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2,4-Dichlorophenol (2,4-DCP) is harmful for aquatic life and human health, so many attempts have
focused on removing it through innocuous technologies. Hairy roots (HR) represent an interesting plant
system to study the process and to remove efficiently this compound. In the present work, tobacco HR
clones were obtained and one of them was selected for 2,4-DCP phytoremediation assays. These cultures
removed 2,4-DCP in short time and with high efficiency (98%, 88% and 83%) for solutions initially con-
taining 250, 500 and 1000 mg/L, respectively. Removal process was mainly associated with peroxidase
activity. The highest efficiency for 2,4-DCP (500 mg/L) removal was reached at 60 min and using 10 mM
ehalogenation
airy root
ignin
hytoremediation
enobiotic

H2O2. Moreover, HR 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. Moreover, changes in deposition pattern of lignin in HR exposed to 2,4-DCP suggested
that cell walls of xylem and phloem elements would be the site of deposition of some products formed
and they would be a lignin-type polymer. These findings contribute to understand 2,4-DCP removal pro-

d it m
cess with tobacco HR an
polluted waters.

. Introduction

Human activities generate large amounts of chlorinated phe-
olic chemicals that are often introduced into soil and water
nvironment during pesticide and insecticide application, indus-
rial releases and accidental spills. Also they are used as antiseptics,
isinfectants and wood preservatives. These phenolic compounds
re listed as priority environmental pollutants by the US EPA
ecause of their high toxicity, carcinogenicity and persistence [1].
heir toxicity increases with the degree of chlorination of the phe-
ol ring.

In fact, chlorophenols toxicity has been proven both in vitro and
n vivo. In particular, 2,4-DCP has been reported to cause lethargy,
remors and convulsions in mice [2], while workers who manufac-
ure pesticides or were exposed to chlorophenols developed acne

nd mild liver injuries [1]. Further, various cases of death have also
een reported in workers who were sprayed with 2,4-DCP contain-

ng steam [3].
The World Health Organization (WHO) established a maximum

evel for chlorophenols in drinking water of 0.1 �g/L [4], while in
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ight have implications in the use of this system for decontamination of

© 2009 Elsevier B.V. All rights reserved.

Argentina, the law 24051 established a guide level of 0,3 �g/L for
2,4-DCP for human consumption water [5].

In spite of these restrictions, a great amount of 2,4-DCP con-
taining wastewater produced through anthropogenic activities, is
drained into rivers and marine environment every year [6]. More-
over, many industries are responsible of contaminating the main
rivers of our country, because they discharge many toxic residues
such as methoxiphenolchlorine, di and trichloro phenols. These
toxic elements are found at concentrations 140 times higher than
those accepted by the law of hazardous wastes [7]. So, 2,4-DCP is
frequently found in higher concentrations than those established
by regulatory organisms which could modify the biota of the envi-
ronment and produce several toxic effects in most of the living
organisms.

Physical, chemical and biological methods, including incinera-
tion, carbon adsorption, chemical or enzymatic oxidation, solvent
extraction, microbial degradation, and phytoremediation have
been proposed for removal or degradation of several chlorophe-
nols from wastewaters [8]. The use of plants to absorb, stabilize
and degrade contaminants is gaining acceptance as a more cost-
effective alternative to other cleanup approaches. In particular,

hairy root (HR) cultures have potential to become a powerful tool
for studying the phytoremediation capacity of plants and they
have been used as good alternatives for efficient phenol and 2,4-
DCP removal treatment [9,10]. These cultures produce peroxidase
isoenzymes, which may be useful to remove phenol compounds

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:mtalano@exa.unrc.edu.ar
mailto:melinatalano@hotmail.com
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rom aqueous solutions. These enzymes catalyze the oxidation of
romatic compounds using hydrogen peroxide as substrate with
he consequent formation of highly reactive radical species. Once
ormed, these unstable radicals react with another to yield phenolic
olymers. These polymeric products have limited water solubil-

ty and tend to precipitate [11]. So, insolubilization of halogenated
henols is considered interesting since it allows their removal,
educes their bioavailability and thus their negative environmental
mpact [12].

Therefore, the specific objectives of this research were to obtain
nd to study tobacco HR as a potential system to efficiently remove
,4-DCP as well as to elucidate the metabolic transformation of this
ontaminant and the localization of at least some of the formed
roduct.

. Materials and methods

.1. Plant material

Hairy root (HR) cultures derived from tobacco (Nicotiana
abacum cv. Wisconsin) sterile explants were obtained through
grobacterium rhizogenes LBA 9402 infection (Fig. 1) as it was
escribed by Sosa Alderete et al. [13]. They were grown in
urashige Skoog (MS) medium [14] with 3% (w/v) sucrose and

nriched with vitamins [15] with agitation at 100 rpm in dark at
5 ± 2 ◦C. They were subcultured every three weeks into fresh MS
edium. Only one clone of these hairy root cultures was selected

or further studies based in its high growth, morphological stabil-
ty, the presence of rol C gene (Fig. 1C), a marker of the effective
ransformation event [16], and high peroxidase activity (data not
hown), properties which were opportunely studied in our labo-
atory with this objective. Twenty eight-day-old hairy roots were
sed as plant material for 2,4-DCP removal assays and further stud-

es.

.2. Analysis of tobacco HR growth
The evolution of tobacco hairy root growth was followed during
5 d. Inoculum of 0.2 ± 0.05 g of hairy root tissues were incubated

n 50 mL of MS liquid medium and harvested each 7 d (7, 14, 21,
8 and 35 d). The HR growth was determined by measurements of

ig. 1. (A) Sterile tobacco plants grown in vitro and used as explants source for A. rhizog
acteria grown in MS solid medium with ampicilin. (C) First passage to MS liquid mediu
edium. (E) PCR analysis of a rol C segment of a tobacco HR clone used for further studie
s Materials 176 (2010) 784–791 785

fresh weight and expressed as g/L. Growth index (GI = final fresh
weight/initial fresh weight) was also calculated.

2.3. Peroxidase activity determination

Total peroxidase activity was determined in HR tissues during
growth. For this purpose, 0.2 g of root tissues were homogenized
with 50 mM sodium acetate/acetic acid buffer pH 5 containing 1 M
KCl, using a ratio 1:3 tissue/buffer. These homogenates were cen-
trifuged at 5000 g for 10 min and crude extracts obtained were
considered as total peroxidases (TPx). Peroxidase activity was
determined using 0.63 mM o-dianisidine and 0.5 mM H2O2 as sub-
strates in 1 mL reaction mixture, as previously described [17]. The
activity was measured following the increase in A460 nm at 35 ◦C
due to the appearance of the coloured reaction product (ε460 nm:
11.3 mM−1 cm−1). Spectrophotometric assays were carried out
with a Beckman 640 spectrophotometer. One unit of enzyme (IU)
was defined as the amount of enzyme, which generated 1 �mol of
product in 1 min in the previously described conditions.

2.4. Study of 2,4-DCP removal process

2.4.1. Effect of 2,4-DCP concentration on removal efficiency
Root inoculums of 0.4 g from 28 day-old cultures were incubated

with 10 mL of solutions containing different 2,4-DCP concentra-
tions: 250, 500 and 1000 mg/L. The required volume of a H2O2
stock solution was added to reach the desirable concentration (5,
10 and 20 mM for each 2,4-DCP concentration, respectively). These
2,4-DCP/H2O2 ratios were selected based on previous studies per-
formed in our laboratory with other plant species.

Different controls were performed to estimate enzymatic or
non-enzymatic mechanisms of 2,4-DCP removal. A 2,4-DCP solu-
tion (500 mg/L) without H2O2 was incubated under described
conditions to evaluate auto-oxidation and/or evaporation, while a
solution of 2,4-DCP (500 mg/L) with the addition of H2O2 (10 mM)
was analysed to evaluate the possible reaction between both sub-
strates. When 0.4 g of HR were incubated with 2,4-DCP solution

without H2O2 we analysed the oxidation of this compound by per-
oxidases with endogenous H2O2 as well as the participation of other
phenol oxidases like laccases and/or tyrosinases in the process.
With previous treatment of root tissues with catalase (0.1 mg/L) (an
enzyme which converts H2O2 to O2) during 15 min, we evaluated

enes infection. (B) A transformed leaf explant after 10 days from inoculation with
m from a transformed HR clone. (D) Tobacco HR culture after 15 days in MS liquid
s. M, 100 bp DNA ladder molecular weight marker (Promega).
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he contribution of endogenous H2O2 on 2,4-DCP removal. Other
ontrols were those with autoclaved HR (20 min, 121 ◦C, 1 atm),
ith and without H2O2, to estimate physical mechanisms of 2,4-
CP elimination.

Removal assays were carried out in darkness at 25 ± 2 ◦C with
gitation (100 rpm), during 1 h for all the studies described below.
esidual 2,4-DCP was determined in all removal assays as is
escribed later.

.4.2. Optimal conditions determination
From the different 2,4-DCP concentrations, previously anal-

sed, we selected 500 mg/L for further studies. The minimum time
equired to reach the highest removal efficiency, as well as, the
ptimal H2O2 concentration were analysed. The 2,4-DCP removal
fficiency was checked through determination of residual 2,4-DCP
t 30 min, 1 h and 2 h with different H2O2 concentrations such as 1,
0, 20 and 30 mM.

.4.3. Re-use of HR for consecutive removal assays
An inoculum of 0.4 g of fresh HR was incubated with 500 mg/L

,4-DCP solution and 10 mM H2O2 for 1 h. Then, the post-removal
olution was kept for residual 2,4-DCP quantification and replaced
y a new 2,4-DCP/H2O2 mixture to repeat this procedure every
h, for four cycles consecutively. Peroxidase activity of HR was
etermined before removal and after the end of the fifth cycle.

.4.4. Study of 2,4-DCP transformation
We determined Cl− ions concentration from reaction mixture

ontaining 2,4-DCP, HR and H2O2 and from the following controls:
R plus H2O, HR plus H2O2 and HR plus 2,4-DCP. These samples
ere incubated during 24 and 72 h using 500 mg/L 2,4-DCP and

0 mM H2O2. The quantification of Cl− ions was made using a
ommercial kit RANDOX Laboratories Ltd. from Wiener laboratory
Rosario, Santa Fé, Argentina). The determination is based on the
eaction of Cl− ions with a Hg-TPTZ (mercury-2,4,6-tri-(-2-piridyl)-
,3,5-triazine) complex. This reaction produces TPTZ that reacts
ith Fe(II) to form a blue Fe–TPTZ complex which is measured at

03 nm after 10 min of incubation. The pH value was measured,
n the mentioned removal assays, using a digital Fisher Scientific
ccumet Basic AB15 pHmeter.

.4.5. Evaluation of HR cell wall structure after 2,4-DCP removal
In order to evaluate in situ modifications of HR cell wall, we

tained HR fragments using phloroglucinol (1% w/v)–HCl technique
18]. This staining allows us to evidence aldehyde groups of lignin
nd suberin [19]. After removal assays with 500 mg/L and 10 mM
2O2 during 24 and 72 h, 5 cm HR samples were analysed and com-
ared with the following controls: HR/H2O and HR/2,4-DCP. After
he staining, root segments were observed with a Carl Zeiss Axio-
hot microscope and microphotographs were taken with a digital
amera.

.5. Residual 2,4-DCP determination

Residual 2,4-DCP was quantified through a colorimetric assay

20] as follow. Aliquots of 5 mL of each sample were mixed with:
5 �L of 4-aminoantypirine (2% w/v), 25 �L of 6 M NH4OH and
0 �L of potassium ferricyanide (8% w/v). After 5 min, 2.5 mL of
hloroform was added to recover the remaining coloured 2,4-DCP
nd the absorbance was determined at 510 nm. The results were
xpressed as removal efficiency, which was defined as the percent-
ge of the pollutant removed from solution under pre-established
xperimental conditions.
Fig. 2. (A) Evolution of tobacco HR growth during 35 days. (B) Peroxidase activity
during the time of culture of tobacco HR.

2.6. Statistical analysis

In all experiments three replicates were performed for each
sample. Results are presented with the mean and the standard
error. Statistical analysis was carried out using Duncan’ multiple
range tests (P < 0.05) by using the STATISTICA (version 6.0) soft-
ware.

3. Results and discussion

3.1. Growth performance and peroxidase activity determination
of tobacco HR cultures

Since HR obtained by each transformed plant cell is expected to
be genetically different due to the specific insertion of T-DNA [21]
each HR culture can behave differently in growth as well as metabo-
lite production. Therefore, the evaluation of different HR properties
such as biomass yield and peroxidase production represents impor-
tant aspects to be considered in 2,4-DCP phytoremediation process.
So, in order to determine the required time to reach the maximum
growth of HR, we analysed the evolution of growth for 35 d. As it
can be seen in Fig. 2A these HR showed a characteristic sigmoidal
growth curve with a lag phase during the first 7 d and followed
by an increase of growth until the 28th d. Then, HR reached a sta-
tionary phase of growth with a final fresh weight of 23 g/L and a
growth index of 4.6. Similar growth performance has been shown
for tomato HR [17], Panax ginseng [22] and Beta vulgaris L. HR cul-
tures [23]. The biomass accumulation of HR cultures studied in the
present work was similar to that obtained for almost red beet HR
clones grown in the same culture medium except one of them,
which only showed a final fresh weight of 2.0 g [23]. Since peroxi-
dases have been associated with phenolic compounds degradation
[15,24] is useful to establish the levels of these enzymes during
growth in order to select the better time to collect the roots for phy-
toremediation assays. So, peroxidase activity of these HR cultures
was determined during 35 d. Peroxidase activity was variable dur-
ing the time of growth showing a continues increasing until 28th d
and declining further at the exponential phase of growth (Fig. 2B).

High levels of peroxidase activity, coincident with the exponential
phase of growth, were also observed for Armoracia lapathifolia HR
[25] and Beta vulgaris HR [23].

We considered that HR cultures of approximately 28 d of growth
could be used for further phytoremediation studies since biomass
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ig. 3. Removal efficiencies of different 2,4-DCP concentrations (250, 500 and
000 mg/L) by tobacco HR.

s well as peroxidase activity were both high at this time of
rowth.

.2. Study of 2,4-DCP removal process

.2.1. Effect of 2,4-DCP concentration on removal efficiency
Some reports have shown that HR cultures of different plant

pecies constitute appropriate systems to remove phenol and their
erivatives [9,10,15,24,26]. In particular, the efficiency of tobacco
R to remove 100 mg/L of phenol has been studied comparing wild

ype cultures and other ones which expressed foreign basic per-
xidases (tpx1 and/or tpx2). These transgenic HR showed higher
fficiency in the removal process [13]. Nevertheless, there are no
eports if HR cultures of tobacco are useful and efficient for the
emoval of the halogenated derivative, 2,4-DCP. So, we studied the
fficiency of this culture to remove 2,4-DCP solutions with differ-
nt concentrations (250, 500 and 1000 mg/L), which correspond
ith those frequently found in waste waters (10–1000 mg/L) [27].
s it is shown in Fig. 3, the removal efficiencies were high under
elected conditions (0.4 g HR inoculums, 5, 10 or 20 mM H2O2, 25 ◦C,
h) for all 2,4-DCP concentrations assayed and they were 98%, 88%
nd 83% for solutions initially containing 250, 500 and 1000 mg/L,
espectively. So, even though we increased 2,4-DCP concentration
ntil 1000 mg/L the removal efficiency reached for this assays was
igh. These results showed the high capability of tobacco HR to
emove this halogenated compound with high efficiency and in a
hort time. Similar removal efficiencies for 2,4-DCP were observed
y Agostini et al. [15] using Brassica napus HR. On the other hand,
nother halogenated phenol 2,6-DCP (50 mg/L) was also removed
fficiently by Daucus carota, Ipomoea batatas and Solanum aviculare
R with efficiencies of 83%, 57.7% and 73.1%, respectively, although

hese assays were carried out during 72 h and without exogenous
2O2 [24]. In contrast, other plant system such as willow trees were
ot a good option for 2,4-DCP phytoremediation since the toxicity
o these trees was high and the removal efficiency was limited even
or low concentrations of this phenolic compound (5 and 150 mg/L
or hydroponic solution and between 9.1 and 44.4 mg/L in sand)
28].

It should be noted that many papers reported the use of purified
nzymes (peroxidases, laccases) for 2,4-DCP degradation. How-
ver, large amounts of enzyme are required as a consequence of
nzyme inactivation, thus limiting its use [29]. In this way, HR could

e useful tools in phytoremediation process not only for the high
fficiency shown for the removal of phenolic compounds but also
ecause the root per se acts as matrix for enzyme immobilization
nd it has a protective effect. In this context, it is necessary to study
ifferent plant systems because removal efficiencies are variable
Fig. 4. Comparison of removal efficiencies of tobacco HR incubated with 2,4-DCP
(500 mg/L) and different H2O2 concentrations during 1 h treatments.

depending not only on the different toxicity of xenobiotics as well
as on the removal capabilities of different HR or plant species.

In order to analyse enzymatic or non-enzymatic mechanisms
involved in 2,4-DCP removal process, different kinds of controls
were performed. So, 2,4-DCP removal cannot be attributed to chem-
ical effect or interaction between H2O2 and 2,4-DCP since there
was not removal when only H2O2 was added to 2,4-DCP solution.
In addition, only 18% of removal was detected if the roots were
incubated with 2,4-DCP without H2O2, which reflected the oxida-
tion of 2,4-DCP by endogenous H2O2 and/or the involvement of
other phenoloxidases non-H2O2 dependent [30]. Through the use
of autoclaved tobacco HR and the consequent inactivation of bio-
logic components, which could be involved in the removal process,
we detected a small percentage of 2,4-DCP removal (23%) with or
without H2O2. This removal could be associated to the adsorption
of the pollutant on root surfaces, as was described by Dec and Bollag
[30]. When HR were previously treated with catalase and without
exogenous H2O2 the same removal values could be seen so, the
contribution of endogenous H2O2 would be depreciable. Thus, as it
could be checked by these different controls, the transformation of
2,4-DCP could be mainly associated with peroxidases participation
since when we incubated HR with 2,4-DCP and H2O2 the removal
was high, 88%.

These control assays and the previous results show the impor-
tant requirement of H2O2 to gain efficiency. The H2O2 addition
reduces removal time, besides it shows the specific involvement
of peroxidases in the process, since it is an essential substrate for
these enzyme activity [24,31].

3.2.2. Optimal conditions for removal process
Is frequent the study and looking for optimal conditions (inocu-

lum size, time, substrate concentrations and substrate ratio) for a
determined phytoremediation process [9]. Hence, we studied two
important parameters to be considered in the removal of 500 mg/L
2,4-DCP, such as H2O2 concentrations and time required to reach
high removal efficiency. From a biotechnological point of view, the
requirement of one essential substrate as H2O2, not only influences
removal efficiency but also, the final cost of the process mainly at
large-scale so, it is an important aspect to be studied.

The removal of 500 mg/L 2,4-DCP with tobacco HR and 10 mM
H2O2 was followed for 30, 60 and 120 min. We observed high
removal efficiency (84.4%) at 30 min, although the removal effi-

ciency increased approximately 5% with longer time, reaching the
highest efficiency at 60 min (data not shown).

It is important to point out that 10 mM was optimal to reach
maximum removal efficiency, while 20 and 30 mM produced a slow
diminution in the removal process (Fig. 4). As it was shown, low
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ig. 5. Re-use of HR tissues for consecutive cycles of 2,4-DCP (500 mg/L) removal.

2O2 concentration could be insufficient to give adequate quan-
ity of substrate for peroxidases; however, high H2O2 concentration
ould produce suicide inactivation of peroxidases with the conse-
uent formation of inactive intermediates [32] and could result in

ower removal efficiency. On the other hand, 5 mM of H2O2 was
eeded to reach maximum phenol removal using tomato HR [9]
hile Park et al. [33] found that 20 mM H2O2 was needed, for

n efficient removal of 2,4-DCP (500 mg/Kg) with Capsella bursa-
astoris L. roots extracts. Therefore, H2O2 requirement for different
emoval process depends on the nature and concentration of the
ontaminant as well as the plant species used.

.2.3. Re-use of HR for consecutive removal assays
In order to evaluate the possibility of re-using tobacco HR in a

ontinuous process, consecutive cycles of removal were performed
Fig. 5). The highest important removal values were obtained for
he first and second hour. For the following cycles the removal
fficiencies were low until to reach just a 20% in the fifth cycle.
his behaviour was probably associated with the inactivation of
eroxidases, which are considered the main enzymes involved in
he removal process, since peroxidase activity diminished approx-
mately 80% after the first cycle. As it was postulated by several
uthors enzymatic inactivation could be due to different mecha-
isms: irreversible interaction of free radicals with the active site
f the enzyme [20], final product (polymer) adsorption to cell wall
30] and diverse reactions produced by H2O2 and/or other inter-

ediates of the catalytic cycle [32].
Similar results, with high removal efficiencies of 2,4-DCP during

h consecutive cycles, were obtained using B. napus HR, although
or low concentrations (100 mg/L) [15]. Another study of re-use of
issue for a phenolic compound like phenol (200 mg/L) was car-
ied out by Singh et al. [26] with Brassica juncea HR but without
2O2 addition. In this work, the removal percentages were high
uring four cycles; however, each cycle takes 72 h of incubation.
hese results showed the importance of exogenous H2O2 addition
o develop a fast and efficient removal process because of the scarce
2O2 content or production in tobacco HR.

.2.4. Study of 2,4-DCP transformation
The first evidence of 2,4-DCP transformation was the change in

H after 24 and 72 h treatments in post-removal solutions (Fig. 6A).
he pH of control mixtures (HR/H2O2 and HR/H2O) showed near
eutral values (6.75–6.9), while in the control assay HR/2,4-DCP,

H was 5.5, a little minor than those previously mentioned controls
ue to the acidic nature of 2,4-DCP solution (pH 5). However, a
otable diminution in the pH of removal solution with HR plus 2,4-
CP and H2O2 was observed, reaching values of approximately 3.75
t 24 h and 72 h. This fact could be associated with the enzymatic
Fig. 6. (A) pH values of post-removal reaction mixtures of different assays after 24
and 72 h using 2,4-DCP (500 mg/L). (B) Chloride ions concentration in the medium
of different removal assays and their respective controls after 24 and 72 h.

transformation of 2,4-DCP, which could indicate the involvement of
peroxidase enzymes in 2,4-DCP transformation and the consequent
chloride ions liberation from this halogenated compound.

On the other hand, while in the reaction medium of con-
trol assays, the Cl− concentration varied from 0.7 to 1.4 mM, in
the removal assay with HR plus 2,4-DCP and H2O2 the Cl− ions
increased until 3.27 mM at 24 h and 72 h of treatment (Fig. 6B).
The detection of an increase of Cl− ions in the removal solution,
suggested that, as a consequence of 2,4-DCP transformation, the
formation of HCl could produced a change in pH.

In this context we can suggest that during the transformation
of this halogenated compound the loss of Cl− involves the partic-
ipation of peroxidases, since in control assays no increase in Cl−

concentrations was observed. As it was demonstrated by Dec et
al. [34], the basic peroxidase isoenzyme of horseradish (HRP) pro-
duces different free radicals from 2,4-DCP which are then coupled
under different combinations. This coupling produces several kinds
of dimmers with specific combinations and the consequent loss of
one or two Cl− atoms, only if the free electron is placed just in
the aromatic carbon with chlorine atom [35]. So, the chloride sub-
stituent release was the result of an oxidative coupling reaction [36]
and it constitutes an initial step leading to further decomposition
of organic compounds. Dehalogenation of chlorinated phenols was
also shown using fungi peroxidases [35] or other oxido-reductases
[37]. So, with these findings in mind we could establish that dehalo-
genation process was underwent during 2,4-DCP removal assays
using plant tissues with high peroxidase activity like tobacco HR.
Peroxidases participate in phenolic substrate oxidation with the
consequent unstable free radical or quinones generation which

form spontaneous dimmers first, then trimmers, tetramers and
eventually polymers later [8,36]. These polymers are not soluble
in water and they precipitate in water phase, so it is considered
useful and interesting for the removal of toxic compounds from
the environment [36].
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ig. 7. Macroscopic and microscopic photographs from HR after 2,4-DCP removal d
, F, G, H, I).

.2.5. Evaluation of HR cell wall structure after 2,4-DCP removal
We evaluated in situ modifications of tobacco HR produced by

heir exposition to 2,4-DCP solutions. So, we used an histochemical
echnique in order to find possible changes produced in the roots
uring 2,4-DCP removal.

In Fig. 7, roots of different 24 h assays before (Fig 7A–C) and
fter (Fig 7D–F) the phloroglucinol–HCl staining are shown. After
4 h of 2,4-DCP removal assays (Fig. 7A) we could see a browning
f HR surface which could indicate through an indirect manner, the
ossible adsorption of some products on root surface. This surface
rowning was also reported by Wevar Oller et al. [38] during phe-
ol removal by tomato HR. This phenomenon was probably due to
he adsorption of products derived from 2,4-DCP transformation
n root surface, since a common feature of the metabolism of phe-
olic compounds in soil and plants is the formation of inextricable
esidues.

Moreover, the red colour which is characteristic of phlorogluci-
ol–HCl staining, appeared immediately and it was more intense in
R after 2,4-DCP removal assays with the addition of H2O2. How-
ver, some red colour was also appreciable in HR of control assay
HR/2,4-DCP, HR/H2O) (Fig. 7E and F) which could be related with
olymer formation through the participation of other phenol oxi-
ases, as well as, the own and natural content of lignin and suberin
f roots.

Microscope observations of longitudinal slices of roots were
one to visualize possible changes in root cells (Fig. 7G, H and I).
hose HR slices from HR/2,4-DCP/H2O2 treatment showed higher
ed colour intensity in comparison with HR of control treatments.

hese stained lignin and/or suberin like deposits were associated
ith cell walls of xylem and phloem elements in the vascular cylin-
er. Naturally, lignin is present in xylem vessels but frequently the
eposition pattern in roots changes in response to salinity, heavy
etals and nutrient stresses, as a strategy to limit the incorpora-
24 h and HR of control assays, before (A, B, C) and after phloroglucinol staining (D,

tion of harmful molecules [39] (and references there in). As it was
shown in Talano et al. [40] the use of phloroglucinol–HCl technique
have allowed demonstrating changes in lignosuberization pattern
of tomato HR in response to NaCl treatment. The exposition of HR
to high 2,4-DCP concentrations could be considered as an stressful
condition for this plant tissue. In addition, this phenolic compound
is oxidized by peroxidases and other oxidases (probably laccases)
first, and some of its products could be then polymerized form-
ing lignin/suberin as it could be seen in this work through the
changes observed in lignosuberization pattern. So, the change in
the deposition pattern of lignin in cell walls, in response to 2,4-DCP
treatment, is at least an approximation about the in situ localization
and nature of some of the formed products. Similarly, Sorroche [41]
have shown that p-coumaric, cafeic and ferulic acids, natural phe-
nolic compounds from plant cells, were metabolized by B. napus HR
and transformed in lignin/suberin polymers which were deposited
preferentially in xylem cell walls. The chemical similarity between
2,4-DCP and the natural phenolic compounds (monolignols) from
plant tissues, which are the source for synthesis of lignin/suberin,
suggest that the structural changes observed in xylem cell walls
would be related with the removal of 2,4-DCP from aqueous solu-
tion. Many attempts have been made to elucidate the final fate of
2,4-DCP and/or the final products of its metabolism. Ensley et al.
[42] identified metabolites less toxic for plants such as �-glycosides
and phenyl-glycosides as intermediate products of phenol and 2,4-
DCP transformation by Lemna gibba in vitro cultures. On the other
hand, Santos de Araujo et al. [24], using radioactive C142,4-DCP,
suggested that 2,4-DCP is incorporated by HR of different plant

species, then dehalogenated and finally transformed in high polar
conjugated molecules possibly glycosides. These steps have been
pointed out in the “green-liver” model (transformation, conjugation
and elimination or storage), which is based on metabolic processes
by which plants can detoxify or store organic compounds that
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nter tissues [43]. In this context, peroxidases have been postu-
ated as an important enzyme family with significant role in the
ransformation step of the green-liver model. After the conjuga-
ion step, with malonic acid, d-glucose, glutation, cysteine, as the
onstituents more frequently found, water soluble compounds and
ith reduced toxicity are obtained [44]. Glycosidation, a specific

ype of conjugation frequently associated with chlorinated phenols
ransformation, catalysed by o-glycosiltransferase enzymes results
n soluble glycosides that can be stored in vacuoles and/or in the
poplast or incorporated through covalent union into lignin from
ell walls, a phenomenon that is called sequestration or compart-
entalization. However, many times the study of localization of the

roduct has failed because the bound residues formed from phenol
ompounds transformation are not extractable substances and they
re strongly associated with lignin, which is not available for fur-
her analysis [44]. So, here, we present an evidence about the nature
nd localization of some of the products of 2,4-DCP transformation
n tobacco HR.

. Conclusion

This study has shown the great efficiency of tobacco HR to
emove high concentrations of 2,4-DCP and it has contributed
o show the lignin-type nature of some products formed from
,4-DCP transformation, as well as, its compartmentalization in
R cell walls. However, as it was reported by many authors, a
omplicated mixture of intermediate products would be formed
dimmers, trimmers and oligomers) from 2,4-DCP transformation.
or these reason, toxicity tests are likely to be needed to confirm
he detoxifying effect of chemical oxidation of chlorophenols. Now,
tudies related with the analysis of post-removal solution toxicity
re undergoing in our laboratory, in order to consider the future
pplication of this technology for wastewater treatments.

2,4-DCP removal process with this plant system would be pos-
ible in the future since recent progress are being developed in the
onstruction of new types of bioreactors adapted to root growth.
owever, also, scaling up HR to industrial levels constitutes a great
hallenge at the moment. Therefore, in the near future the HR tech-
ology might be used more commonly in biotechnological process
uch as phytoremediation [45]. In this context, the high efficiency
hown by tobacco HR for the removal of 2,4-DCP at high concentra-
ions, even higher than those frequently found in sites of discharge
f many industries, would make this system a useful strategy for
hytoremediation of 2,4-DCP. In this context, the interest of private
ompanies, such as German Company ROOTec in the development
f large-scale HR cultures, would probably give an advance in the
se of HR to clean up industrial effluents.
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