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Abstract

Iron (Fe) is an essential micronutrient whose uptake is tightly regulated to prevent either deficiency or toxicity. 
Cadmium (Cd) is a non-essential element that induces both Fe deficiency and toxicity; however, the mechanisms be-
hind these Fe/Cd-induced responses are still elusive. Here we explored Cd- and Fe-associated responses in wild-type 
Arabidopsis and in a mutant that overaccumulates Fe (opt3-2). Gene expression profiling revealed a large overlap 
between transcripts induced by Fe deficiency and Cd exposure. Interestingly, the use of opt3-2 allowed us to identify 
additional gene clusters originally induced by Cd in the wild type but repressed in the opt3-2 background. Based on 
the high levels of H2O2 found in opt3-2, we propose a model where reactive oxygen species prevent the induction of 
genes that are induced in the wild type by either Fe deficiency or Cd. Interestingly, a defined cluster of Fe-responsive 
genes was found to be insensitive to this negative feedback, suggesting that their induction by Cd is more likely to be 
the result of an impaired Fe sensing. Overall, our data suggest that Fe deficiency responses are governed by multiple 
inputs and that a hierarchical regulation of Fe homeostasis prevents the induction of specific networks when Fe and 
H2O2 levels are elevated.

Keywords:   Cadmium toxicity, iron sensing, leaf ferrome, long-distance signaling, reactive oxygen species.
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Introduction

Iron (Fe) is an essential nutrient for all known biological 
systems, facilitating the transfer of electrons and acting as a 
cofactor in metalloproteins. While vital for life, Fe is also ex-
tremely reactive, producing free radicals when Fe is in excess. 
For this reason, Fe uptake, storage, and allocation have to be 
properly sensed and tightly regulated to prevent either defi-
ciency or toxicity (Khan et al., 2014).

Fe is abundant in most soils, although it is typically found as 
insoluble Fe3+ complexes and therefore unavailable for uptake 
into root cells (Römheld and Marschner, 1986). In turn, land 
plants have evolved two strategies to overcome the challenge of 
solubilizing and importing Fe into roots from the rhizosphere. 
Strategy I  is a reduction strategy carried out at the plasma 
membrane where membrane-bound reductases directly reduce 
Fe3+ to Fe2+ prior to transport across the membrane by trans-
porters of the ZIP family (reviewed by Hindt and Guerinot, 
2012). Strategy II is a chelation strategy, which is mediated 
by the release of phytosiderophores such as deoxymugineic 
acid (DMA) into the rhizosphere, where a soluble Fe3+–DMA 
complex is formed and imported into roots by transporters of 
the Yellow Stripe family (Curie et al., 2001, 2009; Inoue et al., 
2009; Lee et al., 2009).

Dicots, such as Arabidopsis, utilize Strategy I and form the 
core of our understanding of Fe uptake and its regulation 
during changes in Fe availability. In these plants, Fe3+ is initially 
released from negatively charged soil particles by acidification 
of the rhizosphere through the P-type ATPase AHA2 (Santi 
and Schmidt, 2009). Once released from the soil particles, Fe3+ 
is reduced to Fe2+ by the transmembrane protein ferric reduc-
tion oxidase 2 (FRO2) (Robinson et  al., 1999). Finally, Fe2+ 
is transported into the root primarily by iron regulated trans-
porter 1 (IRT1). While IRT1 has high affinity towards Fe2+, it is 
also able to transport a broad range of divalent metals including 
zinc, manganese, and the non-essential element cadmium (Cd) 
(Korshunova et al., 1999).

Transcriptional regulation of the Fe uptake machinery is 
primarily mediated by the FIT network, which consists of 
five basic helix–loop–helix (bHLH) transcription factors (TFs) 
of the subgroup Ib: FIT (bHLH029), bHLH38, bHLH39, 
bHLH100, and bHLH101 (Yuan et al., 2008; Sivitz et al., 2012; 
Wang et al., 2013). These genes are under independent regula-
tory schemes but they are thought to function as homo- and 
heterodimers, allowing for multiple input signals to induce or 
repress Fe uptake. During prolonged Fe deficiency or H2O2 
exposure, the zinc finger transcription factor ZAT12 is in-
duced and represses FIT activity, thereby inhibiting Fe uptake 
and preventing further Fe excess-mediated oxidative damage 
(Le et  al., 2016). Additionally, Fe uptake is regulated by the 
plant hormones ethylene, cytokinins, jasmonates, auxin, and 
the signaling molecule nitric oxide (Hindt and Guerinot, 
2012). FIT has been shown to interact with additional TFs 
such as EIN1 and EIL3 to promote Fe uptake by stabilizing 

FIT (Lingam et al., 2011; Yang et al., 2014) while the presence 
of nitric oxide prevents the 26S proteasome-mediated degrad-
ation of FIT (García et al., 2010).

While the transcriptional regulation of IRT1 and associated 
genes involved in root Fe uptake is mediated by the FIT net-
work, a second clade of bHLH proteins, the PYE network, 
regulates intracellular Fe homeostasis. The founding member 
of this clade, POPEYE (PYE), was found to be induced by Fe 
deficiency in roots (Long et al., 2010). In addition to PYE itself, 
the PYE network is composed of PYE-like proteins (PYEL) 
bHLH34, bHLH104, bHLH115, and ILR3 (Zhang et al., 2015; 
Li et al., 2016; Liang et al., 2017), as well as BRUTUS (BTS), 
an E3 ubiquitin ligase that degrades PYEL proteins to pre-
vent Fe overaccumulation (Long et al., 2010; Selote et al., 2015; 
Hindt et al., 2017). The PYE network, like the FIT network, is 
thought to operate by hetero- and homodimerization of TFs, 
which then bind to the promoters of key Fe homeostasis genes 
such as ZIF1, NAS4, and FRO3 (Long et  al., 2010), as well 
as bHLH38/39/100/101 (Zhang et  al., 2010; Li et  al., 2016; 
Liang et al., 2017).

Though the components of the Fe uptake machinery in 
roots have been known for years, the mechanisms behind Fe 
sensing and signaling at the whole-plant level is an ongoing 
active area of research. Arabidopsis is known to have at least 
two distinct Fe-sensing systems, a local sensing system in roots, 
and a systemic sensing system in leaves (Khan et al., 2018). The 
systemic sensing system allows the leaves to dictate the amount 
of Fe to be acquired by roots, while the local sensing system 
allows individual roots to regulate their response to their local 
environment, mostly through post-translational mechanisms 
(Barberon et al., 2011; Sivitz et al., 2011; Guillaume et al., 2018).

Cadmium, on the other hand, is a non-essential element 
that shares chemical properties with Fe and therefore is cap-
able of entering root cells using the Fe uptake system (Meda 
et  al., 2007; Wu et  al., 2012; Lešková et  al., 2017). Cd has 
been shown to induce genes such as IRT1 and OPT3, which 
are usually induced under Fe-limiting conditions; however, 
whether this Fe deficiency-like response is only due to direct 
competition and reduced Fe uptake in the presence of Cd, 
or whether Cd directly impairs the Fe-sensing mechanism 
is currently not known. Notably, co-expression of FIT and 
AtbHLH38/39 enhanced Cd tolerance in Arabidopsis by 
promoting increased Cd sequestration in roots (Wu et  al., 
2012). More recently, there have been significant advances in 
defining Fe-responsive gene networks in a tissue- and cell-
specific manner (Khan et  al., 2018). In this work, we used 
low levels of Cd to probe whether this non-essential element 
directly impairs Fe sensing in wild-type plants and in a mu-
tant that overaccumulates Fe in leaves and roots (opt3-2). 
Our results show that Cd does induce a transcriptional pro-
gram consistent with Fe deficiency in wild-type leaves and 
roots. However, many of these genes were not induced by 
Cd in opt3-2. Notably, despite the presence of high levels 
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of Fe in opt3 leaves, Cd consistently induced a specific core 
of Fe-responsive genes known to be localized in the leaf 
vasculature. Further analyses demonstrate that genes origin-
ally induced by Cd in wild-type plants, but not in opt3-2 
(Fe excess conditions), belong to networks associated with 
pathogen responses and oxidative stress. Taken together, our 
results suggest that when plants experience opposite cues 
(Fe deficiency and high H2O2), there is a hierarchical regu-
lation of Fe homeostasis in which H2O2 over-rides the in-
duction of a subset of genes that otherwise would have been 
induced by Fe deficiency.

Materials and methods

Plant growth and luciferase imaging
Arabidopsis wild-type (Col-0) and opt3-2 plants were germinated on 1/4 
Murashige and Skoog (MS) agar plates after 2 d of stratification at 4 °C in 
the dark. After ~10 d, plants were transferred to replete hydroponic media 
as previously described (Khan et  al., 2018). The solution was changed 
every 2 d and aerated with small aquarium-type air pumps. At bolting, 
fresh solution with the indicated concentrations of CdCl2 was added for 
72 h. The opt3-2×OPT3p::Luc line was generated by crossing the Col-0 
carrying the OPT3p::Luc insertion reported in Khan et al. (2018) with 
opt3-2. Homozygous opt3-2×OPT3p::Luc plants (F2) were identified by 
PCR (for the opt3-2 insertion described in Mendoza-Cozatl et al., 2014) 
and 100% luminescence in the corresponding F3 progeny. Luminescence 
and the corresponding paired bright field images were acquired using a 
UVP BioImaging Systems EpiChemi3 Darkroom system (15 min ex-
posure time, 4×4 binning settings).

RNA sequencing and data analysis
Leaves and roots were harvested separately and pulverized in a mortar and 
pestle cooled with liquid nitrogen. mRNA was purified using a EZ Plant 
RNA kit (Qiagen, Germany) and contaminant DNA was removed using 
a TURBO DNase kit (Invitrogen, USA). Total RNA was submitted to 
the University of Missouri Core Facility for 100 bp Illumina sequencing. 
The resulting reads were trimmed such that all bases were called at a 
95% accuracy using ShortRead (Morgan et al., 2009) and mapped to the 
TAIR10 genome release using TopHat (Kim et al., 2013). The remaining 
analysis was carried out in R and Bioconductor (Huber et al., 2015; R 
Core Team, 2018). Feature counting was performed using ShortRead 
(Morgan et  al., 2009), and 92% of raw reads were uniquely mapped. 
Differential expression was called using edgeR (Robinson et al., 2010), 
and heatmaps and Venn diagrams were generated in gplots (Warnes et al., 
2016). Ontology enrichment tests were performed using GOstats (Falcon 
and Gentleman, 2007) utilizing the conditional hypergeometric test with 
a P-value cut-off of 0.05. The union of the Fe excess-dependent and Fe 
excess-independent values was used as the gene universe for each test, 
for leaves and roots independently. Previously published sequencing data 
(without Cd treatment) can be found on NCBI GEO GSE79275, while 
those of the Cd-exposed sample can be found as GSE128156. These 
datasets comprise the SuperSeries GSE128157.

Assembly of the expanded root ferrome and leaf ferrome
The expanded root ferrome and leaf ferrome (Supplementary Table S1) 
were assembled using tissue-specific Fe deficiency microarray profiling 
experiments from Stein and Waters (2012) (ecotypes Kas and Tsu after 
24 h and 48 h Fe deficiency) and Kumar et al. (2017) (ecotype Col-0 after 
72 h Fe deficiency). Each dataset was analyzed using GEO2R (Barrett 

et al., 2013), and fold changes associated with Benjamini and Hochberg- 
moderated P-values > 0.05 were set to zero (Benjamini and Hochberg, 
1995). For the Kumar dataset, the expected direction of regulation was 
determined by the sign (positive or negative) of the log2 fold change. For 
the Stein dataset, an expected direction of regulation was determined 
for each ecotype by taking the sign of the latest non-zero fold change. 
A consensus direction of regulation was determined by first constructing 
an array of fold change signs for each ecotype and sorted under the fol-
lowing rules: genes with two zero fold changes are declared no change, 
one zero fold change and two similarly signed fold changes are declared 
up or down according to the similar fold changes, and genes with no zero 
fold changes are declared up or down according to the most prevalent 
sign. The previously published ferrome was appended to genes identified 
in roots. The direction of regulation of ferrome genes not identified here 
was inferred from Buckhout et al. (2009).

Hydrogen peroxide quantification
H2O2 concentrations in leaves were determined by the method de-
scribed in Velikova et  al. (2000). Briefly, 500  mg of fresh tissue was 
homogenized on ice in a solution of 0.1% trichloroacetic acid and the 
debris was pelleted at 12 000 g. A 0.5 ml aliquot of the supernatant 
was added to 0.5 ml of 10 mM potassium phosphate buffer (pH 7) and 
1 ml of 1 M KI. The absorbance at 390 nm was read and compared 
with a standard curve of H2O2. In roots, H2O2 was quantified using 
the Amplex Red reagent (Thermo Fisher Scientific, USA), according 
to the methods of Brumbarova et al. (2016). Oxidation of Amplex Red 
to resorufin was measured by quantifying resorufin fluorescence with 
excitation at 545 nm and emission at 590 nm. Statistical differences be-
tween genotypes and treatments were calculated using the two-sample 
t-tests script in R.

Dynamic H2O2 imaging
Plants were fumigated with 100 µM of the H2O2 oxidation-activated dye 
Peroxy Orange 1 (PO1; Millipore-Sigma, St. Louis, MO, USA) in 50 mM 
phosphate buffer (pH 7.4) with 0.01% (v/v) Silwet L-77 (PlantMedia-
Bio-World, Dublin, OH, USA) for 30 min, using a portable nebulizer 
(Punasi Direct, Hong Kong, China), as described in Fichman et al. (2019). 
For oxidation inhibition treatment, prior to the dye fumigation, plants 
were fumigated with 10 mM ascorbic acid (Millipore-Sigma) for 30 min. 
Fluorescence images (excitation/emission 540  nm/620  nm) were ac-
quired with an IVIS Lumina S5 apparatus (PerkinElmer, Waltham, MA, 
USA) with a defined optic setting of FOV: 15, f2, 5 s exposure. Images 
were analyzed using Living Image 4.7.2 software (PerkinElmer), as de-
scribed in Fichman et  al. (2019). Total radiant efficiency was used for 
calculations. Time-lapse images of H2O2 accumulation in oxidation in-
hibition experiments were obtained by using the math tools option in 
the software. Statistical analysis was performed using Microsoft Excel 
with SE, followed by Student’s t-test (Fichman et al., 2019). Glutathione 
and DTT (10 mM) infiltration were conducted in detached shoots sub-
merged in the corresponding solution for 10  min before plants were 
sprayed with 5 mM luciferin dissolved in sterile water containing 0.1% 
Triton X-100 (Khan et al., 2018).

Photosynthetic activity
Col-0 and opt3-2 were stratified at 4 °C in the dark and subsequently 
germinated on 1/4 MS media plates under long-day conditions (16 h 
light/8 h dark). After 14 d of growth, seedlings were transferred either to 
fresh 1/4 MS plates (mock control) or to 1/4 MS plates supplemented 
with 20 µM Cd. Subsequently, we started to monitor plant photosyn-
thetic performance on a daily basis by determining maximum quantum 
yield of PSII (Fv/Fm) using a Walz Imaging PAM (Kunz et al., 2009).
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Purification and spectroscopy of AtNEET
AtNEET stability assays were conducted at room temperature (pH 8.0) 
and the indicated Cd concentrations with 100 µM of purified AtNEET 
as previously described (Nechushtai et al., 2012). Briefly, AtNEET protein 
was expressed in Escherichia coli BL21 competent cells. At an OD600 nm 
of 0.6, FeCl3 at 750  µM was added to the cell culture and incubated 
for an additional 16 h at 23 °C. AtNEET was purified from lysed cells 
using an Ni-NTA column and utilized for 2Fe–2S cluster transfer to apo-
ferredoxin (aFed) as described by Nechushtai et al. (2012). The stability of 
the 2Fe–2S cluster in NEET and its ability to donate the cluster to aFed 
in the presence of Cd was assessed by monitoring the UV-Vis absorp-
tion spectra or the visible chromophore change in proteins separated by 
native-PAGE. Absorption spectra were recorded at 400–650 nm (CARY, 
300Bio; Varian) with special attention given to changes in 458 nm ab-
sorbance (At-NEET signature [2Fe–2S] absorbance peak) vis-à-vis the 
423 nm peak characteristic of the [2Fe–2S] cluster in Fd. A  successful 
transfer of the [2Fe–2S] cluster between AtNEET and aFd can be traced 
as a reduction in the 458 nm absorption peak, characteristic of AtNEET, 
with a concomitant appearance of a 423  nm peak (characteristic of 
holo-Fd). For native-PAGE assays, AtNEET (1 mg ml–1) was incubated 
with aFd (1 mg ml–1) and different Cd concentrations and in the pres-
ence of 2% mercaptoethanol, 5 mM Na-dithionite, and 5 mM EDTA 
for the specified lengths of time. Proteins were then separated using 15% 
acrylamide gels.

Results

Cadmium induces a transcriptional iron deficiency-like 
response in roots and leaves

In this work, we took advantage of the shared chemical prop-
erties of Fe and Cd, and use Cd as a chemical probe to as-
sess Fe deficiency responses. Since plant responses to Cd 
vary depending on its concentration, we began this work by 
identifying a Cd concentration where the visual damage to 
leaves (i.e. chlorosis) was minimal. We included in these ex-
periments the Arabidopsis mutant opt3-2, which constitu-
tively overaccumulates Fe in leaves even in the presence of Cd 
(Mendoza-Cózatl et al., 2014; Zhai et al., 2014), thus offering a 
suitable background to explore Cd-induced Fe deficiency-like 
responses in the presence of high levels of Fe. Wild-type and 
opt3-2 plants were grown in replete hydroponic solution to 
bolting stage (~4 weeks) and then exposed to several concen-
trations of CdCl2 for 72 h (Fig. 1). While high concentrations 
of Cd (>50 µM) induced leaf yellowing and necrotic lesions, 
exposure to up to 20 µM CdCl2 for 72 h had minimal im-
pact on plant morphology in both genotypes, the wild type 
and opt3-2. Therefore, we selected 20 µM CdCl2 for further 
experiments.

To begin dissecting the wild-type and opt3-2 responses to Cd 
exposure, we conducted whole-genome transcriptome ana-
lyses of leaves and roots separately. Three biological replicates 
of each tissue/genotype were used for Illumina sequencing 
and, after removal of low confidence base pairs and short reads, 
716 million reads were used for calling differential expres-
sion under the overdispersed binomial model implemented in 
edgeR (Robinson et  al., 2010). To minimize unreliable fold 

changes, only genes with at least 50 reads in at least one con-
dition and absolute log2 fold changes ≥0.5 were considered 
for statistical analyses (Supplementary Table S2). In wild-type 
plants, Cd induced changes in 3292 genes in leaves (46% in-
duced) and 4256 genes in roots (49% induced) (Supplementary 
Fig. S1). A similar number of genes (3735; 46% induced) were 
differentially expressed in opt3-2 leaves; however, Cd induced 
a substantial deregulation of transcripts in opt3-2 roots, totaling 
6527 differentially expressed genes, of which 42% were in-
duced (Supplementary Fig. S1). Gene expression profiles and 
comparisons between genotypes can be visualized in absolute 
(FPKM) or relative (log2 fold changes) mode through a stand-
alone version of an electronic Fluorescent Pictograph Browser 
available at http://artemis.cyverse.org/david_lab_efp/cgi-bin/
efpWeb.cgi

To determine the extent of the Fe deficiency response in-
duced by Cd, we compared the identity of Cd-deregulated 
genes against datasets specific to leaves and roots containing 
genes deregulated (i.e. induced or repressed) under true Fe de-
ficiency conditions. These datasets include an extended version 
of the published ferrome for roots (Schmidt and Buckhout, 
2011) and a leaf-specific dataset that contains genes consistently 
affected by Fe availability across several transcriptome datasets 
where leaves were analyzed separately from roots (Stein and 
Waters, 2012; Kumar et al., 2017). In total, the leaf dataset (leaf 
ferrome, Supplementary Table S1) included 239 genes (172 
induced, 67 repressed) while the root dataset (Supplementary 
Table S1) contains 406 genes (250 induced, 156 repressed). 
By using these datasets, we were able to assess the degree of 
Fe deficiency response elicited by Cd. For instance, in wild-
type leaves, we found a significant overlap between Fe defi-
ciency responses and Cd exposure, with 82 genes induced and 

Fig. 1.  Visual phenotypes of wild-type and opt3-2 Arabidopsis plants 
exposed to cadmium for 72 h. (A) Col-0 (wild-type) and (B) opt3-2 
plants were grown in replete media for 4 weeks before being exposed 
to different Cd concentrations for 72 h. Cd at 20 μM was the highest Cd 
concentration at which visual toxicity symptoms were minimal in both 
genotypes.
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41 repressed. These numbers represent 48% (induced genes) 
and 61% (repressed genes) of the true Fe deficiency response 
from the leaf ferrome (Fig. 2A). Examples of genes deregu-
lated by Cd and Fe in leaves include IMA3 (up-pregulated ~5 
log2 fold), which encodes a short polypeptide known to be in-
volved in Fe deficiency responses (Grillet et al., 2018; Hirayama 
et al., 2018), jasmonic acid signaling marker PDF1.2 (induced 
~9 log2 fold) (Ahmad et al., 2011; Zarei et al., 2011; Cabot et al., 
2013), and FER4 (repressed ~2 log2 fold), which encodes a 

ferritin isoform. Not all Fe deficiency-related transcripts were 
found to be deregulated by Cd exposure. For example, neither 
CGLD27 (Urzica et al., 2012) nor a key regulator of salicylic 
acid response SARD1 was induced (Wang et al., 2011). Similar 
trends were found in roots: 118 genes were induced and 60 
repressed, which represents 47% of induced and 38% of re-
pressed genes present in the expanded root ferrome (Fig. 2B). 
These results suggest that Cd induces a partial but significant 
Fe deficiency-like response in both leaves and roots.

Fig. 2.  Cadmium induces an iron deficiency response in leaves and roots. (A and B) Of all of the genes that are consistently responsive to Fe limitation 
in wild-type Arabidopsis plants, approximately half of them are also responsive to Cd in leaves (A) and roots (B). The pair of arrows in each intersection 
indicate induction/repression for Cd exposure (left arrow within each pair) and Fe deficiency (right arrow within each pair). (C and D) Genes deregulated 
by Fe deficiency and Cd exposure in wild-type plants and opt3-2 were hierarchically clustered according to their log2 fold changes and colored according 
to their gene-wise Z-scores for leaves (C) and roots (D), left panels. Clusters with specific trends were grouped into four groups for leaves and roots (right 
panels, LI–RV) and shown as log2 fold changes between genotypes and treatments.
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Iron overload partially restricts the Cadmium-induced 
iron deficiency response

Cd-induced Fe deficiency responses are often attributed to the 
competition of Fe and Cd for the same root uptake system (i.e. 
IRT1, Connolly et  al., 2002; Lešková et  al., 2017). Therefore, 
we decided to explore if Cd was still able to induce an Fe 
deficiency-like response in tissues with high levels of Fe. The 
Arabidopsis mutant opt3-2 has been shown to overaccumulate 
Fe in leaves and roots in the presence of Cd (Mendoza-Cózatl 
et al., 2014). Moreover, the opt3-2 leaf transcriptome is consistent 
with adequate sensing of Fe excess, while roots display a consti-
tutive Fe deficiency response despite accumulating high levels 
of Fe (Khan et al., 2018). For this analysis, we employed hier-
archical clustering of all genes differentially expressed in at least 
one comparison between the four treatment groups: wild-type 
and opt3-2 plants exposed or not to 20 μM CdCl2 (Fig. 2C, D).

To streamline the simultaneous inspection across all geno-
types and treatments, the clustering scheme is presented as the 
mean of counts per million (CPM). Using this approach, we 
were able to identify several distinct patterns for leaves (LI–
LIV) and roots (RI–RIV) (Fig. 2C, D; Supplementary Table 
S2). Briefly, group I (either LI or RI) consists of genes which 
are similarly affected by Cd in both the wild type and opt3-2. 
Genes in group II are deregulated in opt3-2 relative to Col-0 
prior to Cd treatment but they are similarly induced after Cd 
exposure. Group III comprises genes which were initially de-
regulated in opt3-2 relative to the wild type in the absence of 
Cd but, interestingly, Cd exposure reversed the sign of these 
genes in opt3-2. Finally, genes in group IV have a similar pat-
tern as group III, but the magnitude of the changes was sub-
stantially different. Specific examples of genes within these 
clusters can be further separated in a tissue-specific manner. 
For instance, group LI in leaves contains vascular localized 
genes such as bHLH38, bHLH39, bHLH100, and bHLH101 
as well as PYE, BTS, and ORG1. All these genes were induced 
by Cd independently of the background genotype (Fig. 2C). 
FRO3, however, is induced by Cd exposure in the wild type 
and opt3-2, but it was already induced in opt3-2 prior to Cd 
exposure; hence its placement in group LII. Group LIII rep-
resents a very interesting group of genes including CSD1 and 
its chaperone CCS, YSL1, FER3/4, and ZIF1. These genes 
were induced in opt3-2 but, when Cd stress was imposed, they 
switched from induction to repression. Group LIV contains 
genes such as PDF1.2, an ethylene- and jasmonate-responsive 
plant defensin which is highly induced by Cd stress, induced 
in the opt3-2 background, but repressed once opt3-2 is treated 
with Cd.

The transcriptional program elicited by Cd in roots was 
far more complex than the leaf patterns in both genotypes. 
For instance, gene group RI did not contain the Ib bHLHs 
as found in LI (Fig. 2C, D); instead, the transmembrane pro-
tein AT3G55790 and two FAD-binding Berberine family 
proteins (AT1G26380 and AT1G26410) were found to be 

highly induced, as well as sulfur E2 (SufE2), a protein likely 
to play a role in Fe–S cluster assembly (Narayana et al., 2007). 
Group RII contains genes such as NAS4 and the vacuolar 
nicotianamine importer ZIF1, both of them induced by Cd, 
indicating that the plant is activating a heavy metal sequestra-
tion program (Mendoza-Cozatl et al., 2011). AOXA1, which is 
a component of the alternative oxidase branch of mitochon-
drial respiration, was also found in group RII. AOX expres-
sion is correlated with oxidative stress and H2O2 levels, and is 
expected to be involved in retrograde stress signaling from the 
mitochondria to the nucleus (Saha et  al., 2016). Group RIII 
contains several genes of interest for Fe homeostasis, most not-
ably the transcription factor genes PYE and MYB72, which are 
differentially regulated by Cd in the roots of opt3-2 mutants 
but not of wild-type plants. In opt3-2 roots, these genes are 
constitutively highly expressed in the absence of Cd but are 
repressed to wild-type levels in the presence of Cd (Fig. 2D). 
Other Fe-related allocation genes such as IREG3, HMA3, and 
FRD3 are also included in this RIII group. Finally, RIV con-
tains the Fe regulon including bHLH38, bHLH39, bHLH100, 
bHLH101, IRT1, and F6′H1, as well as the transporter genes 
ZIP3, ZIP9, and MTP3. These genes are all induced by Cd ex-
posure, strongly induced in opt3-2 prior to Cd exposure but re-
pressed after Cd exposure. These and additional transcriptional 
responses of key genes were further validated by qRT-PCR 
(Supplementatry Fig. S2). Altogether, these results suggest that 
Cd triggers an Fe deficiency-like response in wild-type plants, 
at mild concentrations; however, when combined with other 
stresses such as Fe excess, different or even opposite transcrip-
tional programs are activated. Notably, this hierarchical regu-
lation of Fe homeostasis seems to apply only to a very specific 
set of genes and, by imposing different levels of stress, Cd and 
Cd+Fe excess (opt3-2), we were able to separate clusters with 
distinct transcriptional patterns.

Iron deficiency responses are hierarchically regulated 
based on multiple inputs

In the presence of Fe excess, Cd elicits different responses of Fe 
deficiency markers in leaves and roots (Fig. 2C, D). While the 
Cd induction of the subgroup Ib bHLH genes even in the pres-
ence of high levels of Fe (opt3-2 leaves) indicates that Cd inter-
feres with Fe sensing, the repression of the FIT network by Cd 
in opt3-2 roots indicates that the Fe deficiency signals can be 
over -ridden by other mechanisms (see group RIV in Fig. 2D). 
In order to better separate the behaviour of these Cd-induced 
Fe deficiency-responsive genes, we clustered the ferrome genes 
according to their regulation in response to Cd for each geno-
type (i.e. Col or opt3-2). Genes which are similarly induced in 
each genotype were classified as Fe excess independent (Fig. 
3, orange dots), as they were induced by Cd despite the high 
Fe levels in opt3-2 (groups I and II), while those whose regu-
latory pattern did change (groups III and IV) were classified 
as Fe excess dependent (Fig. 3, purple dots). Both leaves and 
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roots displayed a combination of Fe excess-dependent and Fe 
excess-independent gene expression (Fig. 3A, B). Interestingly, 
some genes whose transcriptional response to Cd was found 
to be independent of Fe excess in one tissue were found to 
be dependent on Fe excess in the other. Notably, genes of the 
subgroup Ib bHLHs were found to be Cd inducible and Fe 
excess independent in leaves, whereas the same group displayed 
a different expression pattern in roots: they were induced by 
Cd in wild-type root systems but repressed in opt3-2 (i.e. in 
opt3-2+Cd; Fig. 3B).

To further uncover a possible signaling mechanism respon-
sible for separating the Cd-inducible Fe excess-dependent 
cluster from the Fe excess-independent cluster, we used Gene 
Ontology (GO) enrichment. This approach allows the identi-
fication of broad trends associated with the role of each gene 
within clusters (Fig. 4). The result from this analysis showed that, 
in leaves, the Cd-inducible Fe excess-independent cluster was 
enriched in terms related to Fe or metal ion homeostasis (Fig. 
4A), while the Cd-inducible Fe excess-dependent cluster was 
significantly enriched in terms related to biotic stress (Fig. 4B). 
Genes related to biotic stress have frequently been observed in 
mRNA profiling experiments studying Cd stress—an abiotic 
stress—but the rationale behind this trend is still lacking. Our 
results, however, suggest that the mechanisms separating the Fe 
excess-dependent and -independent clusters are closely related 
to biotic stress responses, which often rely on reactive oxygen 
species (ROS) for signaling and defense during pathogen infec-
tion. In roots, the Fe excess-independent cluster was enriched 
in terms related to secondary metabolism (Fig. 4C), while 
the Fe excess-dependent cluster in roots was enriched with 

terms relating to nutrient and heavy metal homeostasis (Fig. 
4D). This trend also suggests that the mechanism repressing 
Fe-responsive genes in leaves and roots under Cd exposure is 
different. In leaves, this may be the result of Cd interfering with 
Fe sensing, while in roots, a secondary signaling mechanism, 
probably related to ROS, appears to exert additional transcrip-
tional control on the Fe transcriptional network.

Iron excess and cadmium have additive effects on 
H2O2 accumulation

Our RNA sequencing data consistently show that Cd elicits 
an Fe deficiency-like response by up-regulating a specific set 
of transcripts, even in the presence of Fe excess, but also that 
a significant number of genes originally induced by Cd were 
repressed to wild-type levels when Fe was in excess (i.e. in 
opt3-2). These repressed transcripts are disproportionately as-
sociated with biotic stress responses and probably share a regu-
latory component. ROS, such as H2O2, are generated by the 
Respiratory Burst Oxidase NADPH protein D (RBOHD) 
during pathogen attack to mediate defense responses (Miller 
et al., 2009; Pogány et al., 2009; Maruta et al., 2011; Torres et al., 
2013). In leaves, RBOHD was induced by Cd in the wild type 
and induced in opt3-2 without Cd exposure, to levels similar 
to the wild type exposed to Cd (Supplementarty Fig. S3). 
Hence, we hypothesized that the repression of some Fe defi-
ciency markers in opt3-2 after Cd exposure may be the result 
of a H2O2-mediated transcriptional reprogramming.

To support this hypothesis, H2O2 levels were measured in 
leaves and roots of wild-type and opt3-2 plants exposed or not 

Fig. 3.  Cadmium-responsive genes are differentially regulated in a tissue-specific manner depending on the Fe levels in plant tissues. (A) Leaf and (B) 
root Fe deficiency markers similarly induced/repressed by Cd in the wild type and opt3-2 are labeled as ‘Fe excess independent’ and shown as orange 
dots. Fe deficiency markers with opposite expression patterns in the wild type and opt3-2 during Cd exposure are labeled as ‘Fe excess dependent’ and 
shown as purple dots.
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to Cd (Fig. 5). In leaves, exposure to 20 µM Cd had no impact 
on H2O2 levels, which is consistent with our initial observations 
that at the times tested, 20 µM Cd has no major impact on 
leaf metabolism (Fig. 1). opt3-2 plants, however, had significantly 
more H2O2 compared with wild-type plants, and this differ-
ence was more pronounced in the presence of Cd (Fig. 5B). 
The higher levels of ROS in opt3-2 exposed to Cd, together 
with the enrichment of ROS-associated genes found through 
the GO enrichment analysis (Fig. 4A, B), provides a mechanism 
to explain why some Fe-responsive genes initially induced by 
Cd in wild-type plants were later repressed by Cd in opt3-2 
(i.e. the Cd-inducible Fe excess-dependent cluster, Fig. 3A). 
Furthermore, it also suggests that when plants simultaneously 
experience Fe deficiency-like conditions and high ROS, there 
is a hierarchical regulation of Fe deficiency responses where 

ROS prevent the induction of genes that otherwise would have 
been induced as part of the Fe deficiency response in leaves. 
Perhaps more interesting is the fact that in leaves, and only in 
leaves, bHLHs of the subgroup Ib are insensitive to this ROS-
mediated hierarchical regulation (Fig. 3A). The H2O2 levels in 
roots followed the same trend as in leaves, but the magnitude of 
changes was more dramatic. For instance, Cd exposure elevated 
the H2O2 concentration in wild-type roots to levels similar to 
those found in unexposed opt3-2. In addition, Cd increased 
the H2O2 levels in both genotypes, but the concentration of 
H2O2 in opt3-2 was significantly higher than in the wild type. 
This higher H2O2 content in opt3-2, induced by Cd, provides 
the basis to explain some of the distinct transcriptome profiles 
observed in roots, where Cd-exposed wild type and unexposed 
opt3-2 show similar expression patterns (Fig. 2D, cluster RII), 

Fig. 4.  Classification of cadmium-induced genes based on their biological process and sensitivity to Fe excess. Gene Ontology enrichment tests were 
performed for (A, C) Cd-induced Fe excess-independent and (B, D) -dependent clusters in leaves and roots. The red line indicates the significance 
threshold (P=0.05).
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but the high levels of H2O2 in Cd-exposed opt3-2 repress the 
expression of the Fe regulon.

Transient reduction of H2O2 levels in opt3-2 by ROS 
scavengers

To further test whether ROS, and more specifically H2O2, 
are behind the gene repression of Fe/Cd-responsive genes 
in opt3-2, we aimed to reduce the H2O2 levels with ROS 
scavengers while tracking gene expression. Figure 6A shows 
that opt3-2 plants fumigated with 10  mM ascorbic acid 
had negligible levels of H2O2, measured with the H2O2 
oxidation-activated dye PO1. However, in opt3-2 plants ex-
posed to Cd, high H2O2 levels were detected again 2 h after 
the ascorbic acid treatment and remained higher compared 
with opt3-2 plants not exposed to Cd. Next, we tested the 
activity of the promoter region of OPT3 fused to the firefly 
luciferase reporter gene in the opt3-2 background. The ac-
tivity of the OPT3 promoter has been shown to be induced 
by either Cd exposure or Fe deficiency (Mendoza-Cózatl 
et al., 2014; Khan et al., 2018); however, the activity of this 
reporter is repressed in opt3-2 exposed to Cd compared with 
non-treated plants (Fig. 6B). Thus, the opt3-2×OPT3p::Luc 
line offers a unique system to test the expression of a Fe/
Cd-responsive marker repressed when H2O2 levels are high. 
Figure 6B shows that fumigation with 10  mM ascorbate 
restores the activity of OPT3p::Luc in opt3-2 plants treated 
with Cd to levels similar to untreated plants. Similar re-
sults were achieved by infiltrating plants with reducing 
agents such as glutathione and DTT (Supplementary Fig. 
S4), demonstrating that the use of H2O2 scavengers can re-
store the expression of Fe/Cd-responsive genes originally 
repressed by high levels of H2O2 in the opt3-2 background.

Impaired photosynthetic efficiency and Fe–S 
metabolism as sources for elevated H2O2 levels in 
opt3-2

Cd is unable to produce ROS through the Fenton reaction 
(Strlič et al., 2003); however, Cd does generate ROS through 

displacement of Fe from the active site of proteins and other 
molecules, and photosynthesis is known to be particularly sen-
sitive to Cd toxicity (Küpper et al., 2007; Parmar et al., 2013). 
To determine if the increased H2O2 levels in Cd-exposed opt3-
2 leaves could be explained in part by an impaired photosyn-
thetic apparatus, the maximum potential quantum efficiency 
of PSII (Fv/Fm) was measured in wild-type and opt3-2 plants 
using an Imaging-PAM system (Fig. 7A). The results show that 
photosynthesis in opt3-2 remained unaffected under control 
conditions; however, a 20% reduction in Fv/Fm, predominantly 
originating from younger leaves, was found after Cd exposure 
(Fig. 7B, C).

Fe–S metabolism has also been implicated in Fe and ROS 
homeostasis and, more recently, AtNEET, an Fe–S donor pro-
tein in the chloroplast, has been identified as a key protein 
regulating Fe–S homeostasis and ROS production. More spe-
cifically, the inability of AtNEET to transfer Fe–S clusters trig-
gers an Fe deficiency-like transcript profile (Zandalinas et al., 
2019). To determine if Cd impairs the stability and/or the 
ability of AtNEET to transfer 2Fe–2S clusters, we performed 
AtNEET stability and 2Fe–2S transfer experiments at different 
Cd concentrations using UV-Vis spectroscopy (Fig. 8). The loss 
of the characteristic absorption peak of the holo-AtNEET at 
458 nm shows that AtNEET is a labile protein prone to dis-
sociation in the presence of Cd (Fig. 8A). Next, we asked if 
Cd could also impair the 2Fe–2S transfer from AtNEET to 
the acceptor protein ferredoxin (Fd). In the absence of Cd, the 
transfer of 2Fe–2S clusters between AtNEET and Fd can be 
tracked by following the 458–428 nm spectral shift indicating 
the 2Fe–2S transfer from the holo-AtNEET to the holo-Fd 
peak (Fig. 8B, inset; Zandalinas et al., 2019). Notably, the ef-
ficiency of this transfer was impaired by Cd (Fig. 8B), and 
quantification of the absorbances at each characteristic peak 
showed significant decreases in the Fe–S transfer efficiency at 
Cd concentrations as low as 5 µM Cd (Fig. 8C). These results 
were further confirmed by PAGE analyses where a clear loss 
of the holo-Fd formation was observed as early as 10 min after 
Cd exposure (Supplementary Fig. S5A, B). Taken together, 
these data suggest that the elevated H2O2 levels induced by 
Cd are the result of an additive impairment of photosynthesis 

Fig. 5.  H2O2 quantification of leaves and roots in wild-type and opt3-2 plants exposed or not to 20 μM CdCl2 for 72 h (***P<0.001, n=6–10).
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and Fe–S homoeostasis. In turn, the different H2O2 levels in-
duced by Cd in the wild type and opt3-2 provide a mechanism 
to explain the particular clustering of Cd-induced Fe excess-
dependent and -independent genes observed between wild-
type and opt3-2 genotypes.

Discussion

Cadmium has long been known to induce genes that are 
up-regulated when plants experience Fe deficiency and, trad-
itionally, this has been attributed to a reduced Fe influx into the 
plant as Cd competes with Fe for the same uptake mechanism 
in roots (i.e. IRT1). Here we provide evidence suggesting that 

Cd also interferes with Fe sensing, thus leading to transcriptional 
programs consistent with an Fe deficiency response. Our data also 
suggest that Fe deficiency responses are regulated by different in-
puts in a tissue-specific manner and that some Fe deficiency sig-
nals, particularly in roots, can be partially over-ridden by oxidative 
stress. Such hierarchical regulation of Fe homeostasis would pre-
vent further oxidative damage when plants experience opposite 
cues such as Fe deficiency in the presence of high levels of H2O2.

Iron deficiency responses are regulated by several and 
independent inputs

To test the extent of Fe deficiency response induced by Cd, 
we first compiled different datasets and assembled root- and 

Fig. 6.  Dynamic imaging of H2O2 in opt3-2 plants exposed to cadmium in the presence of H2O2 scavengers. (A) opt3-2 plants exposed or not to 
cadmium were fumigated first with 10 mM ascorbic acid for 30 min followed by a second fumigation with the H2O2 oxidation-activated dye Peroxy Orang 
1 for an additional 30 min. Plants were continuously imaged on an IVIS Lumina S5 fluorescence detector (excitation/emission 540 nm/620 nm). Asterisks 
denote statistical differences (P<0.05; t-test) compared with t=0. Experiments were repeated three times with similar results. (B) opt3-2×OPT3::Luc 
plants exposed or not to Cd were first sprayed with 5 mM luciferin, imaged in a luminescence detector (15 min exposure time, 4×4 binning settings) 
followed by fumigation with 10 mM ascorbic acid. Luminescence was quantified on four regions of interest (ROI) for a second time with identical settings 
using ImageJ/FIJI. The ROI represents a circular area corresponding to 250 pixels beginning at the base of the petiole of mature leaves. Experiments 
were repeated three times with similar results. Asterisks denote statistical differences (P<0.05; t-test) compared with plants not exposed to Cd.
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shoot-specific lists of genes consistently deregulated in response 
to Fe deficiency (expanded root ferrome and the leaf ferrome, 
Supplementary Table S1). After comparing these tissue-specific 
ferrome datasets with our Cd-induced transcriptome in wild-
type plants, we found a large overlap of genes deregulated 
by Cd, ~60% of the Fe deficiency markers, including mem-
bers of the FIT network, PYE network, and a recently de-
scribed family of peptides that regulate Fe deficiency responses 
known as IMAs (Fig. 2; Supplementary Tables S2–S4). If these 

responses were only the result of uptake competition between 
Cd and Fe at the root level, this Cd-induced transcriptional 
response should not occur in plants that accumulate high levels 
of Fe within their tissues (i.e. opt3 mutants). However, for some 
of these genes, Cd still induced a strong Fe deficiency response 
regardless of the high levels of Fe present in plant tissues (Fig. 
2C, LI). In other cases, the presence of high Fe levels influenced 
the magnitude of the transcriptional response to Cd or caused 
opposite effect on gene expression compared with wild-type 

Fig. 7.  Photosynthesis in opt3-2 plants is particularly sensitive to cadmium. Photosynthetic efficiency of Col-0 (wild type) and opt3-2 was measured in 
the presence or absence of 20 μM CdCl2. (A) RGB (top) and Fv/Fm false color images (bottom) show increased chlorosis and photosynthetic inhibition in 
opt3-2. (B) Photosynthetic efficiency and (C) reduction in photosynthetic efficiency in wild-type and opt3-2 plants exposed or not to 20 μM CdCl2. Error 
bars indicate the SE of eight individual plants meaured in each experiment.
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plants (Fig. 3, purple dots). This complex and diverse pattern 
of gene expression indicated that the effects of Cd on genes 
associated with Fe deficiency were due to more than the direct 
effect of Cd on Fe uptake. Further clustering analyses allowed 
us to separate and define specific gene clusters, and we found 
that some of these clusters are associated with biotic stress and 
ROS levels. Notably, specific clusters of genes known to be 
expressed in specific tissues (i.e. the vasculature) were induced 
by Cd regardless of the Fe and ROS levels in plant tissues. This 
additional information suggested that Fe sensing and Fe defi-
ciency responses are organized in discrete clusters and that the 
magnitude and direction of transcriptional responses are cluster 
specific based on the actual levels of Fe, ROS, and, in this case, 
the presence of Cd.

Cadmium impairs iron sensing

The precise location of Fe sensing in plants is still unclear, but 
recent data, including this work, suggest that Fe levels may be 
sensed independently throughout the plant in a tissue- and cell-
specific manner (Fig. 2; Khan et al., 2018). For instance, leaves 
of opt3 mutants (opt3-2 and opt3-3) overaccumulate Fe and con-
sequently opt3 leaves show a transcriptional program consistent 
with an Fe overload (Khan et al., 2018); however, the phloem sap 
of opt3 mutants has half of the Fe levels compared with wild-type 
plants (Zhai et al., 2014). Yet, Fe deficiency markers known to be 
located in the leaf vasculature such as bHLH38/39/100/101 are 
not induced in opt3-2 leaves (Fig. 2C, LI). These results suggest 
that the high levels of Fe in the leaf apoplast, outside companion 
cells, may be sufficient to prevent the induction of Fe deficiency 
genes in companion cells, even if the Fe levels inside companion 
cells are low (Zhai et al., 2014). Alternatively, Fe excess and Fe 
deficiency may be sensed by independent pathways and, when 
companion cells receive conflicting information (i.e. low levels 
of Fe in the cytosol but high Fe levels in the apoplast), the Fe ex-
cess signaling prevails. Interestingly, our study also found that the 
bHLH38/39/100/101 cluster is highly induced by Cd in opt3-2 
leaves (Fig. 2C, LI), and this induction is insensitive to the high 
levels of H2O2 detected in opt3-2 leaves (Fig. 5A). Moreover, 
this induction requires only a trace amount of Cd as opt3 leaves 
accumulate minimal levels of Cd compared with the wild type 
(Mendoza-Cózatl et al., 2014). Altogether, these results suggest 
that in leaves, and more specifically in companion cells, Cd im-
pairs Fe sensing and that this vascular-specific signaling pathway 
is insensitive to negative regulators such as Fe excess.

Iron deficiency is hierarchically regulated by competing 
nutrient acquisition and oxidative stress signals

Additional evidence for independent tissue-specific 
Fe-sensing mechanisms came from the finding that the tran-
scription of some genes is oppositely regulated in leaves and 
roots. For instance, while bHLH38/39/100/101 are Cd in-
duced and Fe excess independent in leaves, they are Cd in-
duced but Fe excess dependent in roots (Fig. 2D). Notably, 

Fig. 8.  Exposure to Cd impairs AtNEET stability and its capacity to 
transfer 2Fe–2S clusters to ferrodoxin. (A) Absorbance spectra of 
recombinant AtNEET protein 6 h following the addition of Cd; the 
separation of the peak characteristic absorption at 458 nm reflects the 
loss of the Fe–S cluster from AtNEET. (B) In the presence of ferredoxin 
(characteristic peak 423 nm), AtNEET is able to transfer its 2Fe–2S in 1 h 
(inset) which is impaired by increased Cd concentrations. (C) Percentage 
of 2Fe–2S clusters transferred from AtNEET to ferredoxin from (B), 
*P<0.01, **P<0.001, ***P<0.0001.
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this severe repression in roots extends to other well-known 
Fe deficiency markers such as ORG1 (Kang et  al., 2003) 
and FRO3 (Jain et al., 2014), suggesting that transcriptional 
repression by Cd in opt3-2 roots is under the control of add-
itional inputs. This apparent inconsistency prompted us to 
explore the nature of these additional inputs. High H2O2 
levels have been previously shown to inhibit Fe deficiency 
responses (Le et  al., 2016), and our H2O2 measurements 
show that there were significant differences across geno-
types, tissues, and treatments (Fig. 5A, B). In particular, opt3 
roots exposed to Cd contained three times more H2O2 than 
the wild type. This dramatic increase in H2O2 levels induced 
by Cd provides a mechanistic explanation for the repression 
of Fe deficiency markers in opt3-2 roots, probably mediated 
by ZAT12 or proteins with similar function (Le et al., 2016). 
As for the source of these high Cd-induced ROS levels, it 
has been shown that Cd uncouples the mitochondrial elec-
tron transport chain, and Fe displacement or inhibition of 
Fe-containing enzymes by Cd could be another source of 
H2O2 in roots (for a review, see Valerio Branca et al., 2020).

In leaves, Cd also induced significantly higher H2O2 levels 
in opt3-2 than in wild-type plants, and yet some Fe-responsive 
genes were highly induced despite the high Fe and H2O2 levels 
(Fig. 2C, LI cluster) while others were repressed, including the 
promoter activity of OPT3 measured by activity of the firefly 
luciferase reporter gene. Interestingly, this repression can be re-
verted in opt3-2 plants exposed to Cd by H2O2 scavengers such 
as ascorbic acid, glutathione, and DTT (Fig. 6B; Supplementary 
Fig. S4). Chloroplast metabolism and photosynthesis are highly 
dependent on redox reactions and therefore are highly sensi-
tive to Cd (Parmar et  al., 2013). In turn, our photosynthetic 
efficiency measurements confirmed that Cd has a higher in-
hibitory effect in opt3-2 leaves compared with wild-type plants 
(Fig. 7) and suggest that in opt3-2 leaves, chloroplasts are a 
significant source of H2O2. In fact, this increase in ROS was 
similar to what was observed in the dominant-negative H89C 
AtNEET mutant, which exhibits both higher H2O2 levels and 
impaired Fe homeostasis due to the impaired transfer of 2Fe–2S 
clusters from AtNEET to acceptor proteins (Zandalinas et al., 
2019). This same inhibitory 2Fe–2S transfer effect was found 
in vitro in the presence of low levels of Cd (Fig 8B, C). Hence, 
a Cd-dependent impairment of Fe–S homeostasis, combined 
with inhibition of PSII, provides a mechanistic basis for the 
elevated levels of H2O2 and the consequent partitioning of 
Cd-induced Fe excess-dependent and -independent gene clus-
ters. In summary, our results suggest that when plants experience 
opposite cues (i.e. Fe deficiency and high ROS levels), there 
is a hierarchical regulation of Fe homeostasis in which ROS 
over-ride the induction of specific transcriptional programs that 
otherwise would have been induced by Fe deficiency.

Supplementary data

The following supplementary data are available at JXB online.

Fig. S1. Venn diagrams showing gene expression relation-
ships during Cd exposure.

Fig. S2. Validation of gene RNA-seq data by qRT-PCR.
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