
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.
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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).
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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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