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Chapter 2 
 
Material and Methods 
 
 
Plant material 
 
The cultivars used to compare different species and cultivars of Allium (Chapter 3) were: 
A. cepa L. cv. Wolf F1, Bravo F1 and Nerato F1, A. fistulosum L. cv. Savel and A. por-
rum L. cv. Bluetan F1 and NiZ 33-2015 F1 (Nickerson-Zwaan, Made, The Netherlands). 
A. cepa L. cv. Nerato was used in further research of sulfur metabolism in Allium (Chap-
ters 3-7), since it had homogeneous seedlings and a relatively high growth rate and was 
not very susceptible to the toxic effects of H2S. 
 
 
Growth conditions 
 
Seeds were germinated in vermiculite in a climate-controlled room. Day and night tem-
peratures were 20 and 17 °C, respectively, with a relative humidity of 60-70 %. The pho-
toperiod was 14 h at a photon fluence rate of 250-300 µmol m-2 s-1 (PAR 400-700 nm), 
supplied by Philips Master 58W/83 and 84 fluorescent tubes in a ratio of 1:1. Two-week-
old seedlings were either used directly or pre-grown by transferring to 30 l tanks (6-12 
plants per set, 20 sets per tank) for 7-18 days. Tanks contained a 25 % Hoagland nutrient 
solution, pH 5.9-6.0, consisting of 1.25 mM Ca(NO3)2·4H2O, 0.23 mM KH2PO4, 1.25 
mM KNO3, 0.5 mM MgSO4·7H2O, 11.6 µM H3BO3, 2.3 µM MnCl2·4H2O, 0.24 µM 
ZnSO4·7H2O, 0.08 µM CuSO4·5H2O, 0.13 µM Na2MoO4·2H2O and 22.5 µM Fe3+-EDTA. 
If necessary, nutrient solutions were refreshed once a week. Additional sulfate (Chapter 4) 
was supplied as Na2SO4. 
 
 
SO2 and H2S exposure 
 
For exposure to H2S or SO2, plants were transferred to stainless steel containers (19.5 x 
15.0 x 45 cm; 6 or 12 plants per set, 10 sets per container) filled with a 25 % Hoagland 
nutrient solution, with 0 (-S) or 0.5 (+S) mM sulfate. In sulfate-deprived plants all sulfate 
salts were replaced by their chloride salts. Plants were exposed to different concentrations 
of H2S, ranging from 0.05 to 0.6 µl l-1 (Chapters 3-7), or to 0.3 µl l-1 SO2 (Chapter 6). For 
details on growth conditions, see individual graphs. Two containers were placed in 150 l 
cylindrical stainless steel cabinets (0.6 m diameter) with a polycarbonate top, as de-
scribed by Stuiver et al. (1992). Day and night temperatures were 21 and 16 °C (± 1 °C) 
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respectively, relative humidity was 40-50 % and the photoperiod was 14 h at a photon 
fluence rate of 300-350 µmol m-2 s-1 (PAR 400-700 nm) at plant height, with Philips 
HPL(R)N (400 W) as light source. 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 or SO2 diluted with N2 (1 ml l-1) 
was injected into the incoming airstream and adjusted to the desired level by ASM elec-
tronic mass flow controllers (Bilthoven, The Netherlands). H2S or SO2 levels in the cabi-
nets were controlled by an SO2 analyzer (model 9850) equipped with a H2S converter 
(model 8770, Monitor Labs, Measurement Controls Corporation, Englewood, CO, USA).  

For the comparison of different cultivars of Allium (Chapter 3), vermiculite trays with 
two-week-old seedlings were placed in the cabinets, watered daily with a 25 % Hoagland 
nutrient solution and exposed to 0.15 µl l-1 H2S for 18 days. For prolonged (38 day) expo-
sure to H2S in the cabinets (Chapter 6), two-week-old seedlings were transferred to plas-
tic cylindrical pots (0.44 dm3, 1 plant per pot) filled with a potting soil (Lentse Potgrond, 
Elst, The Netherlands) 
 
 
Growth 
 
The relative growth rate (RGR) of plants was calculated using the ln-transformed plant 
fresh weight (Hunt, 1982). 
 
 
H2S uptake kinetics 
 
H2S uptake kinetics were measured as described by Stuiver and De Kok (2001). Plants 
were taken from the nutrient solution, transferred to plastic pots filled with fine perlite, 12 
plants per pot, and placed in 3 l glass cuvettes. The air flow through the cuvette was ap-
proximately 100 l h-1, the temperature was 23 ± 1 °C, the relative humidity was about 40 
± 10 % and the photon fluence rate was 190 ± 10 µmol m-2 s-1 (PAR 400-700 nm). The 
H2S uptake rate (JH2S) and the transpiration rate (JH2O) were derived from the difference 
in concentration of H2S and that of H2O vapor between the inlet and outlet port of the cu-
vette and the total shoot fresh weight of the exposed plants, and calculated according to 
De Kok et al. (1991). For H2S uptake kinetics, every H2S concentration represents the 
mean of the inlet and outlet port of the cuvette. The apparent maximum H2S uptake rate 
(JH2Smax) and the atmospheric H2S concentration at which ½JH2Smax was reached (KH2S) 
were calculated and fitted for Michaelis-Menten kinetics by Enzfitter (a Data Analysis 
Program by R.J. Leatherbarrow, Elsevier-BIOSOFT, Cambridge, U.K.). The ratio of H2S 
deposition velocity to aqueous vapor efflux (gH2S/gH2O) was calculated and values were 
multiplied by 1.369 (√(molecular weight H2S)/√(molecular weight H2O), in order to cor-
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rect for the differences in diffusion velocity between H2S and H2O (De Kok et al., 1991, 
1998). 
 
 
Total sulfur 
 
Analysis of the total sulfur content of shoot and roots was performed using a modification 
of the method described by Jones (1995). After harvesting, roots were washed in ice-cold 
demineralized water for 3x15 s. Shoot and roots were either dried at 80 °C for 24 h or 
immediately frozen in liquid nitrogen and stored at -80 °C. Frozen samples were freeze-
dried for 2-3 days (Chapter 3, Fig. 2; Chapter 4, Fig. 2, 3) using a Heto Lyolab 3000 
freeze-dryer (Heto-Holten A/S, Allerød, Denmark). No significant difference between 
freeze-dried and oven-dried plant material could be observed. Oven- and freeze-dried 
samples were pulverized in a Retsch Mixer-Mill (type MM2; Haan, Germany) and 80-
250 mg (depending on the estimated amount of sulfur in the samples) was weighed into 
porcelain ashing trays. 50 % Mg(NO3)2·6H2O was added drop by drop until the material 
was saturated, followed by drying overnight at 100 °C. The samples were ashed in an 
oven (Carbolite BWF 11/13, Hope, UK) at 650 °C for minimally 8 h until the residue was 
completely white. The residue was dissolved in 10 ml 20% aqua regia (50 ml HNO3 and 
150 ml HCl in 1 l demineralized water) and the volume was adjusted to 100 ml with 
demineralized water. One SulfaVer®4 Reagent Powder Pillow (HACH, Permachem® re-
agents, Loveland, CO, USA) containing BaCl2 was added to 25 ml of the mixture and the 
turbidity of the resulting BaSO4 was measured on a spectrophotometer (HACH 
DR/4000V, Loveland, CO, USA) at 450 nm. 
 
 
Total nitrogen 
 
Total nitrogen content of shoot and roots was determined with a modified Kjeldahl 
method according to Barneix et al. (1988). After harvesting, roots were washed in ice-
cold demineralized water for 3x15 s. Shoot and roots were either dried at 80 °C for 24 h 
or immediately frozen in liquid nitrogen and stored at -80 °C. Frozen samples were 
freeze-dried for 2-3 days (Chapter 3, Fig. 2; Chapter 4, Fig. 2) using a Heto Lyolab 3000 
freeze-dryer (Heto-Holten A/S, Allerød, Denmark). Oven- and freeze-dried samples were 
pulverized in a Retsch Mixer-Mill (type MM2; Haan, Germany). 50 mg DW was placed 
on an ashless filter and 0.33 g Na2S2O3·5H2O and a small spoon of catalyst 
(K2SO4/CuSO4/Na2SeO3, 15/5/0.085, w/w/w) were added. The filter was placed in a de-
struction tube, 4 ml destruction solution (33.3 g sodium salicylate in 1 l 96 % H2SO4) was 
added and samples were incubated overnight. The tubes were placed in a Kjeldatherm-
digestion unit (type KB 40 S; Gerhardt, Bonn, Germany) connected to a Variostat tem-
perature-time-programmer (Gerhardt, Bonn, Germany) and the temperature was slowly 
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raised to 360 °C. At this temperature, the samples were boiled for 5 h and subsequently 
cooled down overnight. Remaining non-destructed particles were washed down from the 
wall and samples were again boiled at 360 °C for 2 h. After cooling down, samples were 
quantitatively transferred to 50 ml flasks and added up to 50 ml with demineralized water. 
From this solution, 0.25 ml was pipetted, made up to 4.5 ml with demineralized water and 
0.5 ml Nessler’s reagent (Nessler A/9 M NaOH, 1/1, v/v) was added. NH4

+ was deter-
mined colorimetrically at 410 nm after exactly 10 min. 
 
 
Sulfate and nitrate 
 
After harvesting, roots were washed 3x15 s in ice-cold demineralized water. Shoot and 
roots were either dried at 80 °C for 24 h or immediately frozen in liquid nitrogen and 
stored at -80 °C. Frozen samples were either used directly or freeze-dried for 2-3 days 
(Chapter 3, Fig. 2; Chapter 4, Fig. 2, 3) using a Heto Lyolab 3000 freeze-dryer (Heto-
Holten A/S, Allerød, Denmark). Oven- and freeze-dried samples were pulverized in a 
Retsch Mixer-Mill (type MM2; Haan, Germany). Frozen samples were homogenized in 
demineralized water at 0 °C with an Ultra Turrax (type T25 Basic, IKA Werke, Staufen, 
Germany) for 15 s (1 g fw in 10 ml), homogenates were filtered through one layer of 
Miracloth (Calbiochem, La Jolla, CA, USA) and incubated at 100 °C for 10 min. Freeze-
dried samples were extracted in demineralized water (50 mg dw in 5 ml) by vigorous 
shaking for 1 min., filtered through one layer of Miracloth and incubated at 100 °C for 10 
min. Oven-dried samples were incubated for 2-3 h in demineralized water (50 mg DW in 
5 ml) at 40 °C (Tausz et al., 1996) and filtered through one layer of Miracloth. All fil-
trates were centrifuged at 30,000 g for 15 min (0 °C; Beckman J2-MC, Beckman Instru-
ments Inc., Palo Alto, CA, USA) and the supernatant was stored at -80 °C. Anions were 
determined according to Maas et al. (1986). Sulfate and nitrate in the supernatant were 
separated on an Ionospher 5A anion exchange column (250 x 4.6 mm; Varian/Chrompack 
Benelux, Bergen op Zoom, The Netherlands). The HPLC apparatus further 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 µl; Cotati, CA, USA), and 
a Knauer differential refractometer, model 98.00 (Bad Homburg, Germany). Potassium 
biphthalate (25 mM, pH 4.3), containing 0.02 % NaN3, was used as a mobile phase. The 
flow rate was 1 ml min-1 and detector temperature was kept at 25 °C by a waterbath. The 
peak area was analyzed with a Shimadzu Chromatopac C-R8A data processor (Kyoto, 
Japan). 

The organic N and S content were calculated by subtracting the nitrate and sulfate 
content from the total N and S content, respectively. 
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Sulfate and nitrate uptake rates 
 
For the determination of the net sulfate and nitrate uptake rate, 1 set of 12 plants was 
transferred to vessels containing exactly 1.1 l 25 % Hoagland nutrient solution. Plants 
were grown for 7 days in the stainless steel cabinets as described above and vessels were 
adjusted with demineralized water to 1.1 l. Aliquots were taken at the beginning of the 
experiment and after 7 days and the sulfate and nitrate contents were determined by 
HPLC as described above. The net anion uptake rate was calculated as follows (De Kok 
et al., 1997): 
 
Iu=((ln P2 – ln P1)/(t2 – t1)) x ((I2 – I1)/(P2 – P1)) 
 
where Iu is the net sulfate or nitrate uptake rate (µmol g-1 fw day-1) and where P2 and P1, t2 
and t1 and I2 – I1 are the root or plant fresh weight (g), time (days) and total ion amount in 
the nutrient solution (µmol) at the end and at the beginning of the experiment, respec-
tively. 

For the determination of the sulfate and nitrate uptake capacity, plants were grown on 
stainless steel containers as described above. Subsequently, 1 set of 12 plants was trans-
ferred in triplicate to glass beakers containing exactly 0.25 l 25% Hoagland nutrient solu-
tion. Plants were grown for 24 h in the stainless steel cabinets as described above and 
beakers were adjusted with demineralized water to 0.25 l. Aliquots were taken at the be-
ginning of the experiment and after 24 h and sulfate and nitrate contents were determined 
by HPLC as described above. The sulfate and nitrate uptake capacities were calculated as 
the difference in ion amount (µmol) between samples taken at the beginning and at the 
end, divided by the total root or plant fresh weight (g) at the end and expressed as µmol  
g-1 fw day-1.  
 
 
Total RNA isolation 
 
Total RNA from shoot and roots was isolated by a method based on Verwoerd et al. 
(1989), which involved an additional phenol-chloroform-isoamyl alcohol extraction of 
the aqueous phase after the first centrifugation. The final air-dried pellet was dissolved in 
an appropriate volume of diethyl pyrocarbonate treated water. The quality of the RNA 
preparations was checked by electrophoresis of a 1 µg aliquot on a Tris-acetate/agarose 
gel. The concentration was calculated from the absorption at 260 nm in water. 
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cDNA isolation 
 
Partial cDNAs corresponding to three sulfate transporter genes were isolated by RT-PCR 
and/or 3’-RACE from RNA from Allium cepa. Degenerate oligonucleotide primers for 
the different sulfate transporter subfamilies 1, 3 and 4 were designed based on highly 
homologous regions specific for the individual subfamily identified in sequence align-
ments of published gene sequences including genes from rice and maize.  

First strand cDNA synthesis was performed according to the Invitrogene Superscript 
II Reverse Transcriptase manual with 1 µg aliquots of total root RNA and antisense 
primer. Following PCR was performed according to the Promega Taq-DNA polymerase 
standard protocol for 50 µl reaction by using a 1 µl aliquot of the first strand cDNA solu-
tions and specific sense/antisense primer combinations. 3’ regions of the sulfate trans-
porter transcripts were isolated by 3’ RACE approach according to Invitrogene 3’ RACE 
kit manual and subfamily sequence specific oligonucleotide primers. All PCR fragments 
derived from RT-PCR or RACE were verified by electrophoresis, gel-eluted according to 
the Qiagen QIAquick gel extraction kit manual and ligated into the Promega pGEM-
Teasy vector system.  
 
 
Northern analysis 
 
Northern hybridization of the onion sulfate transporter transcripts was performed accord-
ing to Church and Gilbert (1984), with prehybridization/hybridization at 65 °C. 10 µg of 
total RNA per slot was separated on an agarose/formaldehyde gel and blotted onto posi-
tively charged nylon membrane. Partial cDNA fragments according to the different sul-
fate transporter were labeled with 32P-dCTP via random primed labeling and used as hy-
bridization probes. After hybridization the membrane was washed under high-stringency 
conditions and exposed to Kodak BioMax MS film. 
 
 
Free amino acids 
 
Free amino acid content was determined according to Rosen (1957). Frozen shoot and 
roots were homogenized in demineralized water at 0 °C with an Ultra Turrax for 15 s (1 g 
fw in 10 ml). Homogenates were filtered through one layer of Miracloth, incubated in a 
boiling waterbath for 10 min, the filtrate was centrifuged at 30,000 g for 15 min (0 °C) 
and the resulting supernatant stored at -80 °C. A mixture of 0.05 ml supernatant, 0.45 ml 
demineralized water and 0.5 ml KCN/acetate buffer (1 ml 10 mM KCN made up to 50 ml 
with sodium acetate buffer (135 g sodium acetate trihydrate in 25 ml 100 % acetic acid, 
made up to 375 ml with demineralized water)) was incubated at 100 °C for 15 min. Im-
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mediately 4 ml propanol-2/H2O (1/1, v/v) was added and free amino acid content was de-
termined colorimetrically at 579 nm after 15 min using L-leucine as a standard.  
 
 
Water-soluble non-protein thiols 
 
Shoot and roots were extracted as described by Stuiver et al. (1992) and the content of 
total water-soluble non-protein sulfhydryl compounds and cysteine was measured accord-
ing to De Kok et al. (1988). Freshly harvested shoot and roots were homogenized in ex-
traction medium (1 g fw in 10 ml; extraction medium containing 80 mM sulfosalicylic 
acid, 1 mM Na2EDTA and 0.15 % (w/v) ascorbic acid) at 0 °C with an Ultra Turrax for 
15 s. Homogenates were filtered through one layer of Miracloth and centrifuged at 30,000 
g for 15 min (0 °C). Total water-soluble non-protein thiol compounds were determined 
colorimetrically at 413 nm in a mixture of 1 ml supernatant, 0.1 ml H2O, 0.1 ml Ellman’s 
reagent (10 mM DTNB in 0.02 M Tris, pH 7.0) and 2 ml 0.4 M Tris-HCl (pH 8). For the 
determination of cysteine, H2O was replaced by 0.1 M methyl glyoxal, which binds cys-
teine. 
 
 
O-acetylserine(thiol)lyase activity 
 
The activity of O-acetylserine(thiol)lyase (OAS-TL, EC 2.5.1.47) was measured accord-
ing to Nakamura et al. (1987). Freshly harvested shoots and roots were homogenized 
with an Ultra-Turrax in ice-cold 0.2 M K-phosphate buffer (pH 8.0), containing 10 mM 
2-mercaptoethanol and 0.5 mM Na-EDTA (1 g fw in 10 ml extraction buffer). The ho-
mogenate was filtered through one layer of Miracloth and centrifuged at 10,000 g for 10 
min. The reaction mixture contained 0.2 mmol Tris-HCl (pH 7.5), 10 µmol dithioerythri-
tol (DTE), 8 µmol O-acetylserine, 5 µmol Na2S and 20 µl supernatant, in a total volume 
of 1 ml. The reaction was started with addition of Na2S and incubation at 25 °C for 10 
min. and stopped by addition of 1 ml ninhydrin reagent (700 mM ninhydrin in 37 % 
HCl/98 % acetic acid (1/4, v/v); Gaitonde, 1967). After incubation at 100 °C for 5 min. 
and subsequent addition of 2 ml 96 % ethanol, the formed cysteine was measured col-
orimetrically at 551 nm. The activity of OAS-TL was expressed as µmol g-1 fw h-1 and as 
µmol mg-1 protein h-1 (protein content determined according to Bradford, 1976, see be-
low). 
 
 
Water-soluble proteins 
 
Water-soluble proteins were extracted according to Stuiver et al. (1995) and determined 
according to Bradford (1976). Freshly harvested shoot and roots were homogenized with 
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an Ultra Turrax in 0.1 M K-phosphate buffer (1 g fw in 10 ml), filtered over one layer of 
Miracloth and centrifuged at 30,000 g for 15 min (4 °C). 10 µl of the supernatant was 
added up to 0.8 ml with demineralized water, 0.2 ml Bio-Rad reagent (Bio-Rad Laborato-
ries, Munich, Germany) was added and water-soluble proteins were determined col-
orimetrically at 595 nm using bovine serum albumin (BSA) as a standard. 
 
 
Total lipids and sulfolipids 
 
Lipids were extracted from freeze-dried shoot and roots by overnight incubation in chlo-
roform (0.1 g dw in 2.5 ml chloroform). Extracts were filtered over a Büchner-funnel 
(membrane filter BA 83, 0.2 µm; Schleicher & Schüll, Dassel, Germany), added up to 5 
ml with chloroform and stored at 4 °C in the dark. Total lipid content was measured by 
taking 0.5 ml aliquots and drying and weighing in aluminum cups. Sulfolipid content was 
measured according to Kean (1968), developed for sulfatides. For shoots 0.3 ml extract 
was taken and placed under UV until it was completely bleached. For roots 0.5 ml extract 
was taken and shoot and root samples were dried under N2 and 5 ml Chloro-
form/methanol (1/1, v/v), 5 ml 25 mM H2SO4 and 1 ml Azure A reagent (40 mg Azure A 
in 5 ml 25 mM H2SO4, made up to 100 ml with demineralized water) was added. Samples 
were centrifuged at 300 g for 5 min. (Sorvall GLC-2B, Du Pont Instruments, Newtown, 
CT, USA; 4 °C) and the absorbance of the lower phase was measured at 645 nm. Bovine 
sulfatides (Supelco, Bellefonte, PA, USA) were used as a standard.  
 
 
Pigments 
 
The content of chlorophylls and carotenoids was determined according to Lichtenthaler 
(1987). Shoots were homogenized in 100 % acetone using an Ultra Turrax (1 g fw in 10 
ml) and centrifuged at 800 g for 20 min (Sorvall GLC-2B, Du Pont Instruments, New-
town, CT, USA; 4 °C,). Pigments were determined colorimetrically at 663, 647 and 450 
nm against 80 % acetone, in a mixture of 0.5 ml supernatant, 1 ml demineralized water 
and 3.5 ml 100 % acetone. The concentration of chlorophyll a, b and carotenoids was cal-
culated according to Lichtenthaler (1987). 
 
 
Statistics 
 
Data were statistically analyzed using an unpaired Student’s t-test and an F-test for linear-
ity. 
 
 

22




