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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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