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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-
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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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