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Abstract

Ectopic expression in tobacco (Nicotiana tabacum v. Xanthi) of the export protein AtHMAA4 (responsible in Arabidopsis
for the control of Zn/Cd root to shoot translocation) resulted in decreased Cd uptake/accumulation in roots and
shoots. This study contributes to understanding the mechanisms underlying this Cd-dependent phenotype to help
predict the consequences of transgene expression for potential phytoremediation/biofortification-based strategies.
Microarray analysis was performed to identify metal homeostasis genes that were differentially expressed in roots of
Cd-exposed AtHMA4-expressing tobacco relative to the wild type. It was established that down-regulation of genes
known to mediate Cd uptake was not responsible for reduced Cd uptake/accumulation in AtHMA4 transformants. The
transcript levels of NtIRT1 and NitZIP1 were higher in transgenic plants, indicating an induction of the Fe and Zn defi-
ciency status due to AtHMA4 expression. Interestingly, upon exposure to Cd, genes involved in cell wall lignification
(NtHCT, NtOMET, and NtPrx11a) were up-regulated in transformants. Microscopic analysis of roots demonstrated
that expression of AtHMA4 caused an induction of cell wall lignification in the external cell layers that was accompa-
nied by enhanced H,0, accumulation. Further study showed that the concentration of other elements (B, Co, Cu, Ni,
Mo, and Zn) was reduced in AtHMA4 transformants in the presence of Cd. In conclusion, due to ectopic expression of
35S::AtHMA4, the physical apoplastic barrier within the external cell layer developed, which is likely to be responsible
for the reduction of Cd uptake/accumulation.
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Introduction

Cadmium (Cd) is a heavy metal that is widespread in the envi-
ronment, occurring both naturally and as a result of anthro-
pogenic activities (Clemens et al., 2013). It is highly toxic to
living organisms, even at low concentrations. Although it is
a non-essential element it is taken up by plants from the soil
and enters the food chain, posing a threat to human health
(Williams and Salt, 2009). To reduce Cd levels in contami-
nated soil, the process of phytoremediation, which is a plant-
based technology, is under development. There are various

types of phytoremediation, and phytoextraction has poten-
tial for pollutants such as Cd; this involves uptake and accu-
mulation of the pollutant into the plant biomass from the
environment. It is predicted that plant species useful for metal
phytoremediation/phytoextraction would have the ability to
take up the metal from the soil, and efficiently translocate and
accumulate it in the shoot, which could then be easily har-
vested. Translocation of Cd (and other heavy metals) from
the roots to the shoots is under tight control. In the majority
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of plant species (except metal hyperaccumulators) most of
the metal is stored preferentially in the root (Palmgren et al.,
2008; Zhao and McGrath, 2009). To overcome this barrier
and enhance Cd accumulation in the shoots, which is impor-
tant for successful phytoremediation, one approach is to
transform high biomass species with genes responsible for Cd
root to shoot translocation.

Cd is taken up and transported across plant membranes
mainly by transporters for metals that are essential to plants
such as the micronutrients Zn, Fe, and Mn, and the macro-
nutrient Ca (Mills et al., 2005, 2012; Williams and Salt, 2009;
Menguer et al., 2013). Determining the specificity of trans-
porters is thus important in understanding the nutrition of
plants and also their susceptibility to toxic elements. The
translocation of the micronutrient Zn, and also non-essen-
tial Cd to the shoots of A. thaliana is under the control of
the HMA2 and HM A4 genes, which belong to the Pip-type
ATPase family (Mills et al., 2003, 2005, 2010, 2012; Hussain
et al., 2004; Williams and Mills, 2005; Wong and Cobbett.,
2009). Based on studies performed in several laboratories, it
was concluded that both proteins are responsible for Zn and
Cd xylem loading. The tissue-specific expression of HMA2
and HMA4 genes was detected mainly in the vasculature
(Hussain et al., 2004; Verret et al., 2004). They encode plasma
membrane-localized proteins (Verret et al, 2004; Hussain
et al.,2004; Courbot et al., 2007), and expression of HM A4 in
yeast and Escherichia coli established that it mediates export
of Zn and Cd out of the cell (Mills et al., 2003, 2005, 2012).
Evidence for the involvement of both HMA2 and HMA4
in the control of Zn and Cd translocation to the shoots of
Arabidopsis plants came from mutant analysis. It was shown
that Zn and Cd levels in the shoots were severely reduced in
the double hma2hma4 mutant, and to a lesser extent in the
single ima4 mutant (Hussain et al., 2004; Verret et al., 2004;
Wong and Cobbett, 2009; Mills et al., 2010). It was also sug-
gested that HM A4 plays a role in xylem loading of Zn and
Cd, and hence in the control of translocation to shoots in
Arabidopsis halleri and Thlaspi caerulescens (Bernard et al.,
2004; Papoyan and Kochian, 2004; Hanikenne et al., 2008).

Since HM A4 plays a crucial role in the control of Zn and
Cd translocation to shoots, it was used to transform tobacco,
a plant species suitable for phytoremediation/phytoextrac-
tion due to its high biomass and low nutritional require-
ments. Two HMA4 genes have been expressed in tobacco:
AtHM A4 from A. thaliana under the constitutive Cauliflower
mosiac virus (CaMYV) 35S promoter (Siemianowski et al.,
2011); and AhHM A4 from A. halleri (Zn/Cd hyperaccumu-
lator) under its native promoter (Barabasz et al., 2010). In
transgenic tobacco plants expressing either 35S::AtHM A4
or AhHMA4p::AhHM A4, Zn translocation to the shoots
was facilitated, although in a Zn supply-dependent manner.
The results indicated an interplay between transgene activity
and the different molecular background of the transformed
plants at a range of Zn levels in the medium. However, Cd
levels in the shoots, as well as in the roots were unexpect-
edly reduced in HM A4 transformants. The results obtained
suggested substantial modifications of the host plant tran-
scriptome and metabolome due to the expression of HM A4,

which contributed to the generation of the phenotype.
Understanding the mechanisms underlying these modifica-
tions is important in planning future strategies for biotechnol-
ogy purposes. Engineering the root/shoot metal distribution
is crucial not only for phytoremediation but also for bioforti-
fication. It is commonly said that phytoremediation and bio-
fortification are ‘two sides of the same coin’ (Guerinot and
Salt, 2001). For phytoremediation/phytoextraction purposes,
enhanced translocation of polluting heavy metals is desired,
whereas for biofortification it is important to enhance trans-
location of beneficial micronutrients such as Zn and Fe, while
limiting the accumulation of toxic metals such as Cd in the
edible parts. Therefore, understanding how plants accumulate
and store heavy metals will help in engineering their distribu-
tion in the appropriate plant parts depending on the ultimate
objective (phytoextraction/biofortification).

This study aims to understand the processes that were mod-
ified in tobacco as a result of the expression of 35S:4tHM A4,
which ultimately leads to decreased Cd uptake and trans-
location to shoots. Clarifying the underlying mechanisms
contributes to developing strategies aimed at producing
plant-derived food with an enhanced level of micronutrients
and reduced content of non-essential toxic metals such as Cd.
It is also relevant to strategies aimed at producing tobacco
with low Cd-containing leaves, which is of great importance
for tobacco producers and smokers. Here it is demonstrated
that ectopic expression of AtHMA4 in tobacco alters the
physical apoplastic barrier within the root external cell layer,
contributing to a reduction in Cd accumulation.

Materials and methods

Plant material and general growth conditions

Experiments were performed on wild-type tobacco (Nicotiana
tabacum v. Xanthi) and two homozygous lines (nos 5 and 9) of
transgenic tobacco expressing AtHMA4 from Arabidopsis thaliana
(Siemianowski et al., 2011). Plants were cultivated in a growth cham-
ber, at 23/16 °C day/night temperatures, 40-50% humidity, with a
16h photoperiod at a quantum flux density (PAR) of 250 pmol
m~ s~ using fluorescent Flora tubes.

Seeds were surface sterilized in 8% sodium hypochloride and ger-
minated on 1/4 Knop’s medium (Barabasz ez al., 2013) supplemented
with 2% (w/v) sucrose and solidified with 1% agar on Petri dishes
positioned vertically. Two-week-old seedlings were transferred to
2 litre pots containing 1/4 Knop’s liquid medium for 2 weeks. The
nutrient solution was renewed every 4 d. Then plants of the same
size were transferred to basic nutrient solution supplemented with
0.25 uM Cd (added as CdCl,) for 4 d. In parallel, control plants were
cultivated on basic medium without Cd. At the end of the experi-
ments, roots of 4.5-week-old plants were collected for the follow-
ing purposes: (i) to examine transcriptional profiles by microarray
analysis; (ii) to determine the expression levels of selected genes; (iii)
to determine the lignin level and tissue localization; (iv) to assess the
H,0, level and tissue localization; and (v) to perform the ionomic
profiles.

RNA isolation

Total RNA was extracted with the use of an RNeasy Plant Mini Kit
(Qiagen, Hilden, Germany) according to the manufacturer’s recom-
mendations, followed by DNase I digestion (Invitrogen). All RNA
samples were quantified at 4,4, using a Nanodrop spectrophotometer



ND100 (Nanodrop, Wilimington, DE, USA). The quality of RNA
used for microarray analysis was checked using an Agilent 2100
Bioanalyser (Agilent Technologies, Santa Clara, CA, USA), accord-
ing to the manufacturer’s instructions.

Microarray analysis

Microarray-based analysis was performed to compare root gene
expression profiles in tobacco expressing 35S-AtHMA4 (line
no. 9) and wild-type plants, which were grown in the presence of
0.25 uM Cd. Three independent experiments were performed. At
the end of each experiment (for details, see the section ‘Plant mate-
rial and general growth conditions’), roots from six plants (exclud-
ing one-third of the distance from their base) were pooled, frozen
in liquid nitrogen, and stored until RNA isolation. However, from
each individual plant, only half of the root system was collected and
pooled for the microarray experiment. The other half was collected
separately, dried, and used for analysis of Cd concentration. In addi-
tion, shoots from these plants were also collected for determination
of Cd concentration. Total RNA isolated from three batches of
roots was used for three independent microarray analyses.

The Affymetrix ATCTOBa520488 containing 40 642 tobacco
unigenes was used to compare the expression profiles of AtHMA4-
expressing tobacco and the wild-type. RNA labelling and hybridiza-
tion to the tobacco cDNA microarray Affymetrix ATCTOBa520488
(Edwards et al., 2010) was conducted in the Nottingham Arabidopsis
Stock Centre (NASC, http://arabidopsis.info/) (Craigon et al.,
2004). Synthesis of the complementary RNA [labelling of RNA
samples was performed by use of the Affymetrix 3° IVT-Express
kit (Affymetrix UK Ltd., High Wycombe, UK)] followed standard
Affymetrix protocols.

Data sets contained in the (.CEL) files were normalized according
to the Robust Multi-array Average (RMA) approach using DChip
software (Li and Wong, 2001). Further analysis was performed with
the same software (Li and Wong, 2001; Li, 2008). Gene expres-
sion was considered as up- or down-regulated if the transcript level
showed a minimum of a 1.3-fold change, with an e-value of 0.05 and
200 permutations. Annotations conducted based on Edwards et al.
(2010) were supplemented with annotations for the unigenes taken
from the BLASTX (NCBI) hit of N. tabacum (e-value <1x107")
non-redundant proteins from GenBank. Functional categoriza-
tion was performed using Gene Ontology (GO) analysis tools avail-
able at TAIR http://www.arabidopsis.org/portals/genAnnotation/
functional_annotation/go.jsp] and AmiGO-GO Term Enrichment
(http://amigo.geneontology.org/cgi-bin/amigo/term_enrichment).
Due to a lack of such tools for tobacco, functional categorization
was performed using the best hit of A. thaliana genes homologous
to identified N. tabacum sequences that were differentially expressed
in transgenic plants relative to the wild type.

Microarray data have been released onto the NASC Arrays
database: http://affy.arabidopsis.info/narrays/experimentpage.
pl?experimentid=699.

The accession number for the EMBL sequence database is
GSE47037

Real-time PCR analysis of gene expression

For confirmation of the microarray expression profiling data, quan-
titative PCR was carried out for a chosen subset of genes. In addi-
tion to genes identified by microarray analysis, expression levels of
other selected metal homeostasis genes were estimated. Expression
analysis was performed using total RNA isolated from roots of
transgenics (line nos 5 and 9) and wild-type plants grown on 1/4
Knop’s medium with and without Cd.

The cDNA was synthesized in a 20 pl reaction volume contain-
ing 1 pg of the total RNA and oligo d(T),3 primers according to
procedures described by Wojas et al. (2007). The cDNA was used as
a template for real-time PCR using Platinum SYBR Green qPCR
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superMix-UDG (Invitrogen) according to the manufacturer’s rec-
ommendations. The MyiQ(™)2 cycler (Bio-Rad Laboratories Inc.,
Hercules, CA, USA) was used.

Primer pairs for each gene were designed using BLAST-PRIMER
i PRIMER software (http://www.ncbi.nlm.nih.gov/tools/primer-
blast/) based on the corresponding sequences available in the data-
base (http://www.ncbi.nlm.nih.gov/). The primer sequences are
given in Table 1.

All gene expression analysis was performed with at least three
independent biological replicates. For each sample, reactions were
set up in triplicate and means were calculated. The tobacco NtEFla
(elongation factor la) gene was used as reference gene/internal con-
trol and was amplified in parallel with the target gene, allowing gene
expression normalization and providing quantification. The quan-
tification of the relative transcript levels was performed using the
comparative Ct (threshold cycle) method. Validation experiments
were performed to test the efficiency of the target amplification and
the efficiency of the reference amplification.

Microscopic analysis of lignification of roots

Lignification of the roots was analysed at the cross-section using two
approaches: (i) following staining with the fluorescent dye safranin-
O; and (ii) based on lignin autofluorescence. Analysis was performed
using an NICON A1 multiphoton Ti:Sapphire confocal laser scan-
ning microscope. Roots of wild-type and AtHMA4-transformed
tobacco (line nos 5 and 9) were grown as described above and used
to make hand sections as follows. Root pieces of 3cm long cut from
the root tip were embedded in cooled 1.8% agar to solidify further
in blocks. Handmade consecutive cross-sections were made at a dis-
tance of 2cm from the root tips (thickness approximately <0.5 mm)
and analysed for the presence of lignin according to standard pro-
cedures using safranin-O and the analysis of lignin autofluorescence
(De Micco and Aronne, 2007; Bond et al., 2008). Sections were
stained in 0.5% safranin-O dissolved in 50% ethyl alcohol (v/v) for
2min; the dye was washed out with ethanol, then with water, and
sections were examined by confocal microscopy. All experiments
were repeated 3—4 times. For each experimental condition, at least
three plants were analysed, from each plant at least 10 roots were
taken, and from each root ~20 consecutive sections were made.

Table 1. Sequences of primers used for expression analysis

Gene name Primer sequences Product
(accession no.) size (nt)
CAX3 (EB428626) F: 5"-GCAATTCTTGCTCTGACGCA-3 320

: 5-AGGTACCCGAGGTAGGCAAT-3
NtHCT (DW003425) 5’-TCTCATCCCAACAGCAGACA-3" 113
: 5-CAAAAGGGCAACCAGTTCCA-3
NtOMT | (EB444811) 5-TGTTGGAGGTGCACTTGGTT-3 114
: 5"-CCGGGATAAGCAGGAGCAAT-3"
NtVCaB42 (EB426333) 5’-CATGGGAAAGAGATGCTCGC-3" 123
: 5-AGGCTCTTCTTGCACCCAAA-3
NtZIP1 (AB505626) 5-TGGTGGCTCAGTCTGGAGAT-3 94
: 5"-CGAAGGAGCTCAGAACTGGAA-3
NtIRT1 (AB263746) 5’-ACTTACGAGGAGAACAGCCC-3” 73

: 5-TCAGAAGGCCAGCAGATGAC-3
5"-AGGAGAGAAAAGGGCTGCAC-3 103
: 5"-AGAAACAACACCAGGGCACA-3’
5’-GCTCCCACTTCAGGATGTGTA-3" 60
: 5-ACACGACCAACAGGGACAGT-3
5"-ACAAAGTGCTCGGACACCAA-3’ 1565
1 5-CTTCTCGGTTGCAGAGTCCT-3"
5’-ACAAAGTGCTCGGACACCAA-3’ 155
: 5-CTTCTCGGTTGCAGAGTCTA-3

Nitprx11a (BAA82306)

NtEF1a (DB3396)

HMA-A (HF675181)

HMA-B (HF937054)
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H,0, histochemical staining at the tissue level

Hydrogen peroxide accumulation was visualized with 3,3’-diamin-
obenzidine (DAB) according to Wojas et al. (2008). Roots of trans-
genic plants (line nos 5 and 9) and the wild type grown as described
above were used for analysis. Root pieces of ~3cm long cut from the
root tips were immersed in S mM DAB solution (pH 3.8), vaccum
infiltrated (at —0.04 MPa) for 15 min to increase solution penetration,
and exposed to DAB for a further 8 h in darkness. Afterwards roots
were embedded in the agar blocks (as described above). Handmade
cross-sections were analysed under a light microscope (Zeiss).
Brown deposits indicate the localization of hydrogen peroxide and
the intensity of staining indicates its amount. All experiments were
repeated 34 times. For each experimental condition, at least three
plants were analysed, from each plant at least 10 roots were taken,
and from each root ~20 consecutive sections were made.

Elemental profiles

Concentrations of Cd, Al, B, Co, Cu, Fe, Ni, Mo, Zn, and Ca were
assessed in A1HM A4-transformed plants (line nos 5 and 9) and the
wild type grown as described above. At the end of the Cd expo-
sure, roots and shoots of control and Cd-treated plants were sepa-
rated. Roots were washed as described in Wojas ez al. (2009). Roots
and shoots were dried in an oven at 55 °C until reaching constant
weight. Dried samples were powdered and wet ashed as described by
Zabludowska et al. (2009). Briefly, acid digestion was performed in
a mixture of 65% HNOj; and 30% H,0, (9:1) for 15min in a closed
system microwave mineralizer (Milestone Ethos 900, Milestone,
Bergamo, Italy). Concentrations of elements were determined by
inductively coupled plasma mass spectrometry (ICP-MS, Model
Elan 9000; Perkin Elmer Sciex, Thornhill, Ontario, Canada). The
analysis of the certified reference material SWR-2 Trace Elements
(The National Institute of Standards and Technology, NIST, USA)
yielded results fitting the range of certified recommended values.

Statistical significance was evaluated at the 0.05 probability level
using the Student’s ¢-test. The data are expressed as means *SD.
Analysis was performed with Excel 2003 for Windows. Experiments
were repeated three times.

Results

Microarray analysis determining the effects of AtHMA4
expression in tobacco

AtHMAA4 is an export protein responsible for Zn and Cd
root to shoot translocation in Arabidopsis (Mills et al.,
2003, 2005; Hussain et al., 2004; Verret et al., 2004, Wong
and Cobbett, 2009). However, when expressed in tobacco it
resulted in a reduction in Cd accumulation and it was sug-
gested that this may result from a modification of endoge-
nous gene expression (Siemianowski ez al., 2011). To explore
this further, microarray analysis was conducted to screen for
metal homeostasis genes that were differentially expressed in
tobacco transformed with 41H M A4 relative to the wild type.
Following treatment, the root system of each plant was split
so that half could be used for RNA extraction for micro-
array studies and half for Cd concentration determinations.
The Cd content of shoot material was also determined. In
agreement with the results presented by Siemianowski et al.
(2011), Cd concentrations in the roots and the shoots were
significantly lower in AtHMA4 transformants compared
with the wild type (Supplementary Fig. S1 available at JXB
online).

Based on the total number of genes analysed, AtHMA4
transformants exposed to 0.25 uM Cd showed ~0.3% change
in transcript abundance compared with the wild type. In the
Cd-treated roots of AtH M A4-expressing tobacco, 123 genes
were differentially expressed; 56 genes were up-regulated and
67 down-regulated (Supplementary Table S1 available at JXB
online). Out of 123 differentially expressed genes, 18 showed
a >2-fold difference, whereas for the remaining 105 genes the
fold change was between 1.3 and 2. It was decided to include
genes with these lower expression differences in the analy-
sis to avoid overlooking important mechanisms underlying
the generation of the Cd-dependent phenotype in AtHM A4
transformants. The relative distribution (%) of differentially
expressed genes classified by GO of biological processes
(using the Arabidopsis sequences from the TAIR database)
are shown in Fig. 1. A relatively large group of genes were
attributed to categories that may be considered important in
the regulation of a plant’s response to Ca such as ‘response
to abiotic and biotic stimulus’, ‘response to stress’, and
‘transport’.

The aim of the microarray experiment was to reveal metal
homeostasis genes differentially expressed in AtHMA4
transformants, which might be responsible for the reduc-
tion of Cd uptake and translocation to shoots. A selection
of these were identified for further analysis (Table 2). First,
taking into account that Cd is translocated across biological
membranes through pathways for essential minerals, primar-
ily for Fe, Zn, and Ca, genes known from their involvement
in metal transport were a primary focus. Only two metal
transporters with significant differences in transcript levels
in Cd-exposed AtHM A4 transformants relative to the wild-
type plants were identified. The first was NtZIPI encoding a
putative tobacco Zn transporter. The second was a sequence
homologous to A. thaliana CAX3 (AT3G51860), a putative
tobacco Ca transporter. Furthermore, the vacuole-associated
annexin VCaB42 calcium-dependent membrane-binding pro-
tein homologous to A. thaliana ANNAT4 was also selected.
It is thought that annexins form Ca’*-permeable channels
(Gorecka et al., 2007; Huh et al., 2010) and thus could be
involved in Cd transport as well. In addition, three up-reg-
ulated genes involved in cell wall lignification were selected
(NtHCT, NtOMET, and NtPrxlla), as it is known that
lignification restricts apoplastic Cd translocation and there-
fore might contribute to decreased metal accumulation (Lux
etal,2011).

Quantitative real-time PCR analysis

To validate the microarray results, differential expression of
six selected genes listed in Table 2 was analysed by quantita-
tive real-time reverse transcription-PCR (RT-PCR) (Fig. 2A,
B). Analysis was performed for transgenic line no. 9 (used for
microarray experiments) and also for line no. 5. Results shown
in Fig. 2B confirm differences in the transcript abundance of
all six genes identified by microarray experiments (NtHCT,
NtOMET, Ntprxlla, CAX3, NtZIPI, and NtVCaB42). The
expression of these six genes was also determined under con-
trol conditions without Cd (Fig. 2A) and, while no difference
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Fig. 1. Gene Ontology distribution of the gene groups identified by the comparative microarray approach. Genes were identified by microarray analysis
as differentially expressed in roots of 4.5-week-old AtHMA4-expressing tobacco (line 5) as compared with the wild type (WT) grown in the presence of
0.25 uM Cd for 4 d. Tobacco genes were classified by GO of biological processes using the Arabidopsis sequences from the TAIR database.

Table 2. List and description of genes up- and down-regulated (+1.3-fold) in roots of AtHMA4-expressing tobacco following a 4 d

exposure to 0.25 uM Cd (analysed by microarray)

GenBank N. tabacum Sequence Fold change P-value A. thaliana Sequence definition Max. identity to
accession best hit (blast x)  definition of best hit (blastx) of A. thaliana A. thaliana best
accession no. N. tabacum best accession no. best hit (NCBI) hit (NCBI)
hit (NCBI)
Metal homeostasis
EB428626 Unknown Unknown 2.11 0.0105 AT3G51860 CAXS3 (cation exchanger 68%
3); cation:cation antiporter
BP528234 AB505626 Metal transporter 2.73 0.0177 AT3G12750 AtZIP1 (ZINC 64%
NtZIP1 TRANSPORTER 1
PRECURSOR)
Response to chemical stimulus
EB426333 AAD24540 Vacuole-associated -1.35 0,0228 AT2G38750 ANNAT4 (ANNEXIN 49%
annexin VCaB42 ARABIDOPSIS 4); calcium
calcium-dependent ion binding/calcium-
membrane-binding dependent phospholipid
protein binding
Cell wall/lignin biosynthesis
DW003425  Q8GSM7 Hydroxycinnamoyl 1.33 0.0248 AT5G48930 Hydroxycinnamoyl- 36%
transferase, CoA shikimate/quinate
transferase hydroxycinnamoyl
family protein. transferase
Acyltransferase
involved in the
biosynthesis of lignin
NtHCT
EB444811 CAA52461 Catechol 1.55 0.0313 AT5G54160 AtOMETT, 52%
O-methyltransferase, encodes a flavonol
involved in lignin bio- 3’-O-methyltransferase
synthesis NtOMT | that is highly active
towards quercetin and
myricetin
CQ809062 BAA82306 Peroxidase NtPrx11a 3.12 0.0008 AT5G05340 Peroxidase 52, cell wall 66%

(tpoxC1)

peroxidase
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Fig. 2. Confirmation of microarray results by quantitative real-time RT-PCR. The chosen genes identified by microarray analysis as differentially
expressed in roots of 4.5-week-old AtHMA4 expressing plants (lines 5 and 9) and in the wild type (WT) grown under control conditions (A) and in the
presence of 0.25 uM Cd for 4 d (B). Moreover, the expression of Nt/RT1 was analysed. Normalized fold gene expression in plants grown under control
conditions (A) and in plants grown in the presence of 0.25 uM Cd for 4 d (B). Values correspond to means +SD (n=3); those significantly different from the

WT (Student’s t-test) are indicated by an asterisk (P < 0.05).

between transgenic and wild-type plants was detected for
NtHCT, NtOMET, NtPrxlla, CAX3,and NtVCaB42, it was
found that NtZIP1 was up-regulated in AtHM A4 transfor-
mants under control conditions. Thus, 4tHM A4 expression
induced modifications of particular tobacco metal homeosta-
sis genes not only upon Cd exposure but also in plants grown
under control conditions.

It is known that Cd is transported through pathways spe-
cific for micronutrients, primarily for Zn, Fe, Mn, and also
Ca, due to their low substrate specificity. Therefore it was
thought that reduced Cd accumulation in transgenic plants
could be due to down-regulation of genes potentially involved
in Cd uptake; this was not the case and no such genes were
detected based on microarray analysis. The only candidate
gene identified that was possibly involved in the uptake of
Cd is NtZIPI, but this was up-regulated (fold change 2.73)
and not down-regulated. IRT1 is recognized as a major entry
route for Cd to plant cells primarily under Fe-limiting condi-
tions (Korshunova et al., 1999). Since there were no probes
present for /RT1 in tobacco, the expression of Nt/RTI was
analysed by real-time RT-PCR (Fig. 2B). However, the
expression of N¢t/RTI was higher in AtHM A4 transformants
than in the wild type in the presence of Cd; consequently,
modified expression of this uptake gene does not appear to
contribute to the reduction of Cd accumulation. In summary,
these data demonstrate that it is rather unlikely that reduced
Cd uptake in transgenic plants was due to the down-regula-
tion of tobacco uptake genes.

Moreover, to examine if the expression of the endogenous
tobacco HM A4 was modified in the transgenic plants, the
expression level of NtHM A4 was compared in wild-type and
transgenic tobacco grown under control conditions and upon
exposure to 0.25 pM Cd. According to Dorlhac De Borne

et al. (2012) there are two HM A4 orthologues, designated
as HMA-A and HMA-B. There were no probes for HM A4
in the tobacco cDNA Affymetrix microarray; therefore, the
expression was studied by real-time PCR only. As shown in
Fig. 3, there was no difference in the expression level of both
HMAs s between the wild type and the tested transgenic lines.
Thus, silencing of the endogenous NtHMA4 as a potential
cause of reduced Cd accumulation in the transgenic plants
was excluded.

Analysis of lignification and H,O, accumulation at the
tissue level

Microarray experiments and real-time PCR expression anal-
ysis showed that in Cd-exposed AtHMA4 transformants,
NtHCT and NtOMET, known to be involved in the lignifica-
tion of the cell wall (Whetten and Sederoff, 1995; Ibrahim
et al., 1998), were up-regulated (Fig. 2). It is known that Cd is
translocated radially across the roots towards the xylem ves-
sels preferentially through the apoplastic pathway; therefore,
it is possible that lignification of the root tissues of trans-
genic plants could contribute to restricted translocation of
this heavy metal and consequently to the reduced uptake and
accumulation observed in both roots and shoots. To test this,
the level of lignification of the cell walls was assessed by two
methods: by lignin staining with safranin-O and by lignin
autofluorescence analysis (Figs 4, 5). Higher fluorescence fol-
lowing safranin-O staining as well as lignin autofluorescence
was detected in the cell walls of Cd-exposed AtHM A4 trans-
formants, between the epidermis and the first cortical layer
(Fig. 4A-B, Al1-Bl, D-E, DI-EIl). The difference between
transgenic and wild-type plants grown without Cd was unde-
tectable (Fig. SA-F, AI-F1).
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Fig. 3. Expression analysis of tobacco HMA4 by quantitative real-time RT-PCR. The level of expression of NtHMA-A and NtHMA-B was studied in
roots of 4.5-week-old AtHMA4-expressing plants (lines 5 and 9) and in the wild type (WT) grown under control conditions (A), and in plants grown in the
presence of 0.25 uM Cd for 4 d (B). Values correspond to means +SD (n=3); those significantly different from the WT (Student’s t-test) are indicated by

an asterisk (P < 0.05).

H,O, is known to participate in lignin polymerization
(Whetten and Sederoff, 1995), and elevated expression of
NtPrxlla, which encodes a peroxidase, was detected in
AtHM A4 transformants (Fig. 2). Therefore, as a next step,
quantification of tissue-specific accumulation of H,0O, using
the DAB reaction was performed (Fig. 4G, H). Accumulation
of H,0O, (visualized by brown deposits) in the roots of
AtHM A4 transformants was high in the apoplast between the
epidermis and the first cortical layer, but this was not seen in
wild-type roots (Fig. 41). This is the same tissue localization
where enhanced lignification occurred in transgenic plants
(Fig. SA-B, A1-BIl, D-E, DI1-El). The results indicate that
expression of AtHM A4 leads to lignification of the cell walls
in external cell layers of the roots, and this may restrict Cd
uptake, translocation, and accumulation.

lonomic profile

The results obtained in the course of this study indicate that
the apoplastic pathway across the root is blocked in AtHM A4
transgenic plants by a lignification process, which could
account for the reduced Cd accumulation observed in these
plants. If that is the case, it was expected that the level of other
elements in roots and shoots might be lower as well under
these conditions. Therefore, the ionomic profiles of transgenic
and wild-type plants grown in the presence of Cd and under
control conditions were determined (Figs 6, 7). Upon Cd
treatment, lower concentrations of Cd, B, Co, Cu, Ni, Mo,
and Zn were detected in roots and to a lesser extent in shoots
of transgenic plants (Fig. 6); under control conditions, no dif-
ference in the concentration of these elements was observed
(Fig. 7). These results support the hypothesis that enhanced
lignification of the cell walls within the external cell layer of

the roots occurs in Cd-exposed plants heterologously express-
ing 35S:AtHM A4 and this contributes to the generation of
a Cd-related phenotype of transformants (characterized by
reduced Cd uptake/accumulation).

Discussion

This study was aimed at understanding the mechanism of
reduced Cd uptake and translocation to shoots observed in
transgenic tobacco expressing AtH M A4 (Siemianowski et al.,
2011, 2013). AtHM A4 encodes the export protein responsible
for loading of Zn and Cd into the xylem vessels, thus con-
trolling root to shoot translocation in Arabidopsis (Hussain
et al., 2004; Verret et al., 2004; Wong and Cobbett, 2009;
Mills ez al., 2010). A genome-wide survey of genes differen-
tially regulated in response to Cd in AtHM A4-transformed
tobacco compared with the wild type was performed to iden-
tify modifications in major metal homeostatic pathways that
could underlie the Cd-related phenotype of transformants.
It is known that in roots Cd is taken up primarily by the Fe,
Zn, Mn, and Ca pathway (Clemens ef al., 2013). Therefore,
it was expected that in transgenic plants the down-regula-
tion of genes involved in uptake of micronutrients may take
place. However, two potential metal uptake genes, NtZIPI
and NtIRTI, were expressed at higher levels in Cd-exposed
AtHM A4 transformants (Table 2, Fig. 2; Supplementary
Table S1 available at JXB online). Very little is known about
the substrate specificity and physiological role of NtZIPI.
The study by Sano er al. (2012) suggests that it is involved
in Fe uptake since the NtZIPI transcript level was enhanced
by high Fe (1mM) in BY-2 tobacco cells, and its expression
in yeast cells enhanced iron uptake activity. The amino acid
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Fig. 4. Lignification and H,O, localization in roots of Cd-exposed plants. Analysis of lignification was performed under the confocal microscope with the
use of safranin-O (A-C, A1-C1) and lignin autofluorescence (D-F, D1-F1). Cross-sections were made from roots of 4.5-week-old AtHMA4-expressing
plants, lines 5 and 9 (A-B; A1-B1), and the wild type (WT) (C, C1) grown in the presence of 0.25 uM Cd for 4 d. ep., epidermis; co., cortex; cc., central
cylinder; cwxv., cell wall of xylem vessel; cw ep/co, cell wall between epidermis and cortex; ca. b., Casparian band. H,O, accumulation was assessed by
the DAB reaction performed on cross-sections through roots of 4.5-week-old AtHMA4-expressing plants, lines 5 and 9 (G, H), and the WT (I) grown in
the presence of 0.25 uM Cd for 4 d. H,O, accumulation is indicated by dark-brown deposits.
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Fig. 5. Lignification and H,O, localization in roots of plants grown under control conditions. Analysis of lignification was performed under the confocal
microscope with the use of safranin-O (A-C, A1-C1) and lignin autofluorescence (D-F, D1-F1). Cross-sections were made from roots of 4.5-week-old
AtHMA4-expressing plants, lines 5 and 9 (A-B; A1-B1), and the wild type (WT) (C, C1) grown under control conditions. ep., epidermis; co., cortex; cc.,
central cylinder; cwxv., cell wall of xylem vessel; cw ep/co, cell wall between epidermis and cortex; ca. b., Casparian band. H,O, accumulation was
assessed by the DAB reaction performed on cross-sections through roots of 4.5-week-old AtHMA4-expressing plants, lines 5 and 9 (G, H), and the WT
(I) grown under control conditions. H,O, accumulation is indicated by dark-brown deposits.
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sequence of NtZIPI is 61% identical to that of MtZIP3
of Medicago truncatula, which is able to restore growth of
the fet3fet4 yeast mutant on Fe-limited media and is down-
regulated in leaves by Fe and Mn deficiency (Lopez-Milan
et al., 2004). On the other hand, its homologue 47ZIP] from
A. thaliana was shown to be localized at the tonoplast (Milner
et al., 2013), and to complement zrt/zrt2 and smfl yeast
mutants, indicating a capability for remobilizing both Zn and
Mn from the vacuole. In Arabidopsis, AtZIPI is expressed
in the central cylinder of the roots, and the transcript level
abundance increased in response to Zn and Fe deficiency but
not Mn and Cu deficiency (Grotz et al., 1998; Milner et al.,
2013). Therefore, NtZIP1 may transport both Fe and Zn,
and its up-regulation detected here (Fig. 2) may indicate an
Fe and Zn deficiency status in the transgenic tobacco; this is
supported by the lower Zn and Fe concentration in the roots
of transformants exposed to Cd (Fig. 5A). This would be in
agreement with the reported Fe and Zn deficiency status in
AhHM A4-expressing tobacco and tomato (Barabasz et al.,
2011; Siemianowski et al., 2013).

IRT1 (Iron-Regulated Transporter 1) is the main Fe**
uptake gene operating primarily in the root epidermal cells
(Connolly et al., 2002). In Arabidopsis, in addition to Fe?*, it
constitutes a major pathway for the influx of Zn®* and Cd**
(Vert et al., 2002), and it is up-regulated not only in response
to Fe deficiency but also in the presence of excess Zn (Becher
et al., 2004). In tobacco, NtIRTI expression is enhanced not
only upon Fe deficiency conditions but also in the presence
of Cd (Bovet et al., 2006; Yoshihara et al., 2006; Hodoshima
et al.,2007).

In this study, restriction of Cd accumulation in trans-
genic tobacco was accompanied by up-regulation of IRTI
(Fig. 2). Since it is known that up-regulation of IRT1I is
an indicator of Fe deficiency status (Palmer and Guerinot,
2009), the results of this study indicate that the expres-
sion of AtHMA4 in tobacco enhanced Cd-induced Fe
deficiency. In summary, the up-regulation of NtZIPI and
NtIRTI] does not explain the reduction of Cd uptake/
accumulation in roots and shoots of transgenic plants. It
indicates, however, substantial disturbances not only in Zn



Apoplastic barrier restricts Cd accumulation | 1135

control
roots
= OL5 OL9 mMWT
A 300 | = 24 10000 -
Q 16 T N
270 4| =
3 g8
Q20| » O 8000 - I
©op0ll & Ni Mo Co
£ 180 - 6000 -
c
S 150 - x
©
£ 120 - 4000 -
[0
§ 90 -
5 60 - 2000 4
Q
£ 30 -
0 m e 0 :
Al B Co Cu N Mo Mn Zn Fe Mg
shoot
B 100 - =10 OL50L.9 mWT
a
s B 5 h]] |ﬂ 10000 -
D8+ 50 I
> E Ni Mo Co 8000
=y _ -
E. 60 -
5 I 6000 -
g
£ 40 -
g 4000 |
c
o
o
g 20 2000 -
.l
0 B o TS T T 0 7m T
Al B Co Cu Ni Mo Mn Zn Fe Mg
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status, but also in the Fe status, even though Fe is not a
substrate for HMA4.

In AtHM A4-transformed tobacco, a sequence homolo-
gous to CAX3 from A. thaliana was identified as highly
up-regulated (Table 2, Fig. 2; Supplementary Table S1 avail-
able at JXB online). It is known that CAX transporters may
also mediate Cd translocation across biological membranes
(McAinsh and Pittman, 2009). They belong to the cation/
H* exchangers (CAXs) and coordinate the redistribution pri-
marily of Ca, and also Cd, Mn and Zn (Hirschi et al., 2000;
Kamiya and Maeshima, 2004). In Arabidopsis, tonoplast-
localized CAX3 is known to be up-regulated by exogenous
Ca (Hirschi, 1999; Shigaki and Hirschi, 2006), and is highly
expressed in roots (Cheng et al, 2005). It was suggested
that AtCAX3 functions as a Ca transporter, although with
weak activity (Cheng er al., 2005). Interestingly, it has also
been ascribed to mediating Ca’*/H* transport during Na
stress (Zhao et al., 2008). The up-regulation observed here in
transgenic tobacco of a CAX3 homologue suggests that this

sequence may play a specific role in tobacco in the regulation
of ion homeostasis upon exposure to Cd. However, its role in
generating AtHM A4-induced reduction of Cd accumulation
does not seem to be of primary importance.

Differential regulation (down-regulation) in AtHMA4
transformants was also identified for tobacco VCaB42
annexin (Table 2, Fig. 2; Supplementary Table S1 available
at JXB online). Annexins are multifunctional lipid-binding
proteins generally involved in linking Ca®*, redox, and lipid
signalling to coordinate development with responses to biotic
and abiotic stresses (Laohavisit and Davies, 2011). Their func-
tion in plants is poorly understood, and not much is known
about the tobacco VCaB42 protein. It is reported as a tono-
plast-associated protein that may play a role in vacuolar bio-
genesis for cell expansion (Seals and Randall, 1997). Recent
studies indicate that annexins may cluster together at mem-
branes to form a transport pathway (Laohavisit and Davies,
2011). Tobacco VCaB42 shows high homology to AnnAt4
from A. thaliana. Arabidopsis AnnAtl and AnnAt4 interact
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with each other and regulate drought and salt stress responses
(Huh et al., 2010), and AnnAtl was shown to form pH-sen-
sitive ion channels in artificial lipid bilayers, again function-
ing in stress responses (Gorecka et al., 2007). Moreover, it
is known that expression of annexins is regulated by metals.
For example, Zn affects Thlaspi caerulescens homologues of
AnnAtl/AtANNI and AnnAt2/AtANN2 (Tuomainen et al.,
2010), Cu affects AnnAt3/AtANN3 and AnnAt4/AtANN4
(Weber et al., 2006), and Cd affects AnnAti/AtANNI and
pea root annexin abundance (Repetto ef al., 2003; Konopka-
Postupolska et al., 2009). However, the down-regulation of
the tobacco V'CaB42 annexin homologue suggests that it is
unlikely to be directly responsible for reduction of Cd uptake/
accumulation in A¢H M A4-expressing tobacco, but it is indic-
ative of an important role for this protein in Cd responses,
worthy of further study.

An important part of the study was to determine
whether the expression of 35S::4tHMA4 in tobacco
resulted in modification of the expression level of endog-
enous HM A4, including its silencing. The involvement of
HMAA4 in the translocation of Cd to tobacco shoots was
demonstrated by Dorlhac De Borne er al. (2012). These
authors engineered tobacco with a reduced Cd concentra-
tion in shoots by silencing both NtHMA-A and NtHM A-B
genes (Dorlhac De Borne et al., 2012). In the present study,
this possibility was excluded, as a comparative real-time
analysis of the expression of both HMA4 tobacco genes
showed no difference between the wild type and transgen-
ics cultivated under control conditions and in the pres-
ence of Cd (Fig. 3). In Arabidopsis, it has been shown that
two Pg-ATPases, HMA2 and HMAA4, contribute to the
control of Zn and Cd root to shoot translocation (Wong
and Cobbett, 2009). However, HM A2 in tobacco has not
been cloned yet, thus neither its sequence nor its function
is known. In the future, it would be interesting to deter-
mine whether the function of HMA2/HMAA4 is the same in
tobacco as in Arabidopsis.

AtHMA4 expression induces development of an
apoplasmic barrier for radial transport of water and
elements in the external root layer

Several studies have demonstrated that exposure to Cd induces
expression of genes involved in lignification in a number of
plant species (Herbette ez al., 2006; Weber et al., 2006; van de
Mortel et al., 2008). Lignification of specific cell layers was
proposed to contribute to restricting plant growth, but also to
enhancing tolerance to Cd by reducing Cd uptake and trans-
location to shoots (Lux et al., 2011). Using microarray-based
analysis, it has been shown here that in A1H M A4-expressing
tobacco with reduced Cd accumulation in roots and shoots,
genes involved in lignification were up-regulated. Higher
expression of NtHCT (hydroxycinnamoyl transferase),
NtOMT 1 (O-methyltransferase), and NtPrxi1a (peroxidase
participating in lignin biosynthesis) (Whetten and Sederoff,
1995; Ibrahim et al., 1998) indicated that upon Cd exposure
the process of lignification was enhanced in AtHM A4 trans-
genic plants. Further studies, performed using fluorescence

microscopy, showed that in transgenic plants lignification
did not occur across all root tissues, but specifically within
cell walls between the epidermis and the first cortical layer
(Fig. 4A-B, D-E). Furthermore, H,0O,, which is known to
be involved in lignin polymerization (Whetten and Sederoff,
1995), was enhanced in a similar location (Fig. 4G, H). These
modifications were not detected in wild-type tobacco exposed
to this concentration of Cd (Fig. 4C, F) nor in all the tested
lines grown in control medium (Fig. 5).

It is known that Cd is translocated radially across root
tissues primarily through the apoplastic pathway, and the
exodermis and endodermis are considered as barriers to the
apoplastic movement of numerous toxic heavy metals (Lux
et al., 2011). Therefore, it was hypothesized that lignification
of an external layer in roots could contribute to the restric-
tion of Cd accumulation in roots and consequently shoots
of AtHM A4-expressing tobacco. However, if that was the
case, a restriction of other elements may be expected. Indeed,
the ionomic profile of transgenic plants (relative to the wild
type) exposed to Cd for 4 d showed a reduction in nutrient
elements, the most significant in roots, of Cu, Zn, and Cd,
and to a lesser extent B, Co, Ni, Mo, and Fe. The reduction
was weaker in shoots, which is likely to result from the com-
pensative mechanisms regulating elemental long-distance
translocation. In plants grown in control medium, there were
no significant differences in the concentrations of the studied
elements between control and AtHM A4-transformed lines
(Fig. 7).

In summary, the microarray approach and biochemical and
microscopic analysis led to the conclusion that expression of
AtHM A4 in tobacco induced the development of a physical
barrier in the transport of elements towards the central cyl-
inder by lignification of the cell walls in the outer layer of
the roots. Its formation is likely to be the primary mechanism
underlying the detected reduction of Cd accumulation by
AtHM A4-transformed plants. However, it remains an open
question as to why only one cell layer was lignified, and the
nature of the underlying signal leading to this lignification.
Lignification was induced in AtHMA4 transgenic tobacco
exposed to Cd within a cell layer that usually develops into
the exodermis (Shufflebottom ez al, 1993; Enstone et al.,
2003). The exodermis constitutes an apoplasmic barrier to
the uptake of water and ions, and it was shown that Cd accel-
erates its development. This was interpreted as an acclima-
tory response that restricts the apoplastic movement of Cd to
the xylem and root to shoot translocation (Ma and Peterson,
2003; Seregin et al., 2004; Seregin and Kozhevnikova, 2008;
Lux et al,2011).

It was reported that the development of the exodermis
is also regulated by other environmental stresses, includ-
ing nutrient stresses, salinity, drought, and flooding/anoxia
(Reinhardt and Rost, 1995; Enstone et al., 2003; Karahara
et al., 2004; Meyer et al., 2009). Its development contributes
to restriction of apoplastic radial transport of both water and
minerals at the root surface, influencing their loading to the
xylem and aerial plant parts (Hose et al., 2001; Enstone et al.,
2003; Baxter et al, 2009). At the same time, it is involved
in the movement of numerous substances from the root to



the shoot, including abscisic acid, known as a root to shoot
stress signal (Davis and Zhang, 1991). Thus, modulation of
the permeability of the apoplast to water and solutes has far-
reaching consequences for a plant’s response to environmen-
tal stresses.

In this study, lignification of the cell walls in the out-
ermost cortical layer adjacent to the epidermis that was
induced in transgenic plants might result from the combina-
tion of factors. One of these factors is overloading of the
apoplast with Cd and Zn, which are substrates for AtHMA4
(Mills et al., 2003, 2005; Hussain et al., 2004; Siemianowski
et al., 2013). A higher concentration of metals in the apo-
plast across all tissues might contribute to the induction of
the cell wall alterations; however, lignification was induced
only within a specific cell layer. This unique response might
be related to the difference in the ability of specific cell lay-
ers to undergo developmental modifications. It is probable
that the lignification pathway is accessible for induction
only in the cell layer that develops into the exodermis under
development.

In conclusion, the ectopic expression of AtHMA4 in
tobacco does not mimic the physiological role it plays in
A. thaliana. Instead, due to its export activity in all cells
across the plant body, it disturbs the homeostasis of Zn, Fe,
and also other metals. Consequently, the phenotype is gen-
erated as a response to these alterations. Interestingly, upon
exposure to Cd, induction of a physical barrier in the apo-
plast in A¢tHM A4 transgenic plants is likely to be responsible
for the reduced accumulation of this metal.

Supplementary data

Supplementary data are available at JXB online.

Figure S1. Cadmium concentration in roots and shoots of
AtH M A4-expressing and wild-type plants.

Table S1. List of differently expressed genes between
AtHM A4-expressing and wild-type tobacco exposed to
0.25 uM Cd.

Acknowledgements

This work was supported by the grant NCN Poland no. UMO-2011/01/N/
NZ2/06406. It is related to the activities carried out within COST Action
FA 0905.

References

Barabasz A, Kramer U, Hanikenne M, Rudzka J, Antosiewicz DM.
2010. Metal accumulation in tobacco expressing Arabidopsis halleri
metal hyperaccumulation gene depends on external supply. Journal of
Experimental Botany 61, 3057-3067.

Barabasz A, Mills RF, Trojanowska E, Williams LE, Antosiewicz

DM. 2011. Expression of AtECA3 in tobacco modifies its responses to
manganese, zinc and calcium. Environmental and Experimental Botany 72,
202-209.

Barabasz A, Wilkowska A, Tracz K, Ruszczynska A, Bulska E, Mills
RF, Williams LE, Antosiewicz DM. 2013. Expression of HVHMAZ in
tobacco modifies Zn-Fe-Cd homeostasis. Journal of Plant Physiology
170, 1176-1186.

Apoplastic barrier restricts Cd accumulation | 1137

Baxter I, Hosmani PS, Rus A, Lahner B, Borevits JO, Muthukumar
B, Mickelbart MV, Schreiber L, Franke RB, Salt DE. 2009. Root
suberin forms an extracellular barrier that affects water relations and
mineral nutrition in Arabidopsis. PLoS Genetics 5, e1000492.

Becher MN, Talke IN, Krall L, Kramer U. 2004. Cross-species
microarray transcript profiling reveals high constitutive expression
of metal homeostasis genes in shoots of the zinc hyperaccumulator
Arabidopsis halleri. The Plant Journal 37, 251-268.

Bernard C, Roosens N, Czernic P, Lebrun M, Varbruggen N. 2004.
A novel CPX-ATPase from the cadmium hyperaccumulator Thlaspi
caerulescens. FEBS Letters 569, 140-148.

Bond J, Donaldson L, Hill S, Hitchcock K. 2008. Safranine fluorescent
staining of wood cell walls. Biotechnic and Histochemistry 83, 161-171.

Bovet L, Rossi L, Lugon-Moulin N. 2006. Cadmium partitioning and
gene expression studies in Nicotiana tabacum and Nicotiana rustica.
Physiologia Plantarum 128, 466-475.

Cheng N-H, Pittman JK, Shigaki T, Lachmansingh J, LeClere S,
Lahner B, Salt DE and Hirschi KD. 2005. Functional association
of Arabidopsis CAX1 and CAX3 is required for normal growth and ion
homeostasis. Plant Physiology 138, 2048-2060.

Clemens S, Aarts MGM, Thomine S, Verbruggen N. 2013. Plant
science: the key to preventing slow cadmium poisoning. Trends in Plant
Science 18, 92-99.

Craigon DJ, James N, Okyere J, Higgins J, Jotham J, May S. 2004.
NASCArrays: a repository for microarray data generated by NASC’s
transcriptomics service. Nucleic Acids Research 32, D575-D577.

Connolly EL, Fett JP, Guerinot ML. 2002. Expression of the IRT1 metal
transporter is controlled by metals at the levels of transcript and protein
accumulation. The Plant Cell 14, 1347-1357.

Courbot M, Willems G, Motte P, Arvidsson S, Roosens N, Saumitou-
Laprade P. and Verbruggen N. 2007. A major quantitative trait locus for
cadmium tolerance in Arabidopsis halleri colocalizes with HMA4, a gene
encoding a heavy metal ATPase. Plant Physiology 144, 1052-1065.

Davies WJ, Zhang J. 1991. Root signals and the regulation of growth
and development of plants in drying soil. Annual Review of Plant
Physiology and Plant Molecular Biology 42, 55-76.

De Micco V, Aronne G. 2007. Combined histochemistry and
autofluorescence for identifying lignin distribution in cell walls. Biotechnic
Histochemistry 8, 209-216.

Dorlhac De Borne F, Hermand V, Julio E. 2012. Tobacco with reduced
cadmium content. Patent WO 2012041913 A1.

Edwards KD, Bombarely A, Story GW, Allen F, Mueller LA, Coates
SA, Jones L. 2010. TobEA: an atlas of tobacco gene expression from
seed to senescence. BMC Genomics 1, 142.

Enstone DE, Peterson CA, Ma F. 2003. Root endodermis and
exodermis: structure, function and responses to the environment. Journal
of Plant Growth Regulators 21, 335-351.

Gorecka K, Thouverey C, Buchet R, Pikula S. 2007. Potential role
of annexin AnnAt1 from Arabidopsis thaliana in pH-mediated cellular
response to environmental stimuli. Plant and Cell Physiology 48, 792-803.

Grotz N, Fox T, Connolly E, Park W, Guerinot ML, Eide D. 1998.
Identification of a family of zinc transporter genes from Arabidopsis that
respond to zinc deficiency. Proceedings of the National Academy of
Sciences, USA 95, 7220-7224.

Guerinot ML, Salt DE. 2001. Fortified foods and phytoremediation.
Two sides of the same coin. Plant Physiology 125, 164-167.

Hanikenne M, Talke IN, Haydon MJ, Lanz C, Nolte A, Motte P,
Kroymann J, Weigel D. and Kramer U. 2008. Evolution of metal
hyperaccumulation required cis-regulatory changes and triplication of
HMA4. Nature 453, 391-395.

Herbette S, Taconnat L, Hugouvieux V, et al. 2006. Genome-wide
transcriptome profiling of the early cadmium response of Arabidopsis roots
and shoots. Biochimie 88, 1751-1765.

Hirschi KD. 1999. Expression of Arabidopsis CAX1 in tobacco: altered
calcium homeostasis and increased stress sensitivity. The Plant Cell 11,
2113-2112,

Hirschi KD, Korenkov VD, Wilganowski L, Wagner GJ. 2000.
Expression of Arabidopsis CAX2 in tobacco. Altered metal accumulation
and increased manganese tolerance. Plant Physiology 124, 125-133.


http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert471/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert471/-/DC1

1138 | Siemianowski et al.

Hodoshima H, Enomoto Y, Shoji K, Shimada H, Goto F, Yoshihara
T. 2007. Differential regulation of cadmium-inducible expression of iron-
deficiency-responsive genes in tobacco and barley. Physiologia Plantarum
129, 622-634.

Hose E, Clarkson DT, Steudle E, Schreiber L, Hartung W. 2001. The
exodermis: a variable apoplastic barrier. Journal of Experimental Botany
52, 2245-2264.

Huh SM, Noh EK, Kim HG, Jeon BW, Bae K, Hu H-C, Kwak JM,
Park OK. 2010. Arabidopsis annexins AnnAt1 and AnnAt4 interact with
each other and regulate drought and salt stress responses. Plant and Cell
Physiology 51, 1499-1514.

Hussain D, Haydon MJ, Wang Y, Wong E, Sherson SM, Young J,
Camakaris J, Harper JF, Cobbett CS. 2004. P-type ATPase heavy
metal transporters with roles in essential zinc homeostasis in Arabidopsis.
The Plant Cell 16, 1327-1339.

Ibrahim RK, Bruneau A, Bantignies B. 1998. Plant
O-methyltransferases: molecular analysis, common signature and
classification. Plant Molecular Biology 36, 1-10.

Kamiya T, Maeshima M. 2004. Residues in internal repeats of the rice
cation/H* exchanger are involved in the transport and selection of cations.
Journal of Biological Chemistry 279, 812-819.

Karahara I, Ikeda A, Kondo T, Uetake Y. 2004. Development of the
Casparian strip in primary roots of maize under salt stress. Planta 219,
41-47.

Konopka-Postupolska D, Clark G, Goch G, Debski J, Floras K,
Cantero A, Fijolek B, Roux S, Hennig J. 2009. The role of annexin 1 in
drought stress in Arabidopsis. Plant Physiology 150, 1394-1410.

Korshunova YO, Eide D, Clark WG, Guerinot ML, Pakrasi HB. 1999.
The IRT1 protein from Arabidopsis thaliana is a metal transporter with a
broad substrate range. Plant Molecular Biology 40, 37-44.

Laohavisit A, Davies JM. 2011. Annexins. New Phytologist 189, 40-53.

Li C. 2008. Automating dChip: toward reproducible sharing of microarray
data analysis. BMC Bioinformatics 9, 231.

Li C, Wong WH. 2001. Model-based analysis of oligonucleotide
arrays: expression index computation and outlier detection.
Proceedings of the National Academy of Sciences, USA 98, 31-36.

Lopez-Millan A-F, Ellis DR, Grusak MA. 2004. |dentification and
characterization of several new members of the ZIP family of metal ion
transporters in Medicago truncatula. Plant Molecular Biology 54, 583-596.

Lux A, Martinka M, Vaculik M, White PJ. 2011. Root responses to
cadmium in the rhizosphere: a review. Journal of Experimental Botany 62,
21-37.

Ma F, Peterson CA. 2003. Recent insights into the development,
structure and chemistry of the endodermis and exodermis. Canadian
Journal of Botany 81, 405-421.

McAinsh MR, Pittman JK. 2009. Shaping the calcium signature. New
Phytologist 181, 275-294.

Menguer PK, Farthing E, Kerry A. Peaston KA, Ricachenevsky FK,
Fett JP, Williams LE. 2013. Functional analysis of the rice vacuolar zinc
transporter OsMTP1. Journal of Experimental Botany 64, 2871-2883.

Meyer CJ, Seago JL, Peterson CA. 2009. Environmental effects on the
maturation of the endodermis and multiseriate exodermis of Iris germanica
roots. Annals of Botany 103, 687-702.

Milner MJ, Seamon J, Craft E, Kochian LV. 2013. Transport properties
of members of the ZIP family in plants and their role in Zn and Mn
homeostasis. Journal of Experimental Botany 64, 369-381.

Mills RF, Francini A, daRocha PSCF, Bacarini PJ, Aylett M, Krijger
GC, Williams LE. 2005. The plant P-1B-type ATPase AtHMA4 transports
Zn and Cd and plays a role in detoxification of transition metals supplied at
elevated levels. FEBS Letters 579, 783-791.

Mills RF, Kerry A, Peaston JR, Williams LE. 2012. HYHMAZ2, a P -
ATPase from barley, is highly conserved among cereals and functions in Zn
and Cd transport. PLoS One 7, e42640.

Mills RF, Krijger GC, Baccarini BJ, Hall JL, Williams LE. 2003.
Functional expression of AtHMA4, a PgATPase of the Zn/Co/Cd/Pb
subclass. The Plant Journal 35, 164-176.

Mills RF, Valdes B, Duke M, Peaston KA, Lahner B, Salt DE,
Williams LE. 2010. Functional significance of AtHMA4 C-terminal domain
in planta. PLoS One 5, e13388.

Palmer CM, Guerinot ML. 2009. Facing the challenges of Cu, Fe and Zn
homeostasis in plants. Nature Chemical Biology 5, 333-340.

Palmgren MG, Clemens S, Williams LE, Kramer U, Borg S,
Schjorring JK, Sanders D. 2008. Zinc biofortification of cereals;
problems and solutions. Trends in Plant Science 13, 464-473.

Papoyan A, Kochian LV. 2004. |dentification of Thlaspi caerulescens
genes that may be involved in heavy metal hyperaccumulation and
tolerance. Characterization of a novel heavy metal transporting ATPase.
Plant Physiology 136, 3814-3823.

Reinhardt DH, Rost TL. 1995. Salinity accelerates endodermal
development and induces an exodermis in cotton seedling roots.
Environmental and Experimental Botany 35, 563-574.

Repetto O, Bestel-Corre G, Dumas-Gaudot E, Berta G, Gianinazzi-
Pearson V, Gianinazzi S. 2003. Targeted proteomics to identify
cadmium-induced protein modifications in Glomus mosseae-inoculated
pea roots. New Phytologist 157, 555-567.

Sano T, Yoshihara T, Handa K, Sato MH, Nagata T, Hasezawa S.
2012. Metal ion homeostasis mediated by Nramp transporters in plant
cells—focused on increased resistance to iron and cadmium ion. In:
Weigert R, ed. Crosstalk and integration of membrane trafficking pathways
. Rijeka, Shanghai: INTECH, 214-228.

Seals DF, Randall SK. 1997. A vacuole-associated annexin protein,
VCaB42, correlates with the expansion of tobacco cells. Plant Physiology
115, 753-761.

Seregin IV, Kozhevnikova AD. 2008. Roles of root and shoot tissues
in transport and accumulation of cadmium, lead, nickel, and strontium.
Russian Journal of Plant Physiology 55, 1-22.

Seregin IV, Shpigun LK, Ivanov VB. 2004. Distribution and toxic effects
of cadmium and lead on maize roots. Russian Journal of Plant Physiology
51, 525-5383.

Shigaki T, Hirschi KD. 2006. Diverse functions and molecular properties
emerging for CAX cation/H+ exchangers in plants. Plant Biology 8,
419-429.

Shufflebottom D, Edwards K, Schuch W, Bevan M. 1993.
Transcription of two members of a gene family encoding phenylalanine
ammonia-lyase leads to remarkably different cell specificities and induction
patterns. The Plant Journal 3, 835-845.

Siemianowski O, Barabasz A, Weremczuk A, Ruszczynska A,
Bulska E, Williams LE, Antosiewicz DM. 2013. Development of
Zn-related necrosis in tobacco is enhanced by expressing AtHMA4 and
depends on the apoplastic Zn levels. Plant, Cell and Environment 36,
1093-1104.

Siemianowski O, Mills RF, Williams LE, Antosiewicz DM. 2011.
Expression of the Pyg-type ATPase AtHMA4 in tobacco modifies Zn and
Cd root to shoot partitioning and metal tolerance. Plant Biotechnology
Journal 9, 64-74.

Tuomainen M, Tervahauta A, Hassinen V, et al. 2010. Proteomics of
Thiaspi caerulescens accessions and an interaccession cross segregating
for zinc accumulation. Journal of Experimental Botany 61, 1075-1087.

van de Mortel JE, Villanueva IA, Schat H, Kwekkeboom J, Coughlan
S, Moerland PD, van Themaat EVL, Koornneef M, Aarts MGM. 2006.
Large expression difference in genes for iron and zinc homeostasis, stress
response, and lignin biosynthesis distinguish roots of Arabidopsis thaliana
and the related metal hyperaccumulator Thlaspi caerulescens. Plant
Physiology 142, 1127-1147

Vert G, Grotz N, Dédaldéchamp F, Gaymard F, Guerinot ML, Briat
J-F, Curie C. 2002. IRT1, an Arabidopsis transporter essential for iron
uptake from the soil and for plant growth. The Plant Cell 14, 1223-1233.

Verret F, Gravot A, Auroy P, Leonhardt N, David P, Nussaume L,
Vavasseur A, Richaud P. 2004. Overexpression of AtHMA4 enhances
root-to-shoot translocation of zinc and cadmium and plant metal
tolerance. FEBS Letters 576, 306-312.

Weber M, Trampczynska A, Clemens S. 2006. Comparative
transcriptome analysis of toxic metal responses in Arabidopsis thaliana
and the Cd?*-hypertolerant facultative metallophyte Arabidopsis halleri.
Plant, Cell and Environment 29, 950-963.

Whetten R, Sederoff R. 1995. Lignin biosynthesis. The Plant Cell 7,
1001-1013.

Williams LE, Salt D. 2009. The plant ionome coming into focus. Current
Opinion in Plant Biology 12, 247-249.



Williams LE, Mills RF. 2005. P,g-ATPase—an ancient family of transition
metal pumps with diverse functions in plants. Trends in Plant Science 10,
491-502.

Wojas S, Clemens S, Hennig J, Sktodowska A, Kopera E, Schat H,
Bal W, Antosiewicz DM. 2008. Overexpression of phytochelatin synthase
in tobacco: distinctive effects of AtPCS7 and CePCS genes on plant
response to cadmium. Journal of Experimental Botany 59, 2205-2219.

Wojas S, Hennig J, Plaza S, Geisler M, Siemianowski O,
Sktodowska A, Ruszczynska A, Bulska E, Antosiewicz DM. 2009.
Ectopic expression of Arabidopsis ABC transporter MRP7 modifies
cadmium root-to-shoot transport and accumulation. Environmental
Pollution 157, 2781-2789.

Wojas S, Ruszczynska A, Bulska E, Wojciechowski M, Antosiewicz
DM. 2007. Ca?*-dependent plant response to Pb?* is regulated by LCT1.
Environmental Pollution 147, 584-592.

Apoplastic barrier restricts Cd accumulation | 1139

Wong CK, Cobbett CS. 2009. HMA P-type ATPases are the major
mechanism for root-to-shoot translocation in Arabidopsis thaliana. New
Phytologist 181, 71-78.

Yoshihara T, Hodoshima H, Miyano Y, Shoji K, Shimada H, Goto F.
2006. Cadmium inducible Fe deficiency responses observed from macro
and molecular views in tobacco plants. Plant Cell Reports 25, 365-373.

Zabtudowska E, Kowalska J, Jedynak k£, Wojas S, Sktodowska A,
Antosiewicz DM. 2009. Search for a plant for phytoremediation—what can
we learn from field and hydroponic studies? Chemosphere 77, 301-307.

Zhao J, Barkla BJ, Marshall J, Pittman JK, Hirschi KD. 2008. The
Arabidopsis cax3 mutants display altered salt tolerance, pH sensitivity and
reduced plasma membrane H*-ATPase activity. Planta 227, 659-669.

Zhao F-J, McGrath SP. 2009. Biofortification and phytoremediation.
Current Opinion in Plant Biology 12, 373-380.





