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Abstract Uptake and translocation of chromium (Cr) by
two willow species was investigated. Intact pre-rooted
weeping willows (Salix babylonica L.) and hankow wil-
lows (Salix matsudana Koidz) were grown hydroponically
and spiked with hexavalent chromium [Cr (VI)] or trivalent
chromium [Cr (II)] at 25.0 & 0.5°C for 120 h. Removal of
leaves was also performed as a treatment to quantify the
effect of transpiration on uptake and translocation of either
of the Cr species. Although the two willow species were
able to eliminate Cr (VI) and Cr (III) from the hydroponic
solution, significant differences in the removal rate for both
chemical species were observed between the two willows
(p < 0.05): faster removal rate for Cr (IIT) than Cr (VI) was
detected in both willow species; hankow willows showed
higher removal potential for both chemical species than
weeping willows. Remarkable decreases in the removal
rates for both Cr species were detected in the willows with
leaves removed (p < 0.05). The results from the treatments
spiked with Cr (VI) also revealed that Cr was more mobile
in plant materials of hankow willows than that in weeping
willows (p < 0.01), while higher translocation efficiency of
Cr was observed in weeping willows than hankow willows
for the Cr (II) treated (p < 0.01). However, a convincing
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decrease in the translocation efficiency due to the removal
of leaves was only observed in the treatments spiked with
Cr (VD) (p < 0.05). Substantial differences existed in the
distribution of Cr species in plant materials after exposure
of either of the chemical forms: roots and lower stems were
the major sites for accumulation in weeping willows
exposed to Cr (VI) and Cr (III), respectively; in contrast
roots were the only sink in hankow willows exposed to
both chemical species. The capacity of willows to assimi-
late both Cr species was also evaluated using detached
leaves and roots of both willow species in sealed glass
vessels in vivo. The results indicated that detached roots
showed a more remarkable capacity to remove Cr (III)
from the hydroponic solution than Cr (VI) (p < 0.01).
Although detached leaves of both willow species were able
to efficiently eliminate Cr (III), neither of them reduced the
concentration of Cr (VI) in the solution. The results sug-
gests that different mechanisms for uptake, assimilation
and translocation of Cr (VI) and Cr (III) exist in different
willow species and phytoremediation of Cr should consider
this factor for the proposed target effectively.
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Introduction

Chromium is a metal of serious environmental concern. It
can exist in a number of states in natural environment.
Among them, hexavalent chromium [Cr (VI)] draws seri-
ous public health and legislative concerns because of its
extremely high toxicity, mutagenicity and carcinogenicity.
Due to the strong corrosion resistance, Cr (VI) has been
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widely applied in a wide range of industries, including
electroplating, wood preservation, leather-tanning and
alloy production (Kimbrough et al. 1999; Khan 2001; Dixit
et al. 2002). Furthermore, the high solubility of Cr (VI)
enhances its mobility and bioavailability, posing extensive
hazards to humans and ecosystems at contaminated sites
due to contamination of groundwater (Katz and Salem
1994). Conventional physicochemical treatments have
been tested and proposed (Xu et al. 2005a, b), but they are
prohibitively expensive for large-scale in situ cleaning up
of heterogenous media, e.g., soils. Alternatively, bioreme-
diation through sorption, accumulation and transformation
have drawn increasing interests (MclIntyre 2003; Kuffner
et al. 2008). Selective microorganisms have been found to
be capable of reducing Cr (VI) to non-toxic insoluble Cr
(II) [commonly as Cr(OH);] under either sulfate reducing
or aerobic conditions (Cheung and Gu 2003, 2005; Ryan
et al. 2002). Biological reduction of Cr (VI) can be
achieved indirectly with metabolites, such as ascorbic acid
(Xu et al. 2005a, b) and H,S (Cheung and Gu 2005), or
through direct enzymatic reactions (Cheung et al. 2006).
However, microbial remediation suffers from inability in
removal of the metal species from the environment, espe-
cially when dealing with sediment contamination.
Phytoremediation of metals have shown promising
results because plants are capable of extracting metal from
the environment and mobilize them into different parts of
the biomass, including the above-ground parts (Licina
et al. 2007; Overesch et al. 2007; Yu and Gu 2007a; Yu
et al. 2007). Among the plant species tested, willow has
shown ability in assimilation of iron cyanide complexes
and methyl tert-butyl ether (MTBE) (Yu and Gu 2006; Yu
et al. 2006), and Cr (VI) and Cr (III) (Quaggiotti et al.
2007; Yu and Gu 2007a; Yu et al. 2007), as well as sele-
nate and selenite (Yu and Gu 2007b). Accumulation of Cr
(VI) in hydroponically grown hybrid willow (Salix
matsudana Koidz x alba L.) results in accumulation
mostly in roots reaching an approximately 50% and little in
shoots (Yu et al. 2007). Similar trend has also been
observed for Cr (III) with removal of more than 90% from
the solution for an exposure concentration of < 7.5 mg/l
(Yu and Gu 2007a). Additionally, effects of synthetic
chelating agent EDTA and external nitrogen on the uptake
and accumulation of Cr (VI) and Cr (II) in willows have
been studied (Yu and Gu 2008a, b). A very important
information in understanding the uptake of Cr by plants is
the initial process of transport from solution into the roots.
Because of the structural similarity between chromate
(CrOi_), a predominant Cr (VI) oxyanion, to sulfate
(SO%7), Cr may penetrate through sulfate-transport system
in membrane of root systems. Current information avail-
able suggests that the two Cr species may use different
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mechanisms for their entry into plant roots (Yu and Gu
2007a; Yu et al. 2007). The objectives of this study were to
evaluate assimilation of both Cr species by two distinc-
tively different willow species and compare their
fractionation of metals into various parts of plant materials.

Materials and methods
Uptake experiments with trees

Weeping willows (Salix babylonica L.) and hankow wil-
lows (Salix matsudana Koidz) were selected in the current
experiments. These willows were sampled from the cam-
pus of Hunan Agricultural University, P.R. China. Tree
cuttings (40 cm in length) were removed from a mature
tree and all cuttings used in this study were obtained from a
single tree of respective species. They were placed in
buckets of tap water at room temperature of 15-18°C under
natural sunlight until new roots and leaves appeared. After
a 2-month period of growth, each young rooted cutting was
transferred to a 250 ml Erlenmeyer flask filled with
approximately 200 ml modified ISO 8692 standard nutrient
solution as described by Yu et al. (2007). The flasks were
all sealed with cork stoppers and silicon sealant (Dow
Chemical Co, Midland, MI) to prevent escape of water, and
wrapped with aluminum foil to inhibit potential growth of
algae. For each treatment, five replicates were prepared.
All flasks were housed in a climate control chamber
maintained at a constant temperature of 25.0 + 0.5°C
under natural sunlight (light: dark cycle 14:10 h). The
plants were conditioned for 48 h first to adapt to the new
environmental conditions. Then, the weight of the plant-
flask system was measured and recorded individually. The
flasks including the tree cuttings were weighed again after
24 h. By doing this way, the transpiration rate of each flask
was determined. Trees with a similar transpiration rate
were selected for the tests and grouped in the same treat-
ment as replicates. The nutrient solution in each flask was
replaced by spiked solution. Potassium chromate (K,CrOy)
and chromium chloride (CrClz) of analytical grade with
> 95% purity was used.

Four different treatments were prepared for the Cr
uptake experiments for each plant species: (1) nutrient
solution with Cr (VI) and intact willows; (2) nutrient
solution with Cr (VI) and willows with removal of leaves;
(3) nutrient solution with Cr (III) and intact willows; (4)
nutrient solution with Cr (IIT) and willows with removal of
leaves. In addition, one control in five replicates was also
made. The control was with intact trees in the nutrient
solution without addition of Cr to quantify the transpiration
rate of trees without any exposure of Cr.
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The concentration of Cr in the hydroponic solution was
measured before the tree cuttings were transferred in and
then at an interval of 24 h for an exposure period of 120 h.

Uptake experiments with detached leaves or roots

To further clarify the uptake mechanism of Cr, additional
experiments were performed. Sealed glass vessels con-
taining Cr (VI) or Cr (III) and plant materials were used.
Plant leaves or roots were cut into small pieces, precisely
weighted (1.0 g fresh weight) and placed in 100 ml
Erlenmeyer flasks. Then 100 ml of spiked aqueous solution
(deionized oxygen-saturated water) were added. The flasks
were closed with glass stoppers and all placed at an incu-
bator with a constant temperature of 25°C for 24 h. The
initial concentrations of Cr (VI) and Cr (III) spiked solution
were 1.60 and 1.51 mg Cr/l, respectively, at which three
separate measurements were conducted for each plant
materials. The concentrations of Cr in solutions and plant
materials were measured after 24 h of exposure. Prepara-
tion and extraction of samples for total Cr analysis were
identical to those described by Banks et al. (2006).

Chemical analysis

The concentration of Cr in the aqueous solution was ana-
lyzed by flame atomic absorption spectrophotometry.
Preparation and extraction of root, stem and leaf samples
for total Cr were conducted according to the method
described by Banks et al. (2006). Plant materials from the
treated plants were harvested after the exposure period. The
lower stem was the part of plant materials in the Erlen-
meyer flask, while the rest was the higher stem. The plants
were washed with tap and distilled water followed by
thorough rinsing, and then oven dried at 90°C for 48 h.
Dried plant samples were ground in an electrical blender,
except for the roots due to the small quantity of the total
harvested material. The ground materials were sieved to
pass 2 mm sieve and then placed in individual glass bottle
and dried for 24 h at 65°C to remove any moisture
absorbed during the processing step. The bottles were
sealed and placed in a desiccator.

Root, stem and leaf samples were extracted for total Cr
using a nitric/perchloric acid digestion method. Exactly
0.25 g of oven dried and ground plant materials was placed
in a 50 ml digestion tube, mixed with 10 ml of HNO,/
HCIO,, (1:1, v/v) and allowed to stand overnight. The
samples were then placed in a digestion block and heated
for 2 h at 200°C until the digested liquid was clear. The
contents in the digestion tube were diluted to 25 ml with
deionized water and filtered (Whatman #1 filter paper,
Fisher Scientific, Pittsburgh, PA) into 120 ml Erlenmeyer
flasks. The filtrates were analyzed by flame atomic

absorption spectrophotometry. The detection limits, deter-
mined as three times the standard deviation of 10 replicates
of blank, were 0.001 mg Cr/l for water samples and
0.005 mg Cr/kg DW for plant materials. The sample
preparation methods used were also checked against the
spiked sample which is the certified solution standards;
mean recovery was 96.49%. The precision of Cr determi-
nation, based on variations of replicate analyses (n = 2) for
the same sample, was <15%.

Determination of the removal rates of Cr

In the absence of volatilization and negligible background
Cr in controls with plants, all loss from the system can be
contributed to removal by plants. The removal velocity v
(ng Cr/g-d) was calculated from final and initial mass using
the formula

_ Mo — M@
At x M

where m g, is the total mass (1g) of Cr in the solution at the
beginning, and m, is the total mass (ng) of Cr in solution
at time #; Az is the time period (d), and M is the biomass of
the plant (g).

Determination of transpiration rate

Inhibition of transpiration is a rapid and easy measure for
the toxic effect of a chemical to the growing trees (Trapp
et al. 2000). The effect of Cr was quantified by measuring
the transpiration rate of the pre-rooted trees in the flasks.
The weight loss of the plant-flask system over time was
expressed as the transpiration rate for further data analysis.

Determination of translocation efficiency

The translocation efficiency (t) as the fraction that, after
root uptake, is successfully translocated to the upper parts
of plants as defined by Meers et al. (2004)

(%)
_ C(leaf) 'DW(leaf) +C(stem) 'DW(stem) %100
C(roof) 'DW(rool) +C(leaf) 'DW(leaf) +C(xtem) 'DW(szem)

where Co01, Cisiemy and Cyeqp are the total Cr concen-
tration in different plant materials, and DW 40, DWsom)
and DW(,.p are the dry weight of plant materials.

Statistical analyses
Analysis of variance (ANOVA) and Tukey’s multiple

range test was used to determine the statistical significance
at 0.01 or 0.05 level between plant performances.
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Results
Uptake of Cr (VI) from hydroponic solution by willows

The change of the total Cr concentrations in hydroponic
solution spiked with Cr (VI) over time of incubation is
shown in Fig. 1. Due to water loss by plant transpiration,
Cr concentration in hydroponic solution with intact weep-
ing willows increased slightly from 1.81 mg Cr/l initially
to 1.96 mg Cr/l (£0.07), but a decrease of 15.16 (£3.72)%
was observed for the total Cr over a 120 h period of
exposure. Similarly, Cr concentrations also increased from
1.79 mg Cr/l initially to 1.87 mg Cr/1 (£0.03) at the end of
exposure in the hydroponic solution in the presence of
weeping willows with removal of all leaves, but a decrease
of 7.81 (+1.31)% was detected for the total Cr. Intact
weeping willows showed a significantly higher uptake rate
(%) of Cr (VI) than that without leaves (p < 0.01). For
hankow willows with treatments, 34.87 (£2.85)% and
24.62 (£1.49)% of the applied Cr (VI) was removed from
the hydroponic solution by intact willows and willows
without leaves, respectively. The difference in removal of
the applied Cr (VI) in hydroponic solution between the two
willow species was significant (p < 0.01).

Mass balance for willows exposed to Cr (VI)

The concentrations of Cr in plant materials of willows
exposed to Cr (VI) are shown in Fig. 2. Cr was detected in
all parts of plants from all treatments, except for leaves (Cr
concentration was below the detection limit), confirming
uptake and translocation of Cr (VI) into different parts of
plant materials from the hydroponic solution. However,
substantial differences existed in the distribution of Cr (VI)
in plant materials between the two willow species.

For intact weeping willows exposed to Cr (VI), the
highest concentration of Cr in plant materials was found in
roots (558.93 £ 24.77 mg Cr/kg DW). Similar levels of Cr
concentrations were detected in the lower stems and higher

Conc. (mg Cr/L)

Time (d)

—— Weeping willows without leaf
—X— Hankow willows without leaf

—<O— Intact weeping willows
—X— Intact hankow willows

Fig. 1 Measured concentrations of Cr (mg Cr/l) in hydroponic
solution spiked with Cr (VI) over time (days). The values are the
mean of five replicates for samples. Vertical lines represent standard
deviation
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B Lower stem [ Higher stem [ Root

Conc. mg Crkg DW
o

Weeping willows Weeping willows* Hankow willows Hankow willows*

Fig. 2 Measured Cr concentration (mg Cr/kg DW) in roots, lower
stems, higher stems and leaves of both willows exposed to Cr (VI).
The exposure period was 120 h. The values are the mean of five
replicates for samples. Vertical lines represent standard deviation.
DW: dried weight. Asterisk refers to the respective trees without
leaves; Cr concentration in roots: x 10> mg Cr/kg DW

stems of intact weeping willows, with values of
2.61 £ 0.14 mg Cr/kg DW and 2.54 4+ 0.27 mg Cr/kg
DW), respectively. For the weeping willows without
leaves, the highest was also found in roots (503.78 +
57.91 mg Cr/kg DW). Cr concentrations in lower stems
and higher stems were significantly lower than those of
intact weeping willows (p < 0.01). Significantly higher Cr
concentrations in plant materials of hankow willows than
weeping willows were found (p < 0.01). The highest Cr
concentration was detected in roots of hankow willows
(745.87 £ 45.79 mg Cr/kg DW). Similar levels of Cr
concentrations were detected in the lower stems and higher
stems of the intact hankow willows, with values of
10.51 + 2.09 mg Cr/kg DW and 10.00 + 1.77 mg Cr/kg
DW, respectively. Cr concentration in roots of hankow
willows with leaves removed (904.30 £ 80.32 mg Cr/kg
DW) was significantly higher than that of intact hankow
willows (p < 0.01). Slightly lower Cr concentrations were
detected in lower stems and higher stems of hankow wil-
lows with leaves removed than those of the intact willows
(p > 0.05).

The mass balance of Cr (VI) was made from total Cr in
plant materials and removed from the hydroponic solution
(Table 1). Majority of the applied Cr (VI) was associated
with the roots of intact weeping willows in which the total
Cr remaining in roots accounted for 54.98 £+ 7.87%, but
more Cr (69.85 + 2.88%) was found in roots of weeping
willows without leaves (p < 0.05). Approximately,
23.15 + 3.98% and 21.87 + 5.16% of the total Cr from
the solution was found in the lower and higher stem of
intact willows, respectively. Less Cr was detected in the
weeping willows with leaves removed comparing with
intact willows (p < 0.05). About 40.47 £+ 1.21% and
48.15 £ 5.73% of the total Cr from solution was recovered
in the roots of intact hankow willows and the hankow
willows without leaves, followed by lower stems with
values of 31.17 & 4.24% and 28.98 &+ 3.94%, respec-
tively. A high recovery of Cr was obtained for all
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Table 1 Mass balance for the plants exposed to Cr (VI)

Plant species Cr in solution (pg) Cr in plant tissues (pg) Translocation Removal Cr recovery
— - - efficiency (%) rate (%)
Initial  Final Root Lower stem Higher stem Leaf (ug Cr/g-d)
Weeping willows  452.5 38391 (16.84) 38.93 (8.81) 1591 (3.07) 14.85(3.04) ND 45.02 (7.87) 0.41 (0.05) 103.69 (15.31)
Weeping willows* 4475  412.56 (5.86) 23.96 (3.50) 5.92 (0.60) 4.33 (0.43) 30.15 (2.88) 0.33 (0.04)  98.82 (8.94)
Hankow willows ~ 562.5  366.38 (16.08) 68.01 (6.69) 52.27 (8.01) 48.13 (4.73) ND 59.53 (1.21) 0.79 (0.09)  85.68 (4.22)
Hankow willows*  562.5 42.03 (8.39) 60.94 (3.55) 37.26 (4.56) 29.14 (5.66) 51.85 (5.73) 0.56 (0.08)  92.25 (8.71)

Note: Exposure period was 120 h; the values are the mean of five replicates; standard deviation in parentheses. Asterisk refers to the respective
trees without leaves. ND denotes concentrations below the limit of Cr detection

M (ro00) +M (stem) +M(1ear)

x 100
M initiaty =M (finat)

Cr recovery (%) =

treatments within the cumulative ranges of measurement
errors of solution and biomass. The removal rate for Cr
(VD) was determined to be 0.41 and 0.79 pg Cr/g FW-d for
intact weeping willows and intact hankow willows,
respectively, whereas the uptake rates for Cr (VI) were
0.33 and 0.56 pg Cr/g FW-d for trees with removal of
leaves, respectively. The difference in the removal rate for
Cr (VI) between the intact trees and the trees without
leaves of both willow species was significant (p < 0.01).

Uptake of Cr (IIT) from hydroponic solution by willows

Compared to the treatments spiked with Cr (VI), more Cr
(IIT) was eliminated from the hydroponic solution by plants
(p < 0.01) and the Cr concentrations in hydroponic solu-
tion spiked with Cr (II) over time are presented in Fig. 3.
Cr concentration in hydroponic solution with intact weep-
ing willows fell from 1.86 mg Cr/1 initially to 0.35 mg Cr/l
(£0.03) at the end of the exposure period, with a decrease
of 84.77 (£2.22)% of the applied Cr (II) over an exposure
period of 120 h, whereas 79.99 (£+2.71)% decrease was
detected in the treatment with the weeping willows with
leaves removed. The difference in the uptake rate (%) of Cr
(IIT) between the intact plants and the willows without

Conc. (mg Cr/L)

0 1 2 3 4 5 6
Time (d)
—{J— Weeping willows without leaf
—X— Hankow willows without leaf

—<O— Intact weeping willows
—X— Intact hankow willows

Fig. 3 Measured concentrations of Cr (mg Cr/l) in hydroponic
solution spiked with Cr (III) over time (days). The values are the
mean of five replicates for samples. Vertical lines represent standard
deviation

leaves was significant (p < 0.05). A decrease of 87.97
(£2.85)% and 83.35 (£2.86)% was found for the initial Cr
(III) in the hydroponic solution by the end of experimental
period with intact hankow willows and the hankow willows
without leaves, respectively.

Mass balance for willows exposed to Cr (III)

Figure 4 presents the concentrations of total Cr in plant
materials of willows exposed to Cr (IIT) after 120 h of
exposure. The background Cr concentration in non-treated
control trees was 0.05 mg Cr/kg DW for roots (n = 2) and
no Cr concentration above the detection limit was found for
other plant tissues. Cr concentrations in different parts of
the exposed willows were all significantly elevated com-
paring with the background. However, apparent difference
existed in the distribution of Cr in different parts of plant
materials between the two willows species.

The highest concentration was detected in the roots of
intact weeping willows (2110.55 £ 183.12 mg Cr/kg
DW), followed by the lower stems with a value of
31.30 + 2.81 mg Cr/kg DW. The lowest (9.59 £ 1.77 mg
Cr/kg DW) was associated with the leaves of the intact
weeping willows. For the weeping willows with leaves

Bl Lower stem [dHigher stem EdLeaf [dRoot

N
(=}

8]
0
L

—_ ¥}
o &
1 1

Conc. mg Cr/kg DW
o0

T T T

Weeping willows Weeping willows* Hankow willows Hankow willows*

Fig. 4 Measured Cr concentration (mg Cr/kg DW) in roots, lower
stems, higher stems and leaves of both willows exposed to Cr (III).
The exposure period was 120 h. The values are the mean of five
replicates for samples. Vertical lines represent standard deviation.
DW: dried weight. Asterisk refers to the respective trees without
leaves; Cr concentration in roots: x 10? mg Cr/’kg DW
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removed, significantly higher concentrations were found in 5\3 5
the roots and higher stems with values of 2811.66 + > 2R xS
171.72 mg Cr/kg DW and 24.60 & 2.87 mg Cr/kg DW, z e §
respectively comparing with the intact willows (p < 0.01). g 222
In contrast, a slightly lower concentration was detected in o) > ==
the lower stems (28.78 £ 3.64 mg Cr/kg DW) (p > 0.05). o
A similar distribution pattern was also found in the treat- £o "
ments with intact hankow willows in which the highest (;)D %
concentration was in the roots (2623.65 & 245.79 mg Cr/ g f;
kg DW), followed by the lower stems (34.31 + 2.47 mg g caocolé
Cr/kg DW). The lowest concentration was found in the Tg 3 % g % E
leaves with a value of 12.44 £+ 2.67 mg Cr/kg DW. A £ a =8 = g
significantly higher concentration was detected in the roots a A
of hankow willows without leaves (3535.84 + 170.77 mg g %
Cr/kg DW) comparing with the intact willows (p < 0.01). 2 z
Similar levels of Cr concentrations were found in the low § _Q:,
stems and higher stems (p > 0.05). £ 5
The mass balance of Cr (III) is presented in Table 2. g -
Lower stems of weeping willows were the major site for Cr 'g',' \E \é é ; B
accumulation in plant materials in which the lower stems Z Qx oy ‘é
accounted for 40.80 + 5.32% and 36.57 4 2.59% of the E TTES 2
total Cr accumulated by intact weeping willows and = . i
weeping willows without leaves, respectively. More Cr 2 § §
(30.51 £ 1.30%) was found in the higher stems of weep- sla o E
ing willows without leaves than that of intact weeping S = - g
willows (22.82 £+ 1.13%) (p < 0.01). For the treatments =2 E
with hankow willows, majority of the applied Cr (III) was g3 SEN N
associated with the roots of intact willows and willows z g S 3 S %
without leaves with values of 48.65 + 3.89% and %’D S 232
52.98 &£ 3.39% of the total Cr accumulated, respectively. E|* === 3
Similar amounts of Cr were detected in the lower stems e oo §
and higher stems of intact willows and willows without E|l= S E § g
leaves (p > 0.05). The removal rate for Cr (III) was i Dt I
determined to be 2.35 and 2.65 pg Cr/g FW-d for intact E:‘f % g i ?\r 5 TS;
weeping willows and hankow willows, respectively, g Bl N
whereas the uptake rates for Cr (IIT) were 2.18 and 2.16 pg 2 S9as :;
Cr/g FW-d for trees with removal of leaves, respectively. | g ow o T|g
The difference in the removal rate of Cr (III) between the g|= S - x| E
intact trees and the trees without leaves of both willow 5 =1z g § g g 2
species was significant (p < 0.01). g |@IE[ - -8 =
B ~ & =2 x| 8
8 nooyn n | 58
Uptake of Cr by detached leaves and roots of willows g ~ SdaalE =
.| 2 Sy =wm|g]
. . . . gl 2 T 2|= 5
The potential of hankow willows and weeping willows to |8 £ SEF AR Ef 2=
remove Cr was also tested (Tables 3 and 4). Concentration 2|2 § :EL
of both Cr species in the hydroponic solution without plant :§ ; = § i H
materials did not change after a 24 h of exposure (data not s|CIE|¥ 5 88 2 gg
shown). Negligible change of the Cr concentrations in é v % % 'é I
hydroponic solution spiked with Cr (VI) was observed for ',; E _g g % o g
the flasks with detached leaves of both willows species s § Bl :E E % g
over a 24 h period of incubation. Approximately, 18.13 a | B 225 |5 2
(£2.65)% and 23.75 (+2.65)% of the applied Cr (VI) was 2| = 52 %y
removed by roots of weeping willows and hankow gl zEz|20

@ Springer



Differences in uptake and translocation of hexavalent and trivalent chromium

753

Table 3 Initial and measured final concentrations of Cr in solutions and in plant materials exposed to Cr (VI)

Plant materials Cr in solution

Cr in plant materials Mass reduction Mass recovery

Cr/g DW in solution (% ¥
Cinitiar (mg Cr/1) Cfinal (mg Cr/l) e £ ) ) )
Leaf (weeping willows) 1.6 1.59 (0.01) ND 0.94 (0.442) ND
Leaf (hankow willows) 1.6 1.57 (0.01) ND 1.88 (0.884) ND
Root (weeping willows) 1.6 1.31 (0.04) 434,65 (55.85) 18.13 (2.65) 90.08 (5.86)
Root (hankow willows) 1.6 1.22 (0.04) 720.83 (100.17) 23.75 (2.65) 92.77 (0.12)

Note: Exposure period was 24 h; the values are the mean of three replicates; standard deviation in parentheses. ND denotes concentrations below

the limit of Cr detection

Table 4 Initial and measured final concentrations of Cr in solutions and in plant materials exposed to Cr (III)

Plant materials Cr in solution

Cr in plant materials Mass reduction Mass recovery

Cr/g DW in solution (% ¥
Cinitiar (mg Cr/1) Cfinal (mg Cr/l) e £ ) ) )
Leaf (weeping willows) 1.51 0.86 (0.03) 407.58 (7.94) 43.05 (1.87) 93.21 (6.23)
Leaf (hankow willows) 1.51 0.88 (0.05) 507.08 (33.02) 42.05 (3.28) 95.11 (5.74)
Root (weeping willows) 1.51 0.82 (0.03) 871.38 (57.12) 45.70 (1.87) 87.82 (6.67)
Root (hankow willows) 1.51 0.80 (0.03) 1287.06 (9.98) 47.02 (1.87) 91.66 (5.64)

Note: Exposure period was 24 h; the values are the mean of three replicates; standard deviation in parentheses

willows, respectively, from the incubation solution. The
difference between the two treatments was significant
(p < 0.05). More than 90% of the Cr removed from the
hydroponic solution was recovered in roots.

In the flasks with detached leaves supplied with Cr (III),
significant amounts of the applied Cr (III) in sealed vessels
were removed by leaves of both willows species. Con-
centrations of Cr (III) in the hydroponic solution with
leaves of weeping willows declined from 1.51 mg Ci/l
initially to 0.86 mg C1/1 (£0.03) at the end of experiment, a
43.05 (£1.87)% decrease of the total Cr over a 24 h period
of incubation. A slightly lower reduction by 42.05
(£3.28)% was found in the vessel with leaves of hankow
willows (p > 0.05). For the treatments with roots, 45.70
(£1.87)% and 47.02 (£1.87)% of the applied Cr (III) was
removed by weeping willows and hankow willows,

respectively and the difference between the two species
was not significant (p > 0.05).

Response of plant transpiration to Cr exposure

Table 5 shows the absolute transpiration of intact willows
and willows with removal of leaves. Compared to the intact
trees, remarkable decreases by 83.71 (£1.70)% and 79.62
(£1.87)% in transpiration rates were observed for the
weeping willows with removal of leaves exposed to Cr
(VD) and Cr (IIT), respectively. In contrast, a lower decrease
by 67.70 (£2.04)% and 66.94 (£0.90)% in transpiration
rates was detected for the hankow willows with removal of
leaves exposed to (VI) and Cr (III), respectively. It is of
interest to note that significant difference in the absolute
transpiration rate between the two willows in the removal

Table 5 Measured transpiration rate (g/d) of willows exposed to Cr (VI) and Cr (III)

Plant species Exposed chemical 24 h 48 h 72 h 96 h 120 h

Weeping willows Cr (VD) 6.46 (1.08) 5.79 (1.10) 5.68 (1.18) 5.33 (1.17) 5.39 (0.79)
Weeping willows* Cr (VD) 1.05 (0.26) 0.93 (0.23) 0.92 (0.20) 0.90 (0.22) 0.91 (0.19)
Hankow willows Cr (VD) 5.03 (1.12) 4.91 (0.98) 4.78 (0.93) 5.32 (0.92) 5.46 (0.94)
Hankow willows* Cr (VD) 1.69 (0.14) 1.69 (0.12) 1.58 (0.08) 1.63 (0.08) 1.62 (0.12)
Weeping willows Cr (III) 5.93 (1.25) 5.39 (1.11) 4.44 (0.95) 4.33 (0.73) 4.42 (0.96)
Weeping willows* Cr (1I) 1.12 (0.32) 0.98 (0.26) 0.91 (0.20) 0.98 (0.15) 0.86 (0.16)
Hankow willows Cr (1IT) 4.50 (0.70) 4.42 (0.77) 4.28 (0.73) 4.69 (0.84) 4.83 (0.88)
Hankow willows* Cr (1IT) 1.46 (0.24) 1.51 (0.20) 1.45 (0.16) 1.52 (0.20) 1.56 (0.19)

Note: Exposure period: 120 h; The values are the mean of five replicates; in brackets: standard deviation. Asterisk refers to the respective trees

without leaves
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of leaves (p < 0.05), probably due to the different species
used. There was no significant difference in the plant
growth between treated and non-treated plants (data not
shown) for both plant species over the period of incubation.
Symptoms of chlorosis of leaves were not observed in any
plant, implying that the trees cuttings could maintain their
physiological functioning over the entire test period with-
out any measurable and observed toxic effects.

Discussion

It has been reported that Cr (VI) is more water-soluble than
Cr (IIT) and both chemical species are easily taken up by
plants (Vajpayee et al. 2000). In our observation, more
than 80% of the applied Cr (III) can be eliminated from the
hydroponic solution by intact willows after a 120 h of
exposure, whereas less than 35% of the initial (VI) can be
removed by willows. The difference in the removal rates
between the two Cr species was significant (p < 0.01),
indicating that plants take up the Cr by dissimilar mecha-
nisms and the conversion of Cr (VI) to Cr (III) in the
hydroponic solution prior to uptake is unlikely to take
place. It is of interest to note that intact hankow willows
showed a higher uptake potential for both Cr chemical
forms than intact weeping willows (p < 0.05), implying
that uptake of Cr is highly dependent upon the genus and
species diversity. This is in complete agreement with the
conclusion drawn by Shahandeh and Hossner (2001).
Significant difference in the uptake of both chemical spe-
cies between the intact willows and the willows with leaves
removed (p < 0.05) implies that plant transpiration also
affects uptake of these Cr species.

A convincing decrease in the translocation efficiency
due to the removal of leaves was only observed in the
treatments spiked with (VI) (p < 0.05), implying that plant
transpiration has a minor impact on the translocation of Cr
(IIT) within plant materials. In our observation, (VI) is more
mobile in plant materials of hankow willows than that in
weeping willows (p < 0.01), while weeping willows show
higher translocation efficiency for Cr (III) than hankow
willows (p < 0.01). Therefore, we have a good reason to
assume that the conversion of (VI) to Cr (IIT) within plant
materials during transport is unlikely, and both Cr species
in different parts of plant tissues are probably still in the
same original chemical forms as they were in solution. Our
data also showed that substantial differences existed in the
distribution of Cr in plant materials after exposure to either
of the chemical forms: roots were the major site for
accumulation in both willow species amended with Cr
(VD). In contrast, more Cr was accumulated in lower stems
of weeping willows and roots of hankow willows exposed
to Cr (II), respectively. This suggests that different

@ Springer

transporting pathways for either of the chemical forms
exist in willow species.

Although detached leaves of both willow species can
efficiently take up Cr (III) from the hydroponic solution,
negligible change of Cr (VI) concentration was detected in
the vessels with leaves, implying that Cr (VI) rather than
Cr (I1T) is unable to actively pass through the biomembrane
of the leaves. This contradicted with early findings in
which the sulfate carrier is responsible for actively taking
up Cr (VI) (Zayed et al. 1998), while Cr (III) is taken up
passively, being retained by the cation-exchange sites of
the cell walls (Skeffington et al. 1976; Shanker et al.
2005). In contrast, roots of willows showed a more
remarkable capacity to remove Cr (III) from the hydro-
ponic solution than Cr (VI). This provided additional
evidence to support that dissimilar uptake mechanisms for
Cr (VI) and Cr (IIT) by roots of willows were exist in roots
of willows.

Conclusion

The two willow species are able to eliminate Cr (VI) and
Cr (II) from the hydroponic solution. Although willows
showed a faster removal rate for Cr (III) than for Cr (VI),
the distribution of both chemical species in the plant bio-
mass was quite different. A significant decrease in the
removal rate of Cr (VI) and Cr (IIT) was detected due to the
absence of leaves of willows. Roots and lower stems were
the major sites for accumulation in weeping willows
exposed to Cr (VI) and Cr (III), respectively, while Cr was
accumulated mostly in roots of hankow willows amended
with either of the chemical forms. The information sug-
gests that different uptake, assimilation and translocation of
Cr (VI) and Cr (IIT) exist in willow species and phytoex-
traction of Cr needs to consider the differences in species
for effective treatments.
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