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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 

43



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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