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Review Article

ABSTRACT

Widespread incidences of sulphur (S) deficiency in agricultural crops and soils have been reported
globally. To meet this gap, various new forms of S fertilizers are available in the market, and they
are in the process of testing for their validations in varied type of crop species and soils. A current
global trend of using these advanced S formulations for plant production has emerged to overcome
the challenges of S nutrition in crops. This paper highlights the potential benefits of improved S

*Corresponding author: E-mail: amitavar@bhu.ac.in;



Singh et al.; ARRB, 27(1): 1-14, 2018; Article no.ARRB.39763

fertilizers in agriculture as compared to conventional S fertilizers. However, there is also a need for
increasing awareness among the growers to recognize the importance of S (fourth primary plant
nutrient) and simultaneously exploring the options for elevating the efficiency of S.

Keywords: Sulphur; sulphur deficiency; sulphur nutrition; improved sulphur fertilizers; conventional S

fertilizers.
1. INTRODUCTION

Sulphur (S) balances in agricultural soils have
become a significant concern for the
agriculturists all over the world because they are
mostly negative. Such situation, i.e., declining S
levels in soils have been attributed to strict
environmental rules on industrial S emissions
[1,2], use of high analysis S-free fertilizers and
high yielding varieties, intensive cropping [3,4],
and limited or no use of organic manures [5] and
S-containing pesticides [6,7]. Tripathi [8] claimed
that at least 57 million ha out of 142 million ha
arable land in India is deficient in S. Several
researchers have reported S deficiency in
various states of India, viz., Uttar Pradesh [9],
Uttarakhand [10], Odisha [11], Madhya Pradesh,
Maharashtra, Jharkhand, West Bengal, Andhra
Pradesh, and Karnataka [12]. Similarly, the
deficiency has been observed in many regions of
the world due to continuous depletion of native S

reserves. Thus, the importance of S was
recognized very quickly, and S-containing
fertilizer products were introduced into the

markets.

Sulphur is the fourth primary plant nutrient
required for the normal growth of plants, and it
plays an important role in many plant processes;
which indicate that plant metabolism is
dependent upon S and its deficiency will cause
primary metabolic impairment. Plant S
concentrations are found to be lower than
nitrogen (N) [13], but quite similar to that of
phosphorus (P) [14]. It is essential for the
synthesis of amino acids (cysteine and
methionine) which are the basic structural units
of protein molecules and constituent of several
enzymes, chlorophyll, oils, and vitamins [15]. It
regulates the activity of nitrate reductase in
plants [15], and also helps in microbial fixation of
atmospheric N [16]. The behaviour and reactions
of S in the soil are very similar to those of N
which are mainly dominated by the organic or
microbial fractions of soil [17]. Its deficiency often
becomes a major hindrance for the sustainable
growth and productivity of field crops [18].
Successful crop production of not only of

oilseeds, pulses, vegetables, and forages but
also of many cereals are dependent on S
nutrition.

Generally, the use efficiency of S fertilizers is
very low (8-10%) [19]. Until now traditional S
fertilizers, viz., ammonium sulphate, single super
phosphate (SSP), gypsum, etc. were common in
use, while S fertilizers like elemental S (S°),
bentonite S, micronised S, etc. and their
advanced formulations are becoming popular
nowadays. The inorganic fertilizers containing S
as sulphate (SO4%) and S° fall in the category of
conventional and advanced S fertilizers,
respectively. Elemental S came into the demand
because of high concentrations of S (70-100%),
negligible leaching and run-off losses, continued
residual effects on the S nutrition of the
subsequent crop, and low transport and
application costs (for it is 100% S) [1,20].
Sulphate fertilizers provide S to plants quickly,
but they are susceptible to leaching losses [21].
Plant takes S in SO42' form, so the S° fertilizers
must be converted into that form through the
process of oxidation which is mediated the by S-
oxidizing microbes [22]. A similar process is also
required for bentonite and micronised S fertilizers
for solubilisation of S. These fertilizers have
been termed as slow-release fertilizers, and they
have the advantage of the long-term supply of S
to crops.

This literature review provides insights of the
potentials of improved S fertilizers in the
management of S nutrition in agricultural crops
for enhancing their use efficiencies and
qualitative yields.

2. SULPHUR CHEMISTRY IN SOIL

Sulphur is found as sulphides in rocks (igneous
and metamorphic), but in the soil, it occurs in
combination with organic matter, and it is also
present in industrial wastes, oceans, and as gas
in atmosphere. Hence, it exists in soil in both
inorganic and organic forms. However, the
proportion of inorganic to organic S is dependent
upon soil texture, pH, calcium carbonate, organic



matter, and other soil characteristics [23]. Out of
the several inorganic forms like sulphide (SZ'),
elemental sulphur (S°), sulphate (SO,%), etc.,
plants absorb S0O,* for their growth and
development. Organically bound S is more
common in most agricultural soils than inorganic
S [24]. In Indian soils, about 30% of total S is
found with organic combination in alluvial soils,
whereas it reaches to 70% in the Mollisols of
tarai region [9]. As these organic compounds are
unavailable to plants, they are converted to
inorganic S0 by biochemical or microbiological
mineralization before plant uptake [25]. Highly
weathered soils (Oxisols and Ultisols) are
generally deficient in S [26]. Precipitation of S is
found in the form calcium, magnesium or sodium
sulphate. Accumulation of pyrite (FeS,) is seen
in marshy lands with large amounts of sulphide
metals where the S compounds are oxidised to
SO4* with decrease in pH after drainage of
water. Soil solution SO, is in equilibrium with
the solid phase forms [17], and often adsorbed to
clay minerals and sesquioxides like phosphate,
but the binding strength for SO,” is less strong

[27]. Overall S balance in the soil-plant
system is dependent upon plant uptake,
leaching,  mineralisation/immobilisation, and
volatilisation.

3. THE REQUIREMENT OF SULPHUR
FOR CROP NUTRITION

Sulphur plays an important role in improvement
of yield and quality of crops [28-30]. It is linked
with N metabolism, and its application increases
the uptake of N by plants [31,32]. Besides N, it
also enhances the uptake of other beneficial
nutrients like phosphorus, potassium, and zinc,
and checks the uptake of toxic elements like
sodium and chlorine [14,33]. Plants deficient in S
have less resistance to biotic and abiotic
stresses [34,2]. Moreover, the primary and
secondary metabolism involving amino acids,
carbohydrates, glucosinolates, and biosynthesis
of many other secondary compounds are
moderated in plants during S stress [13,2]. Visual
symptoms of S deficiency include chlorosis on
younger leaves and reduced plant growth
(premature defoliation, thin and woody stem,
reduced leaf size, stunted growth, etc.); and its
toxicity symptoms include chlorosis, interveinal
necrosis, mottling in young leaves, inhibition of
apical growth, bluish green appearance of older
leaves, busy appearance of lateral branches, and
ultimately reduction in growth [35].
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The requirement of S nutrition varies with the
type of crops (Table 1). It is generally in the order
of Cruciferae > Leguminosae > Gramineae [16].
Oilseed crops are known to deplete the S content
of soil as their uptake for production of seed is
very high [36]. Sulphur required to produce one
ton of seed is about 3-4 kg for cereals, 8 kg for
pulses, and 12 kg for oilseeds [37,15]. Walker
and Booth [38] estimated crop removal of S for
oilseed rape is 20-30 kg ha'1, but for cereals, it is
10-15 kg ha”. Plant S concentrations varies
between 0.1 and 0.5% [17]. The content is
generally high during vegetative growth stages
compared to maturity [39]. The N:S ratio is also
an important factor which influence the S
requirement of plants since both N and S are
closely linked in synthesis of protein, addition of
N must be considered in scheduling S fertilization
[40]. Application of 30 and 60 kg S hain spring
oats produced 17.4 and 8.2 kg forage per kg S,
respectively, when applied without N, but yielded
31.7 and 15.7 kg forage per kg S, respectively,
when applied with N [41]. Generally, it is
established that one part of S is required for
every 15 parts of N, and their ratio lies in the
narrow range of 15:1 [42]. However, fertilizer
recommendation also depends on
climatic conditions, locations, soil types, and
cultivars.

The production of oilseed crops and their quality
is significantly influenced by supply of proper S
nutrition [43,33]. Quality attributes of oilseeds like
oil content [44,45], glucosinolate concentrations
[46,47], protein concentrations [48,47], etc. were
found to increase with appropriate S application.
Similarly, the growth and development of many
crop species are affected; and are responsive to
S supply. Sulphur stress diminish the baking or
breadmaking quality of wheat [49,50]. Salvagiotti
et al. [51] observed high nitrogen use efficiency
in wheat as S addition enhanced the N uptake.
Biological N, fixation and consequently higher
dry matter accumulation in legumes is influenced
by S fertilization because of increased nodulation
and better root growth [52]. Tripathi et al. [53]
reported that application of 45 kg S ha™ recorded
the highest grain and straw yield, yield attributing
characters (number of pod, pod length, seed per
pod, and 1000 seed weight) and protein content
of mungbean. Sulphur compounds in onion and
related alliums (garlic, leek, shallot, and chives)
are responsible for the flavor profile or pungency
of these crops [54].
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Table 1. Crop demand for S in different agro-climatic conditions as evidenced from different
field experiments

Sl Crop Sulphur Agro-climatic Soil Reference
No. requirement conditions and
location
A. Cereals
1. Aromatic rice 60 kg ha™ Hot semi-arid (New Sandy clay [55]
_ . Delhl_) . Iogm
2. Rice 40 kg ha Humid subtropical Silty clay [56]
(Patna) loam
3. Wheat 50 kg ha™ Hot semi-arid Saline sodic  [14]
(Sheikhupura, (Clay loam)
Pakistan)
4. Wheat 30 kg ha™ Subhumid Sandy clay [7
subtropical (Udham loam
Singh Nagar)
5. Maize 60 kg ha™ Tropical (Udaipur) Clay loam [57]
6. Maize 60 kg ha™ Tropical wet and dry ~ Sandy loam [58]
(Hyderabad)
7. Sorghum 30 kg ha™ Hot moist semi-arid Alfisols [59]
subregion of Andhra
Pradesh
(Mahabubnagar,
Nalgonda, and
Kurnool)
8. Barley 30 kg ha™ Semi-arid (Jobner) Sandy loam [60]
B. Oilseeds
1. Mustard 40 kg ha” Tropical Sandy loam [45]
(Budaun)
2. Indian mustard 45 kg ha™ Subtropical Clay loam [61]
(Research Farm,
BCKV, Nadia)
3. Indian mustard 40 kg ha™ Humid subtropical Clay loam [62]
(Varanasi)
4. Groundnut 45kg ha” Tropical wet and dry  Sandy clay [63]
; (Seethampeta) loam
5. Sesame 45 kg ha Tropical wet and dry  Sandy clay [64]
: (Karaikal) loam
6. Sesame 45 kg ha Humid subtropical Sandy clay [33]
(Rawalpindi, loam
Pakistan)
7. Sunflower 20 kg ha™ Humid subtropical Sandy clay [65]
(Rawalpindi, loam
Pakistan)
8. Canola 40 kg ha™ Continental Sandy loam [47]
(Nowshera,
Pakistan)
C. Pulses
1. Mungbean 45kg ha” Humid subtropical Sandy clay [53]
(Varanasi) loam
(Inceptisol)
2. Black gram 40 kg ha™ Humid subtropical Sandy loam [66]
(Kumargan;,
Faizabad)
3. Soybean 40 kg ha™ Humid subtropical Sandy loam [67]
(Ambikapur)
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Table 1. Cont.
4. Soybean 20 kg ha™ Tropical wet and dry ~ Vertisol [68]
(Dharwad)
5. Soybean 40 kg ha™ Tropical wet and dry ~ Sandy loam [69]
(Hyderabad)
6. Pigeonpea 20 kg ha™ Subtropical (Nagpur) Dark clay [70]
7. Sunnhemp 40 kg ha™ Subtropical Sandy loam [71]
(Pratapgarh, UP) (Inceptisol)
D. Sugar crops
1. Sugarcane 80 kg ha™ Subtropical Sandy loam [72]
(Shahjahanpur)
2. Sugarcane 60 kg ha™ Humid subtropical Sandy loam [73]
(Lucknow)
E. Tuber crops
1. Potato 40 kg ha™ Subtropical Alluvial [30]
(Etawah)
F. Vegetables
1. Head cabbage 40 kg ha™ Temperate (North- Loamy [74]
East Poland) Sand
2. Onion 40 kg ha™ Temperate (North- Loamy [74]
East Poland) Sand
3. Onion 40 kg ha™ Humid subtropical Acid Alfisol [75]
(Ranchi)
4. Onion 40 kg ha™ Subtropical (Old Silty loam [76]
Brahmaputra Flood
Plain, Mymensingh,
Bangladesh)
5. Garlic 40 kg ha™ Humid subtropical Acid Alfisol [75]
(Ranchi)
4. SULPHUR DEFICIT ACROSS s estimated to be about 1.26 Mt, but its recovery
DIFFERENT REGIONS through fertilizers is only about 0.76 Mt [83].
Analysis of 135,000 soil samples of India 5. NEW SULPHUR FERTILIZERS
revealed that about 42.3% samples are
deficient in available S, and currently, 300 The properties of S° led the manufacturers to

districts are suffering from S deficiency as
compared to 70 (districts estimated in
1991 [77]. Severe condition have been noticed in
the soils of semi-arid tropical regions [78,79] and
eastern Gangetic plains of the country [9,80].
Singh and Kumar [80] reported that pulse-
growing upland red soils are comparatively
higher in S deficiency (92.0%) than alluvial
(48.0%) and black soils (37.0%) soils of eastern
Uttar Pradesh (UP). Recently, Pandey et al. [30]
found about 62% deficiency of S in potato soils of
Etawah district of the state (UP). Widespread
deficiency of S has also been reported in the UK
and other European countries [46,1,81,6]. The
Sulphur Institute (TSI) estimated the world deficit
of S as a plant nutrient to reach 16.74 million
tons (Mt) per year in 2015 as compared to 13.3
Mt per year in 2005 (Table 2). Regional S deficit
is highest in Asia with leading countries like
China and India [82]. Crop removal of S in India

make new S formulations from it, which include
not only fertilizers but also various pesticides.
Bentonite S generally contains 90% S° and 10%
bentonite clay. Micronised S also contains a high
amount of S° (usually > 80%). These S°
fertilizers are granular in nature, and often
consist of prills or pastilles. The bentonite clay is
used as a binder. Besides these degradable solid
products, liquid suspensions (colloidal S) and
anhydrous ammonia S formulations are also
available in the market as S° fertilizers [85]. As
they are insoluble in water, they must be oxidised
by the microorganisms in soil to S0,% form for
plant absorption. The rate of oxidation depends
on certain factors such as aeration, moisture,
temperature, and microbial population known as
the soil environmental factors, and also on the
properties of fertilizer like particle size of S°
[86,1,20], dispersion of the S° particles in soil,
and composition of S°-containing fertilizers [85].
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Table 2. Emergence of global deficit for S as a plant nutrient as estimated by The Sulphur

Institute (TSI)
Sl. Region Sulphur deficit (million tons per year) Reference
No. 2005 2010 2015
1. Asia 5.4 5.8 6.7 [84,82]
2, China 2.0 24 26
3. India 1.5 1.8 21
4. Africa 1.3 1.5 1.6
5. North America 1.3 1.5 1.5
6. Latin America 0.7 0.9 1
7. Western Europe 0.7 0.5 0.8
8. Eastern Europe 0.4 0.5 0.44
Sulphate (SO.2) . Elemental Sulphur (S°) Fertilizers
Fertilizers Uptake Bentonite S
A A
Rapidly available Moisture

(Highly mobile)

Soil Solution (SO) Slowly available over crop season

Sulphate (SO4*) ¢———

v
Prone to leaching Less prone to leaching Swelling of clay

l ! l

Prills fractured to smaller
particles
(Surface area increased)

Oxidation

Particle size of S°
Factors Moisture, air, & temperature

Microbial population
(esp. Thiobacillus)

Fig. 1. Mechanisms involved in release of plant-available S from S° fertilizers as compared to
8042' fertilizers

Reduction in particle size, i.e., finely ground S°
increases the microbial colonisation due to
increase in surface area [17]. Microbial S
oxidizers include autotrophic chemolithotrophs,
obligate chemolithotrophs, and heterotrophs;
bacteria of the genera Thiobacillus,
Thiomicrospira, Thiosphaera, etc.; and fungi of
the genera Alternaria, Penicillium, Aspergillus,
etc. [87]. When the S° fertilizers come in contact
with soil water, the clay (bentonite) swells by
absorbing water, which causes the disintegration

of prills and release of small S° particles [1,4;
Fig. 1]. After their division into fine fragments, the
microbial oxidation starts; the process being
rapid in warm, moist, and well-aerated soils [40].
Janzen and Bettany [88] evaluated the release
pattern of plant-available S from two soluble
sources (thiosulphate and sulphate) and four
elemental S forms (S powder, S-coated urea, S
suspension, and S-impregnated urea) in a
growth chamber by using five successive
harvests of rapeseed. They found thiosulphate to
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Table 3. Effect of improved S fertilizers on yield/yield attributes, S uptake/use efficiency, and quality parameters of different crop species

Sl. Improved Rate of sulphur  Crop Yield/yield Sulphur Oil/protein Experiment Reference
No. sulphur application attributes uptake/use content condition
fertilizer efficiency
1. Micronised S°— 240 mg pot” Spring wheat Average increase in  Significantly - Pot [1]
80% finely (cv. Canon)  grain yield by 36% higher (on
divided S° over control average 164%)
particles (5-8 than control
pum) + 20% inert
agent coating to
aid dispersal
2. Nitrosulf — 0.2% (three Rapeseed 17.6 and 9.2% (two 65.2 and 34.1% 25.9 and 14.2% Field [22]
liquid formulation ~ times spraying) (cv. B-9) years pooled) (two years increase in oil
(33% S and 12% increase in seed pooled) higher  yield, and 29.5
N) yield over 30 and uptake than that and 14.9%
60 kg elemental S of 30 and increase in
ha™', and further 60 kg elemental protein yield
pooled results show  Sha” over 30 and
increase in plant 60 kg elemental
height (19.94%), Sha’,
number of siliqua respectively
plant” (34.75%),
number of seeds
siliqua™ (42.87%),
and thousand seed
weight (18.84%)
over control
3. Gromor 60 kg ha™ Hybrid rice Highest Grain uptake - Field [93]
bentonite (cv. _ significant grain yield ~Was significantly
S pastille Rajyalaxmi) (5.8t ha™) over higher over

gypsum applied @
60 kg ha

control, but not
in the case of
straw uptake
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(MSB) (86%) +
Fe (2%) + Zn
(2%)

transplanting)

Table 3. Cont.

Bentonite S — - Aromatic rice Effective tillers, Grain, straw, Higher crude Field [4]
90% (Pellets) [var. Pusa grains and total uptake protein content

Improved panicle”’, 1000 grain were higher

Basmati (Pusa  weight were than other

1460)] significantly higher sources, but at

than gypsum, SSP,  par with SSP
and elemental S

Granular 200 mg kg™ Canola Highest yield (in Highest uptake - Pot [20]
elemental the second crop) (in
sulphur (ES)- over ES pastilles the second
fortified crop) over ES
ammonium pastilles
phosphate
Bentonite S 30 kg ha™ Indian mustard - Higher uptake - Field [92]

[cv. Binoy (B9)] and better use

efficiency than
SSP

Micronized- 500 kg ha™ Tomato Total fruit yield - - Greenhouse [94]
sulfur with (applied five increased by 27% (360 m?)
bentonite months before over control




be rapidly oxidized, and its rate of S0,? release
could be compared with the sulphate fertilizers
on a short-term basis, but the oxidation of S°
forms showed a different pattern (finely divided S
suspension > coarse S powder > S-impregnated
urea > S-impregnated urea). Among the S°
forms, S-coated urea was concluded not to be a
viable S source as it failed to produce required
amounts of 8042' over the five harvests. Boswell
et al. [89] observed that increasing the proportion
of sodium bentonite (expanding clay) in the prills
from 5-40% increased the availability of S for
uptake by the pasture plants, and at least 10%
content of bentonite was essential to maintain a
satisfactory rate of supply. Elemental S is a good
source to overcome the deficiency of S in soils of
humid tropics and irrigated subtropics as well as
enhance the available status of P in arable soils
[90]. It is also effective in alkaline soils because it
reduces the soil pH, and thereby creates a
suitable condition for the uptake of nutrients
(phosphorus, iron, manganese, zinc, etc.) by the
plants. This is generally noted after biochemical
oxidation of S° to H,SO, [91].

The potentials of improved fertilizers in crops
have been evaluated by several researchers
(Table 3). Riley et al. L1] found micronised S° to
be as effective as SO, fertilizer as both of them
resulted in similar increases in grain yield (on
average 36%) and S uptake (on average 164%)
of wheat over the control. Shivay et al. [4]
evaluated the performance of bentonite S in
Basmati rice and concluded it to be as good as
SSP as a source of S to rice. Higher uptake and
better use efficiency of S by the application of
bentonite S in mustard as compared to SSP is
also reported [92].

6. CONCLUSION

Sulphur is an essential nutrient required for crop
growth and development, but with intensified
agricultural practices and cleaner air programs,
the deficiency of S corresponding to the
ascending demand is increasing at a higher pace
which needs to be fulfilled with the use of S
fertilizers, advanced S formulations like bentonite
S, and liquid S formulations. These new
formulations must be taken into consideration for
sustainable agricultural development and
alongside greater emphasis has to be laid on the
site-specific requirements as well as the demand
of crops to S nutrition. Thus, we can fulfil our
target of crop production and enhance the quality
of food as well.

Singh et al.; ARRB, 27(1): 1-14, 2018; Article no.ARRB.39763

COMPETING INTERESTS

Authors have declared that

interests exist.

no competing

REFERENCES

1. Riley NG, Zhao FJ, McGrath SP.
Availability of different forms of sulphur
fertilisers to wheat and oilseed rape. Plant
and Soil. 2000;222:139-147.

2. Lewandowska M, Sirko A. Recent
advances in understanding plant response
to sulfur-deficiency stress. Acta Biochimica
Polonica. 2008;55(3):457-471.

3. Kanwar JS, Mudahar MS. Fertilizer sulfur

and food production. Springer
Science+Business Media, Dordrecht;
1986.

4. Shivay YS, Prasad R, Pal M. Effect of
levels and sources of sulfur on yield, sulfur
and nitrogen concentration and uptake and
S-use efficiency in Basmati
rice. Communications in Soil Science and
Plant Analysis. 2014;45(18):2468-2479.

5. Raina AK, Tanawade SK. Delineation of
sulphur deficient areas of Maharashtra and
crop responses to sulphur
application. Indian Journal of Fertilisers.
2005;1(7):61-64.

6. McNeill AM, Eriksen J, Bergstrom L, Smith
KA, Marstorp H, Kirchmann H, Nilsson 1.
Nitrogen and sulphur management:
challenges for organic sources in
temperate agricultural systems. Soil Use
and Management. 2005;21:82-93.

7. Singh SP, Singh MP. Effect of sulphur
fertilization on sulphur balance in soil and
productivity of wheat in a wheat-rice
cropping system. Agricultural Research.
2014;3(4):284-292.

8. Tripathi N. Role of FCO in promoting
quality secondary and micronutrients.
Fertiliser News. 2003;48:111-114.

9. Singh SK, Dey P, Singh S, Sharma PK,
Singh YV, Latare AM, Singh CM, Kumar D,
Kumar O, Yadav SN, Verma SS.
Emergence of boron and sulphur
deficiency in soils of Chandauli, Mirzapur,
Sant Ravidas Nagar and Varanasi districts
of eastern Uttar Pradesh. Journal of the
Indian  Society of Soil  Science.
2015;63(2):200-208.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Singh MV. Importance of sulphur in
balanced fertiliser use in India. Fertiliser
News. 2001;46(10):13-35.

Singh MV. Micro and secondary nutrients
and pollutant elements research in India.
AICRP on Micronutrients, 1ISS, Bhopal.
2006; pp 4-98.

Biswas BC, Sarkar MC, Tanwar SPS, Das
S, Kalwe SP. Sulphur deficiency in soils
and crop response to fertiliser sulphur in
India. Fertiliser News. 2004;49(10):13-33.

Saito K. Sulfur assimilatory metabolism.
The long and smelling road. Plant
Physiology. 2004;136:2443-2450.

Ali A, Arshadullah M, Hyder SI, Mahmood
IA. Effect of different levels of sulfur on the
productivity of wheat in a saline sodic soil.
Soil and Environment. 2012;31(1):91-95.

Jamal A, Moon YS, Abdin MZ. Sulphur-a
general overview and interaction with
nitrogen. Australian  Journal of Crop
Science. 2010;4(7):523-529.

Lucheta AR, Lambais MR. Sulfur in
agriculture. Revista Brasileira de Ciéncia
do Solo. 2012;36:1369-1379.

Havlin JL, Beaton JD, Tisdale SL, Nelson
WL. Sulfur, calcium, and Magnesium. In:
Soil Fertility and Fertilizers: An Introduction
to Nutrient Management (Indian edition).
PHI Learning Private Ltd. 2005; pp 219-
243.

Dutta J, Sankhyan NK, Sharma SP,
Sharma GD, Sharma SK. Sulphur fractions
in acid soil continuously fertilized with
chemical fertilizers and amendments under
maize-wheat system. Journal of the Indian
Society of Soil Science. 2013;61(3):195-
201.

Hedge DM, Murthy IYLN. Management of
secondary nutrients. Indian Journal of
Fertilisers. 2005;1:93-100.

Degryse F, Ajiboye B, Baird R, da Silva
RC, MclLaughlin MJ. Oxidation of
elemental sulfur in granular fertilizers
depends on the soil-exposed surface area.
Soil Science Society of America Journal.
2016;80:294-305.

Degryse F, Ajiboye B, Baird R, da Silva
RC, McLaughlin MJ. Availability of fertiliser
sulphate and elemental sulphur to canola
in two consecutive crops. Plant and Soil.
2016;398:313-325.

Bose N, Naik SK, Das DK. Evaluation of
nitrosulf and elemental sulphur on growth

10

Singh et al.; ARRB, 27(1): 1-14, 2018; Article no.ARRB.39763

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

and yield of rapeseed (Brassica campestris
L.) in India. Archives of Agronomy and Soil
Science. 2009;55(1):79-90.

Dhamak AL, Meshram NA, Waikar SL.
Comparative studies on dynamics soil
properties and forms of sulphur in oilseed
growing soils of Ambajogai Tahsil of Beed
district. Journal of Agriculture and
Veterinary Science. 2014;7(12):98-102.

Bohn HL, Barrow NJ, Rajan SSS, Parfitt
RL. Reactions of inorganic sulfur in soils.
In: Tabatabai MA (Ed), Sulfur in
Agriculture, Agronomy Monograph, vol 27.
ASA, CSSA, and ISSSA, Madison, WI.
1986; pp 233-249.

Castellano SD, Dick RP. Cropping and
sulfur fertilization influence on sulfur
transformations in soil. Soil Science
Society of America Journal. 1991;55:114-
121.

Sabir M, Hanafi MM, Hakeem KR. Sulfur
nutrition of oil palm for enhancing oil yield
in tropics. In: Hakeem KR (Ed), Crop
Production and Global Environmental
Issues. Springer International Publishing
Switzerland. 2015; pp 349-368.

Scherer HW. Sulphur in crop production —
invited paper. European Journal of
Agronomy. 2001;14:81-111.

Hawkesford MJ, De Kok LJ. Managing
sulphur metabolism in plants. Plant, Cell
and Environment. 2006;29:382-395.

Singh YV, Singh DK, Sharma PK, Singh
RK, Singh P. Interaction effect of
phosphorus and sulphur on the growth,
yield and mineral composition of
mungbean (Vigna radiata L. Wilzeck).
Journal of the Indian Society of Soil
Science. 2014;62(2):179-183.

Pandey M, Chaturvedi BK, Singh S,
Shukla PK. Status and response of sulphur
in alluvial soils for higher yield of
potato. Journal of the Indian Society of Soil
Science. 2015;63(1):107-111.

Mondal MMA, Badruddin M, Malek MA,
Hossain MB, Puteh AB. Optimization of
sulphur requirement to sesame (Sesamum
indicum L.) genotypes using tracer
techniques. Bangladesh Journal of Botany.
2012;41(1):7-13.

Shilpi S, Nuruzzaman M, Akhter F, Islam
MN, Sutradher GNC. Response of nitrogen
and sulfur on the oil content of sesame and
nutrient status of soil. International Journal



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

of Bio-resource and Stress Management.
2014;5(1):041-046.

Shah MA, Manaf A, Hussain M, Farooq S,
Zafar-ul-Hye M.  Sulphur fertilization
improves the sesame productivity and
economic returns under rainfed conditions.
International Journal of Agriculture and
Biology. 2013;15:1301-1306.

Kruse C, Jost R, Lipschis M, Kopp B,
Hartmann M, Hell R. Sulfur-enhanced
defence: effects of sulfur metabolism,
nitrogen supply, and pathogen lifestyle.
Plant Biology. 2007;9:608-619.

Chandra N, Pandey N. Role of sulfur
nutrition in plant and seed metabolism of
Glycine max L. Journal of Plant Nutrition.
2016;39(8):1103-1111.

Rajput B, Trivedi SK, Gupta N, Tomar AS.
Status of available sulphur and
micronutrients in mustard growing areas of
northern Madhya Pradesh. Journal of the
Indian  Society of Soil  Science.
2015;63(3):358-361.

Tandon HLS. Sulphur Fertilisers for Indian
Agriculture-A guidebook, Second Edition,
Fertilisers Development and Consultation
Organization, New Delhi. 1995; pp 1-23.

Walker KC, Booth EJ. Sulphur research on
oilseed rape in Scotland. Sulphur in
Agriculture. 1992;16:15-19.

Chaudhary RC, Nanda JS, Van Tran D.
Guidelines for identification of field
constraints to rice production. International
Rice Commission, Food & Agriculture
Organization. 2002; pp 40.

Tabatabai MA. Importance of sulphur in
crop production. Biogeochemistry.
1984;1:45-62.

Wang S, Wang Y, Schnug E, Haneklaus S,
Fleckenstein J. Effects of nitrogen and
sulphur fertilization on oats yield, quality
and digestibility and nitrogen and sulphur
metabolism of sheep in the Inner Mongolia
Steppes of China. Nutrient Cycling in
Agroecosystems. 2002;62:195-202.

Abdin MZ, Ahmad A, Khan N, Khan |,
Jamal A, Igbal M. Sulphur interaction with
other nutrients. In: Abrol YP, Ahmad A
(Eds), Sulphur in Plants, Kluwer Academic
Publishers, The Netherlands. 2003;
pp 359-374.

Anjum NA, Gill SS, Umar S, Ahmad |,
Duarte AC, Pereira E. Improving growth
and productivity of oleiferous brassicas

11

Singh et al.; ARRB, 27(1): 1-14, 2018; Article no.ARRB.39763

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

under changing environment: significance
of nitrogen and sulphur nutrition, and
underlying mechanisms. The Scientific
World Journal. 2012. Article ID 657808.

Raja A, Hattab KO, Gurusamy L, Vembu
G, Suganya S. Sulphur application on
growth and yield and quality of sesame
varieties. International Journal of
Agricultural Research. 2007;2(7):599-606.

Katiyar AK, Jat AS, Singh S. Response of
sulphur fertilizers on the yield and oil
content of mustard in sandy loam soils of
Uttar Pradesh. The Journal of Rural and
Agricultural Research. 2014;14(1):52-54.

Zhao FJ, Withers PJA, Evans EJ,
Monaghan J, Salmon SE, Shewry PR,
McGrath SP. Sulphur nutrition: an
important factor for the quality of wheat
and rapeseed. Soil Science and Plant
Nutrition. 1997;43(1):1137-1142.

Jan A, Ahmad G, Arif M, Jan MT, Marwat
KB. Quality parameters of canola as
affected by nitrogen and sulfur fertilization.
Journal of Plant Nutrition. 2010;33(3):381-
390.

Malhi SS, Leach D. Restore canola yield
by correcting sulphur deficiency in the
growing season. In: Proceedings of the
12th Annual Meeting and Conference

“Sustainable Farming in the New
Millennium”. Saskatchewan Soil
conservation Association, Regina, SK,

Canada; 2000.

Haneklaus S, Evans E, Schnug E. Baking
quality and sulphur content of wheat. I.
Influence of grain sulphur and protein
concentrations on loaf volume. Sulphur in
Agriculture. 1992;16:31-34.

Zhao FJ, Hawkesford MJ, McGrath SP.
Sulphur assimilation and effects on yield
and quality of wheat. Journal of Cereal
Science. 1999;30:1-17.

Salvagiotti F, Castellarin JM, Miralles DJ,
Pedrol HM. Sulfur fertilization improves
nitrogen use efficiency in wheat by
increasing nitrogen uptake. Field Crops
Research. 2009;113:170-177.

Scherer HW, Lange A. N, fixation and
growth of legumes as affected by sulphur
fertilization. Biology and Fertility of Soils.
1996;23:449-453.

Tripathi PK, Singh MK, Singh JP, Singh
ON. Effect of rhizobial strains and sulphur
nutrition on mungbean (Vigna radiata (L.)
Wilczek) cultivars under dryland agro-



54.

55.

56.

57.

58.

59.

60.

61.

62.

ecosystem of Indo-Gangetic plain. African

Journal of  Agricultural Research.
2012;7(1):34-42.
Boyhan GE. Sulfur, its role in onion

production and related alliums. In: Jez J
(Ed), Sulfur: A Missing Link between Soils,
Crops, and Nutrition, Agronomy
Monograph, vol 50. ASA, CSSA, and
SSSA, Madison, WI. 2008; pp 183-196.

Oo NML, Shivay YS, Kumar D. Effect of
nitrogen and sulphur fertilization on yield
attributes, productivity and nutrient uptake
of aromatic rice (Oryza sativa). Indian
Journal of Agricultural Sciences.
2007;77(11):64-67.

Singh AK, Manibhushan Meena MK,
Upadhyaya A. Effect of sulphur and zinc
on rice performance and nutrient dynamics
in plants and soil of Indo Gangetic plains.
Journal of Agricultural Science.
2012;4(11):162-170.

Mehta YK, Shaktawat MS, Singhi SM.
Influence of sulphur, phosphorus and
farmyard manure on yield attributes and
yield of maize (Zea mays) in southern
Rajasthan conditions. Indian Journal of
Agronomy. 2005;50(3):203-205.

Thirupathi I, Vidya Sagar GEC, Suneetha
Devi KB, Sharma SHK. Effect of nitrogen
and sulphur levels on growth, yield, quality
and economics of single cross hybrid
maize (Zea mays L.). International Journal
of Science, Environment and Technology.
2016;5(5):2989-2998.

Sahrawat KL, Rego TJ, Wani SP,
Pardhasaradhi G. Sulfur, boron, and zinc
fertilization effects on grain and straw
quality of maize and sorghum grown in
semi-arid tropical region of India. Journal
of Plant Nutrition. 2008;31(9):1578-1584.

Meena BL, Majumdar SP, Meena VK,
Dotaniya ML. Response of compaction
with sulphur fertilization to nutrient content,
uptake and economics of barley on highly
permeable soil. International Journal of
Agriculture  Sciences. 2016;8(34):1719-
1722.

Ray K, Sengupta K, Pal AK, Banerjee H.
Effects of sulphur fertilization on yield, S
uptake and quality of Indian mustard under
varied irrigation regimes. Plant, Soil and
Environment. 2015;61(1):6-10.

Singh AK, Meena RN, Kumar AR, Kumar
S, Meena R, Singh AP. Effect of land
configuration methods and sulphur levels

12

Singh et al.; ARRB, 27(1): 1-14, 2018; Article no.ARRB.39763

63.

64.

65.

66.

67.

68.

69.

70.

71.

on growth, yield and economics of Indian
mustard [Brassica juncea (L.)] under
irrigated condition. Journal of Oilseed
Brassica. 2017;8(2):151-157.

Tejeswara Rao K, Upendra Rao A,
Sekhar D. Effect of sources and levels of
sulphur on groundnut. Journal of Academia
and Industrial Research. 2013;2(5):268-
270.

Raja A, Hattab KO, Gurusamy L, Vembu
G, Suganya S. Sulphur levels on nutrient
uptake and yield of sesame varieties and
nutrient availability. International Journal of
Soil Science. 2007;2(4):278-285.

Hassan FU, Hakim SA, Munaf A, Qadir G,
Ahmad S. Response of sunflower
(Helianthus annuus L.) to sulphur and
seasonal variations. International Journal
of Agriculture and Biology. 2007;9(3):499-
503.

Niraj VPS, Prakash V. Effect of
phosphorus and sulphur on growth, yield
and quality of blackgram (Phaseolus
mungo L.). An Asian Journal of Soil
Science. 2014;9(1):117-120.

Paliwal AK, Vajpai SK, Vajpai K.
Interaction  effect of sulphur and
phosphorus application on yield and major
nutrient composition of soybean (Glycine
max L. Merrill) grown on alfisol. An Asian
Journal of Soil Science. 2009;4(1):113-
117.

Hosmath JA, Babalad HB, Basavaraj GT,
Jahagirdar S, Patil RH, Athoni BK,
Agasimani, SC. Sulphur nutrition in
soybean (Glycine max (L.) Merril) in India.
International Conference on
Biological, Civil and Environmental
Engineering (BCEE-2014), March 17-18,
2014 Dubai (UAE).

Anil D, Sagar GCV, Sreenivas G, Sharma
SHK. Effect of sulphur and nitrogen
application on growth characteristics and
yield of soybean (Glycine max (L.) Merrill).
International Journal of Pure and Applied
Bioscience. 2017;5(4):1548-1554.

Deshbhratar PB, Singh PK, Jambhulkar
AP, Ramteke DS. Effect of sulphur and
phosphorus on yield, quality and nutrient
status of pigeonpea (Cajanus cajan).
Journal of  Environmental  Biology.
2010;31(6):933-937.

Saha S, Saha M, Saha AR, Mitra S, Sarkar
SK, Ghorai AK, Tripathi MK. Interaction
effect of potassium and sulfur fertilization



72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

on productivity and mineral nutrition of
sunnhemp. Journal of Plant Nutrition.
2013;36(8):1191-1200.

Singh A, Srivastava RN, Singh SB. Effect
of sources of sulphur on yield and quality
of sugarcane. Sugar Tech. 2007;9(1):98-
100.

Mishra AK, Shukla SK, Yadav DV, Awasthi
SK. Iron, manganese and sulphur uptake
and nutrients availability in sugarcane
based system in subtropical India. Sugar
Tech. 2014;16(3):300-310.

Skwierawska M, Zawartka L, Zawadzki B.
The effect of different rates and forms of
applied sulphur on nutrient composition of
planted crops. Plant, Sail and
Environment. 2008;54(5):179-189.

Singh S. Effect of sulphur on yields and S
uptake by onion and garlic grown in acid
Alfisol of Ranchi. Agricultural Science and
Digest. 2008;28(3):189-191.

Mishu HM, Ahmed F, Rafii MY, Golam F,
Latif MA. Effect of sulphur on growth, yield
and yield attributes in onion (Allium cepa
L.). Australian Journal of Crop Science.
2013;7(9):1416-1422.

Tandon HLS. Soil sulphur deficiencies:
towards integration of diverse data bases.
Indian Journal of Fertilisers. 2010;6(10):14-
20.

Rego TJ, Sahrawat KL, Wani SP,
Pardhasaradhi G. Widespread deficiencies
of sulfur, boron, and zinc in Indian semi-
arid tropical soils: on-farm crop responses.
Journal of Plant Nutrition. 2007;30(10):
1569-1583.

Sahrawat KL, Wani SP, Pardhasaradhi G,
Murthy KVS. Diagnosis of secondary and
micronutrient  deficiencies and their
management in rainfed agroecosystems:
case study from Indian semi-arid tropics.
Communications in Soil Science and Plant
Analysis. 2010;41(3):346-360.

Singh S. and Kumar P. Soil fertility status
of vegetables growing area of Varanasi
and pulses growing area of
Mirzapur. Journal of the Indian Society of
Soil Science. 2012;60(3):233-236.

Riley NG, Zhao FJ, McGrath SP. Leaching
losses of sulphur from different forms of
sulphur fertilizers: a field lysimeter study.
Soil Use and Management. 2002;18:120-
126.

13

Singh et al.; ARRB, 27(1): 1-14, 2018; Article no.ARRB.39763

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Messick D. Agricultural demand for sulphur
— the challenges, the future; 2014.
Available at:

http://www firt.org/sites/default/files/TF1%2
00utlook%20-
20Agricultural%20Demand%20for%20Sulp
hur%20-%20TSI.pdf

Tiwari KN, Gupta BR. Sulphur for
sustainable high yield agriculture in Uttar
Pradesh. Indian Journal of Fertilisers.
2006;1(11):37-52.

Messick D. The sulphur outlook; 2013.
Available at:

http://www firt.org/sites/default/files/2013%
20FOT%20-%20Sulphur%200utlook.pdf

Germida JJ, Janzen HH. Factors affecting

the oxidation of elemental sulfur in
soils. Fertilizer Research. 1993;35:101-
114.

Friesen DK. Influence of co-granulated

nutrients and granule size on plant
responses to elemental sulfur in compound
fertilizers. Nutrient Cycling in
Agroecosystems. 1996;46:81-90.

Vidyalakshmi R, Paranthaman R,
Bhakyaraj R. Sulphur oxidizing bacteria
and pulse nutrition - a review. World
Journal of  Agricultural Sciences.
2009;5(3):270-278.

Janzen HH, Bettany JR. Release of
available sulfur from fertilizers. Canadian
Journal of Soil Science. 1986;66:91-103.

Boswell CC, Swanney B, Owers WR.
Sulfur/sodium bentonite prills as sulfur
fertilizers. 2. Effect of sulfur-sodium
bentonite ratios on the availability of sulfur
to pasture plants in the field. Fertilizer
Research. 1988;15:33-46.

Jaggi RC, Aulakh MS, Sharma R. Impacts
of elemental S applied under various
temperature and moisture regimes on pH
and available P in acidic, neutral and
alkaline soils. Biology and Fertility of Soils.
2005;41:52-58.

Lopez-Aguirre JG, Farias-Larios J, Molina-
Ochoa J, Aguilar-Espinosa S, Flores-bello
MdR, Gonzalez-Ramirez M. Salt leaching
process in an alkaline soil treated with
elemental sulphur under dry tropic
conditions. World Journal of Agricultural
Sciences. 2007;3(3):356-362.

Rakesh S, Banik GC, Ghosh A, Sarkar D.
Effect of sulphur fertilization on different
forms of sulphur under mustard cultivation



93.

in an acid soil of terai region of West
Bengal. Research on Crops. 2016;17(2):
248-252.

Jena D, Kabi S. Effect of gromor sulphur
bentonite sulphur pastilles on yield and
nutrient uptake by hybrid rice-potato-green
gram cropping system in an Inceptisol.
International Research Journal of
Agricultural Science and Soil Science.
2012;2(5):179-187.

Singh et al.; ARRB, 27(1): 1-14, 2018; Article no.ARRB.39763

94.

Dasgan HY, Cemaloglu N, Akhoundnejad
Y, Dogan GA, Bayram M. Influence of sall

application of micronized-sulfur  with
bentonite on tomato growth under
greenhouse condition. Journal of
Agricultural Science and Technology.

2016;B(6):168-174.

© 2018 Singh et al.; This is an Open Access article distributed under the terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work is properly cited.

Peer-review history:
The peer review history for this paper can be accessed here:
http://www.sciencedomain.org/review-history/24932

14



