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Cadmium (Cd) can have detrimental effects on 
plant growth and development even at very low con-
centrations. Leaf concentrations greater than 5–10 μg 
Cd/g dry matter (DM) are toxic to most plants 
(White and Brown 2010). Nevertheless, a few plant 
species have evolved the ability to accumulate and 
tolerate Cd concentrations that exceed 0.1% dry 
shoot mass without showing stunted growth and/
or other toxicity symptoms (Koren et al. 2013). The 
term ‘hyperaccumulator’ was coined for plants that 
actively take up exceedingly large amounts of one 
or more heavy metals from the soil. Moreover, the 
heavy metals are not retained in the roots but are 
translocated to the shoot and accumulated in the 
aboveground organs, especially leaves, at concen-
trations 100–1000-fold higher than those found in 

non-hyperaccumulating species (Rascio and Navari-
Izzo 2011, Pollard et al. 2014). Hyperaccumulators 
are tolerant to metals, but hyperaccumulation and 
tolerance are genetically independent traits.

According to Leitenmaier and Küpper (2011) 
hyperaccumulator plants have to store the taken 
up metal in a way that it does not harm important 
enzymes and especially not photosynthesis. It was 
shown that high amounts of metals are stored 
specifically in the vacuoles of large epidermal cells 
(Küpper et al. 1999, 2001), where no chloroplasts 
are located, and therefore, photosynthesis cannot 
be inhibited. According to Cappa and Pilon-Smits 
(2014) hyperaccumulators have enhanced levels of 
transporters (as a result of gene duplication) for 
uptake into the root and translocation within the 
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plant. Hypertolerance and resistance mechanisms 
that were identified include enhanced levels of 
chelators or of enzymes that convert the element 
to less toxic forms.

Noccaea caerulescens and Noccae praecox are 
considered to be the most Cd-tolerant plant spe-
cies, and they show the highest Cd hyperaccumu-
lation capacities (Cosio et al. 2004, Vogel-Mikuš 
et al. 2005). In addition, Arabidopsis halleri can 
accumulate significant amounts of Cd without 
detrimental effects on plant growth and devel-
opment (Zhao et al. 2006). According to Meyer 
et al. (2011) concentrations of phytochelatins in 
Cd-treated roots were the highest in A. thali-
ana, intermediate in A. halleri and the lowest in 
N. caerulescens. The comparison between hyper-
accumulator with non-accumulator sister species 
(e.g. A. halleri with A. thaliana) suggests that hy-
peraccumulating features could reside in sequence 
mutations, gene copy number and/or in different 
expression levels of the proteins that contribute to 
metal tolerance (Gallego et al. 2012). According 
to Maestri et al. (2010) the two plant species 
N. caerulescens and A. halleri have evolved dif-
ferent mechanisms to control hyperaccumulation. 
The impact of trace elements on plant metabolism 
means that hyperaccumulator species must possess 
mechanisms for more efficient protein turnover. 
Proteomic analysis revealed the modulation or 
specific induction of several proteins involved in 
protein metabolism (DalCorso et al. 2013). The 
changes of amino acid levels can play a significant 
role in the physiological mechanism; therefore 
objectives of this study were to evaluate the dif-
ferences of amino acid metabolism as expression 
of resistance to Cd soil contamination.

MATERIAL AND METHODS

The effect of Cd concentration on the levels of 
free amino acids was investigated in the pot experi-
ment (Zemanová et al. 2013). Two species Noccaea 
caerulescens (formely Thlaspi caerulescens J. & 
C. Presl, FK Mey) ecotype cv. Ganges (southern 
France) (NC) and Arabidopsis halleri (O’Kane and 
AL Shehbaz) (northern France) (AH) were planted 
into pots (two plants per pot) containing 3 kg 
of soil (Chernozem modal, CEC 258 mmol+/kg, 
Corg 1.83 %, pHCaCl2

 7.2, total Cd content 0.42 mg/kg). 
Soil was thoroughly mixed with 0.3 g N, 0.10 g P, 
and 0.24 g K applied in the form of ammonium 

nitrate and potassium hydrogen phosphate for 
control treatment and with the same amount of 
nutrients plus Cd in the form of Cd(NO3)2∙ 4 H2O 
in concentrations: 0 (control); 30 (Cd1); 60 (Cd2) 
and 90 (Cd3) mg/kg, for treated variants. Plants 
were harvested 30, 60 and 90 days after Cd ap-
plication.

The amino acids from methanol + H2O extracts 
from mature leaves were determined using EZ-
faast amino acid analysis procedure (Phenomenex, 
Santa Clara, USA). Samples were analyzed for 
amino acid contents by GC-MS using the Hewlett 
Packard 6890N/5975 MSD (Agilent Technologies, 
Torrance, USA) (Pavlík et al. 2010).

Plant samples were decomposed using the dry ash-
ing procedure in a mixture of oxidizing gases (O2 + 
O3 + NOx) in a Dry Mode Mineralizer Apion (Tessek, 
Prague, Czech Republic). The ash was dissolved in 
1.5% HNO3. Aliquots of the certified reference ma-
terial RM NCS DC 73350 poplar leaves (purchased 
from Analytika, Czech Republic) were mineralized 
under the same conditions for quality assurance. 
The Cd concentrations were analyzed by ICP-OES 
(Varian VistaPro, Varian, Mulgrave, Australia).

RESULTS AND DISCUSSION

Results of the pot experiment revealed the dif-
ferent effect of Cd on NC and AH. The yield of 
the aboveground biomass of AH was higher for all 
treatments in contrast to NC (Figure 1). Growing 
Cd doses were associated with the inhibition of 
above-ground and root biomass and with the en-
hancement of Cd content in leaves. The higher Cd 
content was determined for all Cd treatments of 
NC compared to Cd treatments of AH (Figure 2). 
The opposite effects were observed in control 
variants – higher Cd contents in AH in contrast 
to NC were determined. Our data correspond with 
those by Zemanová et al. (2013) and Procházková 
et al. (2012) who reported that excessive amounts 
of toxic elements in contaminated soil inhibited 
plant growth and development due to their phyto-
toxicity. The Cd content of roots was determined 
without replication, because there was a lack of 
biomass. The analyses showed values similar to Cd 
contents in the aboveground biomass (data is not 
shown here). Toxic Cd levels reduced incorpora-
tion of free amino acids into proteins. It caused 
the decline in protein content and therefore the 
decline of biomass accumulation (Solanki and 
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Dhankhar 2011). This finding confirmed our re- 
sults – higher Cd content in plant biomass and 
lower yield of NC in contrast to AH.

The changes of amino acid levels can play a 
significant role in mechanism of plant adapta-
tion to Cd stress. Chaffei et al. (2004) suggested 
that an increase in the proportion of high N:C 
amino acids is a protective strategy in plants for 
preserving roots as a nutritional safeguard or-
gan to ensure future recovery. Consistent with 
this hypothesis, our analyses indicated the ac-
cumulation of a large amount of amino acids in 
the roots of NC compared to AC (Figure 3). The 
highest accumulation of amino acids (AA) was 
determined on Cd2 treatment of NC after 90 days 
of cultivation. The high content of AA in roots of 
NC indicated high Cd accumulation and tolerance 

of this plant. The amino acid accumulation in 
NC roots also suggested that these Cd-chelating 
molecules are highly active in plant roots and that 
upon binding Cd, they may form a complex that 
can be translocated from the roots to the shoots 
(Couturier et al. 2010).

Methionine (Met) is one from AA with differ-
ent content in AH in contrast to NC. Methionine 
originates from three convergent pathways: the 
carbon backbone deriving from aspartate, the 
sulfur atom from cysteine, and the methyl group 
from the β-carbon of serine. It is an amino acid 
that supports additional roles than simply serving 
as a building block for protein synthesis. This is 
because methionine is the immediate precursor 
of S-adenosylmethionine, which plays numerous 
roles of being the major methyl-group donor in 
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Figure 1. Effect of Cd on the aboveground biomass and root yield (g dry matter per pot) of Noccaea caerulescens 
and Arabidopsis halleri: 30, 60, 90 days from planting. Data are means ± S.E. (n = 3). Control – 0 mg Cd/kg 
soil; Cd1 – 30, Cd2 – 60 and Cd3 – 90 mg Cd/kg soil

Figure 2. Total contents of Cd in the aboveground biomass of Noccaea caerulescens and Arabidopsis halleri 
exposed to increasing rates of Cd in soil. Data are means ± S.E. (n = 3). DM – dry matter; control – 0 mg Cd/kg 
soil; Cd1 – 30, Cd2 – 60 and Cd3 – 90 mg Cd/kg soil
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transmethylation reactions and an intermediate in 
the biosynthesis of polyamines and of the phyto-
hormone ethylene etc. (Ravanel et al. 1998). Met 
was differentially regulated between the tested 
plant species since its content was determined 
only in roots of AH after 30 and 60 days of plant 
cultivation (Figure 4), but it was not detected in 
NC. The effect of Cd contamination was confirmed 
after 60 days of plant cultivation, free Met content 
decreased with increasing Cd contamination (Cd3 
treatment – 40% decrease compared to control 
treatment). Similar results were published for two 
lines of tobacco by Pavlíková et al. (2014). The re-
sults showed that NC regulated more effective Met 
compared to AH. This AA is quickly transformed 
into the required products or incorporated into a 
protein without increased accumulation in plant. 
The Met accumulation in AH plants in contrast 
to NC can be related to the oxidation of Met to 
methionine sulfoxide, which alters the activity 

and conformation of various proteins, can be re-
versed by methionine sulfoxide reductase (MSR). 
MSR participates in a protein repair system that is 
one of the defensive mechanisms that diminishes 
oxidative destruction (Li et al. 2012, Zagorchev 
et al. 2013). According to Ingle et al. (2005) Met 
biosynthesis is suppressed in Alyssum lesbiacum, 
indicating that thiol groups are diverted toward 
cysteine and glutathione biosynthesis. In contrast, 
methionine synthase was induced after metal treat-
ment in Phytolacca americana (Zhao et al. 2011), 
suggesting there are diverse strategies for metal 
detoxification in hyperaccumulator species.

The observation of Holmes and Appling (2002) 
shows the possibility of a metabolic link between 
methionine and histidine (His) biosynthetic pathway 
through accumulation of 5’-amino 4-carboxamide 
ribonucleotide interfering with Met biosynthetic 
pathway. His was found to play an important role in 
regulation of biosynthesis of other AA, in chelation 

Figure 3. Total contents of free amino acids (AA) in roots of Noccaea caerulescens and Arabidopsis halleri exposed 
to increasing rates of Cd in soil. Data are means ± S.E. (n = 3). Control – 0 mg Cd/kg soil; Cd1 – 30, Cd2 – 60 
and Cd3 – 90 mg Cd/kg soil; FM – fresh matter

Figure 4. Total contents of free methionine (Met) in roots of Arabidopsis halleri exposed to increasing rates of 
Cd in soil. Data are means ± S.E. (n = 3). Values of Met analyzed after 90 days of plant cultivation were below 
detection limit of gas chromatography. Control – 0 mg Cd/kg soil; Cd1 – 30, Cd2 – 60 and Cd3 – 90 mg Cd/kg 
soil; FM – fresh matter
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and transport of metal ions, and in plant reproduc-
tion and growth (Stepansky and Leustek 2006). Our 
result showed that content of His was accumulated 
during NC growing period, while significant changes 
were not observed in AC roots (Figure 5). The high-
est difference between NC and AH treatments was 
determined on Cd2. Accumulation of free His in NC 
roots of Cd2 treatment is more than 19-fold higher 
in contrast to Cd2 treatment of AH. These obser-
vations indicated that His may be involved in Cd 
resistance and accumulation by reducing oxidative 
damage. According to Xu et al. (2012) the high ac-
cumulation of His in plant promoted Cd uptake and 
improved root-to-shoot Cd transport, which thereby 
increased leaf Cd accumulation. Compared to other 
known low-molecular-weight metal chelators such 
as phytochelatins and nicotianamine, histidine is of 
relatively low metabolic cost. His biosynthesis does 

not involve the assimilation of sulfate as is required 
for the biosynthesis of phytochelatins, and it contains 
6 C and 3 N atoms compared with nicotinamine 
(12 C and 3 N) or phytochelatins (approximately 
18 or 36 C, 5 or 10 N, and 2 or 4 S) (Stepansky and 
Leustek 2006).

The histidine biosynthesis pathway is integrated 
with a number of other metabolic pathways includ-
ing tryptophan (Trp). Tryptophan plays a major role 
in the regulation of plant development and defense 
responses and it is the precursor for indolacetic 
acid, a plant hormone necessary for cell expansion. 
Our results showed the significant increase of this 
AA for NC treatments (Figure 6). According to 
Pavlík et al. (2012) Trp biosynthesis is induced by 
stresses. However, the significant changes during 
growing period of AH were not confirmed. Little 
is known about Trp-mediated trace elements tol-
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Figure 5. Total contents of free histidine (His) in the aboveground biomass and roots of Noccaea caerulescens and 
Arabidopsis halleri exposed to increasing rates of Cd in soil. Data are means ± S.E. (n = 3). Control – 0 mg Cd/kg 
soil; Cd1 – 30, Cd2 – 60 and Cd3 – 90 mg Cd/kg soil; FM – fresh matter

Figure 6. Total contents of free tryptophan (Trp) in the aboveground biomass and roots of Noccaea caerulescens 
and Arabidopsis halleri exposed to increasing rates of Cd in soil. Data are means ± S.E. (n = 3). Control – 0 mg 
Cd/kg soil; Cd1 – 30, Cd2 – 60 and Cd3 – 90 mg Cd/kg soil; FM – fresh matter
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erance (Sanjaya et al. 2008). Sanjaya et al. (2008) 
reported that increased Trp levels make Cd less 
available to the plant, decrease Cd transport and 
thus reduce Cd accumulation. Metal ions and the 
bivalent Trp side chain indole were found to interact 
cooperatively (Li and Yang 2003).
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