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Abstract Soil cadmium (Cd) contamination has posed a
serious problem for safe food production and become a
potential agricultural and environmental hazard worldwide.
In order to study the transport of Cd into the developing
grains, detached ears of two-rowed barley cv. ZAU 3 were
cultured in Cd stressed nutrient solution containing the
markers for phloem (rubidium) and xylem (strontium)
transport. Cd concentration in each part of detached spikes
increased with external Cd levels, and Cd concentration in
various organs over the three Cd levels of 0.5, 2, 8 uM Cd
on 15-day Cd exposure was in the order: awn > stem >
grain > rachis > glume, while the majority of Cd was accu-
mulated in grains with the proportion of 51.0% relative to
the total Cd amount in the five parts of detached spikes. Cd
accumulation in grains increased not only with external Cd
levels but the time of exposure contrast to stem, awn, rachis
and glume. Those four parts of detached spike showed
increase Cd accumulation for 5 days, followed by sharp
decrease till day 10 and increase again after 12.5 days.
Awn-removal and stem-girdling markedly decreased Cd
concentration in grains, and sucrose or zinc (Zn) addition
to the medium and higher relative humidity (RH) also
induced dramatic reduction in Cd transport to developing
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grains. The results indicated that awn, rachis and glume
may involve in Cd transport into developing grains, and
suggested that Cd redistribution in maturing cereals be con-
sidered as an important physiological process influencing
the quality of harvested grains. Our results suggested that
increasing RH to 90% and Zn addition in the medium at
grain filling stage would be beneficial to decrease Cd accu-
mulation in grains.
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Abbreviations

Cd Cadmium
Zn Zinc

Rb Rubidium
Sr Strontium

RH Relative humidity

Introduction

Cadmium (Cd) is potentially toxic to both plants and ani-
mals and has no beneficial biological function in the aquatic
or terrestrial organism. Recently, Cd accumulation in biotic
systems as a consequence of human activities is becoming a
major environmental issue worldwide; particularly in agri-
cultural ecosystems, where it might endanger crop produc-
tivity and quality (Sandalio etal. 2001; Wu et al. 2003,
2004; Lima et al. 2006; Chen et al. 2007). Cd is suggested
to cause damage even at very low concentrations (Jarup
etal. 1998), and healthy plants may contain levels of Cd
that are toxic to mammals (Herren and Feller 1997). For safe
food production it would be beneficial and cost-effective
to develop crop cultivars with high resistance/tolerance to
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Cd toxicity and simultaneously with low Cd accumulation
in the edible parts. It is thus imperative to elucidate the
mechanism of Cd accumulation in edible parts of plants for
developing low Cd accumulation cultivars to minimize
soil-to-plant transfer of Cd.

Cadmium accumulation in plants is regulated by several
physiological processes, including Cd uptake from soil (via
roots) and atmosphere (via shoot surface), xylem transloca-
tion from root to shoot and phloem movement into grain
during maturation (Hart et al. 1998). The difference of grain
Cd contents in bread and durum wheat cultivars was sug-
gested to be based on the genotypic variations in root
uptake (Stolt et al. 2003) and the root-to-shoot transport of
Cd (Oliver et al. 1995; Penner et al. 1995; Clarke et al.
1997). In their study of durum wheat using near isogenic
lines, Buckley et al. (1997) found that low grain Cd levels
were closely related to more Cd retention in roots. How-
ever, it has been shown that higher Cd accumulation in
durum wheat relative to bread wheat was not the direct
result from increased uptake of Cd by roots or its xylem
translocation from roots to shoots (Hart et al. 1998). Higher
Cd accumulation in durum wheat grains is possibly related
to the higher capacity of durum wheat to translocate more
Cd via the phloem into grains (Herren and Feller 1997).
These authors found that Cd partially reached the ear (and
especially the grains) via phloem, and the relative mobility
in the phloem and the xylem-to-phloem transfer in pedun-
cle or in lower internodes are important for Cd accumula-
tion in maturing wheat grains. Studies of durum wheat
resulted in valuable information on the phloem mobility of
Cd (Cakmak etal. 2000a, b; Harris and Taylor 2001;
Tanaka et al. 2003). Harris and Taylor (2004) suggested
that restricted root-to-shoot Cd translocation may limit Cd
accumulation in durum wheat grain by either directly con-
trolling Cd translocation from roots during grain filling, or
by the size of shoot Cd pools that can be remobilized to the
grain. Cd is probably either translocated directly via the
xylem to the grains during maturity or translocated with the
bulk stream of photosynthates from leaves to grains via the
phloem (Greger and Lofstedt 2004). The discrepancies
about the relative importance of root uptake and root-to-
shoot translocation in grain Cd accumulation may attribute
to the difference of genotypes used in the experiments, and
partially reflect differences in experimental condition. More
detailed information is therefore required about the physio-
logical processes responsible for Cd redistribution/accumu-
lation in grains (Harris and Taylor 2004).

External factors, such as transpiration [e.g. relative
humidity (RH)], and micronutrient cations may also affect
Cd absorption and distribution between different plant
parts. Zinc (Zn) is chemically very similar to Cd and sig-
nificant interactions can occur between Cd and Zn in their
accumulation by plants (Chesworth 1991). Yet the avail-
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able reports provided conflicting results. For example, Cho-
udhary et al. (1995) and Oliver et al. (1994) reported that an
increase of Zn level in growth media reduced the Cd accu-
mulation in grains at least under some circumstances, e.g.
when wheat was grown on Zn-deficient soil. Similarly, Zn
reduced both Cd uptake by roots and xylem transport of Cd
from roots to shoots in lettuce and spinach (McKenna et al.
1993). Hart et al. (2002) revealed a competitive interaction
between Cd and Zn root uptake in bread and durum wheat
seedlings, suggesting that Cd and Zn may share a common
transport system at the root cell plasma membrane. How-
ever, other studies showed either no interaction (White and
Chaney 1980) or even evidences of synergism (Root et al.
1975; Cataldo et al. 1983; Jalil et al. 1994) between Cd and
Zn. In addition, the loading of Zn ions was markedly
affected by sucrose mass flow in the phloem in seedlings of
Phaseolus vulgaris (Rauser and Samarakoon 1980). Main-
taining wheat spikelets at high RH reduced transpiration
and xylem transport, and almost completely blocked Zn
transport into grains (Pearson et al. 1996). Therefore the
question arises whether the transport of Cd is similar to the
transport of Zn, and whether Zn, sucrose mass flow and
environmental humidity may interfere with Cd transport to
developing grains.

Apart from the results on wheat mentioned above, only
limited information is available on Cd accumulation and
retranslocation in barley grains, despite the fact that this
plant is one of the major cereal crops in the world. Thus, a
precise knowledge about the physiological basis of Cd
accumulation in barley grains would be useful. The present
study reported the dynamic accumulation, remobilization
and redistribution of Cd in developing barley spikes. More-
over, we studied the effect of Zn nutrition, sucrose mass
flow, awn removal and the change of environmental humid-
ity to elucidate the mechanism of Cd accumulation in
grains and how it might be affected by some environmental
factors. On the other hand, strontium (Sr) and rubidium
(Rb) were reported as the markers of the xylem and phloem
transport, respectively (Feller 1989; Zeller and Feller
1999), and we used these two elements to distinguish
between xylem and phloem transport.

Materials and methods
Plant materials

Two rowed barley (Hordeum vulgare cv. ZAU 3, kindly
provided by the breeder, Professor Ding Shouren, Depart-
ment of Agronomy, Zhejiang University, China) was
grown in the experimental farm on Huajiachi Campus
(Zhejiang University, Hangzhou, China). Spikes with uni-
form size and similar growth stage were chosen and tagged
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at anthesis. The tagged spikes were cut from the stem 15—
20-day post-anthesis ~15 cm below the flag leaf node fol-
lowed immediately by further cutting under water with a
razor-blade until only 10 cm below the node remained (Jen-
ner 1985). Then spikes with flag leaves were removed
while sheaths were intact, were transferred to sterilized cir-
cular glass jars containing 150 ml nutrient solution, and
sealed by aluminium foil and covered with polystyrol-
plates with seven evenly spaced holes. In each hole one
spike was inserted, placed in a growth incubator with light
intensity of 200 um m~2 s~! at ear level and day/night tem-
perature of 22 + 0.5°C/18 + 0.5°C with 15 h of day time.
The composition of the basic nutrient solution was
(mg17"): (NH,),S0,, 48.2; MgSO,, 65.9; K,SO,, 15.9;
KNO;, 18.5; Ca(NO;),, 59.9; KH,PO,, 24.8; Fe-citrate, 5;
MnCl,-4H,0, 0.9; ZnSO,-7H,0, 0.11; CuSO,-5H,0, 0.04;
HBO;, 2.9; and H,MoO,, 0.01. The solution pH was
adjusted to 6.5 £ 0.1 with HCI or NaOH, as required.

Experimental design

Spikes were treated as follows: (1) Dynamic of Cd accumu-
lation and distribution—CdCl, was added to the basic solu-
tion to form O (control), 0.5, 2 or 8 uM Cd levels under
60% RH. The nutrient solution was renewed in 5-day inter-
val and the spikes were washed in water and cut about 1 cm
at the bottom of the shoots before retransferred into circular
flasks, and the spikes were collected after 1, 5, 10, 12.5 and
15-day Cd exposure. (2) The effect of humidity—spikes
were cultured at three levels of 30, 60 and 90% RH; Cd as
CdCl, was added to each container to form four concentra-
tions of O (control), 0.5, 2 and 8 uM. (3) The effect of awn
removal/stem girdling—awn is an important structure to
increase the surface area for transpiration. In this treatment,
the awns were removed from the lemma of ears with sharp
scissors to determinate its role in xylem transport. For
stem-girdling the stems were heat girdled by hot water
~1 cm below the spikes for 20 s. The treatment killed all
living cells in a 1-1.5 cm long section of the stem and inter-
rupted the phloem, while the xylem remained functional.
The samples and the control without awn and stem treat-
ment were cultured in nutrition solutions containing 2 or
8 uM Cd, together with 5 uM SrCl, and 5 uM RbCI as
markers for xylem and phloem transport (Feller 1989; Zel-
ler and Feller 1999), under 60% RH. (4) The effect of
sucrose addition—spikes were collected 24 h prior to Cd
addition and kept in basic culture solution in dark, and then
cultured in the nutrition solution supplemented with 2 pM
Cd, 5pM SrCl, and 5 pM RbCI and O (control), 30 or
150 mM sucrose under 60% RH. (5) The effect of Zn addi-
tion—spikes were cultured in nutrient solution supple-
mented with 2 uM Cd, 5 pM SrCl, and 5 pM RbCI and 0
(absence in Zn, i.e. basic solution without Zn addition), 100

or 300 uM ZnSO, under 60% RH. The spikes of the 2-5
experiments mentioned above were collected on the fifth
day after treatment. There were three replicates in each of
the last four cases and 15 replicates for the first case, and
each replicate contained seven spikes.

Measurements and statistical analysis

Each shoot was dried at 80°C and divided into the follow-
ing parts: grain, awn, stem, glume (including palea, lemma
and glume), rachis (including rachillas and sterile florets).
The plant parts were powdered and weighted, then ashed at
550°C for 12 h. The ash was digested with 5 ml 30%
HNO;, and diluted using deionized water. Cd, Zn, Sr and
Rb concentrations were determined using a flame atomic
absorption spectrometry (Shimadzu AA-6300; Fang 1991).
The data was subjected to ANOVA, and then Duncan’s
multiple-range test (SSR) was used for testing the mean
difference between treatments by using the Data Processing
System (DPS) statistical software package (Tang and Feng
1997).

Results
Dynamics of Cd uptake and distribution

The dose- and time-responses for Cd concentrations in
different parts of barley shoots are summarized in Fig. 1. Cd
concentration in each part of detached shoots increased
with external Cd level. We detected the most dramatic
effect in the presence of the highest solution Cd concentra-
tion but the same tendencies were observed with the lower
levels as well. The Cd concentration of glume, awn, rachis
and stem (Fig. 1a—d) increased sharply in the first 5 days
with the peaks at 5 days, after that decreased till 12.5 days
and increased again after 12.5 days but only the Cd concen-
tration of the awn reached the level measured at day 5.
However, grain Cd concentration pattern was different
(Fig. 1e). The Cd concentration of grains increased sharply
in the first 5days, became nearly steady with a slight
increase during 5—15-day Cd exposure, and the maximum
Cd concentration was recorded in 15-day Cd exposure. Cd
concentration in various plant parts over the three Cd levels
at 15-day Cd exposure was in the order: awn > stem >
grain > rachis > glume. The uptake rate, however, mainly
depended on the solution level of Cd, and tissue Cd concen-
tration increased with external Cd level. For instance, at 15-
day Cd exposure, Cd concentration in stem, awn, grain,
glume and rachis was 3.9, 12.0, 9.3, 8.6, 4.9-fold higher in
8 pM Cd treatment than 0.5 pM Cd treatment, respectively.

As shown in Fig. 2, similar trend was observed in Cd
accumulation based on per ear as Cd concentration, i.e. Cd
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Fig. 1 Kinetics of Cd concentration of different part of barley shoots
after 1, 5, 10, 12.5 and 15 days cultured under different Cd levels.
Glume (a), awn (b), rachis (c¢) stem (d) and grain (e). Mean values of

accumulation in glumes, awns, rachides and stems of
detached shoots (Fig. 2a—d) increased sharply over the first
1-5-day Cd exposure when all parts, except awn, had the
highest Cd accumulation, while decreased during 10—
12.5 days (with the exception of rachis Cd content in day
12.5 being higher than that in day 10 but still markedly
lower than that in day 5), and after that Cd accumulation
tended to increase again. However, grain Cd accumulation
increased with both external Cd level and exposition time
(Fig. 2e). There was a marked difference in the proportion
of Cd accumulation in the different organs, relative to the
total Cd amount in the tissues, with the grains showing the
largest proportion (48.9, 51.8, 52.3% in 0.5, 2, 8 uM Cd
treatments after 15-day exposure, respectively), followed
by awn/stem (correspondingly 19.3, 10.4, 26.0%, and 17.0,
29.5, 9.6%), and rachis/glume being the smallest (corre-
spondingly 10.2, 1.9, 6.2%, and 4.7, 6.4, 6.0%). On the
other hand, Cd accumulation increased with increasing Cd
level in the solution, and the trend remained throughout the
duration of Cd exposure. Thus, on average of the five sam-
pling dates Cd contents in grains, awns, stems, glumes and
rachides increased by 1.9, 0.8, 1.7, 1.8, 0.7-folds for the
shoots exposed to 2 uM Cd treatment, and by 9.0, 6.6, 7.3,
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three independent replicates and each replicate containing seven shoots
(mean + SD, n =3)

8.4, 9.8-folds in 8 uM Cd treatment, respectively, com-
pared with that of 0.5 uM Cd treatment.

Effect of relative humidity on Cd uptake and distribution

The influence of RH on Cd distribution in spikes is shown in
Fig. 3. High RH (90%) induced significant (P < 0.05) reduc-
tion in Cd concentration of grain, awn and glume of the
spikes exposed to 0.5, 2 and 8 uM Cd (by 39.5, 53.8, 41.0%,
and 50.6, 61.0, 61.1% on average of the three Cd treat-
ments), and of rachis in 2, and 8 pM Cd (by 54.7 and 44.5%
on average of the two Cd treatments, respectively), com-
pared with that in 30, and 60% (RH) treatments, while an
increase was observed in rachis Cd concentration of 0.5 pM
Cd treatment with 90% RH over the 30% RH (P > 0.05) and
60% RH (P < 0.05) treatments, and no significant difference
in controls among the three RH. On the other hand, average
over the three Cd levels Cd concentrations in both of grains
and glumes of spikes under 30% RH were 18.0 and 33.5%
lower than that in 60% RH, but 66.0, and 69.9% higher than
that in 90% RH. Hence, more Cd would be accumulated in
the grains and glumes in RH 60% treatment compared to the
other two RH treatments (Fig. 3).
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Effect of awn removal and stem-girdling on Cd uptake and

distribution

Awn-removal and stem-girdling markedly decreased Cd
concentration in grains, and stems of the shoots exposed to
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2 and 8 uM Cd, especially for the spikes treated with awn-
removal (Fig. 4). For instance, on average of the two Cd
treatments, the reduction of Cd concentration caused by
awn-removal and stem-girdling was 58.3, 38.2% in grains,
and 55.1, 18.6% in stems, respectively, compared with the
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control. Awn removal almost blocked the transport of Cd to
the glume and significantly restricted it to rachis in 8 pM
Cd treatment, while stem-girdling had no effect on the
former and even promoted the transport of Cd to rachis (cf.
19.4, and 23.0% of 2 and 8 uM Cd treatments, respectively,
higher in Cd concentration over the control, P < 0.05).
Transport of Cd to awns was reduced by stem-girdling in
2 uM Cd treatment, but no significant difference was found
in 8 uM Cd treatment (Fig. 4).

Strontium was added to the nutrient solution as the
marker of xylem transport, and less Sr was detected in grains
and glumes in both 2 and 8 uM Cd treatments after awn-
removal (Fig. 5c, d), compared with controls. Contrarily, Sr
level significantly increased in stems of 2 and 8 pM Cd
treatments (19.3 and 26.2%, respectively), but we observed
no effects on rachis. In addition, awn Sr concentration of
the stem-girdled shoots subjected to 2 uM Cd was 42.2%
significantly lower than the control, while no significant
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difference in Sr concentrations was found in the other four
parts of the spikes after stem-girdling (Fig. 5c, d). Almost
no Rb was detected in grain, awn, glume and rachis after
stem-girdling, and even stem had a lower concentration rel-
ative to control (Fig. 5a, b). Less Rb was observed in each
part of detached shoots, except in glumes, after awn
removal compared to the control (Fig. 5a, b).

Effect of sucrose level on Cd uptake and distribution

The addition of sucrose to the medium containing 2 pM Cd
reduced Cd accumulation in grains and the other parts of
shoots, and the effect strengthened with sucrose level in the
medium (Fig. 6). That is, the Cd concentration in grains,
stems, awns, glumes and rachides of detached shoots
reduced by 50.0, 16.7, 77.0, 49.6, 24.3% in 30 mM, and by
92.4, 57.0, 85.1, 85.6, 72.7% in 150 mM sucrose addition,
respectively, when compared with the controls (sucrose-free
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nutrient solution and the spikes kept in the dark for 24 h
prior to sucrose/Cd added). Similarly, sucrose addition also
largely reduced the transport of Rb and Sr to each part of
the detached shoots (Fig. 7). Only little Rb and Sr were
transported into spikes under 30 mM sucrose addition and
even smaller amount was detected when the sucrose con-
centration was increased to 150 mM.

Effect of Zn addition on Cd uptake and distribution

The addition of 100, and 300 UM Zn in 2 pM Cd stressed
shoots greatly decreased Cd concentration in grains by 63.0
and 72.9%, respectively, compared with the control (in the
absence of Zn; Fig. 8). In contrast, Zn addition increased
Cd concentration by 85.2, 28.8, 36.1 and 5.5% averaged
over the two Zn treatments in glumes, awns, rachides and
stems relative to control. Furthermore, Cd concentration in
awns was higher in 100 utM Zn treatment than that in
300 pM Zn treatment and control (Fig. 8).

Discussion

Understanding the mechanism of Cd accumulation and
translocation is an important area of research for safe food
production. There are a few reports on Cd transport into
wheat grains, e.g. Herren and Feller (1997) investigated the
retranslocation of Cd via long-distance transport system

Fig. 8 Effect of Zn on Cd uptake and distribution in detached barley
shoots subjected to 2 pM Cd for 5 days. Mean &+ SD, n =3

and as affected by Zn application in wheat shoots exposed
to 0.1 pM CdCl,. Harris and Taylor (2001, 2004) examined
the remobilization of '°°Cd applied to stem and flag in two
near-isogenic wheat lines fed 1 ml of 250 pM '®Cd. Based
on the response of different parts of barley shoots to the Cd
dose and exposure time and the effect of surrounding RH,
awn removal and the addition of Zn/sucrose on Cd concen-
tration/accumulation in the different parts of detached
spikes, our results demonstrated that Cd accumulation in
grains increased with external Cd levels and the time of
exposure (Fig. 2). The increase of grain Cd accumulation in
10-12.5-day exposure over the 5-day exposure, with its rel-
atively steady Cd concentration (Fig. 1), was paralleled
with the decrease in Cd content of the other four parts of
detached shoots (Fig. 2), with the exception of rachis Cd
content at day 12.5 (i.e. higher than that at day 10 but still
lower than that at day 5). This finding indicates substantial
remobilization of Cd into grains from other plant parts, and
suggests that awn, rachis and glume may be involved in Cd
transport into the developing grains, especially in the grain
filling stage, and that the redistribution of Cd in maturing
spikes must be considered as an important physiological
process influencing final product quality. Consequently, the
transport from vegetative plant parts to the spikes and even
from floral organs to grains can be relevant for Cd accumu-
lation, and may pose a negative impact on yield formation
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under certain environmental conditions (e.g. Cd contamina-
tion). On the other hand, a clear increase in Cd content in all
five spike parts were observed from 12.5 to 15-day exposure.
This might indicate that Cd continued to accumulate in all
floral parts of the spike, and that the remobilization of Cd
from other parts to grains was reduced because grain filling
slowed down. However, further studies are needed to clarify
the mechanism of Cd retranslocation to grains.

Marschner (1986) suggested that, with plant develop-
ment, transpiration rates might become increasingly impor-
tant for Cd absorption and translocation. Reduced
transpiration is also thought to block translocation within
the xylem and the xylem-to-phloem transfer in the spike
and to lightly affect the phloem transport to the grains
(Pearson et al. 1996). In the present study, high RH (90%)
treatment, which should reduce transpiration relative to the
other two lower RH (30 and 60%), resulted in a significant
decrease in Cd concentrations in grains, awns and glumes
of the spikes exposed to various Cd stresses (Fig.3). It
could be suggested that Cd transport was markedly affected
by the transpiration and xylem transport. High RH may also
reduce phloem transport into grains (Pearson et al. 1996)
due to the increase in water potential resulting from
reduced water loss of the grain, although this effect may be
small. On the other hand, it is interesting to observe that
low grain Cd concentration recorded in 30% RH, irrespec-
tively of Cd levels, with the highest concentration in rachi-
des and awns (Fig. 3), compared with that in 60% RH.
Whether the xylem-to-phloem transfer in the spikes was
reduced by the excess water loss in low RH (30%), and a
large part of Cd was remained in the xylem stream and
accumulated finally in the rachides and awns needs to be
studied in detail.

Pearson et al. (1996) reported that awn removal reduced
the transport of Zn and Mn into lemma, but not into grains.
In the present study, awn removal caused a significant
decrease in Cd transport into the spikelet (Fig. 4). Awns are
important in evaporative water loss and movement of
xylem sap containing Cd is reduced when awns are not
present. Thus, awns represent structures important in tran-
spiration-driven xylem transport to spikes. On the other
hand, essentially no Rb was detected in spikes of the
detached shoots while the Sr content remained more or less
at the same level as the control after stem-girdling (Fig. 5).
This proves that stem-girdled plants had only their phloem
transport blocked, while xylem transport was functioning
(Jenner 1985; Haslett et al. 2001). A reduction in grain Cd
concentration was observed as the phloem transport
blocked via stem-girdled (Fig.4), consistent with the
results of Herren and Feller (1997), indicating that Cd
transport into spikes and especially in the grains partially
depended on or chaperoned by phloem transport. Rachis Cd
concentration, in contrast, increased by stem-girdled but
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decreased by awn-removal, implying its dominant mecha-
nism of xylem transport.

We also investigated the importance of mass flow and
energy dependence on Cd transport by varying the sucrose
status in the culture solution. Increasing sucrose levels in
the solution induced a strong reduction in Cd content in
grains and the other parts of detached shoots (Fig. 6), and
also largely reduced the transport of Rb and Sr to spikes
(Fig. 7). This indicated that phloem and xylem transport
were reduced by high sucrose content in the spikes, which
would explain the observed reduction in Cd transport to the
developing spikes. Large amount of sucrose added in the
culture solution may led to the accumulation of sucrose in
the spikelet as phloem loading would become saturated due
to the saturation of membrane transporters as Pearson et al.
(1996) suggested. In addition, increasing sucrose level
would result in reduced water absorption due to decreased
water potential and higher viscosity of the feeding solution,
which may slower both the xylem and phloem transport and
reduce Rb and Cd, Sr translocation.

The addition of Zn in the nutrient solution greatly
reduced Cd transport into the grains (Fig.8), while
increased Cd concentrations in the other four parts of
shoots. Cd and Zn may compete for the same loading sites
in the xylem-to-phloem transfer. As a consequence, a con-
siderable amount of Cd could not be transferred into the
phloem and less Cd could be transferred from stem or
remobilized from the awn, glume and rachis as the grain
matures. Thus, relatively more Cd retained in awn, glume
and rachis. Otherwise a high concentration of Zn has toxic
effects on the plants, as the dry weight of the grain reduced
by 22.5% in 300 UM Zn treatments compared to the control
(Zn absent) in our experiments. The toxic effects may
reduce mass flow of phloem (Rauser and Samarakoon
1980) or induce the saturation of membrane transporters
(Pearson et al. 1996), which may impede Cd translocation
to the grains. The well known capacity of plants to accumu-
late Cd in grains or seeds to higher amounts under Zn-defi-
cient conditions (Moraghan 1993; Oliver et al. 1994) can
also be attributable to Zn-deficiency induced phloem-medi-
ated transport of Cd into seeds or grains from source
organs, i.e. mature roots and mature leaves. This finding
suggests that one strategy for reducing grain Cd concentra-
tion is to improve Zn nutritional status of plants via soil or
foliar applications, particularly during reproductive growth.

In conclusion, Cd transports from stems to ears, chaper-
oned by phloem transport, mainly via xylem transport and
phloem transport plays a significant role in the transloca-
tion of Cd into the developing barley grains. The floral
parts of spikes such as awn, rachis and glume likely are
involved in Cd transport into the developing grains, and the
redistribution of Cd in maturing barley plants should be
considered as an important physiological process influencing
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final grain quality. Environment conditions around the
developing spikes greatly affect the transport of Cd to the
developing grains. Addition of sucrose in the cultural
medium induced a strong reduction of Cd transport to
developing grains of the detached shoots. Increasing the
RH to 90% and addition of Zn in the medium at the grain
filling stage would be beneficial to decrease Cd accumula-
tion in barley grains.

Acknowledgements This project was funded by National Natural
Science Foundation of China (30571097), the Project of Sino-Danish
Scientific and Technological Cooperation (AM14:64/NPP35), Zheji-
ang Provincial Natural Science Foundation (R306202) and the Special
Foundation for the Winner of National Excellent Doctoral Disserta-
tion, the Ministry of Education of China (200556). Pao Yu-Kong and
Pao Zhao-Long Scholarship for Chinese Students Studying Abroad are
gratefully acknowledged, and we deeply appreciate Prof. Ding Shou-
ren, in Agronomy Department of Zhejiang University, for providing us
the barley materials.

References

Buckley WT, Buckley KE, Grant CA (1997) Adsorption, absorption
and translocation of cadmium in high-cadmium and low-cad-
mium accumulating lines of durum wheat. In: Iskandar IK, Hargy
SE, Chang AC, Pierzynski GM (eds) Proceeding of 4th interna-
tional conference on the biogeochemistry of trace elements,
Berkeley, CA, pp 129-130

Cakmak I, Welch RM, Hart J, Norvell WA, Oztiirk L, Kochian LV
(2000a) Uptake and retranslocation of leaf-applied cadmium
(*®Cd) in diploid, tetraploid and hexaploid wheats. J Exp Bot
51:221-226

Cakmak I, Welch RM, Erenoglu B, Romheld V, Norvell WA, Kochian
LV (2000b) Influence of varied zinc supply on retranslocation of
cadmium ('®*Cd) and rubidium (*°Rb) applied on mature leaf of
durum wheat seedlings. Plant Soil 219:279-284

Cataldo DA, Garland TR, Wildung RE (1983) Cadmium uptake kinet-
ics in intact soybean plants. Plant Physiol 73:844-848

Chen F, Dong J, Wang F, Wu FB, Zhang GP, Li GM, Chen ZF, Chen
J, Wei K (2007) Identification of barley genotypes with low grain
Cd accumulation and its interaction with four microelements.
Chemosphere 67:2082-2088

Chesworth W (1991) Geochemistry of micronutrients. In: Mortvedt JJ,
Cox FR, Shuman LM, Welch RM (eds) Micronutrients in agricul-
ture, 2nd Ed., Soil Science Society of America, Inc, Madison, W1,
USA, pp 1-30

Choudhary M, Bailey LD, Grant CA, Leisle D (1995) Effect of Zn on
the concentration of Cd and Zn in plant tissue of two durum wheat
lines. Can J Plant Sci 75:445-448

Clarke JM, DePauw RM, Thiessen LL (1997) Redistration of five pairs
of durum wheat genetics stocks near-isogenic for cadmium con-
centration. Crop Sci 37:297

Fang R (1991) Application of atomic absorption spectroscopy in sani-
tary test. Beijing University Press, Beijing, pp 148-158

Feller U (1989) Transfer of rubidium from the xylem to the phloem in
wheat internodes. J Plant Physiol 133:764-767

Greger M, Lofstedt M (2004) Comparison of uptake and distribution
of cadmium in different cultivars of bread and durum wheat. Crop
Sci 44:501-507

Harris NS, Taylor GJ (2001) Remobilization of cadmium in maturing
shoots of near isogenic lines of durum wheat that differ in grain
cadmium accumulation. J Exp Bot 52:1473-1481

Harris NS, Taylor GJ (2004) Cadmium uptake and translocation in
seedlings of near isogenic lines of durum wheat that differ in grain
cadmium accumulation. BMC Plant Biol 4:4 http://www.biomed-
central.com/1471-2229/4/4

Hart JJ, Welch RM, Norvell WA, Sullivan LA, Kochian LV (1998)
Characterization of cadmium binding, uptake, and translocation
in intact seedlings of bread and durum wheat cultivars. Plant
Physiol 116:1413-1420

Hart JJ, Welch RM, Norvell WA, Kochian LV (2002) Transport inter-
actions between cadmium and zinc in roots of bread and durum
wheat seedlings. Physiol Plant 116:73-78

Haslett BS, Reid RJO, Rengel Z (2001) Zinc mobility in wheat: uptake
and distribution of zinc applied to leaves or root. Ann Bot 8§7:379—
386

Herren T, Feller U (1997) Transport of cadmium via xylem and phlo-
em in maturing wheat shoots: comparison with the translocation
of zinc, strontium and rubidium. Ann Bot 80:623-628

Jalil A, Selles F, Clarke JM (1994) Effect of cadmium on growth and
the uptake of cadmium and other elements by durum wheat. J
Plant Nutrition 17:1839-1858

Jarup L, Berglund M, Elinder CG, Nordberg G, Vahter M (1998)
Health effects of cadmium exposure—a review of the literature
and a risk estimate. Scand J] Work Environ Health 24:1-51

Jenner CF (1985) Transport of tritiated water and 14C-labelled
assimilate into grains of wheat. I. Entry of THO through and in
association with the stalk of the grain. Aust J Plant Physiol
12:573-586

Lima AIG, Pereira SIA, de Almeida Paula Figueira EM, Caldeira
GCN, de Matos Caldeira HDQ (2006) Cadmium detoxification in
roots of Pisum sativum seedlings: relationship between toxicity
levels, thiol pool alterations and growth. Environ Exp Bot
55:149-162

Marschner H (1986) Mineral nutrition of higher plants. Academic,
London, p 674

McKenna IM, Chaney RL, Williams FM (1993) The effect of cadmium
and zinc interactions on the accumulation and tissue distribution
of zinc and cadmium in lettuce and spinach. Environ Pollut
79:113-120

Moraghan JT (1993) Accumulation of cadmium and selected elements
in flax seed grown on a calcareous soil. Plant Soil 150:61-68

Oliver DP, Hannam R, Tiller KG, Wilhelm NS, Merry RH, Cozens GD
(1994) Heavy metals in the environment: the effects of zinc fertil-
ization on cadmium concentration in wheat grain. J Environ Qual
23:705-711

Oliver DP, Gartrell JW, Tiller KG, Correll R, Cozen GD, Youngberg
BL (1995) Differential response of Australian wheat cultivars to
cadmium concentration in wheat grain. Aust J Agri Res 46:873—
886

Pearson JN, Rengel Z, Jenner CF, Graham RD (1996) Manipulation of
xylem transport affects Zn and Mn transport into developing
wheat grains of cultured ears. Physiol Plant 98:229-234

Penner GA, Clarke J, Bezte LJ, Leisle D (1995) Identification of
RAPD markers linked to a gene govening cadmium uptake in du-
rum wheat. Genome 38:543-547

Rauser WE, Samarakoon AB (1980) Vein loading in seedlings of
Phaseolus vulgaris exposed to exess cobalt, nickel and zinc. Plant
Physiol 65:578-583

Root RA, Miller RJ, Koeppe DE (1975) Uptake of cadmium its toxic-
ity, and effect on the iron ratio in hydroponocally grown corn. J
Environ Qual 4:473-476

Sandalio LM, Dalurzo HC, Gomez M, Romero-Puertas MC, del Rio
LA (2001) Cadmium-induced changes in the growth and oxida-
tive metabolism of pea plants. J Exp Bot 52:2115-2126

Stolt JP, Sneller FEC, Bryngelsson T, Lundbor T, Schat H (2003) Phy-
tochelatin and cadmium accumulation in wheat. Environ Exp Bot
49:21-28

@ Springer


http://www.biomedcentral.com/1471-2229/4/4
http://www.biomedcentral.com/1471-2229/4/4

232

Planta (2007) 227:223-232

Tanaka K, Fujimaki S, Fujiwara T, Yoneyama T, Hayashi H (2003)
Cadmium concentrations in the phloem sap of rice plants (Oryza
sativa L.) treated with a nutrient solution containing cadmium.
Soil Sci Plant Nutr 49:311-313

Tang QY, Feng MG (1997) Practical statistics and its DPS statistical
software package. China Agriculture Press, Bejing

White MC, Chaney RL (1980) Zinc, cadmium, and manganese uptake
by soybean from two zinc and cadmium amended Coastal Plain
soils. Soil Sci Soc Am J 44:308-313

@ Springer

Wu FB, Zhang GP, Dominy P (2003) Four barley genotypes respond
differently to cadmium: lipid peroxidation and activities of antiox-
idant capacity. Environ Exp Bot 50:67-78

Wu FB, Chen F, Wei K, Zhang GP (2004) Effect of cadmium on free
amino acid, glutathione and ascorbic acid concentrations in two
barley genotypes (Hordeum vulgare L) differing in cadmium tol-
erance. Chemosphere 57:447-454

Zeller S, Feller U (1999) Long-distance transport of cobalt and nickel
in maturing wheat. Eur J Agron 10:91-98



	Cadmium translocation and accumulation in developing barley grains
	Abstract
	Introduction
	Materials and methods
	Plant materials
	Experimental design
	Measurements and statistical analysis

	Results
	Dynamics of Cd uptake and distribution
	Effect of relative humidity on Cd uptake and distribution
	Effect of awn removal and stem-girdling on Cd uptake and distribution
	Effect of sucrose level on Cd uptake and distribution
	Effect of Zn addition on Cd uptake and distribution

	Discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


