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Abstract Significant progress has been made in recent
years in enhancing the ability of plants to tolerate, remove,
and degrade pollutants. Plant root remediation of contami-
nated soils and groundwater shows great potential for future
development due to its environmental compatibility and
cost-effectiveness. Hairy roots are disease manifestations
developed by plants that are wounded and infected by Agro-
bacterium rhizogenes. The application of transgenic hairy
roots in phytoremediation has been suggested mainly
because of their biochemical resemblance to the roots of
the plant from which they are derived. The application of
genetic engineering has greatly augmented removal rates of
hazardous pollutants. In addition, the rhizospheric bacteria
that live on or around plant hairy roots also lead to improved
tolerance to normally phytotoxic chemicals and increased
removal of pollutants. This paper provides a broad overview
of the evidence supporting the suitability and prospects of
hairy roots in phytoremediation of organic pollutants and
heavy metals.
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Introduction

Rapid industrialization has resulted in the release of large
amounts of potentially toxic compounds into the biosphere,

which cause toxicity to all living organisms. Nowadays,
preventing the release of toxins into the environment is of
primary concern (Krämer and Chardonnens 2001). Recog-
nition of the ecological and human or animal health hazards
of pollutants has led to development of various technologies
for remediation. Conventional methods, including incinera-
tion, irradiation, solvent extraction, microbial degradation,
chemical oxidation and activated carbon adsorption, are
currently applied to remove pollutants from wastewaters.
However, these methods have certain disadvantages, such
as low efficiency and high cost, or generation of products
that are even more toxic than the original pollutants (Oller et
al. 2005; Eapen and Souza 2005). Consequently, the devel-
opment of efficient and reliable technologies for the clean-
up of such contaminated industrial wastewaters before
discharge into the environment is of great importance. Phy-
toremediation is a newly evolving field of science and
technology that uses plants to clean-up polluted soil, water,
and air using energy from sunlight (Meaghe 2000; Doty
2008). Its primary advantage is that it is approximately ten
times less expensive, and is safer, than conventional strate-
gies (Doty 2008). Phytoremediation has been used to treat a
variety of pollutants. Pollutants can be remediated in plants
through several natural physiological and biochemical pro-
cesses (Meaghe 2000). The genes involved in the metabo-
lism of chemical compounds can be isolated from various
organisms, including bacteria, fungi, animals, and plants,
and these genes are then introduced into candidate plants.
With the help of genetic engineering, plants can be used to
extract, sequester, and/or detoxify a wide variety of aqueous
contaminants. Phytoremediation is viewed widely as the
ecologically responsible alternative to the environmentally
destructive physical remediation methods currently prac-
ticed (Meaghe 2000) Table 1.

Among different biological systems used in investigating
remediation processes, hairy root cultures are considered a
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remarkably valuable research tool (Zhou et al. 2011; Kang et
al. 2011). Hairy roots develop as the consequence of the
interaction between Agrobacterium rhizogenes—a Gram
negative soil bacterium—and the host plant (Fig. 1). This
transformation process leads to the emergence of “hairy
roots” at the site of infection of the plant (Zhou et al.
2011). Hairy root cultures are isolated model systems with
specific advantages, such as genetic and biochemical stabil-
ity, rapid growth in dilute hormone-free medium under
defined aseptic conditions, low costs of implementation,
and easy maintenance, independence from other plant organs
and from the microbiota, and the possibility of development
in industrial bioreactor models (Oller et al. 2005). Hairy root
cultures have proved to be excellent model systems in which
to study phytoremediation, including several strategies of
action, such as phytoextraction, phytodestabilization, as well
as rhizofiltration of organic and inorganic pollutants (Santos
de Araujo et al. 2002). Furthermore, growth and mainte-
nance of such cultures is a cheap and straightforward proce-
dure that allows studies to be carried out without the
interference of microbiota (Santos de Araujo et al. 2002).
Thus, hairy roots can contribute to developing methods for
phytoremediation and to our understanding of the mecha-
nisms involved in the removal, containment or decomposi-
tion of a wide variety of pollutants, such as elemental and
organic pollutants. In addition, the genes involved in the

metabolism of chemical compounds can be isolated from
various organisms, including bacteria, fungi, plants, and
animals, and these genes are then introduced into candidate
plants that produce hairy root. The overexpression of these
genes is required to enhance these natural properties. This
review begins by first examining recent advances in enhanc-
ing phytoremediation through transgenic plant hairy root
research and through the use of symbiotic endophytic micro-
organisms within plant roots.

Mechanisms of Root Remediation

Pollutants can be remediated in plant roots through several
natural biophysical and biochemical processes: adsorption,
transport and translocation; hyperaccumulation; or transfor-
mation and mineralization (Meaghe 2000) Fig. 2. Root surfa-
ces specifically developed for uptake of elemental nutrients
from soil and solutions have very large surface areas. Roots
are the main organ to have contact with environmental pollu-
tants and are also the site where the first reactions against the
pollutant take place, among these production of bioactive
molecules, e.g., enzymes such as laccases and peroxidases
(Talano et al. 2006). During the process of adsorption, root
surfaces bind many elemental pollutants as well as nutrients.
Sunflower roots concentrate uranium 30,000-fold from

Table 1 Selected examples of plant hairy roots used to remediate pollutants

Plant hairy roots Pollutant Effect References

Organic pollutants

Catharanthus roseus 2,4,6-trinitrotoluene Metabolism Hughs et al. 1997; Bhadra et al. 1999

Carrot Phenols Metabolism Santos de Araujo et al. 2002

Tomato Phenols Remediation Talano et al. 2003; Oller et al. 2005;
Paisio et al. 2010

Nicotiana tabacum Tetracycline, oxytetracycline Phytodegradation Gujarathi et al. 2005

2,4-Dichlorophenol Phytodegradation Talano et al. 2010

Phenols Metabolism Alderete et al. 2011; Ibáňez et al. 2011
Cichorium intybus Brassica juncea 1,1,1-trichloro-2,2-bis-

(40-chlorophenyl)ethane (DTT)
Phytodegradation Suresh et al. 2005

Brassica juncea Phenols Metabolism Singh et al. 2006

Methyl orange decolorization Ghodake et al. 2009; Telke et al. 2011

Brassica napus Phenols Metabolism Coniglio et al. 2008; González et al. 2012

Tagetes patula Reactive Red 198 Phytodegradation Patil et al. 2009

Metals

Thlaspi caerulescens Cd Uptake Nedelkoska and Doran 2000

Boominathan and Doran 2003a

Alyssum bertolonii Ni Uptake Boominathan and Doran 2003b

Chenopodium amaranticolor Uranium Uptake Eapen et al. 2003

Brassica juncea Uranium Uptake Eapen et al. 2003

Carrot hairy root colonized with
AMF Glomus intraradices

Cd Metabolism Janoušková and Vosátka 2005
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contaminated water (Dushenkof et al. 1997). Similarly, tobac-
co roots exposed to low concentrations of ionic mercury
(Hg2+) in liquid medium lowered the Hg2+ concentration of
the medium nearly 100-fold in a matter of hours (Heaton et al.
1998). Indian mustard (Brassica juncia) can rapidly concen-
trate Cd2+, Ni2+, Pb2+, and Sr2+ into root tissues at levels 500-
times greater than those in the liquid medium (Meaghe 2000).
Root surfaces are characterized by the presence of high affin-
ity chemical receptors. Although research into the molecular
physiology of root transport systems for elemental nutrients
and pollutants is still in its infancy, excellent initial informa-
tion is available on two related subfamilies of zinc transporter
(ZIP) proteins that are involved in Zn2+ and Fe2+ uptake (Eng
et al. 1998; Guerinot and Eide 1999). The metals are trans-
ported across the root cell membranes into the symplast. Roots
of the zinc hyperaccumulator Thlaspi caerulescens contain
more zinc transporters per gram fresh weight than the non-
accumulator Thlaspi arvense (Lasat et al. 1996).

Plant roots secrete large quantities of citrate into their
rhizosphere and again take up less Al3+. The capacity of
citrate to block Al3+ uptake has been confirmed indepen-
dently in transgenic tobacco and papaya plants that over-
express a bacterial gene for citrate synthetase (De la Fuente
et al. 1997). Citrate synthetase is a Kreb’s cycle enzyme that
combines an acetyl group and oxaloacetic acid to form
citrate. The excess citrate in these transgenic plants is se-
creted into the growth medium and provides even greater
resistance to A13+ toxicity (Meaghe 2000). In contrast to
the behavior of citrate, most organic chelators increase
metal ion uptake and translocation in plants. In response
to nutrient metal ion deficiencies, plants root secrete
phytosiderophores such as mugenic and avenic acids
(Meaghe 2000). These metal-chelators increase the bio-
availability of metals that are otherwise tightly bound to
the soil and help to carry them into plant tissues. Syn-
thetic chelators, such as ethylene diamine tetra-acetic acid

Fig. 1 Development of hairy
root cultures (a) and plant roots
(b). a1 and (b2 Aseptic
cultivation of plants on
hormone medium; b Pre-culture
wounded plant tissues inoculat-
ed with Agrobacterium rhizo-
genes. c After 2–3 weeks, roots
emerge at the wounding site
and surrounding area. d Hairy
roots (characterized by fast
hormone-free growth, lack of
geotropism, lateral branching
and genetic stability) and plant
root (b3) are excised to be cul-
tured individually on selective
and free hormone solid culture
medium. e and b4 Gus staining
of putative positive lines. f and
b5 Genetic analysis to confirm
the bacteria free hairy root
clone. g Each positive clone is
then transferred to liquid culture
medium for obtaining estab-
lished hairy roots

Root enzymes

Chelators

Transporter

Bacterial and 
fungal enzyme

TNTHADNT

Absorption

Fig. 2 Molecular mechanisms
likely to be involved in
remediation of pollutants by
plant roots. TNT 2,4,6-
trinitrotoluene; HADNT 2, 4-
hydroxy dinitrotoluene
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(EDTA), can mimic these effects. Thus, in contrast to the
role of citric acid in reducing aluminum uptake, plants
altered to increase their secretion of particular organic
acids will probably demonstrate increased uptake and
translocation of metal pollutants.

Another natural mechanism that offers exciting phytore-
mediation possibilities is the transformation in the rhizo-
sphere of toxic elements into relatively harmless forms.
Many elements (e.g., arsenic, mercury, iron, selenium, chro-
mium) can exist in a variety of states, including different
cationic and oxyanionic species and thio- and organo-
metallics. These forms vary widely in their transport and
accumulation in plants and in their toxicity to humans and
other life forms (Meaghe 2000). The bacterial merB gene
encodes an organomercurial lyase that degrades MeHg to
methane and Hg2+. This gene is expressed only in bacteria
in conjunction with merA so that the final product of the
bacterial mer operon is always Hg. Plant expression of merA
and merB together produces tolerance of 50 times greater
concentrations of MeHg than is required to kill controls
plants, and 5 times greater than concentrations that kill merB
plants (Bizily et al. 2000).

Organic pollutants can potentially be degraded chemical-
ly and ultimately mineralized into harmless biological com-
pounds. The complex physiology and biochemistry of plant
roots gives plants great potential as remediators of toxic
organic pollutants. The best-characterized system involves
a family of ATP-binding cassette (ABC) transporters often
called the glutathione-S-conjugate pump. This system rec-
ognizes oxidized diglutathione (GS-SG), glutathione conju-
gates of organics, conjugates of diverse high-molecular-
weight toxic organic xenobiotics, and peptide–metal com-
plexes such as phytochelatins (Lu et al. 1998). The accumu-
lation of toxic organics in plant vacuoles should favor their
subsequent degradation. Plants can degrade nitroaromatic
compounds (2,4,6-trinitrotoluene, TNT) that are highly tox-
ic and carcinogenic, and notoriously difficult to metabolize.
For example, hairy root cultures of Catharanthus roseus
were capable of degrading most of the 25 ppM of TNT
added to culture medium within a few days (Bhadra et al.
1999). Phytochelatins play a major role in metal detoxifica-
tion in plants. It has been demonstrated that the phytochelatin
synthase gene is induced by 20 μM CdSO4, CuSO4, and
ZnSO4 in Pyrus betulaefolia Bunge (Chang et al. 2012). Over-
expression of a phytochelatin synthase gene in plant could be a
good method to improve phytoremediation efficiency.

Hairy Root Remediation of Organic Pollutants

Organic pollutants can potentially be degraded and ulti-
mately mineralized into harmless biological compounds.
The complex physiology and biochemistry of plant roots

gives plants great potential as remediators of toxic organic
pollutants. Aromatic compounds, such as phenols, are in-
cluded in the major classes of hazardous pollutants because
of their carcinogenicity, recalcitrance to degradation and
high toxicity. They are common synthetic contaminants in
the effluents of a wide variety of industrial activities, e.g., coal
conversion, petroleum refining, pulp and paper manufactur-
ing, wood preservation, metal casting, resins and plastic pro-
duction, among others (Wu et al. 1993; Miland et al. 1996).

Phenol and its chlorinated derivatives are used in the
formulation of insecticides, herbicides and fungicides and
can be found as toxic pollutants in industrial wastes and
represent a potential danger to human health. Current meth-
ods for removal of phenols include solvent extraction, ad-
sorption on activated carbon, chemical oxidation and also
microbial degradation. Transformed carrot hairy roots were
able to remove more than 90 % of the exogenous phenolic
compounds from the culture medium within 120 h of treat-
ment. Metabolism of these compounds occurred in the root
tissue and was accompanied by an increase in peroxidase
activity (Santos de Araujo et al. 2002). Plant peroxidases are
localized mainly in cell walls and vacuoles. Peroxidases in
the cell wall are very important in detoxification processes,
because they are likely to be responsible for the formation of
covalent links between hydroxylated pollutants and metab-
olites and plant cell wall polymers to form so-called ‘inex-
tricably bound residues’ (Oller et al. 2005). One of the goals
of phytoremediation with respect to peroxidases is to
enhance the capacity of plant cells to lock pollutants into
the bound residues. Hairy roots of tomato naturally contain
high levels of peroxidases, and consequently are capable of
removing phenols (Talano et al. 2003). After phenol treat-
ment, peroxidase activity of tomato hairy root extracts
decreased and isoenzyme patterns were affected. Neutral
and basic peroxidases isoenzymes were slightly inactivated
while the activities of acidic peroxidase isoenzymes
remained unchanged. Removal assays and kinetic studies
performed using root extracts and purified peroxidases sug-
gest that basic peroxidase isoenzymes are the main perox-
idases implicated in removal processes and that these could
be inactivated during the treatment (González et al. 2006).
However, Coniglio and his colleagues demonstrated that acid-
ic peroxidase showed higher affinity and catalytic efficiency
for phenol as substrate than neutral and basic peroxidases in
Brassica napus hairy root cultures (Coniglio et al. 2008).

The overexpression of tpx1 (tomato peroxidase 1, pI 9.6)
correlated with higher in vivo and in vitro peroxidase activ-
ity in crude extracts of transgenic hairy root clones than in
those of the wild type culture. Furthermore, peroxidase
zymograms of transgenic clones showed higher activity of
a band with pI 9.6 in the fraction ionically bound to cell wall
proteins. Consequently, tomato hairy root cultures overex-
pressing tpx1 increase phenol removal from aqueous solutions
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(Oller et al. 2005). Hairy root cultures of Brassica juncea also
showed the highest potential for phenol removal without the
need for external addition of H2O2 (co-substrate).

It was revealed that, besides peroxidase, B. juncea hairy
roots also produce H2O2 (Singh et al. 2006). Coniglio and
his colleagues showed that roots were able to remove phenol
concentrations up to 500 mg/L in the presence of H2O2,
reaching high removal efficiency (Coniglio et al. 2008). B.
napus hairy root cultures removed the contaminant with
high efficiency (100–80 % for phenol solutions containing
10–250 mg/L, respectively) (González et al. 2012). Peroxi-
dase genes (tpx1 and tpx2) overexpressed in Nicotiana
tabacum hairy roots showed higher phenol removal efficien-
cy than wild type hairy roots after 120 h of phenol treatment
at the expense of endogenous H2O2 (Alderete et al. 2011).
Rapeseed and tomato hairy roots were used to remove
phenol efficiently (100–250 mg/L) from aqueous solutions;
removal efficiencies were 95–80 % and 60–70 % for rape-
seed and tomato hairy root, respectively.

Addition of polyethylene glycol (PEG-3350) to the reac-
tion medium significantly enhanced removal efficiency of
rapeseed hairy root, reaching values of 98–88 % (González
et al. 2008; Paisio et al. 2010). 2,4-Dichlorophenol (2, 4-
DCP) is harmful for aquatic life and human health, thus
there have been many attempts to remove it ysing innocuous
technologies. Tobacco hairy root cultures removed 2,4-DCP
in a short time and with high efficiency (98 %, 88 % and
83 %) for solutions initially containing 250, 500 and
1,000 mg/L, respectively. The highest efficiency for 2,4-
DCP (500 mg/L) removal was reached at 60 min and using
10 mM H2O2. Moreover, hairy roots could be re-used,
almost for three consecutive cycles. The diminution of pH
and the increase of chloride ions in post-removal solutions
suggested that 2,4-DCP dehalogenation was mediated by
peroxidases (Talano et al. 2010).

Root remediation has been recognized as a cheap and
eco-friendly technology that could be used for the remedi-
ation of other organic pollutants other than phenol and its
chlorinated derivatives. Hairy root cultures of Helianthus
annuus (sunflower) catalyzed the rapid disappearance of
tetracycline (TC) and oxytetracycline (OTC) from aqueous
media, which suggests that roots have potential for phytor-
emediation of these two antibiotics in vivo (Gujarathi et al.
2005). Earlier studies have demonstrated rapid dye degrad-
ing abilities in Brassica juncea as compared with other
plants (Ghodake et al. 2009), where they mediated 79 %
decolorization of textile effluent. Dye decolorization using
Brassica juncea is associated with the involvement of intra-
cellular laccase (Ghodake et al. 2009). Hairy roots of
Tagetes patula L. (Marigold) were able to remove Reactive
Red 198 concentrations up to 110 mg/L and could be used
successively for at least five consecutive decolorization
cycles. GC–MS analysis showed that Reactive Red 198

was degraded into non-toxic metabolites such as 2-
aminonaphthol, p-aminovinylsulfone ethyl disulfate and 1-
aminotriazine, 3-pyridine sulfonic acid (Patil et al. 2009).
Hairy root cultures of B. juncea showed 92 % decolorization
of Methyl orange within 4 days. Of the different redox medi-
ators that were used to achieve enhanced decolorization, 2,20-
azinobis, 3-ethylbenzothiazoline-6-sulfonic acid (ABTS) was
found to be the most efficient (Telke et al. 2011).

DDT (1,1,1-trichloro-2,2-bis-(40-chlorophenyl) ethane)
has been used widely for pest control because of its cost
effectiveness, broad spectrum activity, high residual biolog-
ical activity, and ease of formulation. However, exposure to
DDT results in increased risk of cancer and endocrine dis-
ruption; and the environmental persistence and water insol-
ubility of this insecticide finally led to a worldwide ban on
its use (Turusov et al. 2002). Considering the potential
negative effects, it is necessary to address the environmental
persistence of this insecticide and to look for effective
methods of remediation. Previous investigations have demon-
strated that hairy roots derived from different plant species
could be used for the treatment of several pesticide contami-
nants such as DDT (Suresh et al. 2005), and nitroaromatic
compounds such as 2,4-dinitrotoluene, 2,4,6-trinitrotoluene
(TNT) and aminotoluenes (Nepovim et al. 2004). Hairy root
cultures of Cichorium intybus and Brassica juncea were used
for their ability to uptake and degrade DDT. After 24 h of 14C
DDT treatment, only 12–13 % of the total applied radioactiv-
ity was detected in the culture medium, indicating the efficient
uptake of DDT by the hairy roots (Suresh et al. 2005).

Catharanthus roseus hairy root cultures were able to
degrade the explosive TNT to further metabolites (Hughs
et al. 1997). Although our basic knowledge of the degrada-
tion of organic pollutants by plants lags far behind that of
animals and bacteria, plants can transform and mineralize a
wide variety of complex organics. These endogenous activ-
ities result from the ability of plants to synthesize, rearrange,
and detoxify the most complex array of biochemicals and
biopolymers of any living organisms, including complex
carbohydrates such as cellulose and lignin.

Hairy Root Remediation of Heavy Metals

Since the industrial revolution, anthropogenic impacts have
caused the release of more and more hazardous heavy met-
als into the environment. Unlike other organic pollutants,
hazardous heavy metals are indestructible, as they cannot be
degraded chemically or biologically. Even worse, some
heavy metals can concentrate in the food chain and eventu-
ally accumulate in the human body because we are at the top
of the food chain (Wu et al. 2010). The exploitation of plants
to remove toxic heavy metals from the environment is
currently of considerable commercial interest. Methods for
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phytoremediation depend on the ability of plants to accu-
mulate large quantities of metals in their tissues. In some
cases, hyperaccumulation has been linked to the efficient
transport of metals across the plasma membrane or into the
vacuole of plant cells (Boominathan and Doran 2003a). Of
particular interest for phytoremediation are the approximate-
ly 400 plant species known to hyperaccumulate heavy met-
als (Brooks et al. 1998).

Genetically transformed hairy root cultures have been
established for a range of plant species, and applied in
studies of the growth and accumulation of heavy metals.
Cadmium (Cd) is a significant heavy metal pollutant from
various anthropogenic activities, including use of fertil-
izers, sewage sludge, and compost, and from the mining,
smelting, and electroplating industries. Many studies have
demonstrated that Cd taken up by plants accumulates at higher
concentrations in the roots than in the leaves, including in
hyperaccumulators (Seregin and Ivanov 2001).

Thlaspi caerulescens is a recognized hyperaccumulator
of metals. Cd levels in live T. caerulescens roots were 1.5-
to 1.7-fold those in hairy roots of non-hyperaccumulator
species exposed to the same Cd concentration (Nedelkoska
and Doran 2000). Thlaspi caerulescens roots were found to
grow at Cd concentrations of up to 890 μM, whereas non
hyperaccumulator roots did not survive 178 μM. In the
absence of Cd, endogenous activities of catalase were two
to three orders of magnitude higher in T. caerulescens than
in N. tabacum (non Cd hyperaccumulator). T. caerulescens
roots also contained significantly higher endogenous super-
oxide dismutase activity and glutathione concentrations.
These results showed that superior antioxidative defenses,
particularly catalase activity, may play an important role in
the hyperaccumulator phenotype of T. caerulescens (Boo-
minathan and Doran 2003a). However, hairy roots of T.
caerulescens contained high constitutive levels of citric,
malic and malonic acids. Growth of T. caerulescens hairy
root was severely reduced in the presence of diethylstilbes-
trol (DES)—an inhibitor of plasma membrane H+-ATPase.
The mechanisms of Cd tolerance and hyperaccumulation in
T. caerulescens hairy roots are capable of withstanding the
effects of plasma membrane depolarization and organic
acids (Boominathan and Doran 2003b).

The mechanism of nickel (Ni) tolerance and hyperaccumu-
lation in Alyssum bertolonii hairy roots is also associated with
organic acids (Boominathan and Doran 2003b). A. bertolonii
hairy root cultures accumulated the highest Ni contents in the
biomass after exposure to 20 ppM Ni for up to 9 h. Ni uptake
was relatively slow, with 5–7 h being required to achieve
equilibrium conditions, suggesting the involvement of intra-
cellular processes in Ni accumulation and/or detoxification.
Similar Cu levels were accumulated by Hyptis capitata hairy
roots. The initial uptake of Cu by hairy roots of H. capitata
species occurs mainly by ion-exchange at the cell walls. In

contrast, Ni uptake by hairy roots of A. bertolonii is slower
and biphasic, consistent with the involvement of intracellular
processes in Ni accumulation (Nedelkoska and Doran 2000).
Furthermore, regenerated plants of Alyssum tenium were
much more tolerant of Ni and capable of accumulating higher
Ni concentrations than hairy roots of this species (Nedelkoska
and Doran 2001). Due to their highly branched nature, trans-
formed roots have a large surface area in comparison with
control roots. Transformed hairy roots of Brassica juncea
were able to translocate 100 % of the uranium from the
solution to the roots at 1,000 μM uranium, while Chenopo-
dium amaranticolor was restricted to 500 μM concentrations
(Eapen et al. 2003). The results indicated that hairy roots of B.
juncea and C. amaranticolor could remove uranium from the
aqueous solution over a period of 10 days.

Heavy metals make a significant contribution to environ-
mental pollution as a result of human activities such as
mining, melting, electroplating, energy and fuel production,
power transmission, intensive agriculture, sludge dumping,
and military operations. Some heavy metals, e.g., Mn, Fe,
Cu, Zn, Mo and Ni, are essential or beneficial micronu-
trients for microorganisms, plants and animals. However,
at high concentrations, all heavy metals have strong toxic
effects and are an environmental threat. Hairy root cultures
are a convenient experimental device for assessing the ca-
pacity and mechanisms of heavy metal uptake by plant
species with potential for phytoremediation.

Arbuscular Mycorrhizal Fungi-Assisted Hairy Root
Remediation

Although most research on endophytes that assist phytore-
mediation has focused on bacteria, the arbuscular mycorrhi-
zas (AMs) are also involved in uptake of elements into
plants (Fig. 2). Mycorrhizas are fungi that associate inti-
mately with plant roots, increasing uptake of nutrients,
especially phosphorus. AM fungi (AMF) can increase arse-
nic uptake in the hyperaccumulating fern Pteris vittata
(Trotta et al. 2006). It is possible that mycorrhizas increase
the uptake of arsenate, although the root arsenic concentration
was low. Reduction of root growth is the first macroscopic
symptom of Cd toxicity to plants. Plant resistance to Cd
excess in soils can be achieved by mechanisms contributing
either to the avoidance or to the tolerance of internal Cd stress.
Among other factors, the symbiosis with AMF has been
suggested to confer benefit to plants growing in soils with
toxic Cd concentrations, though its contribution to plant re-
sistance and the underlying mechanisms are as yet unclear
(Meharg and Cairney 2000). Carrot hairy root growth was
inhibited by higher Cd levels (4 mg/L). The inhibition was,
however, significantly lower in treatments inoculated with
AMF Glomus intraradices compared to the non-inoculated
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control. These results showed that AMF G. intraradice can
alleviate Cd-induced growth inhibition to carrot hairy roots
(Janoušková and Vosátka 2005). Overexpression of tpx1 in
tobacco hairy roots colonized with an AMF has an efficient
protective effect against phenol-induced oxidative damage
(Ibáňez et al. 2011). 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 phytoremediation potential.

Concluding Remarks

Most studies of hyperaccumulation have been carried out
using whole plants grown either in soil or hydroponically.
For investigation of the mechanisms and metabolic
responses of hyperaccumulators rather than their agronomic
characteristics, there are advantages associated with alterna-
tive plant cultivation systems. In vitro culture of organs such
as roots allows indefinite propagation and experimentation
using tissues derived from the same plant, thus avoiding the
effects of variability between individual specimens. Hairy
root cultures, induced by Agrobacterium rhizogenes infec-
tion, have been established from a wide variety of plant
species. Hairy root cultures accumulate phytochemicals to
levels comparable to those of intact plants and are usually
stable in their biosynthetic capacity (Zhou et al. 2011).
Currently, hairy roots remediation methods have been in-
vestigated mainly in laboratory studies under well-defined
conditions. Further full-scale demonstrations are required and
cost-effectiveness analysis should be conducted to assess the
applicability. However, successful phytoremediation may al-
so require a more complex system-wide approach that com-
bines many of these single methodologies.

Practical applications of hairy root remediation will require
the analysis of the following topics: (1) further elucidation of
the molecular mechanisms of pollutant tolerance and accumu-
lation, particularly where and how pollutants are translocated
and stored in plants or hairy roots. The emerging ‘omic’ tech-
nologies to identify the molecular changes in plant cells ex-
posed to pollutants will expand knowledge and help in
selection of suitable genes for incorporation into plants to
improve their detoxification potential; one such example is
the glutamyl cysteine synthetase gene (Sengupta et al. 2012).
Since a great deal of sequence information from various organ-
isms is now available, serial analysis of gene expression and
microarray approaches can be used to identify genes directly
involved in pollutant metabolism. Furthermore, environmental
metagenomic data from soil and sea can be a useful source of
genes. Using genetic and biochemical methods, it should be
possible to clone the genes involved in remediation of both
types of pollutants, and combine them in transgenic plants or

hairy roots. (2) In addition, the combination of plant hairy
roots to remove or degrade toxic pollutants, and rhizospheric
microorganisms to enhance the availability of hydrophobic
compounds, could break down many types of toxic foreign
chemicals. Appropriate use of transgenic plant hairy roots and
bacteria in the rhizosphere could provide a reliable means for
enhancing hairy root remediation of contaminated environ-
ments and may overcome the current limitations such as
detoxification and absorption efficiency of hairy root remedi-
ation. (3) In particular, more quantitative data from mass-
balance studies are needed to determine the rate-limiting steps
in the hairy root remediation of organic pollutants. Once the
rate-limiting steps in uptake, transport, or transformation have
been identified, more informed construction of transgenic
plant hairy roots expressing plant, animal, or bacterial genes
will result in dramatic improvements in hairy roots remedia-
tion capabilities. Although many challenges still remain for
industrial applications of hairy root cultures, the immediate
future of this diverse system, especially for laboratory scien-
tists, is still promising and abound with possibilities.
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