
Influence of sulphur fertilisation on quantities and proportions

of gluten protein types in wheat flour

H. Wiesera,*, R. Gutserb, S. von Tucherb
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Abstract

Although different supplies of sulphur (S) during wheat growth are known to influence the quantitative composition of gluten proteins in

flour, an effect on the amount and on the proportions of single protein types has yet not been determined. Therefore, wholemeal flours of the

spring wheat ‘Star’ grown on two different soils and at four different levels of S fertilisation (0, 40, 80, 160 mg S per container) were analysed

in detail using an extraction/HPLC procedure. The results demonstrated that the amount of total gluten proteins as well as of the crude protein

content of flour was little influenced, whereas amounts and proportions of single protein types were strongly affected by the different S

fertilisation. The changes were clearly dependent on the Cys and Met content of each protein type. The amount of S-free u-gliadins increased

drastically, and that of S-poor high-molecular-weight (HMW) glutenin subunits increased moderately in the case of S deficiency. In contrast,

the amounts of S-rich g-gliadins and low-molecular-weight (LMW) glutenin subunits decreased significantly, whereas the amount of

a-gliadins was reduced only slightly. S deficiency resulted in a remarkable shift of protein proportions. The gliadin/glutenin ratio increased

distinctly; u-gliadins became major components, and g-gliadins minor components, whereas the ratio of HMW to LMW glutenin subunits

was well-balanced.

q 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Although sulphur (S) has been known as an essential

element for plant growth for over two centuries, S-containing

fertilisers were not widely used for wheat crops before 1980s.

At that time wheat did not show evidence of S deficiency

because air pollution from industry and traffic provided

sufficient amounts of S in the soil of wheat-growing areas.

The massive decrease in the input of S from atmospheric

deposition over the last decades reduced the S availability in
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soils dramatically and, as a consequence, this has led to a

severe S deficiency even in wheat which has a relatively low

requirement for S (z20 kg S/ha). S deficiency can exert a

large influence on the technological properties of wheat

(Randall and Wrigley, 1986; Zhao et al., 1999a). For

example, S deficiency has been reported to produce doughs

that are less extensible and more resistant to extension and

loaves of smaller volume and of poorer texture (Moss et al.,

1981, 1983; MacRitchie and Gupta, 1993; Zhao et al., 1999b,

c). These results are an indication that there is still need to

apply S fertiliser to wheat in many areas to maintain

breadmaking quality (Zhao et al., 1999b,c).

Deterioration of rheological properties of doughs and in

breadmaking quality were associated with changes in the

quantitative composition of gluten proteins. Electrophoretic

studies and HPLC analyses indicated that S deficiency

strongly influences the proportions of flour protein types.

The changes were shown to be more pronounced in

the salt-insoluble proteins than in the salt-soluble proteins
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(Castle and Randall, 1987). The ratio of S-poor proteins

such as u-gliadins and high-molecular-weight glutenin

subunits (HMW-GS) increased, and that of S-rich proteins

including low-molecular-weight glutenin subunits

(LMW-GS), a- and g-gliadins decreased (Fullington et al.,

1987; Lookhart and Pomeranz, 1985; MacRitchie and

Gupta, 1993; Wrigley et al., 1984; Zhao et al., 1999c).

However, there has been no systematic and detailed

quantification of gluten proteins from wheat grown under

different S supplies. The objective of this study was,

therefore to determine quantitatively all gluten protein types

present in wheat grown at four different levels of S

supplementation using a previously developed extraction/

HPLC procedure (Wieser et al., 1998).
2. Material and methods

2.1. Wheat samples

The German spring wheat cultivar ‘Star’ was grown in 5-

litre pots (25 plants each) in two different soils (6.7 kg). Soil

B1 was sandy/silty loam with 19% clay, 44% silt, and 37%

sand (particle size 60–2000 mm, pH 5.6) containing 7 mg

sulphate-S per kg. Soil B2 was silty loam with 20% clay,

58% silt, and 22% sand (particle size 2–60 mm, pH 6.1)

containing 2 mg sulphate-S per kg. Plants were cultivated in

an open top greenhouse with a moveable roof as a rain

shelter under natural light conditions. Pots were watered at

least once a day to maintain soil water content of 65–70% of

the maximum water holding capacity. S was applied as

calcium sulphate in four different levels: S0Z0 mg, S1Z
40 mg, S2Z80 mg and S4Z160 mg per container. The

application of nitrogen (N), phosphorous, potassium and

magnesium was optimal. Sowing day on soil B1 was the

22nd of March and that on soil B2 the 10th of May.

Accordingly, the growing period for the plants on B1 was

longer than for plants growing on B2. The mature grains

were milled into wholemeal flour.

2.2. Analytical methods

The S content of grains was determined after microwave

digestion by means of inductively coupled plasma atomic
Table 1

Characterisation of wheat grainsa

S level (mg/pot) Grain yield (gb/pot) N conten

Applied S B1 B2 B1 B2 B1

S4 160 205 173 65.1 32.8 2.73

S2 80 125 93 61.3 29.7 2.75

S1 40 85 53 55.3 26.3 2.66

S0 0 45 13 40.8 17.2 2.71

Max SD – – G2.5 G2.9 G0.02

a S0–S4, degree of S fertilisation; B1, B2, soil no. 1 and 2.
b Based on dry mass; mean value of 2 determinations; Max SD, maximum stan
emission spectrometry (ICP-AES). An international certi-

fied S standard used was CBR 129 (Community Bureau of

Reference) containing 3.16G0.04 mg S per g. The S content

measured by ICP-AES was 3.16G0.13 mg S per g. The N

content of grains and wholemeal flours was determined

using a Dumas combustion method (Leco FP-328). For the

quantification of gluten protein types, the following

procedure was used (Wieser et al., 1998). Flour (100 mg)

was extracted stepwise with 0.4 mol/l NaClC0.067 mol/l

HKNaPO4, pH 7.6 (2!1.0 ml) at 20 8C (albumins,

globulins), with 60% (v/v) ethanol (3!0.5 ml) at 20 8C

(gliadins), and with 50% (v/v) 1-propanol containing

Tris–HCl (0.05 mol/l, pH 7.5), urea (2 mol/l) and 1%

(w/v) dithioerythritol (2!1.0 ml) at 60 8C under nitrogen

(glutenin subunits). After centrifugation the corresponding

supernatants were combined and diluted to 2.0 ml with the

respective extraction solvents. Aliquots of the gliadin

(50 ml) and glutenin extract (100 ml) were then separated

and quantified by RP-HPLC on C8 silica gel at 50 8C using a

solvent gradient of increasing acetonitrile concentration in

the presence of 0.1% (v/v) trifluoroacetic acid. The flow rate

was 1.0 ml and the detection wavelength was 210 nm.

At least two determinations were performed for each

analytical assay. Statistic evaluations were made with Slide

Write Plus (Advanced Graphics Software, Inc., Carlsbad,

CA, USA program).
3. Results and discussion

3.1. Characterisation of grains and flours

Spring wheat ‘Star’ was grown in a greenhouse at four

levels of S supplementation (0, 40, 80 and 160 mg per pot)

on two different soils (B1, B2). B2 contained 32 mg S per

pot less S than B1. A major difference between plants

cultivated in soils B1 and B2 was the shorter growing period

on soil B2 which reduced grain yield by 52% on average

compared with B1 (Table 1). In general, N and S contents in

grains from B2 were higher than in those from B1. Different

S levels caused substantial differences in grain yield. For

example, the lowest S level (S0) reduced the yield by 38%

(B1) and 48% (B2), respectively, compared to the level S4.

This observation was in agreement with several greenhouse
t (%)b S content (%)b N/S

B2 B1 B2 B1 B2

2.97 0.138 0.165 20 18

3.01 0.123 0.157 22 19

2.90 0.093 0.130 29 22

2.94 0.083 0.106 33 28

G0.02 G0.006 G0.003 – –

dard deviation.



Table 2

Crude protein content and quantities and proportions of gluten proteins of wholemeal floura

Flour CPb AU/mgc Ratio

Gluten Gliadins (GLI) Glutenins (GLU) GLI/GLU HMW/LMW

Total u5 u1,2 a g Total ub HMW LMW

B1–S4 13.4 1348 889 53 107 374 355 459 10 144 305 1.94 0.47

B1–S2 13.5 1345 889 72 154 389 274 456 12 164 280 1.95 0.59

B1–S1 13.0 1271 864 103 226 370 165 407 17 186 204 2.12 0.91

B1–S0 13.3 1135 791 115 251 305 120 344 19 171 154 2.30 1.11

B2–S4 14.6 1460 877 54 122 381 320 583 12 141 430 1.50 0.33

B2–S2 14.8 1468 878 61 141 387 289 590 14 160 416 1.49 0.38

B2–S1 14.2 1467 924 87 187 416 234 543 15 182 346 1.70 0.53

B2–S0 14.4 1388 912 121 272 373 146 476 22 201 253 1.92 0.79

Max SD G0.2 G32 G37 G4 G7 G15 G28 G22 G3 G4 G17 – –

a Based on 86% dry mass; mean values of 2 determinations; Max SD, maximum standard deviation.
b Crude protein content (N!5.7; %).
c HPLC absorbance units per mg flour.
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and field studies and confirmed that the effect of S

deficiency is primarily on the number of grains per ear

(Zhao et al., 1999a). The degree of S supplementation had

little influence on the N content in the grains

(B1: 2.66–2.75%, B2: 2.90–3.01%). By contrast, when the

S level significantly decreased, the corresponding N/S ratio

increased in parallel to lowered S levels. Based on a defini-

tion given by Randall et al. (1981), grains of B1–S0, B1–S1

and B2–S0 were characterised as S deficient (S!0.12%).

All samples had a N/S ratio greater than 17:1 (Table 1)

which also was considered as a critical value for S

deficiency (Randall et al., 1981), but appeared not to be

relevant for the present study. Possibly, the highest level of

applied S might still be below the optimum.
Fig. 1. RP-HPLC of gliadins from wholemeal flours (a) B2–S4 and

(b) B2–S0.
3.2. Gluten proteins

Grains were milled to wholemeal flours; the crude

protein content (N 5.7) of the flours (Table 2) highly

correlated (rZ1.00) with the N content of the grains, and

showed again that S supplementation scarcely influenced

the amount of flour proteins. The quantities of both gliadin

and glutenin fractions and their protein types were analysed

using an extraction/HPLC procedure (Wieser et al., 1998).

Figs. 1 and 2 show as examples the chromatograms of

gliadins and glutenin subunits from samples B2–S4 and

B2–S0. The absorbance units (AU) derived from the areas

beneath peaks and highly correlated with the amount of

protein (Wieser et al., 1998) are summarised in Table 2. The

results demonstrated that the quantity of total gluten

proteins (gliadins plus glutenins) was not influenced by a

different S fertilisation as long as the S content of the grains

was R0.12%. In the case of B1–S0, B1–S1 and B2–S0

(SZ0.08–0.11%) the quantity of total gluten proteins was

significantly lower (P!0.001).

The influence of S supplementation on the quantity of

total gliadins was relatively small (B1, S4/S0: C4%;

B2, S4/S0: K11%). Within the gliadin types, however,
the quantities changed, in some cases, drastically; even S4

and S2 levels revealed significant differences. u-Gliadins

were affected to the greatest extent by S deficiency

showing a strong increase of the u5-type (B1, S4/
S0:C117%; B2, S4/S0:C124%) and of the u1,2-type



Fig. 2. RP-HPLC of glutenin subunits from wholemeal flours (a) B2–S4 and

(b) B2–S0.
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(B1, S4/S0:C135%; B2, S4/S0:C123%). In contrast,

the quantity of g-gliadins was clearly reduced due to S

deficiency (B1, S4/S0: K64%; B2, S4/S0: K54%),

whereas the quantity of a-gliadins was hardly influenced

except that B1–S0 showed a lower value in parallel to

decreased total gliadins. Among the glutenins the quantities

of HMW-GS (B1, S4/S0:C19%; B2, S4/S0:C43%) and

glutenin-bound u-gliadins (B1, S4/S0:C90%; B2,

S4/S0C83%) clearly increased in the case of S deficiency,

whereas the quantity of LMW-GS decreased (B1, S4/S0:

K49%; B2, S4/S0: K41%). Because the absolute

quantities (AU) of LMW-GS were more affected than those
Table 3

Correlation coefficients (r)a for the relationship between quantities of gluten prot

Gluten Gliadins (GLI)

Total u5 u1,2 a g

N/S K0.83 K0.57 C0.92 C0.90 K0.72 K0.93

% S C0.84 C0.47 K0.85 K0.81 C0.59 C0.85

a rO0.78, P!0.001.
of the other glutenin types, the quantity of total glutenins was

significantly lower in the cases of S1 and S0 levels. In

consequence, the ratio of gliadins to glutenins (GLI/GLU)

increased (Table 2). Even more pronounced were the

changes in the ratio of HMW- to LMW-GS (S4: 0.47 and

0.33; S0: 1.11 and 0.79). In one case (B1–S0) the absolute

quantity of HMW-GS (AUZ171) was even higher than that

of LMW-GS (AUZ154).

The correlation coefficients (r) calculated for the

relations between gluten proteins and N/S ratio and S

content of grains are summarised in Table 3. Both N/S ratio

and S content were highly correlated with the ratios of

HMW/LMW (rZC0.99 and K0.97) and GLI/GLU

(rZC0.86 and K0.93) and with the quantities of

LMW-GS (rZK0.93 and C0.98), g-gliadins (rZK0.93

and C0.85), u5-gliadins (rZC0.92 and K0.85), total

glutenins (rZK0.85 and C0.91) and u1,2-gliadins

(rZC0.90 and K0.81). HMW-GS, a-gliadins and total

gliadins showed the lowest correlation coefficients

(r!0.73). Based on these data the ratio of HMW- to

LMW-GS and the quantities of LMW-GS appear to be the

best markers for S status of grains (Figs. 3 and 4).

The influence of S supplementation is well reflected by

the different proportions of gluten protein types shown in

Table 4. Levels S4 and S2 represented proportions

common for sufficiently fertilised wheat cultivars

(Wieser and Seilmeier, 1998; Wieser and Kieffer, 2001).

Gluten proteins belonging to the low-molecular-weight

group (a-, g-gliadins, LMW-GS) were the major

components, and u-gliadins and HMW-GS the minor

components. S deficiency provoked a significant shift of

proportions except that the proportion of a-gliadins

remained almost unchanged (26–29%). Within gliadins,

the u5- and the u1,2-gliadins increased and the g-gliadins

decreased so that the u-gliadins became the major

(29–31%) and the g-gliadins the minor components (10%)

in the case of the S0 level. Within glutenin types the

increase in HMW-GS and the decrease in LMW-GS

approached the proportion (z15%) found for S0 samples.

Table 5 shows the close relationship between the

influence of S deficiency on gluten protein quantities and

the content of the S-containing amino acids Cys and Met.

The quantities of u-gliadins that were essentially free of

Cys and Met greatly increased in a range from 117 to 135%

when S4 was compared with S0. The quantities of HMW-

GS having a relatively low content of Cys plus Met
ein types and N/S ratio and % S of grains

Glutenins (GLU) GLI/GLU HMW/LMW

Total ub HMW LMW

K0.85 C0.81 C0.67 K0.93 C0.86 C0.99

C0.91 K0.66 K0.66 C0.98 K0.93 K0.97



Fig. 4. Correlations between S content of grains and (a) amount of

LMW-GS (rZC0.98), (b) ratio of HMW to LMW-GS (rZK0.97).

Fig. 3. Correlations between N/S ratio of grains and (a) amount of

LMW-GS (rZK0.93), (b) ratio of HMW- to LMW-GS (rZC0.99).

Table 4

Proportions (%) of gluten protein types in wholemeal flours

Flour Gliadins

Total u5 u1,2 a g

B1–S4 66 4 8 28 26

B1–S2 66 5 11 29 21

B1–S1 68 8 18 29 13

B1–S0 70 11 22 27 10

B2–S4 60 4 8 26 22

B2–S2 60 4 10 26 20

B2–S1 63 6 13 28 16

B2–S0 66 9 20 27 10

Table 5

Met and Cys content (mol%) of gluten protein types determined in flour from whea

caused by S deficiency (S4/S0)

Gliadins

u5 u1,2 a

Met 0.0 0.0–0.3 0.4–0.9

Cys 0.0 0.0 1.9–2.2

S4/S0(B1) C117 C135 K18

S4/S0(B2) C124 C123 K2
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(z1.2 mol%) increased by 19% (B1) and 43% (B2),

respectively, whereas a-gliadins (CysCMetz2.7 mol%)

were only weakly affected (K18 and K2%). The quantities

of S-rich g-gliadins (CysCMetz3.9 mol%) and LMW-GS

(CysCMetz3.7 mol%) were reduced in a range from 54 to

66% and from 41 to 50%, respectively. These results

confirm previous quantitative estimations based on electro-

phoretic studies and densitometric scans (Fullington et al.,

1987; Wrigley et al., 1984).

There is strong evidence that the S status of wheat

grain influences the rheological properties of dough (Zhao

et al., 1999a). The strength of doughs from S deficient

wheat increases and extensibility decreases. Previous

studies (Wieser and Kieffer, 2001) demonstrated that the

maximum resistance of dough was strongly dependent on

the quantity of glutenin subunits in flour; additionally it

was influenced by the ratio of GLI/GLU, whereas

extensibility was mostly determined by the ratio of GLI/

GLU. Within glutenin subunits, twice the amount of

LMW-GS was necessary to get the same effect as with

HMW-GS. In the case of S deficiency the increased

quantity of HMW-GS shown in Table 2 would be in

agreement with a stronger and less extensible dough, and

was in contrast to the increased ratio of GLI/GLU and the

lower quantity of LMW-GS. Two explanations can be

proposed: either the effect of HMW-GS is dominant as

suggested, or the concentration of endogenous glutathione,

which is known to weaken dough, is lowered by S

deficiency (Zhao et al., 1999a). This latter possibility,

however, is hypothetical and is yet to be studied.

The results demonstrate that the crude protein content as

well as of the quantities of total gluten proteins were
Glutenins

Total ub HMW LMW

34 1 11 22

34 1 12 21

32 1 12 16

30 2 15 13

40 1 10 29

40 1 11 28

37 1 12 24

34 2 14 18

t cultivar ‘Rektor’ (Wieser et al., 1991) and changes in percent of quantities

Glutenins

g HMW LMW

1.2–1.6 0.1–0.3 1.2–1.6

2.2–2.8 0.6–1.3 1.9–2.6

K66 C19 K50

K54 C43 K41
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scarcely affected by different S fertilisation. Quantities and

proportions of single protein types, however, were strongly

influenced, and the changes were clearly dependent on the

Cys and Met content of each type. S deficiency caused a

drastic increase of S-free u-gliadins and S-poor HMW-GS.

In contrast, the quantities of S-rich g-gliadins and LMW-GS

were significantly decreased. u-Gliadins became major and

g-gliadins minor components, whereas the ratio of HMW-

GS to LMW-GS became well-balanced. Additionally, the

GLI/GLU ratio was distinctly increased.
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