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Abstract 

Severe sulfur deficiency causes a decrease in yield 
and has a negative impact on crop quality. Besides 
this, a higher susceptibility of crops to certain dis-
eases was observed. Sulfur fertilization proved to 
lower disease incidence and severity of fungal infec-
tions in different crops. The sulfur metabolism pro-
vides several potential mechanisms by which plants 
are able to tackle biotic stress. The identification of 
these processes and adaptive control of sulfur in-
duced resistance (SIR) against fungal diseases offers 
the opportunity to develop natural plant protection 
measures by means of targeted fertilization strate-
gies. In the present paper, the results from a field 
experiment in Scotland are summarized, which re-
flect the influence of the sulfur nutritional status on 
sulfur-containing metabolites and infection with 
fungal diseases. 
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Introduction 

Since the beginning of the 1980s severe sulfur (S) 
deficiency can be observed regularly under field 
conditions in the northern parts of Europe because 
of continuously decreasing S inputs to agro-
ecosystems (Schnug and Pissarek, 1982; Schnug and 
Haneklaus, 1994). High S demanding cruciferous 
crops reacted first to a reduced S supply (Schnug 
and Pissarek, 1982) and about 10 - 15 years later, 
low demanding crops such as cereals and sugar beat 
also showed S deficiency (Schnug et al., 1993; 
Schnug et al., 2000). In Scotland, the infection of 
oilseed rape plants by fungal pathogens such as 
Pyrenopeziza brassicae (anamorph: Cylindrospo-

rium concentricum) (P. brassicae) and Leptosphae-

ria maculans (anamorph: Phoma lingam) increased 
during the 1980s (Brokenshire et al., 1984). This 
phenomenon was attributed to the drastically re-
duced atmospheric S depositions in this region 
(Dore et al., 2003) as S was found to play a key role 
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in the defense system of plants (Schnug and Cey-
nowa, 1990; Schnug et al., 1995a). Soil-applied S 
increased the resistance against various fungal dis-
eases in different crops under greenhouse (Wang et 
al., 2003) and field conditions (Schnug et al., 1995a; 
Bourbos et al., 2000; Klikocka et al., 2004; Bloem et 
al., 2004; Salac et al., 2004). Based on these find-
ings the concept of SIR (Sulfur Induced Resistance) 
was developed (Schnug, 1997). 

The concept of Sulfur Induced Resistance (SIR) 

The S metabolism of plants offers different possi-
bilities to tackle with biotic stress. It includes an 
increased synthesis of natural compounds (e.g. H2S, 
cysteine, methionine, glutathione), the degradation 
of glycosides (e.g. glucosinolates) and the synthesis 
of new compounds (e.g. phytoalexins; Figure 1) 
(Haneklaus et al., 2004). Supposedly, these S-
containing defense compounds are released in a 
chain reaction triggered by the pathogen and con-
trolled by the S status of the plant (Haneklaus et al., 
2004, Figure 1). 

Cysteine is the precursor of all relevant S-
containing metabolites putatively involved in SIR 
(Figure 1) and therefore it might be assumed that 
cysteine is one of the cornerstones of plant resis-
tance against pathogens. Previous studies have 
shown that the cysteine concentration in plant tis-
sues is strongly related to the S nutritional status of 
plants (De Kok, 1990; Schnug, 1997) and that cys-
teine is enriched in resistant plant tissues 
(Vidhyasekaran, 2000). Cysteine can be rapidly de-
graded to H2S or metabolized to other compounds 
that are putatively involved in pathogenesis (Figure 
1).

 H2S is fungitoxic and plants have the ability to 
release H2S and other gaseous S compounds into the 
atmosphere by different enzymatic reactions 
(Schroeder, 1993; Burandt et al., 2001; Bloem et al., 
2004). Glutathione (Ȗ-glutamyl-cysteinyl-glycine) 
(GSH) was found to accumulate rapidly in response 
to fungal attack (Vanacker et al., 2000; Bloem et al., 
2004; Salac et al., 2004) and this was proven to be 
related to pathogenesis (Gullner and Kömives, 
2001). Glucosinolates (GSLs) undergo hydrolysis, 
catalyzed by the enzyme myrosinase, to produce an 
array of products of which isothiocyanates are a 
major component (Luethy and Matile, 1984). These 
compounds, and other products of GSL hydrolysis, 
have been shown to be toxic or inhibitory to many 
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Figure 1:  

Sulfur metabolites and pathways putatively involved in chain reactions of SIR in Brassica species (Haneklaus et al., 2004).


species of fungi and bacteria (Greenhalgh and 
Mitchell, 1976; Mithen et al., 1987; Doughty et al., 
1991). Phytoalexin synthesis is induced after infec-
tion, involving de novo synthesis in the infected 
plant tissue (Hammerschmidt and Nicholson, 2000). 
The involvement of phytoalexins in SIR is obscure 
and can only be speculated from the dependency of 
their precursors on S. High levels of pathogenesis-
related proteins were found to be related with en-
hanced disease resistance in plants (Bohlmann, 
1999; van Loon, 1999). However, their possible role 
in SIR still requires empirical proof. The signifi-
cance of the formation of elemental S in plants for 
defense has been discovered only recently (Williams 
et al., 2002), but the exact mode of action is still 
unclear. 

Most investigations on the putative role of S-
containing compounds in SIR were carried out in 
vitro and in pot experiments. Factors governing ini-
tialization and strength of SIR need to be tested, 
however, under field conditions in order to identify 
and regulate resistance mechanisms by means of 
targeted S applications. In a field experiment in 
Scotland, the influence of soil-applied S fertilization 

on disease incidence and severity of fungal diseases 
was tested and set in relation to extent and variation 
of S-containing metabolites in order to perceive 
triggers and magnitude of SIR.  

Material and methods 

Design of the field experiment 

A quadri-factorial field experiment was carried 
out in 2001/2002 in Aberdeen, Scotland (W 2o 13`, 
N 57o 12`; 60 m a.s.l) on a loamy sand (Humic Pod-
zol according to the FAO classification system). The 
plot size was 40 m2. Plots were arranged in a split-
plot design in four blocks. Two oilseed rape culti-
vars with different susceptibilities against P. brassi-

cae were grown: Bristol (B; susceptible) and Lipton 

(L; resistant) (HGCA Recommended List WOSR 
2003). For defining the growth stages (GS) of oil-
seed rape the BBCH scale was used (Strauss et al., 
1994). 

S was applied as K2SO4 to the soil at rates of 0 
(S0) and 100 kg S ha-1 (S100). The K supply was bal-
anced by fertilizing adequate amounts of KCl. The S 
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dose was split in two equal parts in autumn (GS 04) 
and in spring (GS 14 - 15). N was supplied as 
NH4NO3 at rates of 100 and 200 kg N ha-1. 100 kg N 
ha-1 was applied to all plots at the start of the vegeta-
tion period (GS 14 - 15) and an additional 100 kg N 
ha-1 was fertilized at the beginning of stem elonga-
tion (GS 30) to those plots receiving a higher N 
dose. 

Specific fungicides were used against P. brassicae 

infections. Either no fungicides were applied or the 
plots received 0.4 L ha-1 flusilazole (250 g L-1) plus 
carbendazim (125 g L-1) in autumn (GS 12) and in 
spring (GS 30), respectively. 

Disease assessment 

The development of P. brassicae was followed up 
during the whole growth period. Since visible symp-
toms of P. brassicae do not usually occur before 
February/March, during autumn-winter samples 
were taken every 1 to 2 weeks by randomly choos-
ing 10 plants from non-treated fungicide plots. After 
incubating them in a damp chamber over night, the 
parameters disease incidence (%-age of plants in-
fected) and disease severity (%-age of leaf area in-
fected) were visually assessed. When macroscopic 
symptoms of infections by P. brassicae became 
visible in the field, the level of fungal infection was 
assessed visually and directly in all plots at monthly 
intervals. Besides assessing infections caused by P. 

brassicae, plants were also rated for other major 
fungal diseases (e.g. Leptosphaeria maculans, Per-

onospora parasitica, Alternaria brassicae, Scle-

rotinia sclerotiorum, Botrytis cinerea). 

Sampling procedure 

Younger, fully developed leaves of winter oilseed 
rape were randomly taken from each plot at the be-
ginning of stem elongation (GS 50 - 53). Whole-leaf 
samples were split and either shock frozen in liquid 
nitrogen and finally freeze-dried, or dried in a venti-
lated oven at 60° C until constancy of weight. Addi-
tionally, leaf disc samples (16 mm) from leaf areas 
with visible symptoms of P. brassicae infections (+ 
infection) and without visible symptoms (- infec-
tion) were taken from the upper third of the crop. 
Leaf disc samples were shock frozen in liquid nitro-
gen before being freeze-dried. 

Plant analysis 

Oven-dried leaf samples were fine-ground to a 
particle size < 0.12 mm using a Retsch ultra-
centrifugal mill and the total S content was deter-
mined by X-ray fluorescence spectroscopy accord-
ing to Schnug and Haneklaus (1999). Freeze-dried 
leaf material and leaf disc samples were fine-ground 
in a coffee mill or a mortar, respectively prior to the 
analysis of organic S compounds. The free cysteine, 

GSH and GSL content were determined by HPLC 
analysis according to Hell and Bergmann (1990) and 
Rosa (1992), respectively. 

Statistical calculations 

For statistical analysis the SPSS software package 
version 10 was employed (SPSS, 1999). The GLM 
multivariate procedure was applied to assess the 
influence of the treatments on individual parameters. 
Cultivar, S, N and fungicide were tested as fixed 
factors. N and fungicide treatment delivered no sta-
tistical differences with respect to the investigated 
parameters and therefore their effect is not shown in 
the present paper. In order to test the influence of 
infections by P. brassicae on the cysteine and GSH 
content a one factorial ANOVA was carried out. 
The Student-Newman-Keuls test was used to deter-
mine which means were significantly different from 
each other at the 5 % significance level (LSD5%). 

Results and discussion 

 Infections by P. brassicae were the most impor-
tant fungal disease in winter oilseed rape in 
2001/2002. Infections by L. maculans and P. para-

sitica were also found, but only at low levels. Dis-
ease progression throughout the vegetation period is 
illustrated for P. brassicae in Figure 2. Usually, P. 

brassicae infects winter oilseed rape plants soon 
after emergence of the seedlings (Gilles et al., 
2000). During experimentation, first infections were 
found in mid-late October and maximum values for 
disease incidence and severity were determined in 
late March/April. At this time, the disease incidence 
was 91 % if no fungicides were applied (Figure 2). 
Values of > 25 % plants infected by P. brassicae at 
stem extension indicate a severe infection (Steed 
and Fitt, 2000). The corresponding value for disease 
severity was 13 % (Figure 2). In plots where fungi-
cides were applied the disease incidence and sever-
ity of P. brassicae were lower compared to non-
treated fungicide plots, but differences were not 
consistently significant. P. brassicae is a hemi-
biotrophic fungus, which means that it becomes 
necrotrophic in the late developmental stage (Ashby, 
1997), a characteristic that might be significant with 
view to processes involved in SIR (see below). At 
the time of leaf sampling (GS 50 - 53), additional 
infections by L. maculans (3 % plants infected; 0.01 
% leaf area infected) and P. parasitica (13 % plants 
infected; 0.2 % leaf area infected) were found (data 
not shown). 

Disease incidence and severity of P. brassicae 

were independent of the cultivar (Figure 2), though 
differences had been expected because of their di-
vergent rating (HGCA Recommended List WOSR 
2003). There is circumstantial evidence that resis-
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Figure 2:  

Disease progression of Pyrenopeziza brassicae expressed by the percentage of infected plants (left) and the percentage of

the infected leaf area (right) in winter oilseed rape in plots without fungicide applications in relation to cultivar and S rate.


tance against P. brassicae in new cultivars is over-
come after a few years by changes in the metabo-
lism of pathogen (Karolewski et al., 2004). 

Since the S nutritional status of the plant was re-
ported to have a strong impact on its natural resis-
tance against pathogens (Schnug et al., 1995a), S 
was applied in autumn and spring in order to suffi-
ciently supply the crop and to promote resistance 
mechanisms. However, in the present study the S 
applications did not influence disease progression of 
P. brassicae traceably (Figure 2), which indicates 
that S supply, S uptake, S resistance mechanisms 
and virulence of the pathogen did not fully coincide. 
Nevertheless, the data reflect changes in the plant S 
metabolism caused by S fertilization in combination 
with fungal infections, which contribute to uncover 
mechanisms underlying SIR. In this experiment spe-
cial attention was paid to the metabolites cysteine, 

Free cysteine and GSH are S-containing com-
pounds of the primary plant metabolism. These me-
tabolites were found to be involved in plant resis-
tance against fungal pathogens (Vidhyasekaran, 
2000; Gullner and Kömives, 2001). The effect of S 
fertilization and cultivar on the cysteine and GSH 
content in leaf discs infected and non-infected by P. 

brassicae is shown in Table 1. S fertilization in-
creased the cysteine and GSH content in leaf discs, 
whereby differences were not consistently signifi-
cant (Table 1). In greenhouse and field experiments, 
De Kok et al. (1981), Schnug et al. (1995b) and 
Bloem et al. (2004) found a significant relationship 
between S status and the cysteine and GSH content. 
Relevant in this context is that effects in Aberdeen 
might have been masked due to the smaller range of 
variation of the plant S status.  

GSH and GSLs because of their direct dependence 8 

a 

b 
S0 S100 

a 

b
on the S supply (De Kok et al., 1981; Schnug, 1988; 
Schnug et al., 1995b; Schnug 1997) and their appar-
ent link to SIR (Haneklaus et al., 2004). 

The efficacy of S fertilization can be best verified 
by determining the total S content (Figure 3). S fer-
tilization significantly increased the total S content 
from 4.2 mg S g-1 to 7.9 mg S g-1 in Bristol and from 
4.2 mg S g-1 to 7.3 mg S g-1 in Lipton (Figure 3). In 
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Figure 3:  
Influence of S fertilization on the total S content in 
younger, fully developed leaves (d.w.) of two winter oil-
seed rape varieties at the start of stem elongation. 

The increase in the content of cysteine and GSH 
was higher in infected leaf discs compared to non-
infected leaf discs (Table 1). Differences in the cys-
teine and GSH content between the two cultivars 
were not significant (Table 1). 

S g-1), i.e. that though no macroscopic symptoms 
were visible, the S status was not sufficient for a 
high yielding crop (Schnug and Haneklaus, 1998). 
The S supply had no influence on disease incidence 
and severity of P. brassicae (Figure 2). This might 
indicate a temporal discrepancy between S fertiliza-
tion and S uptake. Another explanation could be that 
the S doses were not sufficiently high to initiate 
SIR. Here, a regular S fertilization throughout the 
growing season might yield the desired effect. 
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Table 1:

Influence of S fertilization on the cysteine and glutathione content in leaf discs (d.w.) of two winter oilseed rape varieties at

the start of stem elongation.


Cysteine Glutathione 
Treatment 

(µmol g -1 ) (µmol g -1)

 min max mean min max mean

 + Infection 

Bristol 
S0 

S100 

0.10 
0.30 

0.44 
0.64 

0.27 
0.47 

4.2 
7.6 

10.3 
13.7 

7.2 
10.7 

Lipton 
S0 

S100 

0.01 
0.22 

0.35 
0.56 

0.18 
0.39 

2.6 
7.1 

8.7 
13.1 

5.6 
10.1 

LSD5% 0.24 4.26 

 - Infection 

Bristol 
S0 

S100 

0.73 
0.84 

0.83 
0.94 

0.78 
0.89 

11.3 
13.1 

13.3 
15.1 

12.3 
14.1 

Lipton 
S0 

S100 

0.70 
0.83 

0.80 
0.93 

0.75 
0.88 

12.5 
13.8 

14.5 
15.8 

13.5 
14.8 

LSD5% 0.74 1.41 

In Figure 4, the influence of infections by P. bras-

sicae on the cysteine and GSH content at two ex-
perimental sites, in Aberdeen (Scotland) and Braun-
schweig (Germany) is shown. When plant material 
was visually infected by P. brassicae, a significant 
2.5-fold and 1.6-fold decrease of the cysteine and 
GSH content, respectively was found in Aberdeen 
(Figure 4; Table 1). In contrast, in experiments with 
the same cultivars in Braunschweig in 2002, infec-
tions by P. brassicae resulted in an increase of the 
cysteine and GSH content at the site of infection 
(Figure 4; Bloem et al., 2004). Additionally, the 
activity of the enzyme L-cysteine desulfhydrase 
increased (Bloem et al., 2004). Other researchers 
also showed that fungal infections generally yield an 
increase in the GSH content (Vanacker et al., 2000; 
Gullner and Kömives, 2001; Williams et al., 2002). 
Two scenarios are possible which could explain 
these different findings. Firstly, on sites with a 
higher S supply, reflected in higher total S concen-
trations (4.8 mg S g-1 in Braunschweig vs. 4.2 mg S 
g in Aberdeen), a correspondingly higher cysteine 
(0.7 µmol g-1 in Braunschweig vs. 0.5 µmol g-1 in 
Aberdeen) and GSH content (12.1 µmol g-1 in 
Braunschweig vs. 9.7 µmol g-1 in Aberdeen) can be 
found in the leaf tissue. Besides this, an increased 
synthesis of GSH on the Braunschweig site was 
obviously related to a certain disease severity (Salac 
et al., 2004). In comparison in Aberdeen, where a 

continuous and consistently high infection severity 
for P. brassicae existed, particularly from the start 
of the vegetation period onwards, and the S status 
being sub-optimum, more S is bound in cysteine and 
GSH in non-infected tissues. In the infected plant 
tissues these metabolites were eventually consumed 
during metabolic protection processes thus yielding 
significantly lower values. 

Secondly, the possibility exists that the plant tis-
sue was severely and lastingly damaged by the 
pathogen resulting in a shift of anabolic in the fa-
vour of catabolic processes. Previous investigations 
revealed no differences between dry weights of 
leaves in inoculated and non-inoculated pea leaves 
by Mycosphaerella pinodes (Garry et al., 1996). 
Necrotic leaf areas are composed of dead cells and 
assuming a complete degradation and/or transloca-
tion of cysteine and GSH in/from necrotic plant tis-
sue, this would imply that if � 50/60 % (Bris-

tol/Lipton) and � 17/33 % (Bristol/Lipton) of the 
leaf disc area is impaired by P. brassicae at the time 
of sampling (see Figure 2), a significant decrease in 
the cysteine and GSH content might be expected in 
visually infected leaf discs whereby causal reasons 
remain speculative (see above). In other words, only 
if > 60 % of the leaf disc area in case of cysteine and 
> 32 % in case of GSH is severely impaired by P. 

brassicae, reflected in corresponding necroses, the 
decreases may be attributed to metabolic changes in 

-1 



-200

-150

-100

-50

0

50

100

150

Bristol Lipton

Braunschweig Aberdeen

R
e
la

ti
v

e
c
h

a
n

g
e

o
f 

th
e

cy
st

e
in

e

a
n

d
 G

S
H

 c
o
n

te
n

t

cysteine GSH

GSHcysteine

cysteine GSH steine GSH

116 L.J. De Kok and E. Schnug (eds.), Sino-German Workshop on Aspects of Sulfur Nutrition of Plants
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% 

(µmol g-1) 
cy 
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Figure 4: 

Influence of infections by P. brassicae on the cysteine and GSH content in leaf discs (d.w.) of two winter oilseed rape varie
-
ties at the start of stem elongation in Braunschweig (2002) and Aberdeen (2002) (source for Braunschweig: Bloem et al.,

2004). 

the decaying leaf tissue. These simple calculations 
reveal that the latter scenario may apply for leaf 
tissues severely impaired by the pathogen. 

Glucosinolates are S-containing secondary com-
pounds, which are protective against fungal patho-
gens (Mithen et al., 1987; Schnug and Ceynowa, 
1990; Doughty et al., 1991; Zukalová and Vašák, 
2002). Alkenyl GSLs are supposed to take part in 
the general resistance of plants against fungal 
pathogens, whereas the synthesis of indole and aro-
matic GSLs may be involved in the induced resis-
tance (Zukalová and Vašák, 2002). So far, however, 
no relationship between GSL content or GSL profile 
in vegetative tissues and crop resistance has been 
verified (Chen and Andreasson, 2001). Three pre-
dominant alkenyl GSLs were detected in leaves of 
winter oilseed rape in the present study: glucobras-
sicanapin (4-pentenyl glucosinolate), gluconapin (3-
butenyl glucosinolate) and progoitrin (2-hydroxy-3-
butenyl glucosinolate) (Table 2). Glucobrassicin (3-
indole methyl glucosinolate) and gluconasturtiin (2-
phenyl ethyl glucosinolate) were the main indole 
and aromatic GSLs, respectively found in the vege-
tative tissue (Table 2). S applications increased the 
individual and total GSL content in younger leaves 
of winter oilseed rape at the start of stem elongation 
in both varieties, but differences proved to be statis-
tically not significant (Table 2). Schnug (1997) 
found a significant close correlation between S 
status (from severe to excess S supply) and GSL 
content (from 3 µmol g-1 to 52 µmol g-1) in younger, 
fully developed leaves of B. oleracea. The total 
GSL content ranged from 2.8 µmol g-1 to 5.4 µmol 
g in Lipton and Bristol (Table 2), which is fairly 

low compared to values of up to 7.8 µmol g-1 found 
for the variety Cobra by Booth et al. (1991). 

Glucobrassicanapin, which was found to have 
biocidal properties (Peterka and Schlosser, 1989), 
was the predominant alkenyl GSL in the leaf tissue 
of winter oilseed rape (Table 2). As its concentration 
was not influenced by the S supply, its significance 
in preformed resistance appears negligible. As a 
response to infection an increased indole and aro-
matic GSL content was determined in the plant tis-
sue (Doughty et al., 1991; Giamoustaris and Mithen, 
1995). Besides the degradation of GSLs, a selective 
accumulation of indole and aromatic GSLs could be 
mediated physiologically and might contribute to 
the resistance of plants (Haneklaus et al., 2004).
 The cultivars Bristol and Lipton differed signifi-
cantly in the progoitrin content (Table 2), but this 
GSL has no antifungal properties (Mithen et al., 
1987; Peterka and Schlosser, 1989). The mean 
progoitrin content in the leaf tissue was 0.7 µmol g-1 

for Lipton and 0.4 µmol g-1 for Bristol (Table 2). 

Conclusions 

Alternative plant protection measures are gaining 
increasing interest for conventional and organic 
farming systems. Up till now nutrient induced resis-
tance mechanisms are well known (Datnoff et al., 
2003), but still of minor importance in agricultural 
production. Sulfur induced resistance (SIR) was first 
observed for oilseed rape by Schnug et al. (1995a) 
and will be of high relevance in S-deficient produc-
tion areas. This, however, requires targeted S fertili-
zation strategies, which prompt SIR on production 

-1
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Table 2:

Influence of S fertilization on the individual and total glucosinolate (GSL) content in younger, fully developed leaves (d.w.) 

of two winter oilseed rape varieties at the start of stem elongation. 


Treatment Glucobrassicanapin Gluconapin Progoitrin 

(µmol g-1) (µmol g -1) (µmol g-1) 

min max mean min max mean min max mean 

Bristol S0 1.9 3.1 2.5 0.38 0.63 0.51 0.12 0.46 0.29 

S100 2.1 3.3 2.7 0.40 0.65 0.53 0.25 0.59 0.42 

Lipton S0 1.5 2.7 2.1 0.32 0.56 0.44 0.50 0.83 0.67 

S100 1.9 3.2 2.6 0.31 0.57 0.44 0.58 0.98 0.76 

LSD5% 0.83 0.17 0.23 

Treatment Glucobrassicin Gluconasturtiin Total GSL 

(µmol g-1) (µmol g -1) (µmol g-1)

 min max mean min max mean min max mean 

Bristol S0 0.11 0.19 0.15 0.19 0.33 0.26 2.8 4.8 3.8 

S100 0.15 0.24 0.19 0.26 0.40 0.33 3.3 5.3 4.3 

Lipton S0 0.10 0.18 0.14 0.22 0.36 0.29 2.9 4.8 3.9 

S100 0.11 0.20 0.15 0.25 0.39 0.32 3.3 5.4 4.4 

LSD5% 0.06 0.09 1.34 

fields. In this context, the presented research work 
revealed that: 
- S fertilization increased the cysteine, GSH and 
GSL content; 
- disease incidence and severity during the vegeta-
tive period obviously play a major role in SIR as 
changes in the GSH and cysteine content showed 
corresponding variations; 
- for initializing SIR, the S supply needs to follow 
the actual metabolic demand, which means that: (a) 
doses higher than the physiological demand might 
be required; (b) split doses need to be applied in 
order to match the S demand for S induced proc-
esses against fungal infections. 
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