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Abstract Phytoremediation of Zinc (Zn) contaminated soil is to remove Zn from
soil using Zn-tolerant plants or hyperaccumulators with the assistance of agri-
cultural or biological technologies. Zn biofortification is to increase the natural
content of Zn with high bioavailability in staple food crops to provide Zn sup-
plement sources for humans. Researches on understanding the physiological
mechanisms of Zn uptake, distribution, storage, and metabolism by plants indicate
that the two applications share certain limiting physiological processes. In this
chapter, the physiological processes of Zn in plants are introduced and certain
regulatory mechanisms are reviewed. Issues related to existing strategies, bottle-
necks, and potential improvements on Zn-phytoremediation and Zn-biofortifica-
tion will also be discussed. Though much remains to be elucidated, the
combination of high efficiency of Zn accumulation in plants for phytoremediation
and favorable Zn-accumulation in the edible part of staple crops for biofortifica-
tion appear to be a worthwhile and promising attempt.
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3.1 Zinc: An Overview

Zinc (Zn) is the twenty-fourth most abundant element on the Earth’s crust with a
content of 75 mg kg-1. Soil contains 5–770 mg kg-1 of Zn with an average of
64 mg kg-1, seawater has 30 lg Zn L-1, and the atmosphere contains 0.1–4 lg
Zn m-3 (Emsley 2001). Zn in the environment mainly exists in the state of Zn-
sulfide and Zn-oxides, and easily associates with many other elements, such as
lead (Pb), copper (Cu), cadmium (Cd) to form mineral associations. Zn is a
transition metal with atomic number of 30 and has five stable isotopes: 64Zn
(48.63 %), 66Zn (27.90 %), 67Zn (4.90 %), 68Zn (18.75 %), and 70Zn (0.62 %).
65Zn is radioactive, with a half-life time of 244.26 days, and it is frequently used
as a Zn radiotracer in plants. Zn commonly presents in oxidation states of +1 or +2
in the environment (Brady et al. 1983). Zn2+ participates in biological or chemical
reactions. In solution, Zn exists in the +2 oxidation state and is redox-stable under
physiological conditions for a complete d-shell of electrons (Broadley 2007).
Zn tends to form strong covalent bonds with O-, N-, and S- donors and thus forms
numerous stable complexes (Greenwood and Earnshaw 1997). Tetracoordinated
and hexacoordinated Zn complexes are the most common types, though penta-
coordinated complexes also exist (Holleman et al. 1985).

Zn is an essential trace element for plants (Broadley et al. 2007), animals
(Prasad 2008), and microorganisms (Sugarman 1983). It is required in a large
number of proteins in organisms and is the only metal presenting in all classes of
enzymes. In proteins, Zn ions are often coordinated to the side chains of amino
acids, such as cysteine and histidine, aspartic acid, and glutamic acid. In organ-
isms, three main functional sites of Zn are recognized, and the function varies with
the geometry and characteristics of Zn2+-ligand bonding: structural, catalytic, and
cocatalytic (Auld 2001; Maret 2005). Since Zn has no oxidant properties like iron
and copper, it exists almost entirely in divalent state, making it easily incorporated
into the biological system and safely transports both extra- and intracellularly
(Hambidge and Krebs 2007).

Zn is responsible for the normal expression of more than 20 physiological
functions in organisms, including immune function, protein synthesis, wound
healing, DNA synthesis, and cell division. A large number of proteins in biological
systems need Zn to maintain their structural stability and transcription factors.
Protection against infections and diseases is related to gene regulation and
expression under stress conditions in which Zn is required (Prasad 2010). Zn is
also a critical element required for detoxification of highly aggressive free radicals
and for structural and functional integrity of biological membranes (Cakmak
2000). Zn supports normal growth and development during pregnancy, childhood,
and adolescence. It is also required for proper sense of taste and smell. Zn defi-
ciency is among the major malnutrition in humans and has led to severe diseases,
cellular disturbances and impairments, and even large mortality especially in
infants and young children.
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Although Zn is an essential element for life, excess Zn can be harmful and can
cause Zn toxicity to organisms. The free Zn2+ in solution is highly toxic to plants,
invertebrates, and even some vertebrate species. Acute adverse effects of high Zn
intake include nausea, vomiting, loss of appetite, abdominal cramps, diarrhea, and
headaches. Long-term exposure of Zn can cause chronic Zn poisoning which will
cause a greatly decreased blood copper concentration, anemia, leukocyte rare
disease, immunity damaged, weight loss, and other symptoms. Low concentrations
of Zn are necessary for normal plant growth; however, a strong phytotoxicity of Zn
and retard plant growth can appear with the presence of Zn at over 400 mg/kg.
Sewage irrigating crops, especially wheat, with sewage water containing high
levels of Zn, will result in uneven seedling emergence, less tiller, plant dwarf, and
leaf chlorosis. The diversity of microbes in the Zn-contaminated soil also appears
to decrease with increasing Zn content (Moffett et al. 2003).

3.2 Physiological Processes of Zinc in Plants

Zn plays a central role in healthy plant metabolism and growth processes. It is
transported in xylem after being absorbed by the roots and then distributed in plant
tissues. Zn is unevenly distributed in plants, and Zn concentrations in tissues could
differ greatly among plant species. Zn exists in both soluble and insoluble forms in
plant tissues. Carboxylic acids, amino acids, phytochelatins (PCs), nicotianamine
(NA), and proteins are the main complex organic compounds with soluble Zn. Zn
is also found as inorganic Zn-phosphate salts and organic Zn-phytates (White and
Broadley 2011).

Concentrations of Zn in plants vary from 25 to 150 mg kg-1 DW. The foliar Zn
deficiency symptoms appear with a Zn concentration of\15 mg kg-1 DW in leaf,
while toxicity symptoms become visible when leaf Zn is over 300 mg kg-1 DW
(Broadley et al. 2007). Detrimental effects of Zn on plant can be observed if plant
Zn concentration reaches 400 mg kg-1. Nevertheless, the Zn concentration in the
aerial parts can reach up to 1,000 mg kg-1 DW for Zn-tolerant plants and even
more than 10,000 mg kg-1 DW for Zn-hyperaccumulators (Baker and Walker
1990).

As one of the most important micromineral elements, the primary physiological
functions of Zn in plant biochemical activities include: (1) activating agent for
vitamins; (2) participating in plant cell respiration, promoting photosynthesis via
enhancing the production of chlorophyll; (3) catalyzing redox action and accel-
erating protein oxidation; (4) participating in the synthesis of growth hormones
auxin in plants, and (5) promoting plants to thrive with high resistance for diseases
and cold. Several physiological processes involved in Zn absorption, transport, and
storage by plants are introduced in detail in the following sections.
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3.2.1 Zinc Uptake from Soil by Plants

Generally, Zn can be absorbed via roots primarily as Zn2+ and/or Zn(OH)2 at high
pH in the soil solution. Zn is transported either symplastically or apoplastically
after being taken up through root cells (White et al. 2002; Broadley et al. 2007).
The uptake of Zn by plants from soil to plant roots is proposed to be driven by the
negative electrical potential in plasma membrane and mediated by the complicated
metal transport systems on the plasma membrane of root cell. The availability of
Zn in the soil to plant, rhizospheric process, and cell membranes transport are
thought to be the important biological processes controlling Zn uptake.

The availability of Zn in soil is controlled by the factors that affect the amount
of available Zn in soil solution or its sorption–desorption from/into the soil
solution. These factors usually include: the total Zn content, chemical forms of Zn
compounds, soil properties (organic matter content, carbonate, or phosphate
content, granularity, pH), environmental conditions (temperature and humidity),
concentrations of other trace elements, and relative biological activities. At low
soil pH (\6) the bioavailability of Zn generally increases with increasing
replacement of Zn2+ by H+ (Pilon-Smits 2005). A higher temperature can accel-
erate the biochemical activities in general, thus Zn absorption and relocation
processes could be accelerated. Organic matter can either increase the Zn avail-
ability in the soil with the formation of soluble organic zinc complexes which are
probably capable of absorption into plant roots or decrease its bioavailability by
the formation of stable solid-state organic Zn complexes (Alloway 2008).

The rhizosphere process involves complex interactions between plant roots and
rhizosphere microbes. Plant roots release a variety of organic compounds (such as
organic acid, siderophores, and phenolics) that are the natural carbon resources for
microbes (Bowen and Rovira 1991). At the same time, microbes in the rhizosphere
stimulate root growth and enhance water and micronutrient absorption (Kapulnik
1996). There are many studies about the roles of rhizosphere microbes in pro-
tecting plant from excessive heavy metal toxicity by reducing metal absorption
(Delorme et al. 2001; Whiting et al. 2001; Farinati et al. 2009). For example, under
the circumstance of excessive Zn, arbuscular mycorrhiza fungi (AMF) can
improve plant growth, reduce the Zn toxicity to plants, influence the absorption
and translocation of Zn, and facilitate the extraction of Zn by plants from soil
(Chen et al. 2003). The secretion from plants and microbes has both positive and
negative effects on plant metal uptake: the secretion protects plants by reducing the
absorption of metals, or promotes metal absorption by chelating metals to increase
metal bioavailability.

Transport of bioavailable ions across the plasma membrane of roots is a critical
step in metal uptake and accumulation. Taking Zn2+ for example, the absorption
dynamics of Zn for plants can be distinguished into two stages. At the very
beginning, it is a fast and linear dynamic phase which is related to the Zn2+

adsorption on the root cell wall. Then, there is a slower saturated adsorption stage
which is related to the transport of Zn2+ through the plasma membrane of root cells.
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The Zn influx to the cytoplasm of root cells is mainly mediated by various classes of
protein transporters on the plasma membrane, though some plasma membrane Ca2+

channels are also contributing to Zn2+ uptake (White and Broadley 2011).
Some metal transporters of the ZIP protein family are considered to be the

predominant uptake systems for Zn in plants (Grotz et al. 1998; Guerinot 2000).
The ZIP transporters were characterized in Arabidopsis (Grotz et al. 1998), soybean
(Moreau et al. 2002), and rice (Ishimaru et al. 2005; Ramesh et al. 2004). The ZIP
family includes a set of transport proteins, and these transport proteins have an
important feature, i.e., they all can transport Zn2+ and other metal ions from the
extracellular or organelles lumen into the cytosol (Saier 1999). ZRT1 and ZRT2 are
the earliest achieved ZIP family members by gene cloning. They stand for,
respectively, high affinity and low affinity of the Zn2+ absorption transporters (Zhao
and Eide 1996a, b). ZRT1 and ZRT2 are responsible for the absorption of Zn2+

across the plasma membrane, while ZRT3 in the vacuole membrane is responsible
for shipping Zn2+ from the vacuole back to the cytoplasm (Macdiarmidc et al.
2000). IRT1 and IRT2, the main Fe2+ uptake systems in Arabidopsis thaliana root
cells, are found to contribute significantly to the uptake of Zn and Cd by plants. An
increase of IRT1 transcript and IRT1 protein levels in the root appears after the
treatment of Fe limitation, which in turn leads to IRT1-dependent Cd and Zn
accumulation in the roots (Palmgren et al. 2008). In addition to the ZIP transport
system, yellow strip-like (YSL) proteins, which have been found mainly involved
in Fe transport, are also evaluated to contribute to the uptake of Zn complexed with
phytosiderophores or NA (Schaaf et al. 2005). HMA2 and HMA4 are two out of the
eight gene encoding members of the type1B heavy metal–transporting subfamily of
the P-type ATPases in Arabidopsis thaliana (Grotz and Guerinot 2006). They are
observed to play a primary role in essential Zn homeostasis.

These transport systems, to a great extension, determine the specificity and
direction of Zn2+ transport, and the concentration of transport protein will decide
the speed of Zn2+ cross-membrane transport and the accumulation of Zn2+ within
the membrane. In Zn hyperaccumulator, Thlaspi caerulescens, the constitutive
expression of a Zn transporter in the root cell membrane is proved to be one of the
underlying mechanisms of natural hyperaccumulation. Researches on the molec-
ular mechanism involved in Zn hyperaccumulation and hypertolerance are
undergoing. Though much remains to be investigated, the existing knowledge
demonstrates that the transmembrane process is one of the key factors that control
essential Zn homeostasis (Clemens et al. 2002; Hussain et al. 2004).

3.2.2 Zinc Chelation and Compartmentation in Roots

After the transmembrane process, most of the Zn (primary Zn2+) is chelated by
several metal chelators in the cytosol or sequestrated in the vacuoles, keeping a
vanishingly low concentration of free Zn ion in the cytosol. This mechanism is the
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main way of heavy metal detoxification in plants, contributing to metal tolerance
and metal hyperaccumulating of plants. A lot of chelating materials have already
been discovered for plants and metallothioneins (MTs), PCs, low-molecular che-
lating agents (LCs) are three typical groups of those metal chelators.

(1) MTs
MT is a kind of low molecular and cysteine-rich polypeptides found in the
cytoplasm of plant cells. The hydrosulfuryl of cysteine residues can detoxify
heavy metals (like Zn and Cd) by forming non-toxic or low-toxic complex
(Nathalieal et al. 2001). The first MT extracted from plants is wheat EC (Early
Cys) protein. It was extracted from mature embryo of wheat, and can combine
with Zn2+ (Lane et al. 1987). Since then, more than 50 kinds of MTs genes
were found in different plants (Rauser 1999). MTs play an important role in
chelating with heavy metals and in regulating Zn and Cd homeostasis in plant
cells (Palmgren et al. 2008).

(2) PCs
PCs were first extracted from the Cd stressed Rauvolfia serpentine cells by
Grill et al. (1985). Researches show that PCs are a kind of hydrosulfuryl
chelated polypeptide, consisting of homocysteine, glutamate, and glycine,
known to be required for basic tolerance of metals in all plants. Due to high
contents of hydrosulfuryl, PCs have a high metal affinity, and can be chelated
with many heavy metal ions. The biosynthesis of PCs can be induced by many
metals, including Cd, Ni, Pb, and Zn (Kalpheck et al. 1995). After a few
seconds of heavy metal processing, plant cells will induce the generation of
PCs, and then the low molecular PCs in the cytoplasm will be transported to
the vacuole where PCs-metals are formed and stored (Sun et al. 2005; Han-
gavel 2007).

(3) LCs
In addition to MTs and PCs, the third important category of metal chelating
agents in plant is the LCs, including organic acids (such as oxalic acid, malate
acid, citric acid, and amino acids), NA, and inorganic anions (e.g. phosphate).
They play an important role in the cumulative mechanism of intracellular Zn
with the ability of improving the heavy metal tolerance. LCs has been dem-
onstrated to reduce free Zn2+ concentration by forming chelating compounds
or precipitation. Studies have shown that citric acid is related with the accu-
mulation and resistance of Zn2+ (Sanger et al. 1998) and malate acid is a Zn2+

combiner in the cytoplasm (Godbold et al. 1984). NA is a ubiquitous com-
pound in plants and has the capacity to bind Zn, Fe, and other metals (von
Wiren et al. 1999; Schaaf et al. 2004). Zhao et al. showed that citric acid has a
high affinity of Zn2+, and it can form the Zn-chelating groups in Arabidopsis
halleri (Zhao et al. 2000). In Thlaspi caerulescens, up to 70 % of root Zn may
be associated with His (Histidine) and the remaining 30 % was associated with
the cell wall (Callahan et al. 2006).
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Vacuoles are assumed to be the major sites of metal sequestration in root cells
(Martinoia et al. 2007). Once Zn has entered the cytoplasm of a root cell, espe-
cially in excessive concentration, it might be transported into vacuoles and
sequestered there as free Zn ions or organic complex. This process is also regu-
lated by numerous metal ion transport systems. Members of cation diffusion
facilitator (CDF) family of proteins have been inferred to be the key proteins
controlling this process and in contributing to Zn tolerance in plant. The CDF
family members ZRC1 and COT1, found in the Saccharomyces cerevisiae, are
related with Zn2+ compartmentation in the vacuole by transporting Zn2+ from the
cytosol to the vacuole (Conklin et al. 2003). Maestri et al. (2010) revealed that the
MTP1 genes from Thlaspi caerulescens, Arabidopsis halleri, and Thlaspi
goesingense are involved in increasing Zn sequestration by promoting the influx of
Zn in the vacuole. Recent evidences suggest that expression of MTP1 might also
respond to Zn deficiency, leading to increasing Zn uptake and accumulation
(Gustin et al. 2009). Another protein MTP3 in Arabidopsis was found to play an
essential role in Zn2+ tolerance and compartmentation (Arrivault et al. 2006).
Other members of CDFs family, e.g., the Mg2+/H ? antiporter AtMHX and the
orthologs of the Arabidopsis thaliana Zn-induced facilitator 1 (AtZIF1) protein,
can transport Zn2+ and Zn2+-complexes separately into the vacuole (Maestri et al.
2010).

3.2.3 Translocation of Zinc from Root-to-Shoot

Water and mineral nutrients are primarily transported through the xylem in plant.
Within the xylem, Zn is present and transported predominantly as Zn2+ and a
complex with organic acids or NA. It was suggested that the xylem loading be the
committed step in root export of metal ions to the shoot, partially controlling the
concentration and distribution of Zn in plants. A series of transmembrane activities
exist in these procedures that are regulated by variety of metal transporters
intracellular or on the plasma membrane.

Phenotypic analysis of Arabidopsis thaliana mutants which carry the disrup-
tions of genes HMA2 and HMA4 that code for two HMA (HMA: Heavy Metal
Transporting ATPase) Zn pumps in the root parenchyma provides the strong
evidence to confirm that xylem loading is the key step for Zn translocation from
root to shoot (White and Broadley 2011). These HMAs are supposed to transport
Zn across the plasma membrane of root vascular cells into the xylem prepared for
transport to the shoot (Palmgren et al. 2008). The results revealed that the hma2
and hma4 genes double mutant greatly increases Zn contents in roots and
decreases Zn contents in shoots, indicating the fact that relative gene coded Zn
pumps are required for Zn translocation upwards (Hussain et al. 2004). Increasing
the expression of Zn pumps coding genes like HMA2 and HMA4 in the Arabid-
opsis thaliana could be a positive attempt to enhance the rate of the root-to-shoot
Zn translocation in Zn phytoremediation plants (i.e., the translocation factor). YSL
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proteins are also contributing to load Zn-NA complexes into the xylem (Curie
et al. 2009). The Zn sequestered in the root vacuole is thought to be released
through another class of metal transporter, members of the natural resistance-
associated macrophage proteins (NRAMPs) family, including orthologs of the
AtNRAMP3 and AtNRAMP4 transporters of Arabidopsis thaliana (Roosens et al.
2008; Verbruggen et al. 2009).

3.2.4 Zinc Distribution and Storage in Aerial Parts of Plant

Because of an effective metal excretion system lacking in plants, excessive Zn is
transported to and compartmented in certain inactive metabolic organs or sub-
cellular areas to avoid an excessive cytoplasmic Zn which can result in direct
toxicities to the plant. Compartmentation of metals such as Zn, Cd, and Ni in the
aerial parts has been regarded as one of the most probable mechanisms of metal
detoxification in hyperaccumulating plants (Broadley et al. 2007).

Micronutrients like Zn have to be unloaded from the xylem and be actively
taken up by living cells surrounding the xylem in order to enter the mesophyll in
leaf cells and other organs. From these cells, micronutrients move from cell to cell
until they reach their final destination in plants for their normal physiological
functions or, if in excessive levels, are stored in specific locations like cell wall or
vacuoles. Xylem-unloading processes are thought to be the first step in controlled
distribution and detoxification of metals in shoots, as well as in a possible redis-
tribution of metals via the phloem afterward (Schmidke and Stephan 1995). The
distribution of metal ions within the leaf after unloading them from the xylem is
found to be via the apoplastic or symplastic passage (Karley et al. 2000). The
uptake of Zn by specific cell types within shoots is also facilitated by certain metal
transport proteins. Members of the ZIP family are thought to mediate Zn2+ influx
to leaf cells and also involve in the Zn loading into the phloem while YSL proteins
are implicated in the same physiological process of Zn-complex in shoots (White
and Broadley 2011).

Generally, concentrations of Zn in plant cells are within the specific physio-
logical ranges, while excessive Zn can be sequestered in the aerial part of Zn
hyperaccumulating plants. Intriguingly, the forms and distribution pattern vary
between plant species. It was reported that in Athyrium yokoscense 70–90 % of Zn
was stored in the cell wall in the form of ionic compounds or directly combined
with the cell wall materials (Nishizono et al. 1987). However, in Arabidopsis
halleri and Thlaspi caerulescens, the major Zn storage compartment is mesophyll
tissues and vacuoles (Kupper et al. 1999; 2000).

Metal chelation in leaves shares the similar chelating mechanisms in the roots.
A large number of metal chelators like organic acid, glutathione, PCs, NA, and
proteins are produced or transported into the specific sites where excessive Zn
exists, forming metal chelating complexes to keep a relatively steady Zn
homeostasis in plant. The detailed mechanisms have been discussed in Sect. 2.2.
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3.3 Phytoremediation of Zinc-Contaminated Soils

3.3.1 Zinc Contamination in Soil

With thousands of years of mining and processing, anthropogenic emission of Zn
has become a primary cause for environmental Zn contamination. Zn is the fourth
most common metal in use (after iron, aluminum, and copper) with an annual
production of about 12 million tons (Tolcin 2011). About 70 % of the world’s Zn
originates from mining, while the remaining 30 % is from recycling. Globally, the
major Zn mining countries are China, Australia, and Peru. China contributes 29 %
to the global Zn production (Tolcin 2011). Zn is released into the environment
through fossil fuel combustion, mine waste, phosphate fertilizers, limestone,
manure, sewage sludge, and particles from galvanized surfaces. Soil Zn concen-
trations of over 1,000 mg kg-1 DW have been found in certain agricultural fields
near industrial sites, compared with a background concentration of 100 mg kg-1

DW in agricultural soils (Audet and Charest 2006). Excessive Zn of 500 mg kg-1

in soil interferes with the ability of plants to absorb other essential elements, such
as iron and manganese. Zn levels of 2,000–180,000 mg kg-1 (or 18 %) have been
recorded in some Zn-contaminated soil samples (Emsley 2001).

3.3.2 Phytoremediation

Soil heavy metal contamination can be remediated by different chemical, physical,
and biological techniques. The application of physical and chemical remediation
technologies at contaminated sites likely cause adverse impacts on the ecosystem
and generally the cost is relatively high for remediating a large polluted area.
Among the numerous currently available remediation techniques, phytoremedia-
tion receives more attention as a cost-competitive, environmental-friendly,
esthetically pleasing approach for site remediation.

Phytoremediation is using plants to take up, accumulate, store, degrade, or
render organic or inorganic contaminants in contaminated soil and water by taking
advantage of the natural abilities of plants. In general, phytoextraction, phyto-
stabilization, phytodegradation, phytostimulation, and phytovolatilization are the
five main subsets of phytoremediation that have been identified (Fig. 3.1) among
which phytoextraction and phytostabilization are the most commonly applied
processes for metal remediation. When applied in contaminated sites, one
restriction to be considered is that phytoextraction is potentially feasible only in
soils with low or moderate levels of contamination. However, for the heavily
contaminated sites, phytostabilization with tolerant plants may be a more suitable
strategy by stabilizing the contaminated sites and reducing the risk of erosion and
leaching of pollutants (McGrath and Tunney 2010). Continuous or natural
phytoextraction and chemically enhanced phytoextraction are two approaches that
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have been proposed for phytoextraction of heavy metals (Lombi et al. 2001; Ghosh
and Singh 2005)

Phytostabilization is a technique that can reduce the mobility and bioavail-
ability of metal pollutants in the soil, aiming at decreasing the risks of pollutants to
human health and the environment. Soil amendments, such as phosphate fertiliz-
ers, organic matter, Fe- and Mn-oxyhydroxides, and inorganic clay minerals can
be applied to further enhance the reduction of metal bioavailability, preventing
plants from absorbing or transporting in the surrounding environment (Berti and
Cunningham 2000). Plants having extensive and abundant roots primarily accu-
mulate pollutants in roots which are good candidate species for phytostabilization
(Mendez et al. 2008).

Compared with phytostabilization, phytoextraction exploits the ability of plants
to translocate a great fraction of metals taken up for harvesting biomass. Favorable
plant properties for phytoextraction are generally fast growing, with high biomass
production, an extended root system, and high translocation factor (TF, shoot-to-
root metal concentration ratio), accumulation in harvestable tissues, and also easy
agricultural management (Vamerali et al. 2010). Since it is more reliable to
remove metals directly out of the contaminated sites than other physiochemical
technologies, much interest is devoted to this technology and its improvement,
while a better understanding of the physiological and molecular mechanisms in
hyperaccumulators has inspired further improvement of the phytoremediation
technology.

There are both advantages and disadvantages to the use of phytoremediation.
Phytoremediation is less expensive than the traditional methods that clear the

Fig. 3.1 Schematic diagram of main subsets of phytoremediation

42 L. Zhao et al.



contaminated sites by pumping, washing, or digging soil out of the contaminated
site. This property makes phytoremediation even cheaper than traditional reme-
diation methods. Since most plants used for phytoremediation are originally dis-
covered on metal contaminated and uninhabitable sites, the wildlife there is able to
flourish after being treated by those pioneers. But on the other hand, phytoreme-
diation is restricted by the root depth of plants being used and can function only
with low-to-moderate levels of contamination in the field. It may take many years
to remediate the contaminated sites, so it is a time-consuming remediation method.
Besides, low biomass and management of those applying plants are also the
bottlenecks that restrict the implementation of this technology.

3.3.3 Zinc Hyperaccumulation

The first Zn hyperaccumulator species was reported in 1865, when Baumann et al.
found that the Zn oxide contents reached up to 17 % in the ash of stem and leaf of
Thlaspi calaminare (Sachs 1865). Since then more Zn hyperaccumulators have
been identified. Baker et al. (1989) defined the plants that accumulate Zn more
than 10,000 mg kg-1 DW (or 1 %, w/w) in the aerial parts as Zn hyperaccumu-
lators. However, Broadley et al. (2007) recently suggested that 3,000 lg g-1 Zn
concentrations (DW) in the aerial part might be more realistic. So far, among the
reported metal hyperaccumulators, there are about 15–20 species for Zn, most of
them in Brassicaceae (White and Broadley 2011). In addition to Thlaspi calami-
nare, Arabidopsis halleri is another most frequently studied Zn hyperaccumulator,
which advances our understanding of Zn hyperaccumulation and hypertolerance at
cellular and molecular levels (Kramer 2010). Yang et al. (2002) identified Sedum
affredii Hance as the potential Zn hyperaccumulator in China, with an average
aboveground Zn concentration of 4,515 mg kg-1 DW in the field and the highest
shoot Zn of 19,674 mg kg-1 DW in nutrient solution. The physiological processes
of Zn uptake, transport to the xylem, and tolerance in shoot tissues are maximized

Table 3.1 General physiological features observed in Zn hyperaccumulators

Different parts in
plants

General features of Zn hyperaccumulators

In roots Zn uptake rates are increased, generally reflected as an increased maxima
velocity of absorption;

Zn sequestration in the roots is decreased which may be induced by an
enhanced root-to-shoot Zn transport;

The rate of loading of Zn from the root into the xylem for root-to-shoot
transport is strongly enhanced;

In shoots Zn sequestration in the shoots, mostly inside the vacuoles of leaf cells, is
highly effective;

Cellular Zn uptake rates are enhanced, with a highly effective system for
cell-to-cell Zn distribution.

3 Phytoremediation of Zinc-Contaminated Soil and Zinc-Biofortification 43



in Zn hyperaccumulators. Certain features of Zn hyperaccumulators are summa-
rized in Table 3.1.

Molecular mechanisms of Zn tolerance and hyperaccumulation are closely
related to a set of constitutively highly expressed genes encoding metal trans-
porters in the plasma membrane and enzyme-catalyzing compounds synthesis in
physiological processes that facilitate Zn hyperaccumulating in those plants. So
far, these Zn transporters have been found in several protein families, including
ZIPs, YSLs, HMAs, ZIF1, MTPs, NRAMP (Yang et al. 2005; White and Broadley
2011). Compounds synthesized under certain enzymes catalysis (such as phytos-
iderophores and NA) are found to regulate Zn homeostasis by controlling the cell-
to-cell mobility of Zn, excessive Zn sequestration in vacuoles, or other specific
parts of plant cells. Taking one of the Zn hyperaccumulators, for example, upon
comparison of Thlaspi caerulescens and Arabidopsis thaliana, ZIP4, ZIP10, and
especially IRT3 (all from ZIP family proteins) were found to be much higher
expressed in Thlaspi caerulescens roots than in Arabidopsis thaliana roots, even at
different Zn exposures (van de Mortel et al. 2006). More molecular mechanisms
and examples that are related to other metal transporters and enzymes regulation
have been included in the part of ‘‘Physiological processes of Zn in plants’’.

3.3.4 Zinc Phytoremediation Strategies

Soil Zn contamination is a typical instance of metal pollution that can be cleaned
up by phytoremediation. Many studies have been carried out both in the laboratory
and in the field to develop Zn phytoremediation technology, but no successful full-
scale application has been reported yet.

3.3.4.1 Natural Zinc Phytoremediation

Phytoremediation was first intended to utilize the natural properties of Zn-tolerant
or hyperaccumulating plants to remove excessive Zn in the soil. Although
promising, using this approach to remediate Zn contaminated sites is faced with
many difficulties in the practical application. Lacking information on the agri-
cultural management, slow growth rate, poor biomass of whole plants, and con-
suming a fairly long time and so on are only some of the barriers that block this
application. Robinson et al. (1998) evaluated Zn uptake by Thlaspi caerulescens in
pot trials and in wild populations at a mine waste site in France. It was estimated
that the plant could remove 60 kg of Zn per ha per cropping, which was considered
to be insufficient for Zn remediation. Brown et al. evaluated cadmium and Zn
uptake by Thlaspi caerulescens, silene, and lettuce in 2-year-long field studies.
The soils were contaminated by sewage sludge. A total of 18 growing-seasons will
be needed to remediate a soil containing 400 mg Zn kg-1 (Brown et al. 1995).
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Though most high yielding plant species have a relatively low tolerance for Zn,
certain high biomass, and fast growing plant species may be the potential candi-
date species. Vamerali et al. (2010) reported that Brassica, Zea mays, and
Phaseolus vulgaris L. could accumulate more than 1,000 mg Zn/kg DW. Sun-
flowers and maize have strong ability to take up Zn and other metals from the soils
(Fellet et al. 2007; Tassi et al. 2008). Despite the superiority of certain field crops
in high biomass compared to hyperaccumulator plant species, phytoremediation of
Zn-polluted soils is still limited by the plant species under field conditions.

3.3.4.2 Improving Zinc Phytoremediation Efficiency

Plants used for phytoremediation are expected to have both high metal accumu-
lation in shoots and high shoot biomass production (Vamerali et al. 2010).
However, this ideal plant species has not been discovered. For this reason,
promising physical, chemical, agricultural, and biotechnological approaches for
enhancing the potential for Zn phytoremediation are explored either to improve the
growth rate or biomass of phytoremediation plants. Phytohormones can be applied
to promote root development and growth and further increase the whole plant
growth or biomass production.

Chelating agents for enhancing phytoremediation (or phytorextraction) have
been investigated to increase the heavy metal accumulation in plants having high
biomass production and metal tolerance. Previous studies reported dramatic
increases in plant Zn accumulation from soil in the presence of added synthetic
chelates (Blaylock et al. 1997). The following order of extraction efficiency to Zn
was achieved using biodegradable chelating agents to extract heavy metals from
soil: NTA [ EDDS [ EDTA [ MGDA [ IDSA (Tandy et al. 2004). Unfortu-
nately, without the appropriate management, using chelating agents to enhance
phytoremediation could result in certain side effects, such as heavy metal leaching,
reduced microbial diversity, and accumulation of refractory organic chemical
chelating agents in the environment (Römkens et al. 2002).

Genetic engineering techniques that focus on improving growth and biomass
production of known Zn hyperaccumulators are undergoing, though no successful
case under field condition has been reported yet. Several targets are suggested for
genetic engineering to improve Zn tolerance/accumulation in normal plant species,
including overexpression of natural metal chelators (MTs, PCs, and LCs); regu-
lating the metal transport systems on plasma membrane; alteration of the Zn
metabolic pathways. Desbrosses-Fonrouge et al. (2005) identified the genes
responsible for metal hyperaccumulating properties in model Zn/Cd hyperaccu-
mulator Thlaspi caerulescens, which, if well characterized and properly expressed,
could transform the high biomass producing species into metal tolerant and Zn
accumulation. In an effort to correct for small sizes of hyperaccumulator plant,
somatic hybrids have been generated between Thlaspi caerulescens and Brassica
napus. The high biomass hybrid selected for Zn tolerance is capable of accumu-
lating Zn to the level that would have been toxic to B. napus (Brewer et al. 1999).
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More studies will be needed to better understand the molecular and genetic
mechanisms in hyperaccumulators of Zn and other metals, for setting the stage for
the feasible and effective application of phytoremediation.

3.4 Zinc Biofortification for Human Nutrition

3.4.1 Zinc Deficiency in Human Body

In the early 1960s, Zn deficiency in the human body was first speculated with
considerable supportive evidence (Prasad et al. 1963). Nowadays, nearly two
billion people in the developing world are suffering from Zn deficiency. The global
distribution of Zn-deficiency affected regions are shown in Fig. 3.2. Soil Zn
deficiency is among the major global micronutrient deficiencies and has recently
received more and more attention.

Zn deficiency is responsible for many health problems, including impairments
of physical and mental growth, immune system, high risk of infections, DNA
damage, and cancer development (Hotz and Brown 2004; Gibson 2006; Prasad
2007). The public health implications of Zn deficiency in the developing world are
being for pursued for decades. It is now well established that Zn deficiency is
responsible for diarrhea and pneumonia in children (Gibson et al. 2008; Walker
and Black 2009). Retarded growth and dwarfishness are widely studied and con-
sidered to be the indicators of human Zn malnutrition especially in infants and
young children. Besides, pregnant women are another group susceptible for Zn
deficiency and a survey among 285 pregnant women in Haryana showed that 65 %

Medium Zn Deficiency

Widespread Zn Deficiency

Replotted from Alloway, 2008

Fig. 3.2 Global distribution of Zn-deficiency affected regions (Replotted from Alloway 2008)
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of them suffer from Zn deficiency (Prasad 2010). Improving Zn malnutrition for
the worldwide population, especially in developing countries has become an
urgent task which calls for close international communication and cooperation
between governments and research institutes.

Past efforts on agriculture production have primarily been focused on increasing
crop yields; however, the accompanying decrease of mineral concentrations in
grains was found as a new problem threatening the development of crop yields and
even the food security. The ultimate goal of modern agriculture has been modified
to produce nutritious foods sufficiently and sustainably (Zhao and McGrath 2009).
The contents of nutrients in the edible parts of staple food crops, e.g. maize, rice,
wheat, barley, contribute to the main mineral intake of people in the developing
countries. Therefore, increasing concentrations of mineral elements, like Zn, Fe,
and Se, in staple food crops is the most effective approach for public health to
control malnutrition in Zn deficiency areas.

Recommended Dietary Allowances (RDAs) for Zn developed by the Food and
Nutrition Board (FNB) at the Institute of Medicine of the US National Academies
are displayed in Table 3.2 (Institute of Medicine, Food, and Nutrition Board
2001).

Although animal products, such as meat, fish, and poultry, contain more Zn
than cereals, plant foods with low concentrations of Zn almost occupy the main
foods in low developed countries. Zn concentrations in even the most favorable
plant foods are inadequate to meet the requirements (Gibson et al. 1998). This
problem is compounded by the limiting content of Zn and low Zn bioavailability in
vegetarian diets.

3.4.2 Zinc Biofortification Strategies

To overcome Zn deficiency in humans, there are two main approaches:
(i) changing dietary composition through dietary Zn supplements and (ii) biofor-
tification on staple foods through increasing the Zn content of food grains by plant
breeding. A wide public awareness and sustained funding from the government are

Table 3.2 RDAs for Zn

Age Male (mg) Female (mg) Pregnancy (mg) Lactation (mg)

0–6 months 2a 2a

7–12 months 3 3
1–3 years 3 3
4–8 years 5 5
9–13 years 8 8
14–18 years 11 9 12 13
19 ? years 11 8 11 12
a Adequate intake (AI)
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required by the first approach, which makes it not so easy. Biofortification has no
such difficulties and meantime dominates on the feasibility to be applied in both
urban and rural areas. For example, for the millions of Zn-deficient people in South
Asia, the major daily consumed staple crops, rice, and wheat, are chosen as the
candidate for Zn biofortification to improve local malnutrition.

Biofortification is defined as a technology to improve the micronutrition con-
tents in staple crops using traditional breeding practices and modern biotechnol-
ogy. One way is genetic biofortification, including conventional breeding and
genetic modification (GM), and the other is agronomic biofortification embodied
as the application to micronutrients in fertilizers.

3.4.2.1 Breeding Strategies for Zinc Biofortification

With the abundant natural genetic variations and centuries of conventional
breeding experiences, plant breeding strategy is widely accepted as a cost-effective
and easily affordable solution among the stable food crops biofortification
approaches. It is possible that breeding can increase Zn-tolerance in root and leaf
crops and increase Zn mobility in the phloem of fruit, seed, and tuber crops.
Currently, numbers of breeding programs are ongoing aimed at developing new
cereal genotypes with high genetic ability to absorb Zn and also other micronu-
trients from soil and finally accumulate Zn in grain at desired levels. Plenty of
organizations and research institutes are devoted to this challenging task, among
which the HarvestPlus-Biofortification Challenge Program is one of the leading
programs, aiming at improving stable food crops with Zn, Fe, and vitamin A, by
using plant breeding strategy (Pfeiffer and McClafferty 2007).

Genetic variations in grain are essential for the development of new genotypes
with high Zn concentrations. However, since cultivated crops contain narrow
genetic variation for Zn accumulation, species with promising genetic resource for
higher Zn concentration are needed. In a series of genetic variation collections of
wild emmer wheat, quite a few wide wheat varieties are found with not only high
concentrations of Zn in seeds but also with high tolerance to drought and Zn
deficiency in soil (Peleg et al. 2008). A large genetic variation also exists in grain
Zn concentration in different germplasms of other crops such as rice and maize,
and related researches are undergoing in certain breeding programs (Graham et al.
1999).

In addition to traditional breeding, genetic breeding through GM also attracts
the attention of researchers. The identification of certain genes that control
physiological activities such as Zn uptake, translocation, distribution, and
sequestration in plant (especially in some Zn-tolerant plants and Zn hyperaccu-
mulators), together with the confirmation of numerous enzymes involved in the Zn
homeostasis in plant, contribute to better understanding of the mechanism for Zn
tolerance and accumulation in plant and also provide the theoretical basis for
genetic breeding of grains with higher Zn concentration. A research about the
transcription factors that regulate the adaptation to Zn deficiency in Arabidopsis
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thaliana speculates that the overexpression of bZIP19 and bZIP23 transcription
factors could be used to increase Zn accumulation in edible portions of crops by
inducing constitutive expression of a suite of Zn-deficiency responses (Assuncao
et al. 2010). In Arabidopsis thaliana, when reducing the expression of AtHMA2,
which is speculated to catalyze Zn2+ efflux across the membranes of root cells
(Eren and Arguello 2004) or overexpressing the gene encoding AtHMA4, which is
thought to load Zn into the xylem (Verret et al. 2004), and an increased leaf Zn
concentration was observed. In another example, after the overexpression of
HvNAS1 in tobacco, Zn concentrations in leaf and seed increased from 16 to
39 mg kg-1 DW and from 20 to 35 mg kg-1 DW, respectively (Takahashi et al.
2003). Several transgenic plants that have greater Zn concentrations in their edible
tissues than conventional varieties have been created. A variety of cassava with
roots Zn 40 mg kg-1 DW (Sayre et al. 2011), the brown rice with 56–95 mg Zn
kg-1 DW (Vasconcelos et al. 2003; Johnson et al. 2011), and barley grain with
85 mg Zn kg-1 DW (Ramesh et al. 2004) have been reported.

However, in the implement of crops breeding, various environmental conditions
can affect the effects of Zn biofortification during the long-term process over years.
The adverse chemical and physical properties of cultivated soils reduce chemical
solubility and availability of Zn in soils, resulting in inadequate amounts of Zn
absorption from soils. Among the chemical factors, high soil pH is among the most
critical factors reducing solubility and root absorption of Zn. Changing soil pH
from 6 to 7 results in about a 30-fold decrease in soil Zn solubility and further
significantly decreases plant Zn concentrations. Similar impairments in root
absorption of Zn also take place in soils with low levels of soil moisture and
organic matter. In Turkey, low annual rainfall (\300 mm), relatively high soil pH
(7.5–8.1), and low soil organic matter (averaged 1.5 %) are responsible for the
severe Zn deficiency in Central Anatolia (Cakmak et al. 1999). In many other
cultivated soils around the world, such as in China, India, Iran, Pakistan, and
Australia, similar Zn deficiency in soils has been also reported. Under such adverse
environmental conditions, the newly cultivated plant with ability to accumulate
high Zn in edible parts may not achieve the desired effect.

3.4.2.2 Agronomic Biofortification

Agronomic biofortification is generally known as the application of Zn fertilizers
to soil and/or foliar to increase grain Zn concentrations. It is considered to be a
flexible approach that can be used for all crop species and cultivars, and meantime
an important complementation to the ongoing breeding programs of cereals with
high Zn in grain. Compared to genetic biofortification, it is considered as a short-
term solution without years of crossing and backcrossing activities. To gain high
Zn in the grain by application of Zn fertilizers, two general conditions are required:
first, keeping sufficient amount of available Zn in soil solution; second, main-
taining adequate Zn transport to the seeds during the reproductive growth stage.
The most widespread inorganic Zn fertilizer is zinc sulfate, along with zinc oxide
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Fig. 3.3 Key processes and potential improvements in phytoremediation of Zn-contaminated
soil and Zn-biofortification. A1:Zn hyperaccumulators inherently absorb excessive Zn from soil
to root; A2: Increasing Zn bioavailability (1, decreasing soil pH; 2, enhancing microbial activities;
3, using synthetic Zn chelators); A3: Highly expression Zn transporter genes on root cell
membrane; B1: Reduced Zn sequestration in roots; B2: Enhanced Zn pumping into xylem
(mediated by HMAs); B3: Strong Zn demand signal in the shoots; C1: Increased synthesis of Zn
chelators in leaf cells; C2: Excessive Zn sequestration in specific positions (vacuoles, cell wall);
D1: Application of Zn fertilizers; D2: Increasing Zn bioavailability (similar to A2); D3:
Traditional or genetic breeding to produce crops species with high Zn uptake ability; E1: Identify
traits responsible for efficient Zn translocation to shoots; E2: Genetic transfer of potential
governing factors of Zn xylem loading in Zn hyperaccumulators; F1: Remobilization of Zn in
non-food parts; F2: loading more Zn into edible parts (like grains, fruits)
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and synthetic Zn-chelates (White and Broadley 2009). Although the agronomic
effectiveness of Zn fertilizers is higher with Zn-EDTA than the inorganic Zn
fertilizer, its high cost and potential environmental adverse effects limit the use of
Zn-EDTA in cereal farming. Safe and accurate application systems are required to
process the fertilizers. When Zn fertilizers are applied in the soil, Zn phyto-
availability and acquisition by roots should be considered for better Zn uptake. In
addition to delivering phytoavailable Zn-fertilizer to the soil or foliage, certain
agronomic strategies like reducing soil pH, adopting appropriate crop rotations, or
introducing beneficial soil microorganisms contribute to high Zn phytoavailability
(Rengel 1999; He and Nara 2007; White and Broadley 2009). When Zn-fertilizers
are applied to foliage, it is particularly important to use soluble Zn compounds,
making sure they can enter the leaf apoplast, and can be taken up by plant cells
without having buildup on the foliar surface (Haslett et al. 2001; Cakmak 2008;
Brown 2009).

There are a few convincing evidences on the role of Zn fertilizer application in
improving grain Zn concentration. In Turkey, Zn biofortified wheat has been
produced in field trials. Applying Zn fertilizers to wheat grown in fields in Central
Anatolia not only improved productivity, but also increased grain Zn concentration
(Yilmaz et al. 1997). Depending on the application method, Zn fertilizers can
increase grain Zn concentrations up to 3- or 4-fold. The most effective method for
increasing Zn in grain was to combine both soil and foliar application. When a
high concentration of grain Zn is aimed in addition to a high grain yield, combined
soil, and foliar application is recommended. Alternatively, using seeds with high
Zn concentrations at sowing together with foliar application of Zn is also an
effective way to improve both grain yield and grain Zn concentrations. New
research programs are needed to develop or improve Zn application methods in
terms of form, dose, and application time of Zn fertilizers.

3.5 Summary

Phytoremediation of Zn is an interdisciplinary technology that can benefit from
many different approaches. The processes affecting metal availability, metal
uptake, translocation, and chelation need further study. Since the inevitable
involvement of engineering, biology, agronomic management even the use of
chemical substances in the process of Zn phytoremediation, effective evaluation,
and prevention strategies must be developed to avoid the possible negative
impacts.

To increase Zn concentrations in edible crops by biofortification strategy,
agronomic and genetic strategies should be integrated in the future. At the same
time, a further identification of the mechanisms effecting general homeostatic
regulation of tissue Zn concentrations within the plant and strategy of effective
sequestration of Zn in non-vital compartments is required for the development of
more feasible biofortification strategies. For this, a variety of lessons could be

3 Phytoremediation of Zinc-Contaminated Soil and Zinc-Biofortification 51



learnt from the studies of Zn phytoremediation especially those about Zn-tolerance
and Zn-hyperaccumulation plants. The combination of breeding and fertilizer
strategies is an excellent complementary approach to alleviate Zn-deficiency-
related problems in human nutrition.

Both environmental Zn contamination and Zn malnutrition in humans are
globally challenging problems that call for the concerted efforts of researchers in
multiple fields, including plant biology, plant breeding, biotechnology, nutrition,
and environmental sciences. Phytoremediation and biofortification of Zn as the
promissing representative solution of each problem should have a mutual reference
on mechanism and application. The simplified relation and distinction between
phytoremediation of Zn contaiminated soil and biofortification of Zn for human
nutrition are shown in Fig. 3.3.

Researches on Zn phytoextraction mainly take typical plants with the ability of
Zn hyperaccumulating or Zn tolerance as the studying objects, but never stop the
exploration of phytoremediating plants from general plants especially cereal plants
with high biomass. For biofortification, cultivating cereal crops with satisfactory
bioconcentration of Zn in the edible parts should take advantage of the existing
positive research results of phytoremediation on the aspects of enhancing trace
element bioavailability in the rhizosphere, translocation from roots to shoots, and
further toward grain tissues. In both cases, significant progress can only be made
through a better understanding of the underlying mechanisms of Zn acquisition,
transport, and homeostasis in plants.
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