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Removal of copper from aqueous solutions by rhizofiltration using genetically
modified hairy roots expressing a bacterial Cu-binding protein
Patricia Pérez-Palaciosa, Elizabeth Agostinib, Sabrina G. Ibáñezb, Melina A. Talanob,
Ignacio D. Rodríguez-Llorente a, Miguel A. Caviedes a and Eloísa Pajuelo a

aDepartamento de Microbiología y Parasitología, Facultad de Farmacia, Universidad de Sevilla, Sevilla, Spain; bDepartamento de Biología
Molecular, FCEFQyN, Universidad Nacional de Río Cuarto, Córdoba, Argentina

ABSTRACT
The aim of this work was to develop a biotechnological tool to hyperaccumulate high copper (Cu)
concentrations from wastewaters. Transgenic tobacco hairy roots were obtained by expressing,
either the wild-type version of the gene copC from Pseudomonas fluorescens in the cytoplasm of
plant cells (CuHR), or a modified version targeted to the vacuole (CuHR-V). Control hairy roots
transformed with the empty vector (HR) were also generated. The roots were incubated in the
presence of solutions containing Cu (from 1 to 50 mM). At 5 mM external copper, transgenic
hairy roots accumulated twice the amount of copper accumulated by control hairy roots.
However, at 50 mM Cu, accumulation in both transgenic and control roots reached similar
values. Maximum Cu accumulation achieved by transgenic hairy roots was 45,000 µg g−1 at
50 mM external Cu. Despite the high Cu accumulation, transgenic hairy roots, particularly CuHR-
V, showed less toxicity symptoms, in correlation with lower activity of several antioxidant
enzymes and lower malondialdehyde (MDA) levels. Moreover, CuHR-V roots displayed low values
of the oxidative stress index (OSI) – a global parameter proposed for oxidative stress – indicating
that targeting CopC to the vacuole could alleviate the oxidative stress caused by Cu. Our results
suggest that expressing copC in transgenic hairy roots is a suitable strategy to obtain
Cu-hyperaccumulator hairy roots with less toxicity stress symptoms.

Abbreviations: APX: ascorbate peroxidase; ATSDR: Agency for Toxic Substances and Disease
Registry (U.S.); BCF: bioconcentration factor; CuHR: copper-hairy roots; EDTA: ethylenediamine
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tetracetic acid; EPA: Environmental Protection Agency (U.S.); GSH: glutathione; HM: heavy metals;
HR: control hairy roots; ICP-OES: Inductively Coupled Plasma/Optical Emission Spectrometry;
MDA: malondialdehyde; NBT: nitroblue tetrazolium; OD: optical density; OSI: oxidative stress
index; PCR: polymerase chain reaction; PVP: polyvynilpirrolidone; PX: peroxidase; ROS: reactive
oxygen species; SOD: superoxide dismutase

1. Introduction

The generation of huge volumes of wastewaters due to
increasing industrialization poses a great risk to human
health and the environment. Among the contaminants,
heavy metals (HM) and metalloids are highly toxic and
their presence in water, even in trace amounts, can
cause serious health problems to organisms. Moreover,
HM bioaccumulation in the food chain can be dangerous
to human health [1]. Copper (Cu), one of the most toxic
metals, affects plant growth, wildlife and human health.
For this reason, the threshold for Cu concentration in
drinking water is established as 1.3 mg L−1 by the
Environmental Protection Agency (U.S.) (EPA), so that
special strategies to reduce its quantity are needed [2].
Since HM cannot be degraded neither destroyed, reme-
diation techniques allow separating them from aqueous
solutions for convenient disposal [3–4]. In this context,
phytoremediation has emerged as a suitable green
methodology to clean up contaminated environments,
showing a great potential due to its environmental com-
patibility and cost-effectiveness [5]. In particular, rhizofil-
tration uses plants to absorb pollutants, such as HM, from
water streams. In this sense, sunflower was used for
absorption of uranium, cesium and strontium after the
Fukushima nuclear disaster [6] and water hyacinth and
Lemna spp. were widely used for rhizofiltration [7,8].
The success of metal phytoremediation relays on the
existence of metal hyperaccumulators, species that
have the capability of accumulating metals to a greater
concentration than that of the original matrix, such as
soil or water [9,10]. Regarding Cu-hyperaccumulation,
there are scarce hyperaccumulators species, for
example, Crassula helmsii hyperaccumulates up to
9000 mg of Cu per kg of dry matter in roots [11].
Besides, some previously reported Cu-hyperaccumula-
tors are now considered as indicators (Elsholtzia splen-
dens) [12] or tolerant excluder species, such as the
cuprophytes Crepidorhopalon perennis and Haumanias-
trum katangense [13,14].

In plants, Cu is a necessary cofactor of many enzy-
matic reactions and it is involved in physiological
processes such as photosynthesis, mitochondrial respir-
ation, superoxide scavenging, cell wall metabolism,
ethylene perception and development of reproductive
organs [15]. At high concentrations, Cu inhibits

germination and growth, affects the photosynthetic
apparatus and induces a strong oxidative stress [16–
18]. The oxidative stress is induced by over-production
and accumulation of ‘reactive oxygen species’ (ROS)
that react rapidly with lipids, nucleic acids, pigments
and proteins, causing lipid peroxidation, membrane
damage and inactivation of enzymes, thus affecting
cell viability [19]. In order to overcome oxidative stress,
plants have developed two main antioxidant defense
mechanisms, which can be classified as enzymatic
[superoxide dismutase (SOD), ascorbate peroxidase
(APX), peroxidases (PX), etc.] and non-enzymatic
systems [glutathione (GSH), ascorbic acid, carotenoids,
tocopherols, etc.]. Among the plant enzymes involved
in antioxidant cell-defense responses SOD, APX and PX
were found to be specifically activated by exposure to
elevated Cu concentrations [20].

In the past decade, an emerging approach to study
phytoremediation processes was the development of
hairy roots cultures, which are disease manifestations
produced upon infection by Agrobacterium rhizogenes
[21,22]. These cultures show several advantages as a
model system compared to whole plants: indefinite
propagation, high genotypic and phenotypic stability,
fast growth under controlled conditions and the possi-
bility of genetic engineering [22,23]. Besides, their
growth in vitro on a carbon-rich medium is independent
on photosynthesis, which is one of the processes most
affected by Cu [24,25]. Hairy roots from metal hyperaccu-
mulators alpine pennycress (Noccaea (Thlaspi) caerules-
cens), Alysum sp., Indian mustard (Brassica juncea) and
sunflower (Helianthus annuus) were developed for the
accumulation of metals and radionuclides [26–28].
Unfortunately, most metal-hyperaccumulators plant
species are recalcitrant to transformation [29,30]. Thus,
different model plants, like tobacco could be modified
by using genetic engineering tools, to improve extrac-
tion, sequestration and/or detoxification of multiple con-
taminants efficiently [31–33]. In addition, subcellular
targeting of proteins in desired cell organelles could
enhance metal accumulation [34,35]. Recently, Cu hyper-
accumulating Arabidopsis thaliana plants were gener-
ated by expressing P. fluorescens Cu-binding
periplasmic protein CopC, which could be targeted to
vacuole by fusing with specific signal peptides [36].
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The objective of this work was generating transgenic
tobacco hairy roots by expressing copC either in the cyto-
plasm of cells or targeted to the vacuole, in an attempt to
increase Cu accumulation. Our aims are, on the one hand
obtaining a Cu-enriched bio-ore, and on the other hand,
to explore the contribution of this prokaryotic protein in
alleviating toxicity stress symptoms in transgenic roots.

2. Materials and methods

2.1. Constructs

The copC gene from P. fluorescens Az13 (acc. Number
EF587902.1) was amplified as previously described [36].
To target the CopC protein to the vacuole, specific
vacuole sorting determinants were added both at the
C-terminus and N-terminus [36]. The polymerase chain
reaction (PCR) product of copC and the construction
with copC gene plus vacuole sorting determinants were
cloned into the binary vector pCambia1390 (Cambia
GPO, Canberra, Australia) driven by a CaMV35S promoter
(Suppl. Inf., Fig. S1.A, B). The plasmids with the different
two constructs were independently electroporated into
electrocompetent A. rhizogenes Arqua1. Transformants
were selected for kanamycin resistance (25 µg mL−1),
and confirmed by plasmid isolation followed by diges-
tion and PCR.

2.2. Obtainment of control and transgenic hairy
roots expressing copC

Nicotiana tabacum (cv. Wisconsin) seeds were surface
sterilized and germinated in MSRT medium consisting
of MS [37] medium plus RT vitamin complex [38] with
the addition of 3.0% (w/v) sucrose and 0.9% (w/v) agar.
Sterile leaf explants were wounded, inoculated with a
48 h culture of A. rhizogenes Arqua1, transferred to
0.9% (w/v) agar-water plates and incubated in the dark
at 25°C for 72 h [22] (Suppl. Inf., Fig. S2). Then, they
were transferred to plates containing MSRT solid
medium with ampicillin (1 g L−1). Transgenic lines were
further selected according to morphological and physio-
logical criteria such as color, growth rate and vigorous
aspect. [39]. Explants showing de-differentiation,
forming calli or regenerating plants were discarded
(Suppl. Inf., Table S1) as well as those lines showing no
growth or poor biomass. Upon appearance of hairy
roots, they were cut and transferred to liquid MSRT
medium with ampicillin (1 g L−1) and cultivated at
25 ± 2°C in the dark at 70 rpm. Hairy roots were subculti-
vated every 25–30 d in fresh liquid MSRT medium. The
hairy roots lines expressing copC in the cytoplasm and
in the vacuole were named as copper-hairy roots

(CuHR) and copper-hairy roots-vacuole (CuHR-V), respect-
ively. Cultures obtained by infection with wild-type
A. rhizogenes Arqua1 were used as control hairy roots
(HR). Transformation was confirmed by rolC gene
amplification [40]. The presence of the copC gene was
confirmed by PCR using appropriate primers [36].

2.3. RNA expression analysis

Transgenic hairy roots lines (CuHR and CuHR-V) and wild
type (HR) were exposed to water (control condition) and
5 mM of CuSO4 for 7 days. RNA was isolated using the
RNeasy Plant Mini Kit (Qiagen) following the manufac-
turer’s instructions. Three independent RNA samples
from each line and condition were obtained. Genomic
DNA degradation and reverse transcription were per-
formed using OneStep RT-PCR kit (Qiagen). RT-PCR was
carried out using the iTaqTM Universal SYBR® Green
Supermix (Bio-Rad) and an ECOTM termocycler (Illumina).
PCR conditions consisted of an initial denaturation at 95°
C for 2 min followed by 40 cycles at 95°C for 5 s, 58°C for
10 s, 72°C for 15 s, and a final step at 95°C 15 s, 55°C 15 s,
95°C 15 s. The gene L25, encoding a ribosomal protein,
considered as the best housekeeping gene for tobacco
under abiotic stress, was used for normalization [41].
Expression signals were quantified and normalized
using Eco™ Software v4.1.2.0. Results were expressed
according to the comparison of the algorithms obtained
for the different Ct [42], according to the formula:
2–(ΔCtE–ΔCtC) = 2–(ΔΔCt), where ΔCtE is the Ct achieved in
experimental samples and ΔCtC is the Ct obtained for
the housekeeping gene L25.

2.4. Determination of the maximum copper
accumulation

Roots inocula of 0.2 g were incubated at 25°C and 70 rpm
in 50 mL of MSRT medium with ampicillin (1 gr L−1).
After 20 days, roots were transferred to MSRT containing
different CuSO4 concentrations spanning three orders of
magnitude (from 0.5 to 50 mM) and incubated at 28°C in
a rotary shaker (70 rpm) for 7 days. After collection, roots
were exhaustively washed with water, dried at 80°C for
72 h and used for Cu determination in roots dry weight
by inductively coupled plasma/optical emission spec-
trometry (ICP-OES) [43].

2.5. Determination of the maximum copper
accumulation and/or adsorption

Selected lines were exposed to different CuSO4 concen-
trations (from 1 to 50 mM) and incubated at 28°C in a
rotary shaker (70 rpm) for 7 days. After collection, roots
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were washed with water, dried at 80°C for 72 h and used
for Cu determination by ICP-OES [43].

In order to evaluate Cu accumulation vs. Cu biosorp-
tion, hairy roots were exposed to CuSO4 (10, 20 and
50 mM) for 7 days. Then, they were collected and half
of the biomass was washed either with water to deter-
mine total accumulated Cu (accumulated inside the
root and adsorbed onto the surface), or with 100 mM
ethylenediamine tetracetic acid (EDTA) to determine
Cu accumulated inside roots, since EDTA is a desorption
agent [44]. After drying in an oven at 80°C for 72 h,
Cu was analyzed by ICP-OES.

2.6. Determination of antioxidant enzymes
activity in control and copper-hairy roots

Root inocula of 0.2 g were grown for 20 days in MSRT
medium with ampicillin (1 gr L−1), and then exposed to
increasing Cu concentrations (0, 0.5, 5 and 50 mM). After
7 days, hairy roots were harvested, powdered in a
mortar using liquid nitrogen and stored at−80°C until use.

For PX (EC 1.11.1.7) activity, frozen hairy roots were
homogenized with 50 mM acetic/sodium acetate
buffer, pH 5.0 containing 1 M KCl. The extracts were cen-
trifuged at 5000×g for 5 min and supernatants were used
for activity determination. PX activity was determined
spectrophotometrically at 470 nm using o-dianisidine
(0.63 mM) and H2O2 (0.5 mM) as substrates. One unit of
enzyme (U) was defined as the amount of enzyme that
generated 1 μmol of product in 1 min in the conditions
described and the ε 11.3 M−1 cm−1 was used [45].

SOD (EC 1.15.1.1) activity was measured by the photo-
chemical inhibition of the nitroblue tetrazolium (NBT)
reduction. Roots were homogenized with 50 mM potass-
ium phosphate buffer (pH 7.8), with 5 mM EDTA and 2%
polyvinylpyrrolidone (PVP). After adding 13 mM meth-
ionine, 75 µM NBT and 20 µL of enzyme extract in 1 mL
final volume, the reaction mixture was exposed to light
for 7 min with 25-W light tube. Then optical density
(OD) at 560 nm was read. One unit of SOD was defined
as the quantity of enzyme required to inhibit the
reduction of NBT by 50% [45].

APX (EC 1.11.1.6) activity determination was carried out
according to Sosa-Alderete et al. [45]. Enzyme extract was
obtained using the same buffer than that used for SOD
activity. The reaction mixture contained 50 mM sodium
phosphate buffer (pH 7.0), 0.4 mM ascorbate, 0.1 mM
H2O2 and 100 µL enzyme extract. The decrease in absor-
bance at 290 nm was measured. Activity was calculated
according to theextinctioncoefficient (ε = 2.8 mM−1 cm−1).

For specific activity calculation, enzymatic activities
were referred to total soluble protein content and it
was measured according to Bradford [46].

2.7. Analysis of lipid peroxidation

The degree of lipid peroxidation was estimated following
the method described by Sosa-Alderete et al. [45]. Lipid
peroxides were expressed as μmol malondialdehyde
(MDA) by using the ε 155 mM−1 cm−1.

2.8. Estimation of the overall oxidative stress: the
oxidative stress index

To globally evaluate the extent of oxidative stress, we
propose a new parameter, the oxidative stress index
(OSI), calculated as a prorate average of different
stress-related magnitudes in relation to their value in
the absence of stress. OSI is defined as follows:

OSI = [PX]Cu/[PX]0+[SOD]Cu/[SOD]0+
[APX]Cu/[APX]0+[MDA]Cu/[MDA]0

4
,

where [PX]Cu, [SOD]Cu, [APX]Cu and [MDA]Cu are the
values of these activities at a particular Cu concentration,
and [PX]0, [SOD]0, [APX]0 and [MDA]0 were the values of
the activities in roots incubated in the absence of Cu.
Similar indexes have been used, for instance, for calcu-
lation of global pollution [47]. A value of 1 corresponds
to roots with the same oxidative stress as controls
(without Cu). Values above 1 correspond to roots with
higher oxidative stress than control hairy roots.

2.9. Statistical analysis

Analytical determinations and enzymatic activities are
the means ± standard deviations of three independent
measurements. Statistical analysis was performed by
ANOVA-One Way, followed by DMS post hoc test, using
the program IBM® SPSS Statistics.

3. Results

3.1. Obtainment of control and copper-hairy roots
expressing copC gene

Initially, 5 independent control HR lines, 8 CuHR and 6
CuHR-V lines were obtained (Suppl. Inf., Table S1). The
efficiency of transformation using wild-type
A. rhizogenes strain (33%) was similar compared with
that obtained for the transformants A. rhizogenes
strains containing copC (47%) and copC-vacuole
sequence (36%). Finally, control and transgenic lines
(CuHR and CuHR-V) showing stable morphology, fast
growth and high lateral root formation were selected
for further studies. The insertion of rolC, indicative of
hairy roots, was confirmed by the amplification of a
554 bp PCR product. Also, copC gene was confirmed by
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an internal 315 bp PCR product present in transgenic
lines and absent in control lines (Suppl. Inf. Fig. S3).

3.2. Preliminary Cu accumulation screening in
copper-hairy roots

A preliminary Cu accumulation test was developed to
select lines with the highest Cu-accumulation potential.
Lines CuHR showed a 20–30% increased accumulation
compared to the line HR, without significant differences.

Moreover, CuHR-V lines accumulated between 40% and
50% more Cu when compared to HR, with no significant
differences among them (Suppl. Inf., Table S2). Two
transgenic lines showing the highest Cu accumulation
(CuHR-3 and CuHR-V-5) and one control line (HR1)
were selected for further analysis.

3.3. CopC expression in copper-hairy roots

Expression of copC in selected lines (exposed or not to
Cu) was studied by RT-PCR (Figure 1). As expected, no
expression was found in HR1. Under control conditions
(without Cu treatment) CuHR-3 and CuHR-V-5 showed
the same levels of copC expression, while at 5 mM Cu,
only CuHR-3 line showed a significant increase in copC
gene expression (50%). The subcellular localization of
the CopC protein inside the vacuole was previously
demonstrated [36].

3.4. Maximum Cu accumulation and/or
adsorption in copper-hairy roots

To determine the maximum Cu accumulation capacity,
hairy roots were incubated at Cu concentrations
ranging from 1 to 50 mM. Under visual comparison of
HR1 and copper-hairy roots in the absence of Cu, all of
them showed the same morphology (Figure 2(B,E,H)).
At 1–10 mM Cu treatment, HR1 tissue became brown
and necrotic. By contrast, transgenic CuHR-3 and CuHR-

Figure 1. CopC expression in copper-hairy roots. RT-PCR analysis
of copC gene expression in N. tabacum HR1 or transgenic lines
CuHR and CuHR-V with (5 mM Cu) or without Cu exposure. No
copC transcript was detected in HR. RT-PCR Amplification of
the L25r transcript was used as a control to normalize expression
levels. Results are the means ± SE of three different experiments.
Significant differences are indicated by different letters.

Figure 2. Hairy root morphology in the absence and presence of Cu. HR1 in the presence of 50 mM Cu (A, C) or in the absence of Cu (B).
Cu-HR-3 in the presence of 50 mM Cu (D, F) or in the absence of Cu (E). Cu-HR-V-5 in the presence of 50 mM Cu (G, I) or in the absence
of Cu (H).
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V-5 looked healthy and without macroscopic toxicity
symptoms (data not shown). The differences were
more accentuated at 50 mM Cu; HR1 were dark and
the tissue was necrotic and damaged, and roots were
not able to survive (Figure 2(A,C)). Transgenic CuHR-3
showed some toxicity symptoms characterized by
browning, especially at the root tips, and slow growth
(Figure 2(D,F)). Furthermore, CuHR-V-5 showed lesser
toxicity symptoms in the presence of Cu. Roots were
light brown except for the root tips, which were dark
brown (Figure 2(G, I)).

Cu determination (Figure 3) showed that the highest
differences in total accumulation occurred at 5 mM, in
which the transgenic lines accumulated twice more Cu
than HR1 (around 10,000–12,000 µg g−1 versus
6,000 µg g−1). At this Cu concentration, the bioconcen-
tration factor (BCF), which is defined as Cu accumulated
into the root tissue with regard to Cu in the external sol-
ution [27], was maximal, with values of 35–40 for trans-
genic hairy roots, whereas the BCF for HR1 was 20. This
means that maximum Cu accumulation efficiency was
reached when 5 mM of Cu was used. At 10 mM Cu treat-
ment, only CuHR-3 showed statistically higher Cu
accumulation. At 20 mM Cu, the accumulation of Cu
was high (25,000–30,000 µg g−1) for the analyzed hairy
root lines although without significant differences
between them. At 50 mM, CuHR-3 and CuHR-V-5 accu-
mulated 39,000 µg g−1 and 45,000 µg g−1 Cu, respect-
ively (Figure 2(C)). Surprisingly, the determination of Cu
in HR1 reached a value of 49,000 µg g−1. This could be
due to the high degree of tissue damage, which can
expose both external and internal surfaces for Cu
biosorption.

In order to evaluate the percentage of Cu that was
accumulated inside the roots and adsorbed onto the
roots surface, hairy roots previously exposed to Cu
were washed either with water or with EDTA, which is
a chelator that can remove bioadsorbed Cu linked to
the chemical groups on the cellular surface [44]. In
HR1, 40–55% of Cu was washed out by EDTA (adsorbed
Cu) (Table 1), indicating that Cu was equally accumulated
inside the root and adsorbed onto the root surface. By
contrast, CuHR-3 and CuHR-V5 accumulated more Cu
inside the tissue (between 80% and 96%) compared to
control HR1, since only 5–20% Cu was adsorbed. Particu-
larly, up to 96% of Cu was accumulated inside copper-
hairy roots at 50 mM Cu, showing that the expression
of copC would contribute to the more efficient intracellu-
lar accumulation of Cu either in the cytoplasm or inside
the vacuole.

3.5. Determination of antioxidant enzymes
activity in wild type and copper-hairy roots

To evaluate oxidative stress caused by Cu, antioxidant
enzymes were determined in control and copper-hairy
roots exposed for 7 days in a wide range of Cu concen-
trations (0, 0.5, 5 and 50 mM) (Figure 4). Generally, the
activities of PX, SOD and APX in HR1, CuHR-3 and
CuHR-V-5, increased with increasing Cu concentration.
In this sense, HR-1 showed 6-, 32- and 20-fold increases
in PX, SOD and APX, respectively, compared to the
levels in the absence of Cu. Antioxidant enzymes in
CuHR-3 showed moderate increments with increasing
concentrations of Cu, reaching the maximum values of
PX, SOD and APX at the highest concentration of Cu

Figure 3. Cu accumulation of HR1 and copper-hairy roots. Hairy roots were exposed to increasing Cu concentrations for 7 days. Data of
Cu determination are means of three independent measurements and bars indicate standard deviations. Significant differences at p
< .05 are designated by different letters.
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(50 mM) (increases of 7-, 10- and 15-fold, respectively).
In CuHR-V-5, PX activity showed a maximum value at
0.5 mM Cu. Besides, SOD and APX activity showed

only mild increases in the presence of pollutant, corre-
sponding to 4- and 5-fold of increase at 50 mM Cu,
respectively.

Table 1. Determination of Cu accumulated inside and adsorbed to root tissues. Hairy roots were incubated in the presence of 10, 20 and
50 mM Cu for 7 days.

Construction Cu (mM)
Total Cu
(µg g−1)

Accumulated Cu
(µg g−1)

Adsorbed Cu
(Cutotal−Cuaccumulated) (µg g−1)

HR1 10 18,499 ± 1400 11,034 ± 4756 (59.6%) (a) 7465
(40.4%) (a)

20 26,877 ± 3411 12,107 ± 58 (45.0%) (a) 14,770
(55.0%) (a)

50 49,709 ± 7710 26,018 ± 5128 (52.3%) (a) 23,691
(47.7%) (a)

CuHR-3 10 21,907 ± 1128 17,298 ± 4268 (79.0%) (b) 4609
(21.0%) (b)

20 24,982 ± 2610 23,819 ± 432 (95.3%) (c) 1163
(4.7%) (c)

50 36,441 ± 3055 34,432 ± 3055 (94.5%) (c) 2009
(5.5%) (c)

CuHR-V-5 10 19,562 ± 1539 15,627 ± 1318 (79.9%) (b) 3935
(20.1%) (b)

20 29,746 ± 2814 26,269 ± 1051 (88.3%) (d) 3477
(11.7%) (d)

50 43,884 ± 1286 42,107 ± 558 (96.0%) (c) 1777
(4.0%) (b)

Notes: Hairy roots were washed either with water (in order to determine total Cu, Cu accumulated in the roots plus Cu adsorbed onto the root surface) or with
EDTA (in order to wash out Cu adsorbed onto the roots). After drying, Cu was determined by ICP-OES. Data are means ± standard deviations of three inde-
pendent determinations. Significant differences with regard to the control (a) at p < .05 are indicated by different letters.

Figure 4. Determination of antioxidant enzymes and MDA in wild-type (HR1) and copper-hairy roots. Enzymatic activities of peroxidase
(PX), SOD, APX, and levels of MDA were determined in HR1 and copper-hairy roots in the absence of Cu and in the presence of three
concentrations of Cu (0.5, 5 and 50 mM). Data are means of three independent determinations and bars indicate standard deviations.
Significant differences are indicated by different letters.
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The damage produced by Cu to cellular membranes
due to lipid peroxidation was estimated by determi-
nation of MDA (Figure 4(D)). MDA content was positively
correlated with the Cu concentration assayed and
reached the highest values at 50 mM Cu. In this sense,
HR1 showed the highest increment (14-fold increase
respect to untreated HR1) and copper-hairy roots
showed significantly lesser concentrations of MDA than
HR1. These lower levels of cellular damage may be
mainly attributed to the beneficial contribution of the
presence/expression of copC under stress conditions,
particularly inside the vacuole.

To globally evaluate the oxidative stress, we propose
the use of a stress parameter, the OSI, calculated as an
average of different biochemical oxidative stress par-
ameters. A value of 1 indicates a similar level of stress
as compared to control hairy roots (non-exposed to
Cu). Values above 1 indicate the extent of oxidative
stress. The OSI of HR1 (Figure 5) quickly increased, reach-
ing a maximum value of 16.5 at 50 mM Cu. When data
were adjusted to a linear model, the slope was 7.24
(r = 0.9437), indicating a strong increase in oxidative
stress with increasing Cu concentrations. By contrast,
CuHR-3 showed lower values of OSI, with a maximum
value of 7.6 at 50 mM Cu. The linear model gave a
slope of 2.98 (r = 0.9942). CuHR-V-5 showed the lowest
levels of OSI, with a maximum value of 4.8 with the
higher assayed Cu concentration. The linear model
showed a slope of 1.43 (r = 0.8975). Moreover, this
could be related with the sequestration of Cu inside
the vacuole, due to the presence of specific vacuole
sorting determinants. Thus, Cu compartmentalization
may have a beneficial effect that decrease toxicity

symptoms and allow cells to continue with their
normal metabolism, since vacuoles are compartments
to store harmful compounds to allow the normal cell
function.

4. Discussion

The ability to exploit the potential of plants for environ-
mental remediation is frequently restricted by limited
understanding of plant metabolic pathways, full range
of enzymes involved and tolerance mechanisms. In this
regard, hairy roots are frequently applied in phytoreme-
diation research, since they allow examining the intrinsic
metabolic capabilities of plant cells (uptake, transform-
ation, conjugation and compartmentalization) and their
capacities to tolerate, accumulate and/or remove
environmental organic and inorganic pollutants [48].
This is in part due to several advantages of this plant
model system and the fact that roots have evolved
specific mechanisms to deal with pollutants, because
they are the first organ having contact with them. More-
over, they were also used for evaluating the contribution
of specific proteins through the obtainment of trans-
genic hairy roots [49,50].

As a result of their highly branched nature, hairy
roots have large surface area in comparison with
normal roots, and can also been used for rhizofiltration
purposes for the remediation of HM such as Cu. One of
the important plant strategies to detoxify HM within
cells is to synthesize low molecular weight chelators
to minimize the binding of metal ions to functionally
important proteins and hence limit its toxicity [51].
Other plant strategies include the activity of different
transporters, located in plasma membrane or in the
tonoplast, which allows accumulating these pollutants
in the apoplast or in the vacuoles respectively, reducing
their toxic effects [52,53].

In this sense, several attempts were made to obtain
hairy roots with high Cu accumulation from Cu indicator
species, such as Hyptis capitata, Polycarpaea longiflora
and N. tabacum [54]. These authors demonstrated that,
in short-term experiments (9 h), Cu uptake in H. capitata
hairy roots reached 4000–6000 µg g−1 at 1000 mg L−1

added Cu (BCF around 4–6). In long-term studies, at
20 mg L−1 Cu added, hairy root cultures accumulated
up to 800 ± 73 µg g−1 (BCF of 40).

Recently, the generation of Cu hyperaccumulating
transgenic A. thaliana plants by expressing the prokaryo-
tic copC gene was described [36]. This gene codifies a
periplasmic Cu-binding protein [55]. In the present
work, we describe the generation of transgenic
tobacco hairy roots, expressing copC, either in its wild-
type form or targeted to the vacuole of root cells. Our

Figure 5. OSI of wild-type (HR1) and copper-hairy roots (CuHR-3
and CuHR-V-5). The OSI was defined as an average parameter of
oxidative stress based on the levels of antioxidant enzymes and
MDA content (see Experimental). This index was measured at
three different Cu concentrations (0.5, 5 and 50 mM). The
measures were adjusted to the best linear model, and the
slopes were calculated. Significant differences are designated
by different letters.
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results demonstrated that maximum Cu accumulation
was achieved under 50 mM Cu treatments (over
45,000 µg g−1). However, the maximum BCF (35–40)
was obtained at 5 mM of Cu treatment, indicating the
most efficient Cu uptake under this condition, whereas
the BCF of HR1 was 20. To our knowledge, the
maximum value of Cu accumulation (4.5% of dry
weight) is among the highest Cu concentrations
reported in biological samples, even higher than that
of several Cu-hyperaccumulator plants [12]. Lichens
also showed one of the highest Cu accumulation
capacities (revised in [56]), for instance Acarospora rugu-
losa (16% Cu on a dry mass basis) [57], Lecidea lactea (5%)
[58] and Lecanora polytropa (1.3%) [59]. Table 2 com-
pares the accumulation and BCFs of transgenic hairy
roots expressing copC with those of other copper hyper-
accumulators (lichens, plants, transgenic plants and hairy
root cultures). For instance, cells of Ralstonia picketii were
able to accumulate up to 38.19 mg copper per g dry
weight of cells [60]. On its side, fungi have been also
used for metal biosorption [61].

High Cu content was also found in HR1 when exposed
to 50 mM Cu (up to 49,000 µg g−1). However, it is impor-
tant to notice two facts: (1) roots were not viable, and (2)
in this case, half of the Cu was accumulated inside the
root and half was adsorbed to the root surface. This
could be attributed to the membrane damage produced
by Cu exposure, as determined from the MDA levels. If
membrane stability is compromised, both external and
internal surfaces could contribute to Cu biosorption,
thus reaching high Cu contents.

Previous studies in hairy roots have demonstrated
that Cu uptake was biphasic, showing a rapid accumu-
lation in the initial phases followed by a steady increase
[27,54]. The first step of biosorption is passive and

occurs by processes such as ion exchange, coordi-
nation, physical adsorption and microprecipitation.
[62]. Groups such as carboxyl, phosphate, amine,
hydroxyl and imidazol, are involved in metal binding.
The second phase is active and depends on the specific
metal uptake by hairy roots. While the sorption of
metals was independent of plant species, being or
not a hyperaccumulator, the total uptake in long-term
experiments was higher in hairy roots from hyperaccu-
mulators [54,63].

Owing to its redox properties, Cu causes oxidative
stress mainly by catalyzing the formation of hydroxyl
radicals through the Haber–Weiss reaction [64]. Since
ROS accumulation induces oxidative damage of mem-
brane lipids, nucleic acids and proteins, a tight control
of the steady-state concentration of ROS seems to be
necessary to avoid oxidative damage at subcellular
levels [65]. Furthermore, the increase in the activities
of antioxidant enzymes indicates that they play an
important role to attenuate Cu stress [66,67]. In this
sense, positive correlations between SOD and APX
levels and Cu exposure were found in roots and
shoots of Brassica juncea and Trigonella foenum-
graecum [68,69]. Similarly, the results obtained in this
work also showed a positive correlation between Cu
concentration and antioxidant activity. Moreover, the
values of PX, SOD and APX activities in HR1 seem to
suggest that wild-type hairy roots are more affected
by the presence of Cu, due to the higher increments
in the antioxidant activities, especially at 50 mM of Cu.
It must be also considered that measurements were
done after long-term (7 days) exposure to Cu. It
cannot be ruled out that transient increases in antioxi-
dant enzymes could occur upon transferring the roots
to Cu [70].

Table 2. Comparison of Cu accumulation ad BCFs of transgenic hairy roots with other Cu described (hyper)-accumulators.
Plant Culture condictions/external Cu conc. Cu accumulation (ppm) BFC Ref.

C. helmsii Hydroponic
(10 µM; 0.6 ppm)

9200 15,333 [11]

E. splendens Field conditions
(77 ppm Cu)

Shoots: 250 3.24 [12]

Roots: 720–1260 9.3–16.4
C. perennis Soil (2161–5300 ppm) Shoots: 80–1380 0.035 [13]
Crepidorhopalon tenuis Var. Niamumenda Soil (382–18,144 ppm) Shoots: 84–2524 0.19 [13]
H. katangense Hydroponic (100 µM) Shoots: 2302 354 [14]

Roots: 7273 1100
Transgenic A. thaliana expressing copC) Soil (watered with

150 µM Cu)
Shoots: 400 42 [36]

Roots: 2000 210
H. capitata (hairy roots) Hydroponic

(20 ppm)
800 40 [53]

L. polytropa Hydroponic
(400 μM)

12,992 511 [58]

Transgenic tobacco hairy roots
Cu-HR-3

Hydroponic
(5 mM)

12,300 38 This work

Transgenic tobacco hairy roots
Cu-HR-V-5

Hydroponic (50 mM) 45,000 14 This work
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ROS over-production under Cu stress is also highly
destructive to the cell membrane, leading to the oxi-
dation of membrane lipids [71]. The results obtained
with HR1 and copper-hairy roots indicate that the pres-
ence of Cu increases lipid peroxidation, in accordance
with previous findings showing that MDA accumulated
due to Cu treatment and that the cell membrane is the
primary site affected by Cu toxicity [64,66,70]. Besides,
it is important to point out, that copper-hairy roots have
lesser values of MDA, which could be indicative of
lesser membrane damage in the presence of the heavy
metal.

The OSI was introduced as a new parameter to evalu-
ate oxidative stress, being defined as an integrative par-
ameter. The roots with the highest OSI were HR1,
whereas copper-hairy roots had the lower values. Interest-
ingly, CuHR-V-5 where the CopC protein was targeted to
the vacuole of root cells had the lowest value of OSI. Our
results could mean that the expression of copC targeted
to vacuole could have beneficial effects and could allevi-
ate the adverse effects of Cu on plant tissues.

5. Conclusions

Transgenic tobacco hairy roots expressing CopC in the
cytoplasm and vacuole reached maximum efficiency
for Cu accumulation at external 5 mM Cu (BCF = 35–
40), and were able to accumulate up to 4.5% Cu in dry
weight. In contrast to control hairy roots, for which half
of Cu was accumulated inside the roots and the other
half was adsorbed onto the root surface, up to 96% of
Cu was accumulated inside the transgenic roots expres-
sing CopC. Moreover, Cu compartmentalization inside
the vacuole could avoid the toxic effects of copper,
leading to less membrane damage. Oxidative stress of
copper-hairy roots was 2–6 times lower than in control.
In conclusion, tobacco hairy roots expressing copC are
a suitable biotechnological tool to hyperaccumulate Cu
from polluted solutions. Our findings also demonstrate
that Cu compartmentalization/sequestration inside the
vacuole could avoid the deleterious effects produced
by ROS accumulation, allowing hairy roots to continue
growing and accumulating Cu, being this a key fact in
rhizofiltration.
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