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Abstract In recent years, hairy roots (HRs) have been
successfully used as research tools for screening the poten-
tialities of different plant species to tolerate, accumulate,
and/or remove environmental pollutants, such as PCBs,
TNT, pharmaceuticals, textile dyes, phenolics, heavy met-
als, and radionuclides. This is in part due to several advan-
tages of this plant model system and the fact that roots have
evolved specific mechanisms to deal with pollutants be-
cause they are the first organs to have contact with them.
In addition, by using HRs some metabolic pathways and
enzymatic catalyzed reactions involved in pollutants detox-
ification can be elucidated as well as the mechanisms of
uptake, transformation, conjugation, and compartmentation
of pollutants in vacuoles and/or cell walls, which are impor-
tant detoxification sites in plants. Plant roots also stimulate
the degradation of contaminants by the release of root exu-
dates and oxido-reductive enzymes, such as peroxidases
(Px) and laccases, that are associated with the removal of
some organic pollutants. HRs are also considered good
alternatives as enzyme sources for remediation purposes.
Furthermore, application of genetic engineering methods
and development of microbe-assisted phytoremediation are
feasible strategies to enhance plant capabilities to tolerate,
accumulate, and/or metabolize pollutants and, hence, to
create or find an appropriate plant system for environmental
cleanup. The present review highlights current knowledge,
recent progress, areas which need to be explored, and future
perspectives related to the application and improvement of
the efficiency of HRs for phytoremediation research.
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Introduction

The first studies of HRs and their causative agent date from
the early 1900s. Riker (1930) made great advances in HR
disease and/or syndrome studies and at first named the
implicated bacterium Phytomonas rhizogenes. Later, the
name changed to Agrobacterium rhizogenes. From those
findings, the disease mechanism of HRs has been exploited
to develop a valuable biotechnological application and great
progress in the development of HRs cultures has occurred.

This plant tissue culture is originated by the infection of
explants with A. rhizogenes strains, a Gram-negative soil
bacterium. During this process, A. rhizogenes transfers the
T-DNA, comprising the loci between the TR and TL region
of the Ri (root inducing) plasmid, into the plant genome
(Gelvin 2009; Chandra 2012). Several genes of the pRi such
as vir and those belonging to T-DNA and chromosomal
virulent genes (chv) are essential for transformation. In
particular, rol genes present in T-DNA are responsible for
rhizogenic growth with the typical massive adventitious
roots and abundant root hairs, which is characteristic of
the derived in vitro HRs cultures. The molecular basis of
genetic transformation of plant cells by Agrobacterium
strains has been largely studied and recently detailed by
Pacurar et al. (2011) and Chandra (2012). These exhaustive
studies have permitted it to be used as a natural genetic
engineer for gene transfer experiments since not only A.
tumefaciens is being used for transgenic plants obtainment
but A. rhizogenes is also being used as a vehicle to obtain
transgenic HRs for the improvement of different processes.

HRs cultures have been obtained from many plant spe-
cies (to date more than 500), mainly dicotyledonous, which
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exhibit susceptibility to A. rhizogenes infection (Georgiev et
al. 2012). However, HRs from new plant species are con-
tinually being induced, even from species recalcitrant to
transformation, through different strategies. Induction of
vir genes by the addition of signal molecules (acetosyrin-
gone or related compounds) or by Agrobacterium co-
cultivation with exudates of wounded tissues (Stachel et
al. 1985), as well as a new technique, based on transforma-
tion mediated by sonication (Georgiev et al. 2011), have
been used for obtaining HRs from recalcitrant plant species,
such as monocotyledons.

HRs have several advantages such as genotype and phe-
notype stability, fast and indefinite in vitro growth by sub-
culture in absence of phytohormones under sterile
conditions, and high production of secondary metabolites.
Due to the last characteristic mentioned, HR cultures have
been called “phytochemical factories” since their biosyn-
thetic capacity is similar to the native plant root; moreover,
they often accumulate phytochemicals at a higher level than
undifferentiated cultures. Furthermore, HRs have also been
traditionally used for studying root physiology. In a recent
review, we presented a compilation of recent patents related
to their use for different purposes, or even the scarce and
previously existing patents in some aspects, generated re-
garding the use of HRs (Talano et al. 2012). In addition,
great advances have been made in HRs bioreactors design
and optimization for large-scale production (Huang and
McDonald 2012). Among other interesting biotechnological
applications for HRs that have emerged in recent years, we
can mention recombinant proteins production (Georgiev et
al. 2007), biotransformation of exogenous substrates
(Banerjee et al. 2012), molecular breeding (Huang and
McDonald 2012), biosynthetic pathway elucidation (Wevar
Oller et al. 2009), organic or inorganic pollutants phytore-
mediation (Georgiev et al. 2012), and rhizoremediation,
when the contribution of an associated microorganism is
considered (González et al. 2012b), despite the fact that this
area has been less explored.

Phytoremediation, using plants to clean up contaminated
environments, is a green and an eco-friendly technology
which has gained importance in relation to traditional de-
contamination methods. Although it was first applied for the
removal of inorganic pollutants from soils, phytoremedia-
tion has gradually proven to be efficient for the treatment of
organic pollutants as well. Since then, the development of
genomics, proteomics, and metabolomics has contributed to
enhance or manipulate plant metabolism of many pollutants,
and considerable efforts are being made by scientists, reme-
diation engineers, and environmental professionals in gov-
ernment and industry to develop practical technologies for
phytoremediation (Khaitan et al. 2006; Van Nevel et al.
2007). Based on the type of biological mechanisms adopted
by plants to remediate contaminants, phytoremediation is

classified either as phytoextraction, phytostabilization, phy-
totransformation, phytovolatilization, rhyzofiltration, or
phytostimulation, which have been extensively described
by Pilon-Smits (2005) and Abhilash et al. (2009).
Generally, plants use a variety of processes that collectively
contribute to the overall level of remediation. However, the
ability to exploit the potential of plants for environmental
remediation is frequently restricted by the limited under-
standing of plant metabolic pathways, the full range of
enzymes involved, and tolerance mechanisms. In this re-
gard, HRs are frequently applied in phytoremediation re-
search as model plant systems since they permit the
examination of the intrinsic metabolic capabilities of plant
cells and their capacities for toxicity tolerance (Doran 2009).

During the last few years, HRs have contributed to our
knowledge of the complex biochemical and molecular
mechanisms involved in phytoremediation. In the present
mini-review, we try to highlight the most relevant studies
related to the application of HRs with the aim of identifying
the capacity of plant cells to tolerate, assimilate, detoxify,
metabolize, and store a wide variety of organic and inorgan-
ic pollutants. The areas where HRs offer the greatest poten-
tial as devices for the practical study of phytoremediation
processes and mechanisms will be described and recent
advances are included. In Fig. 1, a schematic summary of
the most relevant studies is shown. Some limitations inher-
ent in using HRs instead of whole plants in research pro-
grams will also be discussed.

HRs to improve phytoremediation research

Among several plant-based experimental systems available
for phytoremediation research, HRs have proved to be a very
useful tool and suitable model systems to study xenobiotic
detoxification and the activity of central detoxification
enzymes, without the interference of soil matrix and microbes.
HRs offer important advantages over dedifferentiated cultures
and some culture conditions are well controlled in terms of
nutrient and phytohormone levels, light and temperature
requirements, etc. In addition, they are physiologically closer
to real roots than undifferentiated cell cultures, have a short
subcultivation period of 2 or 3 weeks, and give good and
stable biomass yield over the whole year without dependence
on the season, thus providing a more reliable and reproducible
experimental system over time, for phytoremediation purpo-
ses (Doran 2009). They have a prolific root growth which is a
prerequisite to increase the effectiveness of phytoremediation
processes. Moreover, HRs develop in an environment that is
totally free of microbial contamination and can be used to
distinguish the responses and capabilities of plant cells from
rhizospheric microbes.

Roots are the main organ to have contact with environ-
mental pollutants and are also the site where the first
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reactions against the pollutant take place. Thus, HRs are
able to metabolize per se hazardous compounds by common
metabolic pathways (Nepovim et al. 2004), which constitute
an additional advantage to this plant system. Moreover, the
absence of shoots helps in understanding the mechanisms
only present in roots, for contaminants remediation, without
the effects of translocation.

A summary of the main advantages and disadvantages of
using HR for phytoremediation compared with other plant
systems are listed in Table 1. Many of these aspects are also
extensively reviewed by Doran (2009) and some of them
will be described throughout the present mini-review.

Organic pollutants uptake and metabolism

The first step to be addressed in studies of pollutants me-
tabolism is generally the measurement of the rate and/or the
capability of uptake of these compounds by plant roots.

However, sorption or binding to the root surface and cell walls
is frequently observed and it can be estimated in control
experiments using dead or inactivated biomass (Dec and
Bollag 1994; Santos de Araujo et al. 2006; Coniglio et al.
2008; Sosa Alderete et al. 2009). Uptake is different for
organics and inorganics. Organic pollutants are usually xeno-
biotic to plant roots; as a consequence, there are no trans-
porters for these compounds in plant membranes and they
tend to move into and within plant tissues driven by simple
diffusion. Some of the factors affecting uptake and distribu-
tion of a contaminant within plant cells include (1) physical
and chemical properties of the compound [e.g., water solubil-
ity, vapor pressure, molecular mass, and octanol–water parti-
tion coefficient (Kow), and especially log Kow, where an
optimal uptake is reached by compounds with log Kow in the
range between 1 and 3.5 (Dietz and Schnoor 2001; Pascal-
Lorber et al. 2008)]; (2) environmental characteristics (tem-
perature, pH, organic matter, and soil moisture component);

Inorganics
Cd, Ni U

Boominathan and Doran 2003   Eapen et al 2003  
Vinterhalter et al 2008            Straczek et al 2009 
Subroto et al 2008                 Soudek et al 2011 

PCB TNT Phenols
Kucerobáa et al 2000     Agostini et al 2003

Morita et al 2001                   Bhadra et al 1999
Rezek et al 2007, 2008,         Wayment et al 1999
2012 Nepovim et al 2004        Coniglio et al 2008

González et al 2006

Dyes Pharmaceuticals Paisio et al 2010

Patil et al 2009                  Gujarathi et al 2005    Sosa Alderete et al  2009, 
Ghodake et al 2009            2011, 2012a, 2012b
Telke et al 2011                                                                      Talano et al 2010

Kagalkar et al 2009, 2010 DDT   Angelini et al 2011

Suresh et al 2005
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Enzymes

Phytoremediation

Phenol
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Fig. 1 Schematic summary of the most relevant studies related to
phytoremediation processes and mechanisms of organic and/or inor-
ganic compounds removal using HRs. Examples of assisted HR phy-
toremediation with mycorrhizae and/or bacteria are included, as well as

transgenic HR obtained for the improvement of phytoremediation
process. The question mark (?) indicates an area less/not explored, to
our knowledge
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and (3) plant characteristics, specific inherent properties of the
root itself, and the transport tissues involved (e.g., type of root
systems, presence of different types of enzymes, etc.)
(Schröder et al. 2008). Thus, uptake and translocation of
various organic pollutants can differ among plant species
and, thereby, conclusions concerning any contaminant uptake
by a particular plant species cannot be applied to others, even
to those belonging to the same genus.

Transformation of organic pollutants into smaller, sim-
pler, and, frequently, less toxic compounds is often referred
to phytotransformation or phytodegradation. It has been
accepted that several enzymes, not necessarily physiologi-
cally connected, form a metabolic cascade for the detoxifi-
cation, breakdown, and final storage of organic xenobiotics
(Schröder et al. 2008). Detoxification mechanisms resemble
more the reactions in the animal liver than the bacterial
metabolism, following the “green liver” model proposed
by Sandermann (1994). This network of reactions can be
subdivided into three distinct phases: transformation (phase
I), conjugation (phase II), and compartmentation (phase III).
The last phase is generally categorized into two independent
phases, one confined to transport and storage in the vacuole
and a second one involving final reactions, such as cell wall
binding or excretion (Schröder et al. 2007; Abhilash et al.
2009). The transformation of the initial substrate includes
several enzymatically catalyzed reactions (oxidation, reduc-
tion, and hydrolysis), which usually take place simultaneous-
ly, involving enzymes such as P450 monooxygenases,
peroxidases (Px), reductases, dehydrogenases, and esterases.
Pollutant transformation increases its solubility and provides
an opportunity for conjugation (phase II), with endogenous
compounds (mono-, oligo-, and polysaccharides, proteins,

peptides, amino acids, organic acids, lignin, etc.). Then, con-
jugates can be sequestered or compartmentalized, which is
known as phase III of pollutant metabolism. Soluble conju-
gates are accumulated in vacuoles, with the participation of
ATP-binding cassette (ABC) transporters (Schröder et al.
2007). Metabolites stored in the vacuoles could be further
processed before exportation to the cell wall. However, very
little is known about these processes (Pascal-Lorber et al.
2008). Insoluble conjugates (coupled with protein, lignin,
starch, pectin, cellulose, xylan, and other polysaccharides)
are moved out from cells via exocytosis and are accumulated
in the apoplast or cell wall. This may lead to the formation of
so-called bound residues because of their inability to be
extracted by chemical methods. Hence, the main objective
of compartmentation is essentially to remove toxic com-
pounds from metabolic tissues.

It is important to note that organic compounds are rarely
mineralized in plants because only a few plant enzymes are
able to catalyze ring opening reactions, in contrast to the
degradative metabolism of microorganisms (Sandermann
1992; Schnoor et al. 1995; Schröder and Collins 2002).
Unlike total breakdown, conjugation does not lead to complete
detoxification of the xenobiotic, which preserves its basic
molecular structure and hence reduces only partially its toxicity.

Application of HRs to study uptake, metabolism, and removal
of organic pollutants

Several reports have demonstrated that HRs derived from
different plant species could be used for the treatment of a
great variety of organic contaminants (Fig. 1) as will be
described in the following paragraphs.

Table 1 Advantages and disadvantages of using hairy root cultures for phytoremediation research

Advantages Disadvantages

Independent of site and weather conditions Many aspects of whole plant cultivation cannot be simulated
Indefinite propagation and on demand availability

Permits easily controlled experimental variables, substantially reduced time
required to carry out studies and highly reproducible results

Large-scale application could be complicated in some
cases

Large amounts of biomass generated in a controlled setting

Amenable to incorporate large amounts of contaminants to recover metabolites
and intermediates for quantitative analysis and to study their chemical nature
and transformation sequence

Requirement of sterile culture conditions to avoid loss of
plant cell viability

Permits easy medium manipulation and availability of reaction products,
requiring less purification

Requirement of sugars in the culture medium

Ability to grow rapidly in microbe free conditions providing a great surface
area of contact between contaminants and roots

Maintenance could be slightly more costly than in the field
for some plant species

Clonal selection of species with suitable phytoremediation traits for plant
regeneration

Greater degree of authenticity than undifferentiated plant tissue cultures with
regard to their biological behavior and properties due to their organized nature

Requirement of a judicious interpretation of results in
order to avoid some experimental artifacts

Amenable to genetic transformation for improving phytoremediation

Ability to produce large amounts of exudates which may contribute to detoxify
or sequester harmful pollutants
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Polychlorinated biphenyls (PCBs) are xenobiotic chlori-
nated aromatic compounds that have been used in a wide
range of applications (electric fluids in transformers and
capacitors, pesticide extenders, adhesives, dedusting agents,
cutting oils, flame retardants, heat-transfer fluids, hydraulic
lubricants, sealants, etc.). Local manufacture, usage, spill,
and improper disposal of PCBs have led to extensive envi-
ronmental contamination. Thus, they have been detected in
virtually every compartment of the ecosystem (water, soil,
air, and sediments) and living organisms, which can accu-
mulate these pollutants in fat tissues (Van Aken et al. 2010).
Therefore, removal of PCBs is of great environmental con-
cern and phytoremediation shows considerable promise for
PCBs remediation. In this context, Morita et al. (2001)
proposed and patented a remediation process for a medium
contaminated with PCBs. They found that Atropa belladon-
na HRs were able to absorb and efficiently decompose a
considerably large amount of PCBs, as well as large
amounts of dioxins compared to the roots of natural A.
belladonna, constituting a low-cost treatment.

In order to improve phytoremediation, it is crucial to
understand plant metabolism of these compounds. Thus,
metabolism of the PCBs was studied in approximately 40
in vitro tissue cultures of different plant species, using the
commercial mixture Delor 103, consisting of 59 PCB con-
geners with an average of three chlorine atoms per biphenyl,
as the model pollutant (Kucerova et al. 1999; 2001;
Mackova et al. 1997a, b). HRs exhibited a higher potential
to degrade PCBs as compared to callus cultures and the HR
culture of black nightshade (Solanum nigrum), SNC-9O,
was shown to have the highest ability to metabolize PCBs.
Using these HRs, Kucerova et al. (2000) identified mono-
and dihydroxychlorobiphenyls as metabolites of three
mono- and six dichlorobiphenyls, which would be the acti-
vated PCBs metabolites of phase I transformation, accord-
ing to the green liver concept previously mentioned.

Similarly, Rezek et al. (2007), using the same HR culture,
studied the first-step detoxification products of a wide range
of PCB congeners. Monohydroxylated metabolites as well
as free non-conjugated metabolites were identified in plant
cell biomass. The number of metabolites decreases with an
increasing number of chlorine atoms per molecule of PCB.
The authors concluded that each plant species, even plant
tissue, can have a different potential for metabolizing vari-
ous PCB congeners and can produce different metabolites.
More recently, Rezek et al. (2012) demonstrated that the
transformation of PCBs in these HRs resulted not only in
known hydroxy-PCBs but also in newly discovered plant
metabolites of PCBs: methoxy-PCBs and hydroxyl-
methoxy-PCBs (Rezek et al. 2008, 2012). It is also interest-
ing to note that methylation of some hydroxy compounds is
known to be a detoxification or deactivation reaction in
some organisms. Hydroxy–methoxy-PCBs were present

preferentially as conjugates; only minor amounts as free
metabolites and surprisingly neither free nor conjugated
dihydroxy-PCBs were detected. Thus, the methoxy-PCBs
should be recognized as another group of metabolites
formed from PCBs in plant tissues, although cellular local-
ization, biochemical pathways, and potential toxicity remain
unexplained. This is an important issue to be addressed
because little knowledge exists on the impact of these com-
pounds and the lack of knowledge regarding these impacts
presents new challenges in the study of plant metabolism of
these pollutants.

The phytoremediation of explosive compounds is another
area of great interest to reduce the levels of these contami-
nants, which have serious environmental risks. Among
them, 2,4,6-trinitrotoluene (TNT) is the most widespread
and persistent compound, and most research was concen-
trated on elucidating the capability of plants to transform
this compound. In particular, HRs have contributed to the
understanding of the transformation pathways of nitroder-
ivatives. For instance, an important basic research project
focused on the identification of the transformation products,
their chemical nature, and the sequence of transformation
that governs removal, which was performed using periwin-
kle (Catharantus roseous) HRs, an in vitro culture able to
take up and transform TNT into dinitroamino-derivatives
(Hughes et al. 1997; Bhadra et al. 1999). HRs also provided
information about the conjugation of TNTs monoamine-
derivatives as a significant pathway during plant metabolism
of TNT, which was consistent with the green liver model
(Bhadra et al. 1999; Wayment et al. 1999). Using periwinkle
HRs, Bahdra et al. (1999) confirmed the formation of solu-
ble, i.e., extractable, conjugates, which appears to be the
gateway to the formation of bound residues of the TNT-
derived conjugates. They showed that bound residues in-
creased as the conjugates turn over. The distribution of
conjugates formed via monoamine derivatives of TNT
may be a function of several factors, including the starting
xenobiotic type and/or level. As HRs are axenic cultures, all
results obtained are indicative of the potential of plant roots
to metabolize TNT and do not include any significant mi-
crobial or symbiotic relationships. These results can also be
extended to whole plants because it is generally known that
the spectrum of resulting metabolites in plants and plant cell
cultures is in principle identical, although quantitative differ-
ences may occur. However, for practical application, further in
vivo experiments under real conditions are advisable.

Through comparison of different plant species, a great
variation was observed in the fate of TNT and other deriv-
atives, and different concentrations of degradation products
could be found, which would be an indication that the
metabolism of TNT is controlled by different enzymatic sys-
tems, which may have variable substrate specificity, in differ-
ent plant species. These findings reinforce the importance of
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screening and studying different plant species for TNT degra-
dation in order to select the most suitable candidates for
phytoremediation. In this context, HRs were shown to be
excellent candidates for these purposes because if a compound
is metabolized by in vitro HRs, this is a clear indication that
the plant has the genetic capacity to biotransform this com-
pound (Doran 2009).

In addition, Nepovím et al. (2004) used horseradish
(Armoracia rusticana) HRs as a model to explore not only
plant metabolism of explosives viz. 2,4-dinitrotoluene
(DNT), 2,4,6-trinitrotoluene (TNT), aminodinitrotoluenes
(ADNTs), and diaminonitrotoluenes (DANTs) but also to
analyze the effect of these pollutants on the activity of
enzymes related to pollutants metabolism such as glutathi-
one S-transferase (GST) and Px. The presence of some
nitroderivatives in the medium caused induction of Px ac-
tivity whereas the GST activity was significantly affected
either by the concentration and/or short- or long-term treat-
ment of roots by DNT, TNT, and by their degradation
products ADNT and DANT. Thus, they concluded that
nitroamino-derivatives would cause severe stress to plants
leading to highly effective defense reactions.

All these studies, related to the elucidation of TNT trans-
formation pathways, helps in developing quantitative mod-
els for removal of explosives and aids in understanding the
kinetics of uptake and removal. Moreover, these findings
open up the possibility of new genetic and biochemical
approaches to the study of TNT transformation pathways.
However, further work on the toxicity of the final products
and the effect on the ecosystem are needed.

Pharmaceuticals and their metabolites are detected in the
aquatic environment and in drinking water. Based on eco-
toxicological studies, some of these compounds like N-ace-
tyl-4-aminophenol (paracetamol) and antibiotics are
classified as harmful to aquatic organisms. However, there
is little information available on the fate and detoxification
of pharmaceuticals in plants. In this sense, Huber et al.
(2009) investigated the fate and metabolism of paracetamol,
a widely used antipyretic agent, in plant tissues, using HRs
of A. rusticana L. as a model system. Using this culture
seemed favorable because transport, storage, and distribu-
tion phenomena in a whole plant would be far more com-
plex and require special discussion. They found that HRs
were able to take up and detoxify the model substrate para-
cetamol. In addition, a paracetamol–glucoside was de-
scribed as the dominant metabolite, which would be a
precursor to insoluble, bound residues, probably associated
to the lignin fraction of the cell wall, leaving the xenobiotic
compound in a stable and indigestible form. Thus, these
results marked the beginning of understanding the fate of
acetaminophen in plants and provided new insights to give
recommendations for the removal of the pharmaceutical
from waste water by phytotechniques (Huber et al. 2009).

Further, sunflower (Helliantus annus) HRs as well as their
root exudates catalyzed the rapid disappearance of tetracy-
cline and oxytetracycline from aqueous media, demonstrat-
ing the potential of these HRs for phytoremediation of these
two antibiotics in vivo. The chemical mechanism of degra-
dation was studied and the involvement of reactive oxygen
species (ROS) in the antibiotic modification process was
suggested (Gujarathi et al. 2005).

Currently, more than 2,000 different azo dyes are used to
dye various materials such as textiles, leather, plastics, cos-
metics, and food. These industrially produced chemicals are
all xenobiotic compounds that are very recalcitrant to bio-
degradative processes (Stolz 2001). Some of the azo, xan-
thene, and anthraquinone dyes are known to be very toxic
and mutagenic to living organisms and their discharge into
water bodies may lead to serious health problems and also
produce acute and chronic effects on aquatic life (Khandare
et al. 2011). The removal of textile dyes mediated by plants
has been one of the most neglected areas of phytoremedia-
tion research, and the knowledge of the basic mechanisms
and pathways involved in the decolorization of dyes is
limited (Govindwar and Kagalkar 2010). Thus, the use of
in vitro cultures for phytoremediation studies can help to
explore the enzymatic status and the metabolism products of
dyes. In this context, very few reports on phytoremediation
of these pollutants using HRs are available. For instance,
Marigold (Tagetes patula L.) HRs were selected among few
HR cultures from other plants tested for decolorization of
Reactive Red 198, and they were able to remove dye con-
centrations up to 110 mgL−l. These HRs could be succes-
sively used for at least five consecutive decolorization
cycles. A possible pathway for the biodegradation of
Reactive Red 198 was also proposed and some metabolites
such as 2-aminonaphthol, p-aminovinylsulfone ethyl disul-
fate, and 1-aminotriazine, 3-pyridine sulfonic acid were
identified after treatment. Furthermore, a phytotoxicity
study demonstrated the non-toxic nature of the extracted
metabolites (Patil et al. 2009). These HRs were also able
to decolorize other dyes, such as Methyl orange. However,
Telke et al. (2011) have recently demonstrated that Brassica
juncea L. HRs pose high potentiality towards the degrada-
tion of textile dyes, and it would be more efficient than T.
patula HRs for decolorization of Methyl orange, showing an
efficiency of 92 % after 4 days. The decolorization of textile
dyes using plants or HRs is associated with the involvement
of intracellular enzymes, such as laccase, lignin peroxidase,
tyrosinase, and NADH–DCIP reductase (Ghodake et al.
2009; Patil et al. 2009; Kagalkar et al. 2009, 2010).
Therefore, Telke et al. (2011) reported the purification and
characterization of an intracellular laccase from B. juncea
HRs and its application for the removal of textile dyes. The
dye decolorization rate of this laccase was significantly
enhanced in the presence of various redox mediators and
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2, 2′-azinobis, 3-ethylbenzothiazoline-6-sulfonic acid
(ABTS) was found to be the most efficient one. Thus, the
laccase–ABTS system could be considered useful for the
treatment of textile dyestuffs. Such results demonstrated
another advantage of HRs for phytoremediation since
enzymes and/or other compounds from root exudates can
be used to detoxify or sequester harmful pollutants.

Phenols are among the major organic contaminants found
in effluents of coal conversion processes, coke ovens, pe-
troleum refineries, manufacturing of phenolic resins, herbi-
c ides , f iberglass , and petrochemicals . Phenol ic
contaminants can also be introduced into the environment
via pesticide applications and as a result of partial degrada-
tion of aromatic organic contaminants. They represent a
threat to human health and can also produce lethal and
teratogenic effects on several species (Agostini et al.
2011). In recent years, phytoremediation technologies have
emerged as potential alternatives for detoxification of these
harmful pollutants. In this context, HRs derived from dif-
ferent plant species were successfully applied for removing
phenol and/or chlorophenols from aqueous solutions and, in
some cases, for testing the ability of plants to tolerate high
levels of these pollutants. For instance, Singh et al. (2006)
screened some plant species viz. B. juncea, Beta vulgaris,
Raphanus sativus, and Azadirachta indica, finding that B.
juncea showed the highest potential (97 %) for phenol
removal. Similarly, Santos de Araujo et al. (2006) investi-
gated phenol and chlorophenols susceptibility in HRs of
various plant species, demonstrating that HRs derived from
the ornamental plant Solanum aviculare would be the best
for remediation of these pollutants. Furthermore, HRs from
Brassica napus, Solanum lycopersicon, and Nicotiana taba-
cum were successfully used to remove phenol and/or 2,4-
DCP from aqueous solutions, and the optimal conditions
(pH, temperature, concentration of co-substrate, and time of
treatment) for the removal process were established
(Coniglio et al. 2008; González et al. 2006, 2008, 2012a;
Sosa Alderete et al. 2009, 2012b). Moreover, HRs could be
re-used for the treatment of solutions containing phenolics,
in several consecutive cycles, with high efficiency (Agostini
et al. 2003; Talano et al. 2010). Even though HRs derived
from different plant species are capable of degrading the
same phenolic compound, the products formed after degra-
dation are likely to be different, indicating that the pattern of
transformation of the xenobiotic molecule is dependent up-
on the plant species. Thus, toxicity of final degradation
products is another important feature to be addressed be-
cause transformation into non-toxic products is preferable
for phytoremediation and HRs can help the researchers in
such studies. For instance, after phenol treatment using HRs,
the toxicity of some post-removal solutions was evaluated
by means of AMPHITOX and Allium cepa tests, and sig-
nificant reduction of toxicities were observed. Moreover, the

addition of PEG-3350 was efficient to reduce toxicity of
post-removal solutions treated with rapeseed HRs (Paisio et
al. 2010; González et al. 2012a).

Clearly, the ability of plants to metabolize contaminants
will depend on the biochemical characteristics of metabo-
lizing enzymes and other protective mechanisms that may
prolong tissue survival. In this sense, HR cultures also
supply valuable information about the enzymes related to
pollutant metabolism, like Px isoenzymes, which are de-
scribed as the main enzymes involved in the removal of
phenolic compounds. Through the use of different HRs, it
was suggested that Px isoenzymes may show variation in
substrate preference and catalytic efficiency towards phenol
(Coniglio et al. 2008; González et al. 2008; Sosa Alderete et
al. 2012b). For instance, Agostini et al. (2003) and Coniglio
et al. (2008) suggested the major participation of acidic
peroxidases from B. napus HRs for 2,4-DCP as well as for
phenol removal. By contrast, González et al. (2008) found
that the group of basic peroxidase isoenzymes from tomato
HRs would be the most likely involved in 2,4-DCP and
phenol removal, whereas Sosa Alderete et al. (2012b) found
similar results using tobacco HRs. As it is well known, in
the phenol removal process, Px can be inactivated by three
distinct mechanisms (Coniglio et al. 2008). However, the
addition of protective compounds like polyethylene glycol
(PEG) could decrease the adsorption of polymers onto the
enzyme’s active site and increase the lifetime of the active
enzyme, increasing phenol removal efficiency as well as
retaining post-removal Px activity, as was shown using Px
isoenzymes from tomato HRs (González et al. 2008). It is
noteworthy that the studies in establishing and understand-
ing the enzymatic mechanism of contaminant degradation
are important for the selection of candidate enzymes that
might be produced in large amounts and used as catalysts
for contaminant breakdown (González et al. 2006). In this
context, Santos de Araujo et al. (2004) studied the kinetic
behavior of Px pools from HR extracts of carrot, sweet
potato, and kangaroo apple using phenol, catechol, 2-CP,
and 2,6-DCP as model pollutants in order to compare their
ability to detoxify phenols. In addition, interesting results
have been obtained with HRs as a source of Px isoenzymes
demonstrating that some purified or partially purified
enzymes may behave as powerful catalysts in the remedia-
tion of harmful phenolics (Santos de Araujo et al. 2004;
González et al. 2008; Coniglio et al. 2008; Talano et al.
2010; Sosa Alderete et al. 2012a). However, in order to
implement an enzyme-based treatment for phenol removal,
isolation, purification, and production costs should be con-
sidered. Thus, the use of plant materials, such as root tissues
as enzyme sources, constitutes a good alternative. In this
sense, HRs offer an attractive system for this purpose be-
cause they produce and also exude enzymes, like Px, that
can remove organic pollutants, such as phenolics. Moreover,
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they provide a greater surface area of contact between
contaminant and tissue, and could be used for the removal
of phenolics on a large scale in bioreactors as was described
by Angelini et al. (2011).

In addition, HRs offer the possibility to determine the
nature and the compartmentalization of some of the final
products of the removal reaction (Talano et al. 2010) and to
examine further biochemical and physiological processes
such as the antioxidative stress responses and lipid perox-
idation after pollutants exposition (Sosa Alderete et al.
2011). Recently, it was shown that phenol treatment may
induce changes in the phospholipid turnover and an increase
in the phospholipase D (PLD) activity in tobacco HRs. The
participation of minor phospholipids, mainly phosphatidic
acid, in the activation of intracellular mechanisms that might
be important in the response of plant tissues to phenol
treatment was suggested (Sosa Alderete et al. 2012b).
Thus, such results demonstrated that HRs were able to offer
a better understanding about the signaling mechanisms in-
volved in the response to environmental pollutants.

Understanding the physiological and biochemical process-
es, types of enzymes, and genes involved is important in
suggesting not only a mechanism for transformation but per-
haps also a way of improving efficiency by generating genet-
ically modified plants with the sole purpose of transforming
pollutants. Furthermore, through the application of foreign
genes, new routes of degradation may be emphasized result-
ing in less toxic metabolites than those produced by the
existing pathway. Although limited studies were carried out
using transgenic HRs in order to improve pollutants removal,
encouraging results were obtained. For instance, Banerjee et
al. (2002) demonstrated that Atroppa belladonna HRs
expressing a rabbit P4502E1 enzyme were able to metabolize
trichloroethylene whereas transgenic tomato and tobacco HRs
expressing basic Px were capable of removing phenol with a
higher efficiency than wild-type HRs (Wevar-Oller et al.
2005; Sosa Alderete et al. 2009). Another potential advantage
of HRs would be the possibility to produce enzymes in root
exudates through the expression (or overexpression) of secre-
tory enzymes involved in pollutants removal or through the
expression of heterologous enzymes with signal sequences to
drive them to the secretory pathway. However, these aspects
have not yet been fully explored.

Inorganic pollutants uptake and metabolism

Contamination of the environment by inorganic pollutants
such as heavy metals, metalloids, and radionuclides has be-
come a great problem in areas of intense industry and agricul-
ture, and leads to their bioaccumulation in the food chain
(Rajkumar and Freitas 2009). Sources of anthropogenic inor-
ganics contamination include smelting of metalliferous ore,
electroplating, gas exhaust, energy and fuel production,

application of fertilizers and municipal sludges to land, and
industrial manufacturing, among others (Prasad 2007). Roots
are usually able to uptake these pollutants by a process known
as phytoextraction, which refers to the physical removal of
contaminants, and promote long-term cleanup of soil or
wastewater (Sas-Nowosielska et al. 2008). The uptake of these
inorganic pollutants by plant cells is selective and depends
greatly on the redox state and chemical speciation as well as
the plant species. Unlike many organic contaminants that can
be completely degraded, inorganics are indestructible and,
hence, they cannot be degraded chemically or biologically.
For this reason, the mechanisms involved in their uptake and
metabolism are different (Wu et al. 2010). Inorganics are taken
up via membrane transporter proteins. These transporters are
present in plant cells because some inorganic pollutants are
either nutrients themselves (such as nitrate, phosphate, man-
ganese, and zinc) or are chemically similar to nutrients; thus,
they are incorporated inadvertently (e.g., arsenate is taken up
by phosphate transporters, selenate by sulfate transporters)
(Shibagaki et al. 2002). In the sequestration, transport, and
translocation of inorganics, phytochelatins (PC) and metal-
lothioneins (MT) play an important role. Certain metals and
metalloids may be complexed by phytochelatins, which are
small peptides capable of an efficient sequestration of multiple
metal and metalloid ions in metal(loid)–thiolate complexes
(Cobbett 2000; Clemens 2006). Their synthesis starts by the
activation of the enzyme phytochelatin synthase. MT, another
class of metal chelating molecules, are low molecular weight,
cysteine-rich proteins that have a high affinity for binding
metal cations, such as Cd, Cu, and Zn (Goldsbrough 2000;
Cobbett and Goldsbrough 2002). Once inorganic pollutants
have been chelated, they may be stored in the vacuole or
exported to the shoot via the xylem. The compartmentaliza-
tion of metal ions in the vacuolar compartment is carried out
by means of specialized transporters, and the best-
characterized system involves a family of ATP-binding cas-
sette (ABC) transporters (van der Zaal et al. 1999). However,
when inorganic pollutants are accumulated in tissues this can
often affect cell structure, causing oxidative stress and replac-
ing essential nutrients (Taiz and Zeiger 2002). In this sense,
metal hyperaccumulator plant species are of particular interest
for phytoremediation since they are capable of taking and
storing high concentrations of heavy metals without develop-
ing toxicity symptoms. Although great progress has been
made, the biochemical and physiological mechanisms of met-
al uptake, tolerance to high metal concentrations, and the
exact roles that high levels of metals play in the survival of
hyperaccumulators are still a matter of debate.

Application of HRs for inorganic pollutants remediation

HRs have proven to be effective tools for studying the
mechanisms of metal uptake, accumulation, and tolerance
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in relation to metal hyperaccumulation and phytoextraction.
They have also been used as a model system to investigate
the physiology and biochemistry of metal accumulation in
plants (Doran 2011). In this sense, Cd and Ni uptake,
distribution, and hyperaccumulation mechanisms were in-
vestigated in HRs from Thlaspi caerulescens and Alyssum
bertolonii. These HRs remained healthy and grew well with
high concentrations of these heavy metals (Boominathan
and Doran 2003). In addition, a systematic comparative
study on Cd response was carried out using Adenophora
lobophylla and Adenophora potaninii HRs demonstrating
that these two closely related species might employ different
strategies for Cd detoxification, i.e., the first one was capa-
ble of synthesizing high levels of PC while a Cd exclusion
system was described in A. potaninii (Wu et al. 2001).
Vinterhalter et al. (2008) reported high Ni tolerance and
accumulation up to 24.7 μgg−1 dry weight in Adenophora
murale HRs, whereas Subroto et al. (2007) studied Zn uptake
and accumulation by two cultures of Solanum nigrum HRs.
These authors demonstrated that both cultures were capable of
growing with Zn 13.98 mgl−1 and accumulated up to 98 %
and 90 %, respectively, within 15–18 days of the culture
period. Following the demonstration that HRs of A. bertolonii
can hyperaccumulate Ni, HRs of this species were used as a
model system for generating a metal-enriched product from
the harvested plant biomass. This procedure might be useful
for processing metal-enriched plant material harvested from
phytomining operations (Boominathan et al. 2004).

In addition to potential practical applications, hyperaccu-
mulating HRs have been useful in physiological studies for
understanding the role of roots in heavy metal and radionu-
clide uptake and accumulation by plants (Soudek et al.
2006). Furthermore, HRs, due to their highly branched
nature, have a large surface area in comparison with control
roots and can also be used for rhizofiltration purposes.
Rhizofiltration can be defined as the use of plant roots to
absorb, concentrate, and/or precipitate hazardous com-
pounds, particularly heavy metals or radionuclides, from
aqueous solutions (Pilon-Smits 2005). For example, B. jun-
cea and Chenopodium amaranticolor HRs were applied for
removal of U from a solution with a concentration up to
5,000 μM in a short period of incubation. As a result, more
than 98 % of U disappeared from the medium in the pres-
ence of phosphates compared to 86 % of U removal from
the medium without phosphates (Eapen et al. 2003). In
addition, Soudek et al. (2011) described the ability of A.
rusticana HRs to accumulate U and found that the presence
of phosphate has a stimulating effect on both the growth of
culture and the accumulation of this pollutant. Moreover,
Straczek et al. (2009) proposed a test to determine the
threshold toxicity of U using carrot HRs. This in vitro
device seems to be appropriate to study toxicity and distri-
bution of U in plant roots in optimal conditions, and it was

recommended to examine further physiological processes
(effect on stress enzymes, genetic material, lipid peroxida-
tion, etc.) and the influence of microorganism interactions
because HRs play an important role of providing optimum
conditions for root colonizing bacteria.

Understanding plant–microbe interactions
for phytoremediation: studies using HRs

Increasing evidence suggests that any phytoremediation
system is greatly affected by the interaction of the plant
with endophytic or rhizospheric communities of free-living
or symbiotic microorganisms, including bacteria and fungi,
and the surrounding polluted soil medium. In fact, the
success of this microbe-assisted phytoremediation approach
requires the interaction of the plant with microbial commu-
nities at the molecular and ecological levels. An understand-
ing is needed of these soil–plant–microbe interactions to
determine the fate of contaminants in the soil–plant ecosys-
tem. The metabolic capacity of microbes is extremely di-
verse and greater than that of plants alone; thus, their
combination would be a better approach to reach complete
remediation of contaminated environments.

Lately, several authors have reviewed the advances in this
field and they have even suggested potential applications of
some strategies to achieve multiple environmental, econom-
ic, and social benefits from degraded environments
(Abbilash et al. 2012). Some authors have focused on or-
ganic (Karthikeyan and Kulakow 2003), inorganic
(Rajkumar et al. 2012; Bhargava et al. 2012; Ma et al.
2011), or both types of pollution (Kuiper et al. 2004). This
section presents an overview of some plant–microbe inter-
actions as affected by organic and inorganic contaminants,
as well as the role of HRs in the study and elucidation of the
biochemical and physiological mechanisms involved.

HRs have been previously used to study nutrient uptake,
elicitation processes in root–microbe interactions such as
rhizobial and mycorrhizal symbioses as well as pathogenic
interactions. When studying nodulation, however, those
cultures are not useful because nodule development requires
shoot photosynthates (Ding and Oldroyd 2009; Clemow et
al. 2011). In this sense, the development of chimeric “com-
posite” plants that have transformed “hairy” roots but a
wild-type shoot have proven to be useful in studies of root
nutrient uptake, hormone transport, and rhizobial and my-
corrhizal symbioses (Sinharoy et al. 2009; Rodríguez-
Llorente et al. 2010; Pavli et al. 2010). However, the appli-
cation of HRs to investigate microbe-assisted phytoreme-
diation is very recent.

Application of HRs to study microbe-assisted phytore-
mediation of pollutants, which is indeed a rhizoremediation
process, is an emerging field that offers important advan-
tages, such as a simplified environment that allows the study
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of a specific microbe–plant association avoiding other pos-
itive or negative microbe interactions.

Regarding microbe-assisted phytoremediation, research
has focused in the last few years on endophytic bacteria
and fungi (Doty 2008). Endophytes are microbes that in-
habit the internal plant tissues without causing harm to the
host (Kuklinsky-Sobral et al. 2004). Sufficient data confirms
their ability to degrade xenobiotic compounds (Germaine et
al. 2006; Van Aken et al. 2004) and remove heavy metals
from a solution (Lodewyckx et al. 2001). The presence in
plant tissues of naturally recruited or genetically engineered
endophytic bacteria can result in manifold increases in the
capacity to degrade xenobiotic compounds compared with
uninoculated plants (Barac et al. 2004; Germaine et al.
2006). However, to our knowledge, to date there are no
reports describing its combination with HR cultures to study
the phytoremediation process. At this point, it is important
to mention the need for particular care in establishing truly
axenic plant cultures for the purposes of identifying the
intrinsic metabolic or metal accumulation capacity of plant
cells because of the difficulty of removing these bacteria
using surface sterilization.

On the other hand, arbuscular mycorrhizal fungi (AMF)
are beneficial microorganisms intimately associated with
plant roots that increase the uptake of nutrients, especially
phosphorus. Thus, the plant–AMF partnership has been
used to enhance phytoremediation of contaminated sub-
strates and to reduce the concentration of toxic compounds.
It has been shown that the interaction of Pteris vittata–AMF
can increase arsenic uptake in this hyperaccumulating fern
(Trotta et al. 2006). It has also been reported that the sym-
biosis with AMF has been suggested to confer a benefit to
plants growing in soils with toxic Cd concentrations, though
its contribution to plant resistance and the underlying mech-
anisms are as yet unclear (Meharg and Cairney 2000).
Inoculation of carrot HRs with the AMF Glomus intraradi-
ces alleviated growth inhibition induced by toxic concentra-
tion of Cd compared to the non-inoculated control
(Janoušková and Vosátka 2005). In a similar study, coloni-
zation of transgenic tobacco HRs with G. intraradices effi-
ciently protected roots against phenol-induced oxidative
damage (Ibañez et al. 2011). Therefore, the plant–AMF
partnership could be used to enhance phytoremediation of
contaminated substrates and to reduce the concentration of
toxic compounds. These results clearly demonstrate the
utility of using inoculations of AMFs to increase phytore-
mediation potential.

Finally, the potential contribution of plant-growth-
promoting rhizobacteria (PGPR) to reduce environmental
pollution has been recently reviewed (de-Bashan et al.
2011). Regarding HRs, they have been used for the discov-
ery and acquisition of effective elicitors and growth-
promoting substances from PGPR bacteria (Zhao et al.

2010). Very recently, in our laboratory, the association of
B. napus HRs with Burkholderia kururiensis KP 23 and A.
rhizogenes LBA 9402 has been used to evaluate and com-
pare phenolic compounds tolerance and degradation. The
presence of both rhizospheric microorganisms, along with
B. napus HRs, enhanced phenol degradation compared to B.
napus HRs alone (González et al. 2012b). Such data suggest
that the association between microorganisms and HRs could
positively contribute to the improvement of the phytoreme-
diation process. However, more research is needed to fully
understand these complex relationships.

Conclusion

HRs should be considered as optimal and effective model
systems which may contribute to address some limitations
of phytoremediation studies and may help the research
community to understand the complex interactions between
toxic chemicals, plant cells, and microorganisms to clean up
the environment. They have proven to be appropriate for the
study of uptake and tolerance, pollutants metabolism, key
enzymes involved, toxicity, antioxidative stress responses to
toxic compounds, and signal transduction pathways. In
vitro, HRs are also very useful to predict the responses of
plants to environmental contaminants and to improve the
design and reduce the cost of subsequent conventional
whole-plant experiments. Furthermore, a better understand-
ing of molecular and ecological mechanisms of plant–mi-
crobe interactions can provide the scientific basis for
developing new strategies for more effective phytoremedia-
tion. Since bacteria and other microbes, such as AMF, help
indirectly in better absorption and remediation of organics
and inorganics, studies in this direction would also help to
develop suitable remediation techniques.

However, emphasis should be placed on evaluating
results obtained in simplified experiments, such as those
performed with these in vitro cultures, as well as those
carried out with hydroponics or pot plants, on applying
these findings to heterogeneous and polluted field sites,
and also on the functioning of phyto-/rhizoremediation sys-
tems under various ecological conditions.

Although an extensive knowledge is now available on
genes and enzymes involved in pollutants removal, one of
the most important challenges is how to use this basic scien-
tific information to improve the efficiency of phytoremedia-
tion in the field. This could imply the obtention of genetically
modified plants and/or the use of efficient microorganisms for
rhizoremediation. In addition, it is expected that considering
the recent advances in genetics, proteomics, and metabolo-
mics, novel detoxifying enzymes could be identified and
expressed into plants allowing the host plant to have a wider
range of phytoremediation capabilities. Furthermore, genetic
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engineering could be useful not only to obtain plants for a
better pollutant transformation but also to mineralize some
complex compounds, which are difficult to metabolize by
plant cells. In this sense, microorganism may also be used to
avoid this difficulty because they have enzymes to fully break
down organic pollutants. These plant improvements may have
great potential for field applications, assuming public accep-
tance of the use of more genetically modified organisms.

Therefore, studies should be focused on the optimization
of pollutants tolerance and metabolism as well as on the
enhancement of pollutants uptake and degradation capabil-
ities in order to improve phytoremediation processes which
is an important challenge of current research.

Acknowledgments MAT, ALWO, PSG, and EA are members of the
research program of the Consejo Nacional de Investigaciones Científ-
icas y Técnicas (CONICET) (Argentina). We wish to thank Dr. Silvia
Milrad for her valuable suggestions and PPI (SECyT–UNRC), CONI-
CET, Agencia Córdoba-Ciencia, and PICTO (FONCyT-SECyT-
UNRC) for their financial support.

References

Abhilash PC, Jamil S, Singh N (2009) Transgenic plants for enhanced
biodegradation and phytoremediation of organic xenobiotics. Bio-
technol Adv 27:474–488. doi:10.1016/j.biotech.adv.2009.04.002

Abhilash PC, Powell JR, Singh HB, Singh BK (2012) Plant–microbe
interactions: novel applications for exploitation in multipurpose
remediation technologies. Trends Biotechnol 30:416–420.
doi:10.1016/j.tibtech.2012.04.004

Agostini E, Talano MA, González PS, Wevar-Oller AL, Medina MI
(2011) Phytoremediation of phenolic compounds: recent advan-
ces and perspectives. In: Golubev IA (ed) Handbook of phytor-
emediation. Nova Science, New York, pp 1–50

Agostini E, Coniglio MS, Milrad S, Tigier H, Giulietti A (2003) Phytor-
emediation of 2,4-dichlorophenol by Brassica napus hairy roots
cultures. Biotechnol Appl Biochem 37:139–144. doi:10.1042/
BA20020079

Angelini VA, Orejas J, Medina MI, Agostini E (2011) Scale up of 2,4-
dichlorophenol removal from aqueous solutions using Brassica
napus hairy roots. J Hazard Mater 85:269–274. doi:0.1016/
j.jhazmat.2010.09.028

Banerjee S, Singh S, Rahman LU (2012) Biotransformation studies
using hairy root cultures—a review. Biotechnol Adv 30(3):461–
468. doi:10.1016/j.biotech.adv.2011.08.010

Banerjee S, Shang TQ, Wilson AM, Moore AL, Strand SE, Gordon
MP, Doty SL (2002) Expression of functional mammalian P450
2E1 in hairy root cultures. Biotechnol Bioeng 77:462–466.
doi:10.1002/bit.10151

Barac T, Taghavi S, Borremans B, Provoost A, Oeyen L, Colpaert JV,
Vangronsveld J, van der Lelie D (2004) Engineered endophytic
bacteria improve phytoremediation of water-soluble, volatile, or-
ganic pollutants. Nat Biotechnol 22:583–588. doi:10.1038/nbt960

Bhadra R, Wayment DG, Hughes JB, Shanks JV (1999) Confirmation
of conjugation processes during TNT metabolism by axenic plant
roots. Environ Sci Technol 33:446–452. doi:10.1021/es980635m

Bhargava A, Carmona FF, Bhargava M, Srivastava S (2012) Approaches
for enhanced phytoextraction of heavy metals. J Environ Manage
105:103–120. doi:10.1016/j.jenvman.2012.04.002

Boominathan R, Doran PM (2003) Organic acid complexation, heavy
metal distribution and the effect of ATPase inhibition in hairy
roots of hyperaccumulator plant species. J Biotechnol 101:131–
146. doi:10.1016/S0168-1656(02)00320-6

Boominathan R, Saha-Chaudhury NM, Sahajwalla V, Doran PM
(2004) Production of nickel bio-ore from hyperaccumulator plant
biomass: applications in phytomining. Biotechnol Bioeng
86:243–250. doi:10.1002/bit.10795

Chandra S (2012) Natural plant genetic engineer Agrobacterium rhi-
zogenes: role of T-DNA in plant secondary metabolism. Biotech-
nol Lett 34:407–415. doi:10.1007/s10529-11-0785-3

Clemens S (2006) Toxic metal accumulation, responses to exposure
and mechanisms of tolerance in plants. Biochimie 88:1707–
171919. doi:10.1016/j.biochi.2006.07.003

Clemow SR, Clairmont L, Madsen LH, Guine FC (2011) Reproducible
hairy root transformation and spot-inoculationmethods to study root
symbioses of pea. PlantMethods 7:46. doi:10.1186/1746-4811-7-46

Cobbett CS (2000) Phytochelatins and their roles in heavy metal detox-
ification. Plant Physiol 123:825–832. doi:10.1104/pp.014118

Cobbett CS, Goldsbrough PB (2002) Mechanisms of metal resistance:
phytochelatins and metallothioneins. In: Raskin I, Ensley BD
(eds) Phytoremediation of toxic metals—using plants to clean
up the environment. Wiley, New York, pp 247–271

Coniglio MS, Busto VD, González PS, Medina MI, Milrad S, Agostini
E (2008) Application of Brassica napus hairy root cultures for
phenol removal from aqueous solutions. Chemosphere 72:1035–
1042. doi:10.1016/j.chemosphere.2008.04.003

de-Bashan LE, Hernandez JP, Bashan Y (2011) The potential contri-
bution of plant growth-promoting bacteria to reduce environmen-
tal degradation—a comprehensive evaluation. Appl Soil Ecol
61:171–189. doi:10.1016/j.apsoil.2011.09.003

Dec J, Bollag JM (1994) Dehalogenation of chlorinated phenols during
oxidative coupling. Environ Sci Technol 28:484–490.
doi:10.1021/es00052a022

Dietz A, Schnoor JL (2001) Advances in phytoremediation. Environ
Health Perspect 109:163–168. doi:10.2307/3434854

Ding Y, Oldroyd GED (2009) Positioning the nodule, the hormone
dictum. Plant Signal Behav 4:89–93. doi:10.4161/psb.4.2.7693

Doran PM (2009) Application of plant tissue cultures in phytoreme-
diation research: incentives and limitations. Biotechnol Bioeng
103:60–76. doi:10.1002/bit.22280

Doran PM (2011) Hairy root studies in phytoremediation and phyto-
mining. In: Golubev IA (ed) Handbook of phytoremediation.
Nova Science, New York, pp 591–612

Doty SL (2008) Enhancing phytoremediation through the use of trans-
genics and endophytes. New Phytol 179:318–333. doi:10.1111/
j.1469-8137.2008.02446.x

Eapen S, Suseelan KN, Tivarekar S, Kotwal SA, Mitra R (2003)
Potential for rhizofiltration of uranium using hairy root cultures
of Brassica juncea and Chenopodium amaranticolor. Environ
Res 91:127–133. doi:10.1016/S0013-9351(02)0018-X

Gelvin SB (2009) Agrobacterium in the genomics age. Plant Physiol
150:1665–1676. doi:10.1104/pp.109.1398773

Georgiev MI, Agostini E, Ludwig-Muller J, Xu J (2012) Genetically
transformed roots: from plant disease to biotechnological re-
source. Trends Biotechnol. doi:10.1016/j.tibtech.2012.007.001

Georgiev MI, Pavlov AI, Bley T (2007) Hairy root type plant in vitro
systems as sources of bioactive substances. Appl Microbiol Bio-
technol 74:1175–1185. doi:10.1007/s-00253-007-0856-5

Georgiev M, Ludwig-Mueller J, Alipieva K, Lippert A (2011)
Sonication-assisted Agrobacterium rhizogenes-mediated transfor-
mation of Verbascum xanthophoeniceum Griseb. for bioactive
metabolite accumulation. Plant Cell Rep 30:859–866.
doi:10.1007/s00299-010-0981-y

Germaine KJ, Liu X, Garcia Cabellos G, Hogan JP, Ryan D, Dowling
DN (2006) Bacterial endophyte-enhanced phytoremediation of

Appl Microbiol Biotechnol (2013) 97:1017–1030 1027

http://dx.doi.org/10.1016/j.biotech.adv.2009.04.002
http://dx.doi.org/10.1016/j.tibtech.2012.04.004
http://dx.doi.org/10.1042/BA20020079
http://dx.doi.org/10.1042/BA20020079
http://dx.doi.org/0.1016/j.jhazmat.2010.09.028
http://dx.doi.org/0.1016/j.jhazmat.2010.09.028
http://dx.doi.org/10.1016/j.biotech.adv.2011.08.010
http://dx.doi.org/10.1002/bit.10151
http://dx.doi.org/10.1038/nbt960
http://dx.doi.org/10.1021/es980635m
http://dx.doi.org/10.1016/j.jenvman.2012.04.002
http://dx.doi.org/10.1016/S0168-1656(02)00320-6
http://dx.doi.org/10.1002/bit.10795
http://dx.doi.org/10.1007/s10529-11-0785-3
http://dx.doi.org/10.1016/j.biochi.2006.07.003
http://dx.doi.org/10.1186/1746-4811-7-46
http://dx.doi.org/10.1104/pp.014118
http://dx.doi.org/10.1016/j.chemosphere.2008.04.003
http://dx.doi.org/10.1016/j.apsoil.2011.09.003
http://dx.doi.org/10.1021/es00052a022
http://dx.doi.org/10.2307/3434854
http://dx.doi.org/10.4161/psb.4.2.7693
http://dx.doi.org/10.1002/bit.22280
http://dx.doi.org/10.1111/j.1469-8137.2008.02446.x
http://dx.doi.org/10.1111/j.1469-8137.2008.02446.x
http://dx.doi.org/10.1016/S0013-9351(02)0018-X
http://dx.doi.org/10.1104/pp.109.1398773
http://dx.doi.org/10.1016/j.tibtech.2012.007.001
http://dx.doi.org/10.1007/s-00253-007-0856-5
http://dx.doi.org/10.1007/s00299-010-0981-y


the organochlorine herbicide 2,4-dichlorophenoxyacetic acid.
FEMS Microbiol Ecol 57(2):302–310. doi:10.1111/j.1574-
6941.2006.00121.x

Ghodake GS, Telke AA, Jadhav JP, Govindwar SP (2009) Poten-
tial of Brassica juncea in order to treat textile effluent
contaminated sites. Int J Phytorem 11:297–312. doi:10.1080/
15226510802429518

Goldsbrough P (2000) Metal tolerance in plants: the role of phytoche-
latins and metallothioneins. In: Terry N, Banuelos G (eds) Phy-
toremediation of contaminated soil and water. CRC, Boca Raton,
pp 221–233

González PS, Agostini E, Milrad SR (2008) Comparison of the remov-
al of 2,4-dichlorophenol and phenol from polluted water, by
peroxidases from tomato hairy roots, and protective effect of
polyethylene glycol. Chemosphere 70:982–989. doi:10.1016/
j.chemosphere.2007.08.0025

González PS, Capozucca C, Tigier H, Milrad S, Agostini E (2006)
Phytoremediation of phenol from wastewater, by peroxidases of
tomato hairy root cultures. Enzyme Microb Technol 39:647–653.
doi:10-1016/j.enzymictec.2005.11.014

González PS, Maglione GA, Giordana M, Paisio CE, Talano MA,
Agostini E (2012a) Evaluation of phenol detoxification by Bras-
sica napus hairy roots, using Allium cepa test. Env Sci and Pollut
Res 19:482–491. doi:10.1007/s11356-011-0581-6

González PS, Ontañon OM, Armendariz AL, Talano MA, Paisio CE,
Agostini E (2012b) Brassica napus hairy roots and rhizobacteria
for phenolic compounds removal. Environ Sci Pollut R.
doi:10.1007/s11356-012-1173-9

Govindwar SP, Kagalkar AN (2010) The use of hydroponics and plant
tissue culture technologies for dye degradation. In: Phytoreme-
diation technologies for the removal of textile dyes: an overview
and future prospects. Nova Science, New York, pp 29–39

Gujarathi NP, Haney BJ, Park HJ, Wickramasinghe SR, Linden JC
(2005) Hairy roots of Helianthus annuus: a model system to study
phytoremediation of tetracycline and oxytetracycline. Biotechnol
Prog 21:775–780. doi:10.1021/bp0496225

Huang TK, McDonald KA (2012) Bioreactor systems for in vitro
production of foreign proteins using plant cell cultures. Biotech-
nol Adv 30(2):398–409. doi:10.1016/j.biotechadv.2011.07.016

Huber C, Bartha B, Harpaintner R, Schröder P (2009) Metabolism of
acetaminophen (paracetamol) in plants-two independent path-
ways result in the formation of a glutathione and a glucose
conjugate. Environ Sci Pollut Res 16:206–213. doi:10.1007/
s11356-008-0095-z

Hughes JB, Shanks J, Vanderford M, Lauritzen J, Bhadra R (1997)
Transformation of TNT by aquatic plants and plant tissue cultures.
Environ Sci Technol 31:266–271. doi:10.1021/es960409h

Ibáñez SG, Medina MI, Agostini E (2011) Phenol tolerance, changes of
antioxidative enzymes and cellular damage in transgenic tobacco
hairy roots colonized by arbuscular mycorrhizal fungi. Chemo-
sphere 83:700–705. doi:10.1016/j.chemosphere.2011.02.021

Janoušková M, Vosátka M (2005) Response to cadmium of Daucus
carota hairy roots dual cultures with Glomus intraradices or
Gigaspora margarita. Mycorrhiza 15:217–224. doi:10.1007/
s00572-004-0325-2

Kagalkar AN, Jagatap UB, Jadhav JP, Bapat VA, Govindwar SP (2009)
Biotechnological strategies for phytoremediation of the sulphonated
azo dye Direct Red 5B using Blumea malcolmii Hook. Bioresour
Technol 100:4104–4110. doi:10.1016/j.biortech.2009.03.049

Kagalkar AN, Jagatap UB, Jadhav JP, Bapat VA, Govindwar SP, Bapat
VA (2010) Studies on phytoremediation potentiality of Typho-
nium flagelliforme for the degradation of Brilliant Blue R. Planta
232:271–285. doi:10.1007/s00425-010-1157-2

Karthikeyan R, Kulakow PA (2003) Soil plant microbe interactions in
phytoremediation. Adv Biochem Eng Biotechnol 78:52–74.
doi:10.1007/3-540-45991-X-2

Khaitan S, Kalainesan S, Erickson LE, Kulakow P,Martin S, Karthikeyan
R, Hutchinson SLL, Davis LC, Illangasekare TH, Ng’oma C (2006)
Remediation of sites contaminated by oil refinery operations. Envi-
ron Prog 25:20–31. doi:10.1002/ep.10083

Khandare RV, Kabra AN, Tamboli DP, Govindwar SP (2011) The role
of Aster amellus Linn. in the degradation of a sulfonated azo dye
Remazol Red: a phytoremediation strategy. Chemosphere
82:1147–1154. doi:10.1016/j.chemosphere.2010.12.073

Kučerová P, Macková M, Chromá L, Burkhard J, Triska J, Demnerová
K, Macek T (2000) Metabolism of polychlorinated biphenyls by
Solanum nigrum hairy root clone SNC-9O and analysis of trans-
formation products. Plant Soil 225:109–115. doi:10.1023/
A:1026551728196

Kučerová P, Macková M, Poláchová L, Burkhard J, Demnerová K,
Pazlarová J, Macek T (1999) Correlation of PCB transformation
by plant tissue cultures with their morphology and peroxidase
activity changes. Collect Czech Chem Commun 64:1497–1509.
doi:10.1135/cccc19991497

Kučerová P, Wiesche C, Wolter M, Macek T, Zadrazil F, Macková M
(2001) The ability of different plant species to remove polycyclic
aromatic hydrocarbons and polychlorinated biphenyls from incu-
bation media. Biotechnol Lett 23:1355–1359. doi:10.1023/
A:1010502023311

Kuiper I, Lagendijk EL, Bloemberg GV, Lugtenberg BJJ (2004) Rhi-
zoremediation: a beneficial plant–microbe interaction. MPMI
17:6–15. doi:10.1094/MPMI.2004.17.1.6

Kuklinsky-Sobral J, Araújo WL, Mendes R, Geraldi IO, Pizzirani-
Kleiner AA, Azevedo JL (2004) Isolation and characterization
of soybean-associated bacteria and their potential for plant growth
promotion. Environ Microbiol 6(12):1244–1251. doi:10.1111/
j.1462-2920.2004.00658.x

Lodewyckx C, Taghavi S, Mergeay M, Vangronsveld J, Clijsters H,
van der Lelie D (2001) The effect of recombinant heavy metal
resistant endophytic bacteria in heavy metal uptake by their host
plant. Int J Phytoremediation 3:173–187. doi:10.1080/
15226510108500055

Ma Y, Prasad MNV, Rajkumar M, Freitas H (2011) Plant growth
promoting rhizobacteria and endophytes accelerate phytoremedia-
tion of metalliferous soils. Biotechnol Adv 29:248–258.
doi:10.1016/j.biotechadv.2010.12.001

Macková M, Macek T, Kučerová P, Burkhard J, Pazlarová J, Demner-
ová K (1997a) Degradation of polychlorinated biphenyls by hairy
root culture of Solanum nigrum. Biotechnol Lett 19:787–790.
doi:10.1023/A:1018348511978

Macková M, Macek T, Ocenaskova J, Burkhard J, Demnerová K,
Pazlarová J (1997b) Biodegradation of polychlorinated biphenyls
by plant cells. Int Biodeterior Biodegrad 39:317–325.
doi:10.1016/S0964-8305(97)00028-0

Meharg AA, Cairney JWG (2000) Co-evolution of mycorrhizal sym-
bionts and their hosts to metal-contaminated environments. Adv
Ecol Res 30:69–112. doi:10.1016/S0065-2504(08)60017-3

Morita M, Yamazaki T, Kamiya T, Takano H, Fuse O, Manabe E,
Maruta T (2001) Method of decontaminating medium containing
polychlorinated biphenyls or dioxins. US20016303844

Nepovim A, Podlipná R, Soudek P, Schröder P, Vaněk T (2004) Effects
of heavy metals and nitroaromatic compounds on horseradish
glutathione S-transferase and peroxidase. Chemosphere
57:1007–1015. doi:10.1016/j.chemosphere.2004.08.030

Pacurar DI, Thordal-Christensen H, Pacurar ML, Pamfil D, Botez C,
Bellini C (2011) Agrobacterium tumefaciens: from crown gall
tumors to genetic transformation. Physiol Mol Plant Pathol
76:76–81. doi:10.1016/j.pmpp.2011.06.004

Paisio CE, González PS, Gerbaudo A, Bertuzzi ML, Agostini E (2010)
Evaluation of the toxicity of phenol post-removal solutions
obtained with hairy roots treatment. Desalination 263:23–28.
doi:10.1016/j.desal.2010.06.029

1028 Appl Microbiol Biotechnol (2013) 97:1017–1030

http://dx.doi.org/10.1111/j.1574-6941.2006.00121.x
http://dx.doi.org/10.1111/j.1574-6941.2006.00121.x
http://dx.doi.org/10.1080/15226510802429518
http://dx.doi.org/10.1080/15226510802429518
http://dx.doi.org/10.1016/j.chemosphere.2007.08.0025
http://dx.doi.org/10.1016/j.chemosphere.2007.08.0025
http://dx.doi.org/10-1016/j.enzymictec.2005.11.014
http://dx.doi.org/10.1007/s11356-011-0581-6
http://dx.doi.org/10.1007/s11356-012-1173-9
http://dx.doi.org/10.1021/bp0496225
http://dx.doi.org/10.1016/j.biotechadv.2011.07.016
http://dx.doi.org/10.1007/s11356-008-0095-z
http://dx.doi.org/10.1007/s11356-008-0095-z
http://dx.doi.org/10.1021/es960409h
http://dx.doi.org/10.1016/j.chemosphere.2011.02.021
http://dx.doi.org/10.1007/s00572-004-0325-2
http://dx.doi.org/10.1007/s00572-004-0325-2
http://dx.doi.org/10.1016/j.biortech.2009.03.049
http://dx.doi.org/10.1007/s00425-010-1157-2
http://dx.doi.org/10.1007/3-540-45991-X-2
http://dx.doi.org/10.1002/ep.10083
http://dx.doi.org/10.1016/j.chemosphere.2010.12.073
http://dx.doi.org/10.1023/A:1026551728196
http://dx.doi.org/10.1023/A:1026551728196
http://dx.doi.org/10.1135/cccc19991497
http://dx.doi.org/10.1023/A:1010502023311
http://dx.doi.org/10.1023/A:1010502023311
http://dx.doi.org/10.1094/MPMI.2004.17.1.6
http://dx.doi.org/10.1111/j.1462-2920.2004.00658.x
http://dx.doi.org/10.1111/j.1462-2920.2004.00658.x
http://dx.doi.org/10.1080/15226510108500055
http://dx.doi.org/10.1080/15226510108500055
http://dx.doi.org/10.1016/j.biotechadv.2010.12.001
http://dx.doi.org/10.1023/A:1018348511978
http://dx.doi.org/10.1016/S0964-8305(97)00028-0
http://dx.doi.org/10.1016/S0065-2504(08)60017-3
http://dx.doi.org/10.1016/j.chemosphere.2004.08.030
http://dx.doi.org/10.1016/j.pmpp.2011.06.004
http://dx.doi.org/10.1016/j.desal.2010.06.029


Pascal-Lorber S, Despoux S, Rathahao E, Canlet C, Debrauwer L, Laurent
F (2008) Metabolic fate of [14C] chlorophenols in radish (Raphanus
sativus), lettuce (Lactuca sativa), and spinach (Spinacia oleracea). J
Agric Food Chem 56:8461–8469. doi:10.1021/jf8016354

Patil P, Desai N, Govindwar S, Jadhav JP, Bapat V (2009) Degradation
analysis of Reactive Red 198 by hairy roots of Tagetes patula L.
(Marigold). Planta 230:725–735. doi:10.1007/s00425-009-0980-9

Pavli OI, Panopoulos NJ, Goldbach R, Skaracis GN (2010) BNYVV-
derived dsRNA confers resistance to rhizomania disease of sugar
beet as evidenced by a novel transgenic hairy root approach.
Transgenic Res 19:915–922. doi:10.1007/s11248-010-9364-y

Pilon-Smits E (2005) Phytoremediation. Annu Rev Plant Biol 56:15–
39. doi:10.1146/annurev.arplant.56.032604.144214

Prasad MNV (2007) Phytoremediation in India. In: Neil W (ed) Phytor-
emediation—methods and reviews. Humana, Totowa, pp 435–454

Rajkumar M, Sandhya S, Prasad MNV, Freitas H (2012) Perspectives
of plant-associated microbes in heavy metal phytoremediation.
Biotechnol Adv. doi:10.1016/j.biotechadv.2012.04.011

Rajkumar M, Freitas H (2009) Endophytic bacteria and their potential
to enhance heavy metal phytoextraction. Chemosphere 77:153–
160. doi:10.1016/j.chemosphere.2009.06.047

Rezek J, Macek T, Macková M, Triska J (2007) Plant metabolites of
polychlorinated biphenyls in hairy root culture of black night-
shade Solanum nigrum SNC-9O. Chemosphere 69:1221–1227.
doi:10.1016/j.chemosphere.2007.05.090

Rezek J, Macek T, Mackova M, Triska J, Ruzickova K (2008)
Hydroxy-PCBs, methoxy-PCBs and hydroxy–methoxy-PCBs:
metabolites of polychlorinated biphenyls formed in vitro by to-
bacco cells. Environ Sci Technol 42:5746–5751. doi:10.1002/
bit.22038

Rezek J, Macek T, Doubsky J, Mackova M (2012) Metabolites of 2,20-
dichlorobiphenyl and 2,6-dichlorobiphenyl in hairy root culture of
black nightshade Solanum nigrum SNC-9O. Chemosphere
89:383–388. doi:10.1016/j.chemosphere.2012.05.041

Riker AJ (1930) Studies on infectious hairy root of nursery apple trees.
J Agric Res 41:507–540

Rodríguez-Llorente ID, Pérez-Palacios P, Doukkali B, Caviedes MA,
Pajuelo E (2010) Expression of the seed-specific metallothionein
mt4a in plant vegetative tissues increases Cu and Zn tolerance.
Plant Sci 178:327–332. doi:10.1016/j.plantsci.2010.01.011

Sandermann H (1994) Higher plant metabolism of xenobiotics: the
“green liver” concept. Pharmacogenetics 4:225–241

Sandermann H (1992) Plant metabolism of xenobiotics. Trends Bio-
chem Sci 17:82–84. doi:10.1016/0968-004(92)90507-6

Santos de Araujo B, Dec J, Bollag JM, Pletsch M (2006) Uptake and
transformation of phenol and chlorophenols by hairy root cultures
of Daucus carota, Ipomoea batatas and Solanum aviculare. Che-
mosphere 63:642–651. doi:10.1016/j.chemosphere.2005.08.005

Santos de Araujo B, Omena de Oliveira J, Salgueiro Machado S, Plestch
M (2004) Comparative studies of the peroxidases from hairy roots of
Daucus carota, Ipomea batatas and Solanum aviculare. Plant Sci
167:1151–57. doi:10.1016/j.plantsci.2004.06.015

Sas-Nowosielska A, Galimska-Stypa R, Kucharski R, Zielonka U, Mał-
kowski E, Gray L (2008) Remediation aspect of microbial changes
of plant rhizosphere in mercury contaminated soil. Environ Monit
Assess 137(1–3):101–109. doi:10.1007/s10661-007-9732-0

Schnoor JL, Licht LA, McCutcheon SC, Wolfe NL, Carreira LH
(1995) Phytoremediation of organic and nutrient contaminant.
Environ Sci Technol 297:318A–323A. doi:10.1021/es00007a747

Schröder P, Collins CJ (2002) Conjugating enzymes involved in xeno-
biotic metabolism of organic xenobiotics in plants. Int J Phytorem
4:1–15. doi:10.1080/15226510208500086

Schröder P, Daubner D, Maier H, Neustifter J, Debus R (2008) Phytor-
emediation of organic xenobiotics—glutathione dependent detoxifi-
cation in Phragmites plants from European treatment sites. Bioresour
Technol 99:7183–7191. doi:10.1016/j.biortech.2007.12.081

Schröder P, Scheer CE, Diekmann F, Stampfl A (2007) How plants
cope with foreign compounds: translocation of xenobiotic gluta-
thione conjugates in roots of barley (Hordeum vulgare). Environ
Sci Pollut Res 14:114–122. doi:10.1065/espr.2006.10.352

Shibagaki N, Rose A, McDermott J, Fujiwara T, Hayashi H, Yoneyama
T, Davies JP (2002) Selenate-resistant mutants of Arabidopsis
thaliana identify Sultr1;2, a sulfate transporter required for effi-
cient transport of sulfate into roots. Plant J 29:475–486.
doi:10.1046/j.0960-7412.2001.01232.x

Singh S, Melo JS, Eapen S, D’Souza SF (2006) Phenol removal using
Brassica juncea hairy roots: role of inherent peroxidase and
H2O2. J Biotechnol 123:43–49. doi:10.1016/j.jbiotec.2005.10.023

Sinharoy S, Saha S, Chaudhury S, GuptaM (2009) Transformed hairy roots
of Arachis hypogea: a tool for studying root nodule symbiosis in a
non-infection thread legume of the Aeschynomeneae tribe. Mol Plant
Microbe Interact 22(2):132–142. doi:10.1094/MPMI-22-2-0132

Sosa Alderete LG, Ibáñez SG, Agostini E, Medina MI (2012a) Phytor-
emediation of phenol at pilot scale by tobacco hairy roots. Int J
Environ Sci 3(1):398–407. doi:10.6088/ijes.201-2030131038

Sosa Alderete LG, TalanoMA, Ibañez SG, Purro S, Agostini E,Milrad S,
Medina MI (2009) Establishment of transgenic tobacco hairy roots
expressing basic peroxidases and its application for phenol removal.
J Biotechnol 139:273–79. doi:10.1016/j.jbiotec.2008.11.008

Sosa Alderete LG, Agostini E, Medina MI (2011) Antioxidant response of
tobacco (Nicotiana tabacum) hairy roots after phenol treatment. Plant
Physiol Biochem 49:1020–1028. doi:10.1016/j.plaphy.2011.07.009

Sosa Alderete LG, Racagni G, Agostini E, Medina MI (2012b) Phos-
pholipid turnover and phospholipase D activity in tobacco hairy
roots exposed to phenol. Environ Exp Bot 77:141–145.
doi:10.1016/j.envexpbot.2011.11.006

Soudek P, Petrova S, Benesova D, Vanek T (2011) Uranium uptake and
stress responses of in vitro cultivated hairy root culture of Armor-
acia rusticana. Agrochimica 1:15–28

Soudek P, Valenová S, Vavrikova Z, Vaněk T (2006) 137Cs and 90Sr
uptake by sunflower cultivated under hydroponic conditions. J
Environ Radioact 88:236–250. doi:10.1016/j.envrad.2006.02.005

Stachel SE, Messens E, Van Montagu M, Zambryski P (1985) Identi-
fication of signal molecules produced by wounded plant cells that
activate T-DNA transfer in Agrobacterium tumefaciens. Nature
318:624–629. doi:10.1038/318624a0

Stolz A (2001) Basic and applied aspects in the microbial degradation
of azo dyes. Appl Microbiol Biotechnol 56:69–80. doi:10.1007/
s002530100686

Straczek A, Wannijn J, Van Hees M, Thijs H, Thiry Y (2009) Tolerance
of hairy roots of carrots to U chronic exposure in a standardized in
vitro device. Environ Exp Bot 65:82–89. doi:10.1016/
j.envexpbot.2008.03.004

Subroto MA, Priambodo S, Indrasti NS (2007) Accumulation of zinc
by hairy root cultures of Solanum nigrum. Biotechnology 6:344–
348. doi:10.3923/biotech.2007.344.348

Suresh B, Sherkhane PD, Kale S, Eapen S, Ravishankar GA (2005)
Uptake and degradation of DDT by hairy root cultures of Cicho-
rium intybus and Brassica juncea. Chemosphere 61:1288–1292.
doi:10.1016/j.chemosphere.2005.03.086

Taiz L, Zeiger E (2002) Stress physiology. In: Taiz L, Zeiger E (eds)
Plant physiology, 3rd edn. Sinauer, Massachusetts

Talano MA, Frontera S, González P, Medina MI, Agostini E (2010)
Removal of 2,4-diclorophenol from aqueous solutions using to-
bacco hairy root cultures. J Hazard Mater 176:784–91.
doi:10.1016/j.hazmat.2009.11.103

Talano MA, Wevar Oller AL, González PS, Agostini E (2012) Hairy
roots, their multiple applications and recent patents. Recent Pat-
ents Biotechnol 6:115–133. doi:10.2174/10115

Telke AA, Kagalkar AN, Jagtap UB, Desai NS, Bapat VA, Govindwar
SP (2011) Biochemical characterization of laccase from hairy root
culture of Brassica juncea L. and role of redox mediators to

Appl Microbiol Biotechnol (2013) 97:1017–1030 1029

http://dx.doi.org/10.1021/jf8016354
http://dx.doi.org/10.1007/s00425-009-0980-9
http://dx.doi.org/10.1007/s11248-010-9364-y
http://dx.doi.org/10.1146/annurev.arplant.56.032604.144214
http://dx.doi.org/10.1016/j.biotechadv.2012.04.011
http://dx.doi.org/10.1016/j.chemosphere.2009.06.047
http://dx.doi.org/10.1016/j.chemosphere.2007.05.090
http://dx.doi.org/10.1002/bit.22038
http://dx.doi.org/10.1002/bit.22038
http://dx.doi.org/10.1016/j.chemosphere.2012.05.041
http://dx.doi.org/10.1016/j.plantsci.2010.01.011
http://dx.doi.org/10.1016/0968-004(92)90507-6
http://dx.doi.org/10.1016/j.chemosphere.2005.08.005
http://dx.doi.org/10.1016/j.plantsci.2004.06.015
http://dx.doi.org/10.1007/s10661-007-9732-0
http://dx.doi.org/10.1021/es00007a747
http://dx.doi.org/10.1080/15226510208500086
http://dx.doi.org/10.1016/j.biortech.2007.12.081
http://dx.doi.org/10.1065/espr.2006.10.352
http://dx.doi.org/10.1046/j.0960-7412.2001.01232.x
http://dx.doi.org/10.1016/j.jbiotec.2005.10.023
http://dx.doi.org/10.1094/MPMI-22-2-0132
http://dx.doi.org/10.6088/ijes.201-2030131038
http://dx.doi.org/10.1016/j.jbiotec.2008.11.008
http://dx.doi.org/10.1016/j.plaphy.2011.07.009
http://dx.doi.org/10.1016/j.envexpbot.2011.11.006
http://dx.doi.org/10.1016/j.envrad.2006.02.005
http://dx.doi.org/10.1038/318624a0
http://dx.doi.org/10.1007/s002530100686
http://dx.doi.org/10.1007/s002530100686
http://dx.doi.org/10.1016/j.envexpbot.2008.03.004
http://dx.doi.org/10.1016/j.envexpbot.2008.03.004
http://dx.doi.org/10.3923/biotech.2007.344.348
http://dx.doi.org/10.1016/j.chemosphere.2005.03.086
http://dx.doi.org/10.1016/j.hazmat.2009.11.103
http://dx.doi.org/10.2174/10115


enhance its potential for the decolorization of textile dyes. Planta
234:1137–1149. doi:10.1007/s00425-011-1469-x

Trotta AP, Falaschi L, Cornara V, Minganti A, Fusconi A, Drava G, Berta
G (2006) Arbuscular mycorrhizae increase the arsenic translocation
factor in the As hyperaccumulating fern Pteris vittata L. Chemo-
sphere 65(1):74–81. doi:10.1016/j.chemosphere.2006.02.048

Van Aken JM, Yoon JM, Just CL, Schnoor JL (2004) Metabolism and
mineralization of hexahydro-1,3,5-trinitro-1,3,5-triazine (R.DX)
inside poplar tissues (Populus deltoides × nigra DN-34). Environ
Sci Technol 38:4572–4579. doi:10.1021/es049837a

Van Aken JM, Correa PA, Schnoor JL (2010) Phytoremediation of
polychlorinated biphenyls: new trends and promises. Environ Sci
Technol 44:2767–2776. doi:10.1021/es902514d

Van der Zaal BJ, Neuteboom LW, Pinas JE, Chardonnens AN, Schat H,
Verkleij JA, Hooykaas PJ (1999) Overexpression of a novel
Arabidopsis gene related to putative zinc-transporter genes from
animals can lead to enhanced zinc resistance and accumulation.
Plant Physiol 119:1047–1055. doi:10.1104/pp.119.3.1047

Van Nevel L, Mertens J, Oorts K, Verheyen K (2007) Phytoextraction
of metals from soils: how far from practice? Environ Pollut
150:34–40. doi:10.1016/j.envpol.2007.05.024

Vinterhalter B, Savić J, Platiša J, Raspor M, Ninković S, Mitić N,
Vinterhalter D (2008) Nickel tolerance and hyperaccumulation in
shoot cultures regenerated from hairy root cultures of Alyssum
murale Waldst et Kit. Plant Cell Tiss Organ Cult 94:299–303.
doi:10.1007/s11240-008-9343-7

Wayment DG, Bhadra R, Lauritzen J, Hughes JB, Shanks JV (1999) A
transient study of the formation of conjugates during TNT metab-
olism by plant tissues. Int J Phytoremed 1:227–239. doi:10.1080/
15226519908500017

Wevar Oller AL, Agostini E, Talano MA, Capozucca C, Milrad SR,
Tigier HA, Medina MI (2005) Overexpression of a basic perox-
idase in transgenic tomato (Lycopersicon esculentum Mill. cv.
Pera) hairy roots increases phytoremediation of phenol. Plant
Sci 169:1102–1111. doi:10.1016/j.plantsci.2005.07.007

Wevar Oller AL, Agostini E, Milrad SR, Medina MI (2009) In situ and
de novo biosynthesis of vitamin C in wild type and transgenic
tomato hairy roots: a precursor feeding study. Plant Sci 177:28–
34. doi:10.1016/j.plantsci.2009.03.017

Wu S, Zu Y, Wu M (2001) Cadmium response of the hairy root culture
of the endangered species Adenophora lobophylla. Plant Sci
160:551–562. doi:10.1016/j.plantsci.2001.00429-5

Wu G, Kang HB, Zhang XY, Shao HB, Chu LY, Ruan CJ (2010) A
critical review on the bioremoval of hazardous heavy metals from
contaminated soils: issues, progress, eco-environmental concerns
and opportunities. J Hazard Mater 174:1–8. doi:10.1016/
j.jhazmat.2009.09.113

Zhao JL, Zhou LG, Wu JY (2010) Promotion of Salvia miltiorrhiza
hairy root growth and tanshinone production by polysaccharide–
protein fractions of plant growth-promoting rhizobacterium Ba-
cillus cereus. Process Biochem 45:1517–1522. doi:10.1016/
j.procbio.2010.05.034

1030 Appl Microbiol Biotechnol (2013) 97:1017–1030

http://dx.doi.org/10.1007/s00425-011-1469-x
http://dx.doi.org/10.1016/j.chemosphere.2006.02.048
http://dx.doi.org/10.1021/es049837a
http://dx.doi.org/10.1021/es902514d
http://dx.doi.org/10.1104/pp.119.3.1047
http://dx.doi.org/10.1016/j.envpol.2007.05.024
http://dx.doi.org/10.1007/s11240-008-9343-7
http://dx.doi.org/10.1080/15226519908500017
http://dx.doi.org/10.1080/15226519908500017
http://dx.doi.org/10.1016/j.plantsci.2005.07.007
http://dx.doi.org/10.1016/j.plantsci.2009.03.017
http://dx.doi.org/10.1016/j.plantsci.2001.00429-5
http://dx.doi.org/10.1016/j.jhazmat.2009.09.113
http://dx.doi.org/10.1016/j.jhazmat.2009.09.113
http://dx.doi.org/10.1016/j.procbio.2010.05.034
http://dx.doi.org/10.1016/j.procbio.2010.05.034

	Application of hairy roots for phytoremediation: what makes them an interesting tool for this purpose?
	Abstract
	Introduction
	HRs to improve phytoremediation research
	Organic pollutants uptake and metabolism
	Application of HRs to study uptake, metabolism, and removal of organic pollutants
	Inorganic pollutants uptake and metabolism
	Application of HRs for inorganic pollutants remediation
	Understanding plant–microbe interactions for phytoremediation: studies using HRs

	Conclusion
	References


