
Abstract

Since the early 1980s, sulphur (S) deficiency in agricultural fields has become evident because of rapid decline of atmospheric S deposition and decreased S input through high analytical grade S-free fertilizers. Soil S is one of the main sources for crop S nutrition. The status of S supply to crops is influenced by anthropogenic factors such as S deposition and fertilizer practices. In S deficient areas, S fertilizer application can increase crop yield, improve product quality and decrease the infection rate and infection severity of fungal pathogens. The main objectives of this dissertation were: (i) to investigate the effects of long-term fertilization on S fractions in soils and in soil aggregates; (ii) to evaluate the amount and rate of elemental sulphur (S0) oxidation and the roles of S-oxidising microorganisms in S0 oxidation; and (iii) to assess the inhibitory effect of H2S, dimethyl sulfide (DMS) and S0, on fungal pathogen Rhizoctonia solani(R. solani).

A long-term fertilizer experiment initiated in 1922 on an Eutri Endostagnic Cambisol soil in south-eastern Norway was used to investigate the effects of long-term fertilizer application, both mineral and organic, on S fractions in bulk soils and in soil aggregates (papers I and II). The results showed that microbial biomass S (MBS) accounted for 1.2 % of total S. Farmyard manure application resulted in higher MBS content than NK application. Inorganic S content in soils was not affected by farmyard manure (FYM) application, but NPK application increased inorganic S by 5 times as compared to control. Long-term application of mineral fertilizers and FYM generally increased the total S content in bulk soil and in water stable aggregates and it was caused by the supply of S through mineral fertilizer and FYM over many years. However, application of FYM exhibited a higher total S content than mineral fertilizers. The accumulation of total S through long-term fertilization was mainly in organic S forms, especially ester S and residual S. Residual S is the difference between total S and carbon-bonded S + ester S. Ester S and residual S accounted for 39-52 % and 38-51 % of total S, respectively. Water stable macroaggregates (> 2 mm and 1-2 mm) and microaggregates (< 0.106 mm) showed a significantly higher total S content than other aggregates. Higher amount of ester S were associated with water stable macroaggregates (> 2 mm and 1-2 mm), but those of carbon-bonded S and residual S with microaggregates (< 0.106 mm). The mean C/S and N/S ratios in water stable aggregates varied from 54 to 60 and from 5.6 to 6.0, respectively. Water stable macroaggregates (> 2 mm) showed higher C/S and N/S ratios than microaggregates (< 0.106 mm).

Two incubation experiments were conducted to determine the amount and rate of S0 oxidation and to assess the role of sulphur-oxidising microorganisms on S0 oxidation (papers III and IV). The results showed that 16 % and 22 % of S0 were oxidised after 84 days at 20 ºC and 30 ºC, respectively. The oxidation of S0 in this study showed two stages: a rapid oxidation stage prior to 28 days and a slow oxidation stage between 28 and 84 days. The highest oxidation rate, 12.8 (g S cm-2 d-1, occurred between 0 to 14 days at 30oC, and the corresponding highest value of 10.2 (g S cm-2 d-1 at 20 (C was obtained between 14 to 28 days. After repeated S0 application, SO42--S concentration steadily increased until the sixth S0 application. Thereafter, SO42--S concentration decreased significantly. The fastest S0 oxidation rate was found after the second application of S0. The count of Thiobacillus spp. increased consistently with repeated S0 applications with a maximum population at the seventh application of S0. The population of aerobic heterotrophic sulphur-oxidising bacteria also increased with repeated S0 applications, showing a maximum count at the fourth S0 application and thereafter the count decreased gradually. Highly significant polynomial correlations between SO42--S concentration and Thiobacillus spp. count  (R2=0.85, p< 0.01) and aerobic heterotrophic sulphur-oxidising bacterial count (R2=0.63, p< 0.01) were found in this study. 
A fumigation experiment with H2S or DMS and in situ S0 application in soils were used to investigate their inhibitory effects on the fungal pathogen R. solani in order to evaluate the significance of these metabolites for sulphur-induced resistance (SIR) (paper V). The results showed that H2S fumigation resulted in the reduction of colony growth, which decreased from 29% by the time the fumigation ended to 12% 4 days later. Generally, H2S concentration up to 20 (l l-1 or DMS concentration of 2 (l l-1 had no effect on the dehydrogenase and alkaline phosphatase activity of R. solani. However, S0 applied in soils showed significant inhibitory effects on dehydrogenase and alkaline phosphatase activities. Elemental S decreased dehydrogenase activity by 11 % and alkaline phosphatase activity by up to 40%, 6 days after inoculation with R. solani. 

In conclusion, these investigations revealed that long-term application of mineral fertilizer and FYM affected total S, MBS and organic S fractions in bulk soils and in aggregates.  The results also showed that S0 can be supplied to crop directly as basal dressing fertilizer in tropical and subtropical areas. The dressing time of S0 can be shortened in the field that has the history of S0 application. Both Thiobacillus spp. and aerobic heterotrophic S-oxidising bacteria were responsible for S0 oxidation. Sulphur-induced resistance for the soil-borne R. solani for field crops, was only induced by S0, while such direct effects of H2S and DMS were not evident in this study. 
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