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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. 
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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 
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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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