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8.1 Introduction
Phytoremediation is a green, eco-friendly, and emerging
technology that uses plants and enzymes derived from them
for the treatment of soil, water, and groundwater contami-
nated by toxic pollutants (Ali et al. 2013). The concept of
using plants for these purposes emerged few decades ago
with the understanding that plants were capable of accumu-
lating high quantities of toxic metals and/or metabolizing
organic compounds in their tissues or organs. However, the
term “phytoremediation” has been used since the beginning
of the 1990s, when scientists focused their research interests
on plant-based technologies, as suitable alternatives to tradi-
tional cleanup procedures because of their low capital costs,
low maintenance requirements, end-use value, and aesthetic
nature. Since then, a number of related technologies were
developed, and the definition later evolved in “phytotechnolo-
gies” (ITRC 2001) that includes a wide range of processes
such as phytoextraction, phytostabilization, phytotransforma-
tion, phytovolatilization, rhizofiltration, and phytostimula-
tion, which have been extensively described (Pilon-Smits
2005; Abhilash et al. 2009). In addition to the well-known
advantages of phytoremediation over other remediation
strategies, it offers potential benefic side effects, such as ero-
sion control, site restoration, carbon sequestration, and feed-
stock for biofuel production (Van Aken et al. 2010).

Even though these technologies have shown to efficiently
reduce the chemical hazard associated with various classes
of inorganic and organic pollutants, they also have several
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limitations related to the metabolism of recalcitrant xenobiotic
compounds. Thus, to improve the phytoremediation abilities of
selected plants, research was oriented to the obtainment of
genetically modified plants (Macek et al. 2008; Novakova
et al. 2010). Genes involved in multistep degradation path-
ways of pollutants, transport, and sequestration can be isolated
from bacteria, fungi, animals, or plants and introduced into
candidate plants. Therefore, three main strategies have been
employed: (a) transformation with genes from other organ-
isms, (b) transformation with genes from other plant species,
and (c) overexpression of genes from the same plant species.
The target is to obtain a plant with high ability to tolerate,
accumulate, detoxify, or degrade pollutants and with suitable
agronomical characteristics. In fact, the possibility of using
transgenics in phytoremediation depends on the availability of
gene sequences, which can improve, modulate, or radically
change plant metabolism, conferring to the plant a phenotype
which does not naturally possess. The main objective of inor-
ganic remediation is to enhance metal accumulation and toler-
ance by overexpressing in transgenic plant genes involved in
homeostasis, metabolism, uptake, and/or translocation of the
toxic elements (Kotrba 2013). On the contrary, for organic
compounds, this approach could lead, in an optimal case, to
the complete mineralization of the pollutants or the formation
of less toxic metabolites than those produced by the existing
pathway. Another potential advantage of the transgenic
approach is the possibility of producing enzymes in root exu-
dates through the expression (or overexpression) of secretory
enzymes involved in pollutant removal or through the expres-
sion of heterologous enzymes with signal sequences to drive
them to the secretary pathway.

In the case of a heterologous gene introduced with genetic
engineering, a critical issue is its expression level in the new
genetic and cellular context. For this reason, the introduced
genes are frequently embedded in an “expression cassette”
which can ensure an efficient transcription and translation
(Maestri and Marmiroli 2011).

Since the first work describing transgenic plants modified
for pollutant metabolism (Feng et al. 1997), a lot of research
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has been performed in this way. However, works dealing
with inorganic contaminants have always been more abun-
dant, as compared to works on organic contaminants, and
there is only a small amount of papers addressing simultane-
ously with both compounds.

Regarding plant species used for transformation experi-
ments, Arabidopsis thaliana and Nicotiana tabacum are
among the most common model organisms due to well-
developed and efficient protocols for DNA delivery and
recovery of transformants (Meyers et al. 2010). However, it
is important to note that for the past few years, the use of
transgenic plants has evolved from transformation of model
plants and laboratory tests to clarify the roles and functions
of genes to transformation of plants effectively useful for
phytoremediation in the field (Maestri and Marmiroli
2011). Such plants would posses some suitable properties
like high biomass and deep roots, and they would also be
amenable to easy growth in different climatic and soil
conditions.

Despite its promising potential, plant genetic engineering
still faces considerable technical challenges. Thus, further
research into mechanisms underlying nuclear and/or plastid
transformation, more efficient DNA delivery systems as well
as plant tissue culture and regeneration protocols are essen-
tial for progressing in the field of plant genetic engineering.
In addition, certain drawbacks related to the applicability of
transgenic plants for phytoremediation in the field should be
saved in order to successfully apply this technology, as it will
be described in the present chapter.

8.2  Phytoremediation of Inorganic

Contaminants

Inorganic pollutant phytoremediation involves mechanisms,
enzymes, and processes different from those concerning
organic pollutants. This is mainly due to the fact that
metal(loid)s are not degradable. Thus, phytoextraction, phy-
tostabilization, phytovolatilization, and rhizofiltration are
suitable phytotechnologies for inorganic pollutant removal.
There are several factors that affect metal phytotoxicity
such as metal type, concentration, redox state, and solubility.
Metal type is the first aspect that needs to be considered.
Some metals are essential for plants as micronutrients like
Fe, Mn, Zn, Cu, Mg, Mo, B, CI, and Ni, while others have no
biological role such as As, Pb, Cd, Hg, Ag, and U and are
toxic even at very low concentrations, being classified as
nonessential metals. However, when some essential metals
occurred at high concentrations, they can become toxic to
plant cellular processes. Plants evolved several transport
mechanisms to take up micronutrients from soil matrix.
Contrarily, toxic metal(loid)s are not taken up by specific
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transpoter mechanisms and they are taken up by plants along
with other micronutrients (Kabata-Pendias 2011).

Plants have developed defense mechanisms to minimize
metal toxicity. For instance, plants can make metals insolu-
ble mostly by the aid of chelating agents and after being
accumulated. Besides, there are plant enzymes that can
change the redox state to a less toxic form, whereas others
can transform metal(loid)s to make them more volatile.

In this work, we are going to focus on plant genetic engi-
neering directed to increase accumulation of nonessential
metals since hyper-accumulation of essential metals is linked
with food bio-fortification and it needs a different consider-
ation and discussion. In this sense, food bio-fortification and
phytoremediation are two sides of the same coin, although,
as we already mentioned, essential metals in excess also
become an environmental problem (Guerinot and Salt 2001).
It is important to note that many transgenic plants have also
been developed with the aim of studying both the function of
metal(loid) transporter proteins and its relation with accumu-
lation in edible parts to asses food security issues.

Transgenic approaches for improving inorganic phytore-
mediation include:

e Increasing mobilization and uptake of metal(loid)s from
the surrounding environment

e Increasing sequestration of metals within cells

e Increasing metal translocation to the aboveground
tissues

» Increasing or adding ligands to allow phytovolatilization

In this section and considering that each plant-metal sys-
tem is so particular, i.e., it has specific molecular mechanism
for uptaking, transporting, and sequestrating, we will review
recent advances separately by metal(loid). However, most
current findings provide evidence that the relationship
between genetic engineering and the effect of the genetic
modification is quite complex. In some cases, an increase in
phytochelatins (PCs)/thiol peptide concentration has not
always been correlated with an increase in metal(loid) accu-
mulation and thus with plant resistance or tolerance. In other
studies, it has been true for one metal and not for others.

8.2.1 Genetically Engineered Plants
for Improving Phytoremediation
of the Nonessential Metal(loid)s:

As, Cd, Pb, and Hg

8.2.1.1 Arsenic

Arsenic (As) is a very toxic and ubiquitous metalloid.
Although it has a geological origin, its concentration can be
increased by anthropogenic activities such as pesticide appli-
cation and wood preservatives, mining and smelting opera-
tions, and coal combustion (Wang and Mulligan 2006).
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Consequently, elevated levels of As have been reported in
soils and groundwater worldwide. In soils and groundwater,
inorganic arsenic is present mainly as As*> and As*>. Arsenic
is a nonessential element for plants. Thus, they do not have
specific transporter systems for arsenic species. The lines
below describe the targets for genetic engineering directed
toward the improvement of arsenic phytoextraction and phy-
tostabilization from soils and sediments.

Increasing Sequestration of As Within Cells
Phytochelatins play a central role in metal(loid) detoxifica-
tion by chelating those toxic ions. Most research has focused
in some of the three enzymes that constitute the PCs biosyn-
thetic pathway: gamma-glutamylcysteine synthase (ECS),
glutathione synthase (GS), and phytochelatin synthase
(PCS). The expression of these genes from different organ-
isms has contributed to the knowledge about tolerance and
removal of As and other metals (Dhankher et al. 2002; Li
et al. 2004, 2005, 2006). Moreover, the simultaneous overex-
pression of yeasts PCS and GS (AsPCSI and GSHI) in
A. thaliana successfully led to elevated total PCs production
and increased tolerance and accumulation of As and also Cd
(Guo et al. 2008). Furthermore, independent overexpression
of different PCS enzymes (AtPCSI gene from Arabidopsis
or CePCS from Caenorhabditis elegans) in the same plant
species (N. tabacum) resulted in distinctive metabolic
changes accompanied by differences in Cd and As tolerance
between the transgenic plants (Wojas et al. 2010). Recently,
enhanced As tolerance of transgenic poplar plants was
achieved by expressing the bacterial ECS (from E. coli)
(LeBlanc et al. 2011). In addition, transgenic tobacco
plants expressing PCS gene from Ceratophyllum demersum
(CdPCSI), an aquatic macrophyte, showed severalfold
increased PCs content and precursors of thiol peptides, with
enhanced accumulation of Cd and As (Shukla et al. 2012).

Metallothioneins (MTs), another type of metal-binding
ligands, are also targets of genetic engineering. MTs are low
molecular mass proteins (from 2 to 16 kDa) with unique
abundance of cysteine residues (more than 30 % from all
amino acids). Even though the role of MTs in plant protective
mechanisms against metals is not fully understood, they are
known as effective free radical regulators by binding metals.
Although As is not in the list of metals reacting with MTs, the
expression of the MT 2b (AtMT2b) from A. thaliana in
tobacco led to enhanced As™ sensitivity and translocation
(Grispen et al. 2009).

All current publications seem to indicate that multigene
approach directed to increase sequestration of As within
cells led to better results than simple gene transformation.
This is a very important consideration since most contami-
nated sites, such as mining or industrial areas, contain a mix-
ture of metals, and thus transgenic plant with phytoremediation
capabilities must be able to cope with this situation.

Increasing As Translocation to the Aboveground
Tissues

The mechanisms involved in As translocation are not fully
understood; consequently the development of transgenic
plants with genes involved in this process has been delayed.
Recently, transgenic A. thaliana plants expressing an As*
antiporter gene from P. vittata (PvACR3) accumulated
approximately 7.5-fold more As in the aboveground tissues
than WT plants (Chen et al. 2013). These results suggest the
involvement of PvACR3 in As translocation.

Adding Ligands to Allow As Volatilization

Regarding As volatilization, no genes for methyltransferase
activity have been identified in plants. However, an arsM
gene from the soil bacterium Rhodopseudomonas palustris
was expressed in rice (Oryza sativa), and the transgenic rice
produced volatile methylated arsenic species (MMA™* and
DMA®) after exposure to As*, theoretically providing a
potential strategy for phytoremediation (Meng et al. 2011).

8.2.1.2 Lead

Lead (Pb) contamination of soils is widespread at many
industrial and mining sites throughout the world. In addition,
Pb contamination also derives from the past use of lead pes-
ticides, leaded paints, leaded gasoline, and some types of
pressure-treated wood. Because of the immobility of Pb in
soils, historical Pb contamination in urban, industrial, and
high-traffic areas persists today despite the phase out of
leaded gasoline and paints beginning in the 1970s (McBride
etal. 2012). In a similar way as other nonessential and highly
toxic elements, plant cells are not likely to possess specific
Pb transporters (Arazi et al. 1999), but some cation trans-
porters in the plasma membrane offer potential entry path-
ways into plant cells. There has been a lack of specific genes
identified as conferring capacity for Pb resistance and accu-
mulation (Song et al. 2003), which has delayed genetic engi-
neering for the obtainment of Pb-extracting plants. However,
many advances have taken place in the last years.

Increasing Pb Uptake from Soil

NtCBP4 gene isolated from N. tabacum codifies a membrane
protein channel which can carry Pb ions through the plasma
membrane into the plant cell. Transgenic plants overexpress-
ing NtCBP4 exhibited increased accumulation of Pb (Arazi
et al. 1999). Gupta et al. (2013) mentioned this strategy as
the first example of a plant gene that can modulate Pb toler-
ance and accumulation, after which there have not been other
advances in this aspect.

Increasing Sequestration of Pb Within Cells

This approach has been the most applied concerning lead phy-
toextraction. Several studies have evaluated Pb accumulation
and translocation in plants transformed with genes involved in
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general processes of metal sequestration. For instance, three
different plant species (A. thaliana, Brassica juncea, and
Populus albax P. tremula var glandulosa) overexpressing a
yeast Cd factor 1 (ScYCF 1, from Saccharomyces cerevisiae), a
transporter that pumps GSH-conjugated Cd into the vacuole,
tolerated and accumulated increased amounts of Pb conjugated
with glutathione (GSH) from cytoplasm to vacuoles (Song
et al. 2003; Bhuiyan et al. 201 1b; Shim et al. 2013). In a similar
approach, directed to enhance the expression of PCs, aspen
transgenic lines expressing a PCS gene (TaPCS1) from wheat
reached total biomass and Pb accumulation significantly
greater than in the control plants (Couselo et al. 2010). These
studies evidence the utility of overexpressing ligands able to
bind Pb ions and transport them conjugated into vacuoles.

A different and successful approach was overexpression
of AtTATM3, a member of the ATP-binding cassette (ABC)
transporter family localized at the mitochondrial membrane,
under the control of the CaMV35S in B. juncea. This genetic
modification conferred enhanced tolerance not only to Pb*?
but also to Cd** (Bhuiyan et al. 2011a).

8.2.1.3 Cadmium
Cadmium (Cd) is widespread in soils, water, and atmosphere.
The main sources of Cd contamination into the environment
are metallurgic industries, waste incinerators, urban traffic,
cement factories, and phosphate fertilizers (Gratao et al. 2005).
The effect of Cd toxicity on plants has been largely explored
(Gallego et al. 2012). The metal often produces plant growth
inhibition and decrease of photosynthetic activities; thus, strat-
egies of obtaining transgenic plants with different candidate
genes have been used in order to improve plant tolerance and/
or Cd phytoextraction and/or phytostabilization.

Increasing Sequestration of Cd in Vacuoles

As it was pointed out to other metal(loid)s, an efficient Cd
detoxification is related to binding free ions in the cytoplasm,
and their sequestration into vacuoles (Clemens 2006), one
possible approach to generate plants suitable for Cd phytore-
mediation, might consist of introducing gene coding proteins
able to transport heavy metals or their complexes to appropri-
ate storage compartments. Vacuolar sequestration of Cd can
be achieved through either PC-dependent or PC-independent
pathways (Hirschi et al. 2000; Song et al. 2003; Korenkov
et al. 2007; Martinoia et al. 2007).

Multidrug resistance-associated proteins (MRPs), a sub-
family of ABC transporters, catalyze the export of substrates
out of the cytosol in an ATP-dependent manner (Verrier et al.
2008), and they have been related with Cd sequestration
(Klein et al. 2006). Wojas et al. (2009) showed that AfMRP7
overexpression in tobacco increased Cd tolerance by an effi-
cient storage of the metal in vacuoles and higher Cd retention
in roots, suggesting a contribution to the control of Cd root-
to-shoot translocation.
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Another strategy for Cd accumulation into vacuoles
includes cations/H* exchangers, such as CAXs (from calcium
exchangers). Recently, Wu et al. (2011) demonstrated that
the expression of a CAX1 protein in petunia enhances Cd
accumulation and tolerance. The transport of Cd into vacu-
oles by cation/H* antiporters is energized by the pH gradient
established by proton pumps. Thus, Khoudi et al. (2012)
studied the potential for enhancing proton pump expression
as a strategy to improve Cd accumulation in plants. They
found that transgenic tobacco plants which expressed TaVPI
cDNA, encoding wheat vacuolar H*-pyrophosphatase (V-H-
PPase), were both more tolerant to Cd compared to wild-type
(WT) plants and accumulated higher Cd concentration.

Recently, ScYCFI has been overexpressed in poplar trees.
Transgenic plants exhibited enhanced growth, reduced toxic-
ity symptoms, and increased Cd content in the aerial tissue
compared to WT plants (Shim et al. 2013). Furthermore,
these plants established an extensive root system in mine
tailing soil and accumulated high amounts of Cd, Zn, and Pb.
Thus, YCF1-expressing poplar may be useful for phytostabi-
lization, especially in highly contaminated regions, where
WT plants cannot survive.

In addition, other authors have used transgenic plants
with simultaneous expression of two genes to increase Cd
tolerance and accumulation. Guo et al. (2012) assembled in
transgenic A. thaliana plants AsPCSIand ScYCFI genes for
an effective metal chelation by thiols and the following
inclusion in vacuoles.

Even though the overexpression of genes involved in
Cd-tolerance mechanisms gives positive results, there are
some cases which are not successful. For example, overex-
pression of AtPCS in the same plant species paradoxically
produced hypersensitivity to Cd stress (Lee et al. 2003).

Regarding strategies that involve Cd and MTs, Krystofova
et al. (2012) found that the expression of a yeast MT was
responsible for higher Cd accumulation in roots of trans-
genic N. tfabacum plants and its limited transport to aerial
parts.

8.2.1.4 Mercury
Mercury (Hg) exists in different forms (HgS, Hg**, Hg, and
methyl-Hg); however, in agricultural soil ionic form (Hg**)
is predominant (Han et al. 2006). Inorganic Hg forms are
usually less harmful than organic forms, because the last
ones are hydrophobic and move across cell membranes. In
plants, ionic Hg tends to affect the plasmatic membrane pro-
ducing damage to transporters such as aquaporins, leading to
nutrient and water disruption (Zhang and Tyerman 1999),
while organomercurials rapidly localize into plastids where
they accumulate and disrupt important metabolic functions
(Bernier and Carpentier 1995).

Since plants cannot successfully detoxify or interconvert
Hg to less harmful forms, genetic engineering is directed to
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integrate foreign genes from other organisms to enhance
their phytoremediation capabilities (Ruiz and Daniell 2009).

Increasing Hg Volatilization

A well-characterized Hg-phytoremediation system is the use
of the bacterial merA (mercuric ion reductase) and merB
(organomercurial lyase) genes to genetically engineer plants
for the remediation of this metal (Bizily et al. 2003; Che et al.
2003; Lyyra et al. 2007). This mechanism is based in proto-
nolysis of organic Hg to Hg?* by the lyase enzyme and the
following reduction of Hg?* to Hg® by the mercuric ion reduc-
tase, which is volatilized from plants. Despite the fact that the
first attempts failed to express bacterial genes in eukaryotic
organisms, the use of preferred codons for plants allowed
obtaining transgenic plants highly Hg resistant (Rugh et al.
1996; Yang et al. 2003). For merA the best results were
obtained with its root-specific expression, indicating that root
is the main organ affected and that its protection is important
for phytoremediation. These gene expressions have been
directed to nuclei but also to chloroplast. Ruiz et al. (2003)
hypothesized that expressing merA and merB genes within
plant chloroplasts would confer protection for essential meta-
bolic reactions occurring within plastids, since chloroplast
has shown to be the main target for Hg poisoning. More
recently, considering these explored aspects, Hussein et al.
(2007) obtained transgenic tobacco plants with the combined
expression of merAB via the chloroplast genome and showed
enhanced conversion of Hg*? into Hg®, rapid volatilization,
and increased shoot accumulation of different forms of Hg,
even surpassing the concentrations found in soil.

Increasing Hg Scavenging by Chelation

One limitation regarding the use of the merAB system is the
release of Hg? into the atmosphere. Therefore, an alternative
approach would be the chelation of ionic Hg inside the
cell by molecules negatively charged, as polyphosphates.
Tobacco plants expressing the bacterial ppk gene, which
codifies for the enzyme involved in polyphosphate synthesis
(polyphosphate kinase), showed enhanced tolerance and
accumulation of Hg** (Nagata et al. 2006a, b). With the same
purpose of Hg chelation, Hsieh et al. (2009) expressed the
bacterial merP gene in plants that codified for a cell mem-
brane protein, providing enhanced resistance to HgCl,. Then,
Nagata et al. (2009) reported that the expression of bacterial
merT (Hg transporter gene) for a in ppk-transgenic tobacco
resulted in accelerated and enhanced Hg uptake and accumu-
lation. More recently, Nagata et al. (2010) combined several
of the genes mentioned below and obtained tobacco plants
that coexpressed three bacterial genes: ppk from Klebsiella
aerogenes and merT and merB, both from Pseudomonas
K-62. The ppk/merT/merB-transgenic tobacco callus showed
more resistance to methylmercury (CH;Hg") and accumu-
lated more Hg from CH;Hg*-containing medium than the
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ppk/merT-transgenic and WT progenitors. These results
indicate that the MerB enzyme degraded the incorporated
CH;Hg* to Hg?*, which then was accumulated as a less toxic
Hg-polyP complex in tobacco cells. Hence, it is believed that
these engineered ppk/merT/merB-transgenic plants would
have more public acceptance since they prevent the release
of volatile Hg into the atmosphere.

Another possible Hg-chelation strategy could be mediated
by disulfide compounds (copper-zinc superoxide dismutase,
Cu/Zn SOD) and sulfhydryl compounds (GSH, PCs, and
MTs), since Hg cations have a high affinity for sulfhydryl
groups. Thus, Chen et al. (2012) studied the relationship
between Hg detoxification and a disulfide isomerase-like pro-
tein (PDIL) with a chaperone function and disulfide isomer-
ase activity. For that reason, the authors expressed MTH1745,
a gene that codifies a PDIL from thermophilic archaea
Methanothermobacter thermoautotrophicum in Oryza sativa
L. cv. Nipponbare. The transgenic rice seedlings showed
more effective photosynthesis, lower levels of ROS and malo-
ndialdehyde, as well as higher levels of antioxidant enzymes
than WT plants indicating an enhanced Hg tolerance.

In order to avoid releasing volatile Hg into the envi-
ronment, Hg accumulation inside plants would be a useful
strategy. Ruiz et al. (2011) reported the development of a
transplastomic approach, which consists in the insertion of
foreign DNA in chloroplasts, to express the mouse MT gene
(mtl). The transplastomic lines accumulated high Hg con-
centrations and maintained high chlorophyll content. This
study reported the usefulness of chloroplast genetic engi-
neering approach to express Hg-scavenging proteins.

As it could be noted, transgenic plants with increased
metal tolerance and accumulation rely on overexpressing
genes involved in the biosynthesis pathways of metal-binding
proteins and peptides, genes that can convert a toxic ion into
a less toxic or easy to handle form, as well as genes coding
transport proteins involved in vacuolar accumulation or a
combination of some of them. There are no reports about
improving a more efficient translocation of metal(loid)s from
root to shoot, constituting a challenge since this is the more
interesting character of hyperaccumulator plants. In this
sense, studies based on genomic and functionality of target
elements related to metal tolerance of hyperaccumulator
plants would allow interesting advances in this aspect.

8.3  Phytoremediation of Organic

Compounds

The efficiency of transgenic plants in the phytoremediation
of organic contaminants has been investigated. For that, two
main strategies have been pursued: (1) the manipulation of
metabolic activities to enhance in planta degradation rates or
to impart a novel metabolic activity and (2) the enhanced
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secretion of enzymes from roots leading to accelerated ex
planta degradation of organic contaminants. One of the main
processes involved in organic pollutant phytoremediation is
phytotransformation, also known as phytodegradation. In
this process, plants uptake pollutants and subsequently
metabolize or transform them into less toxic metabolites.
Once taken up, the organic chemicals generally undergo
three transformation phases: (I) chemical modification
(oxidations, reductions, hydrolysis), (II) conjugation, and
(IIT) sequestration or compartmentalization (Ohkawa et al.
1999; Cherian and Oliveira 2005). Plant enzymes that
typically catalyze the reactions of phase I are cytochrome
P450 monooxygenases, carboxylesterases, peroxidases, and
laccases (Coleman et al. 1997; Burken 2003). The second
phase involves conjugation with GSH, sugars, or amino
acids, catalyzed by glutathione, glucosyl, and malonyl trans-
ferases, resulting in more soluble, polar compounds (Marrs
1996). The third phase of plant metabolism is compartmental-
ization and storage of soluble conjugates either in vacuoles or
in the cell wall. The conjugates are actively transported to the
vacuole or apoplast by ATP-dependent membrane pumps
(Martinoia et al. 1993).

A great diversity of organic pollutants has been intro-
duced into the environment by human activities. However,
phytoremediation using transgenic plants of only some of
these compounds has been extensively studied. The first
attempts for these purposes were targeted to herbicides,
explosives, and halogenated organic compounds (Feng and
Kennedy 1997; French et al. 1999; Doty et al. 2000). In the
following sections, the more recent examples related to the
use of transgenic plants for phytoremediation of these con-
taminants and others will be presented.

8.3.1 Pesticides

Pesticides include a wide range of chemicals used to kill,
repel, or control pests and weeds. Among them, DDT
[2,2-bis(chlorophenyl)-1,1,1-trichloroethane] is one of the
21 POPs that require immediate elimination, according to
the 2010 Stockholm Convention (Sudharshan et al. 2012).
Since World War II DDT has accumulated in the environ-
ment because of its use against forest and agricultural pests
and against insect vectors of typhus and malaria (Lunney
et al. 2004). Cytochrome P450 enzymes from pig, human,
and other living organisms have been expressed in different
genetically engineered plant species for pesticide removal
(Hussain et al. 2009). In this sense, Mouhamad et al. (2012)
evaluated the phytoremediation of TCE and DDT polluted
water using transgenic Sesbania grandiflora and A. thaliana
plants harboring rabbit cytochrome P450 2E1. Arabidopsis
transgenic plants exposed to both contaminants accumulated
more DDT and TCE compared with WT plants.
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Lindane (g-1,2,3,4,5,6-hexachlorocyclohexane), also known
as gammaxene or benzene hexachloride (BHC), is another
organochlorine insecticide used worldwide in agriculture, as
well as to control insect-borne diseases relevant to human
and animal health (Singh et al. 2011). Although lindane has
been banned from the European Community and United
States markets due to its toxicity and recalcitrance, there are
still several areas polluted with this insecticide (Rigas et al.
2009). Therefore many research studies focused on its reme-
diation. In this context, Singh et al. (2011) showed that stable
integration and expression of human cytochrome P450 2E1
(CYP2E]) in tobacco plants produced great tolerance as well
as enhanced removal of this compound from liquid solution
and soil.

Herbicides play an important role in agriculture world-
wide but have negative effects on the environment (Dowling
and Doty 2009). Even though phytoremediation of herbi-
cides has been well studied using conventional plants, field
trials suggested that the rate of contaminant removal was
inadequate. Transgenic technology has been used with some
success considering that two enzymes play main roles in the
increased degradation of pesticides: cytochrome P450 mono-
oxygenases (P450s) and glutathione S-transferases (GSTs)
(Inui and Ohkawa 2005; Kawahigashi et al. 2005, 2006;
Karavangeli et al. 2005). For example, Kawahigashi et al.
(2008a) engineered rice plants expressing human cyto-
chrome P450 genes (CYPIAI, CYP2B6, and CYP2C19) that
were more tolerant to several herbicides than WT plants.
Besides, transgenic plants were able to remove atrazine and
metolachlor from soil. In addition, the accumulation of the
OsGSTL1 protein (with GST activity) in the vegetative
tissues of transgenic rice plants enhanced their tolerance to
chlorsulfuron and glyphosate (Hu et al. 2009).

8.3.2 Explosives

The most widespread explosives are 2,4,6-trinitrotoluene
(TNT), hexahydro-1,3,5-trinitro-1,3,5-triazine, hexogen
(RDX), and octahydro-1,3,5,7-tetranitro-1,3,5,7-tetraazocine
(HMX) (Octogen). These toxic and mutagenic explosives are
stable in the environment and recalcitrant to remediation
(Panz and Miksch 2012).

As it was mentioned before, the use of genetic engineer-
ing is also a powerful tool for enhancing the efficiency of
explosive phytoremediation (French et al. 1999; Hannink
et al. 2001, 2007). In particular for TNT remediation, the
overexpression of two glycosyltransferases in Arabidopsis
resulted in an increase of conjugate production and detoxifi-
cation (Gandia-Herrero et al. 2008). Bacterial nitroreduc-
tases efficiently reduce the nitro side groups of TNT to
different isomers of aminonitrotoluene. Accordingly, Van
Dillewijn et al. (2008) showed that the expression of the
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bacterial nitroreductase gene (pnrA) improved the natural
capacity of transgenic hybrid aspen (Populus tremulax
tremuloides var. Etropole) to tolerate, grow, and more impor-
tantly eliminate TNT not only from contaminated hydro-
ponic medium but also from contaminated soil where its
bioavailability is reduced.

RDX is a nitramine, often found along with TNT (Rylott
and Bruce 2009). The first study demonstrating the use of
transgenic plants to remove simultaneously TNT and RDX
was carried out by Rylott et al. (2011) using A. thaliana.
These plants were transformed with the bacterial genes xp/A
and the associated reductase xplB, an unusual explosive-
degrading P450 system, (RDX degrading) from Rhodococcus
rhodochrous strain 11Y, in combination with the gene nfsl
(TNT-detoxifying nitroreductase) from Enterobacter cloacae.
The transgenic plants obtained, removed RDX from soil leach-
ate, and grew on soil contaminated with both explosives at
inhibitory concentrations for plants that only expressed XplA.

On the other hand, HMX is less susceptible to phytoreme-
diation than RDX and TNT. Since this octogen has a chemi-
cal structure that is similar to the hexogen, there have been
attempts to remove this compound using genetically modi-
fied plants expressing the xp/A gene. However, transgenic
lines did not assimilate more HMX than WT plants (Rylott
and Bruce 2009; Panz and Miksch 2012). Thus, it constitutes
a challenge that should continue under investigation.

8.3.3 Polychlorinated Biphenyls

Polychlorinated biphenyls (PCBs) are persistent organic pol-
lutants (POPs), a group of chemical with long half-life in the
environment and potential bioaccumulation through the food
chain. PCBs are characterized by two linked aromatic rings
substituted by 1-10 chlorine atoms. There are about 209 of
their congeners and are identified by chlorine numbers and
position (Anyasi and Atagana 2011). PCBs have been used
for a variety of industrial applications, including lubricants,
dielectric fluids, and plasticizers. Due to their hydrophobicity
and chemical stability, PCBs are slowly taken up and degraded
by plants, resulting in an incomplete metabolism and poten-
tial release of toxic metabolites into the environment. In order
to overcome these limitations, bacterial genes involved in
PCB metabolism, such as biphenyl dioxygenases, enzymes
that catalyze the first steps in their degradation, have been
introduced into plants (Mohammadi et al. 2007; Sylvestre
et al. 2009; Van Aken et al. 2010). Among these enzymes, the
2,3-dihydroxybiphenyl-1,2-dioxygenase (BPHC) is the third
enzyme in the biphenyl degradation pathway, and its function
is the cleavage of biphenyl ring. Chrastilova et al. (2008) and
Novakova et al. (2009) obtained 12 lines of transgenic
N. tabacum plants expressing bphC gene from Comamonas
testosteroni B356. The presence and expression of the bphC
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gene as well as the enzyme were detected in transgenic plants.
One transgenic line, namely, H2, showed high biomass, high
viability on toxic substrates, and increased phytoremediation
of high 2,3-dihydroxybiphenyl (2,3-DHB) concentrations
(Novakova et al. 2010).

8.3.4 Volatile Organic Compounds

Another group of organic contaminants called volatile
organic compounds (VOCs) includes trichloroethylene
(TCE), carbon tetrachloride (CT), vinyl chloride (VC),
benzene, chloroform, toluene, and bromodichloromethane
(BDCM). Many VOCs are used and produced in the manu-
facture of paints, adhesives, petroleum products, pharma-
ceuticals, and refrigerants. James et al. (2008) developed
transgenic tobacco plants capable to remove VOCs express-
ing CYP2E1, a key enzyme in the mammalian metabolism of
several low molecular weight VOCs. These transgenic plants
showed increased removal of TCE, VC, CT, benzene, tolu-
ene, chloroform, and BDCM, compared to WT plants but not
of perchloroethylene or 1,1,1-trichloroethane. In a similar
way, transgenic petunia plants expressing the same enzyme
showed a significant increase in absorption capacity of ben-
zene and toluene and improved resistance to formaldehyde
(Zhang et al. 2011). This study revealed that the CYP2E]
gene enhances plant resistance to formaldehyde and also
provides a method for reducing VOCs, by using transgenic
flowering horticultural plants.

In view of the large size and extensive root systems of
trees, transgenic poplars would constitute a useful tool to
effectively remediate sites contaminated with a variety of
pollutants at faster rates and lower costs. In this sense, Doty
et al. (2007) obtained transgenic poplars expressing CYP2E1
that showed enhanced metabolism and removal of TCE,
chloroform, and benzene. More recently, these transgenic
poplars were evaluated in field conditions. They showed
enhanced degradation of TCE in the field but in a lesser
extent than that observed in laboratory studies (Legault
2013). All the studies carried out until now have shown that
CYP2EI would be the most common gene used for engineer-
ing plants with enhanced VOC phytoremediation ability.

8.3.5 Phenol Compounds

Phenol and its derivatives are widely distributed in the environ-
ment due to their multiple applications in petrochemical and
pharmaceutical industries, in the synthesis of resins, perfumes,
solvents, and lubricating oils, as well as in the preparation of
other chemicals (e.g., plastics, drugs, explosives, pesticides,
and detergents) (Iurascu et al. 2009). Different strategies
were used to enhance phenol remediation capabilities, such as
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the overexpression of enzymes involved in phase I or in phase
II of plant xenobiotic metabolism.

For many years our research group has developed exper-
tise in phenol phytoremediation using mainly hairy roots
(HRs) as model system from different plant species. Removal
efficiencies and optimization of the process were deter-
mined, as well as the involvement of different peroxidase
isoenzymes (Agostini et al. 2003; Gonzélez et al. 2006;
Coniglio et al. 2008; Talano et al. 2010). In order to increase
the efficiency and to evaluate physiological and biochemical
mechanisms involved in phytoremediation of phenols, trans-
genic tomato and tobacco plants and HRs were developed
(Wevar Oller et al. 2005; Sosa Alderete et al. 2009, 2012;
Talano et al. 2012). For instance, the involvement of basic
peroxidase isoenzymes, TPX1 and/or TPX2, in phenol
removal was evaluated by overexpression in tomato and
tobacco (Wevar Oller et al. 2005; Sosa Alderete et al. 2009).
The increased removal efficiency obtained with transgenic
HRs contributed to give more evidence that reinforces the
hypothesis that basic peroxidases would be the main isoen-
zymes involved in phenol removal process. In addition, an
increase in removal efficiency of 2,4-DCP and a decrease in
toxicity of treated solutions were obtained using double
transgenic (tpx/ and fpx2) tobacco plants (Talano et al.
2012). Recently, the effects on the phospholipid turnover and
phospholipase D activity after phenol treatment were also
studied, using WT and double transgenic tobacco HRs. The
results obtained suggest that the pollutant may induce
changes of lipid kinase activities, involved in the synthesis of
signaling phospholipids (Sosa Alderete et al. 2012).

Sonoki et al. (2012) carried out studies to enhance the reme-
diation of bis-phenol A (BPA; 2,2-bis(4-hydroxyphenyl)pro-
pane), a widely distributed alkyl phenol. This compound is one
of the major chemicals used in plastics and resins, and it is well
known that it disrupts endocrine systems in humans and ani-
mals. Tobacco plants were genetically modified with fungal
enzymes such as lignin peroxidase (LiP), laccase (Lac), and
manganese peroxidase (MnP) that can degrade and polymerize
BPA (phase I). An increase of BPA removal efficiency by fun-
gal peroxidase expression in these plants was observed.

Another strategy has been to obtain plants with an
enhanced ability to secrete detoxifying enzymes. In this con-
text, Wang et al. (2004) overexpressed a secretory laccase to
enhance ex planta phytoremediation of phenolics leading to
more competitive plants. Recently, Chiaiesea et al. (2011)
cloned the fungal laccase gene poxAlb that codifies for an
enzyme involved in phenol metabolism and transformed
tobacco plants and microalgae cells of Chlamydomonas,
Ankistrodesmus, and Chlorella genera. Transgenic plants
and microalgae were able to secrete the laccase and to
remove high phenol concentrations from an olive oil mill
wastewater. These authors suggest further studies to evaluate
the application of a consortium of algae or a combination of
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plants and microalgae expressing fungal laccase for phenol
removal.

On the other hand, the xenobiotic glycosylation ability of
uridine diphosphate-glucose-dependent glucosyltransferase
(UGTs) is known to function in phase II of plant detoxifica-
tion pathway. In this sense, previous works have reported
that PtUGT72B1 enzyme from Populus trichocarpa has high
activity in detoxifying trichlorophenol by conjugation with
glucose. Xu et al. (2013) analyzed the substrate specificity of
PtUGT72B1 toward phenols and determined that this
enzyme was able to catalyze the o-glucosylation of phenol,
hydroquinone, and catechol when it was expressed in
A. thaliana. Transgenic plants removed these compounds
more efficiently than WT plants.

8.3.6 Hydrocarbons

Other important targets for plant-based decontamination
are hydrocarbons that are mainly produced during fuel
combustion. Many plants have been transformed with for-
eign genes aimed to remove different kinds of hydrocarbons.
For instance, tobacco plants overexpressing fungal GSTs
from Trichoderma virens showed enhanced tolerance to
anthracene (Dixit et al. 2008, 2011). Two bacterial enzymes,
haloalkane dehalogenase (DhlA) and haloacid dehalogenase
(DhIB) from the bacterium Xanthobacter autotrophicus
GJ10, with ability to dehalogenate a range of halogenated
aliphatic hydrocarbons, including 1,2-dichloroethane (1,2-
DCA), were also studied. Focused on these enzymes, Mena-
Benitez et al. (2008) expressed dhlA and dhiB genes into
N. tabacum plants and used 1,2-DCA as a model substrate to
demonstrate the ability of transgenic tobacco to remediate a
range of halogenated aliphatic hydrocarbons.

8.3.7 Textile Dyes

Dyes are recalcitrant, and thus they remain in the environ-
ment for a long period without being degraded. Although dye
wastewaters are usually treated by physicochemical pro-
cesses, these technologies are generally ineffective in color
removal, expensive, and less adaptable to a wide range of dye
wastewater (Vinayak et al. 2012). Few studies are reported of
textile dye phytoremediation with conventional plants
(Ghodake et al. 2009; Kagalkar et al. 2009; Khandare et al.
2011; Telke et al. 2011; Vinayak et al. 2012; Kabra et al.
2012) and even fewer using transgenic plants. Several micro-
organisms have been reported to be capable of decolorizing
triphenylmethane dyes. Recent studies using A. thaliana
transgenic plants showed that overexpression of a triphenyl-
methane reductase from Citrobacter sp. enhanced plant
tolerance to crystal violet (CV) and malachite green by
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Fig. 8.1 Scheme with different strategies of transgenic plants with
improved abilities for inorganic (As, Pb, Cd, Hg) and organic phytore-
mediation. Increased uptake of metal(loid)s in transgenic plants has
been possible for Pb and Hg incorporation through overexpression of
different cell membrane proteins. Regarding increased sequestration, it
has been realized by increasing the expression of enzymes from PC
synthesis pathway like ECS (gamma-glutamylcysteine synthase), GS
(glutathione synthase), and PCS (phytochelatin synthase) or through the
expression of genes coding for metallothioneins. Also, metal(loid) trans-
port into vacuoles has been improved by overexpressing ABC trans-

converting CV to nontoxic leucocrystal violet (Fu et al. 2013).
This finding is an important contribution to this area of
research and will surely lead to further studies in this topic.
As it was already described, the development of trans-
genic plants for organic compound remediation is mainly
based on overexpression of genes codifying enzymes
involved in xenobiotic transformation (phase I) or conjuga-
tion (phase II). To our knowledge, there are no genetic

porter genes, cation/H+ exchanger, and proton pumps. In addition, an
efficient chelation of metal(loid)s has been achieved by the expression of
genes involved in polyphosphate synthesis or disulfide compounds.
Increased volatilization in transgenic plants has been attained for As and
Hg. Increasing translocation from roots to shoots has been less explored.
For organic compound phytoremediation, the more deepened strategies
have been those related with phase I (chemical modification), and there
have been some examples involving phase II, such as the overexpression
of glucosyltransferases. Phase III has not been explored for developing
transgenic plants with improved organic phytoremediation

engineering studies that involve sequestration or compart-
mentalization (phase III). Moreover, genetic engineering of
plants is important and necessary since they rarely mineral-
ize hazardous organic compounds; thus, transgenic plants
will be necessary to achieve this goal.

Figure 8.1 summarizes different strategies used to develop
transgenic plants with enhanced abilities for inorganic
(As, Cr, Cd, Hg) and organic phytoremediation.
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8.4 Limitations of Using Genetically
Modified Plants to Clean

Up the Environment

It is clear that biotechnology has opened new gateways in
phytoremediation allowing plants to be genetically modified
to enhance their pollutant remediation capabilities. Thus,
plants with high biomass, rapid growth rate, and climatic
adaptability can be genetically engineered to produce elite
plants with enhanced remediation abilities (Czaké et al.
2006). It is noteworthy that although transgenic plants used
in phytoremediation will not be intended as human and ani-
mal food, so food safety, allergenicity, and labeling are not
relevant issues, they still have a number of drawbacks to be
widely used (Davison 2005).

One of these limitations is related with the increased inva-
siveness of transgenic plants and decreased genetic variabil-
ity of native plants due to interbreeding or cross-pollination
(Davison 2005). To minimize the risk of interbreeding to WT
relatives, it is better to choose transgenic plant species that
have no compatible WT relatives. Other gene flow contain-
ment measures are using male sterility, planting away from
WT relatives, and/or harvesting the plants before flowering
(Pilon-Smits and Pilon 2002; Ruiz and Daniell 2009; Kotrba
2013). In addition, an alternative to contain transgenes is
integrating them into the chloroplast genome instead of the
nucleus, since plastid inheritance is almost entirely maternal
and its transmission via pollen rarely occurs (Hails 2000;
Davison 2005; Kotrba 2013). Another suitable technique is
the use of several constructions that confer conditional
lethality on transgenic plants. One of the constructions that
have been proposed is based on poison/antidote idea and
employs lethal ribonuclease barnase of Bacillus amylolique-
faciens as poison and protein barstar as antidote. The barnase
gene is expressed from a sulthydryl endopeptidase promoter,
active at the time of seed pod development and preventing,
consequently, seed germination. The “antidote” is the expres-
sion of barstar gene, which is placed under the control of a
heat shock promoter. Seed development and germination is
only possible when the barstar is produced due to the con-
trolled heating of developing seeds to 40 °C. Such conditions
are unlikely in the field, making the germination of progeny
likely to fail there (Davison 2005; Kotrba 2013).

Another drawback regarding the use of transgenic plants is
that most data on the performance of phytoremediating trans-
genic plants are based on observations made in controlled
conditions, rather than in the field (Abhilash et al. 2009; Ruiz
and Daniell 2009; Bhargava et al. 2012). One of the reasons
for the discrepancy between the number of scientific papers
based on laboratory test over those dealing with field condi-
tions is the high cost for maintenance, monitoring of installa-
tions, and waste disposal (Maestri and Marmiroli 2011). In
this sense, several methods of contaminated plant disposal
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after phytoremediation process have been researched,
including ashing, incineration, and liquid extraction (Sas-
Nowosielska et al. 2004). Currently, incineration is proposed
as the most feasible, economically acceptable, and environ-
mentally thorough disposal method (Rayu et al. 2012).

Public acceptance is another barrier to the use of geneti-
cally engineered plants for phytoremediation. In this sense,
although the creation of the first transgenic organisms took
place during the early 1970s, the debate about their risks con-
tinues today. The public receive scientific information through
the massive media and depending on their financial and polit-
ical influence; the media can manipulate the public, causing
scientific controversies that are rarely about science (Farre
et al. 2011). Media involvement can also affect government
decisions and policy. The impact of phytoremediation with
transgenics should be carefully evaluated and weighed against
the risks of doing nothing and with the known disadvantages
of traditional remediation techniques (Pilon-Smits and Pilon
2002; Bhargava et al. 2012; Kotrba 2013; Pathak et al. 2013).

It is important to note that after more than twenty years of
research and after different transgenic plants with enhanced
phytoremediation capabilities have been developed, none of
them reached commercial existence (Maestri and Marmiroli
2011). This fact is related with time and money and with the
strict regulations necessary to bring a genetically modified
organism to market compared to a nongenetically modified
one. The regulatory process is bureaucratic and unwarranted
by science: despite rigorous investigation over more than a
decade of the commercial use of genetically engineered
plants, environmental or health risks have not been noticed
(Potrykus 2010a). Meanwhile, a new plant created by tradi-
tional breeding methods, which also modify the genome,
requires less or no safety data, only the demonstration that
it performs at least as well as others (Potrykus 2010b). In
some countries, like the United States, Canada, the United
Kingdom, Germany, and Italy, among others, there are com-
panies specialized in conducting air, soil, sediment, and
groundwater phytoremediation protocols. Some of them
are supported by more than 10 years of experience offer-
ing effective solutions to environmental pollution. Thus,
although nowadays the use of transgenic plants is still asso-
ciated to perceived risks for ecosystems, their application
could be perceived more favorably in the future, allowing
their large-scale application and leading to cleaning up the
environment more efficiently.

8.5  Future Trends Using Genetically

Engineered Plants

Most of the research till now has been focused with single or
double traits/genes to introduce or enhance a phytoremedia-
tion capacity of a vegetal species. However, the expression of
complete pathways for metabolism, including the uptake,
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translocation, and sequestration, needs to be developed
(Dowling and Doty 2009; Seth 2012). Although the major
problem encountered with plants transformed with multiple
traits is gene silencing, plants for agricultural applications
have been successfully developed (James and Strand 2009).

Since the majority of polluted sites contain complex mix-
tures of chemicals, including both inorganic and organic com-
pounds, thus it is important to develop plants that can cope
simultaneously with multiple contaminants. Even though only
a small proportion of papers have dealt with both types of pol-
lutants, they have obtained promising results (Maestri and
Marmiroli 2011; Zhang and Liu 2011; Zhang et al. 2013).

Although phytotechnologies have greatly contributed to
reduce and control environmental pollution, there are still
many challenges to overcome. Thus, scientific community
should make an effort to address the most important ques-
tions that limit the application of transgenic plants for
phytoremediation.
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