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ABSTRACT  

 A study was conducted to determine the effect of elevated 

aqueous SO2 (0, 10, 20, 30, 40, 50, 100 and 250 ppm) on mineral 

element content of pigeonpea (Cajanus cajan (L.) Millsp. cv. PDM1), 

a C3 plant and amaranth (Amaranthus paniculatus L. a local cultivar), a 

C4 plant leaf discs under light and dark conditions. The changes in 

macronutrients including nitrogen, phosphorous, potassium, 

magnesium, calcium, sulphur and sodium and micronutrients such as 

iron, manganese, copper, zinc, boron, molybdenum and cobalt and 

heavy metals, lead and cadmium were analysed using inductively 

coupled plasma-mass spectrometer. The results showed that the 

aqueous SO2 decreased the mineral element content of the leaf discs in 

both the plant species were more in dark than in light conditions. 

However, sulphur content increased more in light than in dark exposed 

leaf discs with increasing concentration and duration of SO2 exposure 

in both the pigeonpea and amaranth.  

Keywords: Amaranthus paniculatus, aqueous SO2, Cajanus cajan, 

light and dark, mineral elements.  

INTRODUCTION 
The increasing number of industries and automobile 

vehicles are continuously adding toxic gases and other substances 

to the environment. Atmospheric pollution caused by toxic 

elements is an emerging problem of concern. Rates of increase of 

air pollutant concentrations in developing countries such as India 

are higher than those in developed countries and hence 

atmospheric pollution is often severe in cities of developing 

countries all over the world (Mage et al., 1996), where it 

contributes both to urban pollution and to regional acid depositions 

(Cofala et al., 2004). In the developing countries, sulphur dioxide 

(SO2) is one of the most prevalent phytotoxic gaseous pollutants 

released due to combustion of fossil fuels (Khan and Khan, 1993a) 

and causes disorders in plants with specific symptoms (Barret and 

Benedict, 1970; Varshney and Garg, 1979; Khan and Khan, 

1993b).  

Sulphur dioxide at low concentration can stimulate 

physiology and growth of plants, especially in plants growing in 

sulphur deficient soil (Darrall, 1989) where the sulphate might be 

metabolized to fulfill the demand for sulphur as a nutrient (De 

Kok,  1990). Increased uptake of SO2 however, can cause toxicity 

and reduce growth and productivity of plants due to accumulation 

of sulphite and sulphate ions in excess (Agarwal and Verma, 1997; 

Rajput and Agrawal, 2004) and affects plant mineral element 

content. Very little is known about the effect of aqueous SO2 on 

plant nutrients among different plants. The purpose of this study 

was to determine the effect of aqueous SO2 in leaf discs under light 

and dark conditions of pigeonpea (Cajanus cajan (L.) Millsp. cv. 

PDM1), an important pulse crop and amaranth (Amaranthus 

paniculatus  (L.), a local cultivar), a popular green leafy vegetable 

consumed all over India.  

 

MATERIALS AND METHODS 

Effect of aqueous SO2 incubation of leaf discs under light and 

dark conditions 

Seeds of pigeonpea (Cajanus cajan (L.) Millsp. cv. 

PDM1), a C3 plant is an important pulse crop of India and 

amaranth (Amaranthus paniculatus L. a local cultivar), a C4 plant 

is popular green leafy vegetable consumed all over India were 

selected for present study. Seeds were washed with distilled water 

and surface sterilized with 0.01 M mercuric chloride and were 

raised in earthen pots filled with soil containing farm yard manure 

and soil in the ratio of 1:3. The plants were watered on alternate 

days. The plants were grown under a natural photoperiod of 

approximately 12 h and average day temperatures of 31 ± 2 oC and 

21 ± 1 oC at night at Andhra university experimental farm. Fully 

expanded third leaves from top of 1-month old pigeonpea and 

amaranth plants grown separately in earthenware pots for this 

purpose were harvested from 20 plants at 8.00 a.m. Discs of        

1.0 cm diameter were cut from the leaves and floated with abaxial 

surface downwards in petri dishes containing 0, 10, 20, 30, 40, 50, 

100 and 250 ppm aqueous SO2. The petri dishes were covered with 

glass lids and sealed with silican grease. Some sets of leaf discs 

were exposed to light of 195 µ mol m-2 s-1 and other sets of leaf 

discs were wrapped in aluminum foil to obtain dark conditions. All 

the leaf discs were exposed to a temperature of 30 ± 2 ºC. The leaf 

discs were allowed to incubate 24 h in light and dark conditions. 

The leaf discs exposed to zero SO2 concentration were termed as 
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controls. The leaf disc samples were collected at 6, 12, 18 and 24 h 

of incubation, washed twice with distilled water to remove traces 

of aqueous SO2 and used for analysis. 

Nitrogen    

Total nitrogen was determined according to the method 

of Markham (1942). 

Sulphur  

The sulphur content of the extract was estimated 

according to the method of Vogel (1961). One gram dried and 

powdered leaf discs of control and treated samples were taken each 

into a 50 ml beaker and 20 ml of concentrated nitric acid was 

added. The beaker was covered with watch glass and heated until 

solid particles have nearly disappeared. To it 10 ml of 72% 

perchloric acid was added and again heated vigorously until a 

clean colourless solution appears. Then the digest was cooled and 

made up to 100 ml. The solution was allowed to stand for 

overnight and it was filtered through a dry filter paper (Toth et  al., 

1948).  

Potassium, calcium, magnesium and sodium 

One gram of dried and powdered material of control and 

treated samples were ashed between 500 to 550 oC in a muffle 

furnace for 3 h. The ash was dissolved in a few ml of 25% HCl and 

then filtered through Whatman No. 44 filter paper and the filtrate 

was made up to 25 ml in a volumetric flask with deionised double 

distilled water. Potassium, calcium, magnesium and sodium in the 

extract were estimated by using corning EEL Model 100 Flame 

photometer and the results were expressed as mg nutrient per gram 

dry weight. 

Phosphorus 

One gram dry powder of the leaf material was fused with 

a few ml of 17.75% magnesium acetate, evaporated and ashed in a 

muffle furnace. The ash was treated with a few ml of 10% nitric 

acid and a few drops of water to convert traces of organic 

phosphorus to inorganic phosphorus. It is dried and kept in the 

muffle furnace again for one hour at 500 oC after cooling the ash 

was dissolved in 25% HCl, filtered and made up to known volume. 

Phosphorus was estimated colorimetrically by the method of Fiske 

and Subba Row (1925) as modified by Bartlet (1957). The 

standard curve was prepared using disodium hydrogen phosphate 

(Na2HPO4).  

Microelement and heavy metal analysis 

One gram of dried and powdered leaf materials was 

ashed between 450-500 oC in muffle furnace for 3 h. The ash was 

dissolved in a few ml of 25% HCl and then filtered through 

Whatman No.44 filter paper and made up to 25 ml in a volumetric 

flask using double distilled water. Iron, boron, copper, zinc, 

manganese, molybdenum, cobalt, lead and cadmium were analysed 

using inductively coupled plasma-mass spectrometer (ICP-MS). 

 

RESULTS AND DISCUSSION 

 

The affect of aqueous SO2 on changes of some macro-

and micronutrients of the leaf discs of pigeonpea and amaranth 

were studied. The macronutrients including nitrogen, phosphorous, 

potassium, magnesium, calcium, sulphur and sodium were 

analysed in the leaf discs incubated in 0, 10, 20, 30, 40, 50, 100 

and 250 ppm SO2 concentrations at 6 and 24 h periods of 

incubation under both light and dark conditions. However, the 

changes in the micronutrients of the leaf discs of pigeonpea and 

amaranth including iron, manganese, copper, zinc, boron, 

molybdenum, cobalt and heavy metals, lead and cadmium were 

studied in relation to aqueous SO2 incubation both under light and 

dark conditions at the end of 24 h period of exposure only. 

The macronutrients, nitrogen, phosphorus, potassium, 

magnesium, calcium and sodium contents of both pigeonpea and 

amaranth showed a reduction in all the aqueous SO2 treatments 

both at 6 and 24 h of incubation period (Figure-1-6). The reduction 

in their levels becomes more conspicuous with increasing SO2 

concentration and duration of incubation. Maximum reduction of 

all the macronutrients studied was observed at 250 ppm SO2 

concentration at the end of the  24 h period. The pigeonpea leaf 

discs exposed to 250 ppm SO2 for 24 h of incubation exhibited 

considerable reduction in macronutrients levels. Light and dark 

exposure conditions have profound effect on their levels. The 

percentage reduction of nitrogen was 34.46 and 44.70, phosphorus: 

54.70 and 59.44, potassium: 78.37 and 79.84, magnesium: 59.73 

and 71.56, calcium: 49.30 and 50.73 and sodium: 65.37 and 

69.74% with respect to light and dark exposures in relation to their 

respective control values at the 24 h period of 250 ppm SO2 

incubation (Figure-1 a,b and Figure-2-6 A,B).  At this stage the 

percentage reduction of different macronutrients in amaranth leaf 

discs in relation to their respective controls were nitrogen: 39.10 

and 51.00, phosphorus: 59.40 and 62.94, potasium: 72.64 and 

77.14, magnesium: 61.60 and 63.04, calcium: 57.90 and 58.50 and 

sodium: 74.52 and 73.48% under light and dark exposures 

respectively (Figure-1 c,d and Figure-2-6 C,D). The different 

nutrients showed more loss in dark than in light in both the plant 

species studied. Further the loss of macronutrients were observed 

more in amaranth than in pigeonpea. 

 

 
Figure:1 - The effect of aqueous SO2 on total nitrogen content 

of the leaf discs of pigeonpea and amaranth (Vertical lines 

represent S.E.), a and b - Pigeonpea; c and d - Amaranth,         

---- under light;  — under dark  
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○- 0 ppm;  □-10 ppm;  ×-20 ppm; ∆-30 ppm; ◊-40 ppm;           

●-50 ppm; ■-100 ppm; ▲-250 ppm 

 
Figure:2 - The effect of aqueous SO2 on phosphorous content 

of the leaf discs of pigeonpea and amaranth (Vertical lines 

represent S.E.), A and B - Pigeonpea; C and D -Amaranth;      

□ - under light; ■ - under dark 

a - 0 ppm;  b -10 ppm;  c - 20 ppm; d - 30 ppm; e - 40 ppm;       

f - 50 ppm; g - 100 ppm; h - 250 ppm 

 
Figure:3 - The effect of aqueous SO2 on potassium content of 

the leaf discs of pigeonpea and amaranth (Vertical lines 

represent S.E.), A and B - Pigeonpea; C and D -Amaranth;                       

□ - under light; ■ - under dark 

a - 0 ppm;  b -10 ppm;  c - 20 ppm; d - 30 ppm; e - 40 ppm;       

f - 50 ppm; g - 100 ppm; h - 250 ppm 

 
Figure:4 - The effect of aqueous SO2 on magnesium content of 

the leaf discs of pigeonpea and amaranth (Vertical lines 

represent S.E.), A and B - Pigeonpea; C and D - Amaranth;     

□ - under light; ■ - under dark 

a - 0 ppm;  b -10 ppm;  c - 20 ppm; d - 30 ppm; e - 40 ppm;       

f - 50 ppm; g - 100 ppm; h - 250 ppm 

 
Figure:5 - The effect of aqueous SO2 on calcium content of the 

leaf discs of pigeonpea and amaranth (Vertical lines represent 

S.E.), A and B - Pigeonpea; C and D - Amaranth;                      

□ - under light; ■ - under dark 
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a - 0 ppm;  b -10 ppm;  c - 20 ppm; d - 30 ppm; e - 40 ppm;       

f - 50 ppm; g - 100 ppm; h - 250 ppm 

 
Figure:6 - The effect of aqueous SO2 on sodium content of the 

leaf discs of pigeonpea and amaranth (Vertical lines represent 

S.E.), A and B - Pigeonpea; C and D - Amaranth;                      

□ - under light; ■ - under dark 

a - 0 ppm;  b -10 ppm;  c - 20 ppm; d - 30 ppm; e - 40 ppm;       

f - 50 ppm; g - 100 ppm; h - 250 ppm 

 

Sulphur dioxide can influence the concentration of 

mineral elements in assimilating organs and may have a marked 

influence on their metabolism. The changes in the macronutrients, 

nitrogen, phosphorus, potassium, magnesium, calcium and sodium 

of pigeonpea and amaranth were shown in the (Figure-1-6). The 

macronutrients declined in both the plant species with increasing 

SO2 concentration and duration of exposure. The difference 

between the control and SO2 treatment becomes more conspicuous 

at 250 ppm concentration in both the plants. Among the 

macronutrients studied potassium content decreased more in both 

pigeonpea and amaranth (Figure-3).  Further the decrease of 

macronutrient content was more in dark exposed leaf discs than in 

light exposed ones. The reduction of nitrogen, phosphorus, 

potassium, magnesium, calcium and sodium in response to SO2 

was observed in Pisum sativum, Glycine max, Pinus sylvestris and 

Vicia faba (Jager and Klein, 1977; Garsed et al., 1981; Norby et 

al., 1985; Kropff et al., 1989). The mobile macronutrients like 

nitrogen, phosphorus and potassium decreased more conspicuously 

with increasing SO2 concentration and this reduction was 

associated with premature leaf senescence (Garsed, 1981). The 

reduction in macronutrients of pigeonpea and amaranth leaf discs 

may be mostly due to leaching since SO2 induces lipid 

peroxidation and loss of membrane permeability (Kropff et al., 

1989).  

Sulphur on the other hand showed an increase with 

increasing SO2 concentration and duration of incubation in the leaf 

discs of both pigeonpea and amaranth. The sulphur accumulation 

in both the plant species was observed more under light 

conditions. Further amaranth leaf discs exhibited more 

accumulation of sulphur than pigeonpea (Figure-7 A,B,C,D). The 

accumulation of sulphur by plants in response to the exposure of 

different SO2 concentrations was reported by several workers 

(Weigl and Ziegler, 1962; Jager et al., 1972; Guderian, 1977; 

Kropff et al., 1989; Qifu and Murray, 1991). The sulphur content 

of pigeonpea and amaranth leaf discs increased with increasing 

SO2 concentration and duration of exposure.  The sulphur content 

increased more in light exposed leaf discs than in dark exposed 

ones (Figure-7 A,C) and the accumulation was more in amaranth 

than in pigeonpea (Figure-7 B,D). The SO2 exposure led to an 

accumulation of sulphur in Pinus sylvestris needles (Garsed et al., 

1981), in the leaves of Vicia faba and potato (Kropff et al., 1989; 

Qifu and Murray, 1991). The sulphur accumulation in the plants 

may be affected by many factors such as translocation, dilution by 

new growth, losses through leaching, gaseous emission and 

exudation by roots. However, the actual mechanism by which 

excess sulphur may affect metabolism of plant leaf has not been 

completely understood (Sprugel et al., 1980; Garsed, 1984). 

 
 

Figure:7 - The effect of aqueous SO2 on sulphur content of the 

leaf discs of pigeonpea and amaranth (Vertical lines represent 

S.E.), A and B - Pigeonpea; C and D -Amaranth;                       

□ - under light; ■ - under dark 

a - 0 ppm;  b -10 ppm;  c - 20 ppm; d - 30 ppm; e - 40 ppm;       

f - 50 ppm; g - 100 ppm; h - 250 ppm 

The micronutrients, iron, manganese, copper, zinc, 

boron, molybdenum, and cobalt in the leaf discs of pigeonpea and 
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amaranth incubated for 24 h both under light and dark conditions 

exhibited a reduction in their contents with increasing aqueous SO2 

concentration in the incubating medium. The percentage reduction 

of different micronutrients at 250 ppm SO2 concentration at the 

end of 24 h period of incubation were as follows. The 

micronutrient contents of iron, manganese, copper, zinc, boron, 

molybdenum and cobalt of pigeonpea leaf discs showed a 

reduction of 19.81, 31.56, 33.34, 57.84, 43.05, 90.00 and 72.65% 

respectively over the controls in light (Figure-8 A,C; 9 A,C,E,G 

and 10 A) and reduction of 36.87, 37.61, 57.02, 65.45, 44.15, 

96.00 and 76.80% respectively over the controls in dark (Figure-8 

B,D; 9 B.D.F.H and 10 B).  The micronutrient contents of iron, 

manganese, copper, zinc, boron, molybdenum and cobalt of 

amaranth leaf discs also showed a reduction of 29.72, 27.51, 37.99, 

39.17, 29.72, 100.00 and 72.64% respectively over the controls in 

light (Figure-8 A,C; 9 A,C,E,G and 10 A) and a reduction of 

47.59, 33.80, 39.11, 43.89, 47.58, 100.00 and 94.43% respectively 

over the controls in dark (Figure-8 B,D, 9 B,D,F,H and 10 B). The 

percentage reduction of different micronutrients were more in dark 

than in light. The heavy metals, lead and cadmium also exhibited a 

trend similar to the micronutrients (Figure-11 A,B,C,D) in both 

pigeonpea and amaranth. 

   

  

 

Figure:8 - The effect of aqueous SO2 on molybdenum and Iron 

contents of the leaf discs of pigeonpea and amaranth (Vertical 

lines represent S.E.), A and B - Molybdenum; C and D - Iron; 

□ - under light; ■ - under dark 

a - 0 ppm;  b -30 ppm;  c - 100 ppm; d - 250 ppm 

The studies on the impact of SO2 on the micronutrients 

composition of plants was very meager and needs thorough 

investigation. The micronutrients such as iron, manganese, copper, 

zinc, boron, molybdenum and cobalt and the heavy metals lead 

and cadmium decreased in both pigeonpea and amaranth leaf discs 

in response to SO2 exposure. The percentage reduction of different 

micronutrients were more conspicuous in 250 ppm SO2 in both the 

plant species. Further, more reduction of micronutrients was 

noticed in dark exposed leaf discs rather than the light exposed 

ones (Figure-8-10). Lower foliar concentrations of iron, 

manganese and boron were observed in soyabean under SO2 

exposure (Norby et al., 1985). Miszalski and Niewiadomska 

(1993) studied the relation of heavy metals with sulphite oxidation 

ability in three lichen species. Iron, manganese and copper ions are 

often involved in the process of sulphite oxidation. Since iron 

reacts with the free radicals and in terms of quantity dominates 

over the other metals and also may play an important role in SO2 

detoxification process in plant species. The Fe-EDTA complex 

catalyse the dismutation of the O2˙ˉ free radicals participating in 

the oxidation reaction of sulphite. The micronutrient analysis of 

pigeonpea and amaranth leaf discs revealed that pigeonpea 

contains more of iron, manganese and copper than amaranth. The 

sulphite oxidation studies of pigeonpea and amaranth also 

indicated that the sulphite oxidation rate was relatively more in 

pigeonpea than in amaranth and therefore probably providing more 

tolerance capacity to pigeonpea under SO2 exposure (Saraswathi 

and Madhava Rao, 1995). 

 

 
 

 

Figure:9 - The effect of aqueous SO2 on copper, zinc, boron 

and manganese contents of pigeonpea and amaranth (Vertical 
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lines represent S.E.), A and B - Copper; C and D - Zinc; E and 

F- Boron; G and H - Manganese  

□ - under light; ■ - under dark; a - 0 ppm;  b - 30 ppm;              

c - 100 ppm; d - 250 ppm 

 

 

 

PIGEONPEA 

 

 
AMARANTH 

 

 

Figure:10 - The effect of aqueous SO2 on cobalt content of the 

leaf discs of pigeonpea and amaranth (Vertical lines represent 

S.E.), □ - under light; ■ - under dark; a - 0 ppm;  b -30 ppm;     

c - 100 ppm; d - 250 ppm 

           

  
 

 

Figure:11 - The effect of aqueous SO2 on lead and cadmium 

contents of the leaf discs of pigeonpea and amaranth  

(Vertical lines represent S.E.), A and B - Lead;                          

C and D - Cadmium 

□ - under light; ■ - under dark; a - 0 ppm;  b - 30 ppm;              

c - 100 ppm; d - 250 ppm 

 

CONCLUSIONS 

 

The mineral elements such as macroelements including 

nitrogen, phosphorus, potassium, magnesium, calcium and sodium 

and microelements, iron, manganese, copper, zinc, boron, 

molybdenum, cobalt and heavy metals, lead and cadmium were all 

decreased in response to SO2 exposure. However sulphur content 

increased with increasing SO2 concentration and duration of 

exposure in both the plants. The sulphur content accumulated more 

in amaranth than in pigeonpea.   
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