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The effects of cadmium (Cd) were investigated on growth and metabolite profiling in roots and leaves of 
tomato (Solanum lycopersicum L., Var. Ibiza F1) plants exposed for 3 and 10 days to various CdCl2 
concentrations (0 - 300 µM). The aim of this study was to describe metabolite modifications in response 
to Cd stress and to identify Cd stress markers in the roots and leaves of tomato plants. During the 
treatment, Cd accumulated significantly in the roots compared to stems and leaves. Plant growth (root, 
stem and leaf) decreased when Cd concentration increased. The analysis of 

1
H-NMR spectra of polar 

extracts showed clear differences between metabolites amounts (soluble sugars, organic and amino 
acids) in 30 and 300 µM Cd-treated plants versus control ones. Among soluble sugars and organic 
acids, glucose, fructose and citrate contents significantly increased, by a factor 2 to 5 in both leaves 
and roots of Cd treated plants during the first three days of the treatment and then only in roots. In 
addition, Cd induced qualitative and quantitative changes in amino acid contents in the roots. 
Asparagine, glutamine and branched chain amino acids (valine, isoleucine, phenylalanine and 
tryptophane) significantly accumulated after 10 days of Cd exposure. Asparagine content which 
increased by 26 fold in the roots of 300 µM Cd treated plants when compared with control ones, was 
found to be a good marker for Cd stress. In contrast, few modifications occurred in the leaves in 
response to Cd, except for tyrosine which content was highly increased (by 10 fold) after three days of 
treatment with 30 µM. Taken together, our results show that, the exposure of tomato plants to various 
Cd concentrations results in significant changes in primary metabolism compounds, especially in the 
accumulation of some amino and organic acids involved in cellular compartmentation and 
detoxification of Cd.  
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INTRODUCTION 
  
Cadmium (Cd) is a widespread pollutant released into the 
environment by anthropogenic activities like industrial 
processes, phosphatic fertilizers and atmospheric deposi- 
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Abbreviations: DW, Dry weight; WC, water content; FW, fresh 
weight; AA, amino acid; GS1, glutamine synthetase; H-NMR, 
Proton-nuclear magnetic resonance spectroscopy. 

tion (Wagner, 1993). In plants, Cd toxicity is associated 
with a large number of morphological, physiological and 
biochemical damages (Sanita di Toppi and Gabbrielli, 
1999; Boulila et al., 2006; Djebali et al., 2005, 2008). 
Boulila et al. (2006) showed that, in roots, Cd inhibits 
competitively the uptake of the essential mineral ions 
such as Ca, Mg, K, Fe and Mn causing ion deprivation, 
growth inhibition and chlorosis (Sanita di Toppi and 
Gabbrielli, 1999; Boulila et al., 2006). In leaves, Cd 
accumulation  leads  to  the  alteration  of  photosynthetic  
metabolism either by interfering with different steps in the 
Calvin cycle (El Said Deef, 2008; Kieffer et al.,  2009),  by 
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acting on photosystem II or plastoquinone (Kieffer et al., 
2009), or by interfering with ribulose-1,5-bisphosphate 
carboxylase oxygenase (RuBisCO) activation (Prasad, 
1995). Cd ions have a good affinity for ligands such as 
phosphates, cysteinyl and histidyl side chains of proteins, 
purines, pteridines and porphyrins (Devi et al., 2007). 
Based on these properties, Cd can affect the activity of a 
large number of enzymes such as glucose-6-phosphate 
dehydrogenase, malic enzyme, isocitrate dehydro-
genase, RuBisCO and carbonic anhydrase (Siedlecka et 
al., 1997; Sarry et al., 2006; Devi et al., 2007). It disturbs 
several metabolic and physiological processes in plant, 
like growth and photosynthesis (Sanita di Toppi and 
Gabbrielli, 1999). Cd also stimulates oxygen free radicals 
and reactive oxygen species causing thereby oxidative 
stress that is a common response in plants facing envi-
ronmental stress, like drought, heat and cold (Fornazier 
et al., 2002). This oxidative stress modifies antioxidant 
enzyme activities, such as catalase, superoxide dismu-
tase and peroxidase, and increases lipid peroxidation and 
proteolysis (Pena et al., 2006; Djebali et al., 2005, 2008; 
Polge et al., 2009). Aina et al. (2007) showed that, in rice 
cell cultures exposed to Cd treatment, an up-regulation of 
some proteins involved in the ubiquitin/proteasome 
pathway occurred. Similarly, in Arabidopsis thaliana cell 
cultures and leaves, several key enzymes involved either 
in the proteasome pathway or in the biosynthesis of 
amino acids such as glutamate, cysteine and glycine, 
have been shown to be up-regulated by Cd treatment 
(Sarry et al., 2006; Polge et al., 2009). These amino 
acids are important precursors required for phytochelatin 
synthesis involved in cellular compartmentation and 
detoxification of Cd (Sarry et al., 2006; Cobbett and 

Goldsbrough, 2002). 
Generally, the cellular responses to chemical stress, 

such as the complexation of metal ions with specific 
ligands, might be in the same time (cause and effect) of 
metabolic changes, allowing a rapid repair of cell 
damages (Benavides et al., 2005). Thus, the modification 
in the cellular content metabolites (such as organic acids 
and/or amino acids), results from both degradation 
processes (proteolysis) triggered by metal toxicity and 
plant adaptative response to the metal stress (Benavides 
et al., 2005). Because changes in metabolic profile are 
ultimate result of external perturbations (Holmes et al., 
2001; Bailey et al., 2003), qualitative and quantitative 
determination of some metabolites provides a global 
estimation of the biochemical status of the cell (Fiehn et 
al., 2000). The question raised in this study therefore, is 
how increasingly Cd concentrations affect metabolite 
profiles in tomato plants?  

In the present study, we investigated the effects of Cd 
on growth and metabolite profiling of roots, stems and 
leaves of tomato (Solanum lycopersicum L.) plants. A 
proton nuclear magnetic resonance (

1
H-NMR) approach 

was used to investigate the metabolomic response of 
tomato   plants   to   Cd.   Changes  in  the  main  primary 

 
 
 
 
metabolites (sugars, organic and amino acids) were 
analyzed and discussed. 
 
 

MATERIALS AND METHODS 
 

Growth conditions and Cd treatment  
 

The plant material used in this work was tomato (S. lycopersicum 

L., var. Ibiza F1; Protagri Company, Tunis, Tunisia). About one 
hundred seeds were sterilized in 10% (v/v) hydrogen peroxide for 
20 min and washed with abundant distilled water afterwards. Seeds 
were germinated for 7 days in vermiculite in controlled conditions. 
The photoperiod was 16 h, with a photosynthetic photon flux 
density of 300 to 400 μmol photons m

-2
 s

-1
. The day/night tempe-

rature was 23/18°C and the relative hygrometry was maintained 
close to 75% of the saturation. For each condition, twelve uniform 
seedlings were transferred to hydroponic systems, in tanks 
containing 12 L of culture medium, continuously aerated with a 
mineral composition as described in Djebali et al. (2008). The pH of 
the medium was checked and adjusted daily to 5.3 and 5.6. When 
seedlings were three weeks old, CdCl2 was added to the medium at 
0, 0.3, 3, 30, or 300 µM. Cd containing solutions were renewed 
every 3 days. After 3 and 10 days of Cd exposure, roots, stems and 
mature leaves (leaves 2 and 3) from 6 plants were harvested. Roots 
were carefully and rapidly washed three times in distilled water. For 
metabolite analysis, roots and leaves were quickly frozen in liquid 
N2, ground into powder in liquid N2 and stored at -80°C for 
subsequent analysis. For dry weight (DW) and water content (WC) 
determination, roots, stems and leaves were rapidly weighted after 
harvest (fresh weight, FW), dried at 70°C for 3 days and then 

weighted for DW. WC was calculated as 
 

 WC = (FW – DW)/DW 
 

Two independent experiments were carried out to analyze each 
parameter. 
 
 

Cadmium (Cd) content analysis 
 

50 mg of dried roots or leaves were ground into powder and 
mineralized with an acid mixture (HNO3/HClO4, 3:1, v/v) as 
described by Van Assche et al. (1988). Cd content was determined 
by atomic absorption spectrometry (Analyst 300, flame spectro-
meter, Perkin-Elmer Corporation).  
 
 

Metabolite extraction for proton nuclear magnetic resonance 

(
1
H-NMR) analyses  

 

Metabolites from roots and leaves were extracted by the hot 
ethanol procedure according to Stitt and Ap-Rees (1978) with slight 
modifications. 50 mg of lyophilized powders were extracted succes-
sively with 2 ml of 80 and 50% ethanol and pure water, at 80°C for 
15 min. The supernatants of each extraction were mixed, 
centrifuged for 10 min at 30000 g and evaporated under vacuum 
overnight in a rotary evaporator. Dry extracts were solubilised in 

500 µl 100 mM phosphate buffer in D2O, titrated to pH 6.0 with 1 M 
KOD, purified on 200 mg of Chelex 100 resin (Biorad, Hercules, 
CA, USA) to chelate paramagnetic cations and improve spectrum 
resolution, especially in the citrate region. Samples were then 
lyophilized and stored in a dry atmosphere until analysis (Moing et 
al., 2004).  
 

 
1
H-NMR spectroscopy 

 

Dried tissue   extracts   were  solubilised  in  0.5 ml  D2O  containing  



  

 
 
 
 
sodium salt of (trimethylsilyl) propionic -2, 2, 3, 3-d4 acid (TSP) at a 
final concentration of 0.01% for chemical shift calibration. Samples 
were then transferred into NMR tubes. NMR spectra were recorded 
on a Bruker Avance spectrometer (Wissembourg, France) at 
500.162 MHz at 300 K, using a 5-mm DUAL 1H-13C probe. Sixty-
four scans of 32 K data points were acquired with a spectral width 
of 6000 Hz with acquisition time of 2.73 s. Recycle delay was 20 s. 
The ERETIC method was used for quantification of absolute con-
centrations of metabolites (Akoka et al., 1999), with calibration 
curves of C1H-(α + β) glucose. Preliminary data processing was 
conducted with XWINNMR software (Bruker Biospin, Karlsruhe, 
Germany). Free induction decays were fourier transformed (0.3 Hz 
line broadening), phased and baseline corrected. The resulting 

spectra were aligned by shifting the TSP signal to zero. Metabolite 
concentrations in the NMR tube were calculated in the metabolite 
mode of AMIX software (Bruker, Karlsruhe, Germany), which calcu-
lates resonance areas. The resulting data matrix was exported into 
Microsoft

®
 excel and quantified using glucose calibration curve and 

the proton amount corresponding to each resonance. The meta-
bolite quantities in each sample were calculated from concen-
trations in the NMR tube and sample dry weight. The concentration 
of each organic or amino acid was expressed as g of the acid form 

per weight unit. 
 

 
Statistical analysis 
 

For DW and WC, Cd content and metabolite analysis (organic 
acids, amino acids and sugars) data were obtained from two 
independent experiments. For each experiment, statistical analysis 
was carried out with 6 replicates. The results were similar for the 

two experiments. For metabolic profiling analysis (sugars, organic 
and amino acids), the data presented in this paper (expressed as 
the mean of the six replicates ± SD calculated at P < 0.05) are from 
the second experiment. The significance of the variations in all 
parameters studied was calculated through the Tukey’s (HSD) test 
(by SPSS for Windows version 13.0), with Cd concentration and 
treatment duration (3 and 10 days) as fixed factors.  
 

 

RESULTS AND DISCUSSION 
 

In this study, we investigated growth and metabolite pro-
filing in roots, stems and leaves of tomato plants exposed 
to Cd. As estimated by Wagner (1993), non-polluted soils 
contain Cd concentrations ranging from 0.04 to 0.32 µM. 
One to three µM Cd in a soil solution may be considered 
as a moderate pollution and Cd concentrations higher 
than 3 µM are considered as a high pollution (Sanita di 
Toppi and Gabbrielli, 1999). Here, we analyzed plants 
exposed to low (0.3 µM), moderate (3 µM) and high (30 
and 300 µM) Cd concentrations. For all the parameters 
investigated, the plants grown in the presence of 0.3 µM 
Cd did not show specific phenotype and were identical to 
the control (data not shown). Thus, for clarity and 
simplification, the data obtained for moderate and high 
Cd concentrations only (3, 30 and 300 µM) were reported 
in this study. 
 
 

Effects of Cd on growth and water content 
 

Root, stem and leaf biomass decreased with increasing 
Cd concentrations in the nutrient solution (Figure 1). A 
significant decline in  dry  weight  (DW) was  observed  in 

Zoghlami et al.        569 
 
 
 
stems and leaves even at the lowest Cd concentrations 
(3 µM CdCl2) within the first 3 days (Figure 1). Root DW 
was only affected in the presence of 30 and 300 µM Cd. 
When subjected to severe Cd stress (300 µM) for 10 
days, leaf and root DW were reduced to 50 and 90% 
compared to their respective control (Figure 1). However, 
as previously shown by Djebali et al. (2008), at such a 
high Cd concentration, tomato plants are still able to 
recover when the stress is released. This means that the 
plants are able to cope with high Cd concentration for at 
least 10 days. As previously reported by Boulila et al. 
(2006) and Djebali et al. (2008) growth inhibition was 
accompanied by symptoms of chlorosis and necrotic 
areas (data not shown). In previous studies, Cd stress 
was found to modify the water balance (Sanita di Toppi 
and Gabbrielli, 1999). In tomato, moderate Cd concen-
tration (3 µM) had no effect on water contents (WC) 
(Figure 2), whereas both root and shoot WC decreased in 
30 and 300 µM Cd treated plants. Thus, at the most 
severe treatment (300 µM), the decrease of leaf and root 
WC was 70 and 80% when compared with their respec-
tive control. These effects may be explained by the fact 
that, Cd is known to interfere with guard cell regulation 
and to affect water uptake capacity of roots (Perfus-
Barbeoch et al., 2002).  
 

 

Cadmium accumulation and distribution  
 

During the treatment, Cd content increased in both 
leaves and roots as a function of external Cd 
concentrations (Figure 3). However, more than 80 to 90% 
of Cd was stored in the root system of the plant. After a 
10 day period with the presence of 300 μM Cd, internal 
Cd concentrations reached 1.1 mg g-1 (DW) in leaves 
and 3.7 mg g-1 DW in roots, which accounted for 0.11 to 
0.37% of the DW, respectively (Figure 3). The accu-
mulation of Cd in the leaves indicates a significant 
transport of Cd from roots to leaves. However, only 20% 
of total Cd accumulated in plant was stored in leaf 
tissues. Commonly, in tomato plants, Cd is mainly 
retained in roots and only small amounts are transported 
to the shoots (Boulila et al., 2006; Abdel-Latif 2008, 
Djebali et al., 2008; Kieffer et al., 2009). Cadmium 
contents in tomato plants decrease in the following order: 
roots > stems > leaves > fruits > seeds (Blum, 1997). It is 
one of the strategies used by plants for avoiding Cd 
toxicity, particularly in photosynthetic tissues which are 
more sensitive to heavy metals than roots. Roots are 
considered as a barrier against Cd translocation to the 
aerial part of the plant by immobilization of toxic ions by 
means of the cell wall, extracellular carbohydrates 
(Sanita di Topi and Gabbrielli, 1999) or vacuolar seque-
stration inside cortical cells (Djebali et al., 2002). 
 

 

Effects of Cd on sugar contents 
 

The effects of Cd on major soluble sugars (glucose,  fruc- 
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Figure 1. Growth of tomato roots, leaves and stems as a function of Cd treatment. 

Data are the mean of six samples ± SD. Values followed by the same letter are not 
significantly different (at p < 0.05) as described by Tukey’s (HSD) test. 
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Figure 2.  Water content (WC) of tomato roots, leaves and stems as a function of Cd 

treatment. Data are the mean of six samples ± SD. Values followed by the same letter 
are not significantly different (at p < 0.05) as described by Tukey’s (HSD) test. 

 
 

 

tose and sucrose) were analyzed by 
1
H-NMR spectro-

scopy (Figure 4). In the roots of control plants, sucrose 
content was about 3 fold higher than that of glucose and 

fructose (59, 19 and 19 µmol/g DW respectively; Figure 
4). In plants treated for 10 days with 30 µM of Cd, 
glucose and fructose contents in roots were  2.6  and  4.8  
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fold higher, respectively, than in control, but sucrose 
content was not significantly modified (Figure 4). How-
ever, in the roots of plants treated for 10 days with 300 
µM CdCl2, glucose and fructose contents did not change 
significantly compared to the control (12 and 10 µmol/g 
DW, respectively; Figure 4). Such an increase in glucose 
and fructose contents might result from an adaptation of 
carbon metabolism of the plant to the metal stress, as 

already observed in rice where invertase activity was 
increased in response to Cd (Verma and Dubey, 2001). 
Thus, our data showed that, despite an inhibition of the 
growth of the roots (Figure 1), Cd stress was accom-
panied with an accumulation of glucose, fructose and to a 
lesser extent, sucrose in the roots. In the leaves of 
control plants, glucose and fructose levels were two times 
higher than in  roots  (44 versus  19 µmol/g  DW,  and  35  
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Figure 4. Soluble sugar contents in tomato roots (A, C and E) and leaves (B, D and F) 

as a function of Cd treatment. Data are the means of six samples ± SD. Values 
followed by the same letter are not significantly different (at p < 0.05) as described by 
Tukey’s (HSD) test.  

 
 

 

versus 16 µmol/g DW, respectively), whereas, that of 
sucrose was similar (56 versus 58 µmol/g DW) (Figure 4). 
The exposition to 30 µM Cd induced an increase in 
glucose, fructose and sucrose amounts after 3 days, but 
after 10 days their levels were similar to the control. As 
observed in the roots, 3 and 300 µM Cd treatment had 
only minor effect on sugar accumulation in leaf tissues 
(Figure 4).  

In pea seedlings, Cd was also shown to induce an 
important reduction in shoot and root lengths together 
with an increase in sucrose content in the shoots (Devi et 
al., 2007). Similarly, in the shoots of rice plants submitted  

to Cd, the accumulation of carbohydrates was combined 
with a decline of net photosynthetic rates (Moya et al., 
1995). A recent study on poplar leaves showed that, the 
increase of various carbohydrate contents (glucose, fruc-
tose, galactose, sucrose and raffinose) and the 
modification of their metabolism could be one of the Cd 
effects leading to growth inhibition (Kieffer et al., 2009). 
Cell division and its regulation appear to be directly 
affected by the level of available carbohydrates and the 
form in which they are available (Francis and Halford, 
2006). The regulation of primary carbohydrate metabo- 
lism and of the enzymes involved  in  carbon  metabolism 
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plays an important role in determining carbohydrate 
composition and level and may have a large effect on 
growth (Koch, 2004). These observations suggest that, 
the use of carbohydrate is reduced in the presence of Cd 
(Bailey et al., 2003). In these conditions, photoassimilates 
are less needed for developmental processes and 
partially stored under sucrose or hexose forms, as well as 
more complex sugars, like raffinose (Kieffer et al., 2009).  
 
 
Effects of Cd on organic acid contents  
 
The major organic acids present in root and leaf extracts 
(citrate, malate, lactate and fumarate) were identified and 
quantified by 

1
H- NMR spectroscopy. As reported in 

Figure 5, malate was the most abundant organic acid 
(68% of the total organic acid content) in the roots of 
control plants, followed by citrate (22%) and lactate (7%). 
Fumarate was present at low level (3%) and its 
concentration greatly changed depending on the extract. 
Similar organic acid contents have been reported in pea 
and buttercup tissues (Rivasseau et al., 2006). Organic 
acids, such as citrate, malate and fumarate, play a key 
role in the Krebs cycle which is the central energy 
yielding cycle of the cell. After a 10 day period of Cd 
treatment, malate contents only moderately decreased 
(10 to 25%), whereas lactate content was not significantly 
modified (Figure 5). Contrarily, Cd enhanced citrate 
content in root tissues. Thus, in roots treated with 300 µM 
Cd for 10 days, citrate quantity increased 3 fold (33 µmol. 
g

-1
 DW) compared to control roots (Figure 5). In the 

leaves of control plants, organic acid contents were found 
to be higher than in roots (Figure 5). Thus, malate 
content in leaf tissues of control plants was 10 fold higher 
than in roots (330 versus 30 µmol.g-1 DW, respectively) 
(Figure 5), probably because of it’s involvement in 
respiration and photosynthesis processes. Upon Cd 
treatment, a significant decrease in malate level was 
observed, earlier in leaves than in roots. After 10 days, 
for the three Cd treatments, malate content decreased by 
30% compared to the control. During the treatment, 
citrate accumulated in the leaves in a concentration 
dependent manner. At the most severe treatment (10 
days with 300 µM), citrate quantity was 2.6 fold higher 
(73 µmol.g-1 DW) than in control leaves (Figure 5). 
Interestingly, in parallel to what was observed with 
soluble sugars (Figure 4), lactate and fumarate contents 
increased significantly by 1.4 and 2 fold, respectively, in 
the leaves of 30 µM Cd-treated plants as compared to the 
control (Figure 5).  

The increase of major organic acid content was ob-
served earlier in leaves than in roots (Figure 5). These 
observations suggest that, protective mechanisms 
against Cd ions are activated rapidly to limit metal delete-
rious effects on leaves, especially on photosynthesis 
process which is important for growth. On the other hand, 
the accumulation of citrate in roots argues in favour of its  

 
 
 
 
role in detoxification process by chelating metal ions as 
already reported (McCluskey et al., 2004). Fumarate is 
an intermediate organic acid in the tricarboxylic acid cycle 
and its variations could be related to changes in this cycle 
under Cd stress. In contrast, a decrease in malate 
content in both roots and leaves with increasing Cd 
concentrations could be explained by its cytosolic and 
vacuolar localisation in the cells (Gout et al., 1993). For 
this, malate is directly available for metabolic require-
ments and its concentration may vary in response to 
metal stress because it is implied in different complex 
metabolic pathways (Rivasseau et al., 2006). 
 
 
Effects of Cd on amino acid profile 
 
The analysis of 

1
H-NMR spectra of tomato root and leaf 

extracts showed clear differences between amino acid 
(AA) profiling of control and Cd-treated plants. Thirteen 
different AA were identified and quantified (Table 1). In 
control roots, the major AA were glutamate (47% of total 
AA), glutamine (18%) followed by aspartate and leucine 
(8% of the total for each of them). Upon Cd treatment, 
total AA contents were increased in the roots of 30 and 
300 µM Cd treated plants (Table 1). Thus, total AA 
content was 51 and 131% increased, respectively, after 3 
and 10 days of 300 µM Cd treatment. For the lowest Cd 
concentration tested (3 µM), no significant change was 
observed after 3 and 10 days, which suggests that root 
amino acid metabolism was barely or not disturbed at 
that concentration. After 3 days of Cd exposure, aspa-
ragine, glutamine, glutamate, leucine, valine, isoleucine, 
threonine, tyrosine, phenylalanine and proline quantity 
increased when compared with control. Aspartate and 
glutamate amount which are the synthesis precursors for 
asparagine and glutamine decreased significantly by 43 
and 19%, respectively, in plants’ roots exposed for 10 
days to 300 µM (Table 1). With the most severe treat-
ment (300 µM Cd for 10 days), asparagine content in the 
roots was 26 fold higher than in control roots (79.9 versus 
3.1 µmol.g-1 DW, respectively). Concomitantly, a 4 fold 
increase in leucine content and a 3 fold increase in 
glutamine, valine and isoleucine contents were observed 
(Table 1).  

In control leaf tissues, the major AA were glutamine, 
glutamate, aspartate  and  phenylalanine,  accounting  for 
37, 25, 12 and 11% of total AA, respectively (Table 1). 
Changes in AA contents in response to Cd stress were 
less important in leaves than in roots. After 3 days of 
treatment with 30 and 300 µM Cd, total AA content 
increased significantly by 21 and 10% when compared 
with control (Table 1). Under stress, glutamate, gluta-
mine, aspartate and phenylalanine remained the major 
AA. Significant increases in proline, γ-aminobutyric acid 
(GABA, tyrosine, isoleucine and threonine were observed 
after 3 days of treatment  under  high  Cd  concentrations 
(30  and  300 µM,  Table 1).  However,  under  the   same 
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Figure 5. Organic acid contents in tomato roots (A, C, E and G) and leaves (B, D, F and H) as a function of 
Cd treatment. Data are means of six samples ± SD. Values for the same compound sharing the same letters 
did not differ significantly at (p < 0.05) as described by Tukey’s (HSD) test.  
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Table 1. Individual and total free amino acid levels in tomato root and leaf t issues as a function of time and Cd treatment. (TAA, total amino acid).  Values are 

expressed as mean of six samples ± SD. Values for the same compound sharing the same letters did not differ significantly at (p <  0.05) (Tukey’s test). 
 

Roots 
3 days 10 days 

0 µM Cd 3 µM Cd 30 µM Cd 300 µM Cd 0 µM Cd 3 µM Cd 30 µM Cd 300 µM Cd 

Glu 57.4 ± 3.2 c 58.3 ± 2.7 cd 66.4 ± 2.9 de 72.0 ± 4.3 e 56.1 ± 2.7 bc 46.8 ± 3.4 a 48.3 ± 2.7 ab 45.2 ± 1.8 a 

Gln 22.3 ± 0.3 bc d 24.9 ± 2.2 cd 26.2 ± 1.5 cd 38.7 ± 2.6 e 10.4 ± 1.1 a 14.7 ± 1.8 ab 18.5 ± 2.6 ab c 30.8 ± 2.7 d e 

Leu 10.1 ± 1.1 ab 14.0 ± 1.0 bc 17.3 ± 1.0 cd 21.0 ± 0.6 d 9.1 ± 1.5 a 10.0 ± 1.1 ab 13.6 ± 0.3 bc 37.7 ± 0.5 e 

Asp 9.7 ± 0.2 bc 10.2 ± 1.5 c 9.9 ± 1.0 bc 10.0 ± 1.6 c 10.0 ± 0.3 c 7.4 ± 1.0 abc 6.9 ± 1.5 ab 5.7 ± 1.8 a 

Thr 8.7 ± 0.1 a 9.2 ± 0.0 a 9.5 ± 0.4 a 14.5 ± 0.1 b 8.9 ± 2.4 a 7.8 ± 1.1 a 9.8 ± 0.4 a 15.4 ± 0.3 b 

Asn 3.9 ± 0.7 a 3.3 ± 0.1 a 4.7 ± 1.2 a 12.0 ± 0.2 b 3.1 ± 0.1 a 4.4 ± 0.6 a 6.7 ± 2.6 c 79.9 ± 3.4 d 

GABA 2.7 ± 0.2 a 3.3 ± 0.7 ab 3.1 ± 0.0 ab 3.8 ± 0.3 b 3.3 ± 0.3 ab 2.3 ± 0.1 a 2.4 ± 0.6 a 5.3 ± 0.4 c 

Ala 2.5 ± 0.4 a 2.0 ± 0.1 a 2.1 ± 0.8 a 1.8 ± 0.1 a 2.0 ± 0.3 a 3.0 ± 0.4 a 5.0 ± 1.0 b 4.8 ± 0.3 b 

Pro 1.9 ± 0.6 ab 2.4 ± 0.2 b 3.3 ± 0.5 c 2.4 ± 0.2 b 1.6 ± 0.5 a 1.9 ± 0.2 ab 2.4 ± 0.5 b 3.3 ± 0.1 c 

Val 1.5 ± 0.1 bc 1.9 ± 0.0 cd 2.0 ± 0.1 d 2.9 ± 0.1 e 1.1 ± 0.1 a 1.3 ± 0.1 ab 1.9 ± 0.1 cd 4.1 ± 0.1 f 

Ile 1.1 ± 0.1 a 1.6 ± 0.4 ab 2.0 ± 0.0 b 3.5 ± 0.4 c 2.2 ± 0.8 b 1.1 ± 0.1 a 1.6 ± 0.1 ab 8.1 ± 0.5 d 

Phe 0.6 ± 0.0 a 1.0 ± 0.1 ab 1.3 ± 0.1 bc 1.7 ± 0.1 d 1.1 ± 0.0 b 1.2 ± 0.2 bc 1.6 ± 0.2 cd 3.1 ± 0.2 e 

Tyr 0.3 ± 0.1 a 0.6 ± 0.0 abc 0.6 ± 0.0 bc d 0.9 ± 0.1 de 0.4 ± 0.0 ab 0.4 ± 0.1 ab 0.8 ± 0.1 cd 1.1 ± 0.1 e 

T. AA 122.8 ± 2.5 bc 133.0  ± 1.6 cd 149.4 ± 13.6 d 185.2 ± 2.0 e 106.3 ± 8.2 ab 102.3 ±  2.1 a 119.6 ± 0.5 bc 244.5 ± 2.0 f 

Leaves 

Glu 31.5 ± 4.3 a 34.0 ± 4.5 a 39.0 ± 0.4 a 39.2±1.8 a 28.0 ± 0.5 a 28.4 ± 1 a 38.9 ± 2.9 a 27.7 ± 0.6 a 

Gln 47.0 ± 4.3 bc 46.0 ± 4.5 bc 52.6 ± 0.4 c 38.7 ± 1.8 ab 49.0 ± 0.5 bc 45.0 ± 1.1 bc 42.0 ± 0.1 bc 27.0 ± 4.1 a 

Leu 1.3 ± 0.2 ab 0.8 ± 0.1 a 1.5 ± 0.0 b 1.3 ± 0.0 ab 1.4 ± 0.0 ab 1.7 ± 0.4 b 2.8 ± 0.1 c 1.1 ± 0.0 ab 

Asp 15.8 ± 0.1 bc 15.0 ± 2.1 b 13.6 ± 1.0 b 18.3 ± 1.0 c 13.6 ± 0.4 b 9.6 ± 0.9 a 11.0 ± 0. 5 a 8.5 ± 0.9 a 

Thr 2.5 ± 0.4 b 3.5 ± 0.2 cd 4.0 ± 0.4 d 1.5 ± 0.1 a 2.4 ± 0.1 b 2.7 ± 0.1 b 3.1 ± 0.1 bc 2.4 ± 0.1 b 

Asn 2.3 ± 0.1 ab 2.2 ± 0.1 a 2.4 ± 0.2 ab 2.7 ± 0.3 ab 2.2 ± 0.1 a 2.4 ± 0.2 a 3.2 ± 0.0 b 3.2 ± 0.5 b 

GABA 2.3 ± 0.1 a 4.0 ± 0.08 c 5.0 ± 0.7 c 6.1 ± 0.0 d 1.3 ± 0.9 a 2.0 ± 0.4 ab 1.6 ± 0.2 ab 2.5 ± 0.0 b 

Ala 6.1 ± 0.0 bc 6.3 ± 0.1 bc 7.3 ± 0.8 c 4.1 ± 1.0 a 5.8 ± 0.6 b 5.6 ± 0.1 b 5.7 ± 0.1 b 6.5 ± 0.6 bc 

Pro 1.9 ± 0.3 ab 1.8 ± 0.1 a 5.7 ± 0.5 e 4.6 ± 0.3 de 2.8 ± 0.3 abc 3.0 ± 0.3 bc 3.6 ± 0.5 cd 2.2 ± 0.6 ab 

Val 1.0 ± 0.1 a 1.3 ± 0.2 ab 1.6 ± 0.3 ab 1.4 ± 0.1 ab 1.3 ± 0.3 ab 1.7 ± 0.3 b 2.0 ± 0.4 b 1.3 ± 0.1 ab 

Ile 0.4 ± 0.0 a 0.7 ± 0.1 ab 0.8 ± 0.1 b 0.4 ± 0.1 a 0.5 ± 0.0 ab 0.5 ± 0.1 ab 1.2 ± 0.1 c 0.3 ± 0.0 a 

Phe 14.5 ± 0.0 ab 14.7 ± 0.3 ab 17.6 ± 0.1 bc 21.0 ± 0.0 c 10.8 ± 0.8 a 13.0 ± 0.8 ab 13.8 ± 0.3 ab 10.0 ± 0.4 a 

Tyr 0.3 ± 0.0 a 0.5 ± 0.1 a 3.9 ± 0.3 d 3.3 ± 0.5 cd 0.3 ± 0.0 a 1.4 ± 0.0 ab 2.0 ± 0.7 bc 1.5 ± 0.1 ab 

T.AA 128.0 ± 8.6 bc 131.0 ± 7.3 bc 155.2 ± 5.6 d 143.0 ± 1.5 cd 120.1 ± 8.5 b 117.0 ± 2.4 b 130.3 ± 9.1 bc 94.6 ± 3.9 a 
 

Amino acids (µmoL g
-1

 DW). 



  

 
 
 
 
treatment asparagine, aspartate, alanine, leucine, valine, 
glutamine, glutamate and phenylalanine contents remain 
unchanged (Table 1). In the presence of 300 µM Cd, the 
prolongation of the stress period up to 10 days induced a 
20% decrease in total AA contents in leaf tissues 
compared to control (94.6 versus 120 µmol.g-1 DW; 
Table 1). In contrast to roots, the majority of leaf AA 
(asparagine, glutamate, alanine, leucine, valine, 
threonine, phenylalanine and proline) was unaffected by 
10 days of Cd treatment.  However, significant reduction 
of glutamine and aspartate levels (45 and 37% from 
control, respectively) was observed in the presence of 
300 µM CdCl2 (Table 1). 

Globally, the increase in the content of several AA, 
especially in roots, could be explained by an increase in 
protein turnover and degradation (Smalle and Vierstra, 
2004; Thompson and Vierstra, 2005). Proteolysis is 
involved in the degradation of proteins damaged by 
oxidative stress induced by Cd (Pena et al., 2006; Polge 
et al., 2009). The opposite effects induced by Cd in pro-
tein content in the roots and the leaves, probably 
indicates that, protein turnover response to Cd is 
differently regulated in the two organs (Djebali et al., 
2008). On the other hand, under Cd stress, some AA can 
be used for complexation of toxic ions inside the cell and 
play an important role in heavy metal homeostasis 
(Sanita di Toppi and Gabbrielli, 1999; Benavides et al., 
2005). Proline accumulation observed in roots at the end 
of the experiment, confirmed the hypothesis that, one 
mechanism by which many plants and algae respond to 
and apparently detoxify heavy metals, is the production of 
proline (Chen et al., 2002; Abdel-Latif, 2008). This AA is 
an abiotic and biotic stress indicator in algae and in some 
plants (Verma, 1999). Many mechanisms were proposed 
to explain the role of proline in heavy metal stress 
conditions. Proline protective role in stressed plants is 
associated with reduced membrane and protein damages 
(Verma, 1999). Free proline has been proposed to act as 
an osmoprotectant (Taylor, 1996), a metal chelator 
(Farago and Mullen, 1979), an inhibitor of lipid 
peroxidation (Mehta and Gaur, 1999), a hydroxyl radical 
and singlet oxygen scavenger (Alia and Matysik, 2001) 
and an antioxidant especially in Cd stress cells 
(Siripornadulsil et al., 2002). In addition, the present work 
showed a spectacular increase in asparagine content in 
roots treated 10 days by 300 µM CdCl2 (26 fold, when 
compared with control), but remain stable in leaf tissues 
(Table 1). Asparagine synthesis and accumulation 
appear to store the excess of nitrogen as an inert nitro-
gen reserve under Cd stress and bacterial infection by 
Pseudomonas syringae in tomato (Chaffei et al., 2004; 
Olea et al., 2004). These authors also reported an up-
regulation of asparagine synthetase and a strong aspa-
ragine accumulation especially in  tomato  roots  exposed  
to Cd (Chaffei et al., 2004). Simultaneously, they 
observed inducing of glutamine synthetase (GS1) activity, 
 which suggested that, the existence of GS1/AS pathway, 
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representing a metabolic route for transferring ammonium 
released from protein catabolism into asparagine (Olea et 
al., 2004), an AA that may have a major role in nitrogen 
mobilization events such as natural senescence (Lea and 
Miflin, 1980), sugar starvation (Brouquisse et al., 1992), 
dark/light transitions (Sieciechowicz et al., 1988), or post-
harvest conditions (King et al., 1990).  

In roots, alanine, GABA and valine quantities increased 
after 10 days of Cd exposure. These three metabolites 
are implicated in coenzyme A formation and protein 
synthesis (Kupke et al., 2003), assuming metabolite 
accumulation could be interpreted as a metabolic im-
balance and an alteration in coenzyme A biosynthesis 
(Broeckling et al., 2004). In addition, our data 
demonstrated a synchronic increase of valine, isoleucine 
(3 fold) and leucine (4 fold) in plants’ roots treated by 300 
µM of Cd (Table 1). Valine, leucine and isoleucine are all 
produced by the same biosynthetic pathway (Broeckling 
et al., 2004), but the first enzymatic step uses different 
precursors for each branched chain amino acid 
(Broeckling et al., 2004). A linear and precise correlation 
was observed between leucine, isoleucine and valine 
amounts in response to perturbation with biotic and 
abiotic elicitors in Medicago truncatula cell culture 
(Broeckling et al., 2004). Probably, accumulation of bran-
ched chain AA can be one consequence of perturbations 
in acetyl-coenzyme A biosynthesis and/or in glycolysis 
which are affected under stress conditions. 
 
 
Conclusion 
 
Summarising our results, it may be concluded that Cd 
stress triggered a concentration dependent reduction of 
tomato plant growth and a reduction of the WC of the 
tissues. In the roots and leaves, Cd triggered clear dis-
turbance of the primary metabolism as shown by the 
modifications of several metabolites such as organic 
acids and amino acids. Among these metabolites, the 
strong accumulation of citrate in roots and leaves, 
tyrosine in leaves and asparagine in roots, was found to 
be dependent of the concentration of Cd. These three 
compounds appear to be good markers to assess the 
extent of Cd stress in tomato plants and could be 
potentially used to investigate Cd stress in other plants of 
interest. 
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