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Chapter 1 
 
General introduction 
 
 
Sulfur metabolism 
 
Amongst other elements sulfur is present in plant tissue in minor quantities only; its con-
tent strongly varies between species and ranges from 0.03 to 2 mmol g-1 dry weight (0.1 
to 6 %; Tabatabai, 1986; Schnug, 1998; Pedersen et al., 1998). Plants generally utilize 
sulfate taken up by the roots as sulfur source for growth and prior to its assimilation sul-
fate needs to be reduced to sulfide, before it is metabolized into organic sulfur com-
pounds (Fig. 1). Roots contain all enzymes necessary to reduce sulfate to sulfide, al-
though the chloroplast appears to be the primary site for the reduction of sulfate to sulfide 
and its subsequent incorporation into cysteine (Brunold, 1990, 1993; Davidian et al., 
2000). Cysteine is the sulfur donor for most other organic sulfur compounds in plants 
(Fig. 1). The predominant proportion of the sulfur is present in proteins, as cysteine and 
methionine residues, wherein it is highly significant in the structure, conformation and 
function. Sulfur is also required for the synthesis of various other compounds, as thiols 
(glutathione), sulfolipids and secondary sulfur compounds (alliins, glucosinolates, phyto-
chelatins), which play an important role in the physiology of plants and in the protection 
and adaptation of plants against stress and pests. The uptake and assimilation of sulfur 
and nitrogen are strongly interrelated and dependent upon each other (Brunold, 1993). 
Proteins contain both sulfur and non-sulfur amino acids and for this reason the availabil-
ity of nitrogen and sulfur interacts with the utilization of nitrogen and sulfur for proteins 
and plant growth. The organic N/S ratio of plants and seeds reflects the sulfur status of 
the plant. At a sufficient sulfur supply the organic N/S ratio is generally around 20 
(Dijkshoorn and Van Wijk, 1967; Brunold, 1993; De Kok et al., 2000). Sulfur deficiency 
will result in loss of plant fitness, plant's resistance to environmental stress and pests and 
in decreased food quality and safety (De Kok et al., 2002c). 

Under normal conditions the rate of uptake and assimilation of sulfur will be in tune 
with the plant’s sulfur requirement for growth, which can be defined as the rate of sulfur 
uptake and its assimilation considered necessary per gram plant biomass produced with 
time. When a plant is in the vegetative growth stage, it can be calculated as follows (De 
Kok et al., 2000): 
 
Sulfurrequirement  (µmol g-1 plant day-1)  =  RGR (g g-1day-1)  x  Sulfurcontent (µmol g-1 plant) 
 
where RGR represents the relative growth rate and Sulfurcontent the total plant tissue sulfur 
content. The sulfur requirement for growth may vary at different developmental stages 
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(vegetative growth period, seed production) and largely differs between species. At opti-
mal growth conditions the sulfur requirement (equivalent to sulfur flux) of different crop 
species ranges from 2 to 10 µmol g-1 plant fw day-1 (0.08 to 0.4 µmol g-1 plant fw h-1,   
Fig. 1).  

Plants contain a variety of sulfate transporters with specific functions in the uptake of 
sulfate by the roots, its transport to the shoot and its subcellular distribution (Hawkesford 
and Smith, 1997; Hawkesford, 2000, 2003; Hawkesford and Wray, 2000; Hawkesford et 
al., 2003a,b). The sulfate transporters gene family has been classified in up to five differ-
ent groups according to their cellular and subcellular expression and possible functioning 
(Davidian et al., 2000; Hawkesford 2000; Hawkesford et al., 2003a,b; Buchner et al., 
2004a,b). Regulation and expression of the majority of sulfate transporters are controlled 
by the sulfur nutritional status of the plants. The root-expressed transporters are highly 
regulated and induced when sulfur supply is limited and repressed in the presence of ex-
cess sulfur, which is illustrated by a higher and lower sulfate uptake capacity, respec-
tively (Hawkesford and Smith, 1997; Smith et al., 1997; Davidian et al., 2000; Hawkes-
ford, 2000; Hawkesford and Wray, 2000; Westerman et al., 2000a). Sulfate itself, O-
acetylserine (OAS) or metabolic products of the sulfate assimilation, such as cysteine or 
glutathione may be involved in the mechanism of the negative feedback regulation of the 
sulfate uptake and its transport to the shoot (Cram, 1990; Clarkson et al., 1993; Hell and 
Rennenberg, 1998; Davidian et al., 2000; Hawkesford, 2000; Hawkesford and Wray, 
2000). 

Sulfate needs to be activated to adenosine 5'-phosphosulfate (APS) prior to its reduc-
tion, a reaction catalyzed by ATP sulfurylase (Fig. 1). The reduction of APS occurs in 
two steps. In the first step APS is reduced by APS reductase (APR) to sulfite (Fig. 1) and 
this enzyme is only present in the plastids (Leustek and Saito, 1999). APS reductase is 
believed to be a prime regulation point in the sulfate reduction pathway and its activity 
changes rapidly in response to sulfur starvation or exposure to reduced sulfur compounds 
(Brunold, 1990; Leustek and Saito, 1999; Hawkesford and Wray, 2000). Sulfite is re-
duced to sulfide by sulfite reductase with reduced ferredoxin as reductant (Fig. 1). The 
incorporation of sulfide into cysteine is catalyzed by O-acetylserine(thiol)lyase (OAS-
TL), with sulfide and OAS as substrates (Fig. 1). The synthesis of OAS is catalyzed by 
serine acetyltransferase (SAT) and together with OAS-TL it is associated as enzyme 
complex named cysteine synthase (Droux et al., 1998; Hell, 2003). The remaining sulfate 
in plant tissue is transferred into the vacuole. The remobilization and redistribution of the 
vacuolar sulfate reserves appear to be rather slow and sulfur-deficient plants may still 
contain detectable levels of sulfate (Cram 1990; Davidian et al., 2000; Hawkesford, 
2000). Symptoms of sulfur deficiency include a reduction in growth, yellowing of the 
youngest leaves, a decrease in sulfur containing metabolites and an increase in nitrogen 
containing metabolites due to an imbalance in protein synthesis (De Kok et al., 1997; 
Stuiver et al., 1997). 
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Fig. 1. An overview of sulfate reduction and assimilation in plants (APS, adenosine 5’-
phosphosulfate; Fdred, Fdox, reduced and oxidized ferredoxin; RSH, RSSR, reduced and oxidized 
glutathione) and the rates of sulfate uptake by the roots and its reduction and assimilation in the 
shoots of a variety of plant species grown under optimal sulfur supply (adapted from De Kok et 
al., 2002a). 
 
 
Characteristics of Allium species 
 
Allium cepa L. (onion) was possibly one of the first domesticated vegetables by man and 
it was already cultivated by the ancient Egyptians. Nowadays, it has the second largest 
acreage of all vegetables (after tomato) and it has important functions in food flavor and 
in phytopharmaceutics (Griffiths et al., 2002). The allyl group in its secondary sulfur 
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compounds is derived from its genus name and is characteristic for all 400 Allium species. 
Allium species viz. onion, garlic, leek and chive, contain a variety of secondary sulfur 
compounds: γ-glutamyl peptides and alliins (S-alk(en)ylcysteine sulfoxides). The content 
of these secondary sulfur compounds is strongly dependent on stage of development of 
the plant, temperature, water availability and the level of nitrogen and sulfur nutrition 
(Randle et al., 1993, 1995; Randle, 2000; Randle and Lancaster, 2002; Coolong and 
Randle, 2003a,b). They form a potential sink for reduced sulfur, since in onion bulbs their 
content may account for up to 80 % of the organic sulfur fraction (Schnug, 1993). Less is 
known about the content of secondary sulfur compounds in the seedling stage of the plant. 
It is assumed that alliins are predominantly synthesized in the leaves, from where they are 
subsequently transferred to the attached bulb scale (Lancaster et al., 1986). The biosyn-
thetic pathways of synthesis of γ-glutamyl peptides and alliins are still ambiguous. γ-
Glutamyl peptides are formed from cysteine (via γ-glutamylcysteine or glutathione) and 
can be metabolized into the corresponding alliins via oxidation and subsequently hydroli-
zation by γ-glutamyl transpeptidases (Lancaster and Boland, 1990; Randle and Lancaster, 
2002). However, other possible routes of the synthesis of γ-glutamyl peptides and alliins 
can not be excluded (Granroth, 1970; Lancaster and Boland, 1990; Edwards et al., 1994; 
Randle and Lancaster, 2002). The alliins and their breakdown products (e.g. allicin) are 
the flavor precursors for the odor and taste of Allium species. Flavor is only released 
when plant cells are disrupted and the enzyme alliinase from the vacuole is able to de-
grade the alliins, yielding a wide variety of volatile and non-volatile sulfur-containing 
compounds (Lancaster and Collin, 1981; Block, 1992), which are mainly responsible for 
the specific odor and taste of Allium species and for their health benefits (Griffiths et al., 
2002; Haq and Ali, 2003). The physiological function of γ-glutamyl peptides and alliins 
is rather unclear (Schnug, 1993). These compounds may have significance in chemical 
defense against insects and pathogens and in the storage of nitrogen and sulfur (Lancaster 
and Boland, 1990). It has been suggested that in onion bulbs, γ-glutamyl peptides may be 
the main storage form of nitrogen and sulfur and they might be rapidly hydrolyzed to alli-
ins during sprouting and germination (Lancaster and Shaw, 1991; Randle and Lancaster, 
2002). 
  
 
Hydrogen sulfide 
 
The toxic effects of atmospheric H2S are well established, although there is a wide varia-
tion in susceptibility between species to H2S. It may negatively affect growth at atmos-
pheric levels of 0.03 µl l-1 and higher and may even cause visible injury and defoliation at 
≥ 0.3 µl l-1 (De Kok et al., 1998, 2000, 2002b). The mechanisms of toxicity are, however, 
still largely unclear. The internal sulfide concentration and its accessibility to the meris-
tem appear to be the determining factors of H2S phytotoxicity (De Kok, 1989; De Kok et 
al., 1989, 2002b; Stulen et al., 2000) through the reaction of sulfide with enzymes and 
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membranes, causing a disturbed metabolism (De Kok, 1990). Contrary to its detrimental 
effects, foliarly absorbed H2S can also be utilized as sulfur source for plants and may 
even be beneficial when the sulfur supply to the roots is limited (De Kok et al., 2000, 
2002c; Westerman et al., 2000a). H2S is taken up via the stomates, metabolized with high 
affinity into cysteine and subsequently into other sulfur compounds (De Kok et al., 1998; 
Stuiver and De Kok, 2001). The rate of uptake is determined by both the stomatal con-
ductance and the internal (mesophyll) resistance towards H2S (De Kok and Tausz, 2001; 
De Kok et al., 2002b).  

In Brassica oleracea L. there was a direct interaction between foliar H2S deposition 
and the uptake and metabolism of pedospheric sulfate (De Kok et al., 2000; Westerman 
et al., 2000a,b, 2001a,b). H2S exposure resulted in a negative feedback regulation of the 
uptake and assimilation of pedospheric sulfate. Within one or two days after the onset of 
the exposure, H2S exposure induced a reduction of sulfate uptake by the roots (Wester-
man et al. 2000a, 2001b). Furthermore, H2S exposure resulted in a substantial decrease in 
the activity of APS reductase, the rate-limiting enzyme in the sulfate reduction pathway 
(Westerman et al., 2001a), in shoots of Brassica oleracea. As a result, the total sulfur 
content and the total N/S ratio of both shoot and roots of Brassica oleracea L. were 
hardly affected upon prolonged H2S exposure, even not at atmospheric levels higher than 
0.2 µl l-1, which have been established to exceed the sulfur requirement of this species 
(Stulen et al., 1998; De Kok et al., 2000, 2002b; Westerman et al., 2001b). Brassicaceae 
are known to contain a variety of secondary sulfur compounds, namely glucosinolates, 
which might act as storage for excessive sulfur (Schnug, 1990, 1993). However, glucosi-
nolates only form a small fraction of the total sulfur content and when Brassica oleracea 
was exposed to 0.2 µl l-1 H2S, an increase in glucosinolate content could not be observed 
(Westerman et al., 2001a). 
 
 
Aim and outline of the thesis 
 
In Allium species a substantial amount of the total sulfur may be present in the secondary 
sulfur compounds fraction as γ-glutamyl peptides and alliins (Schnug, 1993; Randle and 
Lancaster, 2002). These compounds are presumably pre-dominantly formed during the 
bulbing stage of the plant, and their content is dependent on the sulfur nutritional status of 
the plant (Randle et al., 1993, 1995; Randle and Lancaster, 2002). In view of the current 
recognition that these compounds might have significance as phytopharmaceutics, a bet-
ter understanding of their occurrence and synthesis in other growth stages and plant parts 
is necessary. Studies on the possible interaction between atmospheric and pedospheric 
sulfur nutrition have shown to be helpful as tools to get insight into the regulation of sul-
fate uptake and sulfur assimilation and the dissection of the signal transduction pathways 
involved. Foliarly absorbed H2S is directly incorporated into cysteine and subsequently 
into γ-glutamylcysteine and glutathione, which most likely are the direct precursors for 
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the synthesis of γ-glutamyl peptides and alliins. The general aim of this study was to get a 
better understanding of the regulation of sulfur metabolism in plants and specifically to 
investigate the significance of secondary sulfur compounds as possible sink for foliarly 
absorbed sulfur in onion and how this may affect the metabolism of H2S and the uptake 
and assimilation of sulfate. Furthermore it might lead to a better understanding of the 
pathways of synthesis of secondary sulfur compounds in Allium.  

Chapter 2 represents the used materials and methods. In Chapter 3 H2S uptake kinetics 
were studied in onion. The impact of H2S on growth and sulfur metabolism was studied 
in relation to the sulfur requirement. Long-term exposure revealed a strong impact of H2S 
on sulfur metabolism, which was further examined in a comparison between different 
species and cultivars of Allium. In Chapter 4 short-term H2S exposure and its impact on 
sulfur metabolism were studied in detail. The role of secondary sulfur compounds (γ-
glutamyl peptides and alliins) as sink for reduced sulfur was discussed. The interaction 
between atmospheric and pedospheric sulfur nutrition was studied in order to investigate 
the regulation of sulfur metabolism and to get a better understanding of the fate of the in-
corporated H2S. The role of H2S as sulfur source for growth in sulfate-deprived plants is 
dealt with in Chapter 5. In Chapter 6 the metabolism of atmospheric sulfur gases was 
studied with emphasis on the toxicity of H2S, the role of sulfolipids as sink pool for at-
mospheric H2S and differences in metabolization between H2S and SO2. In Chapter 7 the 
impact of H2S exposure and sulfate deprivation on sulfate uptake was investigated and 
the impact of H2S exposure on the enzymes of sulfur assimilation was discussed. The de-
crease in accumulated sulfur compounds was studied in H2S-exposed plants after cessa-
tion of the exposure in order to investigate the nature of the accumulated compounds and 
their impact on sulfur metabolism. In the general discussion in Chapter 8 the metabolism 
of H2S in onion, the significance of secondary sulfur compounds as sink for reduced sul-
fur and the interaction between atmospheric and pedospheric sulfur nutrition was evalu-
ated. 
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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. 
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Chapter 3 
 
Uptake and metabolism of atmospheric H2S in Allium 
 
 
Abstract. The impact of atmospheric H2S deposition on growth and sulfur and nitrogen metabo-
lism has been studied in onion (Allium cepa L.). The H2S uptake followed saturation kinetics 
with respect to the H2S concentration. The maximum H2S uptake rate (JH2Smax) was approx. 1 
µmol g-1 fw h-1 and the KH2S (H2S concentration at which ½JH2Smax was reached) was approx. 
1.5 µl l-1, which demonstrated that onion had a rather high H2S uptake rate when compared with 
other species. Upon exposure of onion to 0, 0.075, 0.15, 0.225 and 0.3 µl l-1 H2S for two weeks, 
growth was only slightly reduced at 0.3 µl l-1 H2S. H2S exposure resulted in an increased content 
of sulfate, total thiols and total sulfur in the shoot, while that in the roots was unaltered. There 
was a slight increase in total nitrogen content in the shoot, whereas the content of nitrate and 
amino acids was hardly affected. Prolonged exposure to 0.15 µl l-1 H2S resulted in an accumula-
tion of sulfate and organic sulfur and in a decrease in the organic N/S ratio in shoots of different 
cultivars of Allium cepa, A. fistulosum and A. porrum. The substantial increase in the organic sul-
fur fraction in the shoot was probably due to an increase in the content of secondary sulfur com-
pounds, e.g. γ-glutamyl peptides and/or alliins. 
 
 
Introduction 
 
Atmospheric H2S has a paradoxical impact on plants. It may negatively affect growth at 
atmospheric levels of 0.03 µl l-1 and higher and may even cause visible injury and defo-
liation at ≥ 0.3 µl l-1, however, there is a wide variation in susceptibility between species 
to H2S (De Kok et al., 1998, 2000, 2002b). On the other hand, foliarly absorbed H2S may 
be utilized as sulfur source for growth and may be beneficial if the pedospheric sulfur 
supply is limited (De Kok et al., 2000, 2002b; Westerman et al., 2000a). H2S is taken up 
via the stomates, metabolized with high affinity into cysteine and subsequently into other 
sulfur compounds (De Kok et al., 1998; Stuiver and De Kok, 2001). In Brassica oleracea 
L. there was a direct interaction between foliar H2S deposition and the uptake and me-
tabolism of pedospheric sulfate (De Kok et al., 2000; Westerman et al., 2000a, 2001a,b). 

Allium cepa L. (onion) was possibly one of the first domesticated vegetables by man 
and it was already cultivated by the ancient Egyptians. Allium cepa appears to be a spe-
cies with a high sink capacity for reduced sulfur. This species belongs to the genus Allium 
(about 400 species), which derives its name from an allyl group in its secondary sulfur 
compounds. These compounds, specific for the family Alliaceae, are known as alliins and 
consist of different stereoisomers of S-alk(en)ylcysteine sulfoxides. Cysteine is the major 
precursor for the synthesis of alliins and sulfur-containing γ-glutamyl peptides are 
thought to act as intermediates (Block, 1992). The content of alliins in the leaves can di-

23



rectly be related to the sulfur status and can be affected by the sulfate supply to the roots 
(Randle et al., 1993, 1999; Haneklaus et al., 1997). Alliins may account for up to 80 % of 
the total organic sulfur fraction in onion and they are thought to be metabolically inert 
end-products, which can not be re-metabolized as sulfur source (Schnug, 1993).  

The aim of the present study is to get insight into the interaction between atmospheric 
and pedospheric sulfur nutrition in onion and the significance of secondary sulfur com-
pounds, e.g. γ-glutamyl peptides and alliins, as sink for foliarly absorbed sulfur gases. 
The present study is focused on the kinetics of H2S uptake by onion and on the impact of 
H2S exposure on growth and sulfur and nitrogen content in different species and cultivars 
of Allium. 
 
 
Results and discussion 
 
Uptake of atmospheric H2S and its impact on growth and sulfur metabolism  
 
The uptake of gases by plant shoots is predominantly determined by both the diffusive 
conductance of the stomates and the mesophyll (internal) resistance (De Kok and Tausz, 
2001). The uptake of H2S by plant shoots appears to be largely dependent on the meso-
phyll resistance, viz. the rate of H2S metabolism into cysteine and subsequently into other 
sulfur compounds (De Kok et al., 1998, 2000, 2002b; De Kok and Tausz, 2001). The 
maximum uptake rates of H2S differ considerably among species (De Kok et al., 2002b). 
 

 
 
Fig. 1. Kinetics of H2S uptake in shoots of onion (Allium cepa L. cv. Nerato). Two-week-old 
seedlings were grown at 24 °C on a 25 % Hoagland nutrient solution for 10 days after which the 
H2S uptake (JH2S) and the ratio of H2S deposition velocity to aqueous vapor efflux 
(gH2S/gH2O) were measured at various atmospheric H2S levels. The mean transpiration rate 
(JH2O) was 18.6 ± 0.8 mmol g-1 fw h-1. KH2S and JH2Smax are expressed as µl l-1 and µmol g-1 fw 
h-1, respectively. Data represent the mean of four measurements with 12 plants in each (± SD). 
Repeating the experiment gave approx. the same results (1.38 and 1.04 for KH2S and JH2Smax, 
respectively). 
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Table 1. Impact of H2S exposure on growth of onion (Allium cepa L. cv. Nerato). Two-week-old 
seedlings were grown at 24 °C on a 25 % Hoagland nutrient solution for two weeks and exposed 
to 0, 0.075, 0.15, 0.225 and 0.3 µl l-1 H2S. Data on fresh weight (g), shoot to root (S/R) ratio and 
dry matter content (DMC, %) represent the mean of six and three measurements, respectively, 
with six plants in each (± SD). Data on relative growth rate (RGR, % day-1) represent the mean 
of three experiments (± SD). There were no significant differences between treatments (P < 0.05, 
Student’s t-test). 
 
     0 µl l-1 H2S   0.075 µl l-1 H2S    0.15 µl l-1 H2S   0.225 µl l-1 H2S    0.3 µl l-1 H2S 
Fresh weight      
  Shoot     0.31 ± 0.07      0.32 ± 0.07      0.34 ± 0.05      0.31 ± 0.07      0.26 ± 0.05 
  Roots     0.12 ± 0.02      0.13 ± 0.03      0.13 ± 0.02      0.12 ± 0.02      0.11 ± 0.02 
  S/R ratio     2.55 ± 0.30      2.55 ± 0.32      2.55 ± 0.31      2.48 ± 0.21      2.36 ± 0.24 
RGR      

  Plant       9.5 ± 1.0        9.9 ± 1.4      10.5 ± 1.5        9.7 ± 1.2        8.7 ± 1.0 
DMC      

  Shoot     6.59 ± 0.65      6.39 ± 0.54      6.65 ± 0.80      6.51 ± 0.48      6.65 ± 0.58 
  Roots     4.46 ± 0.49      4.21 ± 0.35      4.19 ± 0.55      4.22 ± 0.50      3.99 ± 0.36 
 
 

Similar to observations with other species, the H2S uptake by shoots of onion fol-
lowed saturation kinetics with respect to the H2S concentration and the saturation kinetics 
fitted well with the Michaelis-Menten equation. The maximum H2S uptake rate (JH2Smax) 
was 1.1 µmol g–1 fw h-1 and the H2S concentration at which ½JH2Smax was reached (KH2S) 
was 1.5 µl l-1 H2S (Fig. 1), which showed that onion had a rather high capacity for H2S 
uptake and a higher KH2S value when compared with other species (De Kok et al., 
2002b). The ratio of H2S deposition velocity to aqueous vapor efflux (gH2S/gH2O) was 
calculated to obtain insight into the factors determining H2S uptake in the shoots of onion. 
The gH2S/gH2O ratio remained constant and close to 1 at levels up to 0.3 µl l-1 H2S, 
which indicated that uptake of H2S was limited by its diffusion through the stomates only 
and that the mesophyll (internal) resistance was close to zero (Fig. 1).  

Onion is a rather slow growing species with a RGR of approx. 9.5 % day-1 (on a plant 
fresh weight basis at a day/night temperature of 24/18 °C) and appeared to be resistant to 
relatively high levels of H2S (Table 1). The plant biomass production was hardly affected 
upon a two-week exposure to atmospheric H2S levels up to 0.3 µl l-1. Shoot to root ratio 
and dry matter content in shoot and roots were not affected upon H2S exposure (Table 1). 

Exposure of onion seedlings to atmospheric H2S resulted in an increased content of 
sulfate, thiols and total sulfur in the shoots. There was a slight increase in total nitrogen 
content of the shoot, whereas that of nitrate and amino acids was hardly affected (Fig. 2). 
Metabolite content of the roots was not affected upon H2S exposure. At 0.3 µl l-1 H2S sul-
fate and total sulfur contents in the shoot were increased with 6.9 and 17.7 µmol g–1 fw, 
respectively, whereas the total nitrogen content in the shoot increased with 29 µmol g-1 
fresh weight and the nitrate content was not significantly affected  (Fig. 2). This demon-
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strated that in particular for sulfur the greater proportion of the increase in its content was 
due to an increase in the organic sulfur fraction. In unexposed plants the organic N/S ratio 
was around 41, predominantly representing the molar ratio of N/S in the proteins. How-
ever, upon H2S exposure the organic N/S ratio decreased with the H2S concentration, 
which likely had to be attributed to an increase in non-protein organic sulfur compounds 
(Fig. 3).  It has been observed that onion has a sink capacity for sulfur which is metabo-
lized into secondary sulfur compounds viz. γ-glutamyl peptides and alliins (Randle et al., 
1993, 1999; Haneklaus et al., 1997). The molar ratio of N/S in γ-glutamyl peptides and 
alliins is ≤ 2. The present data provide circumstantial evidence that a great part of the in-
crease in total sulfur content upon H2S exposure may be attributed to an accumulation of 
γ-glutamyl peptides and/or alliins. The impact of H2S exposure on the synthesis of γ-
glutamyl peptides and alliins will further be investigated. The experimental techniques 
will have to be optimized, since these compounds are rather unstable during extraction 
and subject to degradation. 

H2S had a strong impact on thiol levels of the shoot. At 0.3 µl l-1 H2S the thiol content 
in the shoot was 2.8 times higher than that in the shoot of the control plants but at 0.075 
µl l-1 H2S it was only 1.1 times higher, indicating that at low levels of H2S the incor-
poration of cysteine (and glutathione) into other metabolic compounds, possibly γ-
glutamyl peptides and/or alliins, was high and prevented a substantial accumulation of 
thiols (Fig. 2). Future studies will include measurements on the composition of the thiol 
pool, since H2S exposure may not only affect the content but also the composition of the 
thiol pool (Buwalda et al., 1993; Poortinga and De Kok, 1997; Tausz et al., 1998; 
Westerman et al., 2000a). 
 
 
Impact of H2S in different species and cultivars of Allium 
 
The accumulation of sulfur-containing compounds upon H2S exposure was studied in dif-
ferent species and cultivars of Allium. Allium cepa had a higher biomass production and a 
lower dry matter content than A. fistulosum and A. porrum (Fig. 4). Prolonged H2S expo-
sure (0.15 µl l-1) resulted in a reduced shoot growth of A. cepa cv. Wolf F1 and Bravo F1 
and A. porrum cv. NiZ 33-2015 F1, whereas the dry matter content (DMC) was hardly 
affected in all species and cultivars. 

Atmospheric H2S exposure resulted in an accumulation of inorganic, organic and total 
sulfur compounds in all Allium species and cultivars studied (between 2 and 5 fold, Fig. 
5). The accumulation in organic sulfur compounds was most likely due to an increase in 
the content of γ-glutamyl peptides and/or alliins and not in the content of proteins, as de-
scribed above. Since, H2S exposure resulted in a more than two-fold decrease in the or-
ganic N/S ratio (Fig. 5). The inorganic, organic and total nitrogen content was hardly af-
fected by H2S exposure and differences between cultivars could largely be explained by 
variations in dry matter content (Fig. 4, 5). 
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Fig. 2. Impact of long-term H2S exposure on the sulfate, nitrate, thiol, amino acid, total sulfur 
and total nitrogen content in shoot and roots of onion (Allium cepa L. cv. Nerato). Two-week-old 
seedlings were grown at 24 °C on a 25 % Hoagland nutrient solution for two weeks and exposed 
to 0, 0.075, 0.15, 0.225 and 0.3 µl l-1 H2S. Metabolite contents in shoot (closed squares) and roots 
(open squares) are expressed in µmol g-1 fw. Data on sulfate, nitrate, free amino acid, total sulfur 
and total nitrogen represent the mean of three measurements with 36 plants in each (± SD). Data 
on the total thiol content represent the mean of four measurements with six plants in each (± SD). 
Total nitrogen and total sulfur contents increased linearly with the H2S concentration (P < 0.05, 
F-test). 
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Fig. 3. The impact of long-term H2S exposure on the organic and inorganic N/S ratio in the shoot 
of onion. The organic (closed squares) and inorganic (open squares) N/S ratio (± SD) were de-
rived from data presented in Fig. 2.  
 
 

 
 
Fig. 4. Impact of long-term H2S exposure on biomass production and dry matter content of 
shoots of Allium. Two-week-old seedlings of A. cepa L. cv. Wolf F1, Bravo F1 and Nerato F1, A. 
fistulosum L. cv. Savel and A. porrum L. cv. Bluetan F1 (P1) and NiZ 33-2015 F1 (P2) were ex-
posed to 0 and 0.15 µl l-1 H2S (light and dark bars, respectively) for 18 days. Data on biomass 
production (over an 18-day period, g) and dry matter content (DMC, %) represent the mean of 3 
measurements with 80 plants in each (± SD). Asterisks indicate significant differences between 0 
and 0.15 µl l-1 H2S (P < 0.05, Student’s t-test). 
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Fig. 5. Impact of long-term H2S exposure on sulfur and nitrogen contents and N/S ratio’s of 
shoots of Allium. Two-week-old seedlings of A. cepa L. cv. Wolf F1, Bravo F1 and Nerato F1, A. 
fistulosum L. cv. Savel and A. porrum L. cv. Bluetan F1 (P1) and NiZ 33-2015 F1 (P2) were ex-
posed to 0 and 0.15 µl l-1 H2S (light and dark bars, respectively) for 18 days. Sulfate, total sulfur, 
nitrate and total nitrogen contents were determined (µmol g-1 fresh weight) and organic nitrogen 
and sulfur contents (µmol g-1 fresh weight) and total, inorganic and organic N/S ratios were cal-
culated. Data represent the mean of 3 measurements with 80 plants in each (± SD). Asterisks in-
dicate significant differences between 0 and 0.15 µl l-1 H2S (P<0.05, Student’s t-test). 
 
 
Sulfur requirement of onion 
 
The plant’s sulfur requirement for growth can be expressed as the rate of sulfur uptake 
and its assimilation needed per gram plant biomass produced with time and can strongly 
vary between species (De Kok et al., 2000, 2002a). Although Allium cepa (onion) had a 
much lower sulfur requirement than Brassica oleracea (Table 2), the H2S uptake rate was 
in the same range (Fig. 1), which might explain the observed increase in the total sulfur 
content upon H2S exposure (Fig. 2). From calculations on the plant’s sulfur requirement 
and foliar uptake rate of sulfur gases, and subsequent laboratory experiments it is evident 
that atmospheric levels of ≥ 0.1 µl l-1 of these sulfur gases should be sufficient to cover 
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the organic sulfur requirement for growth of most plant species, including onion (De Kok 
et al., 2000, 2002b; Table 2). 
 
 
Table 2.  Sulfur requirement of seedlings of Brassica oleracea (curly kale) and Allium cepa (on-
ion). Data are expressed on a fresh weight basis. Plants were grown on 25 % Hoagland nutrient 
solution for 2 weeks in a climate-controlled room (for experiment details see Stuiver and De Kok, 
2001; this chapter). 
 
 RGR 

(g g-1 plant day-1) 
Sulfurcontent 

(µmol g-1 plant) 
Sulfurrequirement 

(µmol g-1 plant day-1) 
Allium cepa                0.095                 9.4                 0.89 
Brassica oleracea                0.235               43.1               10.13 

 
 

In Brassica oleracea there was a strong interaction between the uptake and metabo-
lism of atmospheric H2S and pedospheric sulfate. Upon H2S exposure the sulfate uptake 
was down-regulated, whereas the total sulfur content was hardly affected (De Kok et al., 
2000; Westerman et al., 2001a). It appeared from our experiments that the sulfur metabo-
lism in Allium was differently regulated since the total sulfur content increased linearly 
with the H2S concentration. The interaction between atmospheric and pedospheric sulfur 
nutrition and its consequences for the synthesis of γ-glutamyl peptides and alliins will 
further be evaluated. 
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Chapter 4 
 
Impact of short-term H2S exposure and sulfate supply on 
sulfur metabolism of Allium cepa  
 
 
Abstract. Onion (Allium cepa L.) was able to use atmospheric H2S as sole sulfur source for 
growth. The foliarly absorbed H2S was rapidly metabolized into water-soluble non-protein thiol 
compounds, including cysteine, and subsequently into other sulfur compounds in the shoot. In 
H2S exposed plants, the accumulation of sulfur compounds in the shoot was nearly linear with 
the concentration and duration of the exposure. Exposure of onion to levels of 0.15-0.6 µl l-1 H2S 
for up to one week did not affect the sulfur content of the roots. Secondary sulfur compounds 
probably formed a sink for the foliarly absorbed sulfide and the sulfur accumulation upon H2S 
exposure might for a great part be ascribed to an increase in the content of γ-glutamyl peptides 
and/or alliins. Furthermore, there was a substantial increase in the sulfate content in the shoot 
upon H2S exposure. The accumulation of sulfate both originated from the pedosphere and from 
oxidation of absorbed atmospheric sulfide and/or from degradation of accumulated secondary 
sulfur compounds. From studies on the interaction between atmospheric and pedospheric sulfur 
nutrition, it was evident that H2S exposure did not result in a down-regulation of the sulfate up-
take by the roots. 
 
 
Introduction 
 
Despite their potential phytotoxic effects, plants are able to utilize atmospheric sulfur 
gases viz. SO2, H2S, as sulfur source for growth (Westerman et al., 2000a,b; De Kok et 
al., 2002a,c; Tausz et al., 2003; Yang et al., 2003). The foliar uptake of these sulfur gases 
proceeds via the stomates and the rate of uptake is determined by both the stomatal con-
ductance and the internal (mesophyll) resistance towards these gases (De Kok and Tausz, 
2001; De Kok et al., 2002a,b). Studies on the possible interaction between atmospheric 
and pedospheric sulfur nutrition have shown to be helpful as tool to get insight into the 
regulation of sulfate uptake and sulfur assimilation and the dissection of the signal trans-
duction pathways involved. 

Allium species viz. onion, garlic, leek, chive contain a variety of secondary sulfur 
compounds, viz. γ-glutamyl peptides and alliins (S-alk(en)yl cysteine sulfoxides). Cys-
teine acts as precursor in the synthesis of γ-glutamyl peptides and alliins (Granroth, 1970; 
Lancaster and Boland, 1990; Edwards et al., 1994; Randle and Lancaster, 2002). These 
compounds form a potential sink for reduced sulfur, since in onion bulbs their content 
may account for up to 80 % of the organic sulfur fraction (Schnug, 1993). It remains to be 
investigated to what extent the accumulation of γ-glutamyl peptides and alliins is a con-

31



sequence of an altered balance in the sulfur supply and in the actual sulfur requirement 
for structural growth during bulb formation. It is still unclear to what extent these com-
pounds form a potential sink for excessive reduced sulfur during the earlier stages of de-
velopment of Allium, for instance in seedlings, which is investigated in this study. 
 
 
Results and discussion 
 
Uptake of H2S by shoots of Allium and its impact on growth and thiol content 
 
H2S is a phytotoxic gas and growth of susceptible species may already be negatively re-
duced upon prolonged exposure to atmospheric levels of 0.03 µl l-1 and higher (De Kok et 
al., 1998, 2002b). The physiological basis for its phytotoxicity and variation in suscepti-
bility between species to H2S is still largely unclear. Sulfide is very reactive and similar 
to cyanide it complexes with high affinity to metallo groups in proteins, which is likely 
the primary biochemical basis for the phytotoxicity of H2S (De Kok et al., 1998, 2002b). 
It has been suggested that the degree of penetration of H2S to the meristems may be one 
of the most important factors determining its phytotoxicity. In general, dicotyledons are 
more susceptible to H2S than monocotyledons, since in the latter H2S has hardly any di-
rect access to the vegetation point (De Kok et al., 2000; Stulen et al., 2000).  Likewise, 
onion and other Allium species, as monocotyledons, appeared not to be susceptible to the 
potential phytotoxic effects of H2S (Chapter 3, Durenkamp and De Kok, 2002, 2003). 
Plant biomass production was hardly affected upon a 2 week exposure to relatively high 
atmospheric H2S levels from up to 0.3 µl l-1 (Chapter 3, Durenkamp and De Kok, 2002), 
and even not upon exposure to 0.6 µl l-1 for 1 week (data not presented). Shoot to root ra-
tio and dry matter content in shoot and roots were not affected upon H2S exposure (Chap-
ter 3, Durenkamp and De Kok, 2002, 2003). 

Similar to observations with other species, the H2S uptake by shoots of onion fol-
lowed saturation kinetics with respect to the H2S concentration and the saturation kinetics 
fitted well with the Michaelis-Menten equation. The maximum H2S uptake rate (JH2Smax) 
was 1.1 µmol g–1 shoot fw h-1 and the H2S level at which ½ JH2Smax was reached (KH2S) 
was 1.5 µl l-1 H2S (Chapter 3, Durenkamp and De Kok, 2002). It is evident, that the up-
take of H2S is largely determined by physiological factors, viz. the rate of assimilation of 
the deposited sulfide into cysteine by O-acetylserine(thiol)lyase and the subsequent in-
corporation into other organic sulfur metabolites.  

The direct metabolism of atmospheric H2S generally results in an increased size and 
change in composition of the thiol pool in the shoot (De Kok et al., 1998, 2002b). In 
some species, after some delay, H2S exposure also may result in an enhanced thiol level 
in the roots, though to a lesser extent than that observed in shoots. The increase in size of 
the thiol pool is dependent on the H2S level, the level of sulfur nutrition, the exposure 
temperature and plant age, and it varies strongly between species (De Kok et al., 1998, 
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2002b). The tripeptide glutathione is usually the most abundant thiol compound present 
in both shoot and roots. However, if the regulation of the uptake of sulfate by the roots is 
by-passed and sulfur is directly supplied to foliar tissue in either oxidized or reduced 
form, then not only the size but also the composition of the thiol pool changes and in ad-
dition to glutathione, high levels of cysteine and other thiols may occur (De Kok et al., 
1998, 2002b,c). 

A two-week exposure of onion also resulted in an accumulation of thiols in the shoots 
at levels higher than 0.075 µl l-1 H2S (up to 3-fold at 0.3 µl l-1; Chapter 3, Durenkamp and 
De Kok, 2002). Similar to previous observations, H2S exposure did not affect the thiol 
and cysteine content of the roots (Fig. 1). Short-term exposure measurements confirmed 
that, similar to observations with other species, the level of thiol accumulation in the 
shoots depended on the H2S level, already reached a maximal level within one day of ex-
posure and remained nearly constant during the one-week exposure period (Fig. 1). The 
increase in thiol content was partially due to an increase in cysteine content (up to 25 % 
of the thiols after one day at 0.6 µl l-1 H2S). O-acetylserine(thiol)lyase, the enzyme re-
sponsible for the fixation of atmospheric H2S into cysteine, is present in both chloroplasts 
and cytosol. The increase in size and the altered composition of the thiol pool upon H2S 
exposure could both be due to an enhanced synthesis of cysteine in the cytosol, beyond 
the existing systems of feedback control of sulfur reduction and assimilation in the 
chloroplast (De Kok et al. 2002b,c). 
 
 

 
 
Fig. 1. Impact of H2S exposure on water-soluble non-protein thiol and cysteine content in shoot 
and roots of onion (Allium cepa L. cv. Nerato). 32-day-old seedlings were grown on 25 % 
Hoagland nutrient solution and exposed to 0, 0.15, 0.3 and 0.6 µl l-1 H2S for one week. Thiol and 
cysteine content were expressed as µmol g-1 fw. The black inserts in the bars represent the con-
tent of cysteine. Data are the mean of three measurements with six plants in each (± SD). Differ-
ent letters indicate significant differences in thiol content between treatments (P < 0.05, Student’s 
t-test). 
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Fig. 2. Impact of H2S exposure on total sulfur and sulfate content and on the organic N/S ratio in 
shoot and roots of onion (Allium cepa L. cv. Nerato). 32-day-old seedlings were grown on 25 % 
Hoagland nutrient solution and exposed to 0, 0.15, 0.3 and 0.6 µl l-1 H2S for one week. Total sul-
fur and sulfate contents are expressed in µmol g-1 fw. Data represent the mean of three measure-
ments with 12 or 24 plants in each (± SD).  
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H2S-induced increase in total sulfur and sulfate content in shoots of Allium   
 
Onion formed a sink for atmospheric H2S and a two-week exposure resulted in a substan-
tial increase in the content of both total sulfur and sulfate in the shoots (3-fold at 0.3 µl    
l-1), whereas that in the roots remained unaffected (Chapter 3, Durenkamp and De Kok, 
2002). A similar H2S-induced increase in the sulfur content was observed in shoots of a 
variety of A. cepa L. (onion) cultivars and other Allium species (A. fistulosum L. and A. 
porrum L.) upon prolonged exposure to 0.15 µl l-1 H2S (Chapter 3, Durenkamp and De 
Kok, 2003). There was a nearly linear relation between the increase in total sulfur and 
sulfate content in the shoot and the H2S concentration (ranging from 0.075 - 0.3 µl l-1). 
There was a slight increase in total nitrogen content of the shoot, whereas that of nitrate 
and amino acids was hardly affected (Chapter 3, Durenkamp and De Kok, 2002).  

From short-term experiments it was evident that the accumulation of total sulfur and 
sulfate upon H2S exposure occurred rapidly and was already substantial after two days of 
exposure (Fig. 2). The total sulfur and sulfate content in the shoot increased nearly linear 
with the H2S concentration and the duration of the exposure up to more than 3-fold at 0.6 
µl l-1 H2S at a constant sulfate/total sulfur ratio of around 0.5. Short-term exposure did not 
affect the total sulfur and sulfate content in the roots (Fig. 2). The contents of total nitro-
gen and nitrate were 190 and 77 in the shoot and 118 and 48 µmol g-1 fresh weight in 
roots, respectively, and were not significantly affected upon H2S exposure (data not pre-
sented). In unexposed plants the organic molar N/S ratio was around 40 (Chapter 3, 
Durenkamp and De Kok, 2002; Fig. 2), likely predominantly representing the molar ratio 
of N/S in the proteins (Dijkshoorn and Van Wijk, 1967). The organic N/S ratio substan-
tially decreased with the H2S concentration down to values around 10 upon exposure at 
the highest H2S levels (Fig. 2). The latter may be ascribed to an increase in the content of 
non-protein organic sulfur compounds (Chapter 3, Durenkamp and De Kok, 2002; Fig. 2). 
The molar N/S ratio in the secondary sulfur compounds is ≤ 2 and therefore it is most 
likely that a great part of the increase in sulfur content upon H2S exposure was due to an 
increase in the content of γ-glutamyl peptides and/or alliins (Chapter 3, Durenkamp and 
De Kok, 2002, 2003).  
 
 
Interaction between atmospheric H2S and pedospheric sulfate nutrition in Allium  
 
The origin of the accumulated sulfate in onion shoots upon H2S exposure was unclear. 
Onion shoots might completely transfer from pedospheric sulfate to atmospheric H2S as 
sulfur source without a down regulation of sulfate uptake by the root and transport to the 
shoot. On the other hand the accumulated sulfate might originate from oxidation of ab-
sorbed atmospheric sulfide and/or from degradation of accumulated (secondary) sulfur 
compounds. In order to test the nature of sulfate accumulation in onion shoots upon H2S 
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exposure, the impact of sulfate nutrition and H2S exposure on total sulfur and sulfate con-
tent was evaluated. 
 
 

 
Fig. 3. The impact of sulfate nutrition on total sulfur and sulfate content in shoot (closed squares) 
and roots (open squares) of onion. 24-day-old seedlings were grown in a 25 % Hoagland nutrient 
solution with 0.5, 1, 2, 4 and 8 mM sulfate for one week. Biomass production was not affected 
by the treatment. Mean fresh weights were 2.6 and 1.1 g for shoot and roots, respectively, at a 
relative growth rate of 15 % day-1 on a plant fresh weight basis. Data are expressed in µmol g-1 
fw and represent the mean of three measurements with 12 plants in each (± SD). 
 
 

In general, the uptake of sulfate by the roots and its transport to the shoot appear to be 
the primary sites of regulation of sulfur assimilation and are generally in tune with the 
plant’s sulfur requirement for growth (Hawkesford and Wray, 2000; De Kok et al., 
2002a). When onion seedlings were transferred from 0.5 mM sulfate (the sulfate level in 
a 25 % Hoagland nutrient solution) to various levels of sulfate (up to 8 mM) for a week, it 
only slightly affected the sulfur content of shoot and roots (Fig. 3). There was a slight de-
crease in sulfate content at ≥ 1 mM sulfate in the nutrient solution. This might be ex-
plained by the fact that plants had been pre-cultivated at 0.5 mM for 2 weeks (Fig. 3) and 
were transferred to a higher sulfate level, which might have a de-repressing effect on the 
sulfate transporter(s). These data are in agreement with observations with other plant spe-
cies that sulfate is taken up by the roots with high affinity and that the Vmax of sulfate up-
take is generally already reached at pedospheric sulfate levels of 0.1 mM and lower, 
though it may be modulated by the level of sulfur nutrition (Hawkesford, 2000; Hawkes-
ford and Wray, 2000; Hawkesford et al., 2003a).   
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Fig. 4. The impact of sulfate nutrition and H2S exposure on total sulfur and sulfate content, and 
on sulfate/total sulfur ratio in shoot and roots of onion (Allium cepa L. cv. Nerato). 32-day-old 
seedlings were grown on 25 % Hoagland nutrient solution with 0 (-S) or 0.5 (+S) mM sulfate and 
exposed to 0 or 0.3 µl l-1 H2S for one week. Data represent the mean of three measurements with 
12 or 24 plants in each (± SD). Different letters indicate significant differences between treat-
ments (P < 0.05, Student’s t-test).  
 
 

When onion was grown under sulfate-deprived conditions for up to one week, it rap-
idly resulted in a decrease in the sulfate and total sulfur content in both shoot and roots 
(Fig. 4). If expressed on a plant basis, the amount of sulfur remained unchanged upon sul-
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fate deprivation, while that of sulfate decreased, due to its assimilation into organic com-
pounds and reflected by a decreasing sulfate/total sulfur ratio (Fig. 5). Upon sulfate dep-
rivation shoot growth started to decrease from day 4 onwards (data not presented) result-
ing in a decrease in the shoot/root ratio (Table 2). The latter is characteristic for sulfate-
deprived plants (De Kok et al., 1997, 2000, 2002c). However, after one week the relative 
growth rate (RGR) of the whole plants was not yet affected (Table 2). There were no visi-
ble symptoms of sulfur deficiency (e.g. leaf chlorosis) and other characteristics of the oc-
currence of severe sulfur deficiency, as an increase in dry matter content (Table 2) and in 
the content of nitrate and free amino acids, were still absent (data not presented; De Kok 
et al., 1997, 2000, 2002c). 
 
 
Table 2. The impact of sulfate nutrition and H2S exposure on growth of onion (Allium cepa L. cv. 
Nerato). 32-day-old seedlings were grown on 25 % Hoagland nutrient solution with 0 (-S) or 0.5 
(+S) mM sulfate and exposed to 0 or 0.3 µl l-1 H2S for one week. Data on biomass production 
represent the mean of three experiments with three measurements on 12 plants each, relative 
growth rate (RGR) of three experiments and dry matter content (DMC) of three measurements 
with 12 plants each (± SD). Different letters indicate significant differences between treatments 
(P < 0.05, Student’s t-test).  
 
 -S -S +H2S +S +S +H2S 

Fresh weight (g)     
Shoot       0.61 ± 0.04a      0.65 ± 0.07ab      0.68 ± 0.03b      0.64 ± 0.07ab

Roots      0.25 ± 0.02ab      0.25 ± 0.02ab      0.25 ± 0.02b      0.23 ± 0.02a

S/R ratio      2.48 ± 0.27a      2.58 ± 0.20ab      2.73 ± 0.18b      2.79 ± 0.25b

RGR (% day-1)     
Plant      11.1 ± 0.3a      11.7 ± 0.6a      12.3 ± 0.9a      11.3 ± 0.7a

DMC (%)     
Shoot      6.03 ± 0.12a      5.91 ± 0.17a      5.93 ± 0.12a      6.07 ± 0.13a

Roots      3.96 ± 0.08a      4.00 ± 0.05a      4.10 ± 0.06a      4.03 ± 0.08a

 
 

When onion was sulfate-deprived and simultaneously exposed to 0.3 µl l-1 H2S, shoot 
growth was similar to that at sulfur sufficient conditions (Table 2). The total sulfur con-
tent of the shoot increased substantially with the duration of the exposure both in sulfate-
sufficient and sulfate-deprived plants. Similar to the preceding observations, the total sul-
fur content of the roots was not affected upon H2S exposure (see above, Fig. 4). However, 
the total sulfur content of the sulfate-deprived roots decreased, though to a lesser extent 
of that under sulfate-deprived conditions in the absence of H2S (Fig. 4). Similar to plants 
grown at sulfate-sufficient conditions, the increase in sulfur content in shoots of sulfate-
deprived plants upon H2S exposure was partially due to an increase in sulfate content (Fig. 
4). The total sulfur accumulation with time in sulfate-sufficient and sulfate-deprived 
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plants upon H2S exposure was quite similar, which became evident when the total sulfur 
and sulfate content was expressed on a whole plant basis (Fig. 6).  

 

 
Fig. 5. The impact of sulfate nutrition and H2S exposure on total sulfur and sulfate content and 
sulfate/total sulfur ratio in onion (Allium cepa L. cv. Nerato). Data are derived from Fig. 4 and 
expressed as µmol plant-1. 
 
 

There was apparently no interaction between shoot and roots in sulfur nutrition at sul-
fate-sufficient conditions, therefore, H2S exposure did not result in a down regulation of 
uptake and metabolism of sulfate taken up by the roots. Still, there were considerable dif-
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ferences in the proportion of accumulated total sulfur in the organic sulfur fraction. Upon 
H2S exposure less sulfur accumulated in the sulfate fraction in sulfate-deprived plants; the 
greater part was incorporated in the organic sulfur fraction as illustrated by a lower sul-
fate/total sulfur ratio (around 0.3; Fig. 5). The present data confirm that the absorbed at-
mospheric H2S can be metabolized and used as sulfur source for plant growth. From the 
observations that also in sulfate-deprived plants, H2S exposure resulted in a net accumu-
lation of sulfate (Fig. 5), it was evident that accumulated sulfate (also under sulfate-
sufficient conditions) had to originate from oxidation of absorbed atmospheric sulfide 
and/or from degradation of accumulated (secondary) sulfur compounds. 
 

 
Fig. 6. The impact of sulfate nutrition on H2S-induced sulfur accumulation in onion (Allium cepa 
L. cv. Nerato). Data were calculated by subtracting the total sulfur content of –S and +S from 
that of the H2S-exposed plants (see Fig. 5).  
 
 
Secondary sulfur compounds as sink for atmospheric sulfur 
 
From the present study it is evident that shoots of onion (and other Allium species) form a 
potential sink for foliarly absorbed sulfur. It was already striking, that in comparison to 
most other plant species, onions had a relatively high capacity for H2S uptake (De Kok et 
al., 1998, 2002b,c; Chapter 3, Durenkamp and De Kok, 2002), even though this species 
had (under normal conditions) a rather low sulfur requirement for growth (Chapter 3; 
Durenkamp and De Kok, 2004). When the regulation of the sulfate uptake by the roots 
was by-passed and plants were exposed to atmospheric H2S, it resulted in strongly in-
creased sulfur contents in the shoot, whereas those of the roots remained unaltered. The 
accumulation of total sulfur in shoots of onion can in part be attributed to metabolism of 
the absorbed H2S into secondary sulfur compounds, viz. γ-glutamyl peptides and alliins. 
The origin of the accumulated sulfate in onion upon H2S exposure needs further to be in-
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vestigated. It is evident that it may originate from the pedosphere, from oxidation of ab-
sorbed atmospheric sulfide and/or from degradation of accumulated (secondary) sulfur 
compounds. In general the synthesis of alliins is maximal during the formation of the 
bulbs. It is not yet clear to what extent all enzymes needed for the synthesis of alliins are 
functional during the seedling stage in the leaves of onion. Certain precursor compounds 
(γ-glutamyl peptides) might be formed in high amounts upon H2S exposure and subse-
quently not further incorporated into alliins. The formed precursor compounds might be 
degraded and may in part be the cause of the observed sulfate accumulation.  

The impact of H2S on sulfur metabolism in onion was quite different from that ob-
served in other species. For instance in Brassica oleracea (curly kale), there was a direct 
interaction between the regulation of uptake of atmospheric H2S by the shoots and the up-
take of sulfate by the roots (De Kok et al., 1997, 2000, 2002a,c; Westerman et al., 
2000a,b). At an ample sulfate supply to the roots, the total sulfur content of this species 
was hardly affected by prolonged H2S exposure, even not at atmospheric levels higher 
than 0.2 µl l-1, which by far exceeded the sulfur requirement for growth. B. oleracea was 
able to transfer from sulfate to H2S as sulfur source for its reduced sulfur and the uptake 
and assimilation of atmospheric H2S by the shoot and the uptake of sulfate by the roots 
were largely in tune and adjusted to the actual sulfur requirement for growth. Upon H2S 
exposure the sulfate uptake rate by the roots of Brassica oleracea was reduced to such 
extent that the proportion of sulfur absorbed from the atmosphere appeared to be suffi-
cient to cover the organic sulfur requirement for growth (De Kok et al., 2000, 2002a,b,c).  
Brassica species also contain secondary organic sulfur compounds, viz. glucosinolates 
(Schnug, 1990, 1993). In vegetative parts of the plants their content was generally low; it 
did not exceed 1-2 % of the total sulfur content (Westerman et al., 2001a). The content of 
the glucosinolates in the shoots was hardly affected by H2S exposure (Westerman et al., 
2001a).   

Additional research on the identification of the accumulating sulfur compounds in Al-
lium upon H2S exposure is currently carried out. H2S impact studies may further be help-
ful in the elucidation of the pathways of synthesis of γ-glutamyl peptides and alliins and 
will give more insight into the possible physiological function of these secondary sulfur 
compounds. 
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Chapter 5 
 
Low levels of H2S may replace sulfate as sulfur source in  
sulfate-deprived Allium cepa 
 
 
Abstract. Onion (Allium cepa L.) was exposed to low levels of H2S in order to investigate to 
what extent H2S could be used as a sulfur source for growth under sulfate-deprived conditions. 
Sulfate deprivation for a two-week period resulted in a decreased biomass production of the 
shoot, a subsequently decreased shoot to root ratio and an increased dry matter content in shoot 
and roots. Furthermore, it resulted in decreased contents of total sulfur, sulfate and organic sulfur 
and in a decreased sulfate to total sulfur ratio. Symptoms of sulfur deficiency disappeared upon 
simultaneous exposure to relatively low levels of H2S (0.05, 0.1 and 0.15 µl l-1), which showed 
that H2S could be used as a sulfur source for growth. H2S exposure even resulted in a slightly 
increased biomass production in sulfate-sufficient plants. The observed accumulation of sulfate 
and organic sulfur upon H2S exposure in both sulfate-sufficient and sulfate-deprived plants is 
discussed. 
 
 
Introduction 
 
Sulfur is an essential element for plant growth, although amongst other elements it is pre-
sent in minor quantities only (0.03-2 mmol g-1 dry weight; De Kok et al., 2002a). Sulfur 
deficiency results in a loss of plant growth, fitness and resistance to environmental stress 
and pests (De Kok et al., 2002c). Sulfate taken up by the roots is used as the principal sul-
fur source for growth. The uptake, transport and subcellular distribution of sulfate are 
mediated by specific sulfate transporter proteins (Hawkesford, 2003; Buchner et al., 
2004a,b). Prior to its incorporation into organic compounds, sulfate needs to be reduced 
to sulfide, a process which primarily takes place in the chloroplast (Saito, 2004). Sulfide 
is subsequently incorporated into cysteine, from which most other organic sulfur com-
pounds like methionine, glutathione and secondary sulfur compounds can be synthesized. 
The main proportion of sulfur is generally present in the protein fraction as cysteine and 
methionine residues, where it is highly significant in the structure, conformation and 
function (De Kok et al., 2002a). 

Onion (Allium cepa L.) and related Allium species may contain high amounts of sec-
ondary sulfur compounds (γ-glutamyl peptides and alliins). These compounds presuma-
bly have cysteine as precursor, and γ-glutamyl peptides are thought to act as intermedi-
ates in the biosynthesis of alliins (Lancaster and Shaw, 1989; Randle and Lancaster, 
2002). Upon cellular disruption, alliins (present in the cytosol) are degraded by the en-
zyme alliinase (present in the vacuole), which results in the formation of a wide range of 
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degradation products (Block, 1992). It is mainly these degradation products that are re-
sponsible for the specific odor and taste of onions and for their health benefits (Griffiths 
et al., 2002). 

Atmospheric sulfur gases, viz. H2S and SO2, are potentially phytotoxic but can also 
be used as sulfur source for growth, especially when the sulfate supply to the roots is lim-
ited (De Kok et al., 2002a,b,c). H2S is taken up via the stomates and can directly be me-
tabolized into cysteine. The rate of uptake is dependent on the stomatal conductance and 
on the internal resistance viz. the rate of incorporation of the absorbed sulfide into cys-
teine (Chapter 3, Durenkamp and De Kok 2002; Stuiver and De Kok, 2001; De Kok et al., 
2002b). Exposure of onion to high levels of H2S (≥ 0.3 µl l-1) resulted in an accumulation 
of sulfate and non-protein organic sulfur compounds (possibly γ-glutamyl peptides and/or 
alliins) in the shoot (Chapter 3, 4, Durenkamp and De Kok, 2002, 2004; Chapter 6, 
Durenkamp et al., 2005).  

In Brassica oleracea H2S could be used as sulfur source and an atmospheric level as 
low as 0.075 µl l-1 was nearly sufficient to cover the sulfur requirement for growth of 
plants upon sulfate deprivation (Buchner et al., 2004a). In this species, there was a good 
coordination between the uptake and metabolism of atmospheric H2S in the shoot and the 
uptake of sulfate by the root and upon exposure to levels exceeding the sulfur require-
ment for growth the total sulfur content of the plants was hardly affected (Westerman et 
al., 2000a, 2001a; De Kok et al., 2002c).  

In this paper, onion was exposed to low levels of H2S (0.05, 0.1 and 0.15 µl l-1) in or-
der to investigate to what extent H2S could be used as a sulfur source for growth under 
sulfate-deprived conditions.  
 
 
Results 
 
When onion was sulfate-deprived for two weeks, biomass production of the shoot and 
shoot to root ratio were significantly reduced and dry matter content was increased in 
both shoot and roots (Table 1). Growth of sulfate-deprived onion, when simultaneously 
exposed to relatively low concentrations of H2S (0.05, 0.1 and 0.15 µl l-1), was quite simi-
lar to that under sulfate-sufficient conditions. However, the decrease in shoot to root ratio 
upon sulfate deprivation was unchanged upon exposure to 0.05 and 0.1 µl l-1 H2S, 
whereas at higher H2S levels intermediate values between those for sulfate-deprived and 
sulfate-sufficient plants were observed (Table 1). In sulfate-sufficient plants a two-week 
exposure to 0.05 - 0.15 µl l-1 H2S even resulted in a slight stimulation of shoot and root 
biomass production (Table 1). 
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Fig. 1. Impact of sulfate nutrition and H2S exposure on total sulfur, sulfate and organic sulfur 
content and sulfate to total sulfur ratio in shoot and roots of onion (Allium cepa L. cv. Nerato). 
25-day-old seedlings were grown in 25 % Hoagland nutrient solution with 0 (-S) or 0.5 (+S) mM 
sulfate and exposed to 0, 0.05, 0.1 or 0.15 µl l-1 H2S for two weeks. Data (µmol g-1 fw) represent 
the mean of three measurements with 24 (7 days) or 12 (14 days) plants in each (± SD). Initial 
values for total sulfur, sulfate and organic sulfur content and sulfate to total sulfur ratio at the 
start of the experiment were 9.8 ± 0.2, 3.1 ± 0.2 and 6.7 ± 0.1 µmol g-1 fw and 0.31 ± 0.02 for 
shoot and 9.4 ± 0.2, 4.0 ± 0.2 and 5.4 ± 0.3 µmol g-1 fw and 0.42 ± 0.03 for roots, respectively. 
Different letters indicate significant differences between treatments (P < 0.01, Student’s t-test). 
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A two-week sulfate deprivation resulted in a substantial decrease in the total sulfur 
content and in hardly detectable levels of sulfate in both shoot and roots of onion (Fig. 1). 
The decrease in the organic sulfur content upon sulfate deprivation was less pronounced 
than the decrease in the sulfate content, which resulted in a decreased sulfate to total sul-
fur ratio. H2S exposure resulted in an increase in the total sulfur, sulfate and organic sul-
fur content of the shoot in both sulfate-deprived and sulfate-sufficient plants, which de-
pended on the H2S level (Fig. 1). Upon exposure to 0.15 µl l-1 H2S, the organic sulfur 
content in shoots of sulfate-deprived plants was equal to that of the control plants (+S, 0 
µl l-1 H2S). The increase in the total sulfur content of the shoot in sulfate-sufficient plants 
was less pronounced in the second week when compared to the first week of H2S expo-
sure. Exposure to 0.15 µl l-1 H2S resulted in a slight but not significant increase in the to-
tal sulfur content of roots under sulfate-deprived conditions, which could mainly be at-
tributed to an increase in the organic sulfur content (Fig. 1). Sulfur contents in roots of 
sulfate-sufficient plants were not affected by H2S exposure. 
 
 
Discussion 
 
In general, sulfur deficiency has a pronounced impact on plant growth and metabolism. 
Biomass production is severely reduced mainly in the shoot, which results in a decrease 
in the shoot to root ratio (Buchner et al., 2004a). An increase in the dry matter content is 
usually observed upon sulfur deficiency due to an accumulation of soluble sugars and 
starch (De Kok et al., 1997; Stuiver et al., 1997). Onion is a rather slow growing species 
with a relative growth rate of approx. 0.1 g g-1 fw day-1 (Chapter 3, Durenkamp and De 
Kok, 2002). Therefore, sulfate deprivation for one week only resulted in minor symptoms 
of sulfur deficiency (Table 1; Chapter 4, Durenkamp and De Kok, 2004). After two 
weeks, however, plants evidently became sulfur deficient as demonstrated by a reduced 
biomass production and an increased dry matter content (Table 1). When plants were sul-
fate deprived and simultaneously exposed to relatively low concentrations of H2S (0.05, 
0.1 and 0.15 µl l-1), biomass production and dry matter content were unaltered compared 
to control plants, which showed that H2S could be used as a sulfur source for growth in 
onion (Table 1; Buchner et al., 2004a; Chapter 4, Durenkamp and De Kok, 2004). Low 
levels of H2S even resulted in a stimulation of growth in sulfate-sufficient plants (Table 1; 
Chapter 3, Durenkamp and De Kok, 2002). This phenomenon was observed in several 
other species, but could not be explained (Thompson and Kats, 1978; De Kok et al., 
1983). A stimulation of growth was also observed in Brassica oleracea upon exposure to 
non-toxic levels of NH3 (Castro et al., 2005). Although biomass production was unaltered 
upon H2S exposure in sulfate-deprived plants compared to control plants, shoot to root 
ratio at 0.05 and 0.1 µl l-1 H2S was comparable to that under sulfate-deprived conditions, 
whereas at ≥ 0.15 µl l-1 intermediate values were observed (Table 1; Chapter 4, Durenk-
amp and De Kok, 2004). This correlated well with the slightly increased sulfur content in 
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the roots at ≥ 0.15 µl l-1 H2S in sulfate-deprived plants (Fig. 1; Chapter 4, Durenkamp and 
De Kok, 2004), which suggested that the sulfur status of the roots partly determined the 
shoot to root ratio, i.e. the distribution of carbohydrates between shoot and roots, in sul-
fate-deprived onion.  

Sulfate deprivation obviously resulted in a decrease in the content of total sulfur, sul-
fate, organic sulfur, thiols and sulfolipids (Fig. 1; Chapter 4, Durenkamp and De Kok, 
2004; De Kok et al., 1997; Stuiver et al., 1997; Buchner et al., 2004a; Kopriva et al., 
2004). The fast decrease in the sulfate content was due to continued growth, as well as 
remobilization of sulfate and its assimilation into organic sulfur compounds, leading to a 
decrease in the sulfate to total sulfur ratio (Fig. 1; Blake-Kalff et al., 1998). This also 
showed that the organic sulfur content is a better parameter to describe the sulfur re-
quirement for growth than the total sulfur content (Castro et al., 2003), since growth of 
the plants was hardly affected by the fast decrease in the sulfate content. Symptoms of 
sulfur-deficiency presumably occur as the result of the breakdown of proteins for the lib-
eration of organic sulfur and/or a decreased synthesis of proteins, due to a lack of sulfur 
precursors. A decrease in protein synthesis also resulted in increased contents of nitrate 
and free amino acids (De Kok et al., 1997; Stuiver et al., 1997; Prosser et al., 2001; 
Buchner et al., 2004a).  

H2S levels of ≥ 0.1 µl l-1 should be sufficient to cover the organic sulfur requirement 
for growth of most plant species, including onion (Chapter 4, Durenkamp and De Kok, 
2004). Indeed, higher H2S levels (0.15 µl l-1; Fig. 1) resulted in a slight accumulation of 
organic sulfur in the roots of sulfate-deprived plants, and the organic sulfur content in the 
shoot was equal to that under sulfate-sufficient conditions. The accumulation of organic 
sulfur, at least in shoots of sulfate-sufficient plants, was due to an increase in non-protein 
(secondary) sulfur compounds, e.g. γ-glutamyl peptides and alliins (Chapter 3, 4, 
Durenkamp and De Kok, 2002, 2004; Chapter 6, Durenkamp et al., 2005). Even low lev-
els of H2S, below the sulfur requirement for growth, resulted in an increase in the sulfate 
content in shoots of sulfate-deprived plants. Sulfate accumulation under sulfate-deprived 
conditions could be the result of direct oxidation of H2S and/or degradation of accumu-
lated (secondary) sulfur compounds (Chapter 4, Durenkamp and De Kok, 2004).  

Sulfur deprivation severely affects the distribution of sulfur in leaves and bulbs of on-
ion (Randle et al., 1995; McCallum et al., 2002; Bloem et al., 2004), resulting in a de-
crease in sulfate and a relative increase in secondary sulfur compounds. Although secon-
dary sulfur compounds were not directly determined in our study, it is assumed that they 
contribute significantly to the organic sulfur pool in onion. The increase in the sulfate to 
total sulfur ratio upon H2S exposure in shoots of sulfate-deprived plants (Fig. 1), might 
very well reflect a partial degradation of secondary sulfur compounds, i.e. γ-glutamyl 
peptides and/or alliins, into sulfate (Chapter 4, Durenkamp and De Kok, 2004). The in-
creased activity of alliinase, the enzyme responsible for the initial degradation of alliins, 
suggests a possible remobilization of secondary sulfur compounds upon sulfur depriva-
tion (Lancaster et al., 2000). Although decreasing contents of alliins were observed in 
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35S-uptake studies in sulfur-deprived onion, an endogenous role of alliinase (without 
damaging the cell), has never been observed (Randle and Lancaster, 2002). 

Durenkamp and De Kok (2004, Chapter 4) showed that the increase in the total sulfur 
content upon H2S exposure for a one-week period depended on the H2S level and the du-
ration of the exposure. However, after two weeks this increase was less pronounced (Fig. 
1), which could have been caused by a proportional decrease in H2S uptake (due to a pro-
portionally decreased leaf area ratio, i.e. leaf area per gram plant), a decrease in sulfate 
uptake by the roots (Westerman et al., 2000a) and/or by a release of volatile (secondary) 
sulfur compounds (Kanda and Tsuruta, 1995).  
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Chapter 6 
 
Metabolism of atmospheric sulfur gases (H2S, SO2) in Allium 
cepa  
 
 
Abstract. The impact of atmospheric sulfur gases was studied in onion (Allium cepa L.). The 
occurrence of toxic effects of H2S in onion depended not only on the atmospheric H2S level but 
also on the duration of the exposure. Prolonged exposure (38 days) of onion to ≥ 0.3 µl l-1 H2S 
resulted in a strong reduction in shoot biomass production. H2S exposure resulted in a decrease in 
the organic N/S ratio at all levels (0.15 to 0.6 µl l-1 H2S), which could be attributed to an increase 
in the pool of secondary sulfur compounds and not to changes in the sulfolipid content. The latter 
even decreased upon H2S exposure when expressed on a lipid basis. SO2 exposure resulted in an 
enhanced content of sulfate and total sulfur in the shoot, whereas roots were not affected. In con-
trast to exposure to H2S, SO2 exposure did not result in an increase in non-protein organic (sec-
ondary) sulfur compounds, which showed that these compounds only were a sink pool for re-
duced atmospheric sulfur, when both the uptake of sulfate by the roots and its reduction in the 
shoot were by-passed. 
 
 
Introduction 
 
Generally, sulfate taken up by the roots is used as the main source of sulfur for plants and 
the uptake, transport and subcellular distribution of sulfate are mediated by specific sul-
fate transporter proteins (Hawkesford, 2003; Hawkesford et al., 2003a; Buchner et al., 
2004a,b). The uptake of sulfate by the roots and its transport to other plant parts are 
highly regulated and the affinity of the sulfate transporters towards sulfate is high; a 
maximum uptake and transport rate is generally already reached at ≤ 0.1 mM sulfate 
(Chapter 4, Durenkamp and De Kok, 2004; Hawkesford and Wray, 2000; Buchner et al., 
2004a). The expression and activity of the sulfate transporter proteins, as well as the ac-
tivity of the enzymes of the sulfate reduction pathway, strongly depend on the sulfur nu-
tritional status of the plant (Buchner et al., 2004a).  Prior to its incorporation into organic 
compounds, sulfate needs to be reduced to sulfide, a process that primarily takes place in 
the chloroplasts. Subsequently, sulfide is incorporated into cysteine, the precursor for 
most other organic sulfur compounds (Chapter 8, Fig. 1). In most plants the predominant 
proportion of the organic sulfur is present in the protein fraction as cysteine and methion-
ine residues (up to 70 % of total S), however, species like onion also may contain high 
amounts of secondary sulfur compounds. Part of the organic sulfur is present in the lipid 
fraction; in general sulfoquinovosyldiacylglycerol (SQDG) appears to be the predominant 
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plant sulfolipid and it accounts for 1 to 6 % of total S (Heinz, 1993; De Kok et al., 1997; 
Benning, 1998; Harwood and Okanenko, 2003).  

In spite of their potential phytotoxic effects, foliarly deposited atmospheric sulfur 
gases as H2S and SO2 can also be used as sulfur source for growth, and they even may be 
beneficial if the sulfate supply to the roots is limited (Chapter 4, Durenkamp and De Kok, 
2004; De Kok et al., 2000, 2002a,b). Due to the impermeability of the cuticle, H2S and 
SO2 are taken up via the stomates and their uptake is both dependent on the stomatal con-
ductance and on the internal (mesophyll) resistance towards these gases (De Kok et al., 
1998, 2002a,b). The uptake of H2S is largely determined by the internal resistance, viz. 
the rate of metabolism of the absorbed sulfide into cysteine (Chapter 8, Fig. 1). The rate 
of uptake depends on the activity of O-acetylserine(thiol)lyase and the availability of its 
substrate O-acetylserine (Stuiver and De Kok, 2001) and it shows saturation kinetics with 
respect to the atmospheric H2S level, which can be described by Michaelis-Menten kinet-
ics (Chapter 3, Durenkamp and De Kok, 2002; De Kok et al., 1998; Stuiver and De Kok, 
2001). In contrast to H2S, the uptake of SO2 is largely determined by the stomatal con-
ductance, since the internal resistance to SO2 is low due to its high solubility and hydra-
tion in the cell sap.  In general, there is a linear relation between the uptake of SO2 and 
the level in the atmosphere (De Kok and Tausz, 2001). Although SO2, via sulfite, can di-
rectly be used in the sulfate reduction pathway, the greater part is oxidized to sulfate and 
transferred into the vacuole, especially at levels exceeding the sulfur requirement for 
growth (Chapter 8, Fig. 1). Atmospheric sulfur gases have shown to be a useful tool to 
study sulfate uptake and sulfur assimilation by providing an extra source of sulfur taken 
up by the shoot, beyond the existing controls of sulfate uptake by the roots. 

Allium cepa (onion) is one of the most important horticultural crops in the world. Sec-
ondary sulfur compounds (γ-glutamyl peptides and alliins) and their degradation products 
are responsible for the important role of Allium species in the food and phytopharmaceu-
tical industry. The γ-glutamyl peptides are thought to act as precursors for the synthesis 
of alliins and they might have a function in the storage of sulfur and nitrogen (Randle and 
Lancaster, 2002; Jones et al., 2004). The likely precursors for the synthesis of γ-glutamyl 
peptides and alliins are the thiol compounds γ-glutamylcysteine and glutathione, which 
are products of the sulfur assimilation pathway (Chapter 8, Fig. 1). In onion H2S exposure 
resulted in an increase in sulfate, thiols and other organic sulfur compounds in the shoot. 
The estimated N/S ratio of the latter compounds appeared to be 2 or less (Chapter 3, 4, 
Durenkamp and De Kok, 2002, 2003, 2004), indicating that the increase in the organic 
sulfur fraction could not be explained by an increase in the protein fraction (N/S ratio of 
proteins is generally around 40). It needs to be evaluated whether the increase in organic 
sulfur compounds upon H2S exposure was due to an accumulation of secondary sulfur 
compounds (γ-glutamyl peptides and alliins) and/or sulfolipids (Chapter 3, 4, Durenkamp 
and De Kok, 2002, 2003, 2004). In addition, it needs to be assessed to what extent the ob-
served accumulation of sulfur compounds is specific for H2S or the consequence of by-
passing the regulatory control of the uptake of sulfate by the roots. In the present paper 
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the impact of H2S and SO2 on growth and sulfur metabolism has been compared. The 
significance of sulfolipids and secondary sulfur compounds as possible pool for excessive 
deposited atmospheric sulfur and the possible down-regulation of the sulfate reduction 
pathway upon H2S exposure are discussed. 
 
 
Results and discussion 
 
Atmospheric H2S: toxin vs. nutrient 
 
Atmospheric sulfur gases are potentially phytotoxic, however, there is a large variation 
between species in the susceptibility towards these gases and the mechanisms of toxicity 
are still not completely understood. Like cyanide, sulfide complexes with high affinity to 
metallo groups in proteins (for instance heme-containing NADH oxidizing enzymes) and 
this reaction is probably the primary biochemical basis for the phytotoxicity of H2S 
(Maas and De Kok, 1988; De Kok et al., 1998, 2002b). Mutagenic effects of accumulated 
thiol compounds (Glatt et al., 1983) or sulfide itself might also be a cause for the phyto-
toxicity of H2S, since exposure to H2S resulted in an increase in chromosomal aberrations 
in apical meristems and root tips (Wonisch et al., 1999a,b; Stulen et al., 2000). In general, 
dicotyledons are more susceptible to H2S than monocotyledons, since in the latter H2S 
hardly has direct access to the vegetation point (Stulen et al., 2000). 

Onion and related Allium species, as monocotyledons, were not very susceptible to the 
toxic effects of H2S (Chapter 3, 4, Durenkamp and De Kok, 2002, 2003, 2004). Short-
term exposure (one week) up to 0.6 µl l-1 H2S, a level which by far exceeds the sulfur re-
quirement for growth, did not result in a reduction of growth in onion (Chapter 4, 
Durenkamp and De Kok, 2004). However, prolonged exposure to the same range of H2S 
levels for 38 days resulted in a substantial decrease in biomass production and a slight 
increase in dry matter content in onion shoots at levels ≥ 0.3 µl l-1 H2S (Fig. 2). Appar-
ently, the occurrence of toxic effects of H2S in onion depended not only on the atmos-
pheric H2S level but also on the duration of the exposure. The latter might be due to a 
cumulative effect of sulfide or produced toxic metabolites for instance in meristematic 
tissue. Prolonged exposure to H2S resulted in an increased content of sulfate and other 
sulfur-containing compounds, as illustrated by a maximal 5-fold increase in the total sul-
fur content of the shoot upon exposure up to 0.6 µl l-1 H2S (Fig. 2). The organic N/S ratio 
was decreased at all levels of H2S exposure, independent of the effects of H2S phytotoxic-
ity (Fig. 2). The decrease in the organic N/S ratio could be attributed to an increase in 
non-protein organic (secondary) sulfur compounds, which pool might be a sink for re-
duced sulfur (Chapter 3, 4, Durenkamp and De Kok, 2002, 2003, 2004). Prolonged H2S 
exposure also resulted in an enhancement of nitrogen-containing compounds in the shoot, 
which possibly was the consequence of a disturbed metabolism and/or an alteration in tis-
sue and shoot development.  
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Fig. 2. Impact of prolonged H2S exposure on growth and sulfur and nitrogen metabolism in 
shoots of onion (Allium cepa L. cv. Nerato). Seedlings were grown in vermiculite for two weeks 
and subsequently transferred to a regular potting soil and exposed to 0, 0.15, 0.3 and 0.6 µl l-1 
H2S for 38 days (prolonged exposure). Data represent the mean of three measurements with five 
plants in each (± SD). 
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Atmospheric H2S could be used as a sulfur source for growth in onion, especially 
when the sulfate supply to the roots was deprived (Chapter 4, Durenkamp and De Kok, 
2004). However, upon prolonged exposure H2S appeared to be phytotoxic and it reduced 
biomass production. 
 
 
Impact of H2S exposure on sulfolipids 
 
The main plant sulfolipid sulfoquinovosyldiacylglycerol (SQDG) is synthesized from 
UDP-sulfoquinovose and diacylglycerol with sulfite as the likely sulfur precursor (Sanda 
et al., 2001; Harwood and Okanenko, 2003). Sulfite is synthesized from APS by APS re-
ductase and this enzyme is the predominant site of regulatory control of the sulfate reduc-
tion pathway (De Kok et al., 2002a; Vauclare et al., 2002). The sulfolipid content of the 
shoot (expressed on a lipid basis) decreased upon exposure to H2S (Table 1), which could 
be caused by a down-regulation of the sulfate reduction pathway and by a subsequent de-
crease in sulfite production, the sulfur precursor of SQDG (Sanda et al., 2001). This sug-
gestion is supported by observations in Brassica oleracea, where a similar decrease in 
sulfolipid content (expressed on a lipid basis) was observed upon H2S exposure (De Kok 
et al., 1997). The sulfate reduction pathway is known to be down-regulated via APS re-
ductase upon H2S exposure in Brassica oleracea (Westerman et al., 2001b). Since the 
sulfolipid content was not increased upon exposure to H2S, sulfolipids did not act as a 
sink pool for atmospheric reduced sulfur. 

The total lipid content of the shoot was increased upon exposure to H2S, which could 
not be explained by an increase in either sulfolipid or pigment content (Table 1). It needs 
to be evaluated to what extent this increase in lipid content upon H2S exposure can be at-
tributed to changes in the overall structure and/or composition of membranes. Another 
option for the increase in total lipid content could be the formation of vesicles containing 
secondary sulfur compounds, as suggested by Turnbull et al. (1981). The possible en-
hancement of the secondary sulfur compounds content in the shoot might be accompa-
nied with a subsequent increase in vesicle formation resulting in an increase in the total 
lipid content. The latter was not observed in Brassica oleracea (De Kok et al., 1997), 
since in this species an accumulation of secondary sulfur compounds was absent upon 
H2S exposure (Westerman et al., 2001a). 

The observed increase in the non-protein organic sulfur content upon H2S exposure 
(Chapter 3, 4, Durenkamp and De Kok, 2002, 2003, 2004) could not be attributed to 
changes in the content of sulfolipids. Therefore, secondary sulfur compounds appeared to 
be the most likely pool for excessive deposited atmospheric H2S in onion. 
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Table 1. Impact of short-term H2S exposure on pigment content in shoot and lipid content in 
shoot and roots of onion (Allium cepa L. cv. Nerato). Seedlings were grown in vermiculite for 
two weeks and subsequently transferred to a 25 % Hoagland nutrient solution. Four-week-old 
seedlings were transferred to a fresh nutrient solution and exposed to 0.3 µl l-1 H2S for one week. 
Data represent the mean of three measurements with 12 plants in each (± SD). 
 
 0 µl l-1 H2S 0.3 µl l-1 H2S 

Shoot   
Total lipid content (mg g-1 fw)                 3.60 ± 0.09                4.26 ± 0.17** 
Sulfolipid content (nmol g-1 fw)                 89.0 ± 6.1                86.6 ± 2.6 
Sulfolipid content (nmol mg-1 total lipids)                 24.7 ± 2.1                20.7 ± 0.2* 
Sulfolipid content (nmol mg-1 chlorophyll)                  189 ± 5                 187 ± 10 
Total chlorophyll content (mg g-1 fw)                 0.47 ± 0.03                0.46 ± 0.01 
Total carotenoid content (mg g-1 fw)                 0.11 ± 0.00                0.11 ± 0.00 

Root   
Total lipid content (mg g-1 fw)                 1.44 ± 0.12                1.52 ± 0.15 
Sulfolipid content (nmol g-1 fw)                 36.5 ± 4.2                37.3 ± 4.2 
Sulfolipid content (nmol mg-1 total lipids)                 25.3 ± 1.0                24.5 ± 0.3 

*P < 0.05; **P < 0.01 vs 0 µl l-1 H2S; Student’s t-test. 
 
 
Impact of atmospheric SO2 on sulfur metabolism: a comparison with H2S 
 
In general, plant exposure to SO2 results in an increase in the sulfate content and a slight 
increase in the thiol content (mainly glutathione) of the shoot, since part of the SO2 can 
be assimilated into organic sulfur compounds via sulfite (De Kok and Tausz, 2001; Tausz 
et al., 2003; Yang et al., 2003).  

Growth of onion was not affected upon a one-week exposure to 0.3 µl l-1 SO2 for one 
week (Table 2). An increase in the sulfate and total sulfur content of the shoot was ob-
served upon exposure to SO2 in both sulfate-sufficient and sulfate-deprived plants, 
whereas the content in the roots was not affected (Table 2). The increase in the total sul-
fur content of the shoot in sulfate-sufficient plants could solely be explained by an in-
crease in the sulfate content (Table 2). Apparently, SO2 was for the greater part oxidized 
to sulfate and transferred into the vacuole (Chapter 8, Fig. 1). In contrast to exposure to 
H2S, SO2 exposure did not result in a significant decrease in the organic N/S ratio of the 
shoot of sulfate-sufficient plants (27.7 ± 1.8 and 23.9 ± 3.5 at 0 and 0.3 µl l-1 SO2, respec-
tively). As has been indicated above, a decrease in the organic N/S ratio upon H2S expo-
sure could likely be attributed to an increase in secondary sulfur compounds (Chapter 3, 4, 
Durenkamp and De Kok, 2002, 2003, 2004). These compounds only seemed to be a sink 
for reduced atmospheric sulfur like H2S, via by-passing of the sulfate uptake in the roots 
and its reduction in the shoot, and not for oxidized (atmospheric) sulfur like SO2. The re-
duction of sulfate is known to be highly regulated (De Kok et al., 2002a; Vauclare et al., 
2002), in contrast to the uptake of SO2, which resulted in an accumulation of sulfate upon 
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SO2 exposure. Sulfate accumulation was not observed when onion was subjected to in-
creasing levels of pedospheric sulfate, since uptake of sulfate by the roots was strictly 
regulated (Chapter 4, Durenkamp and De Kok, 2004; Hawkesford and Wray, 2000; 
Buchner et al., 2004a). A combination of H2S exposure and different levels of pe-
dospheric sulfate nutrition will be used to further investigate the regulation of sulfate up-
take, transport, subcellular distribution and reduction through APS reductase, since these 
processes predominantly control the assimilation of sulfate in plants. 

 
 

Table 2. Impact of sulfate nutrition and short-term SO2 exposure on growth and sulfur metabo-
lism in shoot and roots of onion (Allium cepa L. cv. Nerato). Seedlings were grown in vermicu-
lite for two weeks and transferred to a 25 % Hoagland nutrient solution. Four-week-old seedlings 
were transferred to a fresh nutrient solution with 0 (-S) or 0.5 (+S) mM sulfate and exposed to 0 
(-SO2) or 0.3 (+SO2) µl l-1 SO2 for one week. Data on fresh weight (g), sulfate and total sulfur 
content (µmol g-1 fw) and sulfate/total sulfur ratio in shoot and roots represent the mean of four 
measurements with 12 or 24 (initial) plants in each (± SD). Different letters indicate significant 
differences between treatments (P < 0.05, Student’s t-test). 
 
 Initial -S -S +SO2 +S +S +SO2

Shoot      
Fresh weight     0.48 ± 0.05     1.10 ± 0.04a     1.12 ± 0.06ab     0.98 ± 0.23ab     1.27 ± 0.13b

Total sulfur content       9.0 ± 0.3       4.0 ± 0.3a       9.3 ± 0.3b       8.5 ± 1.2b     14.8 ± 1.2c

Sulfate content       2.6 ± 0.2       0.6 ± 0.0a       4.7 ± 0.2c       3.6 ± 0.5b       9.0 ± 0.5d

Sulfate/total sulfur     0.29 ± 0.03     0.14 ± 0.03a     0.50 ± 0.02c     0.43 ± 0.02b     0.61 ± 0.03d

Root      
Fresh weight     0.23 ± 0.02     0.43 ± 0.03a     0.42 ± 0.06a     0.40 ± 0.08a     0.46 ± 0.03a

Total sulfur content       9.2 ± 0.7       4.1 ± 0.2a       4.3 ± 0.6a       8.9 ± 0.3b       9.5 ± 0.4b

Sulfate content       5.6 ± 0.5       0.9 ± 0.3a       0.8 ± 0.3a       5.1 ± 0.2b       5.5 ± 0.2c

Sulfate/total sulfur     0.61 ± 0.05     0.21 ± 0.08a     0.18 ± 0.06a     0.58 ± 0.02b     0.58 ± 0.01b
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Chapter 7 
 
Impact of atmospheric H2S and pedospheric sulfate nutrition 
on Allium cepa - sulfate uptake, expression of sulfate  
transporters and activity of O-acetylserine(thiol)lyase 
 
 
Abstract. The impact of sulfur nutrition on sulfate uptake was studied in onion (Allium cepa L.). 
A one-week sulfate deprivation resulted in a 1.8-fold increase in sulfate uptake capacity, which 
was not accompanied by a pronounced induction of sulfate transporter genes. H2S exposure did 
neither result in changes in the net sulfate uptake rate nor in the activity of O-
acetylserine(thiol)lyase (OAS-TL). A nine-day exposure to 0.3 µl l-1 H2S resulted in a 2-fold in-
crease in total sulfur, sulfate and organic sulfur content. Upon cessation of the H2S exposure the 
total sulfur content gradually decreased, which could mainly be attributed to growth. The organic 
sulfur content, however, was decreased to a greater extent than the sulfate content during the first 
days after the cessation of the H2S exposure.  
 
 
Introduction 
 
Sulfur has numerous functions in plants and is present in a variety of compounds. The 
main proportion is generally present in the protein fraction as cysteine and methionine 
residues, where it has an important role in the structure, confirmation and function 
through the formation of disulfide bridges (De Kok et al., 2002a). Other plant sulfur 
pools consist of inorganic sulfate, thiol compounds and sulfolipids, and in certain plant 
families a substantial amount can be present as secondary sulfur compounds, e.g. glu-
cosinolates in the Brassicaceae and γ-glutamyl peptides and alliins in the Alliaceae. Sul-
fur-containing compounds are also involved in the regulation of sulfur metabolism and in 
the protection of plants against a number of stresses, e.g. reactive oxygen species, heavy 
metals, pathogens. Sulfur deficiency will result in a loss of plant fitness and in a de-
creased resistance of plants against stress and pests (De Kok et al., 2002a,c).  

Sulfur is generally taken up as sulfate by the roots, which is mediated by specific sul-
fate transporter proteins (Hawkesford, 2003; Buchner et al., 2004a). Before it can be in-
corporated, sulfate needs to be reduced to sulfide, a process that mainly takes place in the 
chloroplast (Droux, 2004; Saito, 2004). Sulfide is subsequently incorporated by the en-
zyme O-acetylserine(thiol)lyase (OAS-TL) into cysteine, which is the direct precursor for 
most other organic sulfur compounds (Hell et al., 2002; Droux, 2004; Saito, 2004). Al-
though root sulfate is the main form of sulfate available for plants in nature, atmospheric 
sulfur gases, e.g. H2S, SO2, can also act as sulfur sources for plant growth (De Kok et al., 
1997, 2002c). These gases can be useful as a tool to study the regulation of sulfur me-
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tabolism and the interaction between shoot and roots. For instance, H2S is taken up by the 
stomates and can be directly incorporated as sulfide into cysteine, thereby circumventing 
the regulational controls of uptake, distribution and reduction of sulfate (De Kok et al., 
2002a,b).  

The impact of H2S on plant sulfur metabolism differs between species. In Brassica 
oleracea there was a good coordination between the incorporation of H2S via the shoots 
and the uptake of sulfate via the roots and its subsequent reduction in the shoot (De Kok 
et al., 2002c; Westerman et al., 2000b, 2001b). H2S could replace sulfate as the source 
for the formation of organic sulfur, which resulted in a down-regulation/decrease in sul-
fate uptake and reduction. As a consequence, the total sulfur content was hardly affected 
upon H2S exposure in Brassica oleracea (Westerman et al., 2001a). However, in some 
species, e.g. Allium cepa (onion), H2S exposure resulted in a substantial increase in the 
contents of sulfur-containing compounds and sulfate uptake did not seem to be affected 
(Chapter 4, Durenkamp and De Kok, 2004). Apparently, this species was differently 
regulated compared to Brassica oleracea. In the present study the impact of H2S exposure 
and sulfate deprivation on the expression of sulfate transporter genes and sulfate uptake 
rates was evaluated in onion seedlings. 

The observed accumulation of organic sulfur compounds upon H2S exposure in onion 
could not be ascribed to an increase in either the protein or the sulfolipid content and 
likely originated from an increased content of secondary sulfur compounds, viz. γ-
glutamyl peptides and alliins (Chapter 3, 4, Durenkamp and De Kok, 2002, 2004; Chapter 
6, Durenkamp et al., 2005). The increase in the sulfate content could be ascribed to direct 
oxidation of H2S and/or degradation of accumulated (secondary) sulfur compounds 
(Chapter 4, Durenkamp and Kok, 2004). To get more information about the possible deg-
radation of organic sulfur compounds and the subsequent increase in the sulfate content, 
the decrease in total sulfur, sulfate and organic sulfur content was followed upon cessa-
tion of H2S exposure. The impact of H2S exposure on the activity of O-
acetylserine(thiol)lyase was determined, since this enzyme mediates the direct incorpora-
tion of H2S into cysteine and might therefore play a role in the accumulation of sulfur-
containing compounds in onion. 
 
 
Results and discussion 
 
Sulfate uptake and expression of sulfate transporters as affected by sulfur nutrition 
 
The uptake, transport and subcellular distribution of sulfate are mediated by specific sul-
fate transporter proteins, which can be divided into 5 functionally different groups 
(Hawkesford, 2003; Buchner et al., 2004a,b). Group 1 transporters have a high affinity 
for sulfate and are generally involved in the initial uptake of sulfate by the roots (Smith et 
al., 1997; Yoshimoto et al., 2002). Group 2 transporters are localized in the vascular sys-
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tem and are involved in long-distance sulfate transport (Takahashi et al., 2000). The role 
of Group 3 transporters is still unclear, but some evidence exists for an additional role in 
xylem loading (Kataoka et al., 2004a). Vacuolar efflux of sulfate is mediated by Group 4 
transporters (Kataoka et al., 2004b), whereas the function of Group 5 is not yet known 
(Buchner et al., 2004b). The mechanisms of regulation are still largely unclear and differ-
ent compounds, e.g. cysteine, glutathione, OAS, sulfate, hormones, are suggested to play 
a role in the (de)repression of sulfate uptake (Hawkesford, 2000; Maruyama-Nakashita et 
al., 2004). Generally, the expression and activity of the sulfate transporter proteins as 
well as the actual uptake capacity are strongly affected by the level of sulfur nutrition. 
Sulfate deprivation generally results in a de-repression of the sulfate transporter genes 
and a subsequent increase in the sulfate uptake capacity (e.g. Smith et al., 1997; Buchner 
et al., 2004a,b; Hopkins et al., 2004).  
 
 
Table 1. The impact of pedospheric and atmospheric sulfur on sulfate uptake in onion (Allium 
cepa L. cv. Nerato). 25-day-old seedlings were either grown in 25 % Hoagland nutrient solution 
with 0.5 (+S) or 0 (-S) mM sulfate for one week or with 0.5 mM sulfate and exposed to 0 or 0.3 
µl l-1 H2S for one week. Sulfate uptake capacity and net sulfate uptake rate were determined over 
a 24 h and a one-week period, respectively, and expressed on a plant or root basis as µmol g-1 fw 
day-1. Data represent the mean of six measurements with 12 plants in each (± SD). Significant 
differences between treatments are indicated by asterisks (P < 0.01, Student’s t-test). 
 
 +S -S 0 µl l-1 H2S 0.3 µl l-1 H2S 
Sulfate uptake capacity (24 h)     

Expressed on a plant basis 1.25 ± 0.19 2.27 ± 0.24*   
Expressed on a root basis 5.08 ± 0.88 7.93 ± 1.04*   

Net sulfate uptake rate (7 d)     
Expressed on a plant basis   1.80 ± 0.18 1.69 ± 0.56 
Expressed on a root basis   6.11 ± 0.62 5.71 ± 1.87 

 
 

When onion was deprived of sulfate for one week, it resulted in a 5.5-fold decrease in 
the sulfate content, a 1.8-fold increase in sulfate uptake capacity on a plant-basis and a 
slightly decreased shoot to root ratio (Table 1, 2). The same trends could be observed in 
other species (Smith et al., 1997; Westerman et al., 2000a; Buchner et al., 2004a). Upon 
re-supply of sulfate for one day, a fast increase in the sulfate content was observed, 
mainly in the roots (Table 2). A significant part of the sulfate taken up was apparently 
transported into the root vacuole, where it was temporarily unavailable for transportation 
to the shoot and subsequent reduction. Three sulfate transporter cDNAs, belonging to 
Groups 1, 3 and 4, respectively, were isolated from Allium cepa. Analysis of the expres-
sion patterns of the corresponding mRNAs by Northern hybridization revealed that, in 
contrast to studies in other species (e.g. Smith et al., 1997; Buchner et al., 2004a,b; Hop-
kins et al., 2004), the expression of onion sulfate transporters (OnSTs) was hardly influ-
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enced by sulfate deprivation (Fig. 1). A slight induction of OnST1.1 could be seen in the 
roots after a one-week sulfate deprivation (Fig. 1), which might have resulted in the ob-
served increase in the sulfate uptake capacity (Table 1). In Brassica oleracea a compara-
ble increase in the sulfate uptake capacity was accompanied by a much stronger induction 
of Group 1 transporters (Buchner et al., 2004a). Apparently, the sulfate uptake system 
was further regulated on a post-transcriptional level in Brassica oleracea. A similar 
Group 1 transporter was isolated from onion by McCallum et al. (2002) and a strong de-
repression of gene expression was already apparent after 2 days. Group 3 transporters 
seem to be the only sulfate transporters that are not responsive to sulfate deprivation 
(Buchner et al., 2004a; Kataoka et al., 2004a). OnST3.2 was mainly expressed in the 
shoot, which might suggest another function than the presumed xylem loading (Fig. 1; 
Kataoka et al., 2004a). OnST4.1 was mainly expressed in the roots and did not respond to 
sulfate deprivation (Fig. 1), in contrast to observations in other species (Buchner et al. 
2004a; Kataoka et al., 2004b). The impact of sulfate nutrition on the expression of sulfate 
transporter genes is well characterized in Brassica and Arabidopsis (Takahashi et al., 
2000; Buchner et al., 2004a) and results are quite similar between these species, since 
they are strongly related (Buchner et al., 2004a). It needs further to be determined 
whether multiple homologues are also present for the different groups of sulfate trans-
porters in onion as was demonstrated for Brassica and Arabidopsis.  

The impact of atmospheric sulfur nutrition on sulfate uptake is less well characterized 
than the impact of pedospheric sulfate. SO2 and H2S exposure resulted in a decreased up-
take of sulfate in duckweed and spinach (Brunold and Erismann, 1974; Schärer et al., 
1975; Herschbach et al., 1995). In Brassica oleracea there was a clear interaction be-
tween the uptake of H2S by the shoots and the uptake of sulfate by the roots (Westerman 
et al., 2000a,b; De Kok et al., 2002a,c). H2S could (partly) replace sulfate as the sulfur 
donor for the synthesis of cysteine and a down-regulation of sulfate uptake was observed. 
As a result, the total sulfur content was unaffected by H2S exposure in B. oleracea. Al-
lium species are assumed to be differently regulated (Chapter 4, Durenkamp and De Kok, 
2004). Exposure to H2S resulted in an accumulation of sulfur-containing compounds in 
shoots of Allium cepa, which depended on the H2S level and the duration of the exposure 
(Chapter 6, Durenkamp et al., 2005). The total sulfur accumulation upon H2S exposure 
was quite similar in sulfate-deprived and sulfate-sufficient plants, which led to the con-
clusion that sulfate uptake was not down-regulated by H2S (Chapter 4, Durenkamp and 
De Kok, 2004). The latter calculation was confirmed when the sulfate uptake rate was de-
termined during a one-week exposure to H2S (Table 2). In Brassica oleracea H2S expo-
sure mainly resulted in a de-repression of the sulfate uptake system in sulfate-deprived 
shoots by providing an additional source of sulfur (Buchner et al., 2004a). The impact of 
H2S on the expression of sulfate transporter genes remains to be investigated in onion. 
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Table 2. The impact of sulfate deprivation and subsequent re-supply on growth and sulfate con-
tent in shoot and roots of onion (Allium cepa L. cv. Nerato). 25-day-old seedlings were grown in 
25 % Hoagland nutrient solution with 0.5 (+S) or 0 (-S) mM sulfate for one week (T7) and sub-
sequently transferred to a fresh solution with 0.5 mM sulfate for one day (T8). Data represent the 
mean of three measurements with 12 plants in each (± SD). Significant differences between +S 
and -S at T7 and T8 are indicated by asterisks (P < 0.05 and P < 0.01 for growth and sulfate con-
tent, respectively, Student’s t-test). 
 
 Initial +S (T7) -S (T7) +S (T8) -Sresupplied (T8) 
Fresh weight      

Shoot (g)   0.24 ± 0.02   0.56 ± 0.02   0.56 ± 0.02   0.66 ± 0.02   0.63 ± 0.06 
Root (g)   0.12 ± 0.00   0.21 ± 0.01   0.23 ± 0.02   0.22 ± 0.02   0.26 ± 0.03 
S/R ratio     2.0 ± 0.1     2.7 ± 0.1     2.4 ± 0.3     3.0 ± 0.3     2.4 ± 0.2* 

Sulfate (µmol g-1 fw)      
Shoot     3.6 ± 0.7     4.0 ± 0.3     0.7 ± 0.1*     3.8 ± 0.4     1.3 ± 0.1* 
Root     5.0 ± 0.5     4.9 ± 0.7     0.7 ± 0.3*     5.2 ± 0.3     3.4 ± 0.1* 

 
 

 
 
Fig. 1. The impact of sulfate deprivation on the expression of sulfate transporter genes in shoot 
and roots of onion (Allium cepa L. cv. Nerato). 25-day-old seedlings were grown in 25 % 
Hoagland nutrient solution with 0.5 (+S) or 0 (-S) mM sulfate for one week (T7). 10 µg total 
RNA was loaded in each slot and separated on an agarose/formaldehyde gel (above). Partial 
cDNA fragments of Group 1, 3 and 4 were hybridized to the respective onion sulfate transporter 
(OnST) mRNA (below). 
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OAS-TL activity is not affected by H2S exposure 
 
H2S is directly incorporated into cysteine and the activity of the enzyme O-
acetylserine(thiol)lyase (OAS-TL), and the availability of its substrate O-acetylserine 
(OAS) are thought to be responsible for the internal (mesophyll) resistance to H2S and 
accordingly its deposition rate (Stuiver and De Kok, 2001; De Kok et al., 2002b). Unfor-
tunately, it was not possible to determine the OAS content by HPLC in shoot and roots of 
onion, which was due to interference by an unknown compound, specific for Allium spe-
cies (M. Wirtz, personal communication). In order to determine if the accumulation of 
sulfur compounds upon H2S exposure was due to an enhanced activity of OAS-TL, the 
latter was measured in onion seedlings, which were exposed to 0.3 µl l-1 H2S for one 
week. The activity of OAS-TL in shoot and roots was not affected by H2S exposure (Ta-
ble 3), which indicated that the H2S deposition rate depended on other factors, e.g. the 
availability of OAS and/or the activity of the OAS-synthesizing enzyme serine acetyl-
transferase (SAT). OAS-TL and SAT are complexed into cysteine synthase (Hell, 2003; 
Droux, 2004; Wirtz et al., 2004). SAT is thought to be active only in the complexed form, 
whereas OAS-TL is active as free enzyme. In general, OAS-TL is available in excess to 
SAT (about 300-fold in chloroplasts; Droux et al., 1998). Therefore, changes in activity 
of OAS-TL are not likely to have a major impact on rate of synthesis of cysteine, al-
though they could have an effect on the formation of the cysteine synthase complex. The 
activity of OAS-TL was also not affected upon H2S exposure in Brassica oleracea 
(Westerman et al., 2001b), but in this species an accumulation of sulfur compounds could 
neither be observed (Westerman et al., 2001a). The increased OAS-TL activity on a pro-
tein basis in the roots when compared to the shoot (Table 3) was caused by an approx. 
2.5-fold lower protein content in the roots (data not shown).  
 
 
Table 3. Impact of H2S exposure on the activity of O-acetylserine(thiol)lyase (OAS-TL) in shoot 
and roots of onion (Allium cepa L. cv. Nerato). Four-week-old seedlings were grown in 25 % 
Hoagland nutrient solution and exposed to 0 and 0.3 µl l-1 H2S for nine days. Data are expressed 
on a fresh weight (µmol g-1 fw h-1) and a protein basis (µmol mg-1 protein h-1) and represent the 
mean of three measurements with 12 plants in each (± SD). No significant differences between 
treatments were found (P < 0.01, Student’s t-test). 
 
 0 µl l-1 H2S 0.3 µl l-1 H2S 
Expressed on fresh weight   

OAS-TL activity, shoot                     333 ± 5                    330 ± 18 
OAS-TL activity, root                     414 ± 32                    394 ± 33 

Expressed on protein content   
OAS-TL activity, shoot                       61 ± 2                      60 ± 5 
OAS-TL activity, root                     199 ± 25                    190 ± 8 
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H2S exposure resulted in an accumulation of sulfate in sulfate-deprived plants, which 
could be caused by the degradation of accumulated secondary sulfur compounds and/or 
direct oxidation of H2S (Chapter 4, Durenkamp and De Kok, 2004). In Brassica oleracea, 
H2S partly replaced sulfate as sulfur source for growth and down-regulation of both sul-
fate uptake and reduction via APS reductase prevented an accumulation of sulfate 
(Westerman et al., 2000a, 2001b; De Kok et al., 2002c). From the present data, it is evi-
dent that H2S did not affect the sulfate uptake by the roots (Table 1; Chapter 4, Durenk-
amp and De Kok, 2004). However, H2S exposure might result in a decreased sulfate re-
duction and plants might transfer from pedospheric sulfate to atmospheric H2S as sulfur 
source for organic sulfur compounds in the shoot. This might be one of the causes for the 
observed increase in the sulfate content upon H2S exposure in sulfate-sufficient plants, as 
well as for the relatively faster decrease in the organic sulfur content after cessation of 
H2S exposure (Fig. 2). The uptake of sulfate and its reduction by APS reductase are 
thought to be the main regulation points in the assimilation of sulfur (Vauclare et al., 
2002). It remains to be investigated to what extent H2S exposure affects the enzymes in-
volved in sulfate reduction (mainly APS reductase). 
 
 
Cessation of H2S exposure rapidly decreases the organic sulfur content 
 
The accumulation and decrease of sulfate and organic sulfur were studied upon exposure 
to H2S at different seedling ages and upon cessation of exposure, respectively. Onion 
seedlings were exposed to 0 or 0.3 µl l-1 H2S for nine days (pretreatment). Subsequently, 
the non-exposed plants were exposed to 0 (0/0) or 0.3 (0/0.3) µl l-1 H2S for six days and 
the H2S-exposed plants were exposed to 0 (0.3/0, cessation) or 0.3 (0.3/0.3) µl l-1 H2S for 
six days (Fig. 2). Onion was not very susceptible to the toxic effects of H2S (Chapter 3, 5, 
Durenkamp and De Kok, 2002, 2005; Chapter 6, Durenkamp et al., 2005), since growth 
was not affected by any of the treatments (data not shown). Sulfur contents in the roots 
were not affected by both H2S exposure and subsequent cessation of exposure (data not 
shown; Chapter 3, 4, Durenkamp and De Kok, 2002, 2004). H2S exposure for nine days 
resulted in a 2.0, 2.2, and 1.9-fold increase in total sulfur, sulfate and organic sulfur con-
tent of the shoot, respectively (Fig. 2). Accumulation of sulfur-containing compounds 
upon H2S exposure was observed in all species and cultivars of Allium (Chapter 3, 
Durenkamp and De Kok, 2003). A decrease in the total sulfur content was observed upon 
cessation of H2S exposure, which was most apparent in the first three days (Fig. 2). This 
decrease could largely be explained by growth, since the slopes of the cessation treatment 
(0.3/0) and the non-exposed treatment (0/0) were comparable when expressed on a plant 
basis (Fig. 2). A decrease in accumulated sulfate upon cessation of SO2 exposure could 
also be explained by dilution in content due to growth (Maas et al., 1987). From day 9 to 
12, total sulfur, sulfate and organic sulfur content were decreased by 25, 20 and 28 %, re-
spectively, whereas from day 12 to 15, this decrease was 8, 10, and 6 %, respectively (Fig. 
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2). Therefore, changes in the level of H2S exposure in the first place led to variations in 
the organic sulfur content and afterwards in the sulfate content. The amount of organic 
sulfur on a plant basis hardly increased after cessation of H2S exposure from day 9 to 12 
(Fig. 2), therefore, the decrease in its content could only partly be explained by growth. 
The additional decrease remains to be investigated, but could have resulted from degrada-
tion of accumulated organic (secondary) sulfur compounds, volatilization of organic sul-
fur compounds or a reduced reduction of sulfate due to H2S exposure.  

 
 

 
 
Fig. 2. Impact of H2S exposure and subsequent cessation of exposure on total sulfur, sulfate and 
organic sulfur content in onion (Allium cepa L. cv. Nerato). 24-day-old seedlings were grown in 
25 % Hoagland nutrient solution and exposed to 0 (open symbols) and 0.3 (closed symbols) µl l-1 
H2S for nine days and both treatments were subsequently exposed to 0 (squares) and 0.3 (trian-
gles) µl l-1 H2S for another six days. Data are expressed in µmol g-1 fw shoot (left) and µmol 
plant-1 (right) and represent the mean of three measurements with 12 plants in each (± SD). 
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Durenkamp and De Kok (2005, Chapter 5) observed that the accumulation of sulfur-
containing compounds was less pronounced in the second week of exposure to H2S, 
which is confirmed by the present data (Fig. 2). This could be explained by a relative de-
crease in the uptake of H2S in older plants (due to changes in morphology), by the possi-
ble release of volatile (secondary) sulfur compounds (Kanda and Tsuruta, 1995) and/or 
by a decrease in the sulfate uptake rate by the roots (Westerman et al., 2000a). The pre-
sent data do not support the first option. When control plants were exposed to H2S after 
day 9 (Fig. 2), a substantial increase in total sulfur content in the shoot was observed, 
which was comparable to the accumulation upon H2S exposure from day 0 to 9 (Fig. 2). 
This indicated that the reduced accumulation during long-term exposure could not be as-
cribed to differences in developmental stage and morphology of the plants, but likely had 
to originate from volatilization of secondary sulfur compounds and/or a decreased uptake 
of sulfate. Although the present results did not indicate an impact on sulfate uptake rate 
upon exposure to H2S for one week (Table 1; Chapter 4, Durenkamp and De Kok, 2004), 
a decrease upon long-term exposure could not be excluded.  

The accumulation of sulfate upon H2S exposure in sulfate-deprived plants was an in-
dication of direct oxidation of H2S and/or degradation of accumulated organic (secondary) 
sulfur compounds to sulfate (Chapter 4, Durenkamp and De Kok, 2004). The present data 
did not provide conclusive evidence for either cause and more research will be needed to 
determine the nature of the H2S-induced sulfate accumulation. 
 

67



68



Chapter 8 
 
General discussion 
 
 
The duality of the impact of atmospheric sulfur gases is already well established. On the 
one hand, gases like hydrogen sulfide and sulfur dioxide are toxic, although the mecha-
nisms of toxicity need further clarification (De Kok et al., 2002b). The phytotoxicity gen-
erally depends on the concentration and the duration of the atmospheric exposure (Chap-
ter 5, Durenkamp and De Kok, 2005) and can differ greatly between species (De Kok et 
al., 2002b). On the other hand, atmospheric sulfur gases are known to act as sulfur source 
for growth in cases of sulfate limitation (Chapter 6, Durenkamp et al., 2005; Westerman 
et al., 2000a; De Kok et al., 2002c). This becomes apparent by the occurrence of sulfur-
deficiency in crops in e.g. Western Europe, due to the reduction in SO2 levels as a conse-
quence of environmental legislation (McGrath et al., 2002). In some species a slight 
stimulation of growth upon exposure to low levels of H2S was even observed in sulfate-
sufficient plants (Chapter 6, Durenkamp et al., 2005; Thompson and Kats, 1978; De Kok 
et al., 1983). The physiological basis for this growth stimulation is, however, not clear. In 
this regard, the absence of an increase in the thiol content of the shoot upon exposure to a 
low level of H2S in onion (0.075 µl l-1) was an interesting observation (Chapter 3, 
Durenkamp and De Kok, 2002). H2S is directly incorporated into cysteine and subse-
quently into the other thiol compounds γ-glutamylcysteine and glutathione (Fig. 1), which 
generally results in an increased thiol content (Chapter 4, Durenkamp and De Kok, 2004). 
The absence of this increase might indicate that the formed cysteine was used for growth.  

In the present study, atmospheric sulfur gases were used as tool to study the regulation 
of sulfur metabolism in onion (Fig. 1). Allium species, and onion (Allium cepa L.) in par-
ticular, were shown to be differently regulated in comparison to other species in which 
H2S metabolism was studied in detail (Chapter 4, Durenkamp and De Kok, 2004; 
Westerman et al., 2001a; De Kok et al., 1998, 2002b,c). Although onion had a relatively 
low sulfur requirement for growth, it had a high capacity for H2S uptake (Chapter 3, 
Durenkamp and De Kok, 2002). The occurrence of high amounts of secondary sulfur 
compounds (Schnug, 1993; Bloem et al., 2004), which might act as a sink for sulfur, as 
well as its low susceptibility to the toxic effects of H2S (Chapter 3, Durenkamp and De 
Kok, 2002; Chapter 4, Durenkamp and De Kok, 2004), makes onion an interesting spe-
cies in studying the impact of H2S on sulfur metabolism. The accumulation of sulfate and 
organic sulfur upon exposure to H2S and its impact on sulfate uptake and assimilation are 
discussed in detail below. 
 
 
 

69



 
 
Fig. 1. Possible patterns of metabolism of atmospheric sulfur gases in onion (adapted from De 
Kok et al., 2002a). APS, adenosine 5’-phosphosulfate; Fd, ferredoxin; GSH, glutathione; SQDG, 
sulfoquinovosyldiacylglycerol. 
 
 
Accumulation of sulfur-containing compounds upon H2S exposure 
 
The uptake of atmospheric H2S by the stomates followed saturation kinetics and could be 
described by Michaelis-Menten kinetics (Chapter 3, Durenkamp and De Kok, 2002; 
Stuiver and De Kok, 2001; De Kok et al., 2002b). As mentioned above, onion had a high 
capacity for H2S uptake and a higher KH2S than most species (Chapter 3, Durenkamp and 
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De Kok, 2002; De Kok et al., 2002b). It was concluded that at levels up to 0.3 µl l-1, 
which were mostly used in the present study, the uptake of H2S was mainly limited by the 
stomatal conductance and to a lesser degree by the internal (mesophyll) resistance (Chap-
ter 3, Durenkamp and De Kok, 2002). The latter depends on the activity of O-
acetylserine(thiol)lyase and the availability of its substrate O-acetylserine (De Kok et al., 
2002a,b). As could be seen from the uptake kinetics, the activity of OAS-TL was not lim-
iting for the incorporation of H2S at ≤ 0.3 µl l-1, therefore, the thiol content increased al-
most linearly with the H2S level (Chapter 4, Durenkamp and De Kok, 2004). Since, the 
observation that H2S exposure did not have an impact on the activity of OAS-TL was not 
unexpected (Chapter 7; Stuiver and De Kok, 2001; Westerman et al., 2001b). Since OAS-
TL is available in excess, the activity of serine acetyltransferase and the resulting O-
acetylserine levels likely have a more important role in the incorporation of H2S. 

H2S exposure resulted in an accumulation of total sulfur in all species and cultivars of 
Allium (Chapter 3, Durenkamp and De Kok, 2003), which depended on the level and du-
ration of the exposure (Chapter 4, Durenkamp and De Kok, 2004). At least a 2-fold in-
crease could be observed, without any harmful impact on growth. Determining the com-
position of the accumulated sulfur compounds proved to be a greater challenge. A large 
part consisted of sulfate (40-50 %, mainly depending on the age of the plants), the origin 
of which was not clear (see below). It was assumed that sulfate was the only inorganic 
sulfur species present in considerable amounts, which was confirmed by preliminary data 
on X-ray absorption near edge structure (XANES) spectroscopy (A. Prange, personal 
communication). Therefore, the organic sulfur content (50-60 % of total sulfur) could be 
calculated by subtracting the sulfate from the total sulfur content. The observed increase 
in the organic sulfur content upon H2S exposure was accompanied by a concomitant de-
crease in the organic N/S ratio (Chapter 3, Durenkamp and De Kok, 2002; Chapter 4, 
Durenkamp and De Kok, 2004). In most species, the organic N/S ratio reflects the N/S 
ratio in proteins, which is generally about 20 (Dijkshoorn and Van Wijk, 1967). Since the 
N/S ratio was strongly decreased to < 10 upon H2S exposure, the increase in organic sul-
fur could not be ascribed to an increase in the protein content (Chapter 3, Durenkamp and 
De Kok, 2002; Chapter 4, Durenkamp and De Kok, 2004). Accumulation of sulfur-rich 
proteins was observed in seeds of several transgenic plants in response to sulfur nutrition 
(Tabe and Droux, 2002; Hagan et al., 2003; Chiaiese et al., 2004), however, this seemed 
not likely in young plants exposed to H2S.  

Relatively minor components of the organic sulfur fraction are sulfolipids and thiol 
compounds (De Kok et al., 2002a,b). Sulfolipids were not affected by H2S exposure and 
therefore did not contribute to the accumulation of organic sulfur (Table 1; Chapter 6, 
Durenkamp et al., 2005; De Kok et al., 1997). H2S exposure resulted in a 3-fold increase 
in the thiol content at 0.6 µl l-1 H2S for one week, which mainly consisted of cysteine (up 
to 25 %) and glutathione (Chapter 4, Durenkamp and De Kok, 2004). However, this only 
accounted for a small fraction (up to 5 %) of the increase in the organic sulfur content 
(Chapter 4, Durenkamp and De Kok, 2004).  
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Allium species may accumulate large amounts of secondary sulfur compounds e.g. γ-
glutamyl peptides and alliins, which might therefore act as sink for excess sulfur. Alliins 
are presumably synthesized in the leaves, with γ-glutamyl peptides as probable interme-
diates, and subsequently translocated to the bulbs during the bulbing stage of the plant 
(Lancaster et al., 1986; Bloem et al., 2004). In mature bulbs the alliin content may ac-
count for more than 80 % of the total sulfur content (Schnug, 1993), although its content 
is less well characterized in leaves of seedlings. Bloem et al. (2004) observed that the 
content of iso-alliin, which is assumed to be the principal alliin in onion, accounted for 28 
% of the total sulfur content at sufficient levels of nitrogen and sulfur nutrition in leaves 
of one-month-old onion plants and was influenced by sulfate nutrition. Preliminary re-
sults indicated lower contents of iso-alliin and total sulfur in the cultivar Nerato, which 
was used in this study (1.9 µmol g-1 fw (14 %) and 13.1 µmol g-1 fw, respectively), how-
ever, the iso-alliin content was only slightly, but not significantly, affected by H2S expo-
sure and therefore was not responsible for the increase in the organic sulfur content (data 
not presented; E. Bloem, personal communication). Although iso-alliin is generally the 
secondary sulfur compound with the highest content in onion (Bloem et al., 2004; Jones 
et al., 2004), accumulation of other alliins and/or γ-glutamyl peptides seemed a likely ex-
planation for the increase in the organic sulfur content upon H2S exposure. These com-
pounds have an organic N/S ratio ≤ 2 and could therefore account for the lower N/S ratio 
upon H2S exposure (Chapter 3, Durenkamp and De Kok, 2002; Chapter 4, Durenkamp 
and De Kok, 2004). Another indication for the accumulation of secondary sulfur com-
pounds upon H2S exposure was observed in XANES spectroscopy measurements. This 
method can be used to differentiate between the oxidation states of sulfur and calculates 
the relative distribution of sulfur in different materials (Prange and Modrow, 2002). It has 
been successfully used in a variety of biological systems, e.g. equine blood (Pickering et 
al., 1998), wheat-gluten (Prange et al., 2001), sulfur-accumulating bacteria (Prange et al., 
2002). First data on XANES spectroscopy measurements in grinded, freeze-dried onion 
shoots revealed three main species of sulfur. The main proportion of sulfur seemed to be 
present as sulfate, which was confirmed by chemical analysis (approx. 50 % of total sul-
fur, data not presented). Furthermore, the samples likely consisted of sulfoxides, e.g. alli-
ins and certain γ-glutamyl peptides, and amino acid sulfur, e.g. proteins, thiols and most 
γ-glutamyl peptides (for a description of sulfur-containing γ-glutamyl peptides in Allium 
see Lancaster and Boland, 1990). Although H2S exposure resulted in an almost 2-fold in-
crease in the total sulfur content, it did not have a major impact on the relative distribu-
tion between the three sulfur species (data not presented), which implies that all were in-
creased to the same extent. The accumulation of γ-glutamyl peptides therefore needs fur-
ther investigation, since proteins, thiols and alliins were not a strong sink for incorporated 
H2S (see above; Chapter 3, Durenkamp and De Kok, 2002; Chapter 4, Durenkamp and 
De Kok, 2004). The absence of alliin accumulation could indicate that some of the down-
stream enzymes in the biosynthetic pathway were either not fully active in young seed-
lings or down-regulated upon H2S exposure. On the other hand the present results might 

72



suggest that cysteine and/or glutathione are not the direct precursors for the synthesis of 
alliins, since a clear accumulation of alliins could not be observed in onion, whereas an 
accumulation of thiols is one of the first characteristics of H2S exposure (Chapter 4, 
Durenkamp and De Kok, 2004).  
 
 
Table 1. Comparison between the impact of H2S exposure on sulfur metabolism of seedlings of 
curly kale (Brassica oleracea L. cv. Bornick) and onion (Allium cepa L. cv. Nerato). Plants were 
grown in 25 % Hoagland nutrient solution and exposed to H2S for one week. Data on Brassica 
oleracea were derived from De Kok et al. (1997) and Westerman et al. (2001a,b), and data on 
Allium cepa were derived from this thesis. ↑ increase/up-regulation, ↓ decrease/down-regulation, 
− not affected, n.d. not determined. 
 
 Brassica oleracea Allium cepa 
Metabolite contents in the shoot   

Total sulfur − ↑ 
Sulfate − ↑ 
Organic N/S ratio − ↓ 
Thiols ↑ ↑ 
Sulfolipids − − 
Secondary sulfur compounds − ↑  

Regulation of sulfur metabolism   
Sulfate uptake ↓ − 
APS reductase ↓ n.d 

 
 

A strong accumulation of sulfate in onion shoots was one of the most striking features 
of H2S exposure (e.g. Chapter 3, Durenkamp and De Kok, 2002; Chapter 4, Durenkamp 
and De Kok, 2004). Since sulfate uptake was not affected upon H2S exposure up to one 
week (Table 1; Chapter 7), an increase in the sulfate content could easily be explained by 
down-regulation of the sulfate reduction pathway via APS reductase, as was shown for 
Brassica oleracea (see below; Westerman et al., 2001b). Although a decreased activity of 
APS reductase might be observed upon H2S exposure in sulfate-sufficient plants, it would 
not lead to sulfate accumulation under sulfate-deprived conditions. In the latter case, ac-
cumulated sulfate had to originate from direct oxidation of H2S and/or from degradation 
of accumulated organic (secondary) sulfur compounds (Chapter 4, Durenkamp and De 
Kok, 2004). Chemical oxidation of H2S seems to be energetically unfavorable, whereas 
enzymatic oxidation, e.g. via sulfide oxidase (Grieshaber and Völkel, 1998), has never 
been shown in plants. One of the main storage forms of sulfur in dormant bulbs and seeds 
are γ-glutamyl peptides, which may be used for the synthesis of alliins in sprouting and 
germination (Randle and Lancaster, 2002; Lancaster and Shaw, 1991). Increased activity 
of alliinase suggested a possible remobilization of secondary sulfur compounds upon sul-
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fur deprivation (Lancaster et al., 2000), although an endogenous role of this alliin-
degrading enzyme has never been observed (Randle and Lancaster, 2002). It might be in-
teresting to investigate the alliinase activity upon H2S exposure, since degradation of al-
liin might eventually result in sulfate accumulation (Block, 1992). Degradation of organic 
sulfur compounds to sulfate was also suggested in H2S-exposed Norway spruce (Tausz et 
al., 2003). A role of cysteine desulfhydrase, which promotes the release of sulfide from 
cysteine (Rennenberg et al., 1987), was suggested for sulfate accumulation, but the 
mechanisms for the subsequent oxidation of sulfide to sulfate were not speculated upon 
(Sekiya et al., 1982). 
 
 
Regulation of sulfate uptake and reduction as affected by sulfur nutrition 
 
Uptake, transport and subcellular distribution of sulfate are regulated by specific sulfate 
transporter proteins, which can be divided into five groups according to their function and 
localization (Hawkesford, 2003; Buchner et al., 2004a,b). Generally, the expression and 
activity of the sulfate transporters are strongly regulated by the level of sulfur nutrition. 
One-week sulfate-deprivation resulted in a 1.8-fold increase in the sulfate uptake capacity 
in onion, which was, however, not accompanied by a clear increase in the expression of 
the sulfate transporters (Chapter 7). More onion sulfate transporters are expected to be 
isolated in the near future, in which the expression might be up-regulated upon sulfate-
deprivation. The role of the proposed signal compounds, e.g. sulfate, cysteine, glutathione, 
OAS, sugars, cytokinins, is not yet fully understood (Hawkesford, 2000; Maruyama-
Nakashita et al., 2004). Sulfur deprivation resulted in decreased contents of sulfate, thiols 
and other sulfur-containing compounds and in strongly increased contents of OAS (Chap-
ter 4, Durenkamp and De Kok, 2004; Chapter 6, Durenkamp et al., 2005; Smith et al., 
1997; Buchner et al., 2004a). So far, it was not possible to determine the OAS content in 
onion (Chapter 7).   

The impact of H2S exposure on sulfate uptake is less well characterized and clearly 
differs between species and even between varieties (Chapter 7; Brunold and Erismann, 
1974; Herschbach et al., 1995; Westerman et al., 2000a; Buchner et al., 2004a). The 
strong accumulation of total sulfur upon H2S exposure already gave an indication that 
sulfate uptake was not affected in onion (Table 1; Chapter 4, Durenkamp and De Kok, 
2004), which was confirmed by determining the net sulfate uptake upon a one-week ex-
posure to H2S (Chapter 7). An impact of long-term H2S exposure on sulfate uptake can, 
however, not be excluded (Chapter 7). In herbaceous plants, atmospheric sulfur gases 
generally have a limited impact on the contents of root metabolites, which are suggested 
to act as signal compounds in the regulation of sulfate uptake, e.g. sulfate, thiols, OAS 
(Chapter 4, Durenkamp and De Kok, 2004; Westerman et al., 2000a; Buchner et al., 
2004a), although increased contents of glutathione and S-methylmethionine may be 
found in the phloem (Rennenberg, 1984; Bourgis et al., 1999). Furthermore, H2S expo-
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sure did not result in changes in the expression of sulfate transporter proteins in the roots 
of Brassica oleracea, whereas their expression in the shoot was mainly down-regulated 
(Buchner et al., 2004a). The impact of H2S exposure on the expression of sulfate trans-
porter proteins remains to be investigated in onion. 

The initial uptake of sulfate and the reduction of APS via APS reductase are consid-
ered to be rate-limiting steps in the assimilation of sulfate (Stulen and De Kok, 1993; 
Vauclare et al., 2002; Brunold et al., 2003). APS reductase is exclusively localized in 
plastids (Rotte and Leustek, 2000) and regulated by the sulfur nutritional status of the 
plant, thiols, OAS, nitrogen, sugars and phytohormones (Koprivova et al., 2000; Ohkama 
et al., 2002; Tsakraklides et al., 2002; Vauclare et al., 2002; Brunold et al., 2003). Sulfate 
deprivation generally results in increased expression of APS reductase in both shoot and 
roots (Takahashi et al., 1997; Hopkins et al., 2004). In Brassica oleracea, the impact of 
H2S exposure on sulfate uptake was accompanied by a decreased activity of APS-
reductase, whereas the other enzymes of the sulfate reduction pathway were not affected 
(Table 1; Westerman et al., 2001b). Since down-regulation of sulfate uptake was not ob-
served in onion upon H2S exposure, the accumulation of sulfate in shoots of H2S-exposed 
plants could indicate a down-regulation of APS reductase activity (Chapter 7). Determin-
ing the expression of the genes, protein levels and activity of APS reductase isoforms 
upon changes in atmospheric and pedospheric sulfur nutrition will be the next step in 
studying the regulation of sulfur metabolism in onion.  
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Summary 
 
Amongst other elements sulfur is present in plant tissue in minor quantities only (Chapter 
1). Plants generally utilize sulfate taken up by the roots as sulfur source for growth and 
sulfate needs to be reduced to sulfide, before it is metabolized into organic sulfur com-
pounds. The predominant proportion of the sulfur is present in proteins, as cysteine and 
methionine residues, wherein it is highly significant in the structure, conformation and 
function. Sulfur is also required for the synthesis of various other compounds, as thiols 
(glutathione), sulfolipids and secondary sulfur compounds (alliins, glucosinolates, phyto-
chelatins), which play an important role in the physiology of plants and in the protection 
and adaptation of plants against stress and pests. Allium species viz. onion, garlic, leek 
and chive, contain a variety of secondary sulfur compounds: γ-glutamyl peptides and alli-
ins (S-alk(en)ylcysteine sulfoxides). They form a potential sink for reduced sulfur, since 
in onion bulbs their content may account for up to 80 % of the organic sulfur fraction. 
Less is known about the content of secondary sulfur compounds in the seedling stage of 
the plant. The toxic effects of atmospheric H2S are well established, although there is a 
wide variation in susceptibility between species to H2S. Contrary to its detrimental effects, 
foliarly absorbed H2S can also be utilized as sulfur source for plants and may even be 
beneficial when the sulfur supply to the roots is limited. Studies on the possible interac-
tion between atmospheric and pedospheric sulfur nutrition have shown to be helpful as 
tools to get insight into the regulation of sulfate uptake and sulfur assimilation and the 
dissection of the signal transduction pathways involved. The general aim of this study 
was to get a better understanding of the regulation of sulfur metabolism in plants and spe-
cifically to investigate the significance of secondary sulfur compounds as possible sink 
for foliarly absorbed sulfur in onion and how this may affect the metabolism of H2S and 
the uptake and assimilation of sulfate.  

In Chapter 2 the used materials and methods are presented. Allium cepa cv. Nerato has 
been used throughout this thesis as a model species. 

The impact of atmospheric H2S deposition on growth and sulfur and nitrogen metabo-
lism has been studied in Chapter 3. The H2S uptake followed saturation kinetics with re-
spect to the H2S concentration. The maximum H2S uptake rate (JH2Smax) was approx. 1 
µmol g-1 fw h-1 and the KH2S (H2S concentration at which ½JH2Smax was reached) was 
approx. 1.5 µl l-1, which demonstrated that onion had a rather high H2S uptake rate when 
compared with other species. Upon exposure of onion to 0, 0.075, 0.15, 0.225 and 0.3 µl 
l-1 H2S for two weeks, growth was only slightly reduced at 0.3 µl l-1 H2S. H2S exposure 
resulted in an increased content of sulfate, total thiols and total sulfur in the shoot, while 
that in the roots was unaltered. There was a slight increase in total nitrogen content in the 
shoot, whereas the content of nitrate and amino acids was hardly affected. Prolonged ex-
posure to 0.15 µl l-1 H2S resulted in an accumulation of sulfate and organic sulfur and in 
a decrease in the organic N/S ratio in shoots of different cultivars of Allium cepa, A. fis-
tulosum and A. porrum. The organic N/S ratio decreased with the H2S concentration, 
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which could be attributed to an increase in non-protein organic sulfur compounds. The 
molar ratio of N/S in γ-glutamyl peptides and alliins is ≤ 2. Therefore, the substantial in-
crease in the organic sulfur fraction in the shoot was probably due to an increase in the 
content of secondary sulfur compounds, e.g. γ-glutamyl peptides and/or alliins. 

In Chapter 4 the impact of short-term H2S exposure and sulfate supply on sulfur me-
tabolism of Allium cepa was investigated. Onion was able to use atmospheric H2S as 
sole sulfur source for growth. The foliarly absorbed H2S was rapidly metabolized into 
water-soluble non-protein thiol compounds, including cysteine, and subsequently into 
other sulfur compounds in the shoot. In H2S exposed plants, the accumulation of sulfur 
compounds in the shoot was nearly linear with the concentration and duration of the ex-
posure. Exposure of onion to levels of 0.15-0.6 µl l-1 H2S for up to one week did not af-
fect the sulfur content of the roots. Secondary sulfur compounds probably formed a sink 
for the foliarly absorbed sulfide and the sulfur accumulation upon H2S exposure might 
for a great part be ascribed to an increase in the content of γ-glutamyl peptides and/or al-
liins. Furthermore, there was a substantial increase in the sulfate content in the shoot 
upon H2S exposure. The accumulation of sulfate both originated from the pedosphere 
and from oxidation of absorbed atmospheric sulfide and/or from degradation of accumu-
lated secondary sulfur compounds. From studies on the interaction between atmospheric 
and pedospheric sulfur nutrition, it was evident that H2S exposure did not result in a 
down-regulation of the sulfate uptake by the roots. 

In Chapter 5 onion was exposed to low levels of H2S in order to investigate to what 
extent H2S could be used as a sulfur source for growth under sulfate-deprived conditions. 
Sulfate deprivation for a two-week period resulted in a decreased biomass production of 
the shoot, a subsequently decreased shoot to root ratio and an increased dry matter con-
tent in shoot and roots. Furthermore, it resulted in decreased contents of total sulfur, sul-
fate and organic sulfur and in a decreased sulfate to total sulfur ratio. Symptoms of sul-
fur deficiency disappeared upon simultaneous exposure to relatively low levels of H2S 
(0.05, 0.1 and 0.15 µl l-1), which showed that H2S could be used as a sulfur source for 
growth. H2S exposure even resulted in a slightly increased biomass production in sul-
fate-sufficient plants, which could not be explained. The increase in the total sulfur con-
tent upon a two-week H2S exposure was less pronounced in the second week, which 
could have been caused by a proportional decrease in H2S uptake (due to a proportion-
ally decreased leaf area ratio, i.e. leaf area per gram plant), a decrease in sulfate uptake 
by the roots and/or by a release of volatile (secondary) sulfur compounds.  

Different aspects of the metabolism of atmospheric sulfur gases (H2S, SO2) were stud-
ied in Chapter 6. The occurrence of toxic effects of H2S in onion depended not only on 
the atmospheric H2S level but also on the duration of the exposure. Prolonged exposure 
(38 days) of onion to ≥ 0.3 µl l-1 H2S resulted in a strong reduction in shoot biomass pro-
duction. H2S exposure resulted in a decrease in the organic N/S ratio at all levels (0.15 to 
0.6 µl l-1 H2S), which could be attributed to an increase in the pool of secondary sulfur 
compounds and not to changes in the sulfolipid content. The latter even decreased upon 
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H2S exposure when expressed on a lipid basis. SO2 exposure resulted in an enhanced 
content of sulfate and total sulfur in the shoot, whereas roots were not affected. In con-
trast to exposure to H2S, SO2 exposure did not result in an increase in non-protein or-
ganic (secondary) sulfur compounds, which showed that these compounds only were a 
sink pool for reduced atmospheric sulfur, when both the uptake of sulfate by the roots 
and its reduction in the shoot were by-passed. 

In Chapter 7 the impact of atmospheric H2S and pedospheric sulfate nutrition on sul-
fate uptake, expression of sulfate transporters and activity of O-acetylserine(thiol)lyase 
was studied. A one-week sulfate deprivation resulted in a 1.8-fold increase in sulfate up-
take capacity, which was not accompanied by a pronounced induction of sulfate trans-
porter genes. H2S exposure did neither result in changes in the net sulfate uptake rate nor 
in the activity of O-acetylserine(thiol)lyase, which showed that Allium cepa was differ-
ently regulated compared to Brassica oleracea. A nine-day exposure to 0.3 µl l-1 H2S re-
sulted in a 2-fold increase in total sulfur, sulfate and organic sulfur content. Upon cessa-
tion of the H2S exposure the total sulfur content gradually decreased, which could 
mainly be attributed to growth. The organic sulfur content, however, was decreased to a 
greater extent than the sulfate content during the first days after the cessation of the H2S 
exposure, which could only partly be explained by growth. The additional decrease re-
mains to be investigated, but could have resulted from degradation of accumulated or-
ganic (secondary) sulfur compounds, volatilization of organic sulfur compounds or a re-
duced reduction of sulfate due to H2S exposure. 

Accumulation of sulfur-containing compounds upon H2S exposure and regulation of 
sulfate uptake and reduction as affected by sulfur nutrition were discussed in Chapter 8. 
Allium species, and onion (Allium cepa L.) in particular, were shown to be differently 
regulated in comparison to other species in which H2S metabolism was studied in detail. 
Although onion had a relatively low sulfur requirement for growth, it had a high capacity 
for H2S uptake. The occurrence of high amounts of secondary sulfur compounds, which 
might act as a sink for sulfur, as well as its low susceptibility to the toxic effects of H2S, 
makes onion an interesting species in studying the impact of H2S on sulfur metabolism. 
H2S exposure resulted in an accumulation of total sulfur in all species and cultivars of 
Allium. Determining the composition of the accumulated sulfur compounds proved to be 
a greater challenge. A large part consisted of sulfate (40-50 %, mainly depending on the 
age of the plants), the origin of which was not clear. Accumulation of organic sulfur 
could be explained by increased contents of secondary sulfur compounds and thiols, but 
not protein sulfur and sulfolipids. Data were largely corroborated by X-ray absorption 
near edge structure (XANES) spectroscopy. Sulfate deprivation resulted in an increased 
sulfate uptake capacity, which was not accompanied by a clear increase in the expression 
of sulfate transporters. Further research will be needed to investigate this intriguing ob-
servation. In contrast to Brassica, H2S exposure did not affect the net sulfate uptake in 
onion. Determining the expression of the genes, protein levels and activity of APS re-
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ductase isoforms upon changes in atmospheric and pedospheric sulfur nutrition will be 
the next step in studying the regulation of sulfur metabolism in onion.  
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Samenvatting 
 
 
Zwavel is onmisbaar voor het functioneren van planten, maar in vergelijking met andere 
elementen is zwavel slechts in kleine hoeveelheden aanwezig in plantenweefsel (Hoofd-
stuk 1). Planten gebruiken normaliter sulfaat als zwavelbron voor de groei en sulfaat 
dient gereduceerd te worden tot sulfide, voordat het ingebouwd wordt in organische zwa-
velverbindingen. Het overgrote deel van de zwavel is aanwezig in eiwitten, in de vorm 
van de aminozuren cysteine en methionine, welke van groot belang zijn voor de structuur, 
de vorm en de functie van eiwitten. Zwavel is tevens vereist voor de synthese van diverse 
andere verbindingen als thiolen (glutathion), sulfolipiden en secundaire zwavelverbindin-
gen (alliinen, glucosinolaten, phytochelatinen), die een belangrijke rol spelen in de fysio-
logie van planten en in de bescherming tegen, en acclimatie aan stress en plagen. Allium 
soorten, waaronder ui, knoflook, prei en bieslook, bevatten een verscheidenheid aan se-
cundaire zwavelverbindingen: γ-glutamyl peptiden en alliinen (S-alk(en)ylcysteine sul-
foxiden). Deze verbindingen vormen een potentiële sink voor gereduceerd zwavel, aange-
zien hun gehalte in uienbollen tot 80 % van de organische zwavelfractie kan bedragen. 
Daardoor is ui een interessante soort om onderzoek naar het zwavelmetabolisme aan te 
doen. Over het gehalte aan secundaire zwavelverbindingen in jonge zaailingen (voor het 
begin van de bolvorming) is echter minder bekend. Het is algemeen bekend dat atmosfe-
risch waterstofsulfide (H2S) toxisch is voor planten, hoewel er een grote variatie tussen 
plantensoorten bestaat in de gevoeligheid voor H2S. In tegenstelling tot de schadelijke 
effecten kan H2S, dat via de bladeren wordt opgenomen, ook door planten worden ge-
bruikt als zwavelbron, wat voordelig kan zijn wanneer de zwaveltoevoer naar de wortels 
gelimiteerd is. Studies naar de mogelijke interactie tussen atmosferische (via het blad) en 
pedosferische (via de wortel) zwavelvoeding verschaffen inzicht in de regulatie van de 
opname van sulfaat en de assimilatie van zwavel en de signaal-transductie-wegen die 
hierbij betrokken zijn. Het algemene doel van dit onderzoek was om een beter inzicht te 
krijgen in de regulatie van het zwavelmetabolisme in planten. Specifiek werd de rol van 
secundaire zwavelverbindingen als mogelijke sink voor atmosferische zwavel bestudeerd 
en hoe deze sink werking de metabolisatie van H2S en de opname en assimilatie van sul-
faat zou kunnen beïnvloeden. 

In Hoofdstuk 2 worden de gebruikte materialen en methoden beschreven. Allium cepa 
(ui) cv. Nerato is in het proefschrift gebruikt als proefplant. Jonge zaailingen (3-6 weken 
oud) werden opgekweekt op een voedingsoplossing met of zonder sulfaat en blootgesteld 
aan verschillende concentraties H2S. 

De invloed van atmosferische H2S depositie (opname) op de groei en het zwavel- en 
stikstofmetabolisme werd onderzocht in Hoofdstuk 3. Bij toenemende H2S concentratie 
vertoont de H2S opname een verzadigings kinetiek. De maximale opnamesnelheid van 
H2S (JH2Smax) en de H2S concentratie waarbij ½JH2Smax word bereikt (KH2S) van ui wa-
ren relatief hoog in vergelijking met andere soorten. Bij langdurige blootstelling aan H2S 
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blijkt dat pas bij een H2S gehalte van 0.3 µl l-1 de groei enigszins is geremd. Blootstelling 
aan H2S resulteerde in een verhoogd gehalte aan sulfaat, thiolen en totaal zwavel in de 
spruit, terwijl dit in de wortels onveranderd bleef. Er was een lichte toename in het totale 
stikstofgehalte in de spruit, terwijl de gehaltes aan nitraat en vrije aminozuren nauwelijks 
beïnvloed waren. Langdurige blootstelling aan 0.15 µl l-1 H2S resulteerde in een accumu-
latie van sulfaat en organisch zwavel en in een afname van de organische stikstof/zwavel 
verhouding (N/S ratio) in de spruit van verschillende cultivars van Allium cepa (ui), Alli-
um fistulosum (stengelui) en Allium porrum (prei). De organische N/S ratio nam af met 
toenemende H2S concentratie (van circa 40 naar 10), wat toegeschreven kon worden aan 
een toename in non-eiwit organische zwavelverbindingen. Aangezien de molaire N/S ra-
tio in γ-glutamyl peptiden en alliinen ≤ 2 is, kan de substantiële toename in de organische 
zwavelfractie in de spruit bij blootstelling aan H2S waarschijnlijk toegeschreven worden 
aan een toename in het gehalte aan secundaire zwavelverbindingen als γ-glutamyl pepti-
den en/of alliinen.  

In Hoofdstuk 4 werd de invloed van kortstondige H2S begassing en zwavelvoeding op 
het zwavelmetabolisme van ui onderzocht. Ui kon atmosferisch zwavel gebruiken als 
enige zwavelbron voor de groei. Atmosferisch H2S werd snel ingebouwd in thiolverbin-
dingen, waaronder cysteine, en vervolgens in andere zwavelverbindingen in de spruit. De 
accumulatie van zwavelverbindingen in de spruit verliep vrijwel lineair met de concentra-
tie en de duur van de H2S begassing. Blootstelling aan concentraties van 0.15 tot 0.6 µl l-1 
H2S gedurende een week was niet van invloed op het zwavelgehalte in de wortels van ui. 
Secundaire zwavelverbindingen waren waarschijnlijk een sink voor atmosferische H2S en 
de accumulatie van zwavel bij H2S begassing kon voor een groot deel worden toege-
schreven aan een toename in het gehalte aan γ-glutamyl peptiden en/of alliinen. Boven-
dien was er bij H2S begassing een substantiële toename in het sulfaatgehalte in de spruit. 
Deze sulfaataccumulatie zou het gevolg kunnen zijn van transport vanuit de wortel, oxi-
datie van opgenomen atmosferische H2S en/of van afbraak van geaccumuleerde secundai-
re zwavelverbindingen. Onderzoek naar de interactie tussen atmosferische en pedosferi-
sche zwavelvoeding liet zien dat H2S begassing niet resulteerde in een terugkoppeling op 
de sulfaatopname in de wortels. 

In Hoofdstuk 5 werd ui blootgesteld aan lage concentraties H2S om te onderzoeken in 
hoeverre H2S gebruikt kon worden als zwavelbron voor de groei tijdens zwavelgebrek. 
Twee weken sulfaatgebrek leidde tot een afname in de biomassaproductie van de spruit, 
met een afname in de spruit/wortel verhouding tot gevolg, en tot een toename in het dro-
gestofgehalte in zowel de spruit als de wortels. Het resulteerde bovendien in een afname 
van de gehaltes aan totaal zwavel, sulfaat en organisch zwavel en in een afname in de sul-
faat/totaal zwavel verhouding. De symptomen van zwaveldeficiëntie waren niet aanwezig 
wanneer de planten tegelijkertijd werden begast met lage concentraties H2S (0.05, 0.1 en 
0.15 µl l-1), wat aantoont dat H2S gebruikt kon worden als zwavelbron voor de groei. H2S 
begassing resulteerde zelfs in een lichtelijk verhoogde biomassa productie in zwavelsuf-
ficiënte planten, die niet verklaard kon worden. De toename in het totaal zwavel gehalte 

92



na een H2S begassing van twee weken, was minder groot in de tweede week. Dit was 
mogelijk te verklaren door een afname in de H2S opname (als gevolg van een evenredige 
afname in de bladoppervlakte verhouding), door een afname in de sulfaatopname door de 
wortels en/of door de vorming van vluchtige (secundaire) zwavelverbindingen. 

Naast H2S (waterstofsulfide) kan ook SO2 (zwaveldioxide) gebuikt worden als zwa-
velbron voor de groei van planten. Verschillende aspecten van het metabolisme van at-
mosferische zwavelgassen (H2S, SO2) werden bestudeerd in Hoofdstuk 6. De aanwezig-
heid van toxische effecten van H2S werd niet alleen bepaald door de concentratie maar 
ook door de duur van de begassing. Langdurige blootstelling (38 dagen) aan ≥ 0.3 µl l-1 
H2S resulteerde in een sterke reductie in de biomassa productie van de spruit. H2S begas-
sing leidde tot een afname in de organische N/S ratio bij alle concentraties (0.15-0.6 µl l-1 
H2S), wat verklaard kon worden door een toename in secundaire zwavelverbindingen en 
niet door veranderingen in het gehalte aan sulfolipiden. De laatste nam zelfs af bij H2S 
begassing wanneer het werd uitgedrukt op lipidebasis. SO2 begassing resulteerde in een 
accumulatie van sulfaat en totaal zwavel in de spruit, terwijl de gehaltes in de wortels on-
veranderd bleven. In tegenstelling tot H2S leidde SO2 begassing niet tot een toename in 
organische (secundaire) zwavelverbindingen. Dit toont aan dat deze verbindingen slechts 
een sink vormen voor gereduceerd atmosferisch zwavel, wanneer zowel de opname van 
sulfaat door de wortels alsmede de sulfaatreductie in de spruit omzeild worden.  

In Hoofdstuk 7 werd de invloed van atmosferische H2S en pedosferische sulfaat voe-
ding op de opname van sulfaat, de expressie van sulfaattransporters en de activiteit van 
O-acetylserine(thiol)lyase onderzocht. Een week zwavelgebrek resulteerde in een ver-
dubbeling van de sulfaatopnamecapaciteit, hoewel dit niet vergezeld ging van een induc-
tie in de genen van sulfaattransporters. H2S begassing resulteerde niet in veranderingen in 
de netto sulfaatopname en in de activiteit van O-acetylserine(thiol)lyase, wat aantoont dat 
ui anders gereguleerd is dan bijvoorbeeld boerenkool (Brassica oleracea). Begassing ge-
durende negen dagen met 0.3 µl l-1 H2S leidde tevens tot een verdubbeling in de gehaltes 
aan totaal zwavel, sulfaat en organisch zwavel. Na stopzetting van de begassing nam het 
totale zwavelgehalte geleidelijk af, wat toegeschreven kon worden aan een verdunnings-
effect ten gevolge van de groei. Het organische zwavelgehalte daalde echter sneller dan 
het sulfaatgehalte in de eerste dagen na stopzetting van de begassing, wat slechts gedeel-
telijk verklaard kan worden door de groei. Deze extra daling kan veroorzaakt zijn door 
afbraak van opgehoopte organische (secundaire) zwavelverbindingen, door de vorming 
van vluchtige organische zwavelverbindingen en/of door een afname van de sulfaatreduc-
tie als gevolg van de H2S begassing.  

De accumulatie van zwavelhoudende verbindingen tijdens H2S begassing en de in-
vloed van zwavelvoeding op de regulatie van de sulfaatopname en reductie in ui werden 
besproken in Hoofdstuk 8. In Allium soorten, in het bijzonder de ui (Allium cepa L.), 
wordt de zwavelhuishouding anders gereguleerd dan in andere soorten waarin H2S meta-
bolisme bestudeerd werd. Hoewel ui een relatief lage zwavelbehoefte heeft met betrek-
king tot de groei, heeft deze soort een hoge H2S opname capaciteit. De aanwezigheid van 
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hoge gehaltes aan secundaire zwavelverbindingen, die als een sink voor zwavel zouden 
kunnen dienen, evenals een lage gevoeligheid voor de toxische effecten van H2S, maken 
ui een interessante soort om de invloed van H2S op het zwavelmetabolisme te onderzoe-
ken. H2S begassing resulteerde in een accumulatie van totaal zwavel in alle soorten en 
cultivars van Allium die onderzocht werden. Het bepalen van de samenstelling van deze 
opgehoopte zwavelverbindingen was ingewikkelder. Een groot deel bestond uit sulfaat 
(40-50 %, voornamelijk afhankelijk van de leeftijd van de planten), waarvan de oor-
sprong niet duidelijk was. Accumulatie van organisch zwavel kon verklaard worden door 
verhoogde gehaltes aan secundaire zwavelverbindingen en thiolen, maar niet door zwavel 
in eiwitten en sulfolipiden. Deze data werden grotendeels bevestigd door XANES spec-
troscopie. Zwavelgebrek resulteerde in een verhoogde opnamecapaciteit, welke niet ver-
gezeld werd van een duidelijke toename in de expressie van sulfaattransporters. Verder 
onderzoek zal nodig zijn om deze boeiende observatie te verklaren. H2S begassing had, in 
tegenstelling tot Brassica oleracea, geen invloed op de sulfaatopname in ui. Het bepalen 
van de expressie van de genen, eiwitgehaltes en activiteit van APS reductase bij verschil-
lende atmosferische en pedosferische zwavelvoeding, zal de volgende stap zijn in het be-
studeren van de regulatie van het zwavelmetabolisme in ui. 
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Stellingen behorende bij het proefschrift 
 

Metabolism of atmospheric hydrogen sulfide in onion 
 

Mark Durenkamp, 28 oktober 2005 
 
 

1. Secundaire zwavelmetabolieten vormen een “sink” voor atmosferisch 
gereduceerd zwavel (H2S) in Allium. Dit proefschrift. 

 
2. In planten waar een duidelijke “sink” voor zwavel (in de vorm van 

secundaire zwavelmetabolieten) ontbreekt, dient een hoge mate van 
regulatie met betrekking tot de opname van sulfaat aanwezig te zijn. Dit 
proefschrift. 

 
3. X-ray Absorption Near Edge Structure (XANES) spectroscopie is een 

veelbelovende techniek voor het bepalen van zwavelgehaltes in 
plantenmateriaal, mits een goede calibratie mogelijk is. Dit proefschrift; 
Prange en Modrow, 2002. 

 
4. Het aantal geïdentificeerde sulfaattransporters per plantensoort is sterk 

afhankelijk van de beschikbaarheid van cDNA’s van de verschillende 
sulfaattransporters en de mate van homologie. 

 
5. Een goed inzicht in de regulatie van fysiologische processen kan slechts 

verkregen worden wanneer het hedendaagse “omics” onderzoek 
gepaard gaat met fysiologisch onderzoek.  

 
6. De kloof tussen wetenschap en praktijk is nog altijd aanwezig. Het 

overtuigen van akkerbouwers van de noodzaak van een extra 
zwavelbemesting vereist derhalve meer dan wetenschappelijke 
publicaties. 

 
7. De specifieke geur van uien in een droogstoof wordt met gemengde 

gevoelens ontvangen. 
 

8. Flexibele werktijden hebben een positieve invloed op de 
arbeidsproductiviteit, mits een goede discipline aanwezig is. 

 
9. De wijdverbreide opvatting dat blondjes dom zouden zijn wordt niet 

gestaafd door wetenschappelijk bewijs. 
 

10. If more of us valued food and cheer and song above hoarded gold, it 
would be a merrier world. J.R.R. Tolkien. 


