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a b s t r a c t

Wheat is one of several cereals that is capable of accumulating higher amounts of Cd in plant tissues. It is
important to understand the Cd2þ transport processes in roots that result in excess Cd accumulation.
Traditional destructive technologies have limited capabilities in analyzing root samples due to meth-
odological limitations, and sometimes may result in false conclusions. The mechanisms of Cd2þ uptake
into the roots of wheat seedlings (Triticum aestivum L.) were investigated by assessing the impact of
various inhibitors and channel blockers on Cd accumulation as well as the real-time net Cd2þ flux at roots
with the non-destructive scanning ion-selective electrode technique. The P-type ATPase inhibitor
Na3VO4 (500 mM) had little effect on Cd uptake (p < 0.05) and the kinetics of transport in the root of
wheat, suggesting that Cd2þ uptake into wheat root cells is not directly dependent on Hþ gradients.
While, the uncoupler 2,4-dinitrophenol significantly limited Cd2þ uptake (p < 0.05) and transport ki-
netics in the root of wheat, suggesting the existence of metabolic mediation in the Cd2þ uptake process
by wheat. The Cd content at the whole-plant level in wheat was significantly (p < 0.05) decreased upon
pretreatment with the Ca2þ channel blockers La3þ or Gd3þ and Verapamil, but not in case of pretreat-
ment with the Kþ channel blocker tetraethylammonium (TEA). In addition, the inhibitors of the Ca2þ

channel, as well as high concentrations of Ca2þ, reduced the real-time net Cd2þ
fluxes at the root surface

in SIET experiments. These results indicate that Cd2þ moves across the plasma lemma of the wheat root
via Ca2þ channels. In addition, our results suggested a role for protein synthesis in mediating Cd2þ uptake
and transport by wheat.

© 2016 Published by Elsevier Ltd.
1. Introduction

Cadmium (Cd2þ) is a highly toxic trace element that is present in
all soils. Due to high Cdmobility and bioavailability in the soil-plant
system it can easily enter the food chain, representing a potential
health risk. As compared with other cereals, wheat (Triticum aes-
tivum L.) tends to accumulate more Cd in plant tissues when grown
in soils that contain elevated levels of this toxic metal (Hart et al.,
1998; Puschenreiter et al., 2005). A maximum permissible con-
centration of Cd in wheat grain has been set by national and in-
ternational health authorities in response to the potential health
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risks of Cd accumulation (FAO/WHO, 2001; European Commission,
2001; GB 2762, 2012; Australia New Zealand. Standard 1.4.1, 2013).

To allow for control of Cd uptake in this crop species it is
important to understand the physiological and biological processes
that result in excess Cd accumulation. To identify possible pathways
for Cd2þ uptake, the uptake and transport of Cd2þ at the root sur-
face has been extensively characterized in wheat (Hart et al., 1998).
Due to the relatively poor spatial and temporal resolution of
traditional techniques, most reports have failed to identify the
underlying uptake mechanisms involved (Newman, 2001). Mea-
surement of specific ion fluxes using ion-selective microelectrodes
has contributed significantly to the identification and functional
characterization of the transporter (Newman et al., 1987; Shabala
et al., 1997; Smith et al., 1994; Kochian et al., 1992; Pineros et al.,
1998). The ion-selective microelectrode technique to measure
specific ion fluxes non-invasively is ideally suited for this purpose,
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Fig. 1. Illustration of the magnitude of Cd2þ
fluxes (mean ± standard error) around

root tips of wheat Triticum aestivum L.. Negative values indicate influx from solution to
the root. Flux measurements were carried out in 10 mM Cd(NO3)2 at different positions
along the root apex. Each point represents the mean of six seedlings and bars represent
the standard error of the mean, measured at each position. Roots were scanned in
segments of 100 mm from the root tip.
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given its key features of e.g. being non-invasive and displaying high
spatial and temporal resolution (Newman, 2001).

As a non-essential element for plants, Cd has been assumed to
be taken up by transporters for essential elements as a consequence
of lack of specificity of the transporters (Pence et al., 2000; Cohen
et al., 1998; Connolly et al., 2002). Potassium and calcium are the
very important inorganic macronutrients of the living cell.
Numerous reports have focused on the alleviation of Cd phyto-
toxicity and accumulation by Ca and K (Suzuki, 2005; Ismail, 2008;
Zorrig et al., 2012). Nevertheless, the underlying mechanism of
effects of essential elements on Cd2þ toxicity and accumulation is
still unclear, although some hypothetical mechanisms to interpret
the interactions of Ca2þ or Kþ with Cd2þ (Kinraide, 1998; Yang and
Juang, 2015; Liu et al., 2014) have been proposed. There is little
direct evidence in support of the possibility of uptake of Cd2þ by
channels that are permeable to Ca2þ or Kþ in wheat root. Thus, the
present study was designed to determine the specificity of the Cd
transport system by examining the effect of pharmaceuticals as
well as of Ca or K on Cd uptake and real-time Cd2þ

fluxes at the
roots of intact wheat seedlings with the application of non-
destructive scanning ion-selective electrode technique.

For this purpose, we measured the Cd content in whole wheat
seedlings with pre-treatment of a range of pharmaceuticals
(including a metabolic inhibitor and ion channel blockers) as well
as in the presence of cations. To verify the uptake and transport
mechanisms thus identified, we also monitored the real-time net
Cd2þ fluxes at the root surface using the scanning ion-selective
electrode technique (SIET). By assessing the effects of the meta-
bolic inhibitor dinitrophenol (DNP) and the Hþ-ATPase inhibitor
Na3VO4 on Cd accumulation or real-time net Cd2þ fluxes at the root,
we investigated if Cd2þ uptake and transport were dependent on
metabolic energy or on Hþ-gradients. To test whether Ca2þ and Kþ

channels are involved in the membrane transport system of wheat,
or whether other transport mechanisms occur, wemeasured the Cd
content in the plants. Thereupon, we determined the real-time net
Cd2þ fluxes at the roots in the presence and absence of Ca2þ and Kþ,
as well as with treatment of Ca2þ (La3þ, Gd3þ or Verapamil) and Kþ

(tetraethylammonium, TEA) channels blockers. In addition, the
potential role of phytochelatin (PC) and protein synthesis on Cd
uptake by wheat (Triticum aestivum L.) was evaluated by blocking
PCs and protein production via L-Buthionine-sulfoximine (BSO) and
cycloheximide (CHX), respectively.

2. Materials and methods

2.1. Plant material culture

To investigate possible Cd2þ uptake pathways into wheat root,
bread wheat (Triticum aestivum L.) variety Jimai 22, which has been
widely planted in northern China, was used in this study. Plants of
wheat were grown as described elsewhere (Hart et al., 1998). In
brief, seeds were surface sterilized and germinated on sterile filter
paper. Germinated seedlings were transferred to black poly-
ethylene cups positioned in light-sealed black 5 L polyethylene pots
containing continuously aerated Hoagland solution (pH at
6.0 ± 0.2) that was replaced once every two days. Seedlings were
grown for 8 days in a climate-controlled room at 25 �C and 18 �C
during 16/8 h light/dark, and healthy plant seedlings of uniform
size were selected for the subsequent experiments.

2.2. Cd accumulation upon treatment of metabolic inhibitors and
PC and protein synthesis inhibitors

The inhibitors were mixed with the Hoagland solution to ach-
ieve their following final concentrations: DNP, 50 mM; Na3VO4,
500 mM; BSO, 250 mM; CHX, 20 mM. These concentrations were
based on results of previous literature reports demonstrating they
are physiologically relevant (Pang et al., 2006; Zhang et al., 2012;
Zeng et al., 2009).

The seedlings were pre-treated with solutions containing the
pharmacological agents (pH 6.0) for 12 h before the uptake
experiment. Pre-treatment in pharmacological free solution was
used as the control treatment. After pre-exposure, the seedlings
were rinsed twice and thenwere transferred to Hoagland solutions
containing 10 mM Cd in 1 L HDPE containers. One seedling was
transplanted into each container. There were four containers for
each treatment as replicates. Plants were harvested after 7 d,
washed in 1.0 mM EDTA, rinsed with deionized water, oven-dried,
weighed and digested with HNO3. Cd concentrations in the digest
were determined by ICP-MS (Agilent 7500i, Agilent Technologies
Co. Ltd, USA). GBW07605 tea leaves (State Bureau of Technical Su-
pervision, People's Republic of China) were used as certified
reference materials for quality control of Cd determination.
Measured concentrations agreed well with the certified concen-
trations for Cd.
2.3. Effect of ions and ion channel blockers on uptake of Cd

In order to investigate the effect of Ca and K channel blockers on
Cd uptake by Triticum aestivum L., an uptake experiment was
conducted similarly as described above. The seedlings were pre-
exposed in solutions containing 1 mM LaCl3, 100 mM GdCl3,
50 mM Verapamil or 100 mM TEA for 12 h prior to the uptake
experiment. The experimental procedure used was the same as
described above.

To further test if Ca and K channels or other ion channels were
involved in Cd2þ transport in the plasmamembrane, an experiment
was conducted to assess the effect of exogenous ions including Ca,
Mg, Na and K on Cd uptake by Triticum aestivum L.. Intact seedlings
of Triticum aestivum L. were treated with 10 mM Cd, and with
different concentrations of Ca2þ, Mg2þ, Naþ and Kþ respectively in
Hoagland nutrient solution. CaCl2 or MgSO4 was added to the
background solution to provide three test solutions of 0.1, 1.0, and
10 mM of Ca or Mg (Ca or Mg-set), while NaCl or KCl was added to
the background solution to provide three test solutions of 2.5, 5.0,
and 10.0 mM Na or K (Na or K-set).
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2.4. Net Cd2þ fluxes measurement at the root surface of Triticum
aestivum L.

Net fluxes of Cd2þ at the surface of wheat roots were measured
non-invasively with the application of scanning ion-selective
electrode technique (BIO-001A; Younger USA, LLC, MA, USA),
essentially as described by Shabala et al. (1997, 2001). Details on
fabrication and calibration of Cd2þ ion selective microelectrodes
have been described previously (Ma et al., 2010).

To monitor net fluxes of Cd2þ at different positions along the
root apex of Triticum aestivum L., an initial scanning measurement
was carried out at the root tip followed by 100 mmwalk steps. With
the plant intact, the primary (longest) root of each plant was
selected and mounted horizontally in the measuring chamber, and
loosely fixed in place with dental wax. The chamber was then filled
with measuring solution consisting of 0.1 mM Cd(NO3)2, 0.1 mM
KCl, 0.1 mM CaCl2, 1.0 mM NaCl, 0.1 mMMgSO4, and 0.15 mM 2-(N-
Fig. 2. Effect of various inhibitors on plant dry weight (A) and Cd accumulation (B) in wh
containing 10 mM Cd(NO3)2. Plants seedlings were pre-exposed to pharmaceuticals for 12 h
Indicates significant differences in metal accumulation from controls (p < 0.05).
Morpholino) ethanesulfonic acid (MES) with pHof 6.0 and equili-
brated for 10min. The equilibrated root was then used to record the
net Cd2þ flux at each position in fresh measuring solution.

2.5. Transient net Cd2þ fluxes at the root surface of Triticum
aestivum L. with treatment of a metabolic inhibitor and PC and
protein synthesis inhibitor

The transient Cd flux at the root positionwhere themost intense
Cd flux usually occurs was recorded before and after the treatment
with the pharmaceuticals. The primary roots of seedlings were
equilibrated in the measuring solution for 10 min and then a
steady-state Cd flux was recorded using SIET for 10 min before the
addition of pharmaceutical. A stock solution of the pharmaceutical
selected was slowly added to the measuring solution to yield a final
concentration that was the same as in the accumulation experi-
ment describe above. Afterward, the measuring solution was
ole seedlings of wheat Triticum aestivum L. after 7 d exposure in Hoagland solutions
, controls consist of pharmaceuticals-free solutions. Values are means ± S.D. (n ¼ 4). *



Fig. 3. Transient net Cd2þ
flux at the root position 300 mm from the root apex (where

intense Cd flux usually occurs) of wheat Triticum aestivum L. before and after appli-
cations of 500 mM Na3VO4 (A) and 50 mM dinitrophenol (DNP) (B).
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refreshed and the Cd flux recording was continued at the same
position along the root as described above. For each treatment, at
least six net Cd2þ

flux measurements were made.

2.6. Transient net Cd2þ fluxes at the root surface of Triticum
aestivum L. with treatment of ion channel blockers as well as in the
presence of different level of inorganic cations

Wedetermined the fluxes of Cd2þ at the root surface of wheat by
treatment with a series of ion channel blockers: La3þ, Gd3þ and
Verapamil as well as TEA were used to modify the activity of Ca2þ

and Kþ channels, respectively. The transient Cd flux at the root
position where the most intense Cd flux usually occurs was recor-
ded using SIET before and after the treatment with the pharma-
ceuticals as described above.

To further verify the possible effects of different ions on Cd
uptake by Triticum aestivum L., the real-time net Cd2þ fluxes were
measured using SIET in measuring solutionwith 0.1, 1.0, and 10mM
Ca2þ or Mg2þ, as well as 2.5, 5.0, and 10.0 mM Naþ or Kþ at the
position where intense Cd flux usually occurs.

2.7. Statistical analysis

Data were analyzed by one-way Analysis of Variance (SPSS
version 13.0 software for Windows). Data were shown as
mean ± standard error (S.E.M.). Duncan's Multiple Range test at the
5% level of probability was used to compare the differences inmetal
concentrations between treatments.

3. Results

As can be seen from Fig. 1, the Cd2þ
flux profile showed a clear

spatial organization and it was indicated that the highest Cd2þ

influx was localized at positions 300 mm from the root apex, with a
steadily decreasing influx at all positions above and below this site.

To test whether the Hþ-ATPase plays a role in energizing Cd
uptake, we used the P-type ATPase (including Hþ-ATPase) inhibitor
Na3VO4 to inhibit Hþ-ATPase in the plant roots. The concentration
of Cd in the whole plant was not affected by pre-treatment with
500 mM Na3VO4 in solution (P < 0.05) (Fig. 2). The real time Cd2þ

transport kinetics results showed that Na3VO4 did not inhibit the
Cd uptake rate at the roots surface (Fig. 3). Treatment with 10 mM
2,4-dinitrophenol (DNP), a metabolic inhibitor, resulted in consid-
erable reduction of the Cd influx at the root at the same position of
300 mm from the root apex (Fig. 3). Meanwhile, pre-treatment of
wheat roots by DNP, caused the Cd contents of wheat to decrease by
33% (Fig. 2, p < 0.05).

To further understand the pathways of Cd uptake and mem-
brane transport in roots of wheat, we determined the Cd contents
in wheat seedlings upon pretreatment with ion channel blockers
and found that the Ca2þ channels blockers La3þ or Gd3þ as well as
verapamil, at the whole-plant level, significantly decreased Cd
levels (p < 0.05) (Fig. 2). Unlike the Ca2þ channel blocker, pre-
treatment with the Kþ channel blocker TEA had little effect on Cd
uptake in plants (p < 0.05) (Fig. 2). In addition, the real-time net
Cd2þ flux into root was reduced in SIET experiments with the
treatments of La3þ or Gd3þ and Verapamil, but not in case of TEA
(Fig. 4). These findings indicate that the uptake of Cd into the root of
Triticum aestivum L. proceeds through channels permeable to Ca2þ.

To further verify the Cd2þ membrane transport mechanism
across the root of Triticum aestivum L., we investigated the effect of
inorganic cations on the uptake and real-time kinetics of the Cd flux
in the roots. The presence of Cawas found to significantly inhibit Cd
uptake (p < 0.05, Fig. 5), reducing Cd concentration in the plants
from 18.8 mg g�1 dry weight at 0.1 mM Ca to 12.3 mg g�1 and
8.4 mg g�1 dry weight at 1.0 and 10.0 mM Ca, respectively (Fig. 5A).
Similar to Ca, increased Mg concentrations resulted in lower Cd
contents (Fig. 5A). Our results also showed that Cd uptake by Tri-
ticum aestivum L. was not reduced by increasing Kþ and Naþ con-
centrations (Fig. 6A).

Addition of 1.0 mM and 10.0 mM Ca2þ to the measuring solution
significantly decreased the net Cd2þ influx in roots, reducing by 16%
and 72% at 300 mm back from the root apex, respectively (Fig. 5B,
p < 0.01). However, when the Mg2þ concentration in the measuring
solution was increased to 10.0 mM, the net Cd2þ flux into the root
was changed from a net influx to a net efflux (Fig. 5B). The addition
of Naþ or Kþ in to the measuring solution had on the other hand no
effect on the net Cd2þ

flux at the root surface, even when the
concentration of either Naþ or Kþ in the measuring solution was
increased to 10 mM (Fig. 6B).

To further investigate whether the uptake and transport of Cd
into the root of Triticum aestivum L. are related to PCs synthesis and
protein synthesis, L-Buthionine-sulfoximine (BSO), a blocker of PC
synthesis, and cycloheximide (CHX), a kind of protein synthesis
inhibitor, were used in the present study. Pre-treatment with BSO
had no effects on the Cd content in the whole plant (p < 0.05, Fig. 2)
and the transient net Cd2þ

fluxes at the roots surface were not
changed significantly upon treatment with BSO (Fig. 7B). The mean
of the net influx of Cd2þ was 47.0 pmol cm�2 s�1 and the CHX
treatment decreased the net influx of Cd2þ to 20.8 pmol cm�2 s�1 at
300 mm from the root apex (Fig. 7A). In addition, pre-treatment of
CHX significantly inhibited Cd uptake in the whole plant (p < 0.05,
Fig. 2).
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4. Discussion

4.1. Localization of Cd2þ fluxes along the root apex of wheat

The observed decrease of the net flux of Cd2þ at the root surface
with increasing distance from the root tip is consistent with the
research of Pineros et al. (1998). Pineros et al. (1998) found that the
Cd2þ flux into the root of bread wheat was greatest in the region of
about 0.6e1.2 mm from the root apex and decreased with
increasing distance from the root apex. However, in our study, the
most vigorous Cd2þ

flux was observed in the apex region of
0e0.7 mmwith a highest value at around 0.3 mm from the root tip
(Fig. 1). These data indicate that the spatial patterns of the net Cd2þ

flux along roots in these two studies are probably different between
the wheat types or varieties. Farrell et al. (2005) have reported that
there were differences in the net Cd2þ flux at the root surface of
different wheat cultivars. This spatial difference in net Cd2þ flux
may be attributed to differences in root anatomy (Dong et al., 1995)
or localization of the Cd2þ uptake system (Page and Feller, 2005)
between these wheat types or varieties. Although a similar Cd2þ

flux pattern was also observed in the present study, the net Cd2þ

flux was greater than that observed by Farrell et al. (2005) for
durum wheat using the same Cd2þ selective microelectrode. Using
109Cd radiotracer flux techniques, Hart et al. (1998) compared
Fig. 4. Transient net Cd2þ
flux at the root position 300 mm from the root apex (where inten

50 mM La3þ (A), 100 mM Gd3þ (B), 50 mM Verapamil (C) and 100 mM tetraethylammonium
uptake of Cd2þ in seedlings of bread and durumwheat cultivars and
they found that the bread wheat cultivar had higher root Cd2þ

uptake rates. Nevertheless, available evidences indicate that the
grains Cd concentrations in durumwheat were higher as compared
to that in bread wheat (Zook et al., 1970; Meyer et al., 1982). These
results suggested that the high Cd-accumulation in grain of durum
wheat could not be solely attributed to high Cd influxes at the root
surface.
4.2. The effect of metabolic inhibitors on Cd uptake and real-time
kinetics transport at the root of Triticum aestivum L.

All membranes P-type ATPase could be inhibited by Na3VO4.
Pre-treatment of wheat roots by Na3VO4 did not significantly
inhibit Cd uptake in our study (Fig. 2), suggesting that Cd uptake
into the root of wheat was not dependent upon physiological
functions of the plasma membrane P-type ATPase.

As an uncoupler of oxidative phosphorylation, DNP has the
ability to break down proton gradients by increasing proton
permeability of biomembranes leading to inhibition of ATP
biosynthesis (Felle and Bentrup, 1977; Tripathi et al., 1995). The
significant suppression of the Cd influx by the metabolic inhibitor
DNP suggests the existence of metabolic mediation in the Cd2þ

uptake process by wheat. Cd entry into the root involves a
se Cd flux usually occurs) of wheat Triticum aestivum L. before and after applications of
(TEA) (D).
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symplastic pathway that is dependent on metabolic energy. Many
studies have shown that inhibition of metabolism affects the up-
take of Cd, in which the symplastic pathway rather than the apo-
plastic pathway is believed to play an important role. The
observation of inhibition of Cd uptake by the metabolic inhibitor
DNP led to the conclusion that the metabolism plays an important
role in themovement of Cd2þ into the root cells of soybean (Glycine
max) (Cataldo et al., 1983). Similarly, most of the Cd translocated
from roots to the shoot in ‘high’ isolines of durum wheat probably
via the symplastic pathway (Van der Vliet et al., 2007; Quinn et al.,
2011).
4.3. The effect of ion channel blockers on Cd uptake and real-time
kinetics transport at the root of Triticum aestivum L.

To test the potential effect of Ca2þ permeable channels on Cd
uptake, the Cd content was measured in wheat seedlings pre-
treated with Ca2þ channel blockers. Our experiments with inor-
ganic channel blockers showed that Cd accumulation was strongly
inhibited by La3þ and Gd3þ, as well as by the organic Ca2þ channel
blocker verapamil (Fig. 2). The results of Clemens et al. (1998) also
Fig. 5. Cd uptake and real-time net Cd fluxes on the root of wheat Triticum aestivum L.
in the presence of different concentration of Ca or Mg. (A) In the uptake experiment,
the Hoagland solution containing 10 mM Cd was used as the background nutrient
solution. Values are means ± S.D. (n ¼ 4). Bars with different letters are significantly
different (p < 0.05). (B) Mean rates of Cd fluxes during record in the different con-
centrations of Ca or Mg. Columns labeled with different letters are significantly
different (p < 0.05). The net Cd2þ fluxes were measured at the position 300 mm (where
intense Cd flux usually occurs) back from the root apex.
showed that the Cd2þ uptake activity of the transporter LTC1 in
wheat was blocked by La3þ and Ca2þ. Nevertheless, the Kþ channel
blocker TEA did not suppress the Cd uptake (Fig. 2, p < 0.05). In
addition, the Cd content in plant seedlings decreased with
increasing Ca2þ and Mg2þ concentrations, but not in the presence
of different concentrations of Naþ and Kþ (Figs. 6 and 7). Thus, Cd2þ

is likely taken up by wheat through channels permeable to Ca2þ, as
confirmed by the results showing reduced real-time net Cd2þ fluxes
at the root surface upon treatment with Ca2þ channel blockers, as
well as in the presence of high concentrations of Ca2þ (Fig. 6). In
other report, it was found that Cd could enter guard cell protoplasts
via Ca2þ channels, but not by Kþ channels (Perfus-Barbeoch et al.,
2002). The results of Lindberg et al. (2004) also showed that Cd
uptake into the cytosol of wheat protoplasts partly takes place by
channels permeable to Ca2þ. These results supported our finding
that the uptake of Cd2þ by wheat (Triticum aestivum L.) is mediated
at least in part by Ca2þ channels. By measuring the real-time ki-
netics of Cd transport using SIET, we herein provided direct evi-
dence of the regulation of Cd2þ uptake by Ca2þ transporters in root
cell plasma membranes of bread wheat.
Fig. 6. Cd uptake and real-time net Cd fluxes on the root of wheat Triticum aestivum L.
in the presence of different concentration of Na or K. (A) In the uptake experiment, the
Hoagland solution containing 10 mM Cd was used as the background nutrient solution.
Values are means ± S.D. (n ¼ 4). Bars with different letters are significantly different
(p < 0.05). (B) Each column represents the mean of four individual plants. The bars
represent the standard error of the mean. Columns labeled with different letters are
significantly different (p < 0.05). The net Cd2þ

fluxes were measured at the position
300 mm (where intense Cd flux usually occurs) back from the root apex.



L.-Z. Li et al. / Environmental Pollution 221 (2017) 351e358 357
4.4. Effect of phytochelatin (PC) and protein synthesis inhibitors on
Cd uptake and real-time kinetics transport at the root of Triticum
aestivum L.

The role of PCs in Cd tolerance has been well characterized in
various plants and other living organisms (Zenk, 1996; Cobbett,
2000), but the role of PCs in uptake of Cd is still unclear. In the
present study, the potential role of PCs synthesis on Cd uptake by
Triticum aestivum L. was evaluated by blocking PCs production via L-
Buthionine-sulfoximine (BSO). Pre-treatment of BSO had no effects
on the Cd content in the plants (p < 0.05) (Fig. 2), which is
confirmed by the fact that treatment with BSO did not reduce the
real-time net Cd fluxes at the root surface as deduced using SIET
(Fig. 7A). The results obtained suggested that PC synthesis bears no
relationship to the uptake of Cd2þ into wheat roots. On the other
hand, the results from Lindberg et al. (2004) indicated that pre-
treatment with Cd2þ (with increased PCs content) decreased the
short-term uptake of Cd2þ into the cytosol of wheat protoplasts. In
other report, it was also found that accumulation of Cd after 24 h
increased in yeast cells transformed with a PCS1 gene
Fig. 7. Transient net Cd2þ flux at the root position 300 mm from the root apex (where inten
250 mM L-Buthionine-sulfoximine (BSO) (A) and 25 mM cycloheximide (CHX) (B).
(phytochelatin synthase 1 gene) fromwheat (Clemens et al., 1998).
To further investigate whether the transport of Cd into the root

of wheat takes place via specific transport proteins, the root was
treated with a typical protein synthesis inhibitor CHX (Seo et al.,
2009). Upon CHX treatment, the Cd2þ uptake and influxes in the
roots decreased significantly, indicating that specific transport
proteins are involved in Cd2þ uptake by wheat. Thus, except for the
ion channels (White, 1996), ion pumping and carriers might be
involved in the passage of ions through the plasma membranes of
wheat. Further biochemical and molecular studies are required to
identify and document the role of ion channels and specific trans-
port proteins in Cd2þ uptake and transport on the root of Triticum
aestivum L.. All the concentrations of the pharmaceuticals used in
this study were selected based on previous literature reports
showing that these concentrations are physiologically relevant
(Tripathi et al., 1995; White, 1996; Zhang et al., 2012). In our
experiment the seedlings showed no obvious plant toxicity symp-
toms and the mean weight of individual plants was comparable
among the different treatments (Fig. 2A). It is reasonable to propose
that the differences in Cd absorption among different treatments
se Cd flux usually occurs) of wheat Triticum aestivum L. before and after applications of
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may be attributed to the direct effect of various pharmaceuticals.
In summary, uptake and the real-time kinetics transport of Cd2þ

in roots of Triticum aestivum L. was significantly suppressed by
metabolic inhibitors, which demonstrated that uptake of Cd2þ by
roots of Triticum aestivum L. depends on metabolic energy. Ca2þ

channel blockers as well as high concentrations of Ca2þ decreased
Cd uptake and the real-time net Cd2þ

fluxes at the root surface,
indicating that uptake of Cd2þ by Triticum aestivum L. is related to
Ca2þ channels. In addition, our results suggest a role of protein
synthesis in mediating Cd2þ uptake by Triticum aestivum L.. Inhi-
bition of Cd2þ uptake by selected pharmaceuticals and inorganic
cations was confirmed by direct evidence of assessment of real time
Cd2þ fluxes at the root surface, as performed using SIET. These
findings are helpful for us to understand the Cd2þ uptake pathways
and the physiological processes that result in excess Cd accumu-
lation in wheat.
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