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Abstract:
Sedum alfredii (Hance) were studied through a hydroponic experiment with different Pb concentrations sup-

Lead concentrations in roots, stems and leaves of accumulating and non-accumulating ecotypes of

plied as Pb(NO; ), . Lead concentrations in leaves and stems of the accumulating ecotype were 4 — 9 times and
3 — 5 times those of the non-accumulating ecotype, and Pb-accumulated amounts in stems and leaves of the
accumulating ecotype were 4 — 9 times and 8 — 11 times higher than those of the non-accumulating ecotype>
respectively . The results indicated that the accumulating ecotype had better ability to transport Pb from roots to
shoots. The subcellular distributions of Pb in the root; stem and leaf tissues were studied using sucrose differ-
ential centrifugation. Approximately 50% of Pb contents was found to be associated with the cell wall fraction
in stems of the accumulating ecotype and the percentage increased to 80% both in roots and leaves, no matter
when plants were grown with different levels of Pb. The results indicated that the distribution of Pb on cell

walls of the accumulating ecotype could mainly account for the high tolerance to Pb.
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INTRODUCTION 1993), is being considered as a new highly

Lead (Pb) exists in many forms in natural
sources throughout the world> and is now one of
the most widely and evenly distributed trace met-
als (Nriagu, 1992). Soil and plants can be con-
taminated by Pb from paints, gasoline additives.
Pb smelting and refining, pesticide production,
Pb acid battery breaking (Paff et al., 1995).
Considerable importance has been attached to the
problem of Pb pollution with the development of
modern industry and agriculture. However, most
conventional remediation approaches do not pro-
vide acceptable solutions to toxic metal pollu-
tion. Only recently has the value of metal-accu-
mulating plants for environmental remediation
been fully recognized ( Baker et al., 1994;
Raskin et al ., 1994) . Phytoextraction, defined
as the use of green plants to remove pollutants
from the environment ( Cunningham et al.,

promising technology for the remediation of pol-
luted sites. For phytoextraction to be a feasible
remediation tool> plants that are used must be
able to take up large concentrations of heavy
metals into the roots, to transport these metals to
the shoots so that high concentrations are accu-
mulated in the shoots, and to accumulate high
biomass ( Cunningham et al ., 1995). Besides,
tolerance to heavy metal is also the key plant
characteristic required for phytoextraction.

Our survey of plant population yielded a new
Pb-accumulating ecotype> Sedum alfredii ( Hance)
in an old Pb/Zn mining area in Zhejiang Prov-
ince of China (He et al., 2002). In order to
get information on the high Pb-accumulation of
S . alfredii from soil to shoot> mechanisms that
control uptake, translocation and subcellular dis-
tribution of Pb by S. alfredii must be under-
stood. At present, understanding of these mech-
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anisms is poor ( Kumar et al., 1995; Blaylock
et al.> 1997). Methods to investigate subcellu-
lar distribution of Pb were found that represented
the basic idea for our study ( Weigel et al.,
1980; Gabbrielli et al., 1990 .

The aim of this study was to investigate the
effects of different concentrations of Pb(NO; ),
on Pb absorption, translocation and subcellular
distribution in S. alfredii .

MATERIALS AND METHODS

Plant Materials The Pb-accumulating ecotype
of S. alfredii was obtained from the old Pb/Zn
mining area in Zhejiang Province of China. The
non-accumulating ecotype of S. alfredit was ob-
tained from a suburb of Hangzhou in Zhejiang
Province of China.

Hydroponic experiment Healthy and equal-
sized plants were chosen and grown for 2 weeks
in basic nutrient solution containing 2 .00 mmol/
L CaCNO;), *4H,0, 0.10 mmol/L. KH,PO,,
0.50 mmol/L. MgSO, * 7H,0> 0. 10 mmol/L
KCl, 0.70 mmol/L. K,SO,> 10. 00 pmol/L
H;BO;5 0.50 pmol/L MnSO, *H, 05 1.0 pmol/
L ZnSO, *7H,0, 0.20 pmol/L. CuSO, *5H,0>
0.01 pmol/L. (NH, ) 6Mo; Oy > 100 pmol/LL Fe-
EDTA (Yang et al ., 2001). The nutrient solu-
tion was continuously aerated and renewed every 4
days. After growth for 14 days, the plants were
transferred to modified nutrient solution, in which
KH, PO, concentration was adjusted to 0. 005
mmol/L. in order to prevent precipitation of Pb.
The Pb** concentrations in nutrient solutions were
0, 20, 40, 80, 160, 320 mg Pb /L supplied as
Pb(NO; ),. Each Pb treatment was replicated
three times. Each replication consisted of 18 pla-
nts. Plants were harvested 30 days after treat-
ment. The nutrient solution was continuously aer-
ated and renewed every 4 days.

At harvest> roots were immersed in 20
mmol/L. Na-EDTA for 15 min, and then the
whole plants were rinsed with deionized water.
The fresh weight of roots, stems and leaves was
measured. The samples were divided into two
groups: one for experimentally investigating Pb
subcellular distribution ( Weigel and Jager,
19800, while the other was dried and ground to
pass through 60 mesh for determining the dry

weight and the total element concentration.
Fractionation of roots, stems and leaves.
The samples for determining Pb subcellular dis-
tribution were immediatedly frozen in liquid ni-
trogen, dried in a freeze dryer CALPHA 1 —4)
and weighed again. Samples (0.500g) were im-
mersed in 20 mL extractant (0.25 mol/L sucrose
+ 50 mmol/L. Tris-HCL. ¢ pH 7.5) + 1.0
mmol/1. dithioerythritol ), shaken at low speed
for 2 h, and then centrifuged at 300 x g for 5
min. The pellet was extracted twice again with
20 ml extractant> and centrifuged as before. The
resulting pellet was designated as crude cell wall
fraction (ID. The supernatant from the three ex-
tractions was then centrifuged at 20000 x g for 45
min to separate cell organelles and membrane.
The pellet was taken as membrane fraction (1D .
The resultant supernatant solution was referred to
soluble fraction (III). The three fractions were
dried at 60°C in forced-air oven for determina-
tion of the element concentration.
Determination of Pb  The samples for deter-
mining the Pb concentration were digested with
concentrated HNO; at 180°C — 200°C for 7 h,
then diluted to 25 ml, and analyzed by flame
atomic absorption spectrometry( A6800) .

RESULTS

Lead concentrations in roots, stems and leav-
es of both ecotypes with different Pb treatments
are shown in Fig. 1. Lead supply gave a rise to
Pb concentrations in all plant tissues of the accu-
mulating ecotype but only in roots and stems of
the non-accumulating ecotype. The maximum Pb
concentration in the stems of the accumulating
ecotype was 915 mg/kg,> 5 times that of non-accu-
mulating ecotype, and the maximum concentration
of leaves was 162 mg/kg, 4 times that of non-ac-
cumulating ecotype. From Fig. 1, it can also be
seen that the accumulating ecotype’ s ability of
transporting Pb from roots to stems was stronger
than that of the non-accumulating ecotype. For
example,
leaves of accumulating ecotype with supply of 320
mg Pb /L were 540% and 447% those in the

non-accumulating ecotype, respectively. At the

Pb concentrations in the stems and

same time, the Pb concentration in the roots of
the accumulating ecotype was only 125% that in
the non-accumulating ecotype .
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Fig.1 Pb concentrations in roots, stems and leaves of the accumulating ecotype and the non-accumulating

ecotype with different levels of Pb treatments

(Ca)Pb concentrations in stems; (b)Pb concentrations in leaves; (¢)Pb concentrations in roots

Table 1 Pb accumulation in roots, stems and leaves of the accumulating ecotype and the non-accumulating ecotype

under different levels of Pb treatments (ug/plant)

Accumulating ecotype

Non-accumulating ecotype

Treatment (mg/L)

20 40 80 160 320 0 20 40 80 160 320

Root - 22d 36d 146 ¢ 453 a 374 b - 33d 48c¢ 102b 122 a 118 a

Stem 1f 48e 57d 66c¢c 77ab 88 a 1d 12b 14b 18a 18a 10c¢

Leaf 2 ¢ 19b 27a 30a 28a 30a lec 2b 3b 3 a 4 a 3 a
ratio of stem/root - 2.2 1.6 04 0.2 0.2 - 0.4 0.3 0.2 0.1 0.1
ratio of leaf/stem 2.1 0.4 05 05 04 0.3 1.4 0.2 0.2 0.2 0.2 0.3

For each treatment> amounts of tissue bio-
mass were multiplied by Pb concentrations to de-
termine element accumulation (pg/plant) for in-
dividual tissue types. Pb accumulations in roots
were highest, followed by those in stems and the
lowest were in leaves Cexcept the accumulating
ecotype at 20 — 40 mg Pb /L treatments) . Stem/
root ratios of accumulated Pb averaged 0.9 in
the accumulating ecotype under different Pb
treatments> 4.5 times that of the non-accumulat-
ing ecotype. Leaf/stem ratios of accumulated Pb
averaged 0.41 in the accumulating ecotype> as
compared to 0.22 in the non-accumulating eco-
type. Stem/root ratios of accumulated Pb in the
accumulating ecotype exceeded 1.0 for the 20 —
40 mg/L treatments, suggesting that there was a
positive mechanism for transporting Pb from root
to stem at low Pb concentrations.

In the tissues of root> stem and leaf, consid-
erable amounts of Pb were accumulated in both
soluble fraction and cell wall fraction, and only
rather small quantities were detected in the
membrane fraction .

As for the Pb content in the roots, the pres-
ence of Pb had some effects on both ecotypes.

Lead stimulated the Pb accumulation in cell wall
and the soluble fractions. However; the stimula-
tion of Pb accumulation in the cell wall fraction
was much stronger than that in the soluble frac-
tion. For the accumulating ecotype> about 80 %
of Pb was distributed in the cell wall fraction
even under the 320 mg Pb /L treatment, while
less than 50% of Pb was found in the cell wall
fraction of roots of the non-accumulating ecotype
at Pb=160 mg/1.(Table 2).0On the other hand,
the amount of Pb absorbed by roots of the accu-
mulating ecotype averaged 1.23 times that in the
non-accumulating ecotype at Pb = 160 mg/L
(Fig. 1). At the same time, however, the Pb
concentration in the soluble fraction of the accu-
mulating ecotype was only 43 % that of the non-
accumulating ecotype ( Table 2). This meant
that the restriction of Pb penetrating into the
symplasm was relatively higher in the accumulat-
ing ecotype.
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Table 2 Pb distribution within root cell of the accumulating ecotype and the non-accumulating ecotype under
different levels of Pb treatments (mg/kg DW)

Soluble fraction

Pb Membrane fraction Cell wall fraction
I Accumulating  Non-accumulating  Accumulating Non-accumulating  Accumulating  Non-accumulating
Cmg/L) ecotype ecotype ecotype ecotype ecotype ecotype
0 - - - - - -
20 11.42d 211.6d 4.09¢ 17.70cd 426.5d 722 .9cd
2> (23 QP QD) 7 (76>
40 29.67d 304.0d 7.32¢ 30.54bed 700.6d 1055¢
@ 22 QP QD) 95> (76>
80 229 .0c 1546¢ 31.27b 65 .62abc 2602.5¢ 1901b
8 (44> (O P I (54
160 1530.4a 3466a 75.92a 71.74ab 6045a 2769a
20> (55 (O P 79> (44>
320 1254b 2941b 62.12a 86.55a 5653b 2528a
18> (53> QP QD) 81> (46>

* The number in parentheses means the percentages of Pb in different fractions.

Lead supply resulted in higher Pb concentra-
tion in roots of the accumulating ecotype at 160
mg Pb/L. — 320 mg Pb/L treatments. However,
only approximately 20% of Pb uptaken by roots
of the accumulating ecotype could be found in
the soluble fraction under 160 mg/L. — 320 mg/L.
treatments, and its Pb concentrations averaged
43% that in the case of the non-accumulating
ecotype (Table 2). Verkleij and Schat ( 1990)
showed that plants commonly store toxic elements
in the vacuoles of cortical tissue of roots outside
the endodermis or in cell walls, thereby prevent-
ing the metals from being uptaken into rhizomes
and aboveground tissues. It was suggested that
the accumulating ecotype accumulated Pb mostly
in cell walls of roots; while the non-accumulat-
ing ecotype accumulated Pb in vacuoles of corti-
cal tissue of roots outside the endodermis, which
also restricted Pb translocation up to shoots.

In the case of stems, Pb supply also in-
creased Pb concentrations in both cell wall frac-
tion and soluble fraction for both ecotypes. As
for the accumulating ecotype, the stimulation of
Pb accumulation was stronger in cell wall frac-
tion than in soluble fraction. Over 50% of Pb
was accumulated in the cell walls fraction even
under 320 mg Pb /L treatment, while less 50%
of Pb was accumulated in cell wall fraction for

the non-accumulating ecotype at Pb = 160 mg/L
(Table 3. This also meant that the restriction of
Pb penetrating into the symplasm was relatively
higher in the stems of the accumulating ecotype .
However, the Pb concentrations in the soluble
fraction and cell walls fraction of the accumulat-
ing ecotype were 2 — 5 times and 2 — 8 times
those of the non-accumulating ecotype> respec-
tively (Table 3). Therefore, it was obvious that
the Pb transport from root and stem was greater
in the accumulating ecotype> as compared with
the non-accumulating ecotype .

In leaves, the Pb concentrations of the cell
wall fraction increased with increasing Pb con-
centrations in solution; while the Pb concentra-
tions of the soluble fraction and membrane frac-
tion had not significant differences. As Pb con-
centrations in solutions increased from 20 mg/L
to 320 mg/L, the Pb content of cell wall fraction
increased from 79.2% to 88.9% in leaf cells of
accumulating ecotype, from 67.9% to 84.1%
in the non-accumulating ecotype (Table 4). It
was suggested that the Pb in leaves was mostly
accumulated on the cell walls. However> the Pb
concentrations of the cell wall fraction of the ac-
cumulating ecotype were 4 — 8 times that of the
non-accumulating ecotype under different Pb
treatments (Table 4) .
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Table 3 Pb distribution within stem cell of the accumulating ecotype and the non-accumulating ecotype under
different levels of Pb treatments(mg/kg DW)

Pb Soluble fraction Membrane fraction Cell wall fraction
treatment Accumulating Non-accumulating Accumulating Non-accumulating  Accumulating Non-accumulating
( mg/ L ecotype ecotype ecotype ecotype ecotype ecotype
0 _ — _ — _ —
20 144 .8¢ 37 .64c¢ 8.23ab 3.43a 294 .0d 64 .4bc
(32) 29 2> (3> (66) (69)
40 173 .2¢ 57.35bc 9.96ab 1.71a 360.3c¢ 103.7b
(32> (35 2 QD) (66> (64>
80 227.1b 98.22a 16.61ab 3.73a 402.8b 188.0a
(35> 40> 3 QD) 62> 77>
160 303.5a 101.3a 15.61ab 3.6la 425 .9b 76.91b
4 (55> 2 2 57 (44>
320 414 .8a 81.05ab 30.42a 2.56a 509.8a 64 .39bc
(44> (55 3 2 (53> 43>

* The number in parentheses means the percentages of Pb in different fractions

Table 4 Pb distribution within leaf cell of the accumulating ecotype and the non-accumulating ecotype under
different levels of Pb treatments( mg/kg DW)

Pb Soluble fraction Membrane fraction Cell wall fraction
treatment Accumulating Non-accumulating Accumulating Non-accumulating  Accumulating  Non-accumulating
( mg/ L ecotype ecotype ecotype ecotype ecotype ecotype
0 _ _ _ _ _ _
20 13.79ab 4.54a 1.48a 0.32a 82.73¢ 10.36¢
14> 30 2 2> (85> (68>
40 36.22a 4.24a 2.57a 2.98a 107.21b 17.51b
a9 am 2 2> (80> 71>
80 13.30ab 3.77a 2.23a 0.47a 118 .44ab 22 .60ab
o> a4 2 2 (88> (84>
160 15.35ab 4.90a 3.06a 0.6la 120.58ab 28.33a
D 12> 2 4 87> (84>
320 13.68ab 3.96a 2.68a 1.14a 130.13a 27.08a
9 2> 2 (8 (89> 81>

* The number in parentheses means the percentages of Pb in different fractions

DISCUSSION

The accumulating ecotype of S . alfredii from the
old Pb / Zn mining area had the ability to accu-
mulate Pb primarily in its roots, and transport
and concentrate it in stems and leaves at much
higher concentrations than in the non-accumulat-
ing ecotype. This is supported by the observation
that the Pb concentrations in the stems and leav-

es of the accumulating ecotype were much higher
than those of the non-accumulating ecotype. Al-
so supporting this is the observation that the
stem/root ratios of accumulated Pb in the accu-
mulating ecotype exceeded 1.6 under the 40 mg
Pb /L treatment. Under the 40 mg Pb /L treat-
ment> the Pb concentration in stems was
65.5% > while that in leaves increased to
98.67 % of the maximum Pb concentration. This
indicated a better ability of the accumulating
ecotype in transporting Pb from root to shoot at
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low-Pb concentrations .

Yang et al . (2001) found that the accumu-
lating ecotype of S. alfredii from the old Pb/Zn
mining area also had the ability to uptake Zn in
roots and hyperaccumulate it in shoots. In the
presence of Zn, Zn concentration in stems of the
accumulating ecotype was highest, followed by
that in leaves, the lowest was in roots. Under Pb
the Pb concentration in roots of the
accumulating ecotype was highest, followed by
However, Pb is not
generally considered as an essential element for
the growth of plants. Lead uptake and accumula-
tion by most plant species is very limited ( Mac-
nair> 1993) . If the major goal of the phytoreme-

treatments,

that in stems and leaves.

diation process is to remove the maximum
amount of element in the shortest time possible,
then the selection should be based on the rate of
element accumulation in harvestable tissues as
well as on plant biomass accumulation. Under
this standard, the accumulating ecotype would
be perfect for the extraction of Pb from the cont-
aminated soils.

From our results it can be concluded that Pb
accumulated mainly on the cell walls of the ro-
ots, stems and leaves. This phenomenon was ob-
served in both ecotypes, although the contents of
Pb in the cell wall fraction were lower in the case
of the non-accumulating ecotype. For the accu-
mulating ecotype,> the Pb concentrations detected
on the cell walls of the roots, stems and leaves
under different Pb treatments averaged 89 %
61% > 86% respectively, while in the non-accu-
mulating ecotype, the Pb distributions in the cell
wall fraction averaged 59%, 59%, 77% > re-
spectively. The Pb concentrations in the cell
wall fraction of the stems and leaves of the accu-
mulating ecotype averaged 472% and 568 %
those of the non-accumulating ecotype under dif-
ferent levels of Pb treatments. Brown et al.
(1972) showed that the high tolerance of Pb in
plants results from Pb accumulation only in the
cell wall without Pb penetrating into the sym-
plasm. It is likely that this mechanism is more
efficient in the accumulating ecotype, which ap-
pears to be more tolerant to toxic effects. As for
the non-accumulating ecotype, the decrease in
biomass may result from the higher contents of
Pb distributed in the soluble fraction of roots,
stems and leaves, when compared with the accu-
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mulating ecotype (He et al ., 2002 .
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