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In the course of experiments to investigate the fate of pharmaceuticals in plants it might be of

interest to identify potential metabolic steps for the compound´s bioconversion or to recognize plant

stress either in the native vegetation at a given natural wetland, or in species selected for treatment

in constructed wetlands. The performance of species under stress can differ significantly and is

decisive for the success of the action. It seems that plants can hardly prevent the uptake of

substances into their living tissue (Cui et al. 2015, Chen et al. 2017).

Generally, plants under xenobiotic stress show reactions in their antioxidative response and

metabolic pathways for detoxification sensu stricto. It seems that in all cases reactive oxygen species

are formed. Is their cellular concentration too high, the plant will die off, is it low, plants will survive

with elevated levels of stress enzymes and improved metabolic reactions.

Stress reactions

Although oxidation can be withstood to a certain extent by proteins, nucleic acids, lipids (May et al.

1998), plants usually respond to this stress by increasing activities of antioxidant enzymes. The

antioxidant defence system includes enzymes like superoxide dismutase, catalase, ascorbate

peroxidase, glutathione peroxidase, and glutathione S-transferases.

The catalytic properties of the superoxide dismutase (SOD) were first detected by McCord &

Fridovich (1969). Since then SOD is known to catalyze the dismutation from superoxide to hydrogen

peroxide and oxygen:

O2
- + O2

- + 2H+               H2O2 + O2

SOD is found in all aerobic organisms, where it generates activated oxygen; it is supposed to play a

central role in defence mechanisms related to oxidative stress (Beyer et al., 1991; Bowler et al.,

1992; Scandalios, 1993).

Catalase (CAT) will catalyze the dismutation of hydrogen peroxide:

H2O2          H2O + O2
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Another enzyme class responsible for the degradation of hydrogen peroxide is the class of

peroxidases, enzymes capable of reducing H2O2 to water in the presence of an electron donator.

Among peroxidases is the glutathione peroxidase (GPOX), which decomposes H2O2 by directly

converting GSH to GSSG (Noctor et al., 1998).

Besides the antioxidative enzymes, plants possess active ingredients for defence like ascorbate and

glutathione. They are present in millimolar concentrations in plant cells and play also important

defence roles in cellular metabolism (Ortega-Villasante, 2005).

L-ascorbic acid (vitamin C) reduces significantly hazard developed by free radicals. It binds

superoxide, hydrogen peroxide or tocopherol radicals and generates monodehydroascorbic acid

(MDHA) or dehydroascorbic acid (DHA). Ascorbic acid is recycled using NAD(P)H+ and GSH as

electron sources. This cycle of reactions is known as ascorbate-glutathione cycle or Halliwell–Asada

cycle.

Glutathione (GSH), y-L-glutamyl-L-cysteinyl-glycine, is a tripeptide ubiquitously found in plants, with

numerous functions in cytosol and chloroplasts. GSH may act as an antioxidant in reducing the

availability of free radicals. On the other side it is a cofactor of the DHA, where GSH can convert

ascorbic acid from its reduced to its oxidised form (Loewus, 1988). Glutathione is frequently involved

in cell metabolism, for example as transport form of reduced sulphur from leaves to roots. More

important, it acts as co-substrate for glutathione S-transferases during detoxification of xenobiotics.

Glutathione S-transferases (GST) have been detected for the first time in plants in the reaction of

conjugation between atrazine and GSH in maize (Frear & Swanson, 1970). This process of

conjugation leads to a cleavage of electrophilic groups from a xenobiotic and leads to real

detoxification. Plant GSTs are dimeric proteins found in cytosol as well as in membranes. Their

subunit size varies from 23 to 30 kDa (Schröder, 2001). Each subunit possesses two domains for

building conjugates from the glutathione and electrophilic substrates.
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Metabolism

Following the ADME scheme of toxicology, organisms exposed to foreign compounds will recognize

the xenobiotic, activate and detoxify it and then perform further actions to either excrete or

sequester it. This is the same in plants. Generally spoken, after cellular uptake plant reactions will

comprise of Phase I reactions performed by peroxidase or P450-Monooxygenases*, while Phase 2

reactions include Glutathione S-Transferases and Glycosyltransferases.

After conjugation, the xenobiotics have, in the case of glutathione conjugation, lost an electrophile,

which makes the conjugate significantly less reactive, or yielded increases water solubility, rendering

the compound less lipophilic and mobile.

Phase III includes further metabolic modification and excretion in animals. Since plants lack proper

excretion organs, they sequester the reaction product in vacuoles or cell walls. Both deposits are

usually sufficient to protect the living cells from (further unexpected) damage.

In the course of decision making for the type of constructed wetland to be used and selection of

plant species for a given pollution scenario, a characterization of the plant performance under

xenobiotic influence may be desirable to ensure proper functioning of the wetland.

* P-450 will be dealt with in an extra Method since the workup of the proteins is completely different
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Methods

1 Plant material

Plant material should be collected freshly and should be frozen as soon as possible after harvest. It is

best to cut the plant parts under consideration into pieces of 1-2 cm length, insert them into small

envelopes (5x5 cm) made of aluminium foil, add a small paper tag marked with pencil containing the

essential info on the sample, and immerse this envelope into liquid nitrogen at the sampling site.

If not possible, store cut samples on dry ice.

If not possible, try to bring the whole plant to the lab, wrapped in moist paper.

2 List of Materials needed

Mortars, pestles, gloves for work with liqu. N2

Beakers, standard lab glassware
50 ml graduated cylinders
Centrifuge (Beckman/Coulter AvantiTM J-25) with centrifuge beakers
Miracloth™ paper

Spectrophotometer UV/VIS, 96 well, e.g. SpectraMAX 190 J (Molecular Devices)
Spectrophotometer Software, e.g. SoftMaxPro 6.2.1
or
any Spectrophotometer with cuvettes, UV/VIS detection

Nuncleon Delta Surface 96-well plates (Thermo SCIENTIFIC)
special UV-plates (Greiner) for AOPX measurements

Pipettes, tips, plastic and glass cuvettes

3 List of reagents, chemicals and lab consumables

0.1 M TRIS/HCL Extraction buffer (pH 7.8),  5 mM EDTA, 1 % PVP K30, 1 % Nonidet P40 and 5 mM of
freshly added DTE
Ammonium sulfate for precipitation
25 mM TRIS/HCL buffer (pH 7.8) for resuspension
PD 10 columns containing a SephadexTM G-25 matrix (GE Healthcare)
Coomassie Brilliant Blue G250 for Bradford-test
bovine serum albumin (BSA)
acetone 80%
Substrates for the enzyme assays according to procedures described below
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4 Analysis of plant material

General considerations

With sufficient plant material available, different questions can be answered, among them plant

photosynthetic capacity (Pigment analysis), oxidative stress (MDA), reactive secondary metabolites

(TBARS) and general protein contents (Bradford). For each of the measures it would be good to set

0.5 g fresh material aside (yields 3 technical replicates).

A simple enzyme extraction and assay of all cytosolic detoxification enzymes can be performed from

another 0.5 g of fresh plant material, however ideally 3 g of material would yield a good sample for

further more elaborate tests after chromatographic separation i.e. of isoforms or interesting

fractions (see below). P450 enzymes are membrane bound and require a different workup

procedure.

4.1 Pigment analysis

To 0,5 gram fresh prepared plant material add 10ml cold 80% acetone. Centrifuge the mixture for

20min by 39 250g at 4°C. Collect the supernatant in Falcon tubes. To the pellet, add again 10ml 80%

acetone, and centrifuge again at 39 250 g at 4°C for 20min. Add supernatant to the first extract in

the Falcon tube. Repeat this procedure until pellet is white. Determine pigments from one ml of the

extract in the spectral photometer with four parallels at the wavelengths: 663,2nm, 646,8nm and

470nm. This method is according Lichtenthaler (1987). Equations for the calculation of amounts are

listed below. Contents will be expressed in µg/g fresh weight.

The calculation of data in µg pigment/g FW is specific for the solvent used (!) and can be calculated

after extraction with 90% methanol following to Lichtenthaler (1987):

Equations for the quantification of pigment- and carotenoid contents.

Chlorophyll a (Chla) = 16,82 A665,2 – 9,28 A652,4

Chlorophyll b (Chlb)= 36,92 A652,4 – 16,54 A665,2

Chla + Chlb = 0,28 A665,2 + 27,64 A652,4

Cx + car = (1000A470 – 1,91Ca – 95,15 Cb)/ 225

Abbrev: Chla - Chlorophyll a, Chlb – Chlorophyll b, Chla + Chlb – total Chlorophyll and Cx+car – total Carotenoids.
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4.2 Protein extraction

The protein extraction procedure is according to Schröder et al. (2002, 2005). Frozen plant material

is powdered with mortar and pestle and to max 3g powder an amount of 30ml of freshly prepared

extraction buffer is added (0,1M Tris/HCl pH 7,8 5mM EDTA, 5mM dithioerythritol DTE, 1% Nonidet

P40, 1% insoluble polyvinylpyrrilidone PVP K90). The slurry is homogenised and extracted for 30min

before centrifugation at 20 000 rpm. The proteins in the crude extract are precipitated by addition of

ammonium sulphate in two steps – 40 and 80% of saturation. Protein solutions containing the

AmSO4 are centrifuged after each step and the pellet finally is resuspended in 2,5ml of 25mM

Tris/HCl buffer pH 7,8. This step is followed by desalting with Sephadex PD-10 desalting columns

(Pharmacia, Freiburg, Germany). Protein extracts can now be stored, best at -80°C for further use.

4.2.1 Protein contents

The protein content can be evaluated according to the method described by Bradford (1976) using

serum albumin as standard. Reactions are best prepared by pipetting Comassie Brilliant Blue

solution into cuvettes or 96well plates, and adding protein aliquots (best 10-20 µL) to start the assay.

It is recommended to use an end-point method with final reads of the change in extinction after 15

min of reaction.

4.3 CAT assay

Catalase can best be measured in 96 well photometers where each well contains 150µl total volume:

100µl 100mM KH2PO4 buffer pH 7,0; 40µl 200mM H2O2 and 10µl protein solution. The wavelength

amounts 240nm and the extinction coefficient is 0,036mM-1cm-1. The method is according to Verma

et al. (2003). Enzyme specific activity is expressed as µkat/mg protein.

If cuvette photometer is used, adjust volumes accordingly to meet total volumes of 500 or 1000 µL.

4.4 POX assay

Peroxidase is measured according to the method of Drotar et al (1985). The used substrate is

guajacol (2-metoxy-phenol). The total volume for the peroxidase measurement is 200µl, where 10µl

of extracted protein are added to 190µl of the buffer/guajacol/H2O2 solution. The extinction

coefficient of guajacol is 26,6 mM-1cm-1 by 420nm (Vanacker et al., 1998).

Preparing of the buffer/GSSG/ NADPH solution: 27,3ml Tris/HCl 50mM pH 6,0 buffer, 600µl 3,4mM

guajacol, 600µl 9mM H2O2. Activity is expressed in µkat/mg protein.
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Table 1 Composition of the reaction mixture for POX

4.5 APOX assay

Ascorbate peroxidase is assayed according to Vanacker et al. (1998). To 36 ml of 55,56 mM KH2PO4

buffer pH 7,0 are added 10µl ascorbate solution and 41µl 3% H2O2 dilution. 180µl of this mixture are

pipetted in each well of the well plate and 20µl protein are added to start the reaction. The

photometer should be set to 25°C and the buffer-protein mixture is measured by 290nm for 5 min.

The total volume is 200µl and the extinction coefficient is 2,8 mM-1cm-1. Activity is expressed in

µkat/mg protein.

Table 2 Composition of the reaction mixture for APOX

Reagent Volume in reaction mixture
55.56 mM K2HPO4 (pH 7.0) 36.000 µl
60 mM Sodium ascorbate 10 µl

3 % H2O2 41 µl

4.6 MDHAR assay

The monodehydroascorbate reductase is measured according to the protocol of Vanacker et al.

(2000).  In this assay, the total volume for the monodehydroascorbate reductase measurement is

200µl, where: 180µl of Hepes/KOH buffer/NADPH/ascorbate solution are added to 20µl of extracted

protein. The extinction coefficient of NADPH is 6,2 mM-1cm-1 @ 340nm (Vanacker et al., 1998).

Preparing of the buffer/NADPH/ascorbate solution: 30ml Hepes/KOH 111mM pH 7,6 buffer, 100µl

25µM NADPH, 1000µl 2,5mM ascorbate. Activity is expressed in µkat/mg protein.

4.7 GPOX assay

The glutathione peroxidase activity is determined with 50µl 50mM phosphate-EDTA buffer pH 7,0;

10µl from each: 2,5mM NADPH, 9mM H2O2, 100mM GSH, GR and 10µl protein extract (Dixon et al.,

1998). The measurement takes 5min at 340nm (NADPH ε340nm= 6,22). Activity is expressed in

µkat/mg protein.

Reagent Volume in reaction mixture
50 mM TRIS/HCl (pH 6.0) 27.300 µl

3.4 mM Guajacol 600 µl
9 mM H2O2 600 µl
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4.8 Glutathione transferases (GST) assay

Spectrophotometer assays are carried out following the method of Habig et al. (1974), Schröder et

al. (2005) and Obermeier et al. (2014). Note: for determination of GST activity for model substrate:

Dichloronitrobenzene (DCNB, ε340nm=8,5mM-1cm-1), a 0.1M Tris/HCl pH 7,5 buffer is used. In all above

mentioned assays, the concentration of reduced glutathione (GSH) as well as of the model

substrates is 1mM. Activity is expressed in µkat/mg protein.

Table 3 Substrates and their compositions to determine activity of GSTs

Substrates
Conc.
[mM]

Conc. of
GSH [mM]

Buffer
Wavelength

[nm]

Molar extinction
coefficient
[mM-1cm-1]

1-Chloro-2,4-
Dinitrobenzene (CDNB)
(SIGMA-Aldrich)

1.0 1.0 TRIS/HCl 0.1
M; pH 6.4

340 9.6

3,4-dichloro-4-
Nitrobenzene (DCNB)
(SIGMA-Aldrich)

1.0 1.0 TRIS/HCl 0.1
M; pH 7.5

345 8.5

p-Nitrobenzylchlorid
(pNBC) (FLUKA)

0.5 1.0 TRIS/HCl 0.1
M; pH 6.4

310 1.8

p-Nitrobenzoylchlorid
(pNBoC)
(FLUKA)

0.5 1.0 TRIS/HCl 0.1
M; pH 6.4

310 1.9

p-Nithrophenylacetate
(pNpa)

0.2 0.5 KPP 0.1 M;
pH 7.0

400 8.79

Fluorodifen
(FLUKA;SIGMA-Aldrich)

0.3 1.2 TRIS/HCl 0.1
M; pH 7.5

400 17.2

4.9 Dehydroascorbate reductase assay (EC 1.8.5.1)

The method was modified according to the method of Vanacker et al. (2000). Each well contains 190

µL mixture of reaction buffer (52.6 mM Hepes/KOH buffer, pH 7.0), 0.1 mM EDTA (3.167 µM per

reaction), 2.5 mM GSH (79.16 µM per reaction), 0.2 mM DHA (6.3 µM per reaction), and 10 µL

enzyme extract (5 % per reaction). The assay operates at 265 nm (e = 7.0 mM-1cm-1) for 5 min in a

96well-UV plate.

4.10 Glutathione reductase assay (EC 1.6.4.2)

The method was modified according to the method of Zhang and Kirkham (1996). Each well contains

190 µL mixture of reaction buffer (0.1 mM Tris/HCl buffer + 0.1 mM EDTA, pH 7.5), 10 mM GSSG (10
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µM per reaction), 20 mM NADPH (200 µM per reaction), and 10 µL enzyme extract (5 % per

reaction). The assay is performed at 340 nm (e = 6.2 mM-1cm-1) for 5 min.

Table 4 Composition of the reaction mixture for GR

Reagent Volume in recation mixture
100 mM TRIS/HCl (pH 7.5); 0.1 mM EDTA

18.600 µl

10 mM GSSG in 100 mM TRIS/HCl (pH 7.5); 0.1
mM EDTA

200 µl

20 mM NADPH in 100 TRIS/HCl (pH 7.5); 0.1
mM EDTA

200 µl
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