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Plant material and growth conditions

Chinese cabbage (Brassica pekinensis (Lour.) Rupr. cv. Kasumi F1 
(Nickerson-Zwaan, Made, The Netherlands) was used in the present 
studies. Seeds were germinated in vermiculite in a climate controlled 
room. Day and night temperatures were 22 and 18°C, respectively, 
relative humidity was 60-70% and the photoperiod was 14 h at a 
photon fluence rate of 300  10 μmol m–2 s–1 (within the 400-700 nm 
range) at plant height, supplied by  Philips Master 58W/83 and 84 
fluorescent tubes in a ratio of 1:1.

10–14 day-old seedlings were transferred to an aerated 25% 
Hoagland nutrient solution, pH 5.9-6.0, consisting of 1.25 mM 
Ca(NO3)2.4H2O, 1.25 mM KNO3, 0.25 mM KH2PO4, 0.5 mM 
MgSO4.7H2O, 11.6 μM H3BO3, 2.4 μM MnCl2.4H2O, 0.24 μM 
ZnSO4.7H2O, 0.08 μM CuSO4.5H2O, 0.13 μM Na2MoO4.2H2O and 22.5 
μM Fe3+-EDTA, containing supplemental CuCl2 concentrations ranging 
from 1-15 μM in 13 l stainless steel containers (10 sets of plants per 
container, 3 plants per set) or in 30 l containers (20 sets of plants per 
container, 3 plants per set) in a climate-controlled room. For the 
experiments on sulfate deprivation all sulfate salts were replaced by 
chloride salts. 

H2S fumigation

Two 13 l containers (10 sets of plants per container, 3 plants per set)
were placed in a 150 l cylindrical stainless steel cabinets (0.6 m 
diameter) with a poly(methyl methacrylate) top. Day and night 
temperatures were 22 and 18 °C ( 1 °C), respectively, and the 
relative humidity was 60-70%. The photoperiod was 14 h at a photon 
fluence rate of 320  20 μmol m–2 s–1 (within the 400-700 nm range) 
at a UV radiation level of 1.0 mW cm-2 (UV-A+B; within the 280-400 
nm range) at plant height, supplied by Philips HPL(R)N (400 W) lamps 
as light source. The temperature was controlled by adjusting the 
cabinet wall temperature; the air exchange was 40 l min-1 and the air 
inside the cabinets was stirred continuously by two ventilators. 
Pressurized H2S diluted with N2 (1 ml l-1) was injected into the 
incoming air stream and adjusted to the desired level by ASM 
electronic mass flow controllers (Bilthoven, The Netherlands). H2S 
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levels in the cabinets were controlled by an SO2 analyzer (model 
9850) equipped with a H2S converter (model 8770, Monitor Labs, 
Measurement Controls Corporation, Englewood, CO, USA). Sealing of 
the lid of the containers and plant sets prevented the absorption of 
atmospheric H2S by the solution. UV-A+B radiation was measured 
with a Digital Ultraviolet Radiometer model 5.0 (Solartech Inc. 
Fenton, MI 48430, USA).

Plant harvest

Plants were harvested 3 h after start of the light period, and for anion 
determination, roots were rinsed in ice-cold de-mineralized water (for 
3 x 20 s) in order to remove sulfate from the free space (Kronzucker 
et al. 1995). Roots were separated from the shoots, weighed, and for 
pigment, phytochelatins and RNA isolation plant material was frozen 
immediately in liquid N2 and stored at -80 °C until further use. For 
analysis of the water-soluble non-protein thiol content freshly 
harvested plant material was used. For determination of dry matter, 
total sulfur, nitrogen and Cu content, plant tissue was dried at 80 °C 
for 48 h. For data on dry matter, total sulfur and Cu content,
presented in Chapter 6, plant material was freeze dried at -60 °C for 
48-72 h.

Pigment content

Shoots or leaf discs were homogenized in 100% acetone using an 
Ultra Turrax (10 ml per g fresh weight) and centrifuged at 800 g for 
20 minutes. The chlorophyll a, b and total carotenoids content were 
determined according to Lichtenthaler (1987).

Chlorophyll a fluorescence

Chlorophyll a fluorescence was measured on the adaxial side of the 
youngest fully developed leaves using a modulated fluorometer (PAM 
2000, H. Walz GmbH, Effeltrich, Germany). Measurements were 
performed on intact plants in a dark room under dim green light at 
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room temperature after dark adaptation for at least 30 min. The 
maximum chlorophyll a fluorescence level of dark-adapted leaves (Fm) 
was determined using a saturating flash of white light during 1 s at a 
photon fluence rate of 4,000 µmol photons m-2 s-1. The initial 
chlorophyll a fluorescence level of dark-adapted leaves (F0) was 
sensitized with red light at a photon fluence rate of about 0.1 µmol 
m-2 s-1 at a modulation of 1.6 kHz. The quantum yield of photosystem 
II photochemistry (Fv/Fm) was calculated from the ratio of variable (Fv 

= Fm - F0) to maximum chlorophyll a fluorescence. 

Specific leaf area

Leaf area was measured by sealing the leaves in plastic sheets. The 
projected leaf area was measured by scanning and leaf area was 
determined by ImageJ (see: http://rsb.info.nih.gov/ij/). The specific 
leaf area ratio (cm-2 g-1 FW) was calculated.

Photosynthesis and dark respiration

Net photosynthesis and dark respiration rates were recorded in the 
climate room using a portable, open-flow gas exchange analyzer 
(TPS-2, PP systems Inc., Amesbury, MA, USA). Measurements were 
taken of a 2.5 cm2 area of the youngest fully expanded leaf attached 
to the plant. The flow rate of air through the leaf chamber was set at
300 ml min–1 and the measurement conditions were similar to the 
ambient growth conditions. The photosynthesis rate was measured at 
a photon fluence rate of 340  20 µmol m–2 s–1 (within the 400-700 
nm range). Dark respiration was measured after dark adaptation for 
at least 10 min. 

Cu and mineral nutrient content

Dried plant material was pulverized by a Retsch Mixer-Mill (type MM2; 
Haan, Germany) and Cu and mineral nutrient content were analyzed 
by inductively coupled plasma optical emission spectroscopy (ICP-
OES). 5 ml of a 85:15 (v/v) mixture of nitric acid (Primar, Aristar s.g 
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1.42, 70%) and perchloric acid (Aristar/Primar, 70%) were added to 
250 mg of oven dried plant material and allowed to stand at room 
temperature for at least two hours. Samples were digested in a 
heating block (Carbolite, London, UK) for 3 h at 60 °C, 1 h at 100 °C, 
1 hour at 120 °C and 2.5 h at 200 °C. Temperatures were ramped at 
either 1 or 2 °C min-1 for the first and last or 2nd and 3rd periods. 
Subsequently 5 ml of 9.25% (v/v) HCl (AR grade) was added to the 
dried samples and heated for 1 h at 80 °C. After a further addition of 
20 ml of water, the samples were heated for 30 min at 80 °C. Finally,
extract were made up to 25 ml with water and subjected to ICP-OES 
(Applied Research Laboratories, Vallaire, Ecublens, Switzerland). 

Total nitrogen and sulfur content

The total nitrogen content was determined with a modified Kjeldahl 
method (Barneix et al. 1988). 50 mg of dried, pulverized plant tissue 
(by a Retsch Mixer-Mill, type MM2; Haan, Germany) was extracted in 
2 ml extraction solution (33.3 g Na salicylate l-1 concentrated H2SO4) 
in presence of 0.33 g Na2S2O3.5H2O and a small amount of catalyst 
(K2SO4:CuSO4:Na2SeO3, 15:5:0.085 (w/w/w) folded in a small ash 
free filter until the samples were completely clear. The samples were 
made up to 50 ml with de-mineralized water and NH4

+ was measured 
colorimetrically at 410 nm after reaction with Nessler’s reagent. 

The total sulfur content was determined according to a modification 
of the method of Jones (1995). Dried plant tissue was pulverized and 
drop by drop, a 50% Mg(NO3)2.6H2O (w/v) solution was added to 
100-250 mg dry material just to saturate the tissue and the samples 
were dried overnight in an oven at 100 °C. Subsequently, the trays 
were covered with lids and the samples were ashed in an oven 
(Carbolite BWF 11/13, Hope Valley, England) at 650 °C until the 
residue had become completely white. The residue was dissolved in 
10 ml 20% aqua regia (50 ml conc. HNO3 and 150 ml conc. HCl in 1 l 
distilled water), quantitatively transferred to a measuring flask and 
added up to 50 or 100 ml with de-mineralized water. To 10 or 25 ml 
of extract, one SulfaVer®4 Reagent Powder Pillow (HACH, 
Permachem® reagents, Loveland, USA) containing BaCl2 was added, 
and the turbidity was measured with a spectrophotometer (HACH 
DR/400V, Loveland, USA) at 450 nm.
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Nitrate and sulfate content

Frozen material was homogenized in de-mineralized water (10 ml per 
g fresh weight) with an Ultra Turrax for 30 s (0 °C), the homogenate 
was filtered through one layer of Miracloth and incubated at 100 °C in 
a boiling water bath for 10 min. The filtrate was centrifuged at 30,000 
g for 15 min (0 °C). The anions were separated by HPLC on an 
IonoSpher A anion exchange column (250 x 4.6 mm; Varian Benelux, 
Bergen op Zoom, The Netherlands) and determined refractometrically 
according to Maas et al. (1986) using a Knauer differential 
refractometer (model 98.00, Bad Homburg, Germany). 25 mM 
potassium biphthalate (pH 4.3) containing 0.02% NaN3 (w/v) was 
used as a mobile phase. The HPLC apparatus consisted of a 
Separations high precision pump (model 300; H.I. Ambacht, The 
Netherlands) provided with a Rheodyne sample injector (model 7175; 
loop volume 20 l; Cotati, CA). The flow rate was 1 ml min-1 and the 
detector temperature was kept at 25 °C by a water bath. Peak 
analysis was performed with a Shimadzu Chromatopac C-R8A data 
processor (Kyoto, Japan).

Amino acid content

The amino acids were extracted as described for nitrate and sulfate,
and after deproteinization of the extracts, its content was determined 
with the ninhydrin color reagent according to Rosen (1957) and 
measured colorimetrically at 578 nm.

Water-soluble non-protein thiols

For analysis of the water-soluble non-protein thiols, fresh plant 
material was homogenized in an extraction medium containing 80 mM 
sulfosalicylic acid, 1 mM EDTA, and 0.15% (w/v) ascorbic acid with an 
Ultra Turrax at 0 °C (10 ml per g fresh weight). Oxygen was removed 
from the solution by aspiration with N2. The homogenate was filtered 
through one layer of Miracloth and the filtrate was centrifuged at 
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30,000 g for 15 min (0 °C). Total water-soluble non-protein thiol 
content was determined colorimetrically at 413 nm after reaction with 
5,5'-dithiobis[2-nitrobenzoic acid] according to De Kok et al. (1988).

Phytochelatins

Frozen plant material was dried in a freeze dryer (Heto Lyolab 3000; 
Holten, The Netherlands) for 48-72 hours. The freeze-dried plant 
material was pulverized by a Retsch Mixer-Mill (type MM2; Haan, 
Germany) and phytochelatins were analyzed according to Wojas et al. 
(2008).

Sulfate and nitrate uptake and sulfate uptake capacity

For measurement of sulfate and nitrate uptake, seedlings were grown 
on a 25% Hoagland solution at various CuCl2 concentrations, and 
subsequently transferred to pots containing 1 l freshly prepared, 
aerated 25% Hoagland solution in presence of CuCl2 in a climate-
controlled room, for conditions see above. At the beginning of the 
uptake measurement and after 24 h, aliquots were taken from the 
nutrient solution (adjusted to the original volume with de-mineralized 
water by weighing) and analyzed for sulfate and nitrate content by 
HPLC. Sulfate uptake capacity was determined as described by 
Koralewska et al. (2007). Three sets of plants (3 plants per set) per 
treatment were transferred to a 25% Hoagland solution labeled with 
35S-sulfate (2 MBq l-1) and incubated for 30 min at 25 °C at at a 
photon fluence rate of 300  20 μmol m–2 s–1 (within the 400-700 nm 
range). Subsequently, plants were removed and roots rinsed in ice-
cold non-labeled nutrient solution (3 x 20 s). Roots and shoots were 
separated and digested in 1 N HCl at room temperature for 7 days. 
The extracts were filtered through one layer of Miracloth (Calbiochem 
Corporation, La Jolla, CA, USA) and 100 μl of the filtrate was mixed 
with 1 ml Emulsifier Scintillator Plus (Perkin Elmer, Boston, MA, USA). 
Radioactivity was measured with a liquid scintillation counter (TRI-
CARB 2,000 CA Liquid Scintillation Analyzer, Perkin Elmer, Waltham, 
MA, USA).
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Total RNA isolation

Total RNA from root and shoot was isolated by using TRI REAGENTTM

(Sigma), a mixture of guanidine thiocyanate and phenol in a mono-
phase solution, which involved an additional phenol-chloroform-
isoamyl alcohol extraction of the aqueous phase after the first 
centrifugation (Verwoerd et al. 1989). The final air-dried pellet was 
dissolved in an appropriate volume of diethyl pyrocarbonate-treated 
water. The quality of the RNA samples was checked by 
electrophoresis of a 2 µg aliquot on a 1% (w/v) Tris-acetate/agarose
gel. The RNA concentration was measured at 260 nm using a 
NanoDrop ND1000 UV/VIS Spectrophotometer (Wilmington, USA).  

Northern analysis

Northern hybridization of the sulfate transporters and APS reductase
transcripts was performed according to Church and Gilbert (1984),
with pre-hybridization/hybridization at 65 and 60 °C, respectively. 10 
μg of total RNA per slot was separated on an agarose/formaldehyde
gel and blotted onto a positively charged nylon membrane (Hybond-
N+). Sequence diversity, especially in the 3' non-coding region, 
allowed the use of partial cDNA fragments for gene-specific
hybridization to the respective Brassica sulfate transporter mRNA 
(Buchner et al. 2004). For APS reductase, a cDNA fragment of APS 
reductase 2 (APR2) from Arabidopsis thaliana (L.) Heynh was used as 
a probe (Durenkamp et al. 2007). cDNA fragments were labeled with 
32P-dCTP and used as hybridization probes. After hybridization with 
probes for sulfate transporters membranes were washed at 65 °C
twice with  2 x SSC, 0.1% SDS for 5 and 30 min, once with 1 x SSC, 
0.1% SDS and twice with 0.1 x SSC, 0.1% SDS for at least 30 min 
each, and exposed to a Cyclone MultiPurpose Phosphor Screen (Perkin 
Elmer, U.K.). After hybridization with a probe specific for APS 
reductase, membranes were washed at 60 °C twice with 2 x SSC, 
0.1% SDS for 10 min and twice with 1 x SSC, 0.1% SDS for 15 min, 
and exposed to a Cyclone MultiPurpose Phosphor Screen (Perkin 
Elmer, U.K.). The signal was visualized and the relative expression 
estimated by using OptiQuant Acquisition and Analysis (Packard 
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Instrument Co.) software in case of exposure to a Cyclone 
MultiPurpose Phosphor Screen (Perkin Elmer, U.K.).

Statistics

For the statistical analysis of the data an unpaired Student’s t-test (p 
≤ 0.01) was used. Further details on the number of experiments, 
measurements per experiment and number of plants are given in the 
legends of the tables and figures.




