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Shoot to root communication is necessary to control the expression
of iron-acquisition genes in Strategy I plants
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Abstract Previous research showed that auxin, ethylene,
and nitric oxide (NO) can activate the expression of iron
(Fe)-acquisition genes in the roots of Strategy I plants
grown with low levels of Fe, but not in plants grown with
high levels of Fe. However, it is still an open question as to
how Fe acts as an inhibitor and which pool of Fe (e.g., root,
phloem, etc.) in the plant acts as the key regulator for gene
expression control. To further clarify this, we studied the
effect of the foliar application of Fe on the expression of
Fe-acquisition genes in several Strategy I plants, including
wild-type cultivars of Arabidopsis [Arabidopsis thaliana
(L.) Heynh], pea [Pisum sativum L.], tomato [Solanum
lycopersicon Mill.], and cucumber [Cucumis sativus L.],
as well as mutants showing constitutive expression of
Fe-acquisition genes when grown under Fe-sufficient
conditions [Arabidopsis opt3-2 and frd3-3, pea dgl and brz,
and tomato chin (chloronerva)]. The results showed that
the foliar application of Fe blocked the expression of
Fe-acquisition genes in the wild-type cultivars and in the
frd3-3, brz, and chin mutants, but not in the opt3-2 and dgl
mutants, probably affected in the transport of a Fe-related
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repressive signal in the phloem. Moreover, the addition of
either ACC (ethylene precursor) or GSNO (NO donor) to
Fe-deficient plants up-regulated the expression of Fe-
acquisition genes, but this effect did not occur in Fe-defi-
cient plants sprayed with foliar Fe, again suggesting the
existence of a Fe-related repressive signal moving from
leaves to roots.

Keywords dgl - Ethylene - Iron - Nitric oxide - opt3 -
Peptide - Phloem

Abbreviations
ACC 1-Aminocyclopropane-1-carboxylic acid

EDDHA  N,N'-ethylenebis[2-(2-hydroxyphenyl)-
glycine]
Ferrozine 3-(2-Pyridyl)-5,6-bis(4-phenyl-sulfonic acid)-

1,2,4-triazine
NA Nicotianamine
GSNO S-nitrosoglutathione

Introduction

The main characteristic of Strategy I plants is that they
need to reduce Fe(IIl), the most abundant form of iron in
soils, to Fe(Il), prior to uptake. The Fe(Ill) reduction is
mediated by a ferric reductase (EC 1.16.1.7), encoded by
the FRO gene, and Fe(Il) uptake is mediated by a trans-
porter encoded by the IRTI gene (Walker and Connolly
2008; Ivanov et al. 2011). Both genes are up-regulated
under Fe deficiency and are activated by specific bHLH
transcription factors, which are also up-regulated by Fe
deficiency. These bHLH transcription factors include
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AtFIT, AtbHLHO38, and AtbHLHO39 in Arabidopsis
(Yuan et al. 2008; Ivanov et al. 2011); SIFER is the FIT
homolog in tomato (Brumbarova and Bauer 2005). Besides
these genes, there are other important Fe-related genes also
up-regulated under Fe deficiency, such as ArAHA2,
AtAHA7, and CsHAI, encoding H*"-ATPases (EC 3.6.3.6)
involved in H' extrusion (Santi et al. 2005; Santi and
Schmidt 2009; Ivanov et al. 2011); AtNASI and AtNAS2,
encoding nicotianamine synthase enzymes (NAS; EC
2.5.1.43) involved in the synthesis of the Fe(II) chelating
agent nicotianamine (NA) (Klatte et al. 2009); AtFRD3,
encoding a protein of the multidrug and toxin efflux
(MATE) family, responsible for the loading into the xylem
of citrate, an Fe chelator, which is essential for the correct
distribution of Fe throughout the plant tissues (Durrett et al.
2007; Roschzttardtz et al. 2011); ArCCCLI-3, with simi-
larities to nodulins, probably involved in vacuolar Fe
transport (Garcia et al. 2010); and AtMYB72, encoding a
transcription factor involved in Fe responses and induced
systemic resistance (Garcia et al. 2010). The pathways that
regulate the expression of these Fe-related genes are not
totally known, but several published reports suggest a role
for different hormones, like auxin, ethylene, and nitric
oxide (NO) (Lucena et al. 2006; Graziano and Lamattina
2007; Waters et al. 2007; Garcia et al. 2010, 2011; Chen
et al. 2010; Bacaicoa et al. 2011; Lingam et al. 2011;
Meiser et al. 2011; Ramirez et al. 2011; Romera et al.
2011; Wu et al. 2012). Auxin, ethylene, and NO can up-
regulate the expression of Fe-acquisition genes in plants
grown with low levels of Fe (or without Fe), but have
almost no effect in plants grown with high levels of Fe
(Lucena et al. 2006; Graziano and Lamattina 2007; Chen
et al. 2010; Garcia et al. 2011). This suggests that the up-
regulation of Fe-acquisition genes does not solely depend
on hormones (auxin, ethylene and NO), that act as acti-
vators, but also on Fe availability (Lucena et al. 2006;
Romera et al. 2011).

It is still an open question as to how Fe acts to repress
gene expression and which pool of Fe (e.g., root, phloem,
intracellular, apoplastic, etc.) is monitored by the plant to
mediate this control. Maas et al. (1988) proposed phloem
Fe as an inhibitor of Fe deficiency responses in Strategy I
plants. These authors found more Fe in the phloem of Fe-
sufficient Ricinus plants (traveling as a Fe complex) than in
Fe-deficient plants. Additionally, they also found that the
application of Fe-EDTA to leaves decreased some of the Fe
deficiency responses, such as proton extrusion and ferric
reductase activity (Maas et al. 1988). Based on these
results, they proposed that leaves could modulate Fe defi-
ciency responses through phloem Fe, leading to suppres-
sion of gene expression under Fe-sufficient conditions
(Maas et al. 1988). Several other reports also indicated that
application of Fe (as FeSO, or Fe-citrate) to leaves of
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Fe-deficient plants suppressed root Fe deficiency responses
(Venkatraju and Marschner 1981; Romera et al. 1992;
Enomoto et al. 2007).

In contrast with phloem Fe, it is unlikely that total Fe in
the roots is involved in the repression of Fe-acquisition
genes since some mutants, like the Arabidopsis frd3
mutant, show constitutive activation of Fe-responsive
genes even though they accumulate high levels of Fe in
their roots (Rogers and Guerinot 2002). The frd3 mutant,
affected in xylem Fe transport (Durrett et al. 2007
Roschzttardtz et al. 2011), is chlorotic when grown under
Fe-sufficient conditions (Rogers and Guerinot 2002), but it
becomes green, and its Fe-acquisition genes are down-
regulated, when its leaves are sprayed with Fe (Lucena
et al. 2006). These results are again suggestive of the role
of phloem Fe, specifically the phloem movement of Fe
from shoot to root, in inhibiting the expression of the Fe-
acquisition genes (Lucena et al. 2006; Garcia et al. 2011).

Besides the Arabidopsis frd3 mutant, there are other
mutants of Arabidopsis (opt3-2, nas4x-1), pea (dgl, brz),
and tomato (chloronerva: chin), that show constitutive
activation of Fe-acquisition genes when grown under Fe-
sufficient conditions (Scholz et al. 1985; Grusak et al.
1990; Kneen et al. 1990; Grusak and Pezeghi 1996; Pich
et al. 2001; Stacey et al. 2008; Klatte et al. 2009). The
Arabidopsis mutant opt3-2 harbors a T-DNA insertion in
the AtOPT3 promoter resulting in reduced AtOPT3
expression (Stacey et al. 2008). AtOPT3, the expression of
which is enhanced under Fe deficiency, belongs to the
oligopeptide transporter (OPT) family, involved in peptide
transport (Stacey et al. 2006, 2008). This mutant is able to
accumulate high levels of intracellular Fe in both shoots
and roots as demonstrated by wild-type levels of chloro-
phyll and ArFERI (ferritin) transcripts under Fe-sufficient
conditions (Stacey et al. 2008). However, this mutant
presents lower levels of Fe in seeds than wild-type plants.
Since the movement of Fe to non-transpirating organs is
believed to occur exclusively via phloem transport, it was
suggested that the opt3-2 mutation is involved in the
transport of a peptide Fe chelator via the phloem (Stacey
et al. 2008). Like the Arabidopsis mutant opt3-2, the pea
mutants dgl and brz accumulate high levels of Fe in roots
and shoots when grown under Fe-sufficient conditions and
do not show chlorosis, but symptoms of Fe toxicity
(Grusak et al. 1990; Kneen et al. 1990; Grusak and Pezeghi
1996). The specific genes defined by the dgl and brz
mutants have not been identified yet. However, in the case
of the dgl mutant, it is known, by studies with reciprocal
shoot:root grafts, that the constitutive expression of the Fe
deficiency responses depends on the genotype of the shoot
(Grusak and Pezeghi 1996). Moreover, Marentes et al.
(1997) and Marentes and Grusak (1998) found that Fe was
bound as part of a molecular complex (Fe-binding peptide)
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in the phloem of the wild-type pea, but that this complex
was not formed in the phloem of the dg/ mutant. These
results suggest that the dg/ mutant phenotype may also be
related to defects in phloem Fe transport. The tomato
mutant chln was identified as a spontaneous mutation in the
cultivar Bonner Beste, later on related to a NAS gene (Ling
et al. 1999). The chln mutant does not produce detectable
amounts of NA and its constitutive expression of Fe defi-
ciency responses is reduced upon exogenous application of
NA (Pich et al. 2001). The nas4x-1 mutant is a quadruple
mutant with mutations in the four NAS genes present in
Arabidopsis and, consequently, produces very low levels of
NA, similar to the tomato mutant chln (Klatte et al. 2009).
Some years ago, it was suggested that Fe traveled in the
phloem as a Fe—-NA complex (Stephan and Scholz 1993).
Later on, this idea was discarded, but NA is still thought to
play a role in Fe loading and, probably, unloading of the
phloem (Schmidke et al. 1999). The fact that all the above
cited mutants accumulate high levels of Fe in their roots,
when grown under Fe-sufficient conditions, suggests that
total Fe in roots is not a key factor in the regulation of Fe-
acquisition genes. On the other hand, the fact that most of
these mutants (opt3-2, dgl, chin, nas4x-1), either directly or
indirectly, are likely affected in the transport of Fe in the
phloem suggests that phloem Fe is a key factor in Fe
regulation.

The suggestion that the plant monitors phloem Fe to
control iron homeostasis (Maas et al. 1988) is not suffi-
cient, however, to fully explain the up-regulation of Fe-
acquisition genes caused by ethylene, auxin, and NO in
plants grown under low Fe conditions (Lucena et al. 2006;
Graziano and Lamattina 2007; Waters et al. 2007; Chen
et al. 2010; Garcia et al. 2010, 2011; Bacaicoa et al. 2011;
Romera et al. 2011; Wu et al. 2012). To address this issue,
Lucena et al. (2006) proposed a model that implicates both
phloem Fe and ethylene in the regulation of Fe-acquisition
genes by Strategy I plants. Accordingly, ethylene, the level
of which increases under Fe deficiency, would act as an
activator of A¢FIT (or SIFER) expression, and consequently
of FRO and IRTI, while phloem Fe would act to repress
their expression. Very recently, Garcia et al. (2011)
extended this model to more Fe-related genes and also
included NO as an activator (already proposed by Graziano
and Lamattina 2007) in conjunction with ethylene of
Fe-acquisition genes.

One objective of this work was to study the effect of
foliar application of Fe on the expression of Fe-acquisition
genes in wild-type and mutant plants that constitutively
express Fe-acquisition genes, namely the Arabidopsis frd3
and opr3-2 mutants, the pea dgl and brz mutants, and the
tomato chln mutant. Another objective was to study the
interaction between the foliar application of Fe and ethyl-
ene (and NO) on Fe-acquisition genes. Taken together, the

results confirm that ethylene and NO activate the expression
of Fe-acquisition genes, while Fe (probably as a Fe-related
repressive signal coming from the shoot) inhibits it, con-
sistent with earlier reports (Lucena et al. 2006; Graziano and
Lamattina 2007; Garcia et al. 2010, 2011).

Materials and methods
Plant material, growth conditions, and treatments

To analyze the effect of foliar application of Fe on the reg-
ulation of Fe-acquisition genes, we used wild-type Arabid-
opsis [Arabidopsis thaliana (L.) Heynh ecotype Columbia],
pea (Pisum sativum L. cv Sparkle), and tomato (Solanum
lycopersicon Mill. cv Bonner Beste) plants, and some of their
mutants that show constitutive up-regulation of Fe-acquisi-
tion genes even when grown under Fe-sufficient conditions.
Among these mutants, we used the Arabidopsis opt3-2 and
frd3-3,the peadgl (Sparkle [dgl,dgl]) and brz, and the tomato
chloronerva (chin). For some studies, we also used wild-type
cucumber (Cucumis sativus L. cv Ashley) plants. Arabid-
opsis, pea, tomato, and cucumber plants were grown on
aerated nutrient solution as previously described (Lucena
etal. 2006, 2007). When appropriate, plants were transferred
to the different treatments.

The treatments imposed were as follows: +Fe: nutrient
solution with Fe-EDDHA; +Fe + foliarFe: same as +Fe
treatment, but with FeSO, application to leaves; —Fe:
nutrient solution without Fe; —Fe + foliarFe: same as —Fe
treatment, but with FeSO, application to leaves;
—Fe 4+ ACC: —Fe treatment with ACC addition during the
last 24 h; —Fe + ACC + foliarFe: same as —Fe + ACC
treatment, but with FeSO, application to leaves;
—Fe + GSNO: —Fe treatment with GSNO addition during
the last 24 h; —Fe 4+ GSNO + foliarFe: same as —Fe +
GSNO treatment, but with FeSO, application to leaves.
FeSO, was dissolved in deionized water (0.05 or 0.1 %
w/v) and Tween 20 was added as surfactant. For treatments
with FeSO,, leaves were sprayed once at day until total
moistening. A stock solution of ACC (Sigma, St Louis,
MO, USA) was prepared in deionized water. The stock
solution of GSNO was prepared as in Garcia et al. (2010).
After treatments, root ferric reductase activity was deter-
mined as described previously (Lucena et al. 2006).
Finally, the roots were collected and kept at —80 °C for
subsequent analysis of mRNA levels.

RT-PCR analysis
Roots were ground to a fine powder in a mortar and pestle

in liquid nitrogen. Total RNA was extracted using the Tri
Reagent solution (Molecular Research Center, Inc.
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Cincinnati, OH, USA) according to the manufacturer’s
instructions. M-MLV reverse transcriptase (Promega,
Madison, WI, USA) was used to generate cDNA with 3 ng
of total RNA from roots as the template and random
hexamers as the primers. Negative controls included all
reaction components except M-MLV enzyme. One tenth of
each RT reaction was used as PCR template.

Primer pairs for Arabidopsis, tomato, and cucumber
genes were designed as previously described (Lucena et al.
2006; Waters et al. 2007; Garcia et al. 2010). Primer pairs
for pea PsFROI and PsRITI were as follows: PsFROIF
(GCA AAA CAC CAA ACA TTG TTC); PsFROIR (ACT
ACC AGG TGA AAC TGA TTG); PsRITIF (GAG ATC
AAG AGA TGG GTG CT); and PsRITIR (CAT CAA
TAA CTT CAA GCC CA).

18S cDNA was amplified using QuantumRNA Uni-
versal 18S Standards primer set (Ambion, Austin, TX,
USA) as the internal control. The thermal cycler program
was one initial cycle of 94 °C, 5:00; followed by cycles of
94 °C, :45; 55 °C, :45; 72 °C, 1:00 with 30 cycles for all
genes all followed by a final 72 °C elongation cycle of
7:00.

>7Fe determination

In some experiments, 57FeSO4 (0.05 %, w/v) was sprayed
onto shoots of different genotypes grown under Fe-suffi-
cient conditions and, after two additional days, roots were
harvested to analyze their °'Fe content as described by
Rodriguez-Castrillon et al. (2008). For Fe determinations,
samples were dried and digested with nitric acid in a
microwave oven. Total Fe and °’Fe were determined using
Inductively Coupled Plasma Mass Spectrometry (ICP-MS),
model Agilent 7500c. The concentration of >’Fe in roots
(coming from the *’FeSO, applied to leaves) was calcu-
lated taking into account that approximately 2.2 % of the
*"Fe in roots is due to its natural abundance.

Results

Effect of foliar application of Fe on ferric reductase
activity and expression of Fe-related genes

As shown in Fig. 1, the application of FeSO, to leaves
of Fe-deficient Arabidopsis Columbia plants greatly
decreased ferric reductase activity as well as the expression
of AtFRO2, AtIRTI, and the bHLH transcriptional regula-
tory genes AtFITI, AtbHLHO38, and AtbHLH039. How-
ever, the FeSO, treatment did not significantly affect either
ferric reductase activity or gene expression in Fe-deficient
Arabidopsis opt3-2 plants (Fig. 1). Similar to Arabidopsis
Columbia plants, the application of FeSO, to leaves of

@ Springer

+fol Fe

b

< 700

< 500 [0 Columbia @ opt3-2]|

z

= 500 -

8

S 400 -

9 300 -

E,; 200 -

L

5 100 ’_F

£

c 0
-Fe -Fetfol Fe -Fe -Fe+fol Fe

Cc

— AIFRO2 [we s
—— AHRTT  [w— v—
-_— ALFIT — —
- ATBHLHO38 |
WS A(DHLHO39 |we= s
e RS ——

Fig. 1 Effect of the foliar application of Fe on ferric reductase
activity and expression of Fe-acquisition genes in Fe-deficient
Arabidopsis Columbia and opt3-2 plants. Plants were grown in
nutrient solution with 20 pM Fe and transferred to nutrient solution
without Fe (—Fe). After 1 day, half of the —Fe plants were sprayed
with FeSO,4 (0.05 % w/v; —Fe + fol Fe). One day later, the ferric
reductase activity was determined and total root RNA extracted.
a Notice the color of the reduction assay in a Columbia (drastically
inhibited) and an opt3-2 (not inhibited) plant treated with foliar Fe.
b Ferric reductase activity (values are the mean & SE of six
replicates). ¢ Expression of Fe-acquisition genes. RT-PCR was
performed using total RNA from roots as template and gene-specific
primers to amplify partial cDNAs of AtFRO2, AtIRTI, AtFIT,
AtbHLHO038, and AtbHLH039. 18S cDNA was amplified as positive
control

Fe-deficient pea Sparkle and tomato Bonner Beste plants
greatly decreased their ferric reductase activity and the
expression of Fe-acquisition genes (Figs. 2, 4). By contrast,
the FeSO, treatment did not decrease, but slightly
increased both ferric reductase activity and expression of
Fe-acquisition genes in Fe-sufficient pea dg/ plants
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Fig. 2 Effect of the foliar application of Fe on ferric reductase
activity and expression of Fe-acquisition genes in Fe-deficient pea
Sparkle plants. Plants were grown in nutrient solution with 20 pM Fe
(+Fe) and some of them transferred to nutrient solution without Fe
(—=Fe). On this and the following day, half of the —Fe plants were
sprayed with FeSO, (0.1 % w/v; —Fe + fol Fe). One day later, the
ferric reductase activity was determined and total root RNA extracted.
a Ferric reductase activity (values are the mean + SE of six
replicates). b Expression of Fe-acquisition genes. RT-PCR was
performed using total RNA from roots as template and gene-specific
primers to amplify partial cDNAs of PsFROI and PsRITI. 18S cDNA
was amplified as positive control

(Fig. 3). In the case of the brz and dg/ mutants, we did the
experiments with plants grown with low levels of Fe
because it has been shown that these mutants present
higher ferric reductase activity when grown under these
conditions (Grusak et al. 1990; Grusak and Pezeshgi 1996).

Taken together, the above results clearly show that the
application of Fe to leaves of Fe-deficient wild-type culti-
vars greatly decreased both ferric reductase activity and the
expression of Fe-acquisition genes. In the same way,
although less drastically, foliar Fe application also inhib-
ited the ferric reductase activity and the expression of Fe-
acquisition genes in the pea brz mutant and in the tomato
chln mutant (Figs. 3, 4). However, the application of foliar
Fe to the opt3-2 and dgl mutants, which are presumably
affected in the transport of a Fe-related repressive signal in
the phloem, did not inhibit Fe responses. In comparison
with the “phloem Fe” mutants opt3-2 and dgl, we also
examined the Arabidopsis frd3 mutant impaired in xylem
Fe transport (Durrett et al. 2007; Roschzttardtz et al. 2011).
When FeSO, was applied to leaves of the frd3 mutant
(either grown with Fe or without Fe), both the ferric
reductase activity and the expression of Fe-acquisition

b
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Fig. 3 Effect of the foliar application of Fe on ferric reductase activity
and expression of Fe-acquisition genes in Fe-sufficient pea brz and dgl
plants. Plants were grown in nutrient solution with 3 uM Fe (+Fe). Half
of the +Fe plants were sprayed with FeSO, (0.1 % w/v) during 2 days
(+Fe + fol Fe). One day later, ferric reductase activity and expression
of Fe-acquisition genes were determined as in Fig. 2. a Notice the lower
intensity of the red color, corresponding to a lower reductase activity, in
the reduction assay of the brz plant treated with foliar Fe and the inverse
in the dgl plant not inhibited by this treatment. b Ferric reductase
activity. ¢ Expression of Fe-acquisition genes

genes were greatly decreased (Fig. 5) as occurred in the
wild-type cultivar Columbia (Fig. 1), confirming previous
results (Lucena et al. 2006). In addition to the above Fe-
acquisition genes, we also found that foliar Fe application
to Columbia and frd3 plants also inhibited the expression
of other Fe-related genes (AfFRD3, AtNASI, AtNAS2,
AtCCCLI, AtCCCL2, AtMYB72, At20GFe; Fig. 6), identi-
fied as ethylene (NO)-responsive genes by Garcia et al.
(2010). This is in contrast to opt3-2 plants, where the
expression of all these genes remained constitutively high
(Fig. 6). Since the three bHLH transcription factors (AtFIT1,
AtbHLHO38, and AtbHLHO39) are key regulators of
Fe-acquisition genes (Yuan et al. 2008), these results suggest
that the tight control of Fe-acquisition responses is abolished
in the opt3-2 mutant and that the expression of many
Fe-related genes are de-regulated in this mutant (Fig. 6).
To test whether the inhibitory effect of foliar-applied Fe
was related to Fe moving from leaves to roots, we used
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Fig. 4 Effect of the foliar application of Fe on ferric reductase
activity and expression of Fe-acquisition genes in Fe-deficient tomato
Bonner Beste and chloronerva plants. Plants were grown in nutrient
solution with 20 uM Fe (+Fe) and some of them transferred to
nutrient solution without Fe (—Fe). On this and the following
day, half of the —Fe plants were sprayed with FeSO4 (0.1 % w/v;
—Fe + fol Fe). One day later, the ferric reductase activity was
determined and total root RNA extracted. a Ferric reductase activity
(values are the mean + SE of six replicates). b Expression of Fe-
acquisition genes. RT-PCR was performed using total RNA from
roots as template and gene-specific primers to amplify partial cDNAs
of SIFROI, SIRTI, and SIFER. 18S cDNA was amplified as positive
control

>"Fe to check the movement of Fe in the different wild-type
and mutant genotypes. All the genotypes treated with foliar
>"Fe showed accumulation of this isotope in roots higher
than the 2.2 % expected from natural abundance (data not
shown), which means that 5"Fe moved from leaves to roots
in all cases. The concentration of >’Fe in roots (after sub-
tracting the 2.2 % expected from natural abundance) was
similar in the different mutants when compared to their
respective wild-type cultivars (Table 1).

Effect of the interaction of foliar-applied Fe
with ethylene and NO on ferric reductase activity
and expression of Fe-acquisition genes

Besides ethylene, NO has also been implicated in the up-
regulation of Fe-acquisition genes (Graziano and Lamattina
2007; Chen et al. 2010; Garcia et al. 2010, 2011; Ramirez
et al. 2011; Romera et al. 2011). Both ethylene and NO
up-regulate the expression of Fe-acquisition genes in
plants grown with low levels of Fe (or without Fe), but
barely in those grown with high levels of Fe (Lucena et al.
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Fig. 5 Effect of the foliar application of Fe on ferric reductase
activity and expression of Fe-acquisition genes in Fe-deficient and Fe-
sufficient Arabidopsis frd3-3 plants. Plants were grown in nutrient
solution with 20 uM Fe (4Fe) and half of them transferred to nutrient
solution without Fe (—Fe). After 1 day, half of the —Fe and +Fe
plants were sprayed with FeSO, (0.05 % w/v; —Fe + fol Fe;
+Fe + fol Fe). One day later, ferric reductase activity and expression
of Fe-acquisition genes were determined as in Fig. 1. a Notice the
lack of red color in the reduction assay of the frd3-3 plant treated with
foliar Fe, corresponding to inhibition of the reductase activity.
b Ferric reductase activity. ¢ Expression of Fe-acquisition genes

2006; Graziano and Lamattina 2007; Chen et al. 2010;
Garcia et al. 2011). To examine this further, we studied the
expression of Fe-acquisition genes in Fe-deficient Arabid-
opsis and cucumber plants treated with either ACC (eth-
ylene precursor) or GSNO (NO donor) and with foliar
application of Fe. The results showed that either ACC or
GSNO up-regulated the expression of Fe-acquisition genes
(and ferric reductase activity) when applied to plants
growing without Fe (Fig. 7; it should be noted that plants
were grown without Fe only for 24 h to avoid the induction
of genes by the Fe deficiency itself). However, neither
ACC nor GSNO up-regulated the expression of Fe-acqui-
sition genes (and ferric reductase activity) when applied
simultaneously with foliar Fe (Fig. 7). Similar patterns of
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Table 1 Concentration of >’Fe (ug g~' DW) in roots of wild-type
and mutants of Arabidopsis, pea, and tomato plants after 2 days of the
foliar application of >’FeSO,

Arabidopsis Pea Tomato

Col. opt3-2 Sparkle dgl brz Bonner Beste chin
65a 53a 11a 13a 9a 27a 35a

Within each plant species, values followed by the same letter are not
significantly different at the 0.05 level, according to Duncan’s mul-
tiple range test (n = 3)

expression were observed for the Fe-responsive genes
CsFROI, CsIRTI, and CsHAI in cucumber (Fig. 8).
However, CsHA2, the expression of which is independent
of Fe availability (Santi et al. 2005), was not affected by
ethylene, NO, or foliar Fe treatment (Fig. 8), which sug-
gests that these treatments are rather specific to Fe-
responsive genes.

Discussion

Although detached roots can respond to Fe deficiency
(Bienfait et al. 1987; Enomoto et al. 2007), most published
work suggests a key role for the aerial part of the plant in
the regulation of Fe deficiency responses (Landsberg 1984;
Maas et al. 1988; Grusak and Pezeghi 1996; Li et al. 2000;

Fig. 7 Effect of the interaction between the foliar application of Fe
and the treatments with either ACC or GSNO on ferric reductase
activity and expression of Fe-acquisition genes in Fe-deficient
Arabidopsis Columbia plants. Plants were grown in nutrient solution
with 20 uM Fe (+Fe) and some of them transferred to nutrient
solution without Fe (—Fe). Some of the —Fe plants were treated with
either GSNO 100 pM (—Fe + GSNO) or ACC 1 uM (—Fe + ACC)
and half of the —Fe + GSNO and —Fe 4+ ACC plants were sprayed
with FeSO, (0.05 % w/v; —Fe + GSNO + folFe and —Fe +
ACC + folFe). One day later, ferric reductase activity and expression
of Fe-acquisition genes were determined as in Fig. 1. a Ferric
reductase activity. b Expression of Fe-acquisition genes

Lucena et al. 2006; Enomoto et al. 2007; Bacaicoa et al.
2011; Garcia et al. 2011; Wu et al. 2012). A model sug-
gests that shoots suffering from Fe deficiency send pro-
motive signals to the roots, leading to the induction of Fe
deficiency responses (Landsberg 1984; Grusak and Pezeghi
1996; Li et al. 2000; Enomoto et al. 2007; Bacaicoa et al.
2011; Wu et al. 2012). Among the promotive signals,
several results support a role for auxin, ethylene, and NO,
either coming from the shoots or produced by the roots
(Landsberg 1984; Li et al. 2000; Han et al. 2005; Lucena
et al. 2006; Graziano and Lamattina 2007; Waters et al.
2007; Chen et al. 2010; Garcia et al. 2010, 2011; Bacaicoa
et al. 2011; Romera et al. 2011; Wu et al. 2012). It should
be noted that the production and regulation of auxin, eth-
ylene, and NO are tightly interrelated (Chen et al. 2010;
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Fig. 8 Effect of the interaction between the foliar application of Fe
and the treatments with either ACC or GSNO on ferric reductase
activity and expression of Fe-acquisition genes in Fe-deficient
cucumber plants. Plants were grown in nutrient solution with
20 uM Fe (+Fe) and some of them transferred to nutrient solution
without Fe (—Fe). Some of the —Fe plants were treated with either
GSNO 100 pM (—Fe 4+ GSNO) or ACC 1 pM (—Fe 4+ ACC) and
half of the —Fe + GSNO and —Fe + ACC plants were sprayed with
FeSO4 (0.1 % w/v; —Fe + GSNO + folFe and —Fe + ACC + fol-
Fe). One day later, the ferric reductase activity was determined and
total root RNA extracted. a Ferric reductase activity (values are the
mean £ SE of six replicates). b Expression of Fe-acquisition genes.
RT-PCR was performed using total RNA from roots as template and
gene-specific primers to amplify partial cDNAs of CsFROI, CsIRT1I,
CsHAI, and CsHA2. 18S cDNA was amplified as positive control

Garcia et al. 2011; Romera et al. 2011). A competing
model suggests that Fe-sufficient shoots send repressive
signals (phloem Fe) to the roots, which repress the Fe
deficiency responses, with this repression released under Fe
deficiency (Maas et al. 1988).

Some years ago, Lucena et al. (2006) proposed a model
which integrates both promotive and repressive signals
in the regulation of Fe-acquisition genes in the roots.
According to that model, shoots can send both promotive
(ethylene or substances that promote its synthesis, like
auxin or ACC) and repressive signals (related to phloem
Fe) to the roots. The root can subsequently also produce
and amplify the promotive signals, integrate both kind of
signals, and “decide” whether to induce or repress
Fe-acquisition genes (Lucena et al. 2006). This model is

@ Springer

supported by the fact that exogenous application of auxin,
ethylene, or NO can up-regulate the expression of Fe-
acquisition genes in plants grown under low levels of Fe
(or without Fe), but has little effect on plants grown under
high levels of Fe, presumably due to the presence of Fe-
related repressive signals under these conditions (Lucena
et al. 2006; Graziano and Lamattina 2007; Chen et al.
2010; Garcia et al. 2011). The question arises, therefore, as
to whether Fe itself, when present in sufficient levels, acts
as a repressive signal. Lucena et al. (2006) proposed
phloem Fe (or some signal derived from it), rather than
total Fe in the root, as the repressive signal of Fe-acqui-
sition genes. Their proposal was based on the fact that there
are mutants, like the Arabidopsis frd3 mutant, that show
constitutive activation of Fe-acquisition genes when grown
under Fe-sufficient conditions, despite the accumulation of
high levels of Fe in their roots. The same occurs with the
Arabidopsis opt3-2 and nas mutants, the tomato chin
mutant, and the pea brz and dg/ mutants. The fact that all
the above cited mutants accumulate high levels of Fe in
their roots, when grown under Fe-sufficient conditions,
suggests that total Fe in roots is not a key factor in the
regulation of Fe-acquisition genes. On the other hand, the
fact that most of these mutants (opt3-2, dgl, chin, nas4x-1),
either directly or indirectly, are likely affected in the
transport of Fe in the phloem suggests that phloem Fe is a
key factor in Fe regulation.

To test the possibility that the repressive signal could be
related to Fe recirculating back from leaves to root, as
proposed by Maas et al. (1988), we compared the effect of
the foliar application of Fe on ferric reductase activity and
gene expression in wild-type and mutant plants that con-
stitutively express Fe-acquisition (and other Fe-related)
genes. As shown in Figs. 1, 2, 4, and 6, the application of
Fe to leaves of Fe-deficient Arabidopsis, pea, and tomato
wild-type plants drastically decreased both ferric reductase
activity and expression of Fe-acquisition (and other Fe-
related; see Introduction) genes, which confirms previous
published results (Venkatraju and Marschner 1981; Maas
et al. 1988; Romera et al. 1992; Enomoto et al. 2007). The
same occurred when Fe was applied to leaves of the pea brz
mutant (Fig. 3), the tomato chln mutant (Fig. 4), and the
Arabidopsis frd3 mutant (Figs. 5, 6; Lucena et al. 2006).
However, when Fe was applied to leaves of the Arabid-
opsis opt3-2 mutant (Figs. 1, 6) and the pea dgl mutant
(Fig. 3), ferric reductase activity and the expression of all
genes studied remained high. These results clearly indicate
that opt3-2 and dgl plants lack the ability to repress the
expression of Fe-acquisition (and other Fe-related) genes in
roots upon foliar Fe application. Curiously, both mutants,
opt3-2 and dgl, are presumably affected in the transport of
a Fe-related repressive signal (Fe-peptide?) in the phloem
(Marentes et al. 1997; Marentes and Grusak 1998; Stacey
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et al. 2008). AtOPT3 belongs to the OPT family related to
peptide transport and has been involved in the transport of
a peptide Fe chelator via the phloem (Stacey et al. 20006,
2008). In the case of the dg/ mutant, although the mutation
has not been identified yet, Marentes et al. (1997) and
Marentes and Grusak (1998) found a probable Fe-binding
peptide in the phloem of the wild-type pea that was not
present in the phloem of the dgl mutant.

Like opt3-2 and dgl, the pea brz mutant and the tomato
chin mutant also present constitutive Fe responses and
accumulate very high amounts of Fe in their shoots when
grown under Fe-sufficient conditions (Scholz et al. 1985;
Kneen et al. 1990). However, these mutants, by contrast to
opt3-2 and dgl, can still respond to foliar Fe application
(Figs. 3, 4). Why do they respond to exogenous applied Fe
and not respond to the internal Fe accumulated in their
shoots when grown under Fe-sufficient conditions? A
possible explanation for this is that perhaps both brz and
chln mutants fail in the rate by which the probable Fe-
related repressive signal is loaded (or unloaded) into (or out
of) phloem; upon foliar Fe application, this rate can
increase and phloem can attain the sufficient concentration
of Fe-related repressive signal to repress Fe responses.
Although the brz mutation has not been identified yet, this
mutant was less drastically inhibited than the wild-type
cultivar Sparkle upon foliar Fe application (Figs. 2, 3).
Similarly, the chin mutant was less drastically inhibited
than the wild-type cultivar Bonner Beste (Fig. 4). Although
NA has been involved in Fe loading (Schmidke et al. 1999)
and the chln mutation is related to a NAS gene (Ling et al.
1999), it is probable that the residual NA produced by other
NAS genes (in Arabidopsis, there have been identified 4
NAS genes; Klatte et al. 2009) could be enough for the
loading (or unloading) of a sufficient Fe-related repressive
signal upon foliar Fe application. Very recently, it has been
found that nas mutant, also related to NA as chin, can
accumulate Fe in phloem, but there are problems in
unloading it out of the phloem (Schuler et al. 2012). In the
case of the Arabidopsis frd3 mutant (Figs. 5, 6), the load-
ing of a Fe-related repressive signal into the phloem would
not be a problem because this mutant is only affected in
xylem Fe transport (Durrett et al. 2007; Roschzttardtz et al.
2011).

Since some of the mutants used in this work (opt3-2,
dgl, chin) are probably affected in the transport of Fe in the
phloem, the question arises as to whether the Fe-related
repressive signal is the whole Fe moving in the phloem or
not. To further clarify this, we applied *'Fe to leaves of
opt3-2, dgl, brz, and chin mutants and found that all of
them accumulated similar levels of *’Fe in their roots than
their respective wild-type cultivars (Table 1). Since no
statistical significant differences between the values of Fe
translocation between mutants and WT were found, it is

obvious that Fe applied to leaves achieves the roots in all
mutants. This result emphasizes that whole Fe in the
phloem is not the inhibitor of Fe responses, and suggests
that the mutants might be impaired in the transport of a
specific Fe compound (or a Fe-related signal). This opens
the way to two possibilities: (i) foliar-applied Fe generates
specific repressive signal(s) or (ii) foliar-applied Fe
restricts the sending of promotive signal(s) to the roots.
This second possibility is difficult to assume for at least
two reasons. First, if OPT3 were able to transport a pro-
motive signal, then the opf3-2 mutant, with lower abun-
dance of this transporter (Stacey et al. 2008), should
transport much less of this promotive signal and the Fe
responses would be abolished more drastically than in the
wild-type Columbia upon foliar Fe application, but this
does not occur (Figs. 1, 6). Second, the results presented in
Figs. 7 and 8 show that the addition of known promotive
signals (ethylene, NO) to Fe-deficient plants greatly
enhanced both ferric reductase activity and expression of
Fe-acquisition genes when foliar Fe was not applied, but
not when it was. These results suggest that Fe-sprayed
leaves send repressive signal(s) to roots that counteract the
promotive effects of ethylene and NO. The first possibility
suggesting that foliar-applied Fe generates specific
repressive signal(s) agrees with the fact that opt3-2 and dgl!
are presumably affected in the transport of a Fe-peptide in
the phloem (Marentes et al. 1997; Marentes and Grusak
1998; Stacey et al. 2008), which could be the actual
repressive signal. It is also possible that the repressive
signal could be a non-peptide compound or a Fe-unrelated
compound (i.e., a hormone, a small RNA,...). In any case,
the repressive signal should be transported through the
OPT3 transporter; if not, it would enter into (or unload out
of) the phloem of the opz3-2 mutant and should repress Fe
responses.

In conclusion, the results obtained in this work suggest
that Fe-sprayed leaves send repressive signal(s) to roots
and imply that ethylene and NO by themselves are not
sufficient to induce Fe-acquisition genes until these
repressing signal(s) are released. These results support the
model proposed by our group considering both promotive
(auxin, ethylene, NO) and repressive (Fe-related compound
in phloem) signals in the regulation of Fe-acquisition genes
(Lucena et al. 2006; Garcia et al. 2011; Romera et al.
2011). The combinatorial control of Fe responses by pro-
motive (ethylene, NO,..) and repressive (Fe-related com-
pounds in phloem) signals would confer Fe specificity to
the system, avoiding the induction of Fe responses by
increases of the promotive signals originated by other
causes besides Fe deficiency. The existence of nutrient-
specific signals acting in conjunction with ethylene is
logical since this hormone has also been involved in the
responses to other nutrient deficiencies, such as K and P
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deprivation (Jung et al. 2009; Lei et al. 2011). As an
example, ACC up-regulated P-acquisition genes in P-defi-
cient plants, but had almost no effect in the P-sufficient
ones (Lei et al. 2011). On the other hand, the existence of
Fe-related repressive signal(s) moving from leaves to roots
is a way for shoots to communicate their Fe status to roots.
Evidence for shoot to root communication also exists for
the regulation of the uptake of other mineral nutrients, such
as N and S, where phloem-transported aminoacids (N) and
glutathione (S) appear to regulate their uptake (Liu et al.
2009). Recently, small RNAs have been implicated in the
long-distance communication via phloem between shoots
and roots following nutrient deprivation (Buhtz et al.
2010).

Without discarding a role for small RNAs and other
compounds in the shoot to root communication of Fe
deprivation, the results found with the opt3-2 (Figs. 1, 6)
and dgl (Fig. 3) mutants suggest a role for a Fe-peptide
moving in the phloem in this process. The existence of a
Fe-peptide acting as a long-distance repressive signal of Fe
responses should not be considered extraordinary. Peptides
in plants play crucial roles in biotic and abiotic stress
responses (Germain et al. 2006) and in animals, the peptide
hepcidin is a key regulator of iron homeostasis (Clark et al.
2011). In plants, it is tempting to speculate that the prob-
able Fe-peptide moving in the phloem could act by inter-
fering with ethylene (and NO) synthesis and signaling
(Figs. 7, 8). In this respect, it should be mentioned that the
flagellin-derived fig22 peptide regulates the release of an
ethylene response factor in the ethylene signaling of Ara-
bidopsis (Bethke et al. 2009). Consequently, it is possible
that other peptides (such as a probable Fe-peptide) could
also interact with this signaling pathway. In supporting this
view, it should be mentioned that all the Fe-related
genes inhibited by foliar Fe application in Arabidopsis
(Figs. 1, 6) have also been identified as iron-deficiency eth-
ylene-dependent genes (Garcia et al. 2010). Future research
should be focused on the identification of this probable Fe-
binding peptide (i.e., the unidentified substrate of the OPT3
transporter; Lubkowitz 2011) and, if found, on its possible
relationship with ethylene synthesis and signaling.
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