
African Journal of Biotechnology Vol. 10(33), pp. 6292-6299, 6 July, 2011     
Available online at http://www.academicjournals.org/AJB 
DOI: 10.5897/AJB10.1785 
ISSN 1684–5315 © 2011 Academic Journals  
 
 
 
 

Full Length Research Paper 
 

Different response of phytochelatins in two aquatic 
macrophytes exposed to cadmium at environmentally 

relevant concentrations 
 

Qin Sun*, Wang Bin Liu and Chao Wang 
 

Key Laboratory of Integrated Regulation and Resources Development of Shallow Lakes of Ministry of Education, 
College of Environment, Hohai University, Nanjing 210098, P. R. China. 

 
Accepted 23 May, 2011 

 
Phytochelatins (PCs) have been proposed as potential biomarkers for an evaluation of metal toxicity. 
However, most studies have been generally limited to high concentrations of metals. In this study, two 
submerged macrophytes Ceratophyllum demersum L. and Elodea canadensis Michx. were adopted to 
investigate the response of phytochelatins (PCs) and its relationship with cadmium (Cd) toxicity upon 
exposure to low concentrations of Cd (0.01 to 0.64 µM) usually present in low or moderately polluted 
environments. It was observed that, 0.01 to 0.04 µM Cd had no obvious toxic effects on the growth of 
two plants compared with the control plants, whereas Cd toxicity is significantly seen in C. demersum 
at 0.08 to 0.64 µM and in E. canadensis at 0.16 to 0.64 µM, as indicated by the significant decreases of 
fresh weights. Two plants showed strong capacity to accumulate Cd present in low concentrations. PCs 
were produced in a dependent-species and-concentration manner. Response of PCs was strong in C. 
demersum exposed to Cd concentrations studied (0.02 to 0.64 µM) and dramatically increased with the 
increase of Cd concentrations in solutions. The maximum amount of PCs in C. demersum was found at 
7 days and obviously decreased with the prolonged exposure to Cd. PC concentrations in C. demersum 
were positively correlated with Cd toxicity, as measured by the growth inhibition rate of fresh weight. By 
contrast, Cd concentrations studied slightly or mildly induced the production of PCs in E. canadensis. 
The results suggested that, positive responses of PCs in C. demersum can serve as early biomarkers 
for reflecting Cd toxicity in low or moderately polluted water environments. 
 
Key words: Biomarker, cadmium, Ceratophyllum demersum L., Elodea canadensis Michx., metal toxicity, 
phytochelatins. 

 
 
INTRODUCTION 

 
Cadmium (Cd) is a non-essential and toxic heavy metal, 
mainly released into environments by a variety of natural, 
agricultural and industrial activities. Cd is believed to 
cause damage even at very low concentrations (Järup et 
al., 1998). The toxic effects of Cd  on  plant  growth  have 
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been extensively demonstrated. Cd inhibits plant growth 
and also disturbs photosynthesis, sugar metabolism, 
sulphate assimilation and several enzymes (Sanità di 
Toppi and Gabbrielli, 1999; Šottníková et al., 2003; 
Kevrešan et al., 2003).  

Numerous methods have been made to predict toxic 
effects of metals in plants. Traditional chemical 
monitoring of metal concentrations in environments and 
plants can not reflect the actual metal bioavailability and 
their biological effects (Sneller et al., 1999). The analysis 
of metal concentrations in environments and plants may 
overestimate the toxic effects of metals. Consequently, 
considerable interest has been paid to the use of 
biomarkers  for  environmental quality evaluation and risk 



 
 
 
 
assessment. Biomarkers have been defined as “bio-
chemical, physiological and morphological changes in 
plants reflecting their exposure to chemicals” (Ernst and 
Peterson, 1994). Biomarkers based on responses at the 
cellular and molecular levels represent the earliest 
signals of environmental disturbance and commonly used 
for biomonitoring (Depledge, 1994; Lowe et al., 1995). 
The principal biomarkers tested in plants are related to 
photosynthetic activity, enzyme activities, secondary 
metabolite synthesis, oxidative stress and detoxification 
mechanisms (Ferrat et al., 2003). 

Phytochelatins (PCs), a family of metal-induced 
peptides, have the general structure (γ-Glu-Cys) n-Gly (n 
= 2-11) (Grill et al., 1985). Among metals, Cd is the best 
activator known so far (Clemens, 2006). Furthermore, it 
has been shown that PC production occurs almost 
instantaneously upon exposure to metals (Grill et al., 
1989) and is positively dependent on external metal 
concentrations and intracellular metal ion concentrations 
and is not correlated with metal accumulation (Keltjens 
and van Beusichem, 1998; Ahner et al., 1994; Sun et al., 
2005a). The induction of PCs in plants under metal stress 
is generally considered to play an important role in metal 
detoxification. However, numerous studies showed that, 
PCs are not responsible for metal tolerance and detoxi-
fication in metal-tolerant plants and metal-hyperac-
cumulators (Sun et al., 2005d, 2007). More recently, 
considerable interest has been attracted to PCs as earlier 
potential biomarkers for metal toxicity due to its unique 
responsive properties of PCs. Direct relationships 
between metal exposure and PC synthesis have been 
examined in some terrestrial plants and algae, which 
largely strengthens the potentiality of PCs as biomarkers. 
However, few studies on the response of PCs and its 
relationship with metal exposure and metal toxicity have 
been carried out in aquatic macrophytes.  

Recently, use of aquatic macrophytes to remediate the 
contaminated aquatic system is of considerable interest 
as a branch of the exciting low-cost and eco-friendly tech-
nology, phytoremediation. Among aquatic macrophytes, 
the submerged species are particularly useful in the 
abatement and monitoring of heavy metals (Gupta and 
Chandra, 1998). In terms of this, it was thought to be 
worthwhile to study their physiological response under 
metal stress. The induction of PCs under Cd stress has 
been demonstrated in some aquatic macrophytes. 
However, the majority of existing PC studies has been 
confined to high concentrations of Cd (2.5 to 200 µM) 
usually absent in natural Cd-contaminated environment, 
which were 278 to 22222 times higher than the 
recommended permissible limits (0.009 to 0.09 µM) in 
surface water of China (Yin et al., 2002; Sanità di Toppi et 
al., 2007). Wagner (1993) estimated that, non-polluted 
soil solutions contained Cd concentrations ranging from 
0.04 to 0.32 µM. Soil solutions which have a Cd concen-
tration varying from 0.32 to about 1 µM can be regarded as 
polluted to a moderate  level.  Thus,  it  was  necessary  to   
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further demonstrate the production of PCs in closely 
realistic Cd-polluted environments.  

Ceratophyllum demersum L. and Elodea canadensis 
Michx. are two completely submerged aquatic macro-
phytes and commonly seen in ponds, lakes, ditches and 
quiet streams. They have been demonstrated to be 
efficient in the Cd uptake and accumulation (Ornes and 
Sajwan, 1993; Gupta and Chandra, 1996; Kumar and 
Prasad, 2004; Fritioff et al., 2005; Fritioff and Greger, 
2003, 2007). In the present work, they were typically 
selected to investigate PC response and its relationship 
with Cd toxicity under the conditions of low concen-
trations of Cd (0.01 to 0.64 µM), which are close to 
environmental realistic levels of Cd pollution. The concen-
tration range of Cd designed was based on GB3838-
2002 environmental quality standard for surface water of 
China (Environmental Protection Administration of the 
People’s Republic of China, 2002). Glutathione (GSH) 
may be involved in metal stress in higher plants with a 
variety of ways, possibly including a well-known anti-
oxidant for removal of radicals caused by metal stress in 
plants (Foyer et al., 2001), a potential chelator of metals 
reducing metal toxicity (Vögeli-Lange and Wagner, 1996; 
Sun et al., 2005d, 2007), a precursor of PC synthesis 
accompanied by a higher demand of total GSH in intact 
plant (Sun et al., 2005b,c) and a potential bio-marker for 
an evaluation of metal toxicity (Sun et al., 2005a,b,c). In 
this experiment, GSH in two plants was also examined.  
 
 
MATERIALS AND METHODS 
 
Plant preculture and Cd treatments 
 
C. demersum L. and E. canadensis Michx. were collected from the 
local unpolluted fishponds and further cultivated with tap water in a 
large tank for 1 month in a greenhouse under the natural day-night 
cycle. After grown for more than one month, two plants (12 g) were 
transferred to 3 L plastic containers and acclimatized for a week in 
10% Hoagland solutions. The solution pH value was adjusted to 6.0 
with 0.1 M HCl or NaOH once every 3 days. The nutrient solutions 
were aerated continuously. After a week, all plants were exposed to 
a series of Cd concentrations (introduced as CdCl2•2.5H2O): 0.01, 
0.02, 0.04, 0.08, 0.16, 0.32 and 0.64µM. All Cd concentrations 
studied in solutions were accurately detected by inductively coupled 
plasma-atomic emission spectrometer (ICP-AES). Plants cultured in 
10% Hoagland solutions without Cd served as control. Three 
replicates were used for each Cd concentration. The treated 
solution was renewed once every 3 days. After Cd exposure for 7, 
14 and 21 days, plants were harvested, respectively. At harvesting, 
plants were washed thoroughly with distilled water, blotted and 
used for the determination of various parameters. For each 
harvestry, fresh plants were subdivided into two portions, one was 
immediately weighed, frozen in liquid nitrogen (-196°C) and stored 
at - 80°C for analysis of PCs and other low molecular weight thiols, 
the other was left for the determination of Cd. 
 

 
Analytical methods of parameters 
 
Cadmium toxicity was estimated by the relative inhibition rate (RIR) 
of fresh weight after Cd exposure for 21 days. The RIR of fresh 
weight is  defined as  ((average  fresh  weight  of  plant  in  control – 
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Figure 1. Fresh weights of C. demersum L. (a) and E. canadensis Michx.;(b) exposed to 
low concentrations of Cd for 21 days. Each value is means ± SD (standard deviation, n = 
3). Different letters at the same figure pattern denote significant differences at the level of 
P < 0.05. 

 
 
 
average fresh weight of plant in Cd-treated solutions) / average 
fresh weight of plant in control) × 100%). According to the method 
described by Sun et al. (2005d, 2007), Cd concentrations in Cd-
treated solutions and two plants were tested by ICP-AES (Leeman-
LABS, Prodigy, USA) and analysis of PCs and other low molecular 
weight thiols were determined by high-performance liquid 
chromatography (HPLC) by using pre-column derivatization with a 
fluorescent probe monobromobimane (mBBr).  
 
 
Statistical analyses 
 
Statistical analyses were performed using the Statistical Package 
for the Social Sciences (SPSS) statistical package (version 10.0 for 
windows). Data were tested at significance levels of P < 0.05 or P < 
0.01 by one-way ANOVA. The subsequent multiple comparisons 
among means were examined based on a Tukey test. 

RESULTS 
 

Plant growth 
 

After Cd exposure for 21 days, experimental Cd con-
centrations (0.01 to 0.04 µM) in solutions had no toxic 
effects on the growth of two plants, as shown by no 
significant decrease of the fresh weights compared with 
the control plants without Cd (Figure 1a, b). Cd toxicity in 
C. demersum is significantly seen at 0.08 µM, while in E. 
canadensis at 0.16 µM and the degree increased with 
further increase of Cd concentrations in solutions, 
accompanied by significant (P < 0.05) decreases in the 
fresh weights of C. demersum (0.08 to 0.64 µM) and E. 
canadensis (0.16 to 0.64 µM) compared  with  the  control 
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Figure 2. Cd accumulation (mg kg-1 DW) in C. demersum L. (a) and E. canadensis Michx.; (b) exposed to low 
concentrations of Cd with various exposure time. Each value is means ± SD (standard deviation, n = 3). Different letters at 
the same figure pattern denote significant differences at the level of P < 0.01. 

 
 
 
 plants without Cd addition (Figure 1a, b).  
 
 
Cadmium accumulation 
 
Cadmium accumulation in two plants increased with the 
increase of Cd concentrations in solutions and Cd 
exposure time (Figure 2a, b). Two plants showed strong 
ability to absorb Cd from external Cd-treated solutions. At 
0.64 µM, Cd contents in C. demersum and E. canadensis 
were 1900.71 and 1387.01 mg ·kg -1 DW at 7 days, 
2172.69 and 1830.33 mg ·kg -1 at 14 days, 3228.46 and 
2453.37 mg ·kg -1 at 21 days. 

Phytochelatin production 
 
Phytochelatins were detectable in both control plants 
without Cd addition. During the period of Cd exposure (7 
to 21 days) (Table 1), PCs in C. demersum were strongly 
induced at 0.02 to 0.64 µM Cd, increased with the 
increase of Cd concentrations in solutions. The concen-
trations of PCs in C. demersum were positively correlated 
with the concentrations of Cd in solutions (R2= 0.9034 for 
7 days, R2= 0.8515 for 14 days, R2= 0.932 for 21 days). 
Different from Cd accumulation in C. demersum, the 
levels of PCs obviously decreased with the prolonged 
exposure  of  Cd.  In  contrast  to  C.  
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Table 1. Concentrations of phytochelatinsa (nmol –SH g-1 FW) in two aquatic macrophytes exposed to low concentrations of Cd with 
various exposure time. 
 

Cd 
treatments 

(µM) 

Ceratophyllum demersum L. Elodea canadensis Michx. 

7 d 14 days 21 days 7 days 14 days 21 days 

0 7.38±0.51b a 6.33±1.18a 6.43±0.86ab 2.76±0.09a 3.76±0.29a 2.16±0.44a 
0.01 8.76±0.87a 7.03±1.61a 5.47±1.25a 2.60±0.14a 3.43±0.51a 2.08±0.04a 
0.02 20.82±1.09b 12.77±1.97b 8.09±1.28b 2.51±0.41a 3.36±0.59a 2.30±0.36a 
0.04 120.51±17.09c 39.92±6.43c 32.70±7.66c 2.62±0.47a 3.48±0.38a 2.77±0.54ab 
0.08 181.62±16.72d 87.07±7.31d 42.13±8.04c 3.00±0.44ab 4.55±0.96ab 3.53±0.22bc 
0.16 169.80±15.03d 133.13±27.27e 66.62±9.51d 3.48±0.03b 3.84±0.49a 2.74±0.35ab 
0.32 257.75±51.19e 244.07±36.79f 175.69±32.1e 5.61±0.74c 4.18±0.98ab 3.99±0.88c 
0.64 441.23±35.27f 267.81±52.63f 222.67±5.96f 10.05±2.02d 4.72±0.31b 3.73±0.39c 

 
a Phytochelatin data are reported as a molar concentration (normalized to FW) of the sum of PC2, PC3, and unidentified iso-phytochelatins 
being eluted after PC4; 

beach value is means ± SD (standard deviation, n = 3). Different letters in the same column denote significant 
differences at the level of P < 0.05. 

 
 
 

Table 2. Concentrations of glutathione (nmol g-1 FW) in two aquatic macrophytes exposed to low concentrations of Cd with various 
exposure time. 
 

Cd 
treatments 

(µM) 

Ceratophyllum demersum L. Elodea canadensis Michx. 

7  days 14  days 21  days 7  days 14  days 21  days 

0 10.04±1.77aa 13.16±1.86a 22.18±3.53a 8.68±0.22a 8.96±0.58a 8.65±0.76 a 
0.01 10.61±1.88a 14.13±0.94a 34.54±2.28b 7.44±1.18a 8.14±0.99a 9.22±1.43 ab 
0.02 11.24±1.61a 19.17±1.00b 35.78±6.46b 9.54±1.43b 8.37±1.07a 8.81±1.06 a 
0.04 18.28±1.23b 24.85±1.54c 39.92±8.69b 8.92±1.33ab 9.56±1.16ab 8.90±0.98 a 
0.08 12.67±1.35a 40.85±4.04d 40.31±2.84b 9.15±0.32ab 8.61±0.93a 10.59±0.48b 
0.16 16.36±1.23b 25.50±1.51c 45.65±5.70b 11.16±2.10c 10.05±2.06b 11.89±0.14cd 
0.32 25.89±3.54c 42.49±8.07d 119.24±9.40c 14.65±2.70e 12.36±1.33c 12.81±0.09d 
0.64 26.20±2.51c 77.70±8.74e 188.74±44.37d 13.56±1.90d 10.69±7.43b 11.77±0.08cd 

 
aValues are means of three replicates ± SD (standard deviation, n = 3). Different letters in the same column denote significant 
differences at the level of P < 0.05. 

 
 
 
demersum, Cd concentrations studied slightly or mildly 
stimulated the response of PCs in E. canadensis within 7 
to 21 days. At equivalent concentrations of Cd in 
solutions, the levels of PCs were significantly higher in C. 
demersum than in E. canadensis.  

Cadmium toxicity was estimated by the relative inhi-
bition rate (RIR) of fresh weight. There existed a linearly 
positive relationship between PC concentrations and Cd 
toxicity (R2 = 0.9085) in C. demersum after Cd exposure 
for 21 days. But this relationship was absent in E. 
canadensis. 
 
 
Glutathione production 
 
The levels of GSH in C. demersum remarkably increased 
with the increase of Cd concentrations in solutions and 
Cd exposure time (Table 2) and yet the extent was 
obviously lower than that of PCs. However, the slight 

increase of GSH was observed in E. canadensis. 
Moreover, GSH accumulation was higher in C. demersum 
than in E. canadensis. 
 
 
DISCUSSION  
 
C. demersum (Ornes and Sajwan, 1993; Gupta and 
Chandra, 1996; Kumar and Prasad, 2004; Mishra et al., 
2008) and E. canadensis (Fritioff et al., 2005; Fritioff and 
Greger, 2007) has been demonstrated to accumulate Cd 
in significant amounts. The present study further 
demonstrated that two plants presented high Cd-
accumulating characteristic (Figure 2a, b). The amount of 
Cd accumulated in two aquatic macrophytes was in a 
concentration- and time- dependent manner. Con-
comitant with Cd accumulation, Cd toxicity was obviously 
shown at 0.08 to 0.64 µM in C. demersum and at 0.16 to 
0.64 µM in E. canadensis. From an application viewpoint,  



 
 
 
 
our study proposed that C. demersum and E. canadensis 
may be suitable for use in remediation of lower levels of 
Cd pollution. Similarly, Ornes and Sajwan (1993) reported 
that, C. demersum is a powerful scavenger of Cd at low 
concentrations (0.1 to 0.5 ppm), but does not survive at 
higher concentrations (1 ppm to 10 µM).  

The production of PCs at low concentrations of Cd 
usually present in realistic metal-polluted environments 
has scarcely been investigated in aquatic plants so far. In 
our experimental studies, low concentrations of Cd 
varying from 0.01 to 0.64 µM were simulated to 
investigate the response of PCs in two submerged 
macrophytes, C.  demersum and E. canadensis. PCs 
were strongly induced at 0.02 to 0.64 µM Cd in C. 
demersum with the drastic increase of Cd concentrations 
in solutions, but with the slight induction of PCs in E. 
canadensis. It was clearly found that, PCs were highly 
sensitive and strongly induced by low concentrations of 
Cd in a dependent-species manner. Similar to our results, 
it has been shown that various natural populations of 
seaweeds (marine macroalgae) collected from natural 
environments with different levels of contamination by 
trace meals have different capacities for the production of 
PCs (Pawlik-Skowrońska et al., 2007). Such difference in 
PC production has also been found in various species of 
phytoplankton and freshwater algae (Ahner et al., 1995; 
Rijstenbil et al., 1998; Skowroński et al., 1998; Malea et 
al., 2006).  

In our study, PC concentrations in C. demersum were 
positively correlated with Cd concentrations in solutions 
and Cd toxicity in C. demersum. A similar relationship has 
also been found in the seaweeds (Pawlik-Skowrońska et 
al., 2007), some algae (Ahner et al., 1994, 1997; Pawlik-
Skowrońska, 2002; Pawlik-Skowrońska, 2001, 2003) and 
terrestrial plants (Schat and Kalff, 1992; De Knecht et al., 
1995; Keltjens and van Beusichem, 1998; Snelller et al., 
1999; Sun et al., 2005a,b,c). Undoubtedly, numerous 
direct quantitative relationships between metal concen-
trations in experimental solutions and fields/metal toxicity 
and the levels of expression of PCs provided convincing 
evidence that PCs can serve as earlier potential 
biomarkers for monitoring of environmental metal levels 
and biotoxicity. From an application viewpoint, due to its 
wide distribution in water environments, large biomass, 
easier collection and stronger physiological responses 
such as high production of PCs upon low concentrations 
of Cd as shown by the present experiment, it was 
suggested that, a submerged macrophyte C. demersum 
can be served as a useful test organism for further PC 
analysis in order to monitor environmental Cd-polluted 
levels. 

Intracellular PC concentrations in the diatom are related 
to free Cd ion concentrations, rather than its total concen-
trations (Ahner et al., 1994). It was further confirmed in 
this study that, this dependant relation was also present 
in aquatic plant cells. Concomitant with the increase of 
Cd  accumulation  with  the  prolonged  exposure   of   Cd  
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(Figure 2a), PCs in C. demersum was largely induced 
after exposure to low concentrations of Cd (0.02 to 0.64 
µM) for 7 days and obviously decreased after more than 
7 days (Table 1). It was indicated that, the response of 
PCs was more sensitive in the early duration of Cd 
exposure and not dependent on Cd accumulation. Such 
phenomenon have been shown in our previous study 
(Sun et al., 2005a,b,c). Typically, increasing supply of 
citric acid in solutions increased Cd accumulation by 
wheat roots and yet led to a lower synthesis of PCs and 
lower Cd toxicity (Sun et al., 2005a). Based on present 
and previous results, it was warned that the time course 
of PC production as earlier biomarkers in response to 
metal stress should be emphasized in order to clearly 
evaluate metal toxicity in plants. 

In this research, similar to the difference of PC pro-
duction in these two aquatic macrophytes, C. demersum 
had a higher production of GSH than E. canadensis. 
Moreover, concentrations of GSH significantly increased 
with the increase of Cd concentrations in solutions and 
Cd exposure time in C. demersum (Table 2). Such 
difference in GSH concentrations has also been reported 
in three various seaweeds (Pawlik-Skowrońska et al., 
2007) and three other Fucus species (Collen and 
Davison, 1999) in response to environmental stress. The 
difference in GSH concentrations in different aquatic 
macrophytes may indicate the presence of various 
physiological response mechanisms for handling Cd 
accumulation and toxicity. In accordance with our results, 
an increase of total GSH under Cd stress was found in 
Phragmites australis (Iannelli et al., 2002), Lactuca sativa 
(Maier et al. 2003), Phragmites stratiotes (Sanità di Tappi 
et al., 2007) and Sedum alfredii (Sun et al., 2005d, 2007). 
This increase may be attributed to the various function of 
GSH in organisms. Based on these backgrounds, further 
experimentation will be necessary to elucidate the role of 
the increase of GSH levels in C. demersum. 

In conclusion, despite strong capacity to accumulate 
Cd, two submerged macrophytes showed different 
sensitiveness in PC response when exposed to low 
concentrations of Cd 0.01 to 0.64 µM usually present in 
low or moderately polluted environments. In contrast to E. 
canadensis, low concentrations of Cd studied induced the 
dramatic production of PCs in C. demersum, which was 
positively correlated with Cd concentrations in solutions 
and Cd toxicity. In terms of its wide distribution, large 
biomass, easier collection, strong Cd accumulation and 
the dramatic production of PCs, it was suggested that, C. 
demersum can be served as a useful biomonitor in water 
body for earlier PC analysis to predict Cd toxicity at 
environmentally relevant levels. 
 
 
ACKNOWLEDGEMENTS 
 
This work was supported by the National Natural Science 
Foundation   of   China   for   the  Youth  (41001334),  the  



6298         Afr. J. Biotechnol. 
 
 
 
Fundamental Research Funds for the Central Universities 
(2009B00814), the Natural Science Foundation of Hohai 
University (Science) (2008433311) and the Innovation 
Foundation of Hohai University (2006402911). 
 
 
REFERENCES 
 
Ahner BA, Price NM, Morel FMM (1994). Phytochelatin production by 

marine phytoplankton at low free metal ion concentrations: laboratory 
studies and field data from Massachusetts Bay. Proc. Natl. Acad. Sci. 
USA. 91: 8433-8436. 

Ahner BA, Kong S, Morel FMM (1995). Phytochelatin production in 
marine algae.  Limnol. Oceanog., 40: 649-657. 

Ahner BA, Morel FMM, Moffett JW (1997). Trace metal control of 
phytochelatin production in coastal waters. Limnol. Oceanog., 42: 
601-608.  

Clemens S (2006). Evolution and function of phytochelatin synthases. J. 
Plant Physiol., 163: 319-332.  

Collen J, Davison IR (1999). Reactive oxygen metabolism in intertidal 
Fucus spp. (Phaeophyceae). J. Phycol., 35: 62-69.  

De Knecht JA, Van Baren N, Ten Bookum WM, Wong Fong Sang HW, 
Koevoets PLM, Schat H, Verkleij JAC (1995). Synthesis and 
degradation of phytochelatins in cadmium-sensitive and cadmium-
tolerant Silene vulgaris. Plant Sci., 106: 9-18. 

Depledge MH (1994). The rationale basis for the use of biomarkers as 
ecotoxicological tools. In: Fossi MC, Leonzio C (eds). Nondestructive 
Biomarkers in Vertebrates. Lewis, Boca Raton, EL, p. 261-285.  

Environmental Protection Administration of the People’s Republic of 
China (2002). GB3838-2002 Environmentlal Quality Standard for 
Surface Water of China Environmental Science Press. 

Ernst WHO, Peterson PJ (1994). The role of biomarkers in 
environmental assessment. 4. Terrestrial plants. Ecotoxicology, 3: 
180-192.  

Ferrat L, Pergent-Martini C, Roméo M (2003). Assessment of the use of 
biomarker in aquatic plants for the evaluation of environmental 
quality: application to seagrasses. Aquat. Toxicol., 65: 187-204. 

Foyer CH, Theodoulou F, Delrot S (2001). The functions of inter- and 
intracellular glutathione transport systems in plants. Trends Plant 
Sci., 6: 486-492.  

Fritioff A, Greger M (2003). Aquatic and terrestrial plant species with 
potential to remove heavy metals from stormwater. Int. J. 
Phytoremediat., 5: 211-224. 

Fritioff A, Kautsky L, Greger M (2005). Influence of temperature and 
salinity on heavy metal uptake by submersed plants. Environ. Pollut., 
133: 265-274.  

Fritioff A, Greger M (2007). Fate of cadmium in Elodea Canadensis. 
Chemosphere, 67: 365-375. 

Grill E, Winnacker E L, Zenk MH (1985). Phytochelatins: the principal 
heavy metal complexing peptides of higher plants. Science, 230: 674-
676. 

Grill E, Loeffler S, Winnacker EL, Zenk MH (1989). Phytochelatins, the 
heavy-metal-binding peptides of plants, are synthesized from 
glutathione by a specific γ-glutamylcysteine dipeptidyl transpeptidase 
(phytochelatin synthase). Proc. Natl. Acad. Sci. USA. 86: 6838-6842. 

Gupta P, Chandra P (1996). Response of cadmium to Ceratophyllum 
demersum L., a rootless submerged plant. Waste Manage., 16: 335-
337. 

Gupta M, Chandra P (1998). Bioaccumulation and toxicity of mercury in 
rooted-submerged macrophyte Vallisneria spiralis. Environ. Pollut., 
103: 327-332.  

Iannelli MA, Pietrini F, Fiore L, Petrilli L, Massacci A (2002). Antioxidant 
response to cadmium in Phragmites australis plants. Plant Physiol. 
Biochem., 40: 977-982. 

Järup L, Berglund M, Elinder CG, Nordberg G, Vahter M (1998). Health 
effects of cadmium   exposure- a review of the literature and a risk 
estimate. Scand. J. Work Environ. Health, 24: 1-51.  

Keltjens WG, Van Beusichem ML (1998). Phytochelatins as biomarkers 
for heavy metal toxicity in maize: single metal effects of copper and 
cadmium. J. Plant Nutr., 21: 635-648. 

Kevrešan  S,  Kiršek  S,  Kandrač  J,  Petrović  N,  Kelemen  DJ  (2003). 

 
 
 
 

Dynamics of cadmium distribution in the intercellular space and 
inside cells in soybean roots, stems and leaves. Biol. Plant, 46: 85-
88.  

Kumar GP, Prasad MNV (2004). Cadmium toxicity to Ceratophyllum 
demersum L.: morphological symptoms, membrane damage and ion 
leakage. Bull. Environ. Contam. Toxicol., 72: 1038-1045.  

Lowe DM, Fossato VU, Depledge MH (1995). Contaminant-induced 
lysosomal membrane damage in blood cells of mussel Mytilus 
galloprovincialis from the Venice lagoon: an in vitro study. Mar. Ecol. 
Prog. Ser., 129: 189-196. 

Maier EA, Matthews RD, McDowell JA, Walden RR, Ahner BA (2003). 
Environmental cadmium levels increase phytochelatin and 
glutathione in Lettuce grown in a chelator-buffered nutrient solution. 
J. Environ. Qual., 32: 1356-1364. 

Malea P, Rijstenbil JW, Haritonidis S (2006). Effects of cadmium,zinc, 
and nitrogen status on non-protein thiols in the macroalgae 
Enteromorpha spp from the Scheldt Estuary (SW Netherlands, 
Belgium) and Thermaikos Gulf (N Aegean Sea Greece). Mar. 
Environ. Res., 62: 45-60.  

Mishra S, Srivastava S, Tripathi RD, Dwivedi S, Shukla MK (2008). 
Response of antioxidant enzymes in coontail (Ceratophyllum 
demersum L.) plants under cadmium stress. Environ. Toxicol., 23: 
294-301. 

Ornes WH, Sajwan KS (1993). Cadmium accumulation and 
bioavailability in Coontail (Ceratophyllum demersum L.) plants. Water 
Air Soil Pollut., 69: 291-300. 

Pawlik-Skowrońska B (2001). Phytochelatin production in freshwater 
algae Stigeoclonium in response to heavy metals contained in mining 
water: effect of some environmental factor. Aquat. Toxicol., 52: 241-
249.  

Pawlik-Skowrońska B (2002). Correlations between toxic Pb effects and 
production of Pb-induced thiol peptides in the microalga Stichococcus 
bacillaris. Environ. Pollut., 119: 119-127. 

Pawlik-Skowrońska B (2003). When adapted to high zinc 
concentrations the periphytic green alga Stigeoclonium tenue 
produces high amounts of novel phytochelatin-related peptides. 
Aquat. Toxicol., 62: 155-163.  

Pawlik-Skowrońska B, Pirszel J, Brown MT (2007). Concentrations of 
phytochelatins and glutathione found in natural assemblages of 
seaweeds depend on species and metal concentrations of the 
habitat. Aquat. Toxicol., 83: 190-199. 

Rijstenbil JW, Haritonidis S, Malea P, Seferlis M, Wijnholds JA (1998). 
Thiol pools and glutathione redox ratios as possible indicators of 
copper toxicity in the green macroalgae Enteromorpha spp. From the 
Scheldt Estuary (SW Netherlands, Belgium) and Thermaikos Gulf 
(Greece,N Aegean Sea). Hydrobiologia, 385: 171-181.  

Sanità di Toppi L, Gabbrielli R (1999). Response to cadmium in higher 
plants. Environ. Exp. Bot., 41: 105-130.  

Sanità di Toppi L, Vurro E, Rossi L, Marabottini R, Musetti R, Careri M, 
Maffini M, Mucchino C, Corradini C, Badiani M (2007). Different 
compensatory mechanisms in two metal-accumulating aquatic 
macrophytes exposed to acute cadmium stress in outdoor artificial 
lakes. Chemosphere, 68: 769-780. 

Schat H, Kalff MMA (1992). Are phytochelatins involved in differential 
metal tolerance or do they merely reflect metal-imposed strain? Plant 
Physiol., 99: 1475-1480. 

Skowroński T, De Knecht JA, Simons J, Verkleij JAC (1998). 
Phytochelatin synthesis in response to cadmium uptake in Vaucheria 
(Xanthophyceae). Eur. J. Phycol., 33: 87-91.  

Sneller FEC, Noordover ECM, Ten Bookum WM, Schat H, Bedaux JJM, 
Verkleij JAC (1999). Quantitative relationship between phytochelatin 
accumulation and growth inhibition during prolonged exposure to 
cadmium in Silene vulgaris. Ecotoxicology, 8: 167-175.  

Šottníková A, Lunácková L, Masarovičová E, Lux A, Streško V (2003). 
Changes in the rooting and growth of willows and poplars induced by 
cadmium. Biol. Plant, 46: 129-134. 

Sun Q, Wang XR, Ding SM, Yuan XF (2005a). Effects of exogenous 
organic chelates on phytochelatins production and its relationship 
with Cd toxicity in wheat (Triticum aestivum L.) under Cd stress. 
Chemosphere, 60: 22-31. 

Sun Q, Wang XR, Ding SM, Yuan XF (2005b). Effects of interactions 
between cadmium and  zinc  on  the  phytochelatins  and  glutathione  



 
 
 
 

production in wheat (Triticum aestivum L.). Environ. Toxicol., 20: 195-
201. 

Sun Q, Wang XR, Ding SM, Yuan XF (2005c). Effects of interaction 
between cadmium and lead on phytochelatins and glutathione 
production in wheat (Triticum aestivum L.). J. Int. Plant Biol., 47: 435-
442. 

Sun Q, Ye ZH, Wang XR, Wong MH (2005d). Increase of glutathione in 
mine population of Sedum alfredii exposed to Zn and Pb. 
Phytochemistry, 66: 2549-2556. 

Sun Q, Ye ZH, Wang XR, Wong MH (2007). Cadmium 
hyperaccumulation leads to an increase of glutathione rather than 
phytochelatins in the cadmium hyperaccumulator Sedum alfredii. J. 
Plant Physiol., 164: 1489-1498. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Sun et al.         6299 
 
 
 
Vögeli-Lange R, Wagner GJ (1996). Relationship between cadmium, 

glutathione and cadmium-binding peptides (phytochelatins) in leaves 
of intact tobacco seedlings. Plant Sci., 114: 11-18. 

Wagner GJ (1993). Accumulation of cadmium in crop plants and its 
consequence to human health. Adv. Agron., 51: 173-212.  

Yin L, Zhou Y, Fan X, Lu R (2002). Induction of phytochelatins in Lemna 
aequinoctialis in response to cadmium exposure. Bull. Environ. 
Contamin. Toxicol.,  68: 561-568. 

 
 
 
 


