expression in some experiments is due to alternative roles, such as
for ROS scavenging (Hassinen et al. 2011).

3.3.3 Response to Stress

3.3.3.1 Glutathione

Antioxidants are important for hyperaccumulators to address the potential oxida-
tive stress caused by heavy metal ions. GS plays a key role for metal tolerance
because it can act as a ROS scavenger, a metal chelator, and as a substrate for PC
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biosynthesis (Krämer 2010). The overexpression of genes involved in cysteine and
GS biosynthesis has been reported in hyperaccumulators, e.g., the cysteine syn-
thetase gene OASA2 is expressed at higher levels in A. halleri than A. thaliana
(Becher et al. 2004; Weber et al. 2004), and the glutathione-S-transferase protein
GSTF10 is induced by heavy metals (Farinati et al. 2009). Similarly, GSTF16 is
overexpressed in N. carulescens shoots in comparison to T. arvense (Hammond
et al. 2006), and other GST genes are expressed at higher levels than their
A. thaliana orthologs (van de Mortel et al. 2008). Enhanced GS biosynthesis
correlates with Ni tolerance, and the concentrations of GS, cysteine, and O-acetyl-
L-serine (OAS) appear to correlate with Ni accumulation in different Thlaspi
species, both hyperaccumulator and non-accumulator (Freeman et al. 2004).
A. thaliana plants transformed with the enzyme serine acetyltransferase (SAT)
from T. goesingense produce GS, cysteine, and OAS at similar levels to hyper-
accumulator species and tolerate higher levels of Ni (Freeman et al. 2004), Zn, and
Co, but not Cd (Freeman and Salt 2007). This probably reflects the fact that
TgSAT is less sensitive to feedback inhibition induced by cysteine than AtSAT
and can therefore accumulate higher levels of GS (Na and Salt 2011).

3.3.3.2 Lignin

The cell wall is an important site for metal storage in plants because it provides a
large number of metal-binding sites (Maestri et al. 2010). Genes involved in
phenylpropanoid (PAL2), lignin (CytP450 family), and suberin biosynthesis
(CER3, CER6 and some LTP genes) are overexpressed in N. caerulescens in
comparison to A. thaliana (van de Mortel et al. 2006, 2008). Lignin and suberin
deposition in N. caerulescens results in the lignification of endodermal cells,
followed by the formation of a second layer of endodermis and the development of
the Casparian strip, which does not occur in A. thaliana or T. arvense. Lignifi-
cation and suberification may therefore help to prevent metal efflux from the
vascular cylinder (van de Mortel et al. 2006, 2008).

3.3.3.3 Defensins

Metal hyperaccumulation also induces the expression of genes involved in stress-
response signaling (biotic and abiotic) including defensins, which are strongly
overexpressed in both A. halleri (Becher et al. 2004; Talke et al. 2006) and
N. caerulescens (van de Mortel et al. 2006) in comparison to A. thaliana. Some
defensins in A. halleri are modulated by Zn (Mirouze et al. 2006). The overex-
pression of AhPDF1.1 induces Zn tolerance in both yeast and A. thaliana. This can
be explained by a Zn-chelation hypothesis, in which defensins (like MTs) use their
cysteine-rich domains to bind metal ions. Alternatively, defensins may interfere
with divalent cation transporters, reflecting their structural similarity to some
channel-blocking peptides (Mirouze et al. 2006).
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(2003) Speciation of nickel in a hyperaccumulating plant by high-performance liquid
chromatography-inductively coupled plasma mass spectrometry and electrospray MS/MS
assisted by cloning using yeast complementation. Anal Chem 75:2740–2745

van de Mortel JE, Almar Villanueva L, Schat H, Kwekkeboom J, Coughlan S, Moerland PD, Ver
Loren van Themaat E, Koornneef M, Aarts MGM (2006) Large expression differences in
genes for Iron and Zinc homeostasis, stress response, and lignin biosynthesis distinguish roots
of Arabidopsis thaliana and the related metal hyperaccumulator Thlaspi caerulescens. Plant
Physiol 142:1127–1147

van de Mortel JE, Schat H, Moerland PD, Ver Loren van Themaat E, van der Ent S, Blankestijn
H, Ghandilyan A, Tsiatsiani S, Aarts MGM (2008) Expression differences for genes involved
in lignin, glutathione and sulphate metabolism in response to cadmium in Arabidopsis
thaliana and the related Zn/Cd-hyperaccumulator Thlaspi caerulescens. Plant Cell Environ
31:301–324

van der Zaal BJ, Neuteboom LW, Pinas JE, Chardonnens AN, Schat H, Verkleij JAC, Hooykaas
PJJ (1999) Overexpression of a novel Arabidopsis gene related to putative zinc-transporter
genes from animals can lead to enhanced zinc resistance and accumulation. Plant Physiol
119:1047–1055

Verbruggen N, Hermans C, Schat H (2009) Molecular mechanisms of metal hyperaccumulation
in plants. New Phytol 181:759–776

Wang J, Zhao FJ, Meharg AA, Raab A, Feldmann J, McGrath SP (2002) Mechanisms of Arsenic
hyperaccumulation in Pteris vittata. Uptake kinetics, interactions with phosphate, and arsenic
speciation. Plant Physiol 130:1552–1561

Weber M, Harada E, Vess C, Von Roepenack-Lahaye E, Clemens S (2004) Comparative
microarray analysis of Arabidopsis thaliana and Arabidopsis halleri roots identifies
nicotianamine synthase, a ZIP transporter and other genes as potential metal hyperaccumula-
tion factors. Plant J 37:269–281

Wei W, Chai T, Zhang Y, Han L, Xu J, Guan Z (2009) The Thlaspi caerulescens NRAMP
homologue TcNRAMP3 is capable of divalent cation transport. Mol Biotechnol 41:15–21

Willems G, Dräger DB, Courbot M, Godé C, Verbruggen N, Saumitou-Laprade P (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

Willems G, Frérot H, Gennen J, Salis P, Saumitou-Laprade P, Verbruggen N (2010) Quantitative
trait loci analysis of mineral element concentrations in an Arabidopsis halleri x Arabidopsis
lyrata petraea F2 progeny grown on cadmium-contaminated soil. New Phytol 187:368–379

Wong CKE, Cobbett CS (2009) HMA P-type ATPases are the major mechanism for root-to-shoot
Cd translocation in Arabidopsis thaliana. New Phytol 181:71–78

Wu J, Zhao FJ, Ghandilyan A, Logoteta B, Olortegui Guzman M, Schat H, Wang X, Aarts MGM
(2009) Identification and functional analysis of two ZIP metal transporters of the
hyperaccumulator Thlaspi caerulescens. Plant Soil 325:79–95

Wycisk K, Kim EJ, Schroeder JI, Krämer U (2004) Enhancing the first enzymatic step in the
histidine biosynthesis pathway increases the free histidine pool and nickel tolerance in
Arabidopsis thaliana. FEBS Lett 578:128–134

Zhao FJ, Dunham SJ, McGrath SP (2002) Arsenic hyperaccumulation by different fern species.
New Phytol 156:27–31

Zimeri AM, Dhankher OP, McCaig B, Meagher RB (2005) The plant MT1 metallothioneins are
stabilized by binding cadmium and are required for cadmium tolerance and accumulation.
Plant Mol Biol 58:839–855

74 E. Fasani



Chapter 4
Phytoremediation: The Utilization
of Plants to Reclaim Polluted Sites

Andrea Nesler and Antonella Furini

Abstract The contamination of water and soil with heavy metals is a serious
environmental and health hazard. Phytoremediation is the use of plants to remove
pollutants, and this offers an alternative to conventional clean-up methods which rely
on excavation or the application of detergents and other chemicals. The ideal plant
for phytoremediation should tolerate heavy metals and accumulate them in the aerial
tissues, should produce large amounts of biomass rapidly, and should develop a deep
and extensive root system. Biotechnology offers the opportunity to genetically
engineer plants that tolerate and accumulate large amounts of heavy metals in their
shoots or that chemically transform and volatilize them. The uptake of heavy metals
into plants can also be enhanced by the microbial community in the rhizosphere,
which can stimulate root proliferation and increase metal bioavailability.

Keywords Phytoremediation � Transgenic plants � Metal tolerance � Effects of
rhizosphere microbes

4.1 A Green Technology to Remove Heavy Metals
from Soil and Water

Agriculture, mining, metallurgy, fossil fuel use, and military operations have
dispersed large quantities of heavy metals and metalloids into the environment,
posing a serious risk to biodiversity and human health (Wernick and Themelis 1998;
Wijnhoven et al. 2007). Conventional methods for cleaning up contaminated sites
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include washing, excavation, and reburial of solid matrices such as soil, and pumping
and treating systems for contaminated water (Glass 1999). These approaches are
expensive, generally inefficient if the contaminant is present at a low concentration,
and often causes significant changes to the physicochemical characteristics of soils.

A different method to reclaim polluted sites is to use plants that reduce the
toxicity of metals in soil or water, a concept known as phytoremediation
(Doty 2008; Eapen and D’Souza 2005; Cherian and Oliveira 2005). This is
advantageous because plants are autotrophic organisms that use carbon dioxide and
sunlight as sources of carbon and energy, and the decontamination can be carried
out in situ, thus minimizing costs and human exposition (Salt et al. 1998). Phyto-
remediation is esthetically pleasing and generally acceptable to the public as it is
considered a clean and green alternative to conventional approaches. Other
advantages include the low installation and maintenance costs, the low environ-
mental impact (particularly on soil properties), the use of harvested plant biomass to
produce biofuel, and the ability to avoid spreading pollutants by wind and water.
Nevertheless, phytoremediation has also disadvantages, including the slow rate of
contaminant removal, inadequacy to deal with heavily polluted sites, and the risk
that toxic compounds are made more bioavailable. Further limiting factors may
include soil properties, the extent of the contamination, and climate conditions, so
these must be considered during the development of phytoremediation programs
(Eapen and D’Souza 2005; Pilon-Smits 2005).

The use of plants to decontaminate polluted areas can be implemented using
several different strategies: (i) phytoextraction, in which plants take up metals and
accumulate them in harvestable tissues aboveground; (ii) rhizofiltration, which is
mainly concerned with the remediation of contaminated water, in which metals are
either adsorbed at the root surface or absorbed by the roots; (iii) phytostabilization,
in which plant metabolism is used to chemically stabilize the metal in the soil matrix,
limiting its migration, bioavailability, and hazard; and (iv) phytovolatilization, in
which plants take up contaminants from the substrate and release them into the
atmosphere via the transpiration stream (Doty 2008; Eapen and D’Souza 2005;
Cherian and Oliveira 2005). All these phytoremediation strategies have been used
successfully. For example Brassica juncea plants have been used to reduce Pb
contamination in soil by phytoextraction (Blaylock 2000), and sunflower plants have
been used to remove U from contaminated water by rhizofiltration (Dushenkov and
Kapulnik 2000).

4.2 Plants Suitable for the Phytoremediation
of Heavy Metals

The efficiency of phytoremediation depends on the plant species, the concentration
and combination of toxic metals, and (as a consequence of the above) on the
agronomic practices that need to be optimized, such as the addition of fertilizers

76 A. Nesler and A. Furini



or chelators and pH adjustment. Researchers initially focused on hyperaccumulator
plants, which possess the mandatory characteristics for phytoremediation,
i.e., metal tolerance and accumulation. However, most hyperaccumulators grow
slowly, produce limited biomass, have shallow roots, and tend to prefer specific
habitats, all of which argue against their use (Chaney et al. 2005). Ideal plants for
phytoremediation should (i) possess an intrinsic capacity to tolerate metals and to
concentrate them in harvestable aerial tissues or to adsorb it on the root surface;
(ii) grow rapidly and produce lots of biomass; (iii) develop a deep and extensive
root system; (iv) be widely distributed, allowing growth in many habitats; and
(v) should be easy to cultivate and harvest.

Because natural hyperaccumulators lack these necessary properties, a different
strategy is to use conventional breeding and/or genetic engineering to create plants
suitable for phytoremediation. Metal uptake, transport, accumulation, and detox-
ification mechanisms have been studied extensively in model species and in metal
hyperaccumulators. Many of the genes that control these processes have been
cloned and characterized. These genes can be introduced into any genetically
amenable species that is suitable for bioremediation, including Brassica juncea,
sunflower (Helianthus annuus), yellow poplar (Liliodendron tulipifera), and shrub
tobacco (Nicotiana glaucum) (Eapen and D’Souza 2005).

4.3 Engineering Plant Metal Tolerance and Accumulation

Metal tolerance and accumulation can be achieved by efficient sequestration of
metals into subcellular compartments, by overexpressing molecules involved in
metal chelation and finally by increasing the expression of stress response genes.
The processes influencing heavy metal accumulation in plants, and consequently
the targets for genetic modification are: (i) the mobilization and uptake of metals
from the soil; (ii) the formation of metal complexes and their transfer into the
vacuoles of root cells for detoxification; (iii) the translocation of metal ions to
shoots via the symplast or apopolast; (iv) the distribution of metals in aerial
tissues; (v) the sequestration of metals within green tissues; and (vi) the translo-
cation of accumulated metals and metalloids to less metabolically active cells such
as trichomes (Clemens et al. 2002). Therefore, one way to enhance the phyto-
remediation capacity of plants is to target mechanisms responsible for metal
tolerance: overexpressing rate limiting enzymes, increasing the production of
different metal transporter proteins and enzymes involved in the repair of metal-
induced damage, and operating on the signal transduction pathway by affecting the
expression of regulatory proteins. The latter, in particular, has been exploited to
increase Cd tolerance and accumulation in A. thaliana and tobacco. A transcription
factor that is upregulated by Cd was isolated in Brassica juncea (BjCdR15; Fusco
et al. 2005), and identified as the ortholog of A. thaliana TGA3. BjCdR15 is a
regulator of Cd uptake, transport, and accumulation in the shoot. The constitutive
overexpression of BjCdR15 in A. thaliana and tobacco increased Cd accumulation
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in the shoots, and the transgenic plants produced more shoot biomass and suffered
less chlorosis than control plants. BjCdR15 also induced the expression of genes
responsible for root-to-shoot Cd transport and implicated in the extrusion of Cd
into the apoplast and vacuole (Farinati et al. 2010).

The metabolism of metal ions has also been enhanced by somatic hybridization.
Protoplast fusion between the high-biomass species Brassica napus and the
hyperaccumulator Thlaspi caerulescens was followed by the regeneration of
hybrids that accumulate levels of Zn and Cd that would be toxic to B. napus
(Brewer et al. 1999). An alternative approach is genetic transformation with
Agrobacterium rhizogenes, which results in a fast-growing root culture with a
more extensive root surface. T. caerulescens hairy root cultures tolerated high
levels of Cd and accumulated large amounts of the metal (Nedelkoska and Doran
2000).

4.3.1 Transgenic Plants Overexpressing Metal Transporter
Proteins

The transport of metal and metalloid cations across the plasma membrane and
internal organellar membranes is an important checkpoint in the metal homeostasis
network. The expression of metal transporters in transgenic plants is therefore a
promising phytoremediation strategy (Krämer et al. 2007). The tissue distribution
and intracellular location of a transporter protein (e.g., plasma membrane, tono-
plast) determines its role. Therefore overexpression may increase metal uptake,
translocation, and/or sequestration. Some examples of metal transporters which
have been used to create transgenic plants that accumulate heavy metals are dis-
cussed below.

The tobacco calmodulin-binding protein NtCBP4 is a membrane-bound trans-
porter related to the A. thaliana non-selective cation channel AtCNGC1 (74.2%
identity; Kohler et al. 1999) and the Hordeum vulgare protein HvCBT1 (61.2%
identity; Schuurink et al. 1998). Transgenic tobacco lines overexpressing NtCBP4
were tested with different metal ions, and were shown to be more Ni tolerant than
wild-type plants, reflecting the slower intracellular accumulation of Ni. However,
the transgenic plants were more sensitive to Pb, which was taken up and trans-
located to the shoots more efficiently and accumulated at levels 30% higher than
wild-type plants. NtCBP4 was the first protein related to Pb accumulation iden-
tified in plants (Arazi et al. 1999).

Overexpression of the A. thaliana vacuolar metal ion/H+ antiporters CAX2 and
CAX4 in tobacco increased the ability of the transgenic plants to detoxify Cd2+,
Zn2+, and Mn2+, and increased the accumulation of Cd in root vacuoles (Korenkov
et al. 2007). Similarly, transgenic plants expressing AtMTP were more resistant to
Zn, and accumulated large amounts of the metal in their roots when excess Zn was
present in the environment (van der Zaal et al. 1999).
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The yeast transporter protein YCF1, a member of the ABC transporter family,
pumps GS-Cd complexes into the vacuole (Li et al. 1997). Because Pb can also
form complexes with thiol groups, transgenic A. thaliana plants overexpressing
YCF1 were tested for Cd and Pb tolerance and accumulation, revealing higher
levels of Cd in the vacuoles and overall higher levels of Cd and Pb (Song et al.
2003).

HMA4 encodes a plasma membrane protein of the 1B family of transition metal
pumps in the P-type ATPase superfamily (Courbot et al. 2007). The ectopic
overexpression of AtHMA4 in A. thaliana increased Zn and Cd accumulation in the
shoots (Courbot et al. 2007). This gene is also expressed at a higher level in the
hyperaccumulator A. halleri compared to A. thaliana (Talke et al. 2006), which
reflects the combination of modified cis-regulatory sequences and a higher gene
copy number (Hanikenne et al. 2008). The distribution of Zn was changed in the
roots of transgenic A. thaliana plants expressing AhHMA4 cDNA under the control
of its native promoter, and the Zn deficiency response genes ZIP4 and IRT3 were
also upregulated in these plants, suggesting Zn partitioning into xylem vessels and
consequent upregulation of Zn deficiency response genes.

The MerC plasma membrane transporter that controls Hg2+ uptake and resis-
tance in bacteria was expressed in A. thaliana to improve Hg2+ accumulation. The
rate of Hg2+ accumulation in detached leaves was higher in the transgenic plants
than wild-type plants, although the transgenic seedlings were hypersensitive to
Hg2+ (Sasaki et al. 2006). The possibility of altering the metal specificity was also
tested. The A. thaliana iron transporter IRT1 can transport Fe, Zn, Mn, and Cd.
The substitution of conserved residues capable of binding metal to alanine resulted
in either altered substrate specificity or the abolition of transport (Rogers et al.
2000).

These studies have helped to determine the molecular mechanisms underlying
heavy metal transport and accumulation in plants, showing that the overexpression
of metal transport genes either identified in plants or in other species, can enhance
metal transport and accumulation/sequestration in plant cells. These studies will
contribute to the development of phytoremediation technologies that can be
applied to soil polluted with heavy metals and indicate that it is also possible to
design transgenic plants that accumulate specific metals.

4.3.2 Focusing on Metal Chemistry in Plants

4.3.2.1 Mercury as a Case Study

Plants do not volatilize Hg to a significant extent but accumulate it in roots and
shoots. The use of plants for Hg phytoextraction therefore presents some limitations,
since they cannot detoxify methylmercury and their low Hg tolerance limits their
suitability for phytoremediation. The introduction in plant of a bacterial pathway
that converts methylmercury to volatile elemental Hg (Hg0) allowed overcoming
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the mentioned limitations. The merB gene encodes an organomercurial lyase that
converts methylmercury to Hg2+, whereas merA encodes a mercuric reductase and
reduces Hg2+ to elemental Hg, using NADPH as the electron donor. To use these
genes for phytoremediation, they were modified to optimize their expression in
plants and placed under the control of the constitutive CaMV 35S promoter.
Transgenic A. thaliana plants expressing merA tolerated high levels of Hg2+ and
were able to volatize elemental Hg (Rugh et al. 1996), whereas those expressing
merB were able to tolerate 10-fold higher levels of methylmercury and other or-
ganomercurials than untransformed plants (Bizily et al. 2000). Double transgenic
plants (MerA-MerB) were able to tolerate 50-fold higher levels of organomercurials
than wild-type plants and (unlike the single transgenics) were able to volatilize
elemental Hg when supplied with organic Hg. These promising results indicate that
the same gene constructs could be used to achieve Hg volatilization in other species.
The phytovolatilization approach has been criticized because it releases volatile Hg
into the atmosphere, but the wide dispersion and extensive dilution are thought to
overcome any potential risks (Moreno et al. 2005).

4.3.2.2 Arsenic as a Case Study

In soil and water, As exists primarily in its oxidized form as the oxyanion arsenate
(AsO4

3-). As discussed above, the chemical similarity between arsenate and
phosphate allows arsenate to be taken up from the soil via the phosphate pathway
(Meharg et al. 1992). Arsenite (AsO3

3-), the reduced form of As, has a very strong
affinity for thiol groups, and can be sequestered into peptide-thiol complexes in
plant shoots. Therefore, transgenic plants were tailored to accumulate more As by
controlling the oxidation state of As and increasing the presence of thiol groups
(Dhankher et al. 2002). This has been achieved by expressing two bacterial genes
in A. thaliana, an arsenate reductase (arsC) and a c–ECS. Double transgenic plants
(ArsC-c–ECS) were able to tolerate higher levels of arsenate and were able to
accumulate glutathione-arsenite complexes in the shoots when grown in arsenate-
containing hydroponic medium. The transgenic plants grew well in the presence of
200 lM arsenate, suggesting that other plant species could be transformed with
ArsC and c–ECS to allow the accumulation of As in aerial tissues when growing
on As-contaminated soil (Dhankher et al. 2002).

4.3.2.3 Selenium as a Case Study

Preliminary in vitro studies suggested that the assimilation of selenate by plants is
limited because the compound is reduced by APS (Shaw and Anderson 1972).
Plants supplemented with selenate mostly accumulate selenate, whereas plants
supplemented with selenite mostly accumulate organic Se (de Souza et al. 1998;
Zayed et al. 1998). B. juncea plants overexpressing A. thaliana APS1 accumulate
organic Se in the presence of selenate, whereas wild-type plants accumulate
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selenate (Pilon-Smits et al. 1999). This study demonstrated that APS1 reduces
selenate but is rate limiting for selenate uptake and assimilation. The toxicity of Se
predominantly reflects the incorporation of selenocysteine into proteins, disrupting
protein structure and function. The conversion of selenocysteine into less toxic
forms of Se is a tolerance mechanism adopted by Se hyperaccumulators such as
Astragalus bisulcatus. SMT methylates selenocysteine to produce the non-protein
amino acid methylselenocysteine, thus reducing the intracellular concentration of
selenocysteine and selenomethionine and inhibiting the incorporation of these
toxic forms of Se into proteins. The overexpression of A. bisulcatus SMT in
A. thaliana and B. juncea caused the plants to accumulate more methylseleno-
cysteine than wild-type plants, and to increase Se accumulation and volatilization
(Le Duc et al. 2004). The effect of SMT in the transgenic B. juncea plants was
more substantial when the plants were exposed to selenite rather than to selenate,
indicating that the conversion of selenate to selenite is the limiting step in
selenocysteine biosynthesis, reducing the potential benefit of SMT overexpression.
To overcome this limitation, double transgenic plants were produced (by crossing
SMT and APS transgenic lines) and these produced eight times more
methylselenocysteine than wild-type plants and twice the amount of SMT
transgenic plants (LeDuc et al. 2006). The double transgenic plants also
accumulated nine times more total Se than wild-type plants (LeDuc et al. 2006).
The combined expression of these two enzymes enhanced selenate uptake,
conversion to selenite and selenocysteine methylation, therefore increasing the
amount of Se uptake but detoxifying it at the same time. A further step toward
Se phytoremediation is the conversion of selenocysteine to volatile dimethylsel-
enide because the volatilization of Se from selenomethionine is much faster than
from selenocysteine. CgS is the first enzyme in the selenocysteine to selenome-
thionine pathway and transgenic B. juncea plants expressing A. thaliana CgS
achieved a higher volatilization rate than wild-type plants (van Huysen et al.
2003). These plants also accumulated 40% less Se than wild-type plants, probably
reflecting the enhanced volatilization (Pilon-Smits and LeDuc 2009).

4.3.3 Transgenic Plants Overexpressing Metal Chelating
Compounds

The overproduction of several metal chelators has demonstrated to affect plant
metal tolerance and accumulation, and different research groups have tested
recombinant metal binding proteins. In many cases tolerance is achieved by
overexpressing MT without metal ions accumulating to higher levels than normal.
For example, the expression of CUP1 in tobacco promoted the accumulation of Cu
but not Cd in the leaves (Thomas et al. 2003). Similarly, the overexpression of a pea
MT in A. thaliana induced the accumulation of Cu (Evans et al. 1992). Recently, an
optimized mouse mt1 gene was expressed in the tobacco chloroplast genome to
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promote Hg accumulation, providing an ideal strategy for Hg phytoremediation
(Ruiz et al. 2011).

Since PCs are necessary for Cd tolerance it was reasonable that the overex-
pression of PCS would result in overproduction of these metal binding peptides
and hence in higher Cd tolerance and accumulation and it was also considered that
such transgenic plants could be used to phytoremediate Cd-contaminated sites
(Wojas et al. 2008). Unfortunately, experimental results have been contradictory.
The expression of A. thaliana PCS1 in E. coli (Sauge-Merle et al. 2003) and yeast
(Vatamaniuk et al. 1999) induced the accumulation of Cd, suggesting that PCs
are involved in chelation or sequestration. However, PCS1 overexpression in
A. thaliana enhanced PC biosynthesis but induced Cd hypersensitivity. The
expression of wheat PCS in tobacco increased Cd and Pb accumulation (Martinez
et al. 2006), whereas Peterson and Oliver (2006) showed that the overexpression of
AtPCS1 in A. thaliana leaves increased Cd tolerance without influencing the metal
content of the shoots. Long-distance root-to-shoot transport of PC-Cd was
observed in A. thaliana plants expressing wheat PCS, resulting in the reduction of
Cd levels in roots (Gong et al. 2003). Pomponi et al. (2006) reported that tobacco
plants expressing A. thaliana PCS were more Cd tolerant although Cd accumu-
lated only when the medium was supplemented with GSH. Transgenic B. juncea
plants overexpressing c–ECS or GSS showed higher Cd tolerance and accumu-
lation (Zhu et al. 1999a, b). Despite the abundant literature regarding the role of
PCs in heavy metal detoxification and accumulation in plants, it is impossible to
assign a clear role of these binding peptides in metal accumulation and hence in
phytoremediation.

4.4 Effects of Rhizosphere Microbes on Phytoremediation

The absorption of metals by plants is strongly influenced by microbes in the
rhizosphere. Carbon compounds released into the rhizosphere by plants provide
energy for fungi and bacteria. Therefore the microbial population in the rhizo-
sphere is much richer than in the bulk soil. It has been reported that Se and Hg
uptake by plants can also be enhanced by rhizosphere bacteria (De Souza et al.
1999) and that plant metal uptake can as well be stimulated by mycorrhizal fungi
(Frey et al. 2000) reflecting the stimulation of root proliferation and/or a microbial
influence on metal bioavailability (De Souza et al. 2000). There is a positive
correlation between rhizospheric microbes and Zn/Cd accumulation in A. halleri
shoots (Farinati et al. 2009). However, when A. halleri plants were cultivated in
the presence of few bacterial strains, selected from the rhizosphere population for
Zn and Cd resistance, the accumulation of these metals in the shoots was much
lower, suggesting that the presence of these bacterial strains impaired metal uptake
(Farinati et al. 2011). Some of the strains affected the shoot metal content more
than others, highlighting the important role of microbes in the accumulation of
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metals by plants and emphasizing that successful phytoremediation may depend
on the selection of an appropriate rhizobacterial consortium.

Phytoextraction could be enhanced by supplementing the soil with bacteria that
promote plant growth by stimulating germination and biomass production during
phytoremediation. Such bacteria can affect plant health indirectly, by inhibiting the
growth of pathogenic soil microbes, and directly by providing plants with growth-
promoting compounds or by facilitating the uptake of nutrients from soil (Glick
2003). Many studies has been focused on metal hyperaccumulator species inves-
tigating the molecular basis of uptake, transport, and accumulation (Verbruggen
et al. 2009) but further research is needed to investigate the interactions between
hyperaccumulators and microbes where these communities are adapted.

4.5 Perspectives

Phytoremediation has received considerable attention from researchers and is
widely viewed as a green technology for the remediation of polluted environments,
but it is not yet exploited as a commercial platform technology. However, the
increasing pace of genome sequencing will lead to the discovery of further metal-
related genes that can be tested in transgenic plants for phytoremediation
applications. Gene transfer techniques already allow plastid targeting and the
simultaneous transfer and expression of several genes. Therefore, novel infor-
mation about plant metabolism and plant–microbe interactions will facilitate the
development of novel phytoremediation strategies to clean up soils polluted with
heavy metals.

If the phytoremediation of polluted soils is possible using transgenic plants that
can accumulate metals without negative effects, then it should also be possible to
enhance crops with micronutrients such as Fe and Zn, particularly in areas where
soils are depleted or where bioavailability is limited. A better understanding of the
genetic factors that control the accumulation, metabolism, and tolerance of metals
in plants will allow plants to be utilized efficiently for both phytoremediation and
biofortification.
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