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Abstract. Maize plants (Zea mays L. cv. Honeycomb F-l)  
were grown on quartz sand containing amounts of Cd or 
Cu which resulted in comparable internal contents in the 
roots. Fresh and dry weights and the content of Cd or Cu 
were measured in roots and shoots after eight weeks. In 
addition, cysteine, y-glutamylcysteine (yEC), glutathione 
(GSH) and the thiols in heavy-metal-binding peptides 
(HMBPs) were determined in the roots. At low internal 
contents, Cd and Cu inhibited root growth to the same 
extent. Inhibition by Cu was enhanced, however, at high 
internal contents, indicating that Cu was more toxic than 
Cd. Separation of extracts from roots of Cd- and Cu- 
treated plants on a Sephadex G-50 column resulted in 
H M B P  complexes with relative molecular masses (Mrs) of 
6200 and 7300, respectively. Separation of these HMBP-  
complexes using H P L C  resulted in a distinct pattern of 
thiol compounds for each heavy metal. The accumulation 
of HMBPs  was linearly dependent on the content of Cd at 
all values examined. In Cu-treated roots, H M B P  accumu- 
lation was linearly dependent on the internal Cu content 
only up to 7.1 lamol- g-  1 dry weight. At internal contents 
which caused an enhanced inhibition of root growth, no 
further significant increase in the H M B P  content was 
detected. At these internal Cu contents an increased trans- 
port of Cu to the shoot was measured. This result indi- 
cates that HMBPs are involved in reducing heavy-metal 
transport from roots to shoots. 
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Introduction 

Heavy-metal (HM) contamination caused by either natural 
processes or by human activities is one of the most serious 
ecotoxicological problems (Reedy and Prasad 1990). Since 
plants function as the principal entry point of HMs into the 
food chain leading to animals and man (Rauser 1990), the 
agricultural use of Cd-containing fertilizers and of Cu as 
a fungicide is of major concern. Whereas it is well estab- 
lished that Cd is more toxic to man and other mammals 
than Cu, the differential toxicity of these two HMs for 
plants is not clear. Cadmium is usually more toxic than Cu 
to plants growing in soil due to the strong binding of Cu to 
organic and inorganic colloids (Fernandes and Henriques 
1991). Cell-suspension cultures of tomato were found to be 
more sensitive to excess Cu than to similar concentrations 
of Cd, which was explained by the lack of synthesis of 
Cu-binding peptides by Cu-exposed cells. Indeed, these 
cells developed tolerance to 1 mM Cd after subculturing 
with 100 ~tM Cd, which induced the formation of Cd- 
binding peptides (Inouhe et al. 1991). In cell-suspension 
cultures of Rauvolfia serpentina, Grill et al. (1985) demon- 
strated the induction of heavy-metal-binding peptides 
(HMBPs) of the general structure (yEC).G [poly-(y- 
glutamylcysteinyl)-glycine] not only by Cd but also by 
other HM ions, such as Cu. They gave these peptides the 
trivial name phytochelatins. Grill et al. (1989) showed that 
these peptides are synthesized from glutathione (GSH). 
Correspondingly, cell-suspension cultures of Datura in- 
noxia (Jackson et al. 1992) and maize roots (Meuwly and 
Rauser 1992; Riiegsegger et al. 1992) showed a depletion of 
the GSH content after exposure to Cd. The 'function lof 
phytochelatins in the differential tolerance of plants to 
heavy metals, however, is controversial. Schat and Kalff 
(1992) found that Cu tolerance of Silene vulgaris was not 
due to increased phytochelatin synthesis. Copper tolerance 
of these plants was, rather, related to their ability to prevent 
GSH depletion than to protective functions of the 
phytochelatins (De Vos et al. 1992). These results were 
explained by assuming that GSH was important in Cu- 
tolerance, functioning as an antioxidant against free rad- 
icals and hydrogen peroxide (Alscher 1989), which are 



140 

fo rmed  by  excess C u  in S. vulgaris plan ts  (De Vos et al. 
1991). 

In  this s tudy  we c o m p a r e  the toxici ty level of Cd, which  
has  n o  funct ions  in p l an t s  a n d  Cu,  a n  essential  nut r ien t .  W e  
study,  in  a long- t e rm exper iment ,  the extent  to which the 
f o r m a t ion  of H M B P s  can  expla in  differential toxic effects of 
Cd a n d  Cu  in  maize  roo t s  a n d  discuss how the con ten t s  of 
H M B P s  in  the roots  are related to the t r ans loca t ion  of 
these H M s  to the shoots .  
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dissolved in 5 ml of 0.1 M HC1 and the concentrations of Cd and Cu 
were measured by atomic absorption spectrometry. 

At least three independent experiments were performed in all cases 
and results from one experiment with four independent replicate 
plants are presented. 

Statistical analysis were performed using the nonparametric Kol- 
mogorov-Smirnov two-sample test. Monobromobimane was from 
Calbiochem (Lucerne, Switzerland), a sample of standards of (TEC),G 
with n = 2, 3 and 4 from R. Kneer (Miinchen, Germany) methanol 
from Riedel-de HeWn (Seelze, Germany), and acetonitril from J.T. 
Baker (Deventer, The Netherlands). All other chemicals were from 
Fluka (Buchs, Switzerland). 

Materials and methods 

The chlorides CdC12 and CuCI 2 were added to sterilized quartz sand 
(average grain diameter of 1 mm) to obtain contents of 0, 13, 40, 133, 
267, 400 nmol-g -1 sand or 0, 71, 142, 236, 472, 708 nmol.g -1 sand, 
respectively, and mixed continuously for 5 min with a mixer. River 
sand (12 g per 790 g quartz sand) was added to provide pH buffering 
capacity. The mixture was put into 12-cm-diameter plastic pots and 
four kernels of sweet corn (Zea mays L. cv. Honeycomb F-l), which 
had been soaked for 1 d in aerated water at room temperature, were 
placed in each pot. The nutrient solution, 0.5 mM NH4NO3, 0.5 mM 
KNO3, 0.05 mM KHzPO4, 0.5 mM Ca(NO3), 0.375 mM MgSO4, 
15 ~tM FemNa (EDTA), 5 ~tM MnC12, 0.5 pM HaBO3, 1 ~tM ZnSO4, 
0.25 ~tM CuSO4, 0.25 I.tM M o 0 3 ,  0.1 I-tM NiCI 2 and 0.3 I~M COSO4 
at pH 5.3, was added continuously to the cultures. The watering 
system (Tropf Blumat; Weningers KG, Telfs, Austria) provided nutri- 
ent solution to maintain 80% of the total water retention capacity of 
the quartz sand (100%: 150 ml H 2 0  per 800 g). Plants were cultivated 
with a 16-h photoperiod at 24~ during the day and 20~ during 
the night and a photosynthetic photon flux density of 
350 I~mol" m-2  "s- 1. After eight weeks of cultivation the plants were 
harvested and the fresh weights of the shoots and roots were 
measured. 

The shoot and root of one plant from each pot was frozen in liquid 
nitrogen and powdered with a microdismembrator II (Braun, Bender 
und :Hobein, Ziirich, Switzerland) for 1.5 min. The resulting powder 
was stored at - 80~ and used for all following measurements. 

Cysteine, ~-glutamylcysteine (yEC) and GSH contents were meas- 
ured after reduction with NaBH4 according to Riiegsegger 
et all (1992) using fluorometric detection after HPLC separation of the 
monobromobimane derivatives. 

Thiols in HMBPs of the roots were measured according to Galli et 
al. (1995). Samples (100mg) of frozen powdered root were each 
suspended in 400 pl 1 M NaOH containing 1 mg" ml-  1 NaBH4, then 
200 ~tl H20 was added. After centrifugation at 11000. 9 for 5 min 
at 4~ 500 ~tl of supernatant was acidified with 100 rtl 35% (w/v) 
HC1 which reduced the pH below 0.1. Precipitated material was 
centrifuged as above. A 100-~tl aliquot of supematant was sepa- 
rated by reverse-phase HPLC on an ET 250/8/4 Nucleosil 5-C1s 
column and a KS 30/8/4 Nucleosil 120-7 Cls guard column 
(Macherey-Nagel, Oensingen, Switzerland). The peptides were eluted 
within 40 min using a linear gradient from 0 to 20% acetonitril/H20 
containing 0.1% (v/v) triflu0racetic acid at a flow rate of 1 mi'min-1. 
The sulfhydryl-containing compounds were detected at 412 nm after 
a post-column derivatisation using 300 ~tM 5,5'-dithiobis-(2-nitroben- 
zoic acid) in 100 mM Na/K-phosphate buffer (pH 7.5) at a flow rate of 
0.5 ml '  rain- t. The concentrations of thiol groups of Cu- and Cd- 
binding peptides were estimated using standards of (3'EC),G peptides 
with n = 2, 3 and 4, respectively. The relative molecular masses (Mrs) 
of the Cd- and Cu-binding peptide complexes were measured after gel 
filtration on a Sephadex G-50 column according to Nussbaum et al. 
(1988). Bovine serum albumin (Mr 67 000), ovalbumin (Mr 45 000), 
cytochrome c (Mr 12 300) and bacitracin (Mr 1426) were used for 
column calibration. 

For the measurement of Cd and Cu, approx. 600 mg of frozen 
powder was dried at 85~ for 24 h to determine the dry weight. After 
addition of 2 ml 30% (v/v) H202, the plant material was ashed for 
12 h at 80~ according to Galli et al. (1993). The resulting powder was 

Results 

Zea mays was treated with Cd or  Cu  to give c o m p a r a b l e  
H M  conten t s  in  the roots  (Fig. l). The  rate of 
Cd a c c u m u l a t i o n  in the roots  was a b o u t  50% greater  
t h a n  tha t  of Cu  (Fig. 1). Both  H M s  affected roo t  g rowth  
to a n  equal  extent  up  to in te rna l  concen t r a t ions  of 
7.1 ~ tmol .g -1  dry  weight (DW), ind ica t ing  a s imilar  toxic- 
i ty up  to this H M  level (Fig. 2). Above  7.1 ~ t m o l . g -  1 D W ,  
Cu  was more  inhibi tory ,  ind ica t ing  a more  d a m a g i n g  effect 
t h a n  Cd. 
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Fig. 1. Accumulation of cadmium (O) or copper (O) in roots of maize 
plants cultivated for 56 d with the corresponding HM. Mean values 
(_  SD) of four independent plants are presented 
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Fig. 2. Effect of increasing internal contents of cadmium (O) or 
copper (�9 on dry weight (DW) of maize roots. The plants were 
cultivated for 56 d with the corresponding HM. Mean values (_  SD) 
of four independent plants are presented 
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Fig. 3. Representative HPLC chromatograms of HMBPs from crude 
extracts equivalent to 6.4 mg fresh weight (FW) of roots of maize 
plants treated for 56 d with 0.27 ~unol Cd (A) and 0.47 lunol Cu- g- 1 
quartz sand (13). Peaks 3, 8 and 11 were related to the phytochelatins 
(yEC)2G, (yEC)aG and (yEC)4G, respectively 

Gel filtration of root extracts treated with 0.13 ~tmol Cd 
and 0.24 pmol Cu" g-  1 quartz sand resulted in HM-bind- 
ing complexes with Mrs of 6200 and 7300 and a capacity to 
bind 52% and 38~ of the total Cd or Cu, respectively (data 
not shown). The SH:Cd and SH:Cu ratios of the complexes 
were 1.74:1 and 1.77:1, respectively. Of the Cd or Cu 39% 
was recovered in the pelleted cell wall and membrane 
fragments of the roots, while 8% and 22% of total Cd and 
Cu, respectively, were detected in the fractions in which the 
free metals were eluted. 

The HPLC chromatography of the Cd- and Cu-binding 
complexes obtained after gel filtration (data not shown) 
resulted in the same peak pattern as typical HPLC 
chromatograms from crude extracts, shown in Fig. 3. Peaks 
3, 8 and l l  were related to the phytochelatins (yEC)2G, 
(yEC)3G and (yEC)4G, respectively. Both chromatograms 
(Fig. 3) showed the same thiol peaks 1 to 13; however, the 
heghts of the peaks differed. The Cd-binding complex con- 
tained more of the longer-chain thiols than the Cu-binding 
complex, which was especially evident for peaks 9, 11 and 
13. The Cu-binding complex contained more of the short- 
chain thiols, peaks 1, 2, 6 and 7. The only exception was 
peak 4, which was greater in the Cd-binding complex. In 
the Cd-binding complex, 60.1% of total thiol groups of the 
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Fig. 4. Content of sulfhydryl groups in HMBPs in roots of maize 
plants cultivated for 56 d with cadmium (0) or copper (O) to provide 
increasing internal contents of the corresponding HM in the roots. 
Mean values ( _  SD) of four independent plants are presented. Differ- 
ent letters indicate significant differences at P <0.01 

complex were found in (yEC)aG (peak 8), peak 9 and 
(yEC)4G (peak 11), whereas these peaks contained only 
27.8% of the Cu-binding complex. The main peaks in the 
Cu complex were peak 6, peak 7 and (TEC)3G (peak 8), 
which contained together 61.1% of total thiol groups of the 
complex. The characteristic distribution of peaks 1 to 13 of 
the two different complexes was identical for all Cd- or 
Cu-treatments (data not shown). The formation of HMBPs 
was linearly dependent on the content of Cd at all values 
examined (Fig. 4). 

At the lower internal H M contents, Cd-treated plants 
formed about 50% more HMBPs in their roots than were 
formed in Cu-treated plants (Fig. 4). Above contents of 
7.1 lamol C u ' g  -1  D W ,  H MBP  synthesis was no longer 
significantly increased by Cu (Fig. 4). Copper increased 
root cysteine contents to a greater degree than Cd (Fig. 5A), 
while yEC contents of roots were higher when plants were 
treated with Cd instead of Cu (Fig. 5B). The GSH content 
was not significantly changed as a result of the Cd treat- 
ment even after eight weeks of cultivation (Fig. 5C), but Cu 
induced an increase in GSH content at internal levels 
(Fig. 5C) similar to those which also limited the formation 
of HMBPs (Fig. 4) and increased growth inhibition (Fig. 2). 

At the same Cu concentrations, a disproportionately 
higher Cu concentration was measured in the shoots 
(Fig. 6), indicating that the capacity of the roots to retain 
Cu was reduced at Cu concentrations that limited HMB P 
synthesis (Fig. 4). 

Discussion 

Up to 7.1 p, mol H M . g - 1  DW, the  effect of Cd and Cu on 
root growth was the same (Fig. 2). Due to the expanded 
root system at the end of the long-term experiment, it was 
not possible to study the distribution of Cd or Cu in the 
roots, even though it was clear that the content of these 
metals in the apical few millimeters of the main axes and 
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Fig. 5. Contents of cysteine (A), y-EC (B) and GSH (C) in roots of 
maize plants cultivated for 56 d with cadmium (0) or copper (O) to 
provide increasing internal contents of the corresponding HM in the 
roots. Mean values (_ SD) of four independent plants are presented 
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Fig. 6. Contents of cadmium (0) or copper (O) in the shoots of maize 
plants after cultivation for 56 d in the presence of Cd or Cu to provide 
increasing internal concentrations of the corresponding HM in the 
roots. Mean values (-t-SD) of four independent plants are presented 

lateral branches would have the major impact on root 
growth. In other work using wheat plants, Cd reduced root 
growth more than Cu at concentrations below 5 ~tM in the 
nutrient solution (Taylor et al. 1991). At higher concentra- 
tions, however, Cu was more inhibitory than Cd, which is 
consistent with the enhanced Cu toxicity above contents of 
7.1 ~tmol. g-  1 DW found in our experiments (Fig. 2). 

In agreement with our results, cell-suspension cultures 
of tomato were not differentially affected by Cd and Cu at 
external concentrations of up to 100 ~tM, but above this 
level Cu was more toxic than Cd (Inouhe et al. 1991). No 
HMBPs were detected in tomato cells grown in the pres- 
ence of Cu (Inouhe et al. 1991), whereas in spinach plants, 
Cu at 20 ~tM was found to be a ten fold weaker inducer of 
H M B P  formation than Cd at 3 ~tM (Tukendorf 1993). Both 
of these findings are in contrast to our results which show 
comparable induction of HMBPs by Cu and Cd at low 
internal concentrations (Fig. 4). 

In our experiments, the enhanced Cu toxicity above 
7.1 ~tmol. g-  1 DW (Fig. 2) was correlated with a limitation 

of HMBP synthesis (Fig. 4), since both effects started at the 
same internal content of Cu. We only measured 
the amount of non-HMBP-bound Cu in the roots at 
10.2 gmol.g -x DW. However, it seems reasonable to 
assume that the amount of this Cu fraction increased 
at higher contents due to additional Cu uptake (Fig. 1) and 
due to limited HMBP formation (Fig. 4) and thus caused 
the enhanced growth reduction observed (Fig. 2). This 
probably explains the greatly increased sensitivity of root 
growth to Cu when the internal Cu increased above 
10.2 gmol. g-1 DW. Cadmium- and Cu-binding peptide 
complexes consisted of the same thiol peptides (Fig. 3). The 
relative amounts of these peptides, however, were different. 
To our knowledge, this is the first time that a different 
peptide pattern has been reported for two different HMBP 
complexes in the same plant. Even though the Cu-binding 
peptide consisted of shorter-chain thiols than the Cd-bind- 
ing peptide complex, the SH: HM ratio of both complexes 
was the same. This is in contrast to the findings of Delhaize 
et al. (1989), who showed that Cd-tolerant cell lines of 
Datura innoxia formed longer-chain HMBPs, which bound 
more Cd within the Cd-binding peptide complex than 
Cd-sensitive cell lines. They assumed that the synthesis 
of longer-chain thiols by tolerant cells might be important 
in the formation of complexes stabilized with disulfide 
linkages. 

When the chromatograms of Fig. 3 are compared with 
that shown by Klapheck et al. (1994) peak 4 and peak 9 can 
be assigned to (yEC)2 and (yEC)3, which elute later than the 
phytochelatins (yEC)2G and (yEC)3G, respectively. There- 
fore, peak 12 could be (yEC)4. Peak 5 and the preceding 
shoulder of peak 11 can be assigned to (yEC)zE and 
(yEC)3E [poly-(y-glutamylcysteinyl)-glutamine], respec- 
tively, which has been demonstrated to be present in Cd- 
binding complexes of maize roots (Meuwly et al. 1995). 

The protective effect of HMBPs against HMs has 
been demonstrated in cell-suspension cultures of tobacco 
(Reese and Wagner 1987) and in HM-sensitive Silene vul- 
garis (De Knecht et al. 1992), where the inhibition of 
HMBP synthesis by buthionine-sulfoximine (BSO) caused 
great decreases in the growth of Cd-exposed cells or plants. 
However, BSO treatment had no effect on HM-tolerant S. 
vulgaris treated with Cd (De Knecht et al. 1992) and, at the 
lowest Cu concentration which inhibited root growth of S. 
vulyaris completely, the HMBP content in the apical root 
segment (0-10 mm) seemed to decrease with increasing 
tolerance (Schat and Kalff 1992). Therefore, differential Cu 
tolerance did not appear to rely on differential HMBP 
production in S. vulgaris (Schat and Kalff 1992). Rather, 
tolerance was related to the ability of the plants to prevent 
GSH depletion. This hypothesis cannot be used to explain 
our results because at the Cu contents which inhibited 
HMBP synthesis and increased growth inhibition, there 
was a strong increase in the total GSH content (Fig. 5C). 
Obviously, plants have evolved several mechanisms for 
coping with excess HMs (Ernst et al. 1992) and different 
reactions may be used by different systems in dealing with 
the individual HMs (Rennenberg and Brunold 1994). 
The limited formation of HMBPs at high Cu-treatments in 
our experiments is consistent with the findings of De Vos 
et al. (1992), who showed a decrease of non-protein thiols in 
the roots of HM-sensitive S. vuloaris cultivated at Cu 
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concentra t ions  above  20 laM. However ,  con t ra ry  to our  
results, in their  exper iments  the content  of G S H  decreased 
with increasing concent ra t ion  of Cu in the nutr ient  solu- 
tion. The increased G S H  content  in roots  of  p lants  contain-  
ing more  than  10.2 gmol  C u - g - 1  D W  in our  experiments  
(Fig. 5C) can be explained by  substra te  accumula t ion  due 
to inhibi ted H M B P  formation.  This accumula t ion  of pre- 
cursors  of  H M B P  synthesis was also evident  from the yEC 
and the cysteine content  (Fig. 5) at  the two highest  Cu 
treatments .  

Above  a roo t  Cu content  of 10.2 gg .  g -  1 DW,  there was 
a m a r k e d  increase in the Cu in the shoot  relative to that  in 
the roo t  (Fig. 6). Similar  results, suggesting a break-  
th rough  of  Cu, have been ob ta ined  using rice plants.  In  rice, 
Cu t rans loca t ion  from roots  to shoots  increased from 
11.2 to 73.8~ between internal  Cu  contents  of 35 to 
53 g m o l ' g  -1 D W  (Lidon and  Henriques  1992). These 
workers  assumed that  the mechanism regulat ing Cu  trans-  
locat ion was d is turbed at  these Cu contents.  O u r  findings 
suggest that  once H M B P  format ion  has reached its max-  
imum, Cu is translocated in increasing amounts  to the shoots. 

We thank Dr. U. Feller for the measurement of Cd and Cu con- 
tents and helpful discussions, Dr. A. Fleming (both Pflanzen- 
physiologisches Institut, Universit~it Bern, Switzerland) and Dr. G. 
Owttrim (Department of Microbiology, University of Alberta, 
Edmonton, Canada) for improving the style of the manuscript. 
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