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SUMMARY

FRD3 (FERRIC REDUCTASE DEFECTIVE 3) plays a major role in iron (Fe) and zinc (Zn) homeostasis in Ara-
bidopsis. It transports citrate, which enables metal distribution in the plant. An frd3 mutant is dwarf and
chlorotic and displays a constitutive Fe-deficiency response and strongly altered metal distribution in tis-
sues. Here, we have examined the interaction between Fe and Zn homeostasis in an frd3 mutant exposed to
varying Zn supply. Detailed phenotyping using transcriptomic, ionomic, histochemical and spectroscopic
approaches revealed the full complexity of the frd3 mutant phenotype, which resulted from altered transi-
tion metal homeostasis, manganese toxicity, and oxidative and biotic stress responses. The cell wall played
a key role in these processes, as a site for Fe and hydrogen peroxide accumulation, and displayed modified
structure in the mutant. Finally, we showed that Zn excess interfered with these mechanisms and partially
restored root growth of the mutant, without reverting the Fe-deficiency response. In conclusion, the frd3
mutant molecular phenotype is more complex than previously described and illustrates how the response
to metal imbalance depends on multiple signaling pathways.

Keywords: ferric chelate reductase 3, FRD3, zinc, iron, manganese, Arabidopsis, biotic defense, oxidative

stress, homeostasis crosstalk.

INTRODUCTION

Iron (Fe) is an essential micronutrient for plant growth and
quality (Briat et al., 2015) and for human health (World Health
Organization, WHO; http:/www.who.int/nutrition/en/). Fe is
one of the five most abundant metals in soils but it is barely
accessible to plants as it is highly insoluble, especially in
alkaline soils (Marschner and Marschner, 2012). As plants
are at the base of the food pyramid, Fe deficiency is the
most common human nutritional disorder, with approxima-
tively 30% of the world population affected by anemia
(WHO; http://www.who.int/nutrition/en/).

In plant cells, Fe is involved in numerous redox pro-
cesses. As a component of heme and Fe-sulfur clusters, it
is a major cofactor for both the respiratory electron trans-
fer chain (Palmer and Guerinot, 2009; Nouet et al., 2011)
and photosynthesis (Hanikenne et al., 2014). It is, for
instance, required for chlorophyll synthesis (Kobayashi

34

and Nishizawa, 2012). Fe also participates in several impor-
tant processes, such as root morphology, flower and pol-
len development, nutrient assimilation (e.g. sulfate) and
hormone biosynthesis (e.g. ethylene) (Bouzayen et al.,
1991; Schmidt, 1999; Takahashi et al., 2003). In addition to
these essential roles, Fe can also be cytotoxic. As a redox-
active metal, excess Fe can trigger the formation of reac-
tive oxygen species (ROS) (Stohs and Bagchi, 1995;
Marschner and Marschner, 2012).

Plants have developed mechanisms to efficiently take up
Fe from the soil (Walker and Connolly, 2008). Dicotyle-
donous and non-graminaceous monocotyledonous plants
use Fe-uptake machinery, termed strategy |, based on the
reduction of Fe®" to Fe?' (Romheld, 1987). In contrast,
grasses use strategy |I, based on Fe®' chelation and uptake
from the soil (Schmidt, 2003). In Arabidopsis, ARABIDOP-
SIS H'-ATPase 2 (AHA2) is responsible for the first step of
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strategy |, consisting of proton pumping into the rhizo-
sphere (Santi and Schmidt, 2009), resulting in local acidifi-
cation that increases Fe®*" solubility (Guerinot and Yi,
1994). Fe*' is then reduced to Fe?" by the plasma mem-
brane-bound enzyme FERRIC REDUCTASE-OXIDASE 2
(FRO2) (Robinson et al., 1999). Fe?" is finally taken up at
the plasmamembrane of the root epidermis cells by IRON-
REGULATED TRANSPORTER 1 (IRT1), a member of the
ZRT-IRT-LIKE PROTEIN (ZIP) family. IRT1 has a high affinity
for Fe?" but also for a range of divalent metal cations,
including Zn?", Mn?*, Ni?>" and also Cd*" (Eide et al., 1996;
Vert et al., 2002). Moreover, the secretion of phenolic com-
pounds was recently shown to increase the availability of
Fe®". The F6-H1 (a coumarin biosynthesis enzyme) and
ATP-BINDING CASSETTE G37 (ABCG37), also called PLEIO-
TROPIC DRUG RESISTANCE 9 (PDR9), proteins are
involved in the synthesis and secretion, respectively, of
phenolics by the roots (Fourcroy et al, 2014; Schmidt
et al., 2014).

The regulation of Fe uptake and the Fe-deficiency
response in Arabidopsis is complex and notably controlled
by the transcription factor FER-LIKE IRON-DEFICIENCY-
INDUCED TRANSCRIPTION FACTOR (FIT), which is
required for the upregulation in the expression of, among
others, the AHA2, FRO2, IRT1, F6H1 and ABCG37 genes
under Fe deficiency (Colangelo and Guerinot, 2004; Yuan
et al., 2005; Ivanov et al, 2012; Rodriguez-Celma et al.,
2013; Schmidt et al., 2014). FIT is a BASIC HELIX-LOOP-
HELIX (bHLH) protein, and needs interaction with an addi-
tional bHLH protein (bHLH038, 039, 100 or 101) to activate
the strategy-l response (Yuan et al., 2008). BRUTUS (BTS),
an E3-ligase, is also able to interact with different bHLHs
(bHLHO034, 104 and 105) to control the transcription of the
bHLHO038, 039, 100 and 1017 genes in response to Fe avail-
ability, whereas two BTS-like proteins were recently
shown to directly interact with and regulate FIT
(Rodriguez-Celma et al., 2019). The BTS-bHLH complex
also regulates POPEYE (PYE), which negatively controls
genes involved in iron mobility between roots and shoots
(Long et al, 2010; Li et al., 2016). Two proteins of the
MYELOBLASTOSIS (MYB) transcription factor family
(MYB10 and MYB72) are also involved in the Fe-deficiency
response and regulate NICOTINAMINE SYNTHASE 4
(NAS4) (Sivitz et al., 2012; Palmer et al., 2013; Brumbarova
et al., 2015).

Once inside the roots, Fe is transported symplastically,
mostly chelated by nicotianamine (NA), and apoplasti-
cally to vascular tissues, where it is possibly loaded into
the xylem by FERROPORTIN 1 (FPN1), also called IRON
REGULATED 1 (IREG1), for root-to-shoot translocation
(Morrissey et al., 2009). In the xylem, Fe is unable to
move freely and is chelated essentially by citrate (Rellan-
Alvarez et al., 2010). Citrate, an organic acid, is essential
for the proper mobility and distribution of Fe in roots,
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shoots, anthers, pollen and seeds (Roschzttardtz et al.,
2011). FERRIC REDUCTASE DEFFECTIVE 3 (FRD3)
encodes a plasma membrane transporter expressed in
the root pericycle in Arabidopsis and is involved in
citrate efflux into the xylem. FRD3 plays a key role in Fe
homeostasis (Rogers and Guerinot, 2002; Green and
Rogers, 2004; Durrett et al., 2007). In an frd3 mutant (al-
lelic to MANGANESE ACCUMULATOR 1, man-1; Delhaize,
1996), a 40% reduction of citrate levels in the xylem sap
is associated with leaf chlorosis, plant growth reduction
and Fe accumulation in the root vascular tissues (Rogers
and Guerinot, 2002; Green and Rogers, 2004; Durrett
et al., 2007). Furthermore, frd3 plants express constitu-
tively the Fe-deficiency response, including IRT7, and
consequently accumulate high levels of manganese (Mn),
zinc (Zn) and Fe in roots and shoots (Delhaize, 1996;
Rogers and Guerinot, 2002; Green and Rogers, 2004).

Secondary Fe deficiency is typically a major component
of Zn excess toxicity. Increased Fe supply indeed alleviates
Zn toxicity symptoms in Arabidopsis (Shanmugam et al.,
2011). In addition to its major role in Fe homeostasis, FRD3
also contributes to the interaction between Fe and Zn
homeostasis. A quantitative trait locus analysis identified
FRD3 as a determinant of variation in Zn tolerance among
Arabidopsis ecotypes. A higher expression of FRD3 in
response to Zn excess was co-segregating with higher Zn
tolerance and reduced impact of Zn excess on Fe home-
ostasis (Pineau et al., 2012). Moreover, the two FRD3 tran-
script variants undergo differential expression and
translation efficiencies upon Zn excess (Charlier et al.,
2015).

In this study, we assessed the response of an Arabidop-
sis frd3 mutant (frd3-7) to varying Zn supply to examine
the connection between Fe and Zn homeostasis. We show
that the dwarfed phenotype of the mutant in normal
growth conditions results from multiple alterations in Fe,
Mn and Zn homeostasis, as well as in cell walls and in
oxidative and biotic stress responses. Exposure to higher
Zn concentrations reverted most of these phenotypes in
roots. Our results highlight that the response to metal
homeostasis imbalance is intertwined with multiple signal-
ing pathways.

RESULTS
Altered Zn phenotype of the frd3 mutant

When grown hydroponically under control conditions
(1 um Zn), the frd3 mutant was small and chlorotic com-
pared with the wild-type (WT, Col-0) (Figures 1 and S1), as
previously described (Rogers and Guerinot, 2002). The root
growth phenotype was partially rescued when Zn supply
was increased to 5 and 20 um (Figure 1a,b). When exposed
to 20 um Zn, root growth more than doubled compared
with the control, although shoots remained small and
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chlorotic compared with the WT (Figures 1c,d, S1). Similar
results were obtained with seedlings grown in vitro (Fig-
ure S2). The frd3 mutant displayed a 40% reduction in root
growth compared with the WT under control conditions.
Upon exposure to high levels of Zn (75 um Zn), root growth
in the WT was reduced by 30%, whereas root growth was
slightly but significantly increased in the frd3 mutant. At
high levels of Zn there were no differences between root
growth in the WT and the frd3 mutant (Figure S2a). The
frd3 shoots remained smaller than in the WT at high levels
of Zn, similar to observations in hydropony (Figures 1d
and S2b).

(a) Col-0

Impact of Zn on the mobilization of Fe and Zn in the frd3
mutant

Next, the impact of exposure to high levels of Zn on the
typical metal accumulation phenotypes of the frd3 mutant
was examined. When grown hydroponically under control
conditions (1 um Zn), the frd3 mutant accumulated more
Fe, Zn and Mn (6-, 7- and 22-fold, respectively) in the roots
than the WT (Figure 2a). The mutant also accumulated
more Zn and Mn in the shoots (3.5- and 4.0-fold, respec-
tively) (Figure S3), as described previously (Delhaize, 1996;
Rogers and Guerinot, 2002). Upon exposure to high levels
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Figure 1. Impact of Zn on growth phenotypes. (a) Col-0 and (b) frd3-7 plant phenotypes upon growth in hydropony and exposure to different concentrations of
Zn (1, 5 and 20 um ZnSO,). Dotted bars mark the root length of Col-0 (a) or frd3-7 (b) grown in control conditions (1 um ZnSQ,). Scale bars: 2.5 cm. The pictures
are representative of three independent experiments each including six plants per genotype and growing conditions. (c) Root growth and (d) shoot fresh weight
(FW) of Col-0 (white) and frd3-7 (grey) plants grown at 1 and 20 um ZnSO,. Data represent mean values (+ SEMs) of three independent experiments, each
including six plants per genotype and growing conditions. The data were analyzed by two-way ANOVA followed by Bonferroni’s multiple-comparison post-hoc
test. Statistically significant differences between means are indicated by asterisks (within conditions, ***P < 0.001, n.s. not significant) or different letters (within

genotypes, P < 0.05).

© 2019 The Authors

The Plant Journal © 2019 John Wiley & Sons Ltd, The Plant Journal, (2020), 102, 34-52



of Zn (20 um Zn) the concentrations of Zn were similar in
the roots and shoots of both the mutant and the WT, as a
result of increased Zn accumulation in the WT. The impact
on Fe accumulation in the mutant was limited, with a slight
decrease of Fe concentrations in both the roots and the
shoots. In contrast, Zn exposure drastically reduced Mn
accumulation in the mutant (by approximately 97% in the
roots and 69% in shoots). The ionomic profile of plants
exposed to 5um Zn was more or less intermediate
between plants grown under control and 20 um Zn condi-
tions (Figures 2a and S3).

A typical phenotype of the frd3 mutant is the accumula-
tion of Fe®" in the root vascular tissues, which can be visu-
alized by Perls staining and enhanced by diaminobenzidine
(DAB) (Green and Rogers, 2004; Roschzttardtz et al., 2011).
Accordingly, a positive staining was observed in roots and
root sections of the frd3 mutant under control conditions
(Figure 2b). With 20 um Zn the staining was no longer
observed in frd3 roots, suggesting competition between Fe
and Zn in roots upon exposure to high levels of Zn (Fig-
ure 2b). No staining was observed in mutant and WT
shoots. Note that exposure to high levels of Zn (75 um Zn)
had similar effects on both the ionome and Fe accumula-
tion in the vascular tissues of seedlings grown in vitro (Fig-
ure S4).

Finally, Zn distribution in WT and frd3 roots was imaged
using the Zn fluorophore Zinpyr-1 (Sinclair et al., 2007)
(Figure 2c). In WT roots, the Zn-associated green fluores-
cence was localized in the vascular bundle. In the frd3
mutant, massive Zn accumulation was observed in some
endodermis cells in addition to vascular tissues. Upon
exposure to high levels of Zn, the fluorescence of the Zn-
Zinpyr-1 complex was only observed in the root vascular
tissues of both genotypes, with a higher intensity com-
pared with plants grown under control conditions.

Metal distribution in the frd3 root was dependent on the
Fe and Zn concentration ratio of the medium (Figure S5).
When the Fe/Zn concentration ratio in the medium was
lower or equal to 1, typical frd3 phenotypes were no longer
observed, with no Fe*' staining in the mutant root, as
described in Figure 2. Conversely, when this ratio was
higher than 1, Fe®' staining was observed in frd3 roots.

Mn toxicity in the frd3 mutant

A particularly striking phenotype of the frd3 mutant is the
massive accumulation of Mn in root and shoot tissues
under control conditions, and its almost complete reversal
upon exposure to high levels of Zn (Figures 2a and S3).
Next we examined whether Mn accumulation contributed
to the frd3 mutant phenotype. Both WT and mutant plants
were grown under control conditions (5 um Mn) and at Mn
deficiency (0 um Mn) (Figure 3). The treatment abolished
Mn accumulation in root and shoot tissues of the frd3
mutant (Figure S6a,b). Mn deficiency slightly decreased
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root growth in the WT, whereas by contrast it increased
root growth in the frd3 mutant (by approximately 33%)
compared with control conditions. Consequently, no
growth difference was observed between the WT and the
mutant under Mn deficiency (Figure 3a). This condition
had no influence on Fe** accumulation in the mutant root
vascular tissues (Figure 3b).

Combined Mn deficiency (0 um Mn) and exposure to
high levels of Zn (75 um Zn) restored root growth in the
frd3 mutant, similar to Mn deficiency alone (Figure 3a),
and resulted in competition between Fe and Zn in the
mutant root, similar to Zn excess alone (Figure 3b). Note
that Mn deficiency had a limited impact on frd3 shoot
growth (Figure S6c). Altogether, these observations sug-
gest that Mn accumulation resulted in toxicity in the frd3
mutant, and was at least partly responsible for its altered
root growth, but did not influence the Fe-related pheno-
types of the mutant (e.g. accumulation of Fe*" in the root).

Transcriptome profiling of the frd3 mutant

To shed light on the molecular mechanisms underlying the
complex interplay between Fe, Zn and Mn observed in the
frd3 mutant roots, a transcriptomic profiling of root tissues
of WT and frd3 plants grown under control conditions
(1 um Zn) and under Zn excess (20 um Zn) was conducted
using RNA-Seq. Principal component analysis (PCA)
revealed that PC1 (explaining 61% of the gene expression
variance) separated the plant genotypes, whereas PC2 (ex-
plaining 21% of the gene expression variance) separated
the growth conditions (Figure 4a). The PCA also showed
that, under control conditions, the WT and frd3 mutant had
highly diverging gene expression phenotypes in roots,
whereas upon exposure to high levels of Zn, both profiles
were almost similar. In agreement with these observations,
differential gene expression analysis [log, fold change of
>1 or <-—1; false discovery rate (FDR) < 0.05] identified 490
differentially expressed genes (DEGs) between WT and
mutant roots under control conditions and only five DEGs
under high Zn conditions (Figure 4b and Table S1).
Comparison of gene expression in the frd3 mutant and
WT under control conditions revealed the extent of molec-
ular alteration in the frd3 mutant roots, which involved
several processes beyond metal homeostasis. In fact, gene
ontology (GO) enrichment analysis (Figure 4c; Table S2)
revealed that a large majority of the 368 genes more highly
expressed in frd3 under control conditions were involved
in biotic stress (98 genes) hormonal (59 genes) and oxida-
tive stress (43 genes) responses. Metal homeostasis only
ranked fourth, with 37 genes more highly expressed in
frd3, including 26 Fe, nine Zn and six Mn homeostasis
related genes, respectively. Finally, 14 genes were involved
in the nitric oxide (NO) response (Figure 4c). In this list of
368 genes, a number of genes involved in cell wall (CW)
modifications were also found (Figure 4e; Table S1),
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Figure 2. Metal accumulation and localization. (a) Fe, Zn and Mn accumulation in roots of Col-0 (white) and frd3-7 (grey) plants grown in hydropony and
exposed to different concentrations of Zn (1, 5 and 20 um ZnSQ,). Data [ug/g dry weight (DW)] represent mean values (+ SEMs) of three independent experi-
ments, each including pools of two or three plants per condition and genotype. The data were analyzed by two-way ANOVA and followed by Bonferroni's multi-
ple-comparison post-hoc test. Statistically significant differences between means are indicated by asterisks (within conditions, *P < 0.05, **P < 0.01,
*#%P < 0,001, n.s. not significant) or different letters (within genotypes, P < 0.05). (b) Fe visualization by Perl (in blue) and Perl/DAB (in brown) staining in root
tissues of Col-0 and frd3-7 plants grown in hydropony and exposed to different concentrations of Zn (1, 5 and 20 um ZnSQ,). Scale bar: 100 um (in toto) or
50 um (sections). The pictures are representative of three independent experiments. (c) Zn visualization using the fluorescent probe Zinpyr-1 (green) in roots of
Col-0 and frd3-7 seedlings grown vertically in Petri plates under different Zn conditions (1 and 75 um ZnSO,). Propidium iodide was used to stain the cell wall
(red). Longitudinal and cross optical sections were realized. Arrowheads and arrows show Zn localization in the endodermis and in vasculature cells, respec-

tively. Scale bars: 50 um. The pictures are representative of three independent experiments. The compared effect of Zn treatment in hydropony or in vitro exper-
iments is shown in Figure S4.
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Figure 3. Manganese toxicity phenotype. (a) Zn and Mn tolerance assay for
Col-0 (white) and frd3-7 (grey). Seedlings were grown vertically in petri
plates under different zinc (1 or 75 um ZnSO,4) and manganese (0 or 5 um
MnS0O,) conditions. Root growth is relative to Col-0 at 1 um ZnSO, and 5 um
MnSO0,. Data are mean values (+ SEMs) of two independent experiments,
each including three series of seven seedlings per condition and genotype.
The data were analyzed by two-way ANOVA followed by Bonferroni’s multi-
ple-comparison post-hoc test. Statistically significant differences between
means are indicated by asterisks (within conditions, ***P < 0.001, n.s. not
significant) or different letters (within genotypes, P < 0.05). (b) Fe accumula-
tion visualized by Perl staining in roots of Col-0 and frd3-7 seedlings grown
vertically in Petri plates in different Zn and Mn conditions, as described
above. The pictures are representative of two independent experiments.
Scale bars: 100 um.

including CW restructuring, CW enzymatic activity regula-
tion or lignin biosynthesis. Although no GO enrichment
was observed among the 122 genes less expressed in frd3
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compared with the WT under control conditions, this set
included a number of genes of interest, such as FPN1/
IREG1 and again genes involved in cell wall modifications
(Figure 4d; Table S1).

Upon Zn treatment, the number of DEGs between the
WT and the frd3 mutant strikingly decreased to five
genes (Figure 4ab). Analysis of genes more highly
expressed upon Zn exposure in the frd3 mutant (139
genes) or the WT (69 genes), compared with the WT
under control conditions, revealed a similar GO enrich-
ment pattern, highlighting a convergence of gene expres-
sion profiles in the two genotypes under high Zn
conditions (Figure 4c). This convergence was achieved
by: (i) increased expression of Fe and Zn homeostasis
genes in the WT, to reach levels similar to the frd3
mutant (Figures 4c,d and S7); and (ii) decreased expres-
sion in the frd3 mutant of all or most genes involved in
biotic stress, oxidative stress, hormonal response or Mn
homeostasis, respectively (Figures 4c,e and S7). The lat-
ter group of genes largely correlated with the 72 down-
regulated genes in the frd3 mutant upon Zn exposure.
Altogether, Zn exposure almost totally abolished the sec-
ondary gene expression phenotypes of the frd3 mutant,
but the constitutive expression of the Fe-deficiency
response was maintained.

Overexpression of the Fe uptake strategy |

RNA-Seq data and GO enrichment analysis showed that
many genes involved in the Fe-deficiency response were
constitutively overexpressed in frd3 roots in both control
and high Zn conditions, whereas these genes were
induced by high Zn in the WT (Figure 4c,d; Table S2).
These data were confirmed by quantitative reverse tran-
scription polymerase chain reaction (qRT-PCR) for three
key genes of the Fe-deficiency response in Arabidopsis:
FIT, FRO2 and IRT1, with 3-, 26- and 30-fold higher
expression in the mutant compared with the WT under
control conditions, respectively (Figure 5a-c). Under high
Zn conditions, the expression level of the three genes
was high in both WT and frd3. Acidification of the med-
ium, ferric chelate reductase activity and the accumula-
tion of the IRT1 protein followed the same pattern
(Figures 5d,e and S8). Altogether, these data confirmed
that the constitutive expression of the Fe-deficiency
response in the frd3 mutant was not reversed by expo-
sure to high levels of Zn.

Oxidative stress in frd3 mutant roots

Among DEGs, an enrichment of GO terms related to ROS
production (43 upregulated genes) and the NO response
(14 upregulated genes) in the comparison of frd3 and WT
under control conditions (Figure 4c,e; Table S2) suggested
that the mutant roots experienced oxidative stress. This
response was partially reversed by exposure to high levels
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Figure 4. Transcriptomic analysis in roots. Col-0 and frd3-7 plants grown in hydropony and exposed to 1 and 20 um ZnSO,. RNA-Seq was conducted on RNA
from root tissues of three independent experiments each including pools of two or three plants per condition and genotype. (a) Principal component analysis of
RNA-Seq gene expression data of Col-0 (white) and frd3-7 (grey) exposed to 1 um ZnSO, (dots) or 20 um ZnSO, (triangles). (b) Summary statistics of up- (/) or
down-expressed (\) genes in different pair-wise comparisons. The arrows indicate the direction of the comparison. (c) Gene ontology (GO) enrichment analysis
for selected comparisons. The color code in blue or red indicates the number of down- or up-expressed genes, respectively, within enriched functional cate-
gories. (d, e) Heat maps depicting the expression profiles of selected genes involved in metal homeostasis (d) or in biotic (black) and oxidative (blue) stress, hor-
monal response (red) and cell wall modification (grey) (e) in roots for selected comparisons. Asterisks indicate statistically different expression levels. In (e),
colored bars beside gene names correspond to the GO annotation. In (c-e), only comparisons in which a GO enrichment was detected are shown. A heat map
including all regulated genes is shown in Figure S7. Gene expression data and GO enrichment results are shown in Tables S1 and S2, respectively.

of Zn in the mutant, with only 14 and eight upregulated
genes for ROS production and NO response in mutants
exposed to high levels of Zn (Figure 4c, frd3-Zn/WT-ctrl

responsible for oxidative stress. Coherently, no H,0, accu-
mulation (and no Fe accumulation) was observed in frd3
roots upon Fe deficiency (Figures S5, S9c).

comparison). In agreement, H,0, accumulation was
observed in the root vascular tissues, but not in the WT,
under control conditions (Figure S9a), and was suppressed
by exposure to high levels of Zn, but not by Mn deficiency
(Figure S9a,b). The accumulations of Fe (Figures 2, 3) and
H,0, (Figure S9) in frd3 root vascular tissues were thus
correlated, suggesting that Fe accumulation was

Cell wall analysis by Fourier-transform infrared
spectroscopy (FTIR)

The RNA-Seq data analysis also showed that a number
of genes encoding proteins involved in CW modifications
were differentially expressed in the frd3 mutant com-
pared with the WT under control conditions. Those genes
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Figure 5. Fe uptake strategy. (a-c) Quantitative RT-PCR analysis of the expression of the AtFIT (a), AtFRO2 (b) and AtIRT1 (c) genes in roots of Col-0 (white) and
frd3-7 (grey) plants grown in hydropony and exposed to different concentrations of Zn (1, 5 and 20 um ZnSO,). Data (relative transcript level, RTL) represent
mean values (+ SEMs) of three independent experiments, each including pools of two or three plants per condition and genotype, each analyzed in three techni-
cal replicates. (d) Felll chelate reductase activity in roots of Col-0 (white) and frd3-7 (grey) seedlings grown vertically in Petri plates under different zinc condi-
tions (1 and 75 um ZnS0O,). Data represent mean values (+SEMs) of two independent experiments, each including between three and six pools of five plants per
condition and genotype. (e) IRT1 protein accumulation in roots of Col-0 and frd3-7 plants grown in hydropony and exposed to 1 and 20 um ZnSO,. The nonspeci-
fic band indicated with an asterisk (¥) served as a loading control. The blot is representative of three independent experiments, each including pools of two
plants per condition and genotype, each analyzed in two technical replicates. (a-d) The data were analyzed by two-way ANOVA and followed by Bonferroni’s
multiple-comparison post-hoc test. Statistically significant differences between means are indicated by asterisks (within conditions, **P < 0.01, ***P < 0.001,
n.s. not significant) or different letters (within genotypes, P < 0.05).
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Figure 6. Fourier-transform infrared spectroscopy (FTIR) analysis of cell wall in roots of Col-0 and frd3-7 plants grown in hydropony and exposed to different
concentrations of Zn (1 and 20 um ZnS0O,). (a, c) Loading-factor plots for PC1 (principal component 1; dark grey) and PC2 (principal component 2; light grey)
explaining principal component analysis (PCA) clustering for wavenumber between (a) 1800-1475 cm" and (c) 1475-1375 cm™". (b, d) PCA analysis of the FTIR
spectra of Col-0 (white) and frd3-7 (grey) exposed to 1 um ZnSO, (dots) or 20 um ZnSQ, (triangles). Each dot is the projection of one spectrum on the first and
second PCs for wavenumber between (b) 1800-1475 cm™" and (d) 1475-1375 cm . The spectra were measured from three biological replicates, each including a

pool of roots from at least six plants per genotype and treatment.

were downregulated or not influenced by high levels of
Zn in the mutant (Figure 4e; Tables S1 and S2). To fur-
ther examine this response, the CW composition in root
tissues of WT and frd3 plants exposed to control and
high Zn conditions was analyzed by FTIR spectroscopy.
The spectra were then submitted to a PCA (Figures 6 and
S10).

For the 18001500 cm™' and 1500 and 1300 cm™ regions
of the FTIR spectrum (Figure 6a,b), the PC1s (86.2 and 85.4%
of the total variance, respectively) separated the samples
according to the genotype and to a lower extent the condi-
tions (Figure 6b,d), and were associated with positive
(1600 cm™") and negative (1420 cm™") peaks, corresponding

to COO™ antisymmetric and symmetric stretching, respec-
tively (Sene et al., 1994; Jones et al., 2005), which correlate
with unesterified pectins (Jones et al., 2005; Alonso-Simdn
et al., 2011; Meyer et al., 2015). These observations were
indicative of a modification of CW structure in the frd3
mutant under control conditions, corresponding to a lower
degree of pectin methylesterification compared with the
WT. This is in agreement with the lower expression of a
pectin methylesterase inhibitor gene (At5g62360) in the
mutant compared with the WT under control conditions
(Table S1). Upon exposure to high levels of Zn, the differ-
ences in methylesterification of pectins in the mutant and
the WT were attenuated (Figure 6b,d).
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Moreover, for the 1800-1500 cm™" region of the FTIR
spectrum (Figure 6a,b), PC2 (9.52% of the variance) sepa-
rated the two conditions and can be connected to amide |
and amide Il [the C=0 vibration (1650 cm™") and the N-H
vibration  (1510-1580 cm™"), respectively] ~with the
described intensity ratio of 2/1 (Goormaghtigh et al., 1994;
Sene et al., 1994) (Figure 6a and 6b), which correlate with
proteins (Alonso-Simén et al., 2011). For the 1500-
1300 cm™" region of the FTIR spectrum, the PC2 did not
clearly separate the samples (Figure 6d). Finally, for the
1300-900 cm™" region of the FTIR spectrum (associated
with polysaccharides; Kac¢urakova et al., 2000), there were
no clear differences between the WT and the mutant (Fig-
ure S10).

Metabolite analysis

As the frd3 mutant phenotype is characterized by altered
Fe mobility, which is at least partially reversed upon expo-
sure to high levels of Zn, the levels of organic acid (e.g.
citrate and malate) and nicotianamine (NA) were deter-
mined using mass spectrometry in root tissues of WT and
frd3 seedlings exposed to control and high Zn conditions.
These metabolites are metal chelators and are involved in
metal mobility and sequestration within the plant (Stephan
and Scholz, 1993; von Wirén et al., 1999; Haydon and Cob-
bett, 2007).

Under control conditions, the frd3 mutant accumulated
more citrate (2.6-fold), malate (1.6-fold) and NA (7.5-fold)
in the roots compared with the WT (Figure 7). Upon expo-
sure to high levels of Zn, citrate and malate levels
remained stable in the mutant but increased to reach simi-
lar or higher levels in the WT, respectively (Figure 7a,b). In
contrast, NA levels were low and stable in the WT and
sharply decreased in the mutant exposed to high levels of
Zn (Figure 7c). This observation correlated with the root
transcript levels of NICOTIANAMINE SYNTHASE 2 (NAS2),
encoding one of the major forms of NA synthase in roots
(Klatte et al., 2009): NAS2 was highly expressed in frd3
compared with the WT under control conditions, and upon
exposure to high levels of Zn was strongly downregulated
in the mutant to low levels similar to the levels found in
the WT (Figure S11).

DISCUSSION

The phenotype of the frd3 mutant in Arabidopsis has been
described extensively, as a small and chlorotic plant that
accumulates Mn, Fe and Zn in tissues, and overexpresses
the Fe uptake machinery (Delhaize, 1996; Rogers and Guer-
inot, 2002; Green and Rogers, 2004; Durrett et al., 2007). It
has been attributed to a defect in citrate transport into the
xylem in roots and, as a consequence, to the inability of
the mutant to translocate Fe to shoot tissues, which are
starved of Fe. This phenotype can be rescued by Fe supple-
mentation in the medium. Here, we showed that the frd3
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Figure 7. Root metal chelator concentration. (a) Citrate, (b) malate and (c)
nicotianamine (NA) accumulation in Col-0 (white) and frd3-7 (grey) seed-
lings grown vertically in Petri plates under different zinc conditions (1 and
75 um ZnS0O,). Data represent mean values (+ SEM) of three independent
experiments, each including pools of at least 48 seedlings per condition and
genotype, each analyzed in three technical replicates. The data were ana-
lyzed by two-way ANOVA followed by Bonferroni’s multiple-comparison
post-hoc test. Statistically significant differences between means are indi-
cated by asterisks (within conditions, *P < 0.05, ***P < 0.001, n.s. not signif-
icant) or different letters (within genotypes, P < 0.05).

mutant phenotype not only results from Fe deficiency, but
also from multiple consequences of Fe immobilization in
the roots. Our data also highlighted the tight
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interconnection between Fe, Zn, Mn homeostasis, oxida-
tive stress and biotic stress responses (Figure 8a).

Biotic stress signaling and Fe accumulation in the cell wall

We showed that Fe accumulation in root vascular tissues,
typical of the frd3 mutant, resulted in H,0, accumulation
(Figures 8a and S9), which is consistent with the high
expression of a large set of oxidative stress genes in frd3

(@) frd3 mutant in control condition (1 uM Zn)

Epidermis Cortex

(Figure 4; Table S2). Fe is highly redox active and is known
to induce oxidative stress (Stohs and Bagchi, 1995; Pierre
and Fontecave, 1999; Marschner and Marschner, 2012).
Our data also suggest that Fe and H,0, accumulation in
the mutant hitchhikes the biotic stress signaling pathway
(Figure 8a), as the biotic stress response is the largest func-
tional category among genes overexpressed in the mutant
compared with the WT under control conditions (Figure 4).
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Figure 8. A working model representation of the different processes determining the phenotype of an frd3 mutant plant exposed to (a) control or (b) excess Zn
conditions. Note that only the processes that take place differently between the mutant and the WT or that are altered by Zn in the mutant are represented. (a)
In control conditions, a shoot-born Fe deficiency signal (not represented) induces a strong Fe-deficiency response in roots, via the action of bHLH and MYB
transcription factors, resulting in the strong and constitutive expression of, among others, FRO2, IRT1 and MTP3 (Figures 4 and 5), in the increased synthesis
of citrate as well as NA (Figure 7), and in the increased uptake of Fe, but also of Zn and Mn (Figure 2). Zn and Mn also accumulate in the shoot (Figure S3).
Fe®* accumulation in the cell wall (CW) of the endodermis, pericycle and vascular root tissues, as evidenced by Perls staining (Figure 2), is responsible for H,0,
accumulation (Figure S9). Accumulation of Fe and H,0, in the CW modifies its structure (Figure 6) and triggers an oxidative and biotic stress response, includ-
ing among others the induction of NRAMP3 (Figure 4). On the other hand, Mn accumulation in the root CW is strongly toxic (Figure 3). (b) Upon exposure to
high levels of Zn, Zn competes with Fe for binding to the CW, resulting in reduced Fe binding to the CW (Figure 2), in a reduction of the oxidative burden, and
in the downregulation of the biotic stress response (Figures 4 and S9). Fe remains inaccessible for shoots and the Fe-deficiency response is fully maintained,
however, including citrate synthesis (Figures 4, 5 and 7). In contrast, NA accumulation in root tissues is strongly reduced (Figures 7 and S11). Zn also competes
with Mn uptake, and almost completely abolishes root and shoot Mn accumulation (Figures 2 and S3). Reduced Mn accumulation and oxidative burden at high
Zn levels partially restore root growth in the frd3 mutant (Figure 1). Key: yellow circles, vacuoles; orange circles, nuclei; green, casparian strip; blue: Fe** accu-
mulation, as evidenced by Perls staining; ?, processes for which the precise tissular location is not known. The tissue-specific expression of different genes is
represented based on data from original articles cited in the Introduction and the Discussion: bHLH, basic helix-loop-helix; CW, cell wall; FRD3, Ferric Reductase
Defective 3; FPN1/IREG1, Ferroportin 1/lron REGulated 1; FRO2, Ferric Reductase-Oxidase 2; IRT1, Iron-Regulated Transporter 1; MTP3, Metal Tolerance
Protein 3; MYB, myeloblastosis; NA, nicotianamine; NRAMP3, Natural Resistance-Associated Macrophage Protein 3. The size of the bubbles representing mem-
brane transporters is representative of their expression level, based on transcript or protein levels. The model is further detailed and contextualized in the

Discussion.

As a matter of fact, both Fe and H,0, accumulation have
been linked to pathogen response. Upon pathogen attack,
the role of ROS, including H,0,, as signals for the induc-
tion of defense genes and as a weapon for pathogen elimi-
nation is well documented (Levine et al, 1994; Torres
et al., 2006; Piterkova et al., 2013; Aznar et al., 2014; Kadota
et al., 2015; Suzuki and Katano, 2018). In addition, several
genes involved in Fe or other metal homeostasis, which
are highly expressed in the frd3 mutant (Figure 4d), directly
contribute (e.g. MYB72 and BGLU42) (Palmer et al., 2013;
Zamioudis et al., 2014; Zamioudis et al., 2015) or have been
linked (e.g. NRAMP3, NRAMP4 and YSL3) (Segond et al.,
2009; Chen et al., 2014) to pathogen resistance or plant-mi-
crobe beneficial interactions (Verbon et al., 2017, Romera
et al., 2019). Several studies have also suggested that the
Fe status of the plant influences pathogen virulence (Kieu
et al., 2012; Koen et al., 2014). Moreover, it was shown in
wheat that a pathogen attack induces a cellular remobiliza-
tion and accumulation of Fe in the leaf apoplast, causing
local Fe deficiency in the cytosol and the production of
ROS, resulting in an oxidative burst in the apoplast. Those
events trigger the transcriptional activation of pathogen
response genes (Liu et al, 2007). As suggested for NA
(Schuler et al., 2011), it thus appears that the defect in
citrate transport from the pericycle in the frd3 mutant, and
the resulting Fe-deficiency response and accumulation of
Fe in the root cell walls, mimics the initial steps of a biotic
stress response (Figure 8a), which possibly contributes to
the dwarfed phenotype of the mutant.

Fe and citrate xylem loading coordination

The ferroportin FPN1/IREG1 is suggested to act in Fe
loading into the xylem (Morrissey et al, 2009). The
downregulation of the FPNT/IREGT gene in the roots of
the frd3 mutant compared with the WT is interesting to
note (Figure 4d; Table S1). It suggests that Fe

© 2019 The Authors

translocation to the shoot may be repressed in the frd3
mutant, and that citrate and Fe transport, by FRD3 and
FPN1/IREG1, respectively, may be coordinated. How such
coordination is achieved is unclear. Indeed, in contrast to
FPN2 (Schaaf et al., 2006; Morrissey et al., 2009), FPN1
and FRD3 are not part of the FIT regulon (Colangelo and
Guerinot, 2004; Mai et al., 2016) and are therefore not co-
regulated with IRT7, FRO2 and others in response to Fe
deficiency (Figures 4d and 6). Furthermore, FRD3 expres-
sion, but not FPNT expression, is altered in the pye
mutant (Long et al., 2010).

The super toxic Mn

The strong activation of the Fe uptake system in the frd3
mutant also results in massive Mn accumulation (Delhaize,
1996), essentially in CW (Green and Rogers, 2004), and Mn
toxicity (Figures 2, 3, 8a). Mn is in fact the second most
phytotoxic metal (Millaleo et al., 2013), and an excess of
Mn was shown to cause growth reduction (Lei et al., 2007;
Millaleo et al., 2013), for instance. In the frd3 mutant, Mn
toxicity did not result from H,0, accumulation (Figure S9)
(Demirevska-Kepova et al., 2004; Lei et al., 2007).

CW modification and metal binding

Both FTIR and RNA-Seq data suggest that the CW structure
is modified in the frd3 mutant, possibly resulting in a lower
degree of pectin methylesterification (Figure 6). The CW
acts as a barrier, preventing the entry of metals into plant
cells, and as an extracellular storage compartment, limiting
the toxic effects of excess metals (Krzestowska, 2011). The
degree of pectin methylesterification is important for metal
tolerance. Indeed, pectins with a low degree of methylation
are rich in free carboxyl groups that can bind di- and triva-
lent metals. A low degree of pectin methylation has been
associated with Fe accumulation in the CW (Ye et al.,
2015).
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Moreover, high expression of CW biosynthesis genes
(e.g. EXPA1, 4CL1, PRXCA and PRXCB, and PAL7 and
PAL2; Figure 4e; Tables S1 and S2) was also observed in
the mutant (Figure 8a). Several of these genes belong to
the phenylpropanoid pathway, which is important for the
production of many secondary plant metabolites (e.g. fla-
vonoids), but is also important for lignin biosynthesis (Le
Gall et al., 2015). Metal stress is known to increase lignin
biosynthesis (Moura et al, 2010). For instance, lignin
biosynthesis is induced during copper (Cu) stress (Ali
et al., 2006; Lequeux et al., 2010) or aluminum (Al) expo-
sure (Chandran et al., 2008). Furthermore, the level of ROS
(mostly H,0,) and cell wall peroxidases are important for
lignin polymerization and the cross-linking of proteins and
polysaccharides in the CW (Ranieri et al., 2003).

Zn to the rescue

Exposure to high levels of Zn had a strong impact on the
frd3 mutant, with unexpectedly improved root growth
compared with plants grown in control conditions (Fig-
ure 1). Zn reduced or abolished many phenotypes
observed in the mutant (Figure 8b): Mn accumulation and
toxicity, ROS and Fe accumulation in the vascular tissues,
biotic stress response and CW modifications. As high-
lighted by the PCA of both RNA-Seq and FTIR data (Figures
4a and 6b,d), the molecular phenotypes of the WT and the
frd3 mutant largely converged with exposure to high levels
of Zn.

The one phenotype that Zn did not alleviate was the con-
stitutive expression of the Fe uptake mechanisms, a trait
shared by both WT and mutant plants in the presence of
high levels of Zn (Figures 4 and 5). It is well documented
that Zn excess causes Fe deficiency in Arabidopsis (Fukao
et al., 2011; Shanmugam et al., 2011; Pineau et al., 2012;
Shanmugam et al., 2012; Mendoza-Cézatl et al., 2014). In
the frd3 mutant, high expression of the Fe uptake system
might be triggered by a similar response or by a shoot-born
Fe deficiency signal or both (Figures 4, 5, 7, 8b and S7).

The reversal of the other frd3 phenotypes by high levels
of Zn possibly results from competition between Zn, Fe
and Mn for transport and/or binding (Figure 8b). Indeed,
according to the Irving Williams series (Pd > Cu > Ni >
Co > Zn > Cd > Fe > Mn > Mg), each metal presents a dif-
ferent affinity for potential binding sites and therefore
metal replacements can occur (Irving and Williams, 1953;
Kramer et al.,, 2007). For instance, in the presence of
equimolar concentrations of Zn, Cu and Fe, both Cu and
Zn are coupled to ligands, to the detriment of Fe (Gayomba
et al., 2015). It is has also been known for a long time that
the CW is a major actor for Zn tolerance by governing the
cellular pool of free Zn in plants (Turner, 1970; Turner and
Marshall, 1972), with the root apoplast being a major Zn
storage compartment (Schmid et al., 1965; Jiang and
Wang, 2008).

In the frd3 mutant with exposure to high levels of Zn, we
suggest several hypotheses. First, Zn may displace Fe from
its binding sites in the CW. As Zn is a non-redox active
metal, contrary to Fe (Broadley et al., 2007), its interactions
with thiol groups in the CW would prevent oxidative dam-
age, abolishing the oxidative stress response and hence
the biotic stress response observed in the mutant under
control conditions (Figure 8b). It was shown that the Fe-de-
ficiency response and the induced systemic resistance
(ISR) in the presence of beneficial microbes share approxi-
mately 20% of differentially expressed genes, suggesting
that the Fe-deficiency response is part of the ISR (Zamiou-
dis et al., 2015). As it is abolished by high levels of Zn, the
biotic response in the frd3 mutant clearly results from Fe,
and consequently H,0, accumulation, in the CW, and is
not triggered by Fe deficiency, which persists in the
mutant. Moreover, the CW modifications observed in the
mutant under high levels of Zn (Figure 6) can also be
explained by reduced oxidative burden, which is, among
others, important for lignin polymerization (Ranieri et al.,
2003), and by the increased methylesterification of pectins
triggered by Zn in the CW (Muschitz et al., 2015). Alterna-
tively, Zn may also alter intracellular trafficking of Fe, via
its strong effect on NA root content (see below and Fig-
ure 7c) (Klatte et al., 2009; Haydon et al., 2012), to limit Fe
access to the CW (Figure 8b). It is also possible that Zn acts
both in the apoplast and in the cytosol (Figure 8b).

Exposure to high levels of Zn has a dramatic effect on
Mn accumulation in the frd3 mutant (Figures 2 and S3),
most likely resulting from competition for uptake between
Mn and Zn, possibly via ZIP transporters that are highly
expressed in the mutant (Figure 4d; Tables S1 and S2). As
Mn accumulation is toxic for the frd3 mutant (Figure 3), its
reduction is certainly contributing to improved growth of
the mutant at high levels of Zn (Figure 8b).

Finally, as part of the Fe-deficiency response (Brouquisse
et al., 1986; de Vos et al., 1986; Abadia et al., 2002; Rogers
and Guerinot, 2002; Li et al., 2008), citrate, malate and NA
accumulated in the roots of the frd3 mutant under control
conditions (Figures 7 and 8a). Citrate accumulation
occurred in the mutant, despite a 40% reduction in citrate
level in the xylem sap (Rogers and Guerinot, 2002). NA
accumulation correlated with high expression of NAS2
(Figure S11), which is known to be induced by Fe defi-
ciency in roots (Klatte et al., 2009). With high levels of Zn,
the organic acid concentrations remained high in the frd3
mutant and increased in the WT, in agreement with the
observed positive correlation between organic acids and
Zn tolerance (Godbold et al., 1983, 1984), and with their
accumulation under conditions of Fe deficiency (Brou-
quisse et al., 1986; de Vos et al., 1986; Abadia et al., 2002;
Li et al., 2008). In contrast, NA levels and NAS2 expression
(Figures 7c and S11) were strongly reduced in the frd3
mutant upon exposure to high levels of Zn, suggesting that
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a hierarchy exists between the activating and repressive
effects of Fe (Klatte et al., 2009) and Zn (Talke et al., 2006)
on NAS2 expression, respectively (Figure 8b).

Conclusion

We reported here that the frd3 mutant phenotype results
from mechanisms more complex than Fe mislocalization
and deficiency. Indeed, we showed that Mn toxicity signifi-
cantly contributes to the root growth defect in the mutant,
and that Fe mislocalization in CW triggers a biotic stress
response through ROS production. We also showed that
Zn, by effectively competing with Fe in the CW, can inter-
fere with these mechanisms and restore root growth in the
mutant. Altogether, our data shed light on the interactions
that exist between Fe, Zn and Mn homeostasis and the
oxidative and biotic stress responses, and the key role of
the CW in these processes.

EXPERIMENTAL PROCEDURES
Plant material and growth conditions

All experiments were conducted with Arabidopsis thaliana (Col-0)
as the wild type and the Arabidopsis frd3-7 mutant (in the Col-0
background) (Roschzttardtz et al., 2011). Seeds were surface-steril-
ized and germinated on half-strength MS medium (Duchefa Biochi-
mie, https://www.duchefa-biochemie.com) supplemented with
sucrose (1% w/v; Duchefa Biochimie) and agar (0.8% w/v Select
Agar; Sigma-Aldrich, https://www.sigmaaldrich.com). For hydro-
ponics experiments, the seedlings were transferred 2 weeks after
germination in hydroponic trays (Araponics, http://www.araponics.
com), grown for 3 weeks in control Hoagland medium, then sub-
mitted to experimental conditions for an additional 3 weeks. The
nutrient solution was exchanged with fresh medium once a week
and for the last 3 days before harvest. For plate experiments, seed-
lings were transferred 5 days after germination on solid Hoagland
(0.8% wi/v Select Agar in square plastic Petri plates; Greiner Bio-
One, https://www.gbo.com). The control Hoagland medium was
modified as described by Talke et al. (2006) and Hanikenne et al.
(2008), and included 1 um Zn (ZnS04.H,0), 5 um Mn (MnS0,4.H,0)
and 10 pm Felll-HBED [N,N-di-(2-hydroxybenzyl) ethylenediamine
N,N-diacetic acid monohydrochloride]. Zn, Mn and/or Fe were
omitted from the medium for deficiency experiments and were
added as indicated for excess experiments. All experiments were
realized under 8 h light (100 pm photon m2 s, 22°C)/16 h dark
(20°C) in a climate-controlled growth chamber. Unless otherwise
stated, all experiments were conducted three times independently.
Details on experimental replication are provided in the figure
legends.

Chlorophyll content

Two or three leaves per plant were weighed, then incubated in the
dark for 40 h in ethanol (95%, VWR). Discolored leaves were
removed and the solution was then analyzed using a spectropho-
tometer (Genesys20; ThermoFisher Scientific, https://www.ther
mofisher.com), measuring absorbance at 649 and 665 nm. Total
levels of chlorophyll were -calculated using the equation:
chl a + chl b =[6.1%(A665) + 20.4%(A649)]/fresh weight (in mg)
(Wintermans and De Mots, 1965; Lichtenthaler and Buschmann,
2001).
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Analysis of metal contents

Root and shoot tissues were harvested separately. Root tissues
were desorbed and washed as described by Talke et al. (2006),
and shoot tissues were rinsed in distilled water. After drying at
60°C for 3 days, 10-30 mg of tissue was digested on a DigiPrep
Graphite Block Digestion System (SCP Science, http://www.scpsc
ience.com) with 3 mL HNOj3 (> 656% v/v; Sigma-Aldrich) in Digi-
Prep tubes. The digestion program was: 15 min at 45°C, 15 min at
65°C and 90 min at 105°C. After digestion, volumes were adjusted
to 10 mL with distilled water and 200 uL of HNO3 (>65% v/v;
Sigma-Aldrich). Element concentrations were determined by
inductively coupled plasma-atomic emission spectroscopy (Vista
AX; Varian).

Fe and hydrogen peroxide staining

For Fe Perls staining, root samples were vacuum infiltrated with
HCI (4% v/v) and K-ferrocyanide () (4% w/v; Sigma-Aldrich) at
equal volume (1/1) for 10 min and incubated for 30 min at room
temperature (20-22°C). The reaction was stopped by substituting
the solution with distilled water (Roschzttardtz et al., 2009, 2011).
Images were taken using a binocular (SMZ1500; Nikon, https://
www.nikon.com) equipped with a camera (Digital Sight DS-5M;
Nikon). For In Situ Perls/DAB/H,0, intensification, root tissues
were vacuum infiltrated with paraformaldehyde (2% w/v), glu-
taraldehyde (1% v/v) and caffeine (1% w/v) in phosphate buffer
(0.1 m; pH 7) for 30 min and incubated overnight in the solution
(Roschzttardtz et al., 2009, 2011). The tissues were then washed
three times in phosphate buffer (0.1 m, pH 7.4) and dehydrated in
successive baths for 2 h each [50, 70, 90, 95 and 100% ethanol,
butanol/ethanol (1/1) and 100% butanol]. Technovit 7100 resin
(Kulzer, https://www.kulzer.com) was used to embed tissues and
3 um sections were realized and deposited on glass slides. The
slides were then incubated for 45 min in Perls staining solution
(as described above), followed by DAB intensification as described
previously (Roschzttardtz et al., 2009, 2011). Observation was real-
ized using a binocular (AZ100; Nikon) equipped with a camera
(Digital Sight DS-Ri1; Nikon).

Detection of H,0; in root tissues was carried out according to
the protocol described by Baliardini et al. (2015). Briefly, root sam-
ples were vacuum infiltrated for 15 min with 3-3-diaminobenzidine
tetrahydrochloride (1.25 mg/mL; DAB; Sigma-Aldrich), Tween-20
(0.05% v/v) and Na,HPO, (200 mm) and incubated for 45 min in
the same solution. Then the roots were bleached in acetic acid/
glycerol/ethanol (1/1/3) for 5 min at 100°C, and then stored in glyc-
erol/ethanol (1/4) before observation. Observation was performed
using a binocular (SMZ1500; Nikon) equipped with a camera (Digi-
tal Sight DS-5M; Nikon).

Zinc imaging

Root tissues were washed three times for 5 min in distilled water
then for 5 min in EDTA (10 mm) to remove metal ions attached
to the root surface. Plants were transferred in Zinpyr-1 (10 um, in
water, Sigma-Aldrich) for 2 h in the dark then washed in distilled
water (Sinclair et al., 2007; Hanikenne et al., 2008). To visualize
the root cell wall, tissues were bathed in propidium iodide
(33 pug/mL) for 1 min. Images were collected using an SP2 confo-
cal microscope (Leica, https://en.leica-camera.com), as described
by Tillemans et al. (2006). Zinpyr-1 was visualized using an argon
ion laser (Aex = 488 Nnm; Aem = 500-535 nm) and a helium-neon
laser (hgx = 543 NM; hem = 600-730 nm) was used for propidium
iodide.
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RNA-Seq and gRT-PCR analysis

Upon harvesting, plant root tissues were blotted dry, immediately
frozen in liquid nitrogen and stored at —80°C. Total RNAs were pre-
pared using 100 mg of homogenized tissues and RNeasy Plant Mini
kit with on-column DNase treatment (Qiagen, https:/www.giagen.
com). Libraries for RNA-Seq were prepared from 1 pg of total RNAs
with the TruSeq Stranded mRNA Library Prep Kit (Illumina, https:/
www.illumina.com), multiplexed and sequenced in two runs with an
Illumina NextSeg500 device (high-throughput mode, 75 base single-
end reads) at the GIGA-R Sequencing platform (University of Liege),
yielding on average approximately 22 million reads per sample.
Read quality was assessed using Fastac 0.10.1 (http:/www.bioinfor
matics.babraham.ac.uk/projects/fastqc/). Quality trimming and the
removal of adapters were conducted using TrRiMmomATiC 0.32 (Bolger
et al., 2014), with the following parameters: trim bases with quality
score lower than Q26 in 5 and 3 of reads; remove any reads with
Q < 26 in any sliding window of 10 bases; crop one base in 3 of all
reads; and discard reads shorter than 70 bases. Overall, the quality
filtering discarded between 7 and 9% of the raw reads. The Ara-
bidopsis reference genome sequence (TAIR10) and annotation
(201606 version) files were downloaded from Araport on 16 Septem-
ber 2016 (https://www.araport.org). Read mapping on the genome
was achieved using ToPHAT 2.1.1, with the following parameters: --
read-mismatches 2; --min-intron-length 40; --max-intron-length
2000; 2 --report-secondary-alignments; --no-novel-juncs and provid-
ing an indexed genome annotation file. Raw read counts were
obtained using Hrsea-count 0.6.1p1, and differentially expressed
genes were identified by pairwise comparisons with pesea2 1.12.3
(Love et al., 2014). Genes were retained as differentially expressed
when the log, fold-change (FC) was >1 or <—1, with a Benjamini-
Hochberg FDR adjusted P-value of <0.05. PCA plots were created
with the PlotPCA function from R using rlog transformed data
(Beginner's guide, besea2 package, 13 May 2014, http://www.biocond
uctor.org/packages/2.14/bioc/vignettes/DESeq2/inst/doc/beginner.
pdf). GO enrichment analyses were conducted using the Thalemine
tool on Araport (https://www.araport.org). The heat maps were con-
structed using the heatmap.2 function of the GpLoTs r package.

For qRT-PCR, cDNAs were synthesized with the RevertAid H
Minus First Strand cDNA Synthesis Kit (Fisher Scientific, https://
www.fishersci.co.uk) using Oligo(dT) and 1 pg of total RNAs. Quan-
titative PCR was performed in an ABI Prism 7900HT system (Applied
Biosystems, now ThermoFisher Scientific) using 384-well plates and
Mesa Green gPCR MasterMix (Eurogentec, https://secure.eurogen
tec.com), as described by Nouet et al. (2015). Primer reaction effi-
ciencies (LNRegpcr 2016.1; Ruijter et al., 2009; Nouet et al., 2015;
Table S3) were used to calculate relative gene expression levels by
normalization using the EFTx and UBQ10 reference genes and aBAse
(https://www.qbaseplus.com/; Hellemans et al, 2007). Their ade-
guacy to normalize gene expression in the experimental conditions
was verified using GENORM in aBast (Vandesompele et al., 2002).

IRT1 Western blot

Total proteins were extracted from 100 mg of frozen root tissues
as described by Séguéla et al. (2008). The Western blot was con-
ducted using an IRT1 antibody, as described by Schvartzman et al.
(2018).

Acidification and Felll chelate reductase activity assays

The Felll chelate reductase activity and acidification assays were
conducted as described by Yi and Guerinot (1996). For the acidifi-
cation assay, seedlings were transferred after 3 days of treatment
on Bromocresol media [Bromocresol Purple (0.006% w/v; Carl

Roth, https://www.carlroth.com); CaSO, (0.2 mm); agar (Agar
Select 0.8% w/v; Sigma-Aldrich); pH 6.5] for 18 h. For the Felll che-
late reductase activity assays, seedlings were pooled (5 by 5) and
roots were immersed in the reductase solution [Felll-EDTA
(0.1mM; Carl Roth); FerroZine (0.3 mm; Acros Organics, https:/
www.acros.com)] for 20 min in the dark. The absorbance of the
Fell-FerroZine complex formed in the solution was measured at
562 nm. The root weight of the sample and the molar extinction
coefficient of the complex (28.6 mm ™' cm™') were used for the final
calculation.

FTIR analysis

Cell wall (CW) extraction and FTIR analysis from roots and shoots
was performed according to the methodology of Zornoza et al.
(2002) and Meyer et al. (2015). Root samples (100 mg dry material)
were washed consecutively three times in ethanol (80% v/v), once
in chloroform/methanol (2/1 v/v) and three times in acetone. For
each washing step, samples were vortexed, agitated (30 min) and
centrifuged (1200 g; 5 min) before going to the next step. Final
pellets of CW were dried overnight (67°C).

All measurements were performed as described by Meyer et al.
(2015) with a Bruker Equinox 55 FTIR spectrometer (Bruker, https://
www.bruker.com) equipped with a liquid N, refrigerated mercury
cadmium Telluride detector, as described by Goormaghtigh et al.
(1999) and Meyer et al. (2015). To detect CW modification, the FTIR
measurements were recorded between 1800 cm™" and 800 cm™.
Each spectrum was obtained by averaging 128 scans recorded at a
resolution of 2 cm™. FTIR data were analyzed (substraction of
water vapor contribution, baseline correction and normalization of
the spectra) as described by Meyer et al. (2015). To identify differ-
ences among populations, PCA was used to reveal spectral contri-
butions that explained most of the variance present in the data set
(Johnson and Wichern, 2002).

Mass spectrometry

Samples were prepared as described by Klatte et al. (2009) and
Haydon et al. (2012). Frozen plant tissues (60 mg) was ground to a
fine powder in a tissue grinding mill (1 min, 25 Hz, cold with liquid
nitrogen, MM200; Retsch, https://www.retsch.com) and extracted
in distilled water at 80°C (500 pL; pre-warmed at 60°C). After a shak-
ing (500 rpm for 15 min), both the extraction step and the shaking
were repeated. Cell debris was removed from the samples by two
centrifugations (15 000 g for 20 min). First, a mass spectrometry
analysis of standard solutions of malate (1 mg mL™; Sigma-
Aldrich), citrate (1 mg mL™"; Sigma-Aldrich) and nicotianamine
(1 mg mL™"; Carbosynth, https:/www.carbosynth.com) was per-
formed to determine each m/z and make a calibration curve. To
quantify malate, citrate and nicotianamine, each sample was ana-
lyzed using the standard addition method. All measurements were
performed on the SYNAPT G2 HDMS spectrometer (Waters, https://
www.waters.com) fitted with an electrospray ionization source
used in negative mode. The instrument has been described exten-
sively previously (Giles et al., 2004; Pringle et al., 2007; Shvarts-
burg, 2008; Shvartsburg and Smith, 2008). A weighed standard
tartaric acid (Sigma-Aldrich) solution was prepared with Milli-Q
water (Millipore, now Merck, https://www.merckmillipore.com) at
an exact concentration of 2.35 x 107 m, and this was used as the
standard because it is absent in Arabidopsis (DeBolt et al., 2006).
Each sample was spiked with the standard solution as follows:
approximately 150 mg of the sample was accurately weighed on
an analytical balance (ML 54; Mettler Toledo, https://www.mt.com)
to which about 10 mg of tartaric acid and 100 mg of acetonitrile
were added by analytical weighing.
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Statistical analysis

All data evaluation and statistics were performed using prism 5.03
(GraphPad, https://www.graphpad.com).

ACCESSION NUMBERS

The A. thaliana frd3-7 T-DNA insertion (SALK_122235) is
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Information (NCBI) Sequence Read Archive (SRA) Database
with BioProject identification number PRINA482933.
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