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Abstract Sulphonated anthraquinones are precursors of

many synthetic dyes and pigments, recalcitrant to biodeg-

radation, and thus contaminating many industrial effluents

and rivers. In the development of a phytotreatment to

remove sulphonated aromatic compounds, rhubarb (Rheum

rhaponticum), a plant producing natural anthraquinones, as

well as maize (Zea mays) and celery (Apium graveolens),

plants not producing anthraquinones, were tested for their

ability to metabolise these xenobiotics. Plants were culti-

vated under hydroponic conditions, with or without sul-

phonated anthraquinones, and were harvested at different

times. Either microsomal or cytosolic fractions were pre-

pared. The monooxygenase activity of cytochromes P450

towards several sulphonated anthraquinones was tested

using a new method based on the fluorimetric detection of

oxygen consumed during cytochromes P450-catalysed

reactions. The activity of cytosolic peroxidases was mea-

sured by spectrophotometry, using guaiacol as a substrate.

Results indicated that the activity of cytochromes P450

and peroxidases significantly increased in rhubarb plants

cultivated in the presence of sulphonated anthraquinones.

A higher activity of cytochromes P450 was also detected in

maize and celery exposed to the pollutants. In these two

plants, a peroxidase activity was also detected, but without

a clear difference between the control plants and the plants

exposed to the organic contaminants. This research dem-

onstrated the existence in rhubarb, maize and celery of

biochemical mechanisms involved in the metabolism and

detoxification of sulphonated anthraquinones. Taken toge-

ther, results confirmed that rhubarb might be the most

appropriate plant for the phytotreatment of these organic

pollutants.
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Introduction

Synthetic sulphonated anthraquinones are very important

starting material to produce a large palette of dyes, and

this family of xenobiotics has a potential and actual

impact on the environment, especially rivers. Because

these chemicals contain at least one sulphonic group and

often also varying substitutions such as nitro groups,

microorganisms have a limited ability to degrade them,

and conventional wastewater treatment plants or biofilters

are usually inefficient in managing the effluents of dye

and textile industries. In this context, the development of

alternative biological treatments to efficiently eliminate

sulphonated aromatic compounds is needed (Schwitzguébel

et al. 2002). More precisely, selected plant species are

able to remove many pollutants from wastewater, by the

use of constructed wetlands (Biddlestone et al. 1991;

Davies and Cottingham 1994; Haberl et al. 2003; Davies

et al. 2005; Bulc and Ojstrsek 2008), or hydroponic type
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treatment systems (Furukawa and Fujita 1993; Dumont

et al. 1999; Monnet et al. 2002). Both options offer a

potentially low cost, low maintenance biological method

for wastewater treatment. Most of the systems currently in

use have been designed to treat domestic wastewater, but

have a great potential to treat industrial effluents con-

taining recalcitrant organics such as priority pollutants

and dyes.

Anthraquinones naturally occur in several plant genera

such as Rheum, Rumex, Cinchona, Galium, Morinda

and Rubia (Van der Plas et al. 1998; Matsuda et al. 2001;

Han et al. 2002). Furthermore, the biosynthetic pathways

of natural anthraquinones, often glycosylated, have been

recently unravelled and several enzymes involved in the

process are characterised (Khouri and Ibrahim 1987;

Van der Plas et al. 1998; Matsuda et al. 2001; Han et al.

2002).

It has been therefore assumed that the hardy and

perennial rhubarb (Rheum rabarbarum or R. rhaponticum)

might possess enzymes able of transforming sulphonated

anthraquinones and could be harnessed to treat wastewater

from the dye and detergent industries. As a first step, it has

been shown that cells isolated from rhubarb and grown in

bioreactors in the presence of different sulphonated aro-

matic compounds are able to accumulate and transform

most of them (Duc et al. 1999; Schwitzguébel et al. 2002;

Schwitzguébel and Vanek 2003).

The next step has been to check if whole plants of

rhubarb cultivated under hydroponic conditions are also

able to efficiently remove sulphonated anthraquinones

from spiked water. Not only rhubarb, but also other

plants producing anthraquinones, such as Rumex hydro-

lapatum and R. acetosa, have been tested. As a com-

parison, plants not producing anthraquinones, such as

maize (Zea mays), rape (Brassica napus) and celery

(Apium graveolens), have also been grown in the pres-

ence of different sulphonated anthraquinones. It has been

shown that the most efficient plant to remove these

xenobiotic compounds is rhubarb, especially the Valen-

tine variety (Aubert 2003; Aubert and Schwitzguébel

2002, 2004).

However, the disappearance of a pollutant from the

medium does not automatically mean that it is accumulated

and degraded by the plant itself. The next step has thus

been to investigate any possible adsorption, uptake,

metabolism and degradation by the plant and its different

organs. As measured by capillary electrophoresis, several

sulphonated anthraquinones and different metabolites, not

yet characterised, have been found in leaves of rhubarb and

R. hydrolapatum, suggesting that these plant species are

able to accumulate and metabolise these compounds (Aubert

and Schwitzguébel 2002; Aubert 2003; Schwitzguébel

et al. 2008).

Even if the precise biochemical mechanisms involved in

the detoxification of sulphonated anthraquinones are not

yet understood, they probably have cross talks with sec-

ondary metabolism, redox processes and plant energy

metabolism. Enzymes involved in the early stages of the

detoxification process, such as glutathione-S-transferases,

cytochrome P450 monooxygenases or peroxidases are

often linked to the plant redox biochemistry (Coleman

et al. 1997; Gordeziani et al. 1999; Stiborová et al. 2000;

Singer et al. 2003; Brankova et al. 2007; Jouili et al. 2008).

The presence of xenobiotic compounds and their detoxifi-

cation in plant cells could thus have significant effects on

the redox balance and energy metabolism of the different

plant organs. It is thus of utmost importance to avoid

overloading of a plant with too high concentrations of

xenobiotics requiring detoxification, both for phytoreme-

diation efficiency and plant wellness.

It has recently been shown that microsomal cytochrome

P450 monooxygenases isolated from plants producing

natural anthraquinones are able to accept as substrates

different sulphonated anthraquinones and that cytosolic

peroxidases react to the presence of these xenobiotics

(Page and Schwitzguébel 2009), whereas glutathione-S-

transferase is apparently not involved in their detoxification

(Aubert 2003; Schwitzguébel et al. 2008).

In the present study, the possible role of cytochrome

P450 monooxygenases and peroxidases in the metabolism

of sulphonated anthraquinones was investigated in two

plant species, not producing natural anthraquinones, celery

(A. graveolens), a dicotyledon, and maize (Z. mays), a

monocotyledon, and compared to rhubarb. Microsomal and

cytosolic fractions were thus isolated from plantlets culti-

vated under hydroponic conditions with or without sulph-

onated anthraquinones. Using a recent method based on the

fluorimetric detection of oxygen consumed during cyto-

chromes P450 catalysed reaction (Olry et al. 2007), it was

possible to test directly the enzyme activity towards the

different xenobiotics under investigation, whereas peroxi-

dase was measured by spectrophotometry with guaiacol as

a substrate.

Materials and methods

Plant material and cultivation

Seeds of Rheum rhaponticum L. (rhubarb) variety Victoria

were provided by Graines Baumaux, Nancy, France. Seeds

of Apium graveolens (celery) variety Secalinum were

provided by Sativa Rheinau AG, Rheinau, Switzerland.

Seeds of Zea mays (maize) variety LG 2185 were provided

by Semences UFA, Switzerland. Seeds of rhubarb and

maize were soaked in lukewarm water for 15 min before
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being germinated on wet paper in plastic dish in darkness at

a temperature of 16�C during the night and 22�C during the

day. Seeds of celery were germinated without being soaked

in water. After 1 week of germination, seedlings were

grown hydroponically in brown glass culture pots con-

taining 100 ml water. Luwasa (30110, Interhydro AG,

Allmendingen, Switzerland) was supplied as plant nutrient.

Five seedlings of rhubarb or celery and only one seedling

of maize were placed in each pot and cultivated for 17 days

(maize), 21 days (rhubarb) or 39 days (celery). Photo-

period was 14 h day and 10 h night and temperatures were

the same as for germination.

Plant exposure to sulphonated anthraquinones

Plants of rhubarb and maize were exposed for 4 weeks to

sulphonated anthraquinones, while plants of celery were

exposed for 5 weeks. The five sulphonated anthraqui-

nones were added together to the culture medium at a

concentration of 0.2 mM each. This model effluent cor-

responded to the concentrations previously used in cell

cultures (Schwitzguébel and Vanek 2003) and plant cul-

tures (Aubert and Schwitzguébel 2004). The same quan-

tity of rhubarb, maize and celery plants were grown at the

same time with water and Luwasa only and used as

control.

Anthraquinone-1-sulphonic acid (AQ-1-S), potassium

salt, was obtained from Ciba-Geigy (Monthey, Switzer-

land) (Fig. 1); anthraquinone-2-sulphonic acid, sodium salt

(AQ-2-S), anthraquinone-1,5-disulphonic acid (AQ-1,5-

SS) and anthraquinone-2,6-disulphonic acid (AQ-2,6-SS),

disodium salts, from Sigma-Aldrich (Buchs, Switzerland);

and anthraquinone-1,8-disulphonic acid, disodium salt (AQ-1,

8-SS) from Huabei Foreign Trading Textile Corporation

(Huabei, China).

Design of the experiment

The experimentation started with the exposure of plants to

the mixture of sulphonated anthraquinones. At the same

time, samples from control plants were collected for

extraction of cytosolic peroxidases or microsomal cyto-

chromes P450. For each extraction, the plants of three pots

were collected for the peroxidase assay and the plants of

five (rhubarb and celery) and four (maize) pots were col-

lected for the microsomal preparation. Afterwards, samples

from control and exposed plants were collected once a

week, during 4 weeks (rhubarb and maize) or 5 weeks

(celery). Rhubarb plants were collected for the cyto-

chromes P450 extraction after 1, 3 and 4 weeks of expo-

sure to the sulphonated anthraquinones. To have enough

plant material, roots and shoot (control or exposed) were

pooled for the extraction of cytosolic peroxidases or

microsomal cytochromes P450. At the end of the experi-

mentation, roots and shoot of the plants exposed or not to

sulphonated anthraquinones were collected separately for

the cytosolic and the microsomal fraction extractions and

for the enzymatic assays.

Microsomes extraction and assay of cytochromes

P450 activity

For the extraction of microsomes, plants were washed

with deionised water, dried with paper and the fresh

weight was measured. The plant material was ground in a

blender (Waring Laboratory Blender), 2 9 30 s, maxi-

mum speed, in the extraction buffer: 100 mM Na phos-

phate buffer pH 7.4, 250 mM saccharose, 1 mM EDTA

(ethylenediaminetetraacetic acid), 40 mM ascorbic acid

(vitamin C), 1 mM PMSF (phenylmethylsulphonyl fluo-

ride), 10 mM b-mercaptoethanol. The ratio of the volume

of the extraction buffer to the mass of plant material was

10–1. The obtained homogenate was filtered on Miracloth

(Calbiochem) and centrifuged at 10,0009g for 15 min at

4�C. Supernatant was collected, filtered on Miracloth and

ultracentrifuged at 100,0009g for 1 h at 4�C. Pellets of

microsomes were collected and homogenised in 100 mM

Na phosphate buffer pH 7.4 in a Potter. The procedure

was carried out at 4�C. Concentration of proteins in

the microsomal extract was measured by Lowry assay

(Bio-Rad DC Protein Assay). Microsomes were stored at

-20�C.

The fluorimetric assay for cytochromes P450 activity

was adapted from Olry et al. (2007). Standard BD Oxygen

Biosensor System 96-well plates with an oxygen-sensitive

fluorophore incorporated in a permeable matrix at the

bottom of each well were used for the assay. Oxygen

consumption due to substrate oxygenation was measured at

27�C in a fluorimeter (FLEXstation, Molecular Devices,
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USA). The excitation wavelength was set at 480 nm and

the emitted light was collected at 620 nm. All experiments

were carried out in 20 mM Na phosphate buffer, pH 7.4,

containing 20% glycerol, 0.1 mM NADPH, 3 mM glucose-

6-phosphate, 0.4 U glucose-6-phosphate dehydrogenase

(all purchased from Sigma-Aldrich), 0.1 mM substrate

(one of the five sulphonated anthraquinones) and 50 ll

microsomes. The reaction medium was preheated for 1 h at

27�C in the fluorimeter before the initiation of the reaction

by adding the microsomes preheated at 30�C. Fluorescence

was recorded every 30 s for 2 h. Controls were done by

omitting either NADPH or the substrate (one of the five

sulphonated anthraquinones) or both of them (see Page

and Schwitzguébel 2009, Fig. 2). Calculation of oxygen

consumption converted from fluorescence changes during

the assay, to evaluate the enzymatic activity towards the

different substrates, was made according to Olry et al.

(2007).

Extraction and assay of cytosolic peroxidases activity

Plants were washed with deionised water, dried with paper

and the fresh weight was measured. The plant material was

ground in a blender (Waring Laboratory Blender),

2 9 30 s, maximum speed, in the extraction buffer: 0.1 M

sodium tetraborate adjusted to pH 8.0 with Tris–HCl

(1 M), 2 lM MgCl2, 0.5 mM EDTA, 2 mM DTT (1,4-

dithio-DL-threitol), 1 mM PMSF, 0.1% DMSO (dimethyl

sulphoxide), 10 mg ml-1 PVP (polyvinylpyrrolidone). The

ratio of the volume of the extraction buffer to the mass of

plant material was 5–1. The homogenate obtained was

filtered on Miracloth and centrifuged at 39,0009g for

30 min at 4�C. Supernatant was then collected for enzyme

activity measurements. Concentration of proteins in the

enzyme extract was measured by Lowry assay (Bio-Rad

DC Protein Assay). Peroxidase activity was followed by

spectrophotometry at 470 nm by the guaiacol oxidation

rate in 1 ml reaction mixture containing 790 ll 0.1 M

phosphate buffer pH 7.4, 5 ll guaiacol, 5 ll H2O2 (30%)

and 200 ll of enzyme extract. Peroxidase activity was

measured at room temperature.

Statistical analysis

The amount of microsomes extracted was large enough to

do one measurement of the cytochromes P450 activity for

each sulphonated anthraquinone, but repetitions of the

measurement with the same extract were not possible. In

order to know if the method for the measurement of

cytochromes P450 activity can be repeated with the same

results, a large extraction was made with higher amount

of plant material, for the control and exposed plants.

Fluorimetric analysis of the cytochromes P450 activity

was then repeated three times. Standard deviations were

calculated from these three replicates and were always

smaller than 10% of the average of the three replicates.

These repetitions of the measurement were made for

rhubarb (Fig. 2), maize and celery (results not shown).

The standard deviations in the case of maize and celery

were also smaller than 10% of the average of the three

replicates.

Results

Effect of sulphonated anthraquinones on plants

To know the possible effect of sulphonated anthraquinones

on plants, the visual aspect of rhubarb, maize and celery

was observed, and the fresh weight was measured at each

collecting time. Plants of rhubarb and maize exposed to the

mixture of xenobiotics looked very similar to the control

plants (Fig. 3). This was not the case for celery, since the

exposed plants showed yellow and dry leaves. Further-

more, the celery exposed to sulphonated anthraquinones

showed a lower fresh weight than the control plants

(Fig. 4). The difference between the fresh weight of

exposed and control plants already appeared after 2 weeks

of exposure to the contaminants. The plants of rhubarb and

maize were growing normally despite the presence of

sulphonated anthraquinones.

Cytochrome P450 activities

Cytochrome P450 monooxygenases are involved in the

detoxification processes of many organic contaminants in

plants (Khatisashvili et al. 1997; Werck-Reichhart et al.

2000; Morant et al. 2003; Isin and Guengerich 2007).
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Fig. 2 Specific activity of cytochromes P450 in rhubarb. Average
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Plants exposed or not to the mixture of sulphonated an-

thraquinones were analysed at different times after the

exposure to the contaminants in order to know if these

enzymes were involved in the detoxification of the five

sulphonated anthraquinones. A significant activity of

cytochromes P450 was detected in the rhubarb plant with

the different anthraquinones used as substrate (Fig. 5).

Higher activity was detected in the plants exposed to the

contaminants than in control plants. When AQ-2,6-SS,

AQ-2-S and AQ-1-S were used as substrates, a higher

activity was detected in the plants 1 week after the expo-

sure to the xenobiotics, indicating an induction of these

enzymes when plants were grown in the presence of the

five sulphonated anthraquinones (Fig. 5a–c, week 1).

Activity was not found at each collecting time when

AQ-1,5-SS and AQ-1,8-SS were used as substrates. At the

end of the experimentation, after 5 weeks of exposure, the

roots and the shoot of the rhubarb were analysed sepa-

rately. Activity was detected in the roots and in the shoot of

control and exposed plants when AQ-2,6-SS, AQ-2-S and

AQ-1-S were used as substrates, while activity was

detected only in roots of exposed plants when AQ-1,5-SS

was used as a substrate (Table 1). No activity was detected

in the roots and in the shoot of control and exposed plants

of rhubarb when AQ-1,8-SS was used as a substrate. This

new method for the measurement of cytochromes P450

monooxygenases activity using sulphonated anthraqui-

nones as substrates clearly showed that these xenobiotic

compounds were accepted as substrates by the enzyme.

To compare the detoxification mechanisms of sulpho-

nated anthraquinones in a plant producing natural anthra-

quinones (rhubarb) with plants that do not produce natural

Fig. 3 Plants of rhubarb, celery

and maize grown

hydroponically. a Rhubarb,

b celery and c maize plants

grown hydroponically with

(right) or without (left)
sulphonated anthraquinones.

c Two plants grown in the

presence of AQs (right) and two

control plants (left)
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anthraquinones, cytochromes P450 activity was also ana-

lysed in maize and celery. An activity of cytochromes P450

towards all sulphonated anthraquinones was found in maize

(Fig. 6). For most of the collecting times, a higher activity

was detected in the exposed plants. In contrast to rhubarb,

the activity after 1 week of exposure to the contaminants

was not clearly higher than the activity detected at weeks 2

and 3 (Fig. 6a, b). At the end of the experiment, after

4 weeks, the activity of cytochromes P450 was detected in

the shoot and in the roots of control and exposed maize

plants, with the exception of control and exposed roots

when AQ-1-S, AQ-1,5-SS and AQ-1,8-SS were used as

substrates (Table 1). An activity towards all sulphonated

anthraquinones was also found in celery plants, but no clear

induction of the activity occurred after the first week of

exposure to the pollutants (Fig. 7). The activity of cyto-

chromes P450 when AQ-2,6-SS, AQ-2-S and AQ-1-S were

used as substrates increased with the time of exposure to

reach a higher level after 3 weeks and then it decreased.

In contrary to maize, but similar to rhubarb, activity was

not found at each collecting time when AQ-1,5-SS and

AQ-1,8-SS were used as substrates. After 5 weeks of expo-

sure to the xenobiotic compounds (end of the experiment),

no activity was found in the shoot of control and exposed

plants and in the roots of control plants when AQ-1,5-SS and

AQ-1,8-SS were used as substrates, as well as in the roots of

control plant with AQ-1-S (Table 1).

Cytosolic peroxidase activities

Beside several functions, peroxidases are multifunctional

enzymes, also involved in a wide variety of detoxification

mechanisms (Bhunia et al. 2001; Arrieta-Baez et al. 2002;

Strycharz and Shetty 2002; Passardi et al. 2005; Karim and

Husain 2009). To know if peroxidases were involved in the

metabolism of sulphonated anthraquinones, samples of

rhubarb, maize and celery were collected from the same

experimentation as for cytochromes P450 and analysed for

peroxidase activity. With guaiacol as a substrate, a signif-

icant activity was measured in rhubarb, maize and celery

(Fig. 8). A higher activity was found in the exposed plants

of rhubarb, while no significant difference was observed in

the maize and celery plants growing with or without sulpho-

nated anthraquinones. Peroxidase activity increased with the

time of exposure to the xenobiotic compounds in rhubarb to

reach the highest level at the end of the experiment (4 weeks).

At that time, for exposed rhubarb plants, roots showed

significantly higher activity than leaves. Even if there were no

significant differences between control and exposed celery,

activity increased also with the time of exposure in this plant

(Fig. 8c). Maize roots, control and exposed, clearly showed

a higher peroxidase activity than leaves (Fig. 8b).
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Discussion

In the present study, rhubarb, maize and celery were grown

with or without sulphonated anthraquinones to study their

capacity for growing in the presence of these pollutants and

their ability to metabolise these organic contaminants

which are recalcitrant to biodegradation and not eliminated

in normal wastewater treatments. The visual aspect of the

plants and the fresh weight after 4 or 5 weeks of exposure

to the xenobiotic contaminants showed that only celery

suffered from the presence of sulphonated anthraquinones

(see Figs. 3, 4). Celery was used with success in phyto-

remediation, for instance, in the treatment of industrial

effluents (Dumont et al. 1999) and the remediation of

polycyclic aromatic hydrocarbons contaminated soils (Yi

and Crowley 2007). However, the fact that the celery

exposed to the pollutants presented yellow leaves and was

smaller than the control plants indicated that this plant

might not be well adapted for the phytoremediation of

sulphonated anthraquinones. It is important in phytoreme-

diation that the plants tolerate the pollutant to be treated.

Cytochromes P450 have a large range of physiological

functions in the plants, such as biosynthesis of hormones,

lipids and secondary metabolites (Bolwell et al. 1994). The

majority of these enzymes catalyse reactions consuming

one molecule of oxygen and one molecule of NADPH

(Olry et al. 2007). In the present work, a fast, reliable and

simple method to detect the activity of cytochromes P450

was adapted from Olry et al. (2007). Moreover, this fluo-

rimetric assay is a direct method to test potential substrates

for a large variety of cytochromes P450 monooxygenases.

Chiapella et al. (1995) have shown that plant micro-

somes can contain other enzymes than cytochromes P450.

Peroxidases for instance are also present in relatively high

levels in this plant subcellular system. Microsomes were

tested for peroxidase activity, using guaiacol as a substrate,

but no activity of these enzymes was detected (data not

shown). Furthermore, the fluorimetric reaction was negli-

gible when NADH was used instead of NADPH (data not

shown), but NADH has been reported to be less efficient as

cofactor than NADPH (Stiborová et al. 2000). No reaction

was observed when the NADPH regenerative system was

omitted (data not shown). All these features and the fact

that microsomes, NADPH and the sulphonated anthraqui-

nones were all needed for the enzymatic reaction consuming

oxygen, provided conclusive evidence for the involvement of

cytochromes P450 in the oxidative metabolism of sulphonated

anthraquinones.

A significant activity of cytochromes P450 was found in

the roots and in the shoot of rhubarb, maize and celery

plants when AQ-2-S and AQ-2,6-SS were used as sub-

strates (Figs. 5, 6, 7; Table 1). These results suggest that

the detoxification mechanisms of these two sulphonated

anthraquinones took place in the roots and in the shoot of

the plants studied. Furthermore, these results might also

indicate that both xenobiotic compounds were transported

from the roots to the shoot. Aubert and Schwitzguébel

(2002) have shown that some sulphonated anthraquinones

are found in the leaves of rhubarb and common sorrel after

an exposure of 6 weeks to these compounds. When AQ-1,

5-SS and AQ-1,8-SS were used as substrates, an activity of

cytochromes P450 was detected only in the exposed roots

of rhubarb (AQ-1,5-SS) and celery (both AQs). These

results suggested that detoxification mechanisms of these

two pollutants took place only in the roots or that these two

organic compounds were not transported from the roots to

Table 1 Specific activity of cytochromes P450 in shoot and roots of rhubarb, maize and celery plants exposed (E) or not (C) to sulphonated

anthraquinones

Plants Plant parts Treatments Cytochromes P450 activity (nkatal/mg protein)

AQ-1-S AQ-2-S AQ-1,5-SS AQ-1,8-SS AQ-2,6-SS

Rhubarb Shoot C 0.31 0.61 0.00 0.00 0.64

E 0.26 0.47 0.00 0.00 0.53

Roots C 0.42 0.45 0.00 0.00 0.64

E 0.52 0.45 0.48 0.00 0.49

Maize Shoot C 0.94 2.31 0.41 0.57 2.04

E 0.72 1.93 0.21 0.41 1.67

Roots C 0.00 1.70 0.00 0.00 2.00

E 0.00 0.83 0.00 0.00 0.83

Celery Shoot C 0.26 1.39 0.00 0.00 1.28

E 0.35 0.53 0.00 0.00 0.65

Roots C 0.00 0.20 0.00 0.00 0.20

E 0.48 0.52 0.35 0.51 0.62

Standard deviations were smaller than 10% (see Fig. 2 and statistical analysis)
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the shoot. Sulphonated anthraquinones may also be trans-

ferred to the shoot after transformation as shown by Aubert

(2003) and Schwitzguébel et al. (2009). Actually, new

metabolites are found in leaf extracts from rhubarb plants

cultivated in the presence of the sulphonated anthraqui-

nones. On the other hand, Schwitzguébel et al. (2008) have

shown that sulphonated anthraquinones and metabolites

derived from them are present in leaves of rhubarb, maize

and common sorrel after the direct injection of the pollu-

tants in cut stems of these plants. The metabolites formed

are different for the three plants tested and also different

from those obtained in whole plants. These results indicate

that transformations of the sulphonated anthraquinones can

occur in the roots and in the shoot and that transformations

occurring in the roots are different from those occurring in

the shoot. All these features and the fact that cytochromes

P450 were able to accept as substrates the five sulphonated

anthraquinones suggest that these enzymes were involved

in the metabolism of these pollutants.

Activity of cytochromes P450 was not found at each

collecting time for rhubarb and celery plants when AQ-1,5-

SS and AQ-1,8-SS were used as substrates (Figs. 5, 7),

while an activity was found at each collecting time in

maize plants (Fig. 6). Comparable results were already

obtained with adult rhubarb plants (no activity at each

collecting time) and common sorrel plants (activity at each

collecting time) (Page and Schwitzguébel 2009). The fact

that some plants are (rhubarb and common sorrel) or not

(maize and celery) natural anthraquinones producing plants

may not explain this difference, as well as the fact that the

rhubarb, the celery and the common sorrel are dicotyledons

while maize is a monocotyledon plant. A result found in

this study, similar for the three plants tested and also in the

adult plants of rhubarb and common sorrel (Page and

Schwitzguébel 2009) is that the activity was smaller when

AQ-1,5-SS and AQ-1,8-SS were used as substrates than

with AQ-2-S or AQ-2,6-SS. The activity found with AQ-1-

S was always in the middle. Maybe the affinity of cyto-

chromes P450 for AQ-1,5-SS and AQ-1,8-SS was lower,

due to the position of the sulphonated group in the mole-

cule. The relatively high activity of cytochromes P450

found in all plants when AQ-2-S was used as substrate and

the results of Schwitzguébel and Vanek (2003) showing

that rhubarb cells cultivated in the presence of AQ-2-S

release an increasing amount of sulphate suggest that the

cytochromes P450 might be responsible for the desulpho-

nation of AQ-2-S.

The activity of peroxidases was found in all plants

studied (Fig. 8). A higher activity was measured in the

exposed plants of rhubarb and this activity increased with

the time of exposure to the sulphonated anthraquinones.

Moreover, exposed roots of rhubarb showed four times

higher activity than the shoot. These results suggest the

involvement of peroxidases in the detoxification of sulph-

onated anthraquinones and this process took place mainly

in the roots, the plant part directly in contact with the

pollutants. In celery, the peroxidases activity increased also

with the time of exposure, but in contrast to rhubarb, no

significant difference between control and exposed plants

was found. Whereas peroxidases are involved in mecha-

nism of stress response and in the degradation of some

xenobiotic compounds (Bhunia et al. 2001; Carias et al.

2008), they also have several functions in relation to the
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growth of the cell (Passardi et al. 2005). The peroxidases

activity found in the celery might be due to these functions

rather than detoxification mechanism.

Arrieta-Baez et al. (2002) have shown that peroxidases

isolated from horseradish and from Senna angustifolia can

transform natural hydroxy-9,10-anthraquinone. Neverthe-

less, the ability of peroxidases to accept sulphonated

anthraquinones remains unknown. Also, the method used in

the present work did not allow to know if the peroxidases

might accept sulphonated anthraquinones as a substrate and

thus to prove the involvement of this family of enzymes in

the detoxification mechanism of these compounds. But the

promising results found with rhubarb, a plant producing

natural anthraquinones, seemed to indicate a possible

function of peroxidases in the detoxification of these aro-

matic compounds. Further studies should be performed to

find the possible involvement of peroxidases in the

metabolism of sulphonated anthraquinones by anthraqui-

none-producing plants.

The results obtained in the present work confirmed that

rhubarb has a strong potential for the remediation of sul-

phonated anthraquinones from contaminated industrial

effluents. In this plant, cytochromes P450 and peroxidases

seemed to be involved in the metabolism of these xeno-

biotic compounds. Further investigation should be per-

formed with this plant to find the next steps of this

detoxification pathway. Glycosyltransferases might be

enzymes of interest. Actually, natural anthraquinones are

mostly present as glycosides in plants (Khouri and Ibrahim

1987; Van der Plas et al. 1998; Matsuda et al. 2001).

Moreover, after hydroxylation of an organic pollutant by

cytochromes P450, glycosylation is usually the next step of

detoxification pathway (Coleman et al. 1997; Pflugmacher

and Sandermann 1998). Anthraquinone-producing plants

could possibly glycosylate synthetic anthraquinones. The

next step should thus be to test this hypothesis by further

investigation on glycosyltransferases.
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