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ABSTRACT 
 

The aim of this work was to determine the influence of sulfur (S) deficiency on biomass allocation, 
mineral composition of vegetative plant organs and fruit quality of tomato plant grown in nutrient solution with 
two levels of sulfur, optimal supply or S deprivation one month after sowing. S deprivation was associated with 
reduction of total plant biomass, biomass allocation to leaves and fruit yield. In fruits of S-deprived plants, N 
and S concentration decreased, whereas concentrations of potassium and magnesium increased. Micronutrient 
concentrations in fruits little affected by S deprivation with the exception of decrease of Fe concentrations. In 
the fruits, S-deficiency reduced pH, 0brix values and soluble sugar concentrations. The radical scavenging 
activity (RSA %) was enhanced. This was due to increased concentrations of hydrophilic antioxidants, as the 
concentration of phenols increased, whereas the concentrations of the lipophilic antioxidants carotenoids were 
drastically reduced in S deprived plants. 
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Introduction 
 

Sulfur (S) has a significant role in agricultural and horticultural plant production. It has a variety of vital 
functions within the plant's biochemistry. Sulfur is constituent of the amino acids cysteine and methionine and 
hence of proteins. Both of these amino acids are precursors of other sulfur-containing compounds such as 
coenzymes and secondary plant products Marschner, (1995). Reduction of SO4

2- takes place in plastids where it 
is assimilated in cysteine. Cysteine can be directly incorporated into proteins or, converted to methionine. 
Cysteine contains SH (thiol) groups that are essential for protein functioning through the formation and 
disruption of sulfur bridges. Soil sulfur is predominantly taken up as SO4

2- through H+- coupled high affinity 
transporters. However, S may also be taken up through leaves Maathuis, (2009). 

Widespread sulfur deficiency and yield responses have been reported in a number of arable crops e.g., 
wheat Zhao et al. (1999) , barley Withers et al. (1995), rice Lunde et al (2008 ) oilseed rape Ahmad et al., 
(2002) sugar beet Hoffmann et al. (2004 ) mustard Li et al. (2008). All researchers referred to that S-deficiency 
had significant effects on growth, yield, and quality in different plant species. S-deficiency reduced the growth 
of both root and shoot Thomas et al. (2000). In nutrient solution, S-deprivation is dramatically reduced dry 
matter yield of mulberry plants Tewari et al. (2010).There was no effect of S application on yield and quality of 
sugar beet in the field trials, indicating that S was available in sufficient amounts but in pot experiment yield 
reduced with decreasing of S supply Hofmann et al (2004). S starvation in rice caused reduction in chlorophyll 
content by 49 % because of general reduction of PSII and PSI Lunde et al. (2008). In the field experiment, 
sulfur –deprivation decreased oil accumulation in rapeseed due to reducing of acetyl-CoA carboxylase activity 
and acetyl-CoA concentration Ahmad et al., (2002). Sulfur deficiency decreased glucose in shoot, root, and 
nodules in broad bean (Vicia Faba) Pacyna et al. (2006). In field experiment, S deprived associated with 
reduced oil, protein, glucosinolate contents in canola plants under rainfed condition Ahmad et al. (2007). S-
deficiency causes reduction of chlorophyll and carotenoids in sugar beet plants Kastori et al. (2000).In field 
experiment, white sugars and sucrose concentration in sugar beet plants did not affected by S deprivation but 
their concentrations reduced in plants that were grown in pot experiment resulted in S deprivation Hofmann et 
al. (2004). Lopez et al. (1996) revealed that the responses of tomato to sulfur deficiency are rare, but in soilless 
culture systems, S deficiency reduced plant dry weight, photosynthetic rate chlorophyll content. There was no 
significant difference in fruit quality such as acidity and 0brix result in S starvation except for coloration, which 
was dramatically decrease due to reduced S supply. In addition, S-deficiency decreased chlorophyll, shoot and 
root biomass but shoot affected more than roots. Single N, applied as ammonium nitrate, stimulated growth of 
plants and increased yield of fruits, but did not change content of lycopene as well as color parameters and 
decreased S content in fruits. However, all S fertilizers increased S and lycopene content in fruits and positively 
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influence color of tomato puree Zelena et al. (2009). The aim of this research work, to investigate the 
physiological response of tomato plants to withdrawal of sulfur from nutrient solution and the changes in 
growth, minerals and main compounds of tomato fruits. 
 
Materials and Methods 
 

Tomato plants cultured under controlled conditions at two rates of sulfur supply (optimal, low) until fruit 
maturity. Seeds germinated in peat moss. After one week, seedlings were transferred to plastic pots (5 seedlings 
per pot), which contained the standard nutrient solution (10 %). After week, each plant transferred to individual 
pot at starting of treatments. The standard nutrient solution (optimal supply) had the following composition (mol 
m-3): 0.75 K2SO4; 2.5 Ca (NO3)2; 0.5 KH2PO4; 0.6 MgSO4; 0.1 KCl; 0.1 FeEDTA; 0.01 H3BO3; 5x10-4 MnSO4 
4H2O; 1x10-4 CuSO4 5H2O; 3x10-4 ZnSO4 7H2O; 5x10-6 (NH4) 6Mo7O2 4H2O. For the treatment with Free S 
supply, Mg supplied as Mg Cl2 instead of Mg SO4 to maintain the same Mg concentration.  In addition, K 
supplied as KNO3 instead of K2SO4 to maintain the same K concentration. So, to avoid the excess of NO3, 
Ca(NO3) reduced to 1.725 mol m-3, thus, CaCl2 was added to compensate of the reduction of Ca in nutrient 
solution.  Fruits harvested three times, and frozen at -18 0C for analyses before, plants harvested and dried at 65 
0C and prepared for analyses. 

Fresh fruit analyses 

Titratable acidity and Ascorbic acid was determined in juice sample by Subramanian et al. (2006). Total 
phenols were measured using the Folin-Ciocalteau method (Spanos and Wrolstad, 1990) modified by (Lister and 
Wilson. 2001).  Lycopene, chlorophyll a, b, a+b and β-carotene contents estimated according to (Nagata and 
Yamashita, 1992). Radical Scavenging Activity (RSA) of freshly prepared tomato juice was assayed with DPPH 
(2,2-diphenyl-1-picrylhydrazyl) (10–4 M) previously dissolved in methanol according to  Ramadan al el., (2003). 
Soluble sugars in the collected extracted were determined using the enthrone method according to (Seifter et al., 
1950). 

Nutrient determination  

Total C, N and S concentrations in different plant organs analyzed by elemental analyzer 
(Elementaranalysator Elementar Vario Max, Hanau, Germany combustion after Dumas Minerals). Total 
concentrations of K, Mg and other elements in plant material was determined by ICP=OES (IRS/AP). Samples 
quantitatively transferred to measuring flask 25 ml and completed by distilled water, using Ions Elements (ICP-
OES) to determine Ca, Mg, P, K, Cu, Fe, Mn and Zn in plant materials.   

Results and Discussion 
 
Effect of sulfur deficiency on growth 

After S withdrawal from nutrient solution, the leaves of S-deficient plants became first pale green and 
finally pale yellow with light purple blotches on the leaf blades and stems (Fig. 1). Several investigators have 
explained S deficiency phenomenon such as; in tomato to drastically reduce chlorophyll at leaves and increased 
anthocyanins contents. Nikiforova et al., (2003). Increased levels of anthocyanins also observed in leaves of S 
deficient rice (Lunde et al., 2008) and Arabidopsis Nikiforova et al., (2005), and attributed to the role of these 
compounds to protect the photosynthetic apparatus because they can act as UV and visible light screens and thus 
protect the photosynthetic apparatus against photoinhibition Steyn et al., (2002). 

The mature fruits of S-deficient plants remained less red than those of control plants (Fig. 1). Lower 
values for the red color component of fruits in S deficient plants have also been found in other investigations 
Zelená et al., (2009). In plants, which supplied with nutrients, the color of tomato fruits becomes increasingly 
red during fruit ripening Gautier et al., (2008). Ripening of tomato fruits is a climacteric process, which is 
characterized by a sharp burst in ethylene production (Alexander and Grierson, 2002). It has been shown that 
ethylene biosynthesis in tomato fruits are limited by the level of soluble methionine in fruits Katz et al., (2006). 
Thus, the lower intensity of red color in fruits of S deficient plants was possibly related to disturbance of 
ethylene-induced ripening.  So, we can say that the sulfur deficiency caused of reduced fresh and dry weight of 
all plant organs where fresh and dry weight of fruits was low at 50 % of control Fig. 2 (a,b). Similar 
observations reported in sugar beet Hofmann et al., (2004), and tomato Zuchi et al., (2009).  

Dry matter percentage of leaves increased significantly in S-deficient plants, whereas the percentage of dry 
matter of fruit, stem and roots were not affected by sulfur deficiency. (Fig.2 c). In comparison to control, S-
deficiency was associated with lower proportions of mass allocation to leaves in favour to increase biomass in 
other organs where, biomass allocation to root increased 33 % up to optimal also, biomass allocation to stem  

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T6R-4G7GFXT-1&_user=964000&_coverDate=05%2F31%2F2006&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_searchStrId=1489209760&_rerunOrigin=google&_acct=C000049508&_version=1&_urlVersion=0&_userid=964000&md5=84c327d125363fb0d779b360a8196589&searchtype=a
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T6R-4G7GFXT-1&_user=964000&_coverDate=05%2F31%2F2006&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_searchStrId=1489209760&_rerunOrigin=google&_acct=C000049508&_version=1&_urlVersion=0&_userid=964000&md5=84c327d125363fb0d779b360a8196589&searchtype=a
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Fig. 2: Effect of sulfur deprivation on fresh (A) and dry (B) biomass as well as, dry matter % (C) and biomass 

partitioning (D) to different plant organs 
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and fruits increased 19 % up to optimal (Fig. 2d). Therefore, plants response to S-deprivation is similar as their 
response to N-deficiency where, plants deficient in N improve their ability to acquire these mineral elements by 
altering their carbon partitioning to favour root growth. This may also be the case for S (Lambers et al., 2008). 

Mineral composition of leaves  

Sulfur deprivation was associated with high concentration of nitrogen and low concentration of S and 
consequently increased N/S ratio in leaves Fig. 3 (a, b).  Ca, P, Cu, and Zn were not affected by S deprivation.  
Fig. 4 (a, b). K and Fe contents were lower and Mg and Mn contents were higher in leaves of S-deprived plants 
than control. Fig. 4 (a, b). Previous studies illustrated that S-deficiency was associated with high Ca and P in 
leaves due to high S supply that caused decline in P and Ca in leaves; but similar result observed when S 
reduced from (5.2 to 0.1  mmol L-1) in nutrient solution K concentration reduced while Mg concentration 
increased in tomato leaves Lopez et al., (1996). Similar result observed by Zuchi et al., (2009) concern Ca and 
Fe where Ca were not affect by S deprivation; but Fe reduced result in S deprivation. In previous works, Astolfi 
et al., (2003, 2004), they found that maize and barley plants exposed to S starvation showed a lower Fe content 
than S-sufficient plants. It has been proposed that S starvation might decrease the accumulation of Fe in the leaf 
tissue by inhibiting Fe uptake primarily as a consequence of decreasing the chelating compounds 
[phytosiderophores PS] release capacity of the roots Astofi et al., (2006 a,b). In sugar beet plants, Tewari et al., 
(2010) they found similar result where S-deprivation associate with high Mn, Mg and N/S ratio in leaves as 
compared with control. However, they have an opposite of our result regard to K, P and Ca content was higher 
in S-deprived plants than control, Also, similar result regard to other micronutrient such as Cu that did not affect 
by S-deficiency. 

Mineral composition of fruits 

Sulfur deprivation was associated with low concentration of N and S and the N/S ratio remain higher in S-
deprived plants than control but the proportion between N and S reduced in fruit with compared to in leaves 
(Fig. 3). It is suggested that occurred due to probably reduced of protein content and accumulation of NO3 in 
leaves result in S deficiency. The higher proportion of assimilated nitrogen stored in free amino acids or amides. 
Other minerals composition did not affect by S starvation in exception with potassium, which was higher and Fe 
was lower content in fruits of S-deprived plants than control plants (Fig. 3). All mineral composition 
concentrations were lower in fruits, as compared with leaves in exception with potassium and copper contents 
were higher in fruits as compared with their contents in the Leaves. Potassium is not metabolized and it forms 
only weak complexes, which it is readily exchangeable (Marschner, 1995). Therefore, K has high mobility in 
plants at all levels and relocates from senescent leaves to the fruits of particularly S-deprived plants, which the 
symptoms of senescence on their leaves are observed. Fe deficiency in fruit of S-deprived plant related to the 
reduction of Fe content in plants result in as we discussed above. 

 
  

Fig. 3: Effect of S-deprivation on S, N, N/S and C/N ratio in leaves and fruits  
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Fruit quality 

In the beginning, it is important to check C/N ratio in fruits it was clear that C/N ratio was lower in 
leaves of S-deprived plants than control , in contrary , S-starvation was associated with high C/N ratio in fruits 
(Fig. 4). Carbon concentration was equal in two treatments; where the increment in C/N ratio in fruit of S-
deprived plants related to the reduction of N concentration in fruit of S-deprived plants.  It expected that protein 
synthesis reduced resulted in S-starvation, according the protein competition model (PCM) hypothesis, thus, 
possible cause is that the key substance of phenolic synthesis such as phenylalanine, preferentially flows into 
phenolic synthesis rather than toward pathway of protein synthesis. There was indirect effect of S-deficiency on 
phenols accumulation in tomato fruits (Table 2). Similar result had been reported by Lunde et al., (2008) in rice, 
where, flavonoids and anthocyanine increased in S-deprived plants, in contrast (Li et al., 2008) found that the 
total phenols concentration increase in mustard leaves with decreasing S supply from 2 mM to 0.5 mM, but in 
our experiments the optimal S supply was 0.6 mM. The high S supply might be has antagonistic effects on other 
elements such as P, Ca, Mg and Mn. oBrix value that is represented TSS (Total soluble solids) in tomato fruits, 
was lower in fruit of S-deprived plants than in fruit of control plants (Table 1), this value attributed to the low 
concentration of soluble sugar concentration in fruit of S-deficiency plant as compared with control (Table 1). 
Tewari et al. (2010) have reported similar results in mulberry, Pacyna et al. (2006) in broad bean and Hofmann 
et al. (2004) in sugar beet. 

 

Fig. 4: Effect of S deprivation on mineral composition in leaves and fruit of tomato plants   

Sulfur deprivation was associated with low pH value (Table 1), whereas, citric acid was no significant 
influenced by S starvation, that attributed to fruits of S-deprived plants had high concentrations of other buffers 
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reduction of pH value (Paulson and Stevens, 1974). Lopez et al. (1996) have reported similar result in tomato 
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fruit; S-deficiency has no effect on Acidity in tomato fruits. Percentage of RSA (radical scavenging activity) 
was higher in fruits of S-deprived plants as compared to control (Table 1). Contrary finding observed by other 
study; the reduction of radical scavenging activity in mustard leaves results from S-deficiency (Li et al., 2008). 
S-deprivation resulted in increased total phenol concentration and reduced carotenoid concentration. Suggesting 
that the resource of antioxidant was the phenolic compounds. Ascorbic concentration was not affected (Table 1).  

Sulfur deprivation resulted in severe reduction in lycopene and β-carotene in tomato fruits (about 75% of 
control). In addition, chlorophyll a and b but chlorophyll b was slightly affected (Table 1). In tomato, Lopez et 
al., (1996) found that coloration in tomato fruits dramatically decreased due to reducing of S supply, also, 
Zelena et al., (2009) referred to S supply increased lycopene content in tomato fruits. In sugar beet, S-deficiency 
causes reduction of chlorophyll and carotenoids Hoffmann et al., (2004). Consequently, S-deficiency might be 
results in reduction of terpenes, which are precursors of lycopene, carotene or other carotenoids. 

  
Table 1: Effect of S deprivation on soluble sugars, citric acid, ascorbic acid and total phenols in tomato fruits, non significant (ns) or 

significant(*) at P≤0.05. 

Quality parameter Optimal S-deficiency 
0brix 5.3* 4.0 
pH 4.3* 4.1 
RSA (%) 20.5* 39.1 
Sugars (mg 100 g-1 FM) 22.6 19.6 
Citric acid (mg 100 g-1 FM) 912 ns 829 
Total phenols (mg 100 g-1 FM) 41.8* 52.6 
Ascorbic acid (mg Kg-1 FM) 6.5 ns 6.5 
Lycopene (mg Kg-1 FM) 30.1* 7.2 
β-Carotene (mg Kg-1 FM) 20.5* 7.37 
Chl  a (mg Kg-1 FM)) 2.0* 0.9 
Chl_b (mg Kg-1 FM) 2.1ns 1.4 
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