
E
p

E
B
a

b

c

a

A
R
R
A

K
C
S
G
T
F
T

1

a
a
t
t

s
l
f
r
p
t

v
f

2

B

0
d

Environmental and Experimental Botany 70 (2011) 158–165

Contents lists available at ScienceDirect

Environmental and Experimental Botany

journa l homepage: www.e lsev ier .com/ locate /envexpbot

xpression of selected genes involved in cadmium detoxification in tobacco
lants grown on a sulphur-amended metal-contaminated field

rika Fässlera,b,∗,1, Sonia Plazac,1,2, Adrien Pairraudc, Satish Kumar Guptab,
rett Robinsona,3, Rainer Schulina

Institute of Terrestrial Ecosystems, ETH Zurich, Universitätstr. 16, 8092 Zurich, Switzerland
Agroscope Reckenholz-Tänikon Research Station (ART), Reckenholzstr. 191, 8046 Zurich, Switzerland
University of Fribourg, Plant Biology, 3 Albert Gockel, 1700 Fribourg, Switzerland

r t i c l e i n f o

rticle history:
eceived 4 November 2009
eceived in revised form 13 June 2010
ccepted 29 August 2010

eywords:
admium
oil pollution

a b s t r a c t

We investigated the effect of a Cd solubilising soil treatment on the expression of genes regulating Cd
uptake and detoxification in field-grown tobacco plants. Tobacco plants were grown on a heavy-metal
contaminated soil to which elemental sulphur was applied to increase the phytoextraction of Cd. The
expression of tobacco gene homologues for A. thaliana MRP3, PDR8, ATM3, Sultr1, LAST, APR2, APR3, GSHI,
GSHII, and NAS3 was assayed by qualitative RT-PCR.

Increased root and shoot Cd concentrations were associated with up-regulation of the putative Cd
transporters and the genes involved in sulphur assimilation in root tissues. This is consistent with previous
ene expression
ransport and detoxification
ield experiment
obacco

studies using hydroponics. However, unlike the previous studies, most of the genes tested in the leaves
were unaffected by Cd concentration.

These differences may be due to the more complex stress situation that plants experienced here under
field conditions. Moreover, unlike in hydroponic studies, our plants were sampled at maturity and not
in the seedling stage. Our results indicate that hydroponic or agar experiments are useful predictors of
effects that may be expected in the field. However, there is a need for studies investigating gene expression

resse
in response to multiple st

. Introduction

Cadmium (Cd) is a trace element that is non-essential for plants,

nimals and humans. It is toxic at elevated concentrations. Large
reas of agricultural land are contaminated with Cd, which is readily
aken up by plants and thus can easily enter food chains. Phytoex-
raction has been proposed to clean up such land (Chaney et al.,

Abbreviations: ABC, ATP-binding cassette; APR, APS reductase; APS, adeno-
ine 5′-phosphosulphate; ATM, ABC transporter of the mitochondria; BLAST, basic
ocal alignment search tool; EDTA, ethylene diamine tetraacetic acid; EF, elongation
actor; GSH, glutathione; LAST, low affinity sulphate transporter; MRP, multidrug
esistance related proteine; NAS, nicotianamine synthase; PC, phytochelatine; PDR,
leiotropic drug resistance; RT-PCR, reverse transcription – polymerase chain reac-
ion; Sultr, sulphate transporter.
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s representative for field conditions at later developmental stages.
© 2010 Elsevier B.V. All rights reserved.

1997). Tobacco is a crop plant that produces a large biomass and
accumulates relatively high concentrations of Cd (Lugon-Moulin et
al., 2004). While the latter property exacerbates health problems
for smokers, the combination of large biomass and high Cd accu-
mulation also makes tobacco a candidate plant to be used for the
remediation of agricultural soils with low to moderate Cd contami-
nation. The application of elemental sulphur has shown to enhance
phytoextraction of Cd on contaminated soil (Kayser et al., 2000;
Wenger et al., 2002; Fässler et al., 2010b), as it increases solubil-
ity and plant availability of Cd. The Cd-mobilizing effect of sulphur
addition results from the decrease in soil pH as elemental sulphur
oxidized to sulphate by microbes (Tichý et al., 1997; Wang and Wu,
2006).

The expression of genes that are involved in the uptake, distri-
bution and detoxification of Cd is affected by the exposure of plants
to this element in the rhizosphere. Table 1 shows a list of genes that
are suggested to be involved in Cd detoxification and/or transport in
plants and their response to elevated concentrations of Cd in roots

and shoots. Cadmium is taken up by plants due to (i) its chemi-
cal similarity with other cations that are essential for plants such
as Ca and Zn and (ii) the lack of specificity of the uptake and dis-
tribution systems for these elements (Clemens et al., 2002). Genes
that are involved in Cd-detoxification notably include ATP-binding

dx.doi.org/10.1016/j.envexpbot.2010.08.012
http://www.sciencedirect.com/science/journal/00988472
http://www.elsevier.com/locate/envexpbot
mailto:erika.faessler@env.ethz.ch
dx.doi.org/10.1016/j.envexpbot.2010.08.012


E. Fässler et al. / Environmental and Experimental Botany 70 (2011) 158–165 159

Table 1
Summary of studies in which Cd affects the expression of genes coding for enzymes that are involved in Cd uptake and detoxification.

Gene Enzyme functiona Effects of trace elements or sulphur on gene expression

Study Systemb Plant species Cd conc. Effect Exposure
time/remarks

Root Shoot

MRP3 Involved in Cd resistance (Tommasini et al.,
1998)

Bovet et al. (2003) H A. thaliana 20 �M ↑ → 24 h

ATM3 Heavy-metal detoxification (Kim et al., 2006;
Rea, 2007)

Kim et al. (2006) A A. thaliana 50 �M ↑ → 2 weeks

PDR8 Cd resistance by efflux pumping from root
epidermal cells (Kim et al., 2007)

Kim et al. (2007) A A. thaliana 50 �M ↑
↑

↑
n.d.

12 h
2, 10 and 24 h

Sultr1 Sulphur uptake by the roots (Smith et
al., 1995; Yoshimoto et al., 2002)

Herbette et al. (2006) H A. thaliana 50 �M → n.d. 2, 6, and
30 h/Sultr1;2

Herbette et al. (2006) H A. thaliana 50 �M ↑ n.d. 2, 6, and
30 h/Sultr1;1

LAST Uptake, translocation, distribution and
reallocation of sulphate in plants (Sun
et al., 2005)

Sun et al. (2005) H B. napus 30 �M ↑ → 2 and 3 days
Heiss et al. (1999) H B. juncea 25 �M ↓ → 48 h
Sun et al. (2007) H B. napus 20 and 40 �M

80 and 120 �M
↓
↓

↑
↓

72 h

APR2 Reduction of APS to sulphite in sulphur
assimilation, control function in
sulphur pathway (Kopriva and
Koprivova, 2004)

Herbette et al. (2006) H A. thaliana 5 �M

50 �M

↑
↑

n.d.
n.d.

2 and 6 h, (→)
30 h
2, 6 and 30 h

Weber et al. (2006) H A. thaliana 10 and 50 �M ↑ n.d. 2 h
Heiss et al. (1999) H B. juncea 25 �M ↑ ↑ 48 h

GSHI Catalyses the first step in GSH
synthesis (May et al., 1998b)

Xiang and Oliver (1998) P A. thaliana 100 �Mc n.d. ↑ 12 h
Xiang and Oliver (1998) H A. thaliana 25, 50, 100 �M

400 �M
n.d.
n.d.

↑
↓

12 h

Schäfer et al. (1998) Hd B. juncea 25 �M ↑ ↑ 10 days
Kim et al. (2006) A A. thaliana 10 �M (↑) (↑) 2 weeks;

() = increased in
the “seedlings”

Sun et al. (2005) H B. napus 30 �M ↑ ↑ 2 and 3 days
Herbette et al. (2006) H A. thaliana 5 and 50 �M → → 2, 6, and 30 h

GSHII Catalyses the second step in GSH
synthesis (May et al., 1998b)

Xiang and Oliver (1998) P A. thaliana 100 �Mc n.d. ↑ 12 h
Xiang and Oliver (1998) H A. thaliana 25, 50, 100 �M

400 �M
n.d.
n.d.

↑
↓

12 h

Schäfer et al. (1998) Hd B. juncea 25 �M → n.d. 10 days

NAS3 Transfer of excess metals from root to
shoots (Sharma and Dietz, 2006)

Bovet et al. (2006) H N. tabacum 1 �M ↑ → 7 days
Bovet et al. (2006) H N. rustica 1 �M ↑ → 7 days

↑, up regulated; ↓, down regulated; →, expression not affected, (), see remarks; n.e., not expressed; n.d., not determined.
a Linked to Cd.
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b A: agar; H: hydroponics; P: pot.
c Plants sprayed with Cd solution.
d In pots with sand, watered with nutrient solution.

assette (ABC) proteins (Hall and Williams, 2003; Plaza and Bovet,
008). Members of the ABC transporter family that are known to
onfer Cd tolerance to plants include MRP3 (multidrug-resistance-
elated protein) (Kolukisaoglu et al., 2002), ATM3 (ABC transporter
f the mitochondria) (Kim et al., 2006), and PDR8 (pleiotropic drug
esistance) (Kim et al., 2007).

An important role in Cd detoxification is played by phy-
ochelatins (PC) (Howden et al., 1995), which are heavy

etal-chelating polypeptides that are synthesized in the cells
hrough a specific non-translational pathway from glutathione.
he synthesis of GSH occurs in two ATP-dependent steps, which
re catalyzed by �-glutamylcysteine synthetase (�-ECS) and glu-
athione synthetase (May et al., 1998b). These enzymes are encoded
y the genes GSHI and GSHII, respectively (Zhu et al., 1999). An

mportant component of GSH is sulphur (Leustek and Saito, 1999).
ulphur is taken up by plant roots primarily in the form of sul-
hate (SO4

2−) through high-affinity sulphate transporters, such as

he Sultr1 (SULphate TRansporter) subfamily in A. thaliana (Saito,
004). Low-affinity sulphate transporters (LAST) are involved in the
ranslocation of sulphate from roots to shoots (Sun et al., 2005).
n the sulphur assimilatory pathway, sulphate is reduced in sev-
ral steps to sulphite. The key step in sulphur assimilation is the
reduction of adenosine 5′-phosphosulphate (APS), which is cat-
alyzed by the enzyme APS reductase (APR) (Kopriva and Koprivova,
2004). Due to their role in Cd detoxification, it is no surprise that
the expression of the genes coding for the respective enzymes, i.e.
Sultr1, LAST, APR, GSHI, and GSHII, is also responsive to Cd expo-
sure (Xiang and Oliver, 1998; Kopriva and Koprivova, 2004; Sun
et al., 2005) (see also Table 1). Furthermore, although not fully
understood, nicotianamines (NA) are involved in Cd chelation,
transport and detoxification in plants (Sharma and Dietz, 2006).
Nicotianamines are ubiquitously present in plants and synthesized
from three molecules of methionine by nicotianamine synthase
(NAS) (Sharma and Dietz, 2006).

Most studies investigating the expression of genes involved in
Cd uptake and detoxification were carried out using Arabidopsis
thaliana, Brassica napus and Brassica juncea in hydroponic or agar
systems (Table 1). In contrast, there are only few studies on Cd-
induced gene expression using N. tabacum, which is surprising

given the health problems for smokers associated with the accu-
mulation of Cd by this plant. The times over which seedlings were
exposed to Cd in the experiments investigating Cd effects on gene
expression generally ranged between 2 h and 2 weeks. Thus, in such
experiments plants were generally harvested at an early vegeta-
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ive state. Bovet et al. (2003) showed that it is not always possible
o extrapolate data on gene expression from seedlings to mature
lants. Furthermore, previous experiments were often performed
ith excessively high Cd concentrations (Ernst et al., 2008). No

tudies on Cd-related gene expression have so far been performed
nder field conditions, where plants experience many other stress
actors and are grown to maturity.

The aim of this study was to investigate the effects of increased
d phytoavailability on the expression of genes that are involved in
d uptake, distribution and detoxification in tobacco plants grown

n a phytoextraction experiment on a heavy-metal contaminated
oil in comparison to published results from hydroponic or agar
xperiments. In this field experiment some plots were treated with
lemental sulphur in order to increase the Cd solubility in the soil
nd thereby the phytoextraction of this soil contaminant.

. Materials and methods

.1. Experimental design

The plants were taken from a field experiment (Fässler et al.,
010b) at Witzwil in the Bernese Seeland, Switzerland, on a for-
er wetland soil that had been converted to agricultural use after

rainage at the end of the 19th century. The land had been contam-
nated in the first half of the 20th century through the application
f organic but also other wastes from the city of Bern. In the
eld experiment, which was started in the year 2000, maize (Zea
ays, cv. Magister), sunflower (Helianthus annuus, cv. Sanluca), and

obacco (Nicotiana tabacum, cv. Burley 92) were grown on three
arallel plots in a 3-year scheme of annual rotation between these
rops. Each plot was subdivided into 16 sub-plots (3 m × 12 m)
n which four treatments affecting Cd solubility were applied to
he soil in four replicates. All fields were fertilized according to
he nutritional requirements of the plants. For the study of gene

xpression reported here, we focus on tobacco plants, which were
ampled in 2006 from plots treated with elemental sulphur and
rom control plots that had not received any chemical treatment
part from fertilization. Over a period of 7 years (2000–2006), a total
f 1.71 kg sulphur per m2 had been added to the top soil (plough

able 2
otal and soluble concentrations of selected metals, total S concentration, pH and CaCO3

Property Methoda Unit

Cd conc. HNO3 mg kg−1

NaNO3 �g kg−1

Cu conc. HNO3 mg kg−1

EDTA mg kg−1

Fe conc. HNO3 %
EDTA %

Mg conc. HNO3 mg kg−1

EDTA mg kg−1

Mn conc. HNO3 mg kg−1

EDTA mg kg−1

S conc. XRF mg kg−1

Zn conc. HNO3 mg kg−1

NaNO3 �g kg−1

pH H2O
CaCO3 contentb %
Corg contentc %

a HNO3: extraction with boiling 2 M HNO3; NaNO3: extraction with 0.1 M NaNO3; ED
he extractions: Cd by means of GF-AAS (graphite furnace atomic absorption spectroscop
ptical emission spectrometry); XRF: determination by means of X-ray fluorescence; H2O
b Determination by means of calcimeter.
c Determination with potassium dichromate method.
* Asterisks indicate significant differences between the treatments.
imental Botany 70 (2011) 158–165

layer). This is more than usually needed by crop plants (4–6 g kg−1

(Bergmann, 1993)), but the S content remained in a range that is
normal for soils of humid climatic zones, which is 0.02–2% (Scheffer
et al., 2002).

2.2. Soil properties

Relevant soil properties, i.e. pH, CaCO3 content, organic carbon
content, soluble and total metal and nutrient concentrations are
listed in Table 2. Soluble metals were extracted by 0.1 M NaNO3.
This extract is often used to determine the easily plant avail-
able fraction. Total metal concentrations were analysed in extracts
obtained with boiling 2 M HNO3. Further details about soil sam-
pling and analysis are given in Fässler et al. (2010a), from where
the soil data were taken.

2.3. Cadmium and nutrient concentrations in tobacco

After 20 weeks of growth we took four randomly selected plants
from a sulphur treated sub-plot and four plants from a control sub-
plot. The leaves of each plant were grouped into bottom, middle
and top leaves, taking the same amount of leaves for each category.
Roots were excavated using a garden fork and washed carefully
with water to remove soil particles. For gene expression analyses,
some fresh material was taken from the root and leaf samples and
conserved at −80 ◦C. The rest was cut into small pieces, oven-dried
for three days at 60 ◦C and ground to a particle size of approxi-
mately 0.75 mm using a heavy-duty cutting mill (Retsch, SM1). The
root samples were first coarsely ground using a knife mill (Fuchs,
180S), before they were passed through the cutting mill. A subsam-
ple of 0.5 g was taken from each sample and microwave-digested
in a mixture of 5 ml HNO3 (65%), 3 ml H2O2 (30%), and 2 ml H2O.
The digested samples were diluted by adding Millipore water to
a total volume of 25 ml and then filtered (filter paper grade MN

640 d, average retention capacity 2–4 �m). Cadmium was analyzed
by means of graphite furnace atomic absorption spectroscopy (GF-
AAS, Varian GTA120/AA240Z). Concentrations of the micro- and
macronutrient elements Cu, Fe, Mg, Mn, S and Zn were determined
by inductively coupled plasma optical emission spectroscopy (ICP

content of treated and control top soil samples (0–20 cm).

Control Sulphur treatment

1.444 ± 0.095 1.366 ± 0.121
1.673 ± 0.439 3.493 ± 0.516*

588 ± 27 593 ± 30
284 ± 13 280 ± 14

2.042 ± 0.112 2.019 ± 0.154
0.074 ± 0.002 0.100 ± 0.003*

2954 ± 148 2678 ± 195
278 ± 10 291 ± 10

999 ± 57 953 ± 70
131 ± 5 195 ± 5*

3128 ± 81 7130 ± 336*

683 ± 41 645 ± 55
81 ± 14 614 ± 88*

7.71 ± 0.03 6.48 ± 0.09*

2.72 ± 0.32 1.38 ± 0.14*

11.1 ± 0.3 11.0 ± 1.1

TA: extraction with 0.5 M ammonium acetate and 0.03 M EDTA, metal analysis of
y), analysis of all other elements by means of ICP-OES (inductively coupled plasma
: measurement of pH in H2O at a soil:solution ratio of 1:2.5.
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Table 3
List of primers used for the qualitative RT-PCRs.

Gene Forward primer Reverse primer Arabidopsis thaliana
homolog

NtMRP a GAGGATGTTCCTCAGCTTCA AGGTACGGGCCAACAAAAG AtMRP3
NtATM a AATCAGAGATGCAAACGATGC TTTCCAGAATGGGTGTCAAAG AtATM3
NtPDR a GGGATCAATGTATGCTGCTG TTCAAATCCAATCATAGCATAGACA AtPDR8
NtSultr a CCCCAAAACAGGACATATTCA CAATGGTGAGACCAGCAATAA AtSultr1;2
NtLAST TATTCTGGCTACCGGCTATTG GATAATGACCCCACAATGTTCA AtLAST
NtAPR a AAGGAGTGTGGATTGCACAAG TTAACACCTGAACCAGCCAAC AtAPR2
NtAPR b GCTAATTGGTGGTGATTTGGA TGTGTAACCTCCCAGAGGATG AtAPR3
NtGSHIa TGCAGCCTATTGCTACAGCTC ATGCACACAACCTTCTCCAAG AtGSHI
NtGSHIIa GAACTGTTCCTGGAGTTGGA AATTACCAACCTAGACAGTGATTGC AtGSHII
NtNAS GGCATCTGACCCTGACTTGTA CGTCTGTTGGATGGTGGATAG AtNAS3
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NtTubulin ATTTGTTGACTGGTGCCCAAC
NtEF a TTGGAAATGGATATGCTCCAG

a In the tobacco genome only 1 copy for each gene is apparently present.

ES, Varian Vista-MPX). For quality control certified material of
irginia tobacco leaves (CTA-VTL-2 (Dybczynski et al., 1998)) was
igested and analyzed together with the samples. The maximal
elative standard deviation of repeated measurements of the refer-
nce samples was 7% and the respective maximal relative bias was
% for all elements.

.4. Gene expression analysis

Gene expression was analysed by qualitative RT-PCR using
rozen plant material. All RT-PCRs were repeated twice on each
lant sample. The design of primers was based on tobacco
equences available from the National Center for Biotechnology
nformation (NCBI) and the University of Fribourg access to the
obacco genome initiative TGI (NC State University, 2008) (Table 3
ives a complete list of the primers). The selection of tobacco genes
as based on the literature listed in Table 1 and on a search using

he sequence similarity search program BLAST (Basic Local Align-
ent Search Tool) (Ye et al., 2006). For a few accessions only partial

equences were available. Using deduced amino acid sequence
omologies from putative coding sequence of more than 200 bp
size of the fragments tested by qualitative RT-PCR), we were able
o find significant degrees of homology (>85%) with Arabidopsis
rotein, thereby attesting that the sequences selected were close
o the sequences of Arabidopsis genes. The BLAST analysis gave a
equence of the tobacco genome that belongs to the Sultr family and
s close to the sequences of the AtSultr1;1, AtSultr1;2 and AtSultr1;3
enes. A specific Sultr homologue for tobacco could not be assigned.
herefore, the designation AtSultr1 was chosen. Specific tobacco
PR2 homologues could not be ascertained either. Sequences sim-

lar to AtAPR2 and AtAPR3 were chosen therefore. Total RNA was
urified from the root and leaf samples using the RNeasy Plant Mini
it (Qiagen, Basel, Switzerland) and stored at −80 ◦C after quantifi-
ation by spectrophotometry. After DNAse treatment (RQ1, RNase
ree, Promega Catalys, Wallisellen, Switzerland), cDNAs were pre-
ared using M-MLV reverse transcriptase (RNase H minus, point
utant, Promega Catalys) as prescribed by the manufacturer and

tored at −20 ◦C. An aliquot of the cDNAs was diluted 1:10 in water
nd used for PCR. After 2 min denaturation at 95 ◦C, 35 PCR cycles
95 ◦C for 30 s, 50–58 ◦C (depending primers Tm) for 30 s and 72 ◦C
or 30 s) were run. PCR was performed in a final volume of 15 �L
ontaining the following mixture: PCR buffer 1×, 5 mM MgCl2,
.2 mM dNTPs, 1 �M of both forward and reverse primers, 1 U
o Taq DNA polymerase (Promega Catalys). Thirty-five PCR cycles

ere performed in order to ensure detection of all transcripts. By
sing the same number of cycles of RT-PCR for all genes, a qual-

tative comparison of the level of gene expression was possible.
or PCR adjustment, we used the housekeeping gene “elongation
actor A” (NtEFA), the tobacco homolog of the AtEF1 gene, for the
TCTTCATCGTCAACTTCAGCA AtTubulin
CACCAACAGCAACAGTTTGAC AtEF1

root samples and the NtTubulin gene homolog to At4G14960 for the
shoot samples.

2.5. Statistical analysis

Treatment effects and variations between plant parts were anal-
ysed by means of one-way analysis of variance (ANOVA) and tested
for significance between group means by the Bonferroni post hoc
test using SPSS version 15. Differences were considered significant
if P < 0.05.

3. Results

3.1. Treatment effects on soil properties

The pertinent changes in soil parameters that were found in
response to the sulphur treatment are shown in Table 2. The acid-
ity generated by the oxidation of the applied sulphur markedly
decreased the soil pH from 7.7 to 6.5. Buffering of the acidity by
dissolved carbonate led to a reduction of the calcium carbonate con-
tent from 27 to 14 g kg−1. The acidification of the soil caused soluble
Zn to increase by an order of magnitude from 81 to 614 �g kg−1,
while soluble Cd was doubled from 1.67 to 3.49 �g kg−1. In addi-
tion, soluble Fe and Mn slightly increased, whereas there were no
significant effects on soluble Cu and Mg. The total S concentration
was approximately doubled in the sulphur treated plots.

3.2. Treatment effects on element uptake by the plants

The sulphur treatment had no visible effect on plant phenotypes
and did not affect the biomass production (data not shown). The
plants showed no signs of toxicity and grew well in both treatments.
The mean leaf Cd concentration increased from 1.42 ± 0.09 mg kg−1

in the controls to 2.30 ± 0.13 mg kg−1 in the sulphur treatments.
These values are in the concentration range of tobacco plants grown
on uncontaminated land and used for cigarette production (Lugon-
Moulin et al., 2004). The sulphur treatment significantly increased
leaf Cd concentrations along the entire length of the stem (Fig. 1).
The concentration was the highest in the bottom leaves but the
differences were not significant between the positions. In contrast,
Lugon-Moulin et al. (2004) reported clearly higher concentrations
in bottom than in top leaves. Root Cd concentrations on the other
hand, did not respond to the sulphur treatment in our field exper-
iment. As a result, the leaf/root Cd concentration ratio increased

from 5.5 in the control to 7.2 in the sulphur treatment. This sug-
gests that the sulphur treatment stimulated the xylem loading of
Cd. Cellular detoxification in the roots generally includes both com-
partmentalization of Cd complexes and xylem loading (Clemens et
al., 2002).
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ig. 1. Concentrations of Cd (a), S (b), Mn (c) and Zn (d) in field-grown tobacco lea
etween plant parts within a treatment; asterisks indicate significant differences b

The plant S concentrations were significantly increased by the
ncreased sulphur supply (Fig. 1). However, the ratio between leaf
nd root S concentrations was not affected. In each treatment, the
oot S concentration was less than half that of the leaf concentra-
ion, indicating that the S taken up by the roots was effectively
ranslocated into the shoots. As in the case of Cd, the increased
oncentration of EDTA-soluble Mn and NaNO3-soluble Zn in the S-
reated soil were associated with enhanced accumulation of these
lements in the shoots (Fig. 1). The increase in Zn accumulation
as marginal and significant only in younger leaves. However,

eaf Mn concentrations increased by an order of magnitude. In the
oots the concentration of this element was doubled by the sulphur
reatment, whereas the concentration of Zn was not significantly
ncreased. The sulphur treatment also increased the concentra-
ion of Mg from a mean leaf concentration of 4.34 ± 0.16 g kg−1 to
.18 ± 0.08 g kg−1, although no change was observed in the EDTA-
xtractable Mg concentration of the soil (Table 2). The root Mg
oncentration was 1.25 g kg−1, with and without sulphur treat-
ent. On the other hand, there was no change in Fe accumulation,

lthough EDTA extractable soil Fe concentrations were significantly
ncreased by the S-treatment. For Fe we measured 140 ± 34 mg in
he roots and 81 ± 6 mg in the shoots per kg dry weight, pooled
ver both treatments (i.e. with and without sulphur application). In
ddition, no treatment effects on Cu accumulation were observed.
he concentration in roots and shoots were 20.1 ± 2.6 mg kg−1 and
6.0 ± 1.3 mg kg−1, respectively, in both treatments.

.3. Gene expression

In the control plants none of the genes involved in Cd transport
nd detoxification was expressed in the roots (Fig. 2a). How-
ver, most of them were constitutively expressed in the shoots

Fig. 2b). The sulphur treatment induced the expression of NtMRP a,
tATM a, and NtPDR a also in the roots. The activation of the ABC

ransporters in the roots was likely linked to heavy metal transport
nd may explain the increased root-shoot translocation of Cd that
as indicated by the increased shoot/root Cd concentration ratio.
sulphurcontrol

d roots in control and sulphur treatments. Letters indicate significant differences
n treatments for the respective plant parts.

In the leaves, NtMRP a and NtATM a were constitutively
expressed in all positions with and without sulphur treatment.
This is in agreement with studies of other authors who found
no changes in shoot AtMRP3 and AtATM3 expression upon addi-
tion of Cd to the nutrient solution (Bovet et al., 2003; Kim et al.,
2006). NtPDR a expression in leaves showed considerable varia-
tion between replicates, independently of treatment and leaf age
(or position along the stem), suggesting that NtPDR a responded
to local stress conditions in the field, e.g. pathogens, and not to S
treatment or Cd uptake. Stein et al. (2006) reported that AtPDR8
transporter in the leaves of A. thaliana also play a role in pathogen
infection.

In the roots of the control plants we detected no expression
of the genes involved in sulphur uptake, transport or assimila-
tion. Only the house-keeping gene NtEF a was clearly expressed.
Whereas NtLAST was not expressed at all (data not shown),
NtSultr a, NtAPR a, and NtAPR b were strongly expressed in the
shoots of the control plants. In the sulphur treatment all three
genes were up-regulated in the roots, while NtAPR a and NtAPR b
tended to be down-regulated in the bottom leaves (in 1–2 out of 3
replicates in each case). It may be noteworthy that this tendency
increased with the leaf S content (data not shown). The observed
increases in root gene expression caused by the sulphur treatment
agree with findings reported by Herbette et al. (2006) and Weber et
al. (2006). As NtSultr1 was up-regulated in the roots of our tobacco
plants, and Herbette et al. (2006) found a strong up-regulation of
Sultr1;1 expression in Arabidopsis exposed to elevated Cd concen-
trations, while Sultr1;2 remained unaffected by Cd, NtSultr a seems
to be more closely related to AtSultr1;1 than to AtSultr1;2.

The sulphur treatment only marginally induced NtGSHI expres-
sion in the roots, while there was no expression of root NtGSHII,
neither in the control, nor in the sulphur treatment. It is possi-
ble that the base level of glutathione was either sufficient for Cd

detoxification, or glutathione production was stimulated other-
wise. May et al. (1998b) and Herbette et al. (2006) related increased
GSHI activity in response to Cd exposure to post-transcriptional
up-regulation of GSHI. Both genes were more strongly expressed in
younger (top) than in the older (bottom) leaves independent of the
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Fig. 2. Gene expression (qualitative RT-PCR) in roots (a) and shoots (b) of tobacco plants grown in a Cd-contaminated field after 6 years of annually repeated sulphur
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mendments (sulphur) and under control conditions (control). Genes possibly codin
nvolved in sulphate assimilation (NtSultr a, NtAPR a, NtAPR b) and in glutathione sy
NtEF a) and tubulin (NtTubulin) were amplified by PCR. Results for three replicate

iddle and top leaves.

reatment. The NtNAS a gene was not expressed in both root and
hoot (data not shown).

. Discussion

In Table 4 we compared the expression of Cd-induced genes
etween tobacco cultivated in sulphur amended soil with observa-
ions on gene expression in other studies as listed in Table 1. The
xpression of the genes in the roots of our plants mostly agreed with
he reported results. Exceptions were NtLAST, NtGSHII and NtNAS a,
hich were not expressed at all.
The strong up-regulation effects in the roots on genes that are
utatively involved in Cd detoxification indicate that the ATPase
nd the ABC transporters might have been activated by both the
ncreased Cd concentration and the increased availability of sul-
hur. The influence of sulphur supply on the expression of these

able 4
ummary of the effects of sulphur application on gene expression in roots and shoots
f field-grown tobacco plants in comparison to expectation based on the literature
iscussed in the text.

Gene Observed effects Expected Cd effect

Root Shoot Root Shoot

NtMRP a (AtMRP3) ↑ → ↑ →
NtATM a (AtATM3) ↑ → ↑ →
NtPDR a (AtPDR8) ↑ → ↑ ↑
NtSultr a (AtSultr1) ↑ → © ©
NtLAST (BnLAST) � � © ©
NtAPR a (AtAPR2) ↑ ↓a ↑ ↑
NtAPR b (AtAPR3) ↑ ↓a ↑ ↑
NtGSHI (AtGSHI) ↑ → ↑ ©
NtGSHII (AtGSHII) � → → ©
NtNAS a (AtNAS3) � � ↑ →

: up-regulated; ©: ambiguous; ↓: down-regulated; �: not expressed; →:
nchanged.
a In the older leaves.
admium (Cd) transport (NtMRP a, NtATM a and NtPDR a), transporters and enzymes
is (NtGSHI) were tested. These genes as well as the house-keeping elongation factor
(1–3 in each treatment) are shown. Each plant was divided into roots and bottom,

genes in plants has received scant attention. Kolukisaoglu et al.
(2002) and Glombitza et al. (2004) found that leaf AtMRP3 was not
only inducible by Cd, but also by other stressors such as xenobiotics
and oxidative stress. Considering that an increased S supply would
enhance glutathione production and that glutathione is involved in
the reduction of oxidative stress in plants (May et al., 1998a), the
Cd effect on NtMRP a may have been partially compensated by the
increase in soil S concentration in the sulphur treatments.

In the leaves, however, most of the genes studied here were
either not affected or down-regulated, as in the case of the bottom
leaves, while up-regulation or no effects were expected according
to the literature. The down-regulation of the genes in the bottom
leaves in our plants may have been due to a senescence effect. In
other studies the experimental plants were harvested well before
maturity and not divided into bottom, middle and top leaves. The
bottom leaves of our plants showed first signs of senescence at
harvest. Down-regulation has been reported for many genes in
senescent leaves (Quirino et al., 2000). Down-regulation of genes
involved in sulphur uptake and assimilation might also result from
changes in sulphur supply. Many genes involved in the acquisition
and assimilation of sulphate from soil are known to respond to the
S status of a plant (Leustek and Saito, 1999; Hawkesford, 2000;
Saito, 2000). Sulphur starvation has been found to activate sulphur
acquisition and assimilation mechanisms in the same way as the
exposure of plants to Cd (Yoshimoto et al., 2002; Herbette et al.,
2006). The expression of AtAPR was found to be up-regulated in the
roots and shoots of A. thaliana under sulphur deficiency (Takahashi
et al., 1997; Hirai et al., 2003). Little is known about the effects of
excessive sulphur supply, a condition that was more likely the case
in our field experiment than sulphur deficiency, on gene expression.
An excess of SO4

2− in nutrient solution was found to decrease the

activity of APS sulphurylase (Brunold et al., 1987). This enzyme was
recently found to be identical with APR (Suter et al., 2000). Thus,
it is plausible that the expression of NtAPR a and NtAPR b became
down-regulated in older leaves of the field-grown tobacco plants in
our experiment in response to an over-supply of sulphate. This is in
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ine with the observation that down-regulation tended to increase
ith leaf S content.

Gene expression may also have been affected by the increase in
he solubility of Fe, Mg, Mn, and Zn. There are few studies inves-
igating Zn, Fe and Mg effects on the expression of the genes that
ere under study here. While, e.g. Xiang and Oliver (1998) and Kim

t al. (2006) NtMRP a and NtATM a found no effects of Zn on the
xpression of AtGSHI, AtGSHII and AtATM3 in A. thaliana, Bovet et al.
2003) found a slight up-regulation effect of Zn on AtMPR3 expres-
ion. Similar to Cd, Zn is known to up-regulate the expression of
ultr1;1 in roots (Ernst et al., 2008). Zinc may thus also have been
nvolved in the up-regulation of these genes in the S-treatment of
ur field experiment. Magnesium effects on the expression of the
nvestigated genes have not been reported. The detoxification of
ells through ABC transporters is mediated by MgATP-energized
S-conjugate transport (Rea, 1999, 2007) but this does not neces-
arily indicate that there are changes in the gene expression when
he soluble Mg concentration in the soil changes. However, the
ncrease in plant Fe was not significant, and the increases in plant
n and Mg were not significant in all leave fractions, either. It is
hus unlikely that these metals had a substantial effect on gene
xpression. There are no reports of the effects of Mn on the expres-
ion of the studied genes. Manganese was the element of which the
ccumulation was increased most by the sulphur treatment.

The decrease in soil pH itself might have an effect. Changes in
hizosphere pH can affect a wide range of proteins such as ABC-
ransporters (Reeve et al., 2004) or enzymes of bacteria and plants
nvolved in sulphur assimilation (APR) (Setya et al., 1996). Sul-
hate transporters are pH-dependent (Saito, 2004), and glutathione
roduction in Escherichia coli bacteria was found to decrease with
xternal pH (Smirnova et al., 2003). The impacts of changes in soil
H on gene expression have not been tested for the genes that were
tudied here.

. Conclusion

The up-regulation observed in the expression of most of the
nvestigated genes in the roots agreed well with findings reported
rom hydroponic experiments in the literature. However, there
ere also differences, in particular the lack of effects on gene

xpression in the shoots. These findings indicate that factors other
han increased exposure to Cd played an important role, in partic-
lar the higher concentrations of S and soluble Mn, Fe and Zn in
he soil, and the lower soil pH. The leaves investigated here were
btained from mature plants, while hydroponically grown plants
re usually harvested at an early stage. Nevertheless, our results
ndicate that hydroponic or agar experiments are useful predictors
f gene expression effects that may be expected in field conditions.
n order to become more comparable to field situations, future lab-
ratory studies on the expression of genes expected to respond to
nvironmental stresses should also look into the effects of combi-
ations of different stress factors and investigate such effects also
t later developmental stages.
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