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Chapter 3
Microbial Transformation of Sulphur: 
An Approach to Combat the Sulphur 
Deficiencies in Agricultural Soils

Bholanath Saha, Sushanta Saha, Partha Deb Roy, Dhaneshwar Padhan, 
Sajal Pati, and Gora Chand Hazra

Abstract  Sulphur, an essential component for plant as well as animals, is present 
in soils in both organic and inorganic forms, with organic form particularly sulphate 
esters and carbon-bonded sulphur contributing ~75–90% of the total. The major 
sources of sulphur in soils are sulphur-containing minerals, plant and elemental 
residue and external addition including atmospheric deposition. Sulphur deficiency 
in plants results in poor nitrogen metabolism thus protein biosynthesis, chlorosis, 
low oil percentage and ultimately low yield. The conversion of organic sulphur in 
organic matter to inorganic form and vice versa is dominantly a microbiological 
process. In well-aerated soil, organic sulphur is mineralized to sulphate and taken 
up by plants. Concurrently inorganic sulphur is immobilized to organic form and 
incorporated in microbial tissue. The rate of these processes obviously depends on 
soil reaction, temperature, moisture and addition of crop residue and many other 
factors that ultimately affect the activity of microorganism. Several enzymes in soil, 
viz. arylsulphatase, play a major role in sulphur mineralization process though very 
little information is available till now towards the pathway of decomposition. In 
addition to this process, inorganic sulphur in soil undergoes various oxidation and 
reduction process, modulated by microorganisms. Various reduced inorganic sul-
phur compounds are oxidized by a group of bacteria in suitable condition and utilize 
the energy. The wide range of stable redox states and their interconversion affect 
sulphur cycle, fate of applied fertilizer and ultimately its availability to plants and 
microbes. In this chapter we reviewed the sulphur cycle and its transformation by 
various microbial processes.
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3.1  �Introduction

Besides carbon and nitrogen which are important constituents of plants, microor-
ganisms are also known to influence the availability of sulphur (S) as well as phos-
phorus and certain trace elements in soil for absorption by plants. Sulphur is the 
tenth most abundant and widely distributed element in the nature. Sulphur is an 
essential element for plant as well as animals and found in nature in combined form, 
viz. gypsum (CaSO4.2H2O) and pyrite (FeS2), and in elemental form (S0). The sul-
phur is considered as ‘secondary’ nutrient as only because their requirement by 
plant is quantitatively less as compared to the primary nutrients. In spite of the 
essentiality, very less importance was given to S addition in field in the past mainly 
due to restricted area and crops that response with the fertilizer and contribution 
through major fertilizer or from natural sources (Tandon 2011; Meena et al. 2013a; 
Bahadur et al. 2014; Maurya et al. 2014; Jat et al. 2015; Kumar et al. 2015).

The S is added in soil through fertilizer, pesticides, irrigation water and adsorp-
tion of SO2 gases from atmosphere. An amount of 5–250 kg/ha/year of sulphur is 
added in soil through rainfall depending on industrial activity and burning of fossil 
fuel. Highly weathered soils away from sea and industrial activity are generally 
prone to sulphur deficiency. In earth, the lithosphere is the major sink of sulphur 
(24.3  ×  1018  kg) followed by the hydrosphere (1.3  ×  1018  kg), pedosphere 
(2.7  ×  1014  kg) and atmosphere (4.8  ×  109  kg), respectively (Stevenson 1982). 
Sulphur, with atomic weight 32.064, exists in various oxidation states. This is indi-
cated by the oxidation number in several compounds, viz. sulphides (−2), polysul-
phide (−1), elemental sulphur (0), thiosulphate [(−2) and (+6)], sulphite (+4) and 
sulphate (+6) (Rao 1999).

3.2  �Major Sources of Sulphur in Soil and Its Various Pools

Organic matter is the major source of S in soil in most of the cases. Of the total 
sulphur present in soil, only 10–15% is in inorganic form (sulphate), and ~75–90% 
is in organic form. Thus inorganic component of soil sulphur constitutes only a 
minor portion of the total sulphur content of soils. However, the inorganic sulphur 
released from mineral in the form of sulphate (SO4

2−) due to weathering is con-
sumed by plants and converted to various organic forms (Fig. 3.1). Upon addition to 
soil, the bulk of sulphur in the organic form is metabolized by soil microorganisms 
to make a major part available in an inorganic state (sulphur, sulphates, sulphite, 
thiosulphate, etc.) for plant nutrition and a small amount converted to humus 
(Gharmakher et al. 2012).
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Sulphur is bound in organic state in proteins of vegetable and animal origin and 
in the protoplasm of microorganisms in the form of sulphur-containing amino acids 
(cysteine, cystine, methionine), lipid, proteins, polypeptides, biotin, thiamine, etc. 
These organic sulphur compounds can broadly be divided in two groups, namely, 
ester sulphates, which have C-O-SO3 linkages, and carbon-bonded S, which has 
direct C-S linkages. Other organic forms also exist, but they are of minor impor-
tance. Ester sulphates include compounds such as choline sulphate, phenolic sul-
phates and sulphated polysaccharides. Carbon-bonded S is comprised principally of 
amino acids such as methionine and cysteine and sulpholipids (Tabatabai and 
Bremner 1970). Ester sulphate mineralized faster than C-bonded S and acts as read-
ily available S stores for plant and microbes (Kovar and Grant 2011).

In temperate condition even more than 95% of the total sulphur may present as 
organic form in soil (Stevenson 1982). Inorganic sulphur also present in appreciable 
amount in arid or semiarid region. Minerals that supply sulphur to soil are mainly 
pyrites (FeS2), sphalerite (ZnS), chalcopyrite (CuFeS2), gypsum, epsomite 
(MgSO4,6H2O), etc. Sulphur in soil is found more in fine texture soil as compare to 
coarse texture sandy soil and in subsurface soil as compare to surface due to differ-
ence in distribution of organic carbon. Sulphur released from mineral in the form of 
sulphate (SO4

2−) due to weathering is consumed by plants and converted to various 
organic forms (Fig. 3.1).

3.3  �Functions of Sulphur

Concentration of sulphur in healthy plants ranges from 0.1 to 0.4% on dry weight 
basis. Sulphur has several important functions in plant metabolism such as synthesis 
of glucosides and glucosinolates (in mustard oils) and activation of enzymes and 
sulphydryl (-SH) linkages that are the source of pungency in oils and is also involved 

Fig. 3.1  Contribution of microorganism in S cycle

3  Microbial Transformation of Sulphur: An Approach to Combat the Sulphur…



80

in formation of chlorophyll. Ferredoxin, being a component of Fe-S cluster protein, 
plays an important role in photosynthetic electron transport system. Sulphur is 
required for the synthesis of sulphur-containing amino acids methionine (21%), 
cysteine (26%) and cystine (27%), which are essential components of protein. 
Approximately 90% of plant sulphur is present in these amino acids (Tandon and 
Messick 2002). It is also needed for the synthesis of metabolites such as coenzyme 
A, biotin, thiamin or vitamin B and glutathione. The sulphur requirement of oilseed 
crops was found to be the highest followed by pulses and cereals. Therefore, sulphur 
deficiency results in low photosynthetic activity, growth retardation, yellowing of 
young leaves and ultimately poor yield. Sulphur deficiency also retards nitrogen 
fixation as both are constituent of protein. Thus the desired N:S ratio is necessary 
for optimum N metabolism. The optimum N:S ratio should be maintained for 
obtaining good yield. The desired N:S ratio for legumes has been identified as 
15–16:1 and 11–12:1 for cereals (Pasricha and Sarkar 2002).

Sulphur deficiency is reported from larger areas all over the world soils and in 
many crops too. The reason being the nutrient management strategies mainly 
depended on application of NPK fertilizers, ignoring the replenishment of other 
nutrients through fertilizers or organic sources (Sahrawat et al. 2009). Apart from 
that, progressively higher removal of sulphur owing to high production level led to 
appearance of sulphur deficiency (Tandon 2011). The availability of sulphur for 
plant uptake largely depends on the dynamic sulphur cycle and the rate of conver-
sion of organic sulphur to inorganic sulphate which is plant usable form. Such con-
version in soil is typically termed as mineralization, and it is strictly a microbial 
process. Especially in the rhizosphere zone, microbes play a vital role in converting 
the organic sulphur in to plant available inorganic form. This chapter will consider 
the microbial processes that influence sulphur cycling in the soil and will summa-
rize what is known about the organisms that catalyse these processes.

3.4  �Cycling of Sulphur in Soils

Cycling of sulphur is similar to that of nitrogen. Transformation/cycling of sulphur 
between organic and elemental states and between oxidized and reduced states is 
brought about by various microorganisms, specially bacteria. Thus the conversion 
of organically bound sulphur to the inorganic state by microorganisms is termed as 
mineralization of sulphur. The sulphur/sulphate, thus released, is either absorbed by 
the plants or escapes to the atmosphere in the form of oxides (Ahmad et al. 2016; 
Meena et al. 2016a, b; Parewa et al. 2014; Prakash and Verma 2016; Jaiswal et al. 
2016; Jha and Subramanian 2016; Kumar et al. 2016a, b). In the absence of oxygen, 
certain microorganisms produce hydrogen sulphide from organic sulphur substrates 
especially in waterlogged soils. Chemical and spectroscopic studies have shown 
that in agricultural soils, most of the soil sulphur (~ 95%) is present as sulphate 
esters or as carbon-bonded sulphur (sulphonates or amino acid sulphur), rather than 
inorganic sulphate (Kertesz and Mirleau 2004; Wang et al. 2006).
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Plant sulphur nutrition depends primarily on the uptake of inorganic sulphate. 
However, recent research has demonstrated that the sulphate ester and sulphonate 
pools of soil sulphur are also plant-bioavailable, probably due to interconversion of 
carbon-bonded sulphur and sulphate ester sulphur to inorganic sulphate by soil 
microbes. In addition to this mineralization of bound forms of sulphur, soil microbes 
are also responsible for the rapid immobilization of sulphate, first to sulphate esters 
and subsequently to carbon-bound sulphur. The rate of sulphur cycling depends on 
the microbial community present, and on its metabolic activity, though it is not yet 
known if specific microbial species or genera control this process (Kertesz and 
Mirleau 2004). The genes involved in the mobilization of sulphonate and sulphate 
ester sulphur by one common rhizosphere bacterium, Pseudomonas putida, have also 
been investigated by Kertesz and Mirleau (2004). Mutants of this species that are 
unable to transform sulphate esters show reduced survival in the soil, indicating that 
sulphate esters are important for bacterial S nutrition in this environment. P. putida 
S-313 mutants that cannot metabolize sulphonate-sulphur do not promote the growth 
of tomato plants as the wild-type strain does, suggesting that the ability to mobilize 
bound sulphur for plant nutrition is an important role of this species (Fig. 3.1).

Thus the sulphur pools in soils are dynamic in nature. Inorganic sulphur com-
pounds are immobilized to organic sulphur, different organic forms interconverted, 
and immobilized sulphur is simultaneously mineralized to yield plant available 
inorganic sulphur. Most of the processes are linked to the microbial biomass present 
in the soils. Especially in the rhizosphere, microbes play a vital role in allowing 
plants to access soil organosulphur (Priyadharsini and Muthukumar 2016; Kumar 
et  al. 2017; Meena et  al. 2015a, b, f; Raghavendra et  al. 2016; Zahedi 2016; 
Dominguez-Nunez et al. 2016; Dotaniya et al. 2016).

3.5  �Sulphur Transformations in Soil

The various transformations of sulphur in the biosphere can be summed up as a 
cyclic reaction involving (i) decomposition of organic sulphur compounds into sub-
units which are, in turn, converted into inorganic compounds through a process of 
mineralization; (ii) assimilation of sulphur into the protoplasm of microorganisms, 
a process referred to as immobilization; (iii) oxidation of inorganic sulphur com-
pounds into elemental sulphur; and (iv) reduction of sulphate. Both aerobic and 
anaerobic microorganisms take part in organic S formation, though only 1–3% of 
microbial biomass is composed of S (Strick and Nakas 1984; Chapman 1987). The 
short life cycles of microorganisms, however, result in rapid turnover and S recy-
cling (Smith and Paul 1990). Microbial biomass has been described as the most 
active and readily available form of soil organic S, and much of the mineralized S 
seen in short-term incubation experiments may originate from microbial biomass 
(McLaren et al. 1985; Gharmakher et al. 2012). Various transformations of the sul-
phur in soil result mainly due to microbial activity, although some biogeochemical 
transformations (Lamers et  al. 2012) are also possible (e.g. oxidation of iron 
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sulphide). The major types of transformations involved in the cycling of sulphur 
which are mineralization, immobilization, oxidation and reduction are briefly 
described below.

3.5.1  �Mineralization of Soil Sulphur

Sulphur is taken up by the plant root system largely as the sulphate ion although 
several amino acids may be assimilated without prior degradation. Since agricul-
tural crops and other vegetation require for growth the sulphate found in their root-
ing medium, the mineralization of organic sulphur plays an important part in the 
microbiological reactions required for higher life. The breakdown and/or decompo-
sition of large organic sulphur compounds to smaller units and their conversion into 
inorganic compounds (sulphates) by the microorganisms. The rate of sulphur min-
eralization is about 1.0–10.0 percent/year. A diverse group of organic compounds 
containing sulphur are presented as substrates to the microflora. The elements occur 
in plant, animal and microbial proteins; in the amino acids, cystine and methionine; 
and in the B vitamins, thiamine, biotin and thioctic acid. It is also found in the tis-
sues and excretory products of animals as free sulphate, as taurine and, to some 
extent, as thiosulphate and thiocyanate (Rajvaidya and Markandey 2006).

Upon the addition of plant or animal remains to soil, the sulphur contained 
therein is mineralized due to microbial activities in soils. A portion of the inorganic 
products so released is utilized by the microflora for cell synthesis, and the remain-
der is escaped into the environment. Aerobically, the terminal, inorganic product is 
sulphate, while in the absence of atmospheric O2, particularly during the putrefac-
tion of proteinaceous matter, H2S and the odoriferous mercaptans are accumulated 
in soils. Many soil bacteria have the ability to form H2S from partially degraded 
proteins, and as such it is likely that sulphides are among the major inorganic sub-
stances released during the decomposition of proteinaceous substrates (Jez 2008).

The sulphur in cystine and cysteine is recovered quantitatively as sulphate when 
either of these amino acids is applied to well-aerated soils. The conversion is rapid 
because many microorganisms attack the two compounds. The decomposition may 
proceed by any one of several known mechanisms. In soil, cystine can be formed by 
a chemical oxidation of added cysteine. The sulphur of the molecule in turn is oxi-
dized to sulphate (Solomon et al. 2010) with cystine disulphoxide and possibly cys-
teine sulphinic acid as intermediates, a reaction sequence not involving H2S (Rawat 
et al. 2016; Yasin et al. 2016; Meena et al. 2015e, 2016c; Saha et al. 2016a; Yadav 
and Sidhu 2016; Meena et al. 2016d; Teotia et al. 2016; Bahadur et al. 2016b; Das 
and Pradhan 2016).

Alternatively, fungi such as Microsporum gypseum convert cysteine sulphur to 
sulphate by a mechanism possibly involving the consecutive formation of cystine, 
sulphenic and sulphinic acids, sulphite and sulphate (Stahl et al. 1949). In the pro-
cess of ammonification of organic nitrogen, the extent of mineral sulphur formation 

B. Saha et al.



83

is influenced by the sulphur content and the C:S ratio of the decomposing substrate. 
Sulphate accumulates only when the sulphur level in the organic matter exceeds the 
microbial needs. Thus, it is likely that the percentage of sulphur mineralized 
per annum is similar to the figure for nitrogen mineralization, i.e. 1–3% of the total 
supply in soils of the humid-temperate zone. It is also likely that environmental fac-
tors that govern microbial growth in general would affect the rate of sulphur miner-
alization in soils.

3.5.2  �Immobilization of Sulphur

Immobilization of sulphur represents the microbial conversion of inorganic sulphur 
compounds to organic sulphur compounds. The major sulphur-containing com-
pounds are sulphate, hyposulfite, sulphoxylate, thiosulphate, persulphate, sulphide, 
elemental sulphur, sulphite, tetrathionate and thiocyanate among the inorganic sub-
stances and cysteine, cystine, methionine, taurine and undecomposed proteins of the 
organic group. Sulphate immobilization is a reductive process and is performed by 
both aerobic and anaerobic chemotrophs and phototrophs. However, certain anaero-
bic microbes (e.g. the phototrophic green S bacteria) are only capable of sulphide 
immobilization for their needs which requires less energy than sulphate assimilation 
(Bauld 1986).

The C:S ratio of microbial tissue is in the range 57–85 in bacteria and 180–230 
for fungus. The sulphur content of most microorganisms lies between 0.1 and 1.0% 
of the dry weight, and the most conspicuous cellular constituents containing the 
element are the amino acids, cystine and methionine. Immobilized sulphur is assim-
ilated into organic matter generally by covalent bonding (Strickland et al. 1987). 
Sulphate added to soil can be adsorbed quickly or transformed to low molecular 
weight organic S compounds (Jez 2008), especially ester sulphates as fulvic acids 
(Saggar et  al. 1981), which later can be polymerized to larger insoluble organic 
compounds (Strickland et al. 1986). Sulphur, immobilized by microbes, can be esti-
mated by measuring inorganic sulphate released in chloroform fumigation tech-
nique. Though less quantity of sulphur is actually sequestered in microbial biomass, 
the fraction is extremely labile (Balota et al. 2003) and an important indicator of 
plant availability.

The addition of starch to a sulphur-poor soil depresses crop yields, but the reduc-
tion in yield is prevented if sulphates are applied. The detrimental effect is probably 
a result of microbial utilization of the available sulphur during the decomposition of 
the starch, leading to an immobilization of the nutrient. The critical C:S ratio in 
carbonaceous materials above which immobilization is dominant to mineralization 
is reported to be approximately 50:1. Critical C:S ratio of the substrate, diversity 
within microbes present in soil and environmental factors, viz. temperature, mois-
ture, organic matter, atmospheric deposition inputs and other factors, influence 
immobilization rates.
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3.5.3  �Oxidation of Inorganic Sulphur

Oxidation of elemental sulphur and inorganic sulphur compounds (such as H2S, 
sulphite and thiosulphate) to sulphate (SO4) is brought about by chemoautotrophic 
and photosynthetic bacteria. When plant and animal proteins are degraded, the sul-
phur is released from the amino acids and accumulates in the soil which is then 
oxidized to sulphates in the presence of oxygen and under anaerobic condition 
(waterlogged soils); organic sulphur is decomposed to produce hydrogen sulphide 
(H2S). H2S can also accumulate during the reduction of sulphates under anaerobic 
conditions which is further oxidized to sulphates if aerobic conditions prevail in 
soils (Behera et al. 2014).

	(a)	

	
2 3 2 2 22 2 2 4 4S O H O H SO H SO Aerobic

Ionization

+ + ® ® + ( )+

	

	(b)	

	
CO H S CH O H O S

Light

2 2 2 22 2+ ® ( ) + +
	

Or

	
H S CO H O H SO CH O Anaerobic

Light

2 2 2 2 4 22 2+ + + ® + ( )( ) 	

3.5.3.1  �Bacteria of Genus Thiobacillus

The members of genus Thiobacillus (obligate chemolithotrophic, non-
photosynthetic), e.g. T. ferrooxidans and T. thiooxidans, are the main organisms 
involved in the oxidation of elemental sulphur to sulphates. These are aerobic, non-
filamentous, chemosynthetic autotrophs.

3.5.3.2  �Green and Purple Sulphur Bacteria

Green and purple bacteria (photolithotrophs) of genera Chlorobium, Chromatium 
and Rhodopseudomonas are also reported to oxidize sulphur in aquatic environment 
(Madigan and Martinko 2006). They are classified within the families Thiorhodaceae 
and Chlorobacteriaceae. The green and purple bacteria, developed anaerobically, 
meet their energy requirements from light, with carbon dioxide as their only source 
of carbon, and oxidizing reduced sulphur materials. They are most commonly found 
in the bottom of water body containing sulphur material.
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3.5.3.3  �Colourless Filamentous Sulphur Bacteria

These bacteria of species Thiothrix, Beggiatoa, Thiospirillopsis and Thioploca are 
found in sulphide-containing waters and oxidize sulphide to sulphate with accumu-
lation of elemental sulphur in cells (Starkey 1950). Besides, heterotrophic bacteria 
(Bacillus, Pseudomonas and Arthrobacter) and fungi (Aspergillus, Penicillium) and 
some actinomycetes are also reported to oxidize sulphur compounds.

Sulphuric acid produced during oxidation of sulphur and H2S is of great signifi-
cance in reducing the pH of alkaline soils and in controlling potato scab and rot 
diseases caused by Streptomyces bacteria. The formation of sulphate/sulphuric acid 
is beneficial in agriculture in different ways: (i) as it is the anion of strong mineral 
acid (H2SO4), it can render alkali soils fit for cultivation by correcting soil pH and 
(ii) solubilize inorganic salts containing plant nutrients and thereby increase the 
level of soluble phosphate, potassium, calcium, magnesium, etc. for plant nutrition 
(Chien et al. 2011; Karimizarchi et al. 2014).

3.5.4  �Reduction of Sulphate

Sulphate in soil is taken up by plants and microorganisms and assimilated into pro-
teins. This is known as ‘assimilatory sulphate reduction’. Sulphate can also be 
reduced to hydrogen sulphide (H2S) by sulphate-reducing bacteria (e.g. Desulfovibrio 
and Desulfotomaculum) and may render the availability of sulphur for plant nutri-
tion. Such conversion of sulphate to H2S is termed as ‘dissimilatory sulphate reduc-
tion’ which is not at all desirable from soil fertility and agricultural productivity 
view point. The favourable environment for dissimilatory sulphate reduction is 
alkaline and anaerobic condition of soil.

For example, calcium sulphate is attacked under anaerobic condition by the 
members of the genus Desulfovibrio and Desulfotomaculum to release H2S.

	
CaSO H Ca OH H S H O4 2 2 2 24+ ® ( ) + +

	

Hydrogen sulphide produced by the reduction of sulphate and decomposition of 
sulphur-containing amino acids is further oxidized by some species of green and 
purple phototrophic bacteria (e.g. Chlorobium, Chromatium) to release elemental 
sulphur.

	
CO H H S CH O H O S

Light

2 2 2 2 22 2+ + ® ( ) + +
	

The predominant sulphate-reducing bacterial genera in soil are Desulfovibrio, 
Desulfotomaculum and Desulfomonas (all obligate anaerobes) although 
Desulfovibrio desulfuricans are most ubiquitous in soils. It is a non-spore forming, 
obligate anaerobe that reduces sulphates at rapid rate in waterlogged/flooded soils, 
while species of Desulfotomaculum are spore-forming, thermophilic, obligate 
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anaerobes that reduce sulphates in dry land soils. All these sulphate-reducing bacte-
ria excrete an enzyme called ‘desulphurases’ or ‘bisulphate reductase’ which is 
responsible for reduction of sulphur. The rate of sulphate reduction in nature is 
accentuated with increasing water levels (flooding), organic matter content and 
increased temperature.

3.6  �Enzyme Reactions in Soil Involving Sulphur Compounds

A. Sulphatases
Since much of the soil organic sulphur is present as sulphate esters, aryl and alkyl-
sulphatase enzymes are thought to play a key role in sulphur mineralization. The 
overall reaction can be written as

	 R OSO H O R OH H SO- + ® - + +- + -
3 2 4

2

	

Sulphatases are classified according to the nature of substrate over which it works 
and mainly categorized into arylsulphatases, alkylsulphatases, glucosulphatases, 
mycosulphatases (Roy and Trudinger 1970), etc. Arylsulphatases or phenol sulpha-
tases are most widely distributed (Wyszkowska et al. 2016) among other sulphatase 
enzymes and found in soils of cultivable land, forest, sediment, marshes, etc. 
(Fitzgerald 1978). The major sources of this enzyme in soils are bacteria and fungi. 
Arylsulphatases, first reported by Tabatabai and Bremner (1970), are assayed in soil 
by measuring the amount of p-nitrophenol released from p-nitrophenyl sulphate 
added to soil and incubating for 1–2 h.

Cysteine and methionine, the two major sulphur amino acids, also undergo 
enzyme-catalysed transformations in soil. First, however, oxidation of cysteine to 
cystine (the disulphide form of the amino acid) rapidly occurs in soil as this reaction 
can be catalysed by trace amounts of a number of metal ions. An enzyme called cys-
tathionine lyase acts upon cystine to form a disulphide called thiocysteine. Thiocysteine 
can then react with a free sulfhydryl group to form hydrogen sulphide (H2S).
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Inspection of the chemical structures of cysteine and thiocysteine illustrates how 
the hydrogen sulphide may be formed during the sequence of reactions as follows:

	

HSSCH CH NH COOH
thiocysteine

HSCH CH NH COOH
cysteine

2 2 2 2( ) ( )
( ) ( )

+ ®® +
( ) ( )

( )( )H S
hydrogen sulphfide

SCH CH NH COOH

cystine
2 2 2 2

	

In environments that are neither highly aerobic nor anaerobic, both cysteine and 
cystine (which contains a free sulphydryl) may be present. Field experiments have 
shown that losses of hydrogen sulphide are more likely to occur during the initial 
period waterlogging than after a more strongly anaerobic condition has developed.

The activity of arylsulphatase varies according to soil type, soil depth, organic 
matter content, season and climate. Maximum activity of this enzyme is observed in 
surface soils with optimum pH 5.5–6.2 (Tabatabai and Bremner 1970). Factors 
affecting microbial biomass are also known to influence the activity of the enzyme. 
Arylsulphatase activity in soil is significantly correlated with clay content, moisture 
percentage, organic carbon, nitrogen content, etc. The different types of vegetation 
and their rhizospheric effect have also significant influence on arylsulphatase activ-
ity in soils. Repeated application of S0 fertilizer in soil declines the enzyme activity 
due to decline in microbial population and inhibitory effect of large quantities of 
SO4

2− in this fertilized soil (Gupta et al. 1988). The enzyme activity is measured by 
pretreating the soils with toluene followed by incubation with buffered S2O3

2− and 
CN− solution, and the SCN− thus produced is measured calorimetrically (Saha et al. 
2016b; Verma et al. 2014; Verma et al. 2015b; Meena et al. 2013c, 2014a, 2016e; 
Singh et al. 2015; Bahadur et al. 2016a; Masood and Bano 2016).

B. Rhodanese
One other enzyme involved in the sulphur cycle has been detected and characterized 
in soil. This enzyme is called rhodanese (thiosulphate cyanide sulfotransferase) and 
belongs to the transferase class of enzymes. It catalyses the formation of thiocya-
nate from thiosulphate and cyanide according to the following reaction.

	 S O CN SCN SO2 3
2

3
2- - - -+ ® + 	

The enzyme is found in animal, plant tissue, bacteria and soils. Rhodanese activity 
is found in a large number and variety of soils. Both thiosulphate and tetrathionate 
are formed as intermediates during the oxidation of elemental sulphur to sulphate, 
and the rhodanese-catalysed reaction may be involved in the further metabolism of 
these compounds in soil.
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3.7  �Groups of Microorganisms Involved in Sulphur 
Transformation

Efficient microbes play important roles in releasing S from elemental S and sul-
phide minerals in the earth surface to soil. Only from sulphate minerals, S becomes 
readily available in soil and to plants, since plants take up sulphur only as SO4

= form 
preferentially. Bacteria, archaea as well as fungi are involved in the oxidation of 
sulphur; however, the major role is played by the bacteria, Thiobacillus sp. Among 
the archaea, aerobic oxidation of sulphur is restricted to the members of the 
Sulfolobales only (Setter et al. 1990). Fungi like Alternaria tenuis, Aureobasidium 
pullulans and Epicoccum nigrum and a range of Penicillium sp., Scolecobasidium 
constrictum, Myrothesium circutum and Aspergillus sp. are reported to be involved 
in the oxidation of elemental S and thiosulphate (Wainwright 1978; Shinde et al. 
1996). Bacteria involved in the oxidation of sulphur can be broadly classified into 
three groups as chemolithoautotrophs, chemolithoheterotrophs and chemolithome-
sotrophs (Aragono 1991; Vidyalakshmi et al. 2009).

3.7.1  �Chemolithoautotrophs

These bacteria obtain energy from oxidation of sulphur and carbon from carbon 
dioxide for their growth and development. The examples are Thiobacillus thiopa-
rus, T. neapolitanus, T. denitrificans, T. thiooxidans, T. ferrooxidans, T. halophilus 
and some species of Thiomicrospira.

3.7.2  �Chemolithoheterotrophs

These bacteria obtain energy from oxidation of sulphur and carbon from organic mol-
ecules for their growth and development. The examples are Thiobacillus novellus,  
T. acidophilus, T. aquaesulis, Paracoccus denitrificans, P. versutus, Xanthobacter 
tagetidis, Thiosphaera pantotroph and Thiomicrospira thasirae (Prasad and Shivay 
2016).

3.7.3  �Chemolithomesotrophs

These bacteria obtain energy from oxidation of sulphur and carbon from inorganic as 
well as organic molecules for their growth and development. The examples include 
Thiobacillus denitrificans and T. ferrooxidans. There are a number of enzymes 
involved in sulphur oxidation. These include thiosulphate dehydrogenase, tetrathion-
ate hydrolase, trithionate hydrolase and sulphur oxygenase (Friedrich et  al. 2001; 
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Keppler et al. 2000). On the contrary, sulphates are reduced to H2S by S-reducing 
organisms under anaerobic conditions such as those obtained in lowland rice paddies. 
H2S is responsible for the bad odour from paddy fields. Sulphate-reducing bacteria 
reduce sulphate to obtain energy. Sixty genera containing 220 species of sulphate-
reducing bacteria are known (Barton and Fauque 2009). The largest group (about 23 
genera) includes Desulfobacterales, Desulfovibrionales and Syntrophobacterales 
(Muzer and Stams 2008). The second largest group includes genera Desulfotomaculum, 
Desulfosporomusa and Desulfosporosinus (Prasad and Shivay 2016).

Bacteria capable of oxidizing organic sulphur compounds could be either aero-
bic or anaerobic. Their morphology varies from nonfilamentous (Thiobacillus) to 
filamentous forms (Beggiatoa, Thiothrix and Thioploca). Several fungi and actino-
mycetes have also been reported to be sulphur oxidizers (Aspergillus, Penicillium, 
Microsporum). Among these microorganisms, Thiobacillus deserves special men-
tion as it produces sulphuric acid when elemental sulphur is added to soil with the 
result that the pH of soil may fall as low as 2.0 after prolonged incubation with the 
bacterium. The possible role of Thiobacillus in controlling plant diseases in sulphur-
amended soils has been demonstrated with regard to potato scab caused by 
Streptomyces scabies and the rot of sweet potatoes caused by S. ipomoea. Under 
acidic soil conditions (below pH 5.0), inoculation of soil with Thiobacillus after 
addition of sulphur effectively minimizes losses of sulphur in soils. The application 
of sulphur coupled with Thiobacillus inoculation has also the potentiality of render-
ing alkali soils fit for cultivation of crops. The formation of H2SO4 in soil following 
additions of elemental sulphur augments nutrient mobilization by increasing the 
level of soluble phosphate, potassium, calcium, manganese, aluminium and magne-
sium (Chien et al. 2011; Karimizarchi et al. 2014). In fact, manganese deficiency in 
soils can be corrected by sulphur applications.

Sulphate-reducing bacteria, i.e. those bacteria which reduce inorganic sulphate 
into hydrogen sulphide, may diminish the availability of sulphur for plant nutrition 
and thus influence agricultural production. Desulfovibrio desulfuricans is a species 
belonging to this class of bacteria which is an obligate anaerobe capable of produc-
ing hydrogen sulphide at a rapid rate. Other species of Desulfovibrio are also active 
in inorganic sulphate reduction, but the exact pathway is not yet clearly understood.

3.8  �Role of Mycorrhizal Association in Plant Sulphur Supply

Several fungi in soil are capable of mineralizing S from sulphate esters (Klose et al. 
1999). In contrast, an exclusively bacterial multicomponent monooxygenase 
enzyme complex is necessary to mobilize sulfonates, the dominant organo-S source 
in soil (Vermeij et al. 1999; Kertesz and Mirleau 2004). In fact, soil S cycling may 
involve complex interactions between several free-living and symbiotic root-
associated microbial populations. Arbuscular mycorrhizal (AM) fungi form sym-
biosis with 80% of land plant species which depend upon them for growth (Wang 
and Qiu 2006). AM fungal symbiosis is characterized by fungal penetration of root 
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cortical cells forming microscopic branched structures called arbuscules that 
increase efficiency of plant-fungus metabolite exchange. Extraradicular AM hyphae 
provide surfaces for functional bacterial populations to colonize. A number of stud-
ies have reported interactions between AM fungi and phosphorus (P) and nitrogen 
(N) mobilizing bacteria (Hodge and Storer 2015). Like S, both N and P exist pre-
dominantly inaccessible to plants which rely on interactions with mycorrhizal fungi 
and associated microbes to facilitate their mobilization (Richardson et  al. 2009). 
The rhizosphere is regarded as a hot spot for microbial activity, and recent studies 
indicate that this is also the case for the mycorrhizosphere where bacteria may 
attach to the fungal hyphae capable of mobilizing organo-S (Sharma et al. 2016; 
Verma et al. 2015a; Meena et al. 2013b, 2015c; Shrivastava et al. 2016; Velazquez 
et al. 2016). While current evidence is not showing sulphatase and sulphonate activ-
ity in arbuscular mycorrhiza, their effect on the expression of plant host sulphate 
transporters is documented (Gahan and Schmalenberger 2014).

3.9  �Sulphur Management for Sustainable Crop Production

Sulphur has become more important as a limiting nutrient in crop production in 
recent years for several reasons. These include higher crop yields that require more 
S, less S impurities in modern fertilizers, less use of S-containing pesticides, reduced 
industrial S emissions to the atmosphere and a greater awareness of S needs. The 
crop’s need for S is closely associated with N. The relationship between S and N is 
not surprising since both are components of protein and are involved in chlorophyll 
formation. They are also linked by the role of S in the conversion of nitrate to amino 
acids. Crops having high N need will usually also have high S needs. The majority 
of S in most soils is contained in organic matter. Organic S must be mineralized to 
the inorganic sulphate anion before it can be taken up by crops. Organic matter 
decomposition and the resulting S release are affected by temperature and moisture, 
and generally conditions that favour crop growth also favour mineralization and 
release of S, although this may be less likely with cool season crops. Sulphate, like 
most anions, is somewhat mobile in soils and therefore subject to leaching. Soil 
conditions where S is most likely to be deficient are low organic matter levels, 
coarse (sandy) texture with good drainage and high rainfall conditions. But, these 
are generalizations and S can be deficient under other conditions as well. Several 
factors should be taken into account when making S fertilization decisions. Among 
these are crop and yield goal, soil and plant analysis, organic matter content, soil 
texture and contribution from other sources such as irrigation water and manure. 
High-yielding forage crops such as alfalfa and hybrid Bermuda grass remove more 
S than most grain crops and tend to be relatively responsive. Soil test S is usually a 
measure of sulphate-S, and as with nitrate-N samples should be taken deeper than 
normal (0–2 ft) because of sulphate mobility in the soil. Soils containing less than 
2% organic matter are most commonly S deficient; however, deficiencies do occur 
in soils with higher organic matter.
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Coarse-textured soils are more apt to need S, but finer-textured soils can also be 
deficient. Sulphur content of irrigation water should be determined since in some 
cases it can deliver significant amounts of S. There are several S fertilizer sources 
available. Most soluble S fertilizer contains sulphate, but others such as bisulphites, 
thiosulphates and polysulphides are also available. The most common insoluble S 
fertilizer is elemental S, which must be oxidized to sulphate before plants can use it. 
This is a biological process and is affected by temperature, moisture, aeration and 
particle size. This process also produces acidity, and elemental S can be used in 
some instances specifically to acidify soils. Sulphur is an important component of 
complete and balanced crop nutrition and has justifiably gained more attention in 
recent years (Sindhu et al. 2016; Meena et al. 2014b, 2015d; Singh et al. 2016). 
Several factors should be considered to make the best decision regarding S need and 
fertilization.

3.10  �Concluding Remark and Future Prospective

Wide application of sulphur-free fertilizer costs spreading of sulphur deficiency in 
agriculture soils of humid and semi-humid region, and it has become a deterrent 
towards achieving optimum production. Plants can able to synthesize sulphur-
containing amino acids only in the presence of sufficient amount sulphur in avail-
able form in soil. It has been elucidated that there is an active interconversion of 
organic and inorganic sulphur forms in the soil, controlled largely by the group of 
microorganism, and this cycle determines the sulphur nutrition of plants and others. 
The future study should look upon composition of soil microbial communities 
responsible for sulphur transformation, detection of changes in their activity in dif-
ferent microclimate and the detail pathway of the same.
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