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Abstract

Key message Copper deficiency and excess differen-
tially affect iron homeostasis in rice and overexpres-
sion of the Arabidopsis high-affinity copper transporter
COPT1 slightly increases endogenous iron concentra-
tion in rice grains.

Abstract Higher plants have developed sophisticated
mechanisms to efficiently acquire and use micronutri-
ents such as copper and iron. However, the molecular
mechanisms underlying the interaction between both met-
als remain poorly understood. In the present work, we
study the effects produced on iron homeostasis by a wide
range of copper concentrations in the growth media and
by altered copper transport in Oryza sativa plants. Gene
expression profiles in rice seedlings grown under copper
excess show an altered expression of genes involved in
iron homeostasis compared to standard control conditions.
Thus, ferritin OsFER2 and ferredoxin OsFdl mRNAs are
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down-regulated whereas the transcriptional iron regulator
OsIRO?2 and the nicotianamine synthase OsNAS2 mRNAs
rise under copper excess. As expected, the expression of
OsCOPTI, which encodes a high-affinity copper trans-
port protein, as well as other copper-deficiency markers
are down-regulated by copper. Furthermore, we show that
Arabidopsis COPTI overexpression (CI9%) in rice causes
root shortening in high copper conditions and under iron
deficiency. C19F rice plants modify the expression of the
putative iron-sensing factors OsHRZI and OsHRZ2 and
enhance the expression of Os/RO2 under copper excess,
which suggests a role of copper transport in iron signal-
ing. Importantly, the C1°F rice plants grown on soil contain
higher endogenous iron concentration than wild-type plants
in both brown and white grains. Collectively, these results
highlight the effects of rice copper status on iron homeosta-
sis, which should be considered to obtain crops with opti-
mized nutrient concentrations in edible parts.
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Introduction

Numerous interactions between copper (Cu) and iron (Fe)
homeostasis have been described in Saccharomyces cerevi-
siae (Puig and Thiele 2002), humans (Gulec and Collins
2014) and plants (Puig et al. 2007). Cu and Fe are essential
transition metals for living organisms. Both elements have
an electronic configuration that allows them to form coor-
dination complexes with organic molecules and to act as
redox cofactors in many proteins, being key components in
respiratory and photosynthetic electronic transport chains
(Puig and Pefarrubia 2009; Yruela 2013). For instance,
Fe serves as a cofactor for several proteins in chloroplasts,
including ferredoxin (Fd), which is involved in the elec-
tron transport chain (Briat 1996). Cu and Fe display similar
physical and chemical properties, and changes in their bio-
availability during atmosphere evolution have driven metal-
loprotein substitution (Crichton and Pierre 2001). Fe uptake
and mobilization depend on Cu in yeast and humans (Gulec
and Collins 2014), although this connection remains needs
in depth investigation in plants (Bernal et al. 2012; Waters
et al. 2012; Perea-Garcia et al. 2013; Waters and Arm-
brust 2013). Under metal deficiency conditions, induction
of reactive oxygen species (ROS) could also affect Cu-Fe
interactions (Ravet and Pilon 2013). Mechanisms of excess
metal detoxification include the synthesis of metallothio-
neins (MTs), which contain cysteine-rich domains with the
capacity to interact with metals (Leszczyszyn et al. 2013).

Cu enters the plant through members of the CTR fam-
ily of high-affinity Cu transport proteins, denoted as COPT
in plants. The CTR/COPT protein family is conserved in
eukaryotes and functions in Cu™ uptake (Puig 2014). These
proteins contain three transmembrane segments with the
amino-terminus in the extracytosolic space and the car-
boxyl-terminus facing the cytosol. Most CTR-type pro-
teins contain methionine-rich domains at their amino-ter-
minus that form Cu-binding centers. Arabidopsis contains
six COPT genes, annotated as COPTI-6 (Sancenén et al.
2003; Puig 2014; Pefiarrubia et al. 2015), whereas Oryza
sativa expresses seven COPT family members listed as
OsCOPTI-7 (Yuan et al. 2010, 2011). Transgenic Arabi-
dopsis lines that overexpress the AtCOPTI transport pro-
tein (COPTI%or CI1°) are Cu sensitive (Andrés-Colds
et al. 2010), whereas Arabidopsis copt2 mutants, which
lack of COPT2 expression, exhibit resistance to Fe defi-
ciency (Perea-Garcia et al. 2013). Specifically, the copt2
lines exhibit reduced chlorosis and produce a larger number
of seeds under simultaneous Cu and Fe deficiencies, which
supports the interaction between both metals (Perea-Garcia
et al. 2013).

Fe deficiency, which leads to anemia, is a widespread
health problem that affects more than 2 billion people
worldwide (White and Broadley 2009; Stevens et al. 2013).
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Multiple interventions have been encouraged to reduce
micronutrient malnutrition, and genetic engineering-based
biofortification is one of the most effective. Since rice
(Oryza sativa L.) is one of the most widely consumed
crops worldwide, biofortification strategies for increased Fe
transport and delivery to rice grains have been prioritized
as a suitable approach to provide Fe to anemia-susceptible
populations (Sperotto et al. 2012; Bhullar and Gruissem
2013).

Nutrient uptake and distribution in plants depend on
many processes, which makes difficult the use of conven-
tional breeding techniques to improve crop nutritional qual-
ity. Unlike other grass species, rice utilizes strategy II and
partially strategy I to transport Fe (Ishimaru et al. 2006).
Strategy I consists in proton excretion, ferric-chelate reduc-
tion, and Fe uptake through IRON REGULATED TRANS-
PORTER (IRT1). A lack of inducible ferric-chelate reduc-
tase activity at the root surface has been described in rice
(Ishimaru et al. 2006). In Strategy II, Fe(III)-phytosidero-
phore chelates of the mugineic acid family (MAs) are syn-
thesized from S-adenosylmethionine (SAM) through nico-
tianamine (NA), an intermediate produced, among others,
by NA synthase (NAS) and NA aminotransferase (NAAT)
enzymes. Although originally identified as Fe(III)-phy-
tosiderophore transporters, some of the members of the
yellow-stripe (YS1/YSL) family transport structurally
similar compounds, such as Fe(I[)-NA. In this sense, the
rice OsYSL2 member of this family transports Fe(II)- and
Mn(II)-NA, but not Fe(Ill)-deoxymugineic acid (Koike
et al. 2004). OsYSL2 expression also leads to higher Fe
concentration in seeds (Ishimaru et al. 2010). A success-
ful strategy has consisted in increasing Fe transport to
the aerial part through NA synthesis, which acts as an Fe
chelator in the phloem by overexpressing NAS genes (Lee
et al. 2009; Johnson et al. 2011). Plastidic Fe storage pro-
tein ferritin, which aimed to prevent cell damage caused by
the free metal, was specifically expressed in the endosperm
leading to increased Fe concentration in rice grains (Goto
et al. 1999; Oliva et al. 2014).

The distinct networks that regulate Fe sensing, uptake
and intracellular distribution in rice are being uncovered
(Kobayashi and Nishizawa 2012). Two candidates of puta-
tive Fe-sensing factors have been described in rice: iron
deficiency-responsive element-binding factor 1 (OsIDEF1)
and hemerythrin motif-containing really interesting new
gene- and zinc-finger (OsHRZ) proteins (Kobayashi and
Nishizawa 2014). OsIDEF1, whose transcript levels do not
change in response to Fe availability, is a positive regulator
of iron-related transcription factor 2 (OsIRO2), a member
of the basic helix-loop-helix (bHLH) transcription fac-
tor family induced under Fe deficiency (Ogo et al. 2006).
Rice lines overexpressing OsIRO2 exhibit improved toler-
ance to Fe deficiency, which indicates that OsIRO2 plays a
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key role in Fe uptake and transport in both germination and
seed development (Ogo et al. 2011). OsHRZ1 and OsHRZ2
are E3 ubiquitin ligases that negatively regulate Fe accu-
mulation under Fe sufficiency. However, the nature of the
detected Fe signal, which may involve other metals, oxy-
gen or redox status, remains elusive (Kobayashi et al. 2013;
Kobayashi and Nishizawa 2014).

The present work aims to explore the interaction
between the homeostatic networks of Cu and Fe in a rel-
evant crop like rice. In order to explore new Fe and Cu
homeostatic connections, we analyze the expression of Fe-
related genes when adding or not Cu to the media and in
transgenic rice plants that overexpress AtCOPTI.

Materials and methods
Plant growth conditions and treatments

Rice (O. sativa L. cv. Nipponbare) seeds were surface-ster-
ilized and stratified for 2 days at 4 °C, and then germinated
on 1/2 MS (Sigma) plates with 1% sucrose (Murashige and
Skoog 1962) considered as the standard commercial con-
trol condition. Variable CuSO, concentrations were added
whenever indicated. For severe Cu-deficient conditions,
1/2 MS was supplemented with 100 uM bathocuproinedi-
sulfonic acid disodium (BCS). In order to test the effect
of Cu and Fe deficiency on plants, the components of 1/2
MS were prepared separately according to the follow-
ing conditions: macronutrients (10 mM NH,NO;, 9.4 mM
KNO;, 0.37 mM MgSO,, 0.62 mM KH,PO,, and 1.13 mM
CaCl,), micronutrients (50 pM H;BO;, 36.6 pM MnSO,,
15 pM ZnSO,, 0.57 pM NaMoO,, and 0.05 pM CoCl,),
50 pM Fe-EDTA, 0.25 mM KI, 1 pM CuSO,, 0.05% MES,
1% sucrose, and 0.8% phytoagar, pH 5.7. The plates pre-
pared as specified were considered as Fe- and Cu-sufficient
medium (+Cu +Fe). The rest of the media were prepared
as follows: Cu-deficient (with no added Cu) and Fe-suffi-
cient medium (—Cu +Fe), Cu-sufficient and Fe-deficient
(with no added Fe) medium (+Cu —Fe), and Cu and Fe-
deficient (with no added Cu and Fe) medium (—Cu —Fe).
Seedlings were grown under neutral day photoperiod (12 h
light, 23°C/12 h darkness, 16 °C) (65 mmol m~2cool-white
fluorescent light) in a Sanyo Growth Cabinet MLR-350 T
for 8 days.

For hydroponic cultures, rice grains were germinated
in Petri dishes filled with deionized water at 30°C in dark-
ness. Then plantlets were cultivated in hydroponic boxes
that contained standard Hoagland solution (0.1x) pH 5.8,
as described by Hermans et al. (2005). After 2 weeks of
adaptation, the —Cu —Fe treatment (corresponding to
Hoagland medium without Cu and Fe) applied, for 2 more
weeks. For these experiments, plants were grown under

long day conditions (16 h light, 23 °C/8 h darkness, 16 °C;
65 mmol m~2 cool-white fluorescent light) for 1 month.

The obtained 5 month-old plants, unless other age is
stated, were grown in the greenhouse in 22X20 cm pots
that contained a 3:1 mixture of substrate (SEED PRO5050
Projar Professional) and perlite (pH 6-6.5). Plants were
grown under long day conditions (16 h light, 23°C/ 8 h
dark, 27°C). Relative humidity was maintained between
65-83% until the emergence of 67 leaves in panicles. Root
and shoot lengths from 8 day-old seedlings were measured
by the Image J (http://rsb.info.nih.gov/ij) software.

Chlorophyll quantification

Chlorophylls from the excised rice aerials parts were
extracted with cold acetone 90% (v/v) and gentle agitation
at 4°C overnight. Subsequently, chlorophyll concentration
was spectrophotometrically determined as described in
Garcia-Molina et al. (2011), and the resulting values were
normalized to fresh weight (FW).

Rice transformation

The expression cassette CaMV35S::AtCOPTI-HA::NOS
(Andrés-Colés et al. 2010) was excised from the pBI121
plasmid by HindIII and Sacl digestion and was cloned into
a pCAMBIAI305.1 binary vector (Cambia, http://www.
cambia.org/). The resulting plasmid was transformed into
the Agrobacterium tumefaciens C58 strain. Rice (O. sativa
L. cv. Nipponbare) plants were transformed according to
Hiei et al. (1994).

Gene expression by semi-quantitative and real-time
quantitative PCR

Total RNA was extracted from 8 day-old seedling shoots
grown under the indicated conditions by the RNAeasy mini
plant kit (Qiagen) following the manufacturer’s instruc-
tions. RNA was quantified by UV spectrophotometry and
its integrity was visually assessed on ethidium bromide-
stained agarose gels. Total RNA (1.5 pg) was first con-
verted into cDNA by reverse transcription using Super-
Script II reverse transcriptase (Invitrogen) and anchored
oligo(dT);5 (Roche). Semi-quantitative PCRs were per-
formed with specific primers (Supplemental Table S1).
Real-time quantitative PCRs were carried out with SYBR
Green qPCR SuperMix-UDG with ROX (Invitrogen) and a
specific primer (Supplemental Table S1) in a CFX96 touch
real-time PCR detection system (Bio-Rad) with one cycle
of 95°C for 2 min, and 40 cycles that consisted in 95°C
for 30 s and 60°C for 30 s. Values were normalized to the
ACTINI mRNA levels, and the wild-type (WT) used under
the control conditions was taken as a reference.
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Gene expression analysis by long oligonucleotide
microarrays

Genome-wide gene expression studies were carried out
by rice 45K whole-genome oligonucleotide DNA micro-
arrays, provided by the University of Arizona (http://
www.ag.arizona.edu/microarray). The RNA from four
independent biological replicates of 8 day-old seedling
shoots grown under each condition (1/2 MS and 1/2
MS +75 uM CuSO,) was amplified by the MessageAmp
aRNA kit (Ambion). The obtained amplified RNA
(aRNA) was labeled by using the CyDye Post-Labeling
Reactive Dye Pack, which generates fluorescent Cy3-
and Cy5-labeled probes by a post-labeling (amino allyl)
method (GE Healthcare). Each biological replicate was
labeled with Cy3 and Cy5 to produce four pairs of repli-
cate dye-swaps, which were used for microarray hybridi-
zation. Both amplified RNA and labeled aRNA were
quantified in a NanoDrop ND-1000 spectrophotometer
(Thermo scientific). Manual hybridization was performed
according to the following protocol: microarrays were re-
hydrated by exposing them to water vapor for 10 s (four
times). Next microarrays were cross-linked by ultravio-
let (UV) irradiation of 180 mJ in a Stratalinker 1800 UV
(Stratagene). Subsequently, microarrays were washed
with 1% sodium dodecyl sulfate (SDS; w/v) for 5 min
and ten times with H,O milliQ (Millipore), washed with
100% ethanol five times and then dried by centrifuga-
tion at 200 g. After this pre-treatment, microarrays were
hybridized overnight at 55 °C with hybridization solution
[48 pmol of each labeled sample; deionized formamide
50% (v/v)] 3x saline-sodium citrate (SSC); Denhardt’s
solution [5x and SDS 0.1% (w/v)]. The hybridization
solution was denaturalized for 5 min at 65 °C and applied
between the microarray and a coverslip LifterSlipTM
(Erie Scientific). After hybridization, microarrays were
washed with SSC and SDS at decreasing concentrations
and dried by centrifugation at 1000 rpm. The hybridized
microarrays were scanned using a Gene Pix Autoloader
4200AL (Axon/Molecular Devices) at 532 nm (Cy3) and
635 nm (Cy5). The expression values were obtained with
the GenePix Pro 6.0 microarray-analysis software (Axon
Molecular Devices). Quality control, normalization and
determination of the differentially expressed genes were
conducted in R using the Limma package (Smyth 2005),
as previously described in Andrés et al. (2009). To deter-
mine the false-positive ratio (FDR), the P-values were
adjusted by a multiple test according to the Benjamini
and Hochberg (1995) method. Genes that displayed a
differential expression with fold-change (FC) minimum
of 2 for both conditions, represented as log,(FC)>I1l
(=1>log-fold change [1/2 MS+75 uM/ 1/2 MS]>1)
with a P-value of 0.05 (FDR =0.5%) were selected. The
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microarray datasets have been deposited in the public
NCBI database (GSE89109).

Western blot

Crude extracts from the WT and transgenic lines grown
on 75 uM CuSO, were obtained by crushing the mate-
rial in a mortar with N, liquid and adding 3x SDS buffer
[Tris—HCI 250 mM, pH 6.8; glycerol 20% (v/v); SDS 4%
(w/v); p-mercaptoethanol 10% (v/v) and bromophenol
blue 0.025% (w/v)] in a 1:2 ratio (w/v). Samples were
boiled for 30 min at 90 °C and centrifuged at 12,000 rpm
at 4°C for 30 min to remove cell debris. Twenty micro-
litre of the protein extract were analyzed by SDS-PAGE,
transferred to a nitrocellulose membrane and blotted
with an antibody against human influenza Hemagluti-
nin epitope (HA; Roche). Ponceau staining was used as
a loading control. Antigen/antibody-peroxidase detection
was carried out with the ECL system (Amersham) fol-
lowing the manufacturer’s recommendations and expos-
ing the membrane in an ImageQuant 4000 instrument
(GE Healthcare).

Metal accumulation and hormone measurements

For the biochemical analyses, fresh 8 day-old O. sativa
seedling shoots grown under the indicated conditions were
washed once with 20 uM EDTA and three times with Mil-
1iQ water. For the ABA, IAA and JA determinations, plant
material was lyophilized and then analyzed by UHPLC
(ultra-high-pressure liquid chromatography) (Q-Exactive,
ThermoFisher Scientific) at the IBMCP (Valencia, Spain).
Lyophilized samples and seedlings were digested with
65% (v/iv) HNO; at 80-90°C. Digested samples were
diluted with millipore water (Purelab Ultra), and Cu and
Fe concentrations were determined by inductively coupled
plasma mass spectrometry (ICP-MS) at the Servei Cen-
tral d’Instrumentacié Cientifica (Universitat Jaume I) and
Servei Central de Suport a la Investigacié Experimental
(SCSIE; Universitat de Valéncia).

Perl’s staining

Seeds from the WT and transgenic plants were germinated
in ¥2MS and embedded with equal volumes of 4% (v/v)
HCI and 4% (w/v) K-ferrocyanide (Perl’s stain solution) for
15 min and incubated for 30 min at room temperature (Sta-
cey et al. 2007).

Statistical analysis

A statistical analysis of the relative expression studies
was performed by comparing the relative expression of
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the genes based on the pair-wise fixed reallocation rand-
omization test (P <0.05; (Pfaffl 2001)). For the remaining
parameters, this was carried out by a two-way ANOVA
with the means compared by the Duncan test (P <0.05),
or by a Kruskal-Wallis test when the data distribution
was non parametric, using the InfoStat software, ver-
sion 2010 (http://www.infostat.com.ar) (Di Rienzo et al.
2011).

Results

Characterization of copper nutritional responses
in Oryza sativa

To evaluate how rice Cu status changes in accordance with
the Cu present in the medium, 8 day-old seedlings were
grown on 1/2 MS commercial plates supplemented with
Cu at concentrations between 0 and 100 pM (Fig. la).
As expected, we observed a positive correlation between
the endogenous Cu concentration found in shoots from
8 day-old seedlings and the increasing of Cu added to the
medium. According to the Cu sufficiency range estab-
lished for higher plants (5-20 pg/g DW; Marschner 2012),
the shoots of rice seedlings grown in medium with no Cu
supplementation (0 pM CuSO,) contained Cu levels at
the lower limit of sufficiency (5.1 pg/g DW), whereas Cu
excess was found in plants grown on the media supple-
mented with concentrations of 10 pM CuSO, (28.6 pg/g
DW) and higher (Fig. 1a).

The physiological toxic effect of Cu in rice seedlings
was demonstrated as root growth inhibition. Cu led to a sig-
nificant reduction in root length, with a 50% reduction in
the medium supplemented with 50 uM CuSO, (Fig. 1b). A
similar trend has been previously observed in Arabidopsis
(Andrés-Colés et al. 2010). Cu supply did not impact on the
phytohormones abscisic acid (ABA) and jasmonate (JA)
content in shoots (Fig. S1). However, auxins (IAA) con-
centrations in shoots analyzed in a Cu deficiency medium,
obtained by adding a Cu chelator (Cu deficiency: 0 pM
CuSO,+100 pM BCS) or in Cu excess (10 pM CuSO,)
revealed significant differences, with decreased levels
under Cu excess (Fig. 1¢).

Since plasma membrane high-affinity Cu transport
proteins are well-recognized as Cu deficiency mark-
ers in Arabidopsis (Yamasaki et al. 2009; Bernal et al.
2012; Andrés-Colas et al. 2013), the OsCOPTI (LOC_
0s01g56420) transcript level was determined by quan-
titative RT-PCR in the rice seedlings grown under the
aforementioned wide range of Cu conditions. The
OsCOPT]I transcript levels were high at 0 pM CuSO,
and dropped dramatically when the medium was sup-
plemented with Cu (Fig. 2). Conversely, the transcript

(A)10 ;
ab

Root length (cm)
o
(2]

o
Q.

0 1 10 50 75 100[Cu] pM

~

70 e
60 I
50

40

HQ.

30 ¢

20
101 4

I
-

10 50 75 100 [Cu] uM

-
N
o

-
o
o
Y

80

60

40

—iT

20

Shoot IAA concentration (ng/g DW)’R Shoot Cu concentration (pg/g DW) &
o
—

o

0 10
100 -

[Cu] uM
[BCS] uM

Fig. 1 Characterization of O. sativa plants grown in media with
different Cu concentrations. a Endogenous Cu concentration of the
8 day-old seedling shoots from the WT plants grown on a Cu scale
that ranged from control conditions (0 pM CuSO,) with slight Cu
deficiency to severe excess (100 uM CuSO,). Cu was determined by
atomic absorption spectrophotometry. b Root length of the WT plants
grown under the same conditions indicated in (a). ¢ IAA concentra-
tion of WT seedlings shoots grown under severe Cu deficiency (BCS
100 uM) or Cu sufficiency (10 uM CuSO,). Values are the mean +SD
of n=3 replicates. The samples with a cocommon letter re not signifi-
cantly different (p-value > 0.05) Kruskal-Wallis test

levels of metallotionein OsMTIc (LOC_Os12g38010),
which is considered a Cu-excess marker in Arabidopsis
(Andrés-Colas et al. 2013), raised in the seedlings cul-
tivated on the media that contained more than 10 pM
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Fig. 2 Expression of genes involved in metal homeostasis at differ-
ent Cu contents. a Relative expression of the genes induced under
low Cu. Expression of OsCOPTI1, OsFER2 and OsFdl was deter-
mined by qRT-PCR from the 8 day-old WT seedling shoots grown
on a Cu scale that ranged from control conditions (0 uM CuSO,)
with slight Cu deficiency to metal excess (75 uM CuSO,). b Rela-
tive expression of the genes induced under Cu excess. Expression of

CuSO, (Fig. 2). This trend agreed with the endogenous
Cu concentration variation (Fig. la) and further sup-
ported that 10 pM CuSO, can be considered a Cu excess
medium. However, for 0 pM CuSO,, plants underwent
slight Cu deficiency at the molecular level by expressing
the high-affinity Cu transport protein OsCOPTI.

Thus, we established Cu nutritional ranges for rice
seedlings under our experimental conditions based on
metal concentration, physiologic parameters and molec-
ular responses, which reflect the endogenous cellular
metal status.
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OsMTIc, OsNAS2 and OsIRO2 under the same conditions indicated
in (a). The Actin gene was used as a loading control. The mRNA
level is expressed in relative units (ru). The values are relative to
the expression level at 0 uM CuSO, in (a) and also to the expression
level at 75 pM CuSO, in (b). Values are the mean+SD of n=3 rep-
licates. Samples with a common letter are not significantly different
(p-value > 0.05)

Transcriptomic profile unveils an influence of copper
on iron homeostasis

To gain further insight into the molecular responses
affected by the Cu nutritional status, 8 day-old O. sativa
seedling shoots were used to perform a global gene
expression analysis by DNA microarrays. Two differ-
ent Cu concentration conditions were compared, 1/2 MS
standard commercial control (no Cu added; 0 pM CuSO,)
and Cu excess (75 pM CuSO,), as the latter has been
shown to affect root length and metal concentration, and
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practically eliminates OsCOPTI expression (Figs. 1, 2).
Table 1 contains the list of the differentially expressed
genes with fold-change (FC) minimum of 2 for the Cu
excess condition, represented as log,(FC) > I1l. OsCOPT1
and metallothionein OsMTIc, which are respectively
down- and up-regulated under Cu excess, validated
our experimental settings (Fig. 2). Interestingly, the

expression of several genes involved in Fe homeostasis
appeared to be significantly altered. Ferritin (OsFER2)
(LOC_Os12g01530) and ferredoxin (OsFdl) (LOC_
0s08g01380) were down-regulated, whereas nicotian-
amine synthase (OsNAS2) (LOC_0Os03g19420) and the
OsIRO2 (LOC_Os01g72370) transcription factor were
induced under Cu excess (Table 1).

Table 1 Differentially expressed genes under Cu excess

Gene name Gene ID Annotation log,FC p-value
Repressed genes under Cu excess
LOC_0s01g10400 Expressed protein —1.743 1.085°%
OsCOPT1 LOC_0Os01g56420 Ctr copper transporter family protein, putative, expressed —1.590 8.02¢°"7
LOC_0Os06g39730 #N/A -1.332 1.96°7%
OsATX1 LOC_0s02g32814 Heavy metal-associated domain containing protein, expressed —1.242 5.98°-04
OsAP2_ERF LOC_0s09g11460 AP2 domain containing protein, expressed —1.235 7.01°793
OsFER2 LOC_Osl2g01530 Ferritin-l, chloroplast precursor, putative, expressed —1.183 1.97¢°%
OsFdl LOC_0s08g01380 2Fe-2S iron-sulfur cluster binding domain containing protein, expressed —1.092 3.33¢°06
chr05:11696945 #N/A —-1.015 2.30°706
LOC_0Os06g41610 Retrotransposon protein, putative, unclassified, expressed —1.002 1.70-03
LOC_Os12g08790 TPR domain protein, putative, expressed —0.999 321679
Induced genes under Cu excess
LOC_Os12g38064 #N/A 322 3.04¢7%
OsNAS2 LOC_0Os03g 19420 Nicotianamine synthase, putative, expressed 2.18 1.61¢°%
OsMTIc LOC_Osl2g38010 Metallothionein, putative, expressed 2.13 9.38°-08
OsMTIf LOC_Osl2g38051 Metallothionetn, putative, expressed 2.09 6.78°"%
OsIRO2 LOC_0Os01g72370 Helix-loop-helix DNA-binding domain containing protein, expressed 1.97 8.37°°%8
OsNAS1 LOC_0Os03g19427 Nicotianamine synthase, putative, expressed 1.80 3.41¢7%
LOC_0s03g32490 DUF1230 domain containing protein, expressed 1.74 5.29¢%
OsNAATI LOC_0s02g20360 Tyrosine aminotransferase, putative, expressed 1.73 2.065°%
LOC_0s01g46720 Expressed protein 1.55 1.31e%
LOC_0s08g43840 Expressed protein 1.41 9.44°04
LOC_0s12g42960 Expressed protein 1.37 2.54¢706
LOC_0s01g35310 Expressed protein 1.31 1.62¢%
OsSKP1 LOC_0Os06g02350 S-phase kinase-assoeiated protein 1A, putative, expressed 1.31 7.80°03
LOC_0Os03g01090 Peptidyl-prolyl cis-trans isomerase, cyclophilin type, putative, expressed 1.31 1.34°°04
LOC_0s05g15770 #N/A 1.23 5.06°7%
LOC_Osl1g29370 Haloacid denalogenase-like hydrolase family protein, putative, expressed 1.18 1.25¢°04
OsLEAI LOC_0Os03g20680 Late embryogenesis abundant protein 1, putative, expressed 1.16 5.5770%4
LOC_0s05g38210 Mitochondrial glycoprotein, putative, expressed 1.14 8.86°7%3
LOC_0Os08g08170 Transposon protein, putative, CACT A, En/Spm sub-class 1.11 4.49°-02
chr03:307064 #N/A 1.10 1.30¢°%
LOC_0s10gl4050 Expressed protein 1.06 230070
OsRNAsaT2 LOC_0Os09g36680 Ribonuclease T2 family domain containing protein, expressed 1.04 3.577%
LOC_0s09¢g17590 Expressed protein 1.00 1.215°9
LOC_0Os03g38970 Metal ion binding protein, putative, expressed 1.00 1.19°%

Comparison of gene expression in microarray experiments from WT O. sativa 8-day old seedlings germinated and grown under Cu excess
(75 uM CuSO,) versus control (0 uM CuSO,) conditions (p-value <0.05). Differentially expressed genes with a minimum twofold difference
(log,FC>11l) are shown.

Genes in bold have been used along this work to validate their gene expression patterns by quantitative RT-PCR

Log,FC logarithm of fold change to the base 2
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To validate the transcriptomic profile and further assess
Cu responsiveness, quantitative RT-PCR analyses were
conducted in the samples from the seedlings grown within
a range of Cu concentrations (0—75 pM CuSO,). The tran-
script levels of OsFER2 and OsFdlI lowered as the Cu con-
centration increased in the growth medium (Fig. 2). On
the other hand, the expression levels of OsIRO2 and its
target OsNAS2 were up-regulated as the Cu concentration
increased (Fig. 2). Other OsIRO2-targets, such as OsNAS/
and OsNAATI (Ogo et al. 2007), as well as metallothio-
nein OsMTIf were also induced under Cu excess (Table 1).
All of them were confirmed by quantitative RT-PCR (Fig.
S2). Since the expression of OsCOPTS5 and OsCOPT7 is
induced by Cu deficiency (Yuan et al. 2010), they were
also included as controls in the analysis. OsCOPT7 was
indeed up-regulated under the standard control condition
that represents a slight Cu deficiency, as previously stated
(Figs. 1a, 2a), whereas OsCOPTS5 was not regulated under
our experimental conditions (Fig. S2). Other Fe-related
genes such as those encoding Fe superoxide dismutase,
OsFSDI.1 and OsFSDI1.2, and the Fe-sulfur domain-con-
tain protein 1 OsCDGSH (displaying a Log,(FC) value of
—0.615) were down-regulated under Cu excess (Fig. S3).
Taken together, both global expression analysis and quan-
titative RT-PCR expression patterns indicate that rice Cu
status influences Fe homeostasis by altering the expression
of several Fe-related genes.

Ectopic expression of AtCOPT1 impacts iron
homeostasis

Our global gene expression studies in rice seedling shoots
suggested that Cu had an impact on Fe homeostasis
(Table 1). To further investigate the cross-talk between
Cu and Fe we generated two independent transgenic O.
sativa lines that ectopically overexpressed the Arabidop-
sis AtCOPTI transport protein fused to the carboxy-ter-
minal end to the Human Influenza Hemaglutinin epitope
(HA) under the control of the cauliflower mosaic virus
35 S (CaMV35S) promoter and the nopaline synthase
(NOS) terminator. These CaMV35S::AtCOPTI-HA::NOS
transgenic plants were named AtCOPTI®E-1 (CI19E-1)
and AtCOPTI%E-2 (C19E-2). To verify that the obtained
transgenic lines expressed the CaMV35S::AtCOPTI-
HA::NOS construct, both kanamycin-resistant plants
were analyzed by different approaches. First, the cDNA
obtained from 8 day-old WT, CI96-1 and CI1°E-2 the
8 day-old seedlings was analyzed by semiquantitative
RT-PCR (Fig. 3a). The AtCOPTI gene was detected
only in the transgenic lines. Addition of the HA epitope
allowed to detect AtCOPT1 protein by Western blotting
(Fig. 3b). Although a similar amount of total protein was
processed in the three samples (lower panel in Fig. 3b),
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the HA epitope was detected only in the CI9F seedlings
(upper panel in Fig. 3b). These results corroborate that
the two transgenic lines (C1%E-1 and C19E-2) express the
AtCOPT] gene, which is translated into protein.

To characterize the consequences of AtCOPTI over-
expression in rice, CI1%6-1 and CI9E-2 seedlings were
grown for 8 days in media with increasing Cu concen-
trations, and then shoot and root lengths were measured
(Fig. 4). In both WT and transgenic plants, shoot and root
lengths decreased when 50 uM or higher Cu concentra-
tions were added to the medium (Fig. 4). Importantly,
shoot and root shortening was more pronounced in the
transgenic lines. Specifically, C19E-1 transgenic line dis-
played a significant decrease in shoot length as compared
to WT seedlings, whereas the C/°E-2 did not display a
significant difference probably due to its higher vari-
ability (Fig. 4a). Regarding root length, 27 and 19% root
growth reductions took place in the WT seedlings at 50
and 75 uM CuSO,, whereas root growth inhibition was
significantly more prominent (29-52%) in both C1%E-
1 and CI9E-2 lines (Fig. 4b). These results indicate that
C19E rice plants are sensitive to Cu.

To check whether the transgenic plants altered Cu and
Fe accumulation, the endogenous levels of both metals
were determined in roots and shoots by ICP-MS (Fig. 5).
At the Cu conditions assayed (0 and 75 pM added
CuSO,), no significant differences in shoot and root
endogenous Cu levels were observed for the transgenic
plants as compared to WT. With regard to Fe content,
under standard control conditions (no added CuSO,), the

(A) WT  C1%81 c1%E2
— B | AtcorT
A | 18S
(B) Wt C1%E1 C1°%.2
- o Anti-HA

PONCEAU

Fig. 3 ArCOPTI expression in O. sativa transgenic plants. a
AtCOPTI gene expression was determined by sqRT-PCR of the
8 day-old seedlings from the WT and CI%E-1 and CI9E-2 plants. The
18 S gene was used as a loading control. b A Western-blot analysis
was used to detect the HA epitope of the seedlings from the WT and
CI°E.] and C19E-2 plants grown under the same conditions indicated
in (a). The anti-HA primary antibody labelled with peroxidase was
used for Human Influenza Hemaglutinin epitope (HA) epitope detec-
tion. Ponceau staining was used as a loading control
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Fig. 4 Length of shoots and roots of O. sativa WT and C1°F plants.
a The relative shoot length of the 8 day-old seedlings from the WT,
CI%E.] and CIE-2 lines grown on a Cu scale that ranged from
control conditions (0 uM CuSO,) to Cu excess (75 uM CuSO,). b
The relative root length was measured under the same conditions
indicated in (a). The ratio was calculated and normalized against
each genotype sufficiency condition (1 uM CuSO,). Values are the
mean + SD of n=3 replicates. Samples with a cocommon letter re not
significantly different (p-value > 0.05)

CI9E-1 and CI9E-2 roots accumulated 60-36% less Fe
than the WT lines respectively (Fig. 5b). These data indi-
cate that the expression of AtCOPTI in rice significantly
decreases root Fe accumulation.

The expression of the Cu and Fe homeostasis genes was
analyzed by quantitative RT-PCR in the CI 9F transgenic
plants. We selected OsCOPT1 and OsMTIc as representa-
tive genes that were down- and up-regulated respectively by
Cu excess (Fig. 2). The endogenous OsCOPTI expression
was lower in the two transgenic C1 °F lines at 0 uM CuSO,
(Fig. 6). This result suggests that, despite no global changes
in plant Cu levels were observed by ICP-MS (Fig. 5), the
transgenic plants might sense increased nucleo-cytosolic
Cu concentration. Under 75 pM CuSO,, OsMTIc expres-
sion was higher in the two transgenic CI °F lines than in
WT seedlings (Fig. 6), which also indicates that C1 %F
plants are sensing higher Cu levels. Altogether, these
data indicate that the CI 9F lines display gene expression

changes compatible with the perception of increased intra-
cellular Cu levels and that the expression of specific marker
genes could be more sensitive than total content of metals
to assess nucleo-cytosolic Cu status.

Then we analyzed the expression of Fe-related genes.
Whereas OsFER?2 expression remained mainly unchanged,
OsHRZI, OsHRZ2, OsIRO2 and OsFdl expression was
higher in the transgenic lines at least in 75 uM CuSO,
(Fig. 6). Given the postulated negative role of OsHRZ1 and
OsHRZ2 in Fe acquisition (Kobayashi et al. 2013), these
results point to altered Fe homeostasis when Cu uptake is
increased in CI9F lines. However, the expression of the
putative Fe sensors OsHRZI and OsHRZ2 in WT plants
was similar under different levels of Cu supply, with a
decrease for OsHRZ2 at 75 pM CuSO, (Fig. S3).

In Arabidopsis, substitution of Cu-Zn superoxide dis-
mutase (SOD) for its Fe counterpart is a specific feature
of the Cu deficiency response (Abdel-Ghany et al. 2005;
Waters et al. 2012). Given that SOD substitution would
implicate an increased Fe demand under Cu deficiency, we
checked whether it also took place in Oryza sativa (Fig.
S4). The expression of the different genes that encoded
Cu-dependent SODs (OsCSD1.1, OsCSD1.2 and OsCSD2)
remained higher under control than under Cu excess con-
ditions, instead of being repressed by low Cu as described
for Arabidopsis homologs (Abdel-Ghany and Pilon 2008;
Waters et al. 2012). The expression of Fe-dependent SODs
(OsFSDI.1 and OsFSDI.2) was also higher in Cu excess,
which is indicative of increased superoxide radical produc-
tion under the slight Cu deficiency shown by control condi-
tions. However, no significant differences in the expression
of SOD genes were detected between the WT and CI9F
transgenic lines (Fig. S4), which suggests that SOD substi-
tution is not implicated in the observed phenotypes.

Phenotype of transgenic AtCOPT1 overexpressing lines
with different copper and iron concentrations

To further investigate the potential interaction between
Cu and Fe, we analyzed several parameters of the WT
and CI°F seedlings grown in the presence of different Cu
and Fe concentrations (Fig. 7). The WT and both C19F
lines displayed a similar root length when grown in plates
under the control medium (+Cu +Fe). However, the C1°F
transgenic lines were more sensitive to single Cu (—Cu
+Fe; 35-42% root length reduction), and especially to Fe
(+Cu —Fe; 75-69% reduction) and the double (—Cu —Fe;
71-76% reduction) deficiencies (Fig. 7). Hydroponic cul-
tures of the WT and CI/E-] lines were also performed
under both the control (+Cu +Fe) and deficiency (—Cu
—Fe) conditions. The adult C/%E-] plants also showed dif-
ferences with the controls, as indicated by the 30% reduc-
tion of chlorophyll levels when grown on hydroponic
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(A) 300 — WT c However, Cu and Fe concentration in the unpolished rice
| == C10E- grain from both CI9F lines was higher than in the controls
250 | | s C10E-2 be (Fig. 9a). Whereas Cu concentration slightly decreased in
S 200 | | the polished grains from the CI°F lines compared to the
@) } b controls, Fe concentration was still higher than in the WT
%: 150 | (Fig. 9b). Altogether, ectopic expression of AfCOPTI in
~:’ | rice leads to altered Fe homeostasis with increased Fe con-
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% 150 l b b high-affinity Cu transport protein COPT1 from Arabidop-
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I | nate the metal partitioning between intracellular and apo-
0 0 75 0 75  [CuluM plastic compartments since metals are tightly bound to the
Shoot Root cell walls (Ye et al. 2015). In A. thaliana, the expression
of plasma membrane COPT transport genes (AtCOPTI,
Fig. 5 Metal concentration of O. sativa CI1°F plants grown in media ~ AtCOPT2 and AtCOPT6) has been shown to serve as mark-

with a different Cu status. a Cu concentration of the shoots and
roots of the 8-day-old seedlings from the WT, CI°E-1 and CI9E-
2 lines grown under control conditions (0 uM CuSO,) or excess
(75 uM CuSO,) of Cu. b Fe concentration of the shoots and roots of
the seedlings from WT, CI°E-1 and CI9E-2 grown under the same
conditions indicated in (a). Values are the mean+SD of n=3 repli-
cates. Samples with a common letter are not significantly different
(p-value > 0.05)

cultures under both metal sufficiency and deficiency (Fig.
S35).

In order to check how the WT and C19F rice lines per-
formed under regular greenhouse conditions, different
agronomic parameters were analyzed (Fig. 8). Plant heights
remained mostly unaltered, except for a slight decrease
(about 15%) in the CI9E-2 line (Fig. 8a, b). Metal con-
centrations were determined both in young and old leaves
from 4- and 5-months old plants. Whereas metals remained
mostly unchanged in old leaves from 5 month-old plants,
Cu and Fe concentrations increased in young leaves from
C19F rice lines (Fig. S6). Chlorophyll concentration and
panicle production per plant were not affected in the C19F
lines under these growing conditions (Fig. 8b, c). However,
the number of grains per panicle was slightly reduced in the
C19 lines (Fig. 8c). The localization of Fe detected by the
Perl’s staining method (Stacey et al. 2007) indicated that
Fe was present in both the WT and CI9F lines (Fig. S7).
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ers of Cu deficiency conditions (Sancenén et al. 2003;
Andrés-Colas et al. 2010; Garcia-Molina et al. 2013). The
fact that the OsCOPTI expression was finely regulated
according to the Cu concentration in the medium sug-
gests that this transporter is also an excellent marker of the
endogenous cellular Cu status in shoots from rice seedlings
(Fig. 2). Thus, when considering the OsCOPT] expression
pattern, three different Cu level conditions were established
in the media in O. sativa. Cu deficiency was attained in the
media with no supplemented Cu (0 pM CuSO,), where
the OsCOPTI transport protein was markedly induced.
Slight Cu deficiency conditions are also corroborated by
increased expression of OsCOPT7, OsATXI, OsFSDI.I
and OsFSD1.2 (Figs. S2 and S3). Cu sufficiency conditions
corresponded to the presence of 1 pM and 10 pM CuSO,
in the media, where OsCOPTI displayed a basal expres-
sion. Cu excess in rice was observed at 50 pM CuSO, and
at higher Cu concentrations (75 pM CuSO,), when the
OsCOPT] expression was barely detected (Fig. 2). For Cu
excess, the data from rice differed from those obtained in
Arabidopsis since 10 pM CuSO, resulted in metal excess
concentration in Arabidopsis (Andrés-Colas et al. 2013).
To conduct a global gene expression study 75 pM CuSO,
was selected as Cu excess and compared to the standard
control condition (0 pM CuSO,). OsMTIc induction con-
firmed that the presence of 50 pM and 75 pM CuSO, in
the media represented metal excess (Fig. 2). Another MT
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Fig. 6 Relative expression of OsCOPTI, OsCOPT7, OsMTIc,
OsFdl, OsFER2, OsHRZI1, OsHRZ2 and OsIRO2 genes in the WT
and ArCOPTI overexpressing rice plants. Relative gene expression
analyzed by qRT-PCR of the WT and C7°F 8-day-old seedling shoots
grown under control conditions (0 pM CuSO,) and excess (75 pM

CuSO,). The Actin gene was used as a loading control. The mRNA
level is expressed in relative units (ru). Expression values are relative
to the WT seedlings grown under Cu deficiency conditions. Values
are the mean+SD of n=3 replicates. Samples with a common letter
are not significantly different (p-value > 0.05)
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Fig. 7 Characterization of the O. sativa C1°F plants grown in media

with different Cu and Fe contents. a Representative photographs of
the WT, CI9E-1 and CI9E-2 plants grown with different media: Cu
and Fe sufficiency (+Cu+Fe), Cu deficiency (—Cu+Fe), Fe defi-
ciency (+Cu —Fe), Cu and Fe deficiency (—Cu —Fe). b Root length
of the 8 day-old seedlings of the WT, CI9E-] and CI° -2 plants
grown under the same conditions as in (a). Represented values are the
mean +SD of n=3 replicates. Samples with a common letter are not
significantly different (p-value >0.05)

gene OsMTIf was also induced under Cu excess (Table 1
and Fig. S2), which is indicative of them being good can-
didates for molecular markers of Cu excess in rice. The
induction of type 1 metallothioneins under Cu excess is a
well-known protecting process that affects ROS scavenging
or signaling (Hassinen et al. 2011). The expression of genes
related to NA-metal complexes, such as OsNAS1, OsNAS2
and OsNAATI were also increased (Fig. 2, S2), and could
be used as molecular markers of Cu excess in rice.

To examine the effect of altered Cu incorporation, we
overexpressed AtCOPTI in the O. sativa plants. AtCOPT1
shares 51% sequence identity and 66% sequence similarity
with OsCOPT1 (Yuan et al. 2010). Moreover, AtCOPT1 is
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able to complement the phenotype of S. cerevisiae strains
deficient in Cu transport (Puig and Thiele 2002; San-
cendn et al. 2003). We confirmed that the CI9F rice lines
generated expressed the heterologous gene and produced
the encoded protein (Fig. 3). At the phenotypic level, and
under Cu excess conditions, the shortening of root length
was more marked in the CI9F plants than in the WT
(Fig. 4). These results are consistent with those described
in Arabidopsis (Andrés-Colas et al. 2010), and agree with
previous studies in which Cu excess was found to cause a
reduction in the weight of rice plants (Mostofa et al. 2014).
This could be due to the incorporation of Cu into plants
as Cu(I), which is harmful as it produces ROS (Rodrigo-
Moreno et al. 2013). The reduced expression of the endoge-
nous OsCOPTI gene in the transgenic lines under standard
control conditions indicated that the C1°F lines perceived
more endogenous Cu levels as a result of AtCOPT1 activ-
ity (Fig. 6). Likewise, the highest expression of the metal-
lothionein OsMTI1c under Cu excess (Fig. 6) further indi-
cated increased Cu perception in the C19 lines.

There is evidence for the relationship between Cu and
Fe in other organisms, such as yeast or algae, where Cu is
necessary for Fe incorporation and distribution (Puig et al.
2007; Gulec and Collins 2014). In Arabidopsis, Cu and
Fe deficiencies induce the expression of high-affinity Cu
transport protein COPT2, and that copt2 mutants are more
tolerant than WT plants to double Cu and Fe deficiencies
(Colangelo and Guerinot 2004; Perea-Garcia et al. 2013).
In agreement with these data, AtCOPTI overexpression in
rice produced increased sensitivity to double Cu and Fe
deficiencies (Fig. 7 and S5). Severe Cu deficiency leads to
increased auxin synthesis in rice (Fig. 1c), as described for
Fe deficiency in Arabidopsis, which results in the enhanced
expression of Fe-deficiency genes (Chen et al. 2010).
Although the role of IAA in the cross-talk between Cu and
Fe homeostasis merits further characterization (Pefiarru-
bia et al. 2015), our results envisage that plants subjected
to multiple nutritional deficiencies also face an auxin
dilemma.

The putative Fe and oxygen/redox state sensors OsHRZ1
and OsHRZ2 have been shown to act as a negative regu-
lators of Fe homeostasis (Kobayashi et al. 2013). OsHRZI
and OsHRZ?2 expression could be affected by the effects of
Cu(D)-uptake since increased in CI°F plants (Fig. 6), but
not under Cu excess (Fig. S3).

Cu-Fe crosstalk under Cu excess might be at least par-
tially explained by the increased expression of the tran-
scriptional regulator OsIRO2, which could justify the
expression of the Fe strategy II uptake targets related
to DMA biosynthesis, such as OsNASI, OsNAS2 and
OsNAATI (Table 1; Fig. 2 and S2) (Ogo et al. 2007).
OsIRO?2 expression is subjected to the control of postulated
Fe sensor OsIDEF1. By using the recombinant OsIDEF1
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protein in in vitro experiments, Kobayashi et al. (2012)
demonstrated that OSIDEF1 binds Fe(II) and other divalent
metals, including Cu(Il), through its histidine-asparagine
repeat and proline-rich regions. Based on its ability to bind
metals in proportion to their cellular abundance, it is tempt-
ing to speculate that Cu(Il) could exert the described influ-
ence by competing with Fe(II) in OsIDEF1 metal-binding
domains. In agreement with this, OsIDEF1 has been pro-
posed to sense the nutritional metal balance by detecting
the ratio of Fe to other metals rather than absolute Fe con-
centration (Kobayashi et al. 2012). Thus, Cu excess could
affect at least some of the Fe deficiency responses, such as
those leading to the increased expression of Os/RO2 and its
downstream targets.

Cu and Fe concentrations in the different plant organs
are probably the result of multiple processes in which
both metals face diverse and complex interactions in their

way from source toward sink organs including seeds.
NA functions in a phloem pathway for Fe translocation
to sink organs (Tsukamoto et al. 2009). Since Cu(Il)-
NA complexes are very stable (von Wirén et al. 1999),
increased expression of OsNASI, OsNAS2 and OsNAATI
under Cu excess (Fig. 2 and S2) could reflect not only
the increased Cu content, but could also affect Fe mobi-
lization and accumulation in sink organs. As observed
here, Fe concentration increased in young leaves as the
plants got older (Fig. S6). Based on the lower Fe concen-
tration in COPT-overexpressing roots under Cu scarce
media (Fig. 5b), it is tempting to speculate that a puta-
tive Fe deficiency signaling could result in increased Fe
mobilization to the sink organs. Interestingly, the Fe con-
centration of polished and unpolished rice grains from
C1 9F plants increased 60 and 30% respectively (Fig. 9).
Otherwise, the C1 °F plants were similar to the WT in
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agronomic performance terms when grown under regular
greenhouse conditions (Fig. 8). However, the approxi-
mate 8 pg of Fe/g DW obtained by this approach (Fig. 9)
is lower than the concentrations obtained by other strate-
gies which range from 10 to 19 pg of Fe/g DW (Johnson
et al. 2011; Oliva et al. 2014; Boonyaves et al. 2016; Tri-
jatmiko et al. 2016). Taken together, these results indicate
that both Cu deficiency and Cu excess may interfere with
Fe sensing and mobilization in rice. The understanding
of these interactions could be useful to design biotechno-
logical approaches to improve the nutritional Fe concen-
tration of edible crop parts.
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