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lndian mustard (Brassica juncea L), a high biomass crop plant, 
accumulated substantial amounts of cadmium, with bioaccumula- 
tion coefficients (concentration of Cd in dry plant tissue/concen- 
tration in solution) of up to 1100 in shoots and 6700 in roots at 
nonphytotoxic concentrations of Cd (0.1 @ n L )  in solution. This 
was associated with a rapid accumulation of phytochelatins in the 
root, where the majority of the Cd was coordinated with sulfur 
ligands, probably as a Cd-S, complex, as demonstrated by x-ray 
absorption spectroscopy. In contrast, Cd moving in the xylem sap 
was coordinated predominantly with oxygen or nitrogen ligands. Cd 
concentrations in the xylem sap and the rate of Cd accumulation in 
the leaves displayed similar saturation kinetics, suggesting that the 
process of Cd transport from solution through the root and into the 
xylem is  mediated by a saturable transport system(s). However, Cd 
translocation to the shoot appeared to be driven by transpiration, 
since ABA dramatically reduced Cd accumulation in leaves. Within 
leaves, Cd was preferentially accumulated in trichomes on the leaf 
surface, and this may be a possible detoxification mechanism. 

Cd is a potentially toxic metal that can accumulate in the 
human body with a half-life exceeding 10 years. There is 
evidence that low-leve1 exposure to Cd, derived from the 
diet, is associated with renal dysfunction (Buchet et al., 
1990). Cd exposure has also been linked with pulmonary 
emphysema (Ryan et al., 1982) and possibly bone deminer- 
alization (Bhattacharyya et al., 1988). Pollution of the bio- 
sphere with this toxic metal has accelerated dramatically 
since the beginning of the industrial revolution (Nriago, 
19791, and Cd accumulation in soil and water now poses a 
major environmental and human health problem, which is 
in need of an effective and affordable solution. The use of 
metal-accumulating plants to remove toxic metals, includ- 
ing Cd, from soil and aqueous streams has been proposed 
as a possible solution to this problem (reviewed by Salt et 
al., 1995). This process of using plants for environmental 
restoration is termed "phytoremediation." Cd is a particu- 
larly favorable target metal for this new technology be- 
cause it is readily transported and accumulated in the 
shoots of severa1 plant species (Wagner, 1994). 
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The primary point of entry for Cd into plants is through 
the roots; however, for its efficient remova1 from the soil it 
must first be translocated to the harvestable parts of the 
shoot. To understand this translocation process, we under- 
took a study of Cd transport and accumulation in E .  juncea, 
a high biomass crop plant within the Brassicaceae family, 
which has been identified as a potentially useful plant for 
phytoremediation (Banuelos and Meek, 1990). For compar- 
ison we have investigated a low biomass wild species 
within the same family, Thlaspi caerulescens, known to ac- 
cumulate high levels of Cd in its shoots under certain 
conditions (Baker et al., 1994; Brown et al., 1994, 1995). 

MATERIALS AND METHODS 

Plant Material 

Seeds of Indian mustard (Brassica juncea L., cv 4263081, 
identified as a metal accumulator (Kumar et al., 1995), and 
Thlaspi caerulescens J. & C. Presl. were germinated on ver- 
miculite and grown for 3 and 6 weeks, respectively, in a 
hydroponic system containing 500 mL of modified Hoag- 
land solution containing the following nutrients: 28.7 
mg/L NH,H,PO,, 0.71 mg/L H,BO,, 164.1 mg/L 
Ca(NO,),, 0.02 mg/L CuSO,, 2.66 mg/L ferric tartrate, 
60.19 mg/L MgSO,, 0.45 mg/L MnCl,, 0.004 mg/L MoO,, 
151.65 mg/L KNO,, and 0.055 mg/L ZnSO,. Seedlings 
were grown in hydroponic solution in a greenhouse 
equipped with supplementary lighting (1 6-h photoperiod; 
24-28°C). The solutions were continuously aerated with an 
aquarium air pump and changed every 3 d. On the day of 
treatment, Cd was added to the hydroponic medium as 
CdSO, and the solutions were changed daily thereafter. 

Cd Accumulation in Plants 

Total shoot and root accumulation of Cd, Mn, and Cu in 
B. juncea and T. caerulescens were determined after 7 d of 
exposure to Cd, using a direct current plasma spectrometer 
(model SS-7, Fisons, Beverly, MA). Roots and shoots were 
harvested, washed in deionized water for 2 min, air dried 
at 60°C for 2 d, and then ground into a fine powder using 
a pestle and mortar. A known amount of this powder was 
then ashed in a muffle furnace at 500°C for 6 h. The ash was 
dissolved in 2 parts of 1 M HNO, and 1 part of 2 M HC1, and 

Abbreviations: EXAFS, extended x-ray absorption fine struc- 
ture; PC, phytochelatin; PC,, (y-glutamylcysteinyl),glycine; XAS, 
x-ray absorption spectroscopy. 
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the solution was analyzed by direct current plasma spectrom- 
eter. Accumulation of Cd was also monitored using Io9Cd as 
a radioactive tracer (1 pCi/pmol) added as CdCI, (5.35 mCi/ 
mg). Tissue from plants exposed to "Cd was washed in 
deionized water and analyzed directly using a table-top 
y-counter (model C5002, Packard Instrument Co., Meriden, 
CT). '09Cd accumulation in the intact leaves of B. junceu was 
monitored by placing an Na1 scintillation detector (2 X 2 inch 
crystal) against the underside of the leaf of interest (usually 
leaf No. 3, counting the first clearly identifiable leaf as 1). The 
Na1 crystal was connected to a photon multiplier tube base 
(ScintiPack, 296 PMT base, EG & G, Oak Ridge, TN), and the 
signal was processed on a 286 personal computer containing 
a multichannel analyzer (Micro-Ace, EG & G), running with 
MAESTRO I1 emulation software (EG & G). This system will 
be referred to as the Cd probe. The software was pro- 
grammed to collect data every 30 min, with a collection time 
of 10 min. The y-radiation from the Io9Cd was shielded with 
2-mm-thick lead so that Cd accumulation in a known area of 
leaf, usually 9 cm', could be measured. By cutting out that 
portion of the leaf that had been monitored and measuring 
the "'Cd it ' contained using a y-counter (see above), we 
calculated a counting efficiency for the Cd probe to be be- 
tween 15 and 20%. Using this counting efficiency, we were 
then able to quantify the amount of Cd accumulated within 
the leaf. A similar methodology for measuring Cd and Ca 
transport in vivo using a semiconductor radiation detector 
was previously reported (Petit and Van de Geijn, 1978, and 
refs. therein). 

Chl Content of Leaves 

Chl content of partially expanded (leaf 3) and fully ex- 
panded (leaf 5) leaves of B.  juncea was measured by extraction 
in acetone following the procedure of Strain et al. (1971). 

PC Analysis 

B.  juncea roots exposed to 0.2 pg/mL Cd for 3 d were 
collected, washed in deionized water for 2 min, blotted dry, 
and ground to a fine powder in liquid nitrogen using a 
pestle and mortar. Chilled 500 mM HC1 was added to the 
frozen powder (tissue:buffer ratio of l), and the tissue was 
ground until thawed. The crude root extract was then 
centrifuged at 13,000 rpm for 10 min at 4°C in a microcen- 
trifuge. Ascorbic acid was added to the supernatant to give 
a final concentration of 100 mM, and incubated for 20 min 
at room temperature. The sample was then centrifuged at 
13,000 rpm for 10 min at 4°C in a microcentrifuge, and 
aliquots were applied to a Spherosorb CIs reverse-phase 
HPLC column equilibrated with 0.1% TFA. PCs were 
eluted over 30 min with a linear gradient of O to 15% 
acetonitrile in 0.1% TFA. PCs were detected using Ellman's 
reagent (Grill et al., 1985) following published procedures 
(Rauser, 1991). PCs were quantified as thiols, based on a 
glutathione standard. Using standard PC, isolated from the 
fission yeast Schizosaccharomyces pombe and sequenced us- 
ing tandem MS spectroscopy (Salt and Rauser, 1995), we 
were able to identify one of these PCs in €3. juncea roots as 
PC,. The tentative identification of the other PCs was based 

on their relative elution position. Glutathione was identi- 
fied using a standard. 

XAS Data Collection and Analysis 

B. juncea roots exposed to 0.6 pg/mL Cd for 7 d were 
rapidly frozen and ground to a fine powder in liquid 
nitrogen using a pestle and mortar. The powder was then 
packed into 2-mm-path-length aluminum frames with My- 
lar tape windows for XAS. Samples of xylem sap were 
collected from plants exposed to 0.6 &mL Cd for 110 h or 
7 d, lyophilized to about 60% of their original volume, 
pipetted into Lucite sample holders with a 10-mnn path 
length, and also subjected to XAS. Cd K-absorption edge 
x-ray absorption spectra of these samples were collected on 
beamline 4-3 of the Stanford Synchrotron Radiationi Labo- 
ratory' using an Si (220) double-crystal monochromator 
with no focusing optics and an upstream vertical aperture 
of 1 mm. The incident x-ray intensity was monitored using 
an argon-filled ion chamber, and the Cd K, fluorescence 
(23,110 electron volt) was recorded using a Canberra 13- 
element array germanium detector. The samples were 
maintained at 10 K using an Oxford Instruments (Concord, 
MA) flowing liquid helium cryostat. Spectra were cali- 
brated using the spectrum of Cd metal foil, collected si- 
multaneously with each data set; the first energy inflection 
point of Cd foil was assumed to be 26,714 electron volt. 
Data reduction and analysis were carried out according to 
standard methods (Koningsberger and Prins, 1988) using 
the EXAFSPAK suite of p r ~ g r a m s . ~  The EXAFS oscillations 
X(k) were quantitatively analyzed by curve fitti:ng. The 
EXAFS total amplitude and phase-shift functions were cal- 
culated by using the program FEFF (version 6.01) (Mustre 
de Leon et al., 1991; Rehr et al., 1991). 

Cd Content of Xylem Sap 

Xylem sap from B. juncea seedlings was collected by decap- 
itating the plant just above the root and collecting tlie xylem 
sap that was exuded under root pressure. Sap was usually 
collected for up to 1 h after decapitation. The Cd concentra- 
tion in the xylem sap was monitored using '"Cd. To confirm 
the results obtained using lo9Cd, some samples of xylem sap 
were also analyzed for Cd directly using graphite furnace 
atomic absorption spectroscopy (Perkin-Elmer mcidel Zee- 
man 4100L). Sap was collected 10 h after exposure to Cd, 
because this time corresponded to the linear phase of Cd 
accumulation into the leaf (see "Results"). 
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Department of Energy, Office of Basic Energy Sciences,. The Bio- 
technology Program is supported by the National Institutes of 
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The Effects of ABA on Cd Accumulation 

The stomatal apertures of B.  juncea seedlings were ma- 
nipulated by the addition of ABA dissolved in methanol to 
the hydroponic nutrient solution to obtain a final concen- 
tration of 100 p ~ .  After 24 h of incubation with ABA, the 
nutrient solution was replaced with fresh solution without 
ABA, Cd accumulation into leaves of ABA-treated plants 
was then monitored using the Cd probe as described 
above. The stomatal resistance during these experiments 
was measured using a steady-state porometer (model LI- 
1600, Li-Cor, Lincoln, NE). 

Cd Localization in Leaves 

Excised leaves of B. juncea plants exposed for 24 h to 0.1 
&mL Cd, containing 10 pCi/pmol '09Cd, were placed 
abaxial side against x-ray-sensitive film for 24 h at room 
temperafure. Localization of Cd within the leaf was deter- 
mined by examining the exposed film. Trichomes from 
these leaves were collected by carefully brushing the leaves 
after they had dried. The Cd content of the trichomes was 
then determined directly by measuring '"Cd. 

RESULTS 

Cd Accumulation in B. juncea and T. caerulescens 

B.  juncea and T. caerulescens exposed to Cd in the nutrient 
solution accumulated substantial amounts of Cd in their 
roots and shoots (Fig. 1). Bioaccumulation coefficients (con- 
centration of Cd in dry plant tissue/concentration of Cd in 
nutrient solution) were up to 1178 for shoots and 6705 for 
roots of B. juncea and 376 for shoots and 875 for roots of T.  
caerulescens. Cd appeared to accumulate preferentially in 
the youngest leaves of both B. juncea and T. caerulescens 
(Table I). Over the range of Cd concentrations used, neither 
B.  juncea nor T.  caerulescens showed any significant reduc- 
tion in fresh weight of roots or shoots (data not shown). 
However, a significant reduction in the Chl content of the 
young leaves of B.  juncea was observed above 0.1 pg/mL 
Cd in solution (Fig. 2). This concentration of Cd had no 
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Figure 1 .  Cd accumulation in shoots (A) and roots (B) of 6. juncea (a) 
and r, caerulescens (m) exposed to various Cd concentrations in the 
nutrient solution for 7 d. Data represent the means % SD of six plants. 

Table 1. Distribution of C d  in 6. juncea and T. caerulescens 
exDosed to O. 1 wdmL Cd for 24 h 

B. juncea T. caerulescens 

Leaf No." 

' 1  
2 
3 
4 
5 
6 
7 
8 
9 

Cd content 

P d s  drY wt 
34.8 
42.0 
40.3 
35.8 
16.9 
16.2 
17 

8.1 
1.2  

Leaf No. 

1 
2 
3 
4 
5 
7 
9 

11 
13 

Cd content 

P d 8  dry wt 
24.4 
20.3 
10 

2 
5.6 
1.3 
1.4 
0.5 
0.4 

a Leaf number was from the top of the plant, counting the first 
clearly identifiable leaf as No. 1. 

effect on Chl content in the leaves of T. caerulescens (data 
not shown). Cd exposure in B. juncea also produced a 
significant decrease in the Mn content of both the roots and 
shoots, with the highest Cd concentration (0.6 pg/mL) 
causing a 38% decrease of Mn in the shoots and an 80% 
decrease in the roots. Cu in the shoots was depleted 50% 
under these conditions, although no decrease in roots was 
observed. These trends were not observed in T. caerule- 
scens. Roots of B. juncea exposed to 0.2 pg/mL Cd for 3 d 
accumulated 238,424, and 504 nmol thiol/g fresh weight of 
(y-glutamylcysteinyl),glycine, PC,, and (y-glutamylcystei- 
nyl),glycine, respectively, confirming the presence of PCs 
in this tissue (Speiser et al., 1992). 

Cd K-Edge XAS of B. juncea 

The Cd K-absorption near-edge spectra of B. juncea root 
tissue and xylem sap after 10 h and 7 d of exposure are 
shown in Figure 3A. The xylem sap spectra were similar for 
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Figure 2. Chl content of partially expanded (leaf 3) (O) and fully 
expanded (leaf 5) (m) leaves of 6. juncea exposed to various Cd 
concentrations in the nutrient solution for 7 d. Data represent the 
means 2 SD of four individual leaves from different plants. 
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Figure 3. Cd K-absorption near-edge spectra (A) of B. juncea whole-root tissue (solid line) and xylem sap after 1 O h and 7 
d of exposure (dotted and dashed lines, respectively). Cd K-edge EXAFS (6) and Fourier transforms (C) of root tissue (a) and 
xylem sap (b) from B. juncea exposed to 0.6 ,ughnL Cd for 7 d. The solid lines show the k3-weighted EXAFS data, and the 
dashed lines show the results of the fits as shown in Table I. The EXAFS xylem sap data are the sums of the data from 10 
h and 7 d of exposure. R+ A, Radial distance from the absorbing atom; k, photoelectron wavenumber. 

both 10-h and 7-d treatments, indicating that the same 
species were present throughout. However, roots appeared 
to contain a different Cd species from that of the xylem sap. 
The Cd K-edge EXAFS spectra of B.  juncea root tissue and 
xylem sap are shown in Figure 3B, together with the results 
of EXAFS curve-fitting analysis and the corresponding 
Fourier transforms (Fig. 3C). The numerical results of the 
curve fitting are given in Table 11. The Fourier transforms of 
both samples have one main peak, indicating that the 
EXAFS is dominated by one prominent interaction. EXAFS 
curve-fitting analysis can readily distinguish backscatterers 
of very different atomic numbers, such as S and O, because 
of their differing phase and amplitude functions. It can be 
used to obtain bond lengths typically to 50.02 A, depend- 
ing on the photoelectron wavenumber and other factors. It 
also can be used to obtain an estimate of the coordination 
number to 225%. In the case of the root tissue, the EXAFS 
fits the Cd-S interactions, with an interatomic distance of 2.53 
A. This most likely represents Cd-S, coordination. Similar 
Cd-S coordination was also observed in shoots (data not 
shown). In contrast, the xylem sap fits either oxygen or nitro- 
gen coordination at a somewhat shorter distance of 2.3 A and 

Table II. Results of EXAFS curve-fitting analysis 
Coordination number (N), interatomic distances (R) (A), Debye- 

Waller factors (2) (A'), and extent of data (kmax) (A-'). The estimated 
error (3 times the estimated SD) i s  shown in parentheses for the fitted 
values. Coordination numbers were adjusted to the nearest best integer 
and then fixed for the final fit. The E, offset was -1 3.5 electron volt for 
both samples. The goodness of fit i s  defined as C[(xobsd. - ~cal,d)2k61/n, 
where n is the number of points in the spectrum and xobsd. and xcalcd. are 
the observed and calculated points, respectively. 

Coodness 
c? kmax of Fit Sample Type N R 

Whole-root Cd-S 4 2.53(1) 0.005 (1) 12.5 1.31 

Xylem sap Cd-O or N 6 2.3 (2) 0.008 (3) 9.5 3.11 
tissue 

probably represents Cd coordinated with six ligands. The 
poorer signalnoise ratio and shorter k-range obtainetl from 
the xylem sample was due to the low concentration of Cd 
(approximately 13 p , ~ )  in this sample. 

Cd Concentration in Xylem Sap of B. juncea 

B.  juncea seedlings were exposed for 10 h to different 
concentrations of Cd in the nutrient solution. Thereafter, 
the plants were decapitated and the xylem sap was collected. 
The concentration of Cd in the xylem sap followed a biphasic 
curve with relation to the Cd concentration in solution (Fig. 
4). The concentration of Cd in the xylem sap increased rapidly 
and reached saturation at a Cd concentration of 0.3 &mL in 

T 6 

O 1  r 
O 0.5 1 1.5 2 

Cd concentration in solution (pg/ml) 

Figure 4. Concentration of Cd in the xylem sap of B. juncea exposed to 
various concentrations of Cd for 10 h. Cd concentrations were mea- 
sured using '"Cd and verified using graphite furnace atomic absorption 
spectroscopy. Data represent the means 5 SD of three plants. 
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Figure 5. Accumulation of Cd in intact leaves of B. juncea exposed to
various Cd concentrations in the nutrient solution. A, Accumulation of
Cd with time in leaf 3 (counting the youngest leaf as 1) at 0.06 (a), 0.11
(b), 0.22 (c), 0.34 (d), 0.45 (e), 0.56 (f), 0.84 (g), and 1.12 (h) îg/rnL Cd
in the nutrient solution. Each curve represents a mean of four individual
uptake experiments. B, Initial rates of Cd accumulation in leaf 3 (cal-
culated from data in A) versus Cd concentration in the nutrient solution.
Data represent the means ± SE of four initial rates.

the nutrient solution. The Cd concentration in the xylem sap
then remained relatively constant until the concentration of
Cd in the nutrient solution reached 0.8 /xg/mL. Above this
concentration, Cd concentration in the xylem sap increased
sharply with a linear correspondence to the Cd concentration
in the solution. Xylem sap from plants exposed to 0.6 jug/mL
Cd for either 10 h and 7 d contained 2 and 1.7 /j,g/mL Cd,
respectively.

Kinetics of Cd Accumulation in B. juncea Leaves

Using the Cd probe described in "Materials and Meth-
ods," we were able to measure the rate of Cd accumu-
lation in the intact leaves of B. juncea. Cd accumulated
rapidly within the third leaf, first appearing 4 to 6 h after
exposure (Fig. 5A). After this initial lag phase, Cd accu-
mulated linearly with time for a further 6 to 8 h. There-
after, the rate of Cd accumulation diminished gradually.
The rate of Cd accumulation during the linear period
displayed biphasic kinetics with relation to the initial Cd
concentration in the nutrient solution (Fig. 5B). The rate of Cd
accumulation initially increased with increasing Cd concen-
tration but reached saturation at 0.3 /xg/mL Cd. Accumula-
tion rates remained stable until 0.6 /j,g/mL Cd and then
increased sharply thereafter. Cd accumulation rates (ng cm"2

h ~ ' ) correlated well with measured Cd content of leaves. For
example, the Cd accumulation rate in leaf 3 was 2.5 ng cm"2

h"1 (Fig. 5B), and based on a leaf area of 68.4 cm2 and a
leaf dry weight of 174 mg, the calculated Cd content of this
leaf after 24 h of exposure was 23 jug/g dry weight. This
correlates well with a Cd content of 40.3 M-g/g dry weight
observed for the same leaf number in a separate experiment
(Table I).

Remarkably, in leaves of B. juncea exposed to 0.1
jug/mL Cd for 24 h, trichomes (hairs) on the leaf surface
contained 556 Mg/g dry weight Cd compared to 17 ̂ g/g
dry weight in leaves. This represents a 43-fold accumu-
lation of Cd within the trichomes. A careful comparison
of the distribution of Cd and trichomes in these leaves
(Fig. 6) clearly shows that Cd preferentially accumulates
in trichomes.

L :• - :
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Figure 6. Autoradiograph (left) and photograph (right) of a leaf from B. juncea exposed to 0.1 /ng/mL Cd (containing
'""Cd)for24h.
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Effect of ABA on Cd Accumulation 

Exposure of B.  juncea to 100 p~ ABA in the nutrient 
solution for 24 h caused an increase in the stomatal diffu- 
sive resistance from <0.1 to between 2 and 5 s/cm. Pre- 
liminary experiments indicated that this ABA concentra- 
tion caused almost complete stomatal closure. Under the 
conditions of increased stomatal diffusive resistance and, 
hence, reduced transpiration, Cd accumulation into leaves 
was dramatically reduced (Fig. 7). However, ABA had no 
effect on Cd remova1 from the nutrient solution by roots 
(data not shown). To eliminate any possibility of ABA 
binding to Cd in solution and thereby reducing Cd uptake, 
these experiments were performed after ABA had been 
removed from the nutrient solution. 

DlSCUSSlON 

One of the important factors affecting the success of phy- 
toremediation of Cd-polluted soils is the availability of high 
biomass plants with the ability to concentrate Cd to high 
levels within their shoots. Severa1 reports suggest that T. 
caerulescens is capable of accumulating high levels of Cd in 
shoots from soil or hydroponic solution (Baker et al., 1994; 
Brown et al., 1994, 1995). Unfortunately, T. caerulescens has a 
low biomass when compared to crop plants. T. caerulescens is, 
however, a member of the Brassicaceae family, which is 
known to contain many high biomass crop plant species, 
including B. juncea, which has been reported to accumulate 
Cd as well as other toxic metals (Speiser et al., 1992; Kumar et 
al., 1995). In a direct comparison of B. juncea and T. caerule- 
scens in hydroponic solution containing Cd, T. caerulescens 
accumulated less Cd in both roots and shoots than B.  juncea 
(Fig. 1). Cd concentrations used were based on estimates of 
Cd concentrations in soil solution from Cd-contaminated sites 
(Salt and Wagner, 1993). Mild toxicity symptoms were ob- 
served in B. juncea but not in T. caerulescens when grown in 
nutrient solutions with >0.1 pg/mL Cd. Cd toxicity in B. 
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Figure 7. Cd accumulation in an intact leaf of 6.  juncea exposed to 
0.1 pg/mL Cd in the nutrient solution using plants that had been 
previously exposed to 100 p~ ABA for 24 h (O) or control plants (O). 

juncea produced chlorosis in the young Ieaves (Fig. 2), and our 
observation that Cd preferentially accumulates within these 
leaves (Table I) probably explains the localization of this 
chlorosis. The higher resistance of T. caerulescens to Cci rnay 
explain why this plant has been reported to be able to accu- 
mulate high levels of Cd within its shoots from sub,, <trates 
containing relatively high concentrations of Cd (Baker et a]., 
1994; Brown ef al., 1994, 1995). 

After 7 d of exposure to 0.6 pg/mL Cd, roots of B.  juncea 
contained about 6-fold higher Cd than shoots, with the 
majority of this Cd bound to S ligands with a probable 
coordination of Cd-S, and a bond length of 2.53 A (F;ig. 3). 
S-rich PCs accumulate in roots of B. juncea upon exposure 
to Cd and, a s  reported earlier, may be involved in Cd 
binding in B.  juncea (Speiser et al., 1992). The Cd E;-edge 
EXAFS of the purified Cd-PC complex (Strasdeit et al., 
1991) showecl Cd-S interactions similar to those observed 
in B. juncea root tissue (Fig. 31, with a probable coordina- 
tion of Cd-S, and a bond length of 2.52 A. Therefore, it 
seems PCs may be involved in binding a significant 
amount of Cd in the intact roots of B. juncea exposed to 0.6 
pg/mL Cd for 7 d. However, this may not be the case for 
short-term Cd exposure or exposure to lower levels of Cd, 
for which cell wall and organic acids may play a larger role 
in Cd binding (Wagner, 1994). If a thio1:Cd ratio of between 
1 and 2 for the Cd-PC complex in plants (De Knecht et al., 
1994; Salt and Rauser, 1995) is assumed, it would require 15 
to 30 pmol/g dry weight total thiols to chelate the 15 
pmol/g dry weight Cd (Fig. 1) found in these roots,. Roots 
of B.  juncea exposed to this leve1 of Cd contained 26 
pmol/g dry weight PC thiols, which would be sufficient to 
bind the majority of Cd detected in roots. 

Translocation of Cd in the xylem sap appears to be inde- 
pendent of PC production in the roots. After 7 d of exposure 
to Cd, when PCs appear to bind most of the Cd in the root, the 
concentration of Cd in the xylem sap remained the isame as 
that seen in plants exposed to Cd for only 10 h, before the 
production of any significant amount of PCs. Prolonged ex- 
posure to Cd also had no effect on the speciation of C:d in the 
xylem sap. Cd K-edge EXAFS of xylem sap isolated from 
plants exposed to 0.6 pg/mL Cd for 10 h or 7 d showed Cd 
interactions with O or N, with a probable coordination of 6 
and a bond length of 2.30 A. PCs, therefore, appear to play no 
direct role in the transport of Cd to the shoot. 

Total Cd accumulation in shoots of B. juncea appeared to 
saturate at 0.3 pg/mL Cd in the nutrient solution (Fig. 11, 
and this saturation was observed in the rate of Cd accu- 
mulation into leaves, as measured with the Cd probe (Fig. 
5) .  This saturation probably reflects the presence of rate- 
limiting step(s) in the pathway of Cd uptake and ilccumu- 
lation into the shoot. The fact that the concentration of Cd 
in the xylem sap also saturates at 0.3 pg/mL Cd in the 
nutrient solution (Fig. 4) suggests that these rate-limiting 
step(s) occur somewhere between Cd uptake into the root 
and Cd loading into the xylem. When the concentration of 
Cd in the nutrient solution exceeded 0.6 Fg/mL, i:he accu- 
mulation rate of Cd in the shoot increased dramatically 
(Fig. 5), and this was also reflected in an increase in the Cd 
concentration in the xylem sap (Fig. 4). The rapid increase 
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in Cd accumulation above 0.6 pg/mL Cd in the nutrient 
solution probably reflects the breakdown of some physio- 
logical barrier in the root because of the toxic effects of Cd. 
This kind of biphasic accumulation has also been reported 
for Pb (Kumar et al., 1995). 

Exposure of B. juncea to ABA caused a large increase in the 
stomatal diffusive resistance of leaves, and this was associ- 
ated with a dramatic reduction in the accumulation of Cd in 
the leaves (Fig. 7), suggesting that Cd accumulation in leaves 
is driven mainly by mass flow due to transpiration. This type 
of transpiration-driven transport has also been observed for 
several other ions, including Ca, B, Si (Marschner, 1986, and 
refs. therein), and C1 (Greenway, 1965). However, reduced 
translocation of Cd to the shoot had no effect on the uptake of 
Cd from the solution, and therefore root uptake and shoot 
accumulation of Cd appear to be independent processes. This 
ABA effect has also been observed in rice (Rubio et al., 1994). 
However, this study did not correlate ABA treatment with 
reduced transpiration. 

When in the leaf, Cd accumulated preferentially in the 
trichomes on the leaf surface (Fig. 6). The storage of Cd in 
trichomes may represent a detoxification mechanism, since 
trichomes represent a tissue externa1 to the leaf. There are 
reports that trichomes accumulate other toxic metals, in- 
cluding Mn (Blamey et al., 1986) and Pb (Martell, 1974). 
Expression of a gene encoding a type 2 metallothionein (a 
metal-binding protein) is localized in trichomes of bean 
plants (Foley and Singh, 1994). 

Cd accumulation in shoots of B. juncea  appears to be 
limited by several factors, including the transpiration rate 
and, possibly, root uptake, radial transport, and xylem 
loading. A better understanding of these root transport 
processes should facilitate the production of plants with an 
increased ability to accumulate Cd within their shoots. 
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