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Plants grown under iron (Fe)-deficient conditions induce a set of genes that enhance the efficiency of Fe uptake by the roots.
In Arabidopsis (Arabidopsis thaliana), the central regulator of this response is the basic helix-loop-helix transcription factor FER-
LIKE IRON DEFICIENCY-INDUCED TRANSCRIPTION FACTOR (FIT). FIT activity is regulated by protein-protein interactions,
which also serve to integrate external signals that stimulate and possibly inhibit Fe uptake. In the search of signaling
components regulating FIT function, we identified ZINC FINGER OF ARABIDOPSIS THALIANA12 (ZAT12), an abiotic
stress-induced transcription factor. ZAT12 interacted with FIT, dependent on the presence of the ethylene-responsive
element-binding factor-associated amphiphilic repression motif. ZAT12 protein was found expressed in the root early
differentiation zone, where its abundance was modulated in a root layer-specific manner. In the absence of ZAT12, FIT
expression was upregulated, suggesting a negative effect of ZAT12 on Fe uptake. Consistently, zat12 loss-of-function mutants
had higher Fe content than the wild type at sufficient Fe. We found that under Fe deficiency, hydrogen peroxide (H202) levels
were enhanced in a FIT-dependent manner. FIT protein, in turn, was stabilized by H,O, but only in the presence of ZAT12,
showing that H,O, serves as a signal for Fe deficiency responses. We propose that oxidative stress-induced ZAT12 functions as a
negative regulator of Fe acquisition. A model where H,O, mediates the negative regulation of plant responses to prolonged

stress might be applicable to a variety of stress conditions.

Iron (Fe) is one of the most abundant elements on
Earth. However, the availability of Fe to plants, and
thus indirectly to both animals and humans, is low due
to the presence of Fe in the form of insoluble complexes
in the soil. Fe deficiency anemia is the most common
and widespread nutritional disorder in the world,
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which affects millions of people, especially pregnant
women and preschool children (Murgia et al., 2012).
The mechanisms for the regulation of Fe mobilization in
the soil, for entry, and for distribution of Fe in the plant
are promising targets for the breeding of Fe-biofortified
crops, which is a strategy of high potential for coun-
teracting Fe deficiency in humans. Arabidopsis (Arabi-
dopsis thaliana) serves as a model plant to dissect Fe
signaling at the molecular level, and transcription fac-
tors have become known as important checkpoints of
the regulatory mechanisms controlling Fe homeostasis
(Brumbarova et al., 2015).

Dicotyledonous plants like Arabidopsis and non-
graminaceous monocots acquire reduced Fe (known as
reduction-based strategy I). They acidify the rhizo-
sphere and reduce ferric to ferrous Fe, which are
physiological reactions easily made visible at the sur-
face of Fe-deficient roots (Romheld and Marschner,
1986). Fe signaling, originating from the requirement
for Fe and the Fe-deficiency status, directs the induction
of several clusters of coexpressed genes in roots and
leaves. These genes serve to adapt the cells to the con-
sequences of altered external and internal metal avail-
ability (Ivanov et al., 2012a). A network of transcription
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factors, mainly of the basic helix-loop-helix (bHLH)
type, and other types of regulators that are responsive
to Fe modulate gene expression of the coexpression
clusters (Ivanov et al., 2012a).

The FER-LIKE IRON DEFICIENCY-INDUCED
TRANSCRIPTION FACTOR (FIT) plays a central role
in up-regulating the cluster of root-expressed genes
involved in Fe acquisition (Bauer et al., 2004; Colangelo
and Guerinot, 2004; Jakoby et al., 2004; Yuan et al., 2005;
Ivanov et al., 2012a). Among the FIT targets are the
genes encoding FERRIC REDUCTASE-OXIDASE2
(FRO2) and the divalent metal ion transporter IRON-
REGULATED TRANSPORTERI1 (IRT1), which are re-
quired for Fe reduction and the uptake of ferric Fe from the
soil (Robinson et al., 1999; Vert et al., 2002; Bauer et al.,
2004). Indeed, a fit knockout mutant fails to take up Fe and,
consequently, develops a lethal Fe deficiency leaf chlorosis
(Bauer et al., 2004; Colangelo and Guerinot, 2004; Jakoby
et al., 2004; Yuan et al., 2005). FIT is also a central hub for
the input of multiple signaling pathways. FIT action is up-
regulated by Fe deficiency (Colangelo and Guerinot, 2004;
Jakoby et al., 2004) in response to ethylene (Garcia et al.,
2010, 2011; Lingam et al., 2011) and nitric oxide (NO; Chen
et al., 2010; Meiser et al.,, 2011) and is down-regulated by
cytokinins (Séguéla et al., 2008) and jasmonic acid (Maurer
et al., 2011; for review, see Brumbarova et al., 2015). The
cross-link between FIT and diverse signaling pathways
allows the plants to modulate Fe nutrition in adaptation to
changing growth conditions.

External and internal signals can interfere with FIT
regulation at different levels. The FIT gene transcription
is elicited by Fe deficiency as part of an autoregulatory
loop requiring the FIT protein itself (Wang et al., 2007)
and is also modulated by ethylene and NO signaling
(Garcia et al., 2010; Lingam et al., 2011; Meiser et al.,
2011). Furthermore, ethylene and NO control the levels
and stability of the FIT protein (Lingam et al., 2011;
Meiser et al., 2011). Since the protein levels of FIT do not
correlate with the activity in terms of Fe uptake re-
sponse activation, we suggested previously that active
and inactive pools of FIT exist in the cell, allowing the
modulation of Fe uptake strength (Lingam et al., 2011;
Meiser et al.,, 2011). The control of FIT transcription
factor activity via protein-protein interactions is a third
point of the interference of signaling pathways. Indeed,
subgroup Ib (2) bHLH transcription factors, namely
bHLHO038, bHLH039, bHLH100, and bHLH101, which
are all up-regulated by Fe deficiency, interact physically
with FIT and promote the induction of downstream
targets (Yuan etal., 2008; Wang et al., 2013). In addition,
ETHYLENE-INDUCED3 (EIN3) and EIN3-LIKE1
(EIL1) directly interact with FIT and stimulate the re-
sponses (Lingam et al.,, 2011). The FIT-EIN3/EIL1
complex also interacts with the Mediator subunits
MED16 and MED25, which promotes the recruitment
of RNA polymerase II (Yang et al., 2014; Zhang et al.,
2014). The active and inactive FIT pools may arise from
differential protein-protein interactions of FIT.

FIT can also be suspected to be the hub for negative
regulators. Fe acquisition is down-regulated under
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conditions of sufficient and excessive Fe supply in order
to prevent the detrimental effects of excess free Fe in the
cell (Vert et al., 2003; Ivanov et al., 2014). Through its
participation in the Fenton chemistry (Fenton, 1894;
Winterbourn, 1995), this free excess Fe leads to the
generation of reactive oxygen species (ROS), which in
turn cause cellular damage. Interestingly, increased
production of ROS is part of the signaling for many
abiotic stresses, such as drought, salinity, temperature
stress, and nutrient deprivation (Mittler, 2002; Mittler
and Blumwald, 2015), and in the regulation of processes
during plant growth and development (Foreman et al.,
2003; Apel and Hirt, 2004; Pitzschke et al., 2006;
Tsukagoshi et al., 2010). The role of ROS in Fe response
regulation has not been well defined, and it may play
multiple roles. Hydrogen peroxide (H,O,) is involved
in the regulation of ferritins in response to excess Fe to
alleviate the oxidative stress in leaves (Ravet et al., 2009;
Briat et al., 2010), flowers (Sudre et al., 2013), and roots
(Ravetetal., 2012; Reyt et al., 2015). ROS production has
also been shown under Fe deficiency in sunflower
(Helianthus annuus) and maize (Zea mays; Ranieri et al.,
2001; Sun et al., 2007). ROS could also be linked with Fe
deficiency regulation, since they have been found in
connection with NO and ethylene in abiotic stress sig-
naling (Brumbarova et al., 2015; Xia et al., 2015).

ZINC FINGER OF ARABIDOPSIS THALIANA12
(ZAT12) is a member of the C2H2-type plant-specific
zinc (Zn) finger transcription factor family, subclass
C1-2i, containing at least 20 members in Arabidopsis
(Englbrecht et al., 2004; Ciftci-Yilmaz and Mittler, 2008;
Miller et al., 2008; Kietbowicz-Matuk, 2012). ZAT12
induction is an abiotic stress marker. The expression of
ZAT12 is induced by light (lida et al., 2000; Davletova
etal., 2005b), low temperature (Fowler and Thomashow,
2002; Kreps et al., 2002; Vogel et al., 2005), wounding
(Cheong et al., 2002), osmotic and salinity stress (Kreps
et al., 2002), and oxidative stress (Rizhsky et al., 2004;
Davletova et al.,, 2005b; Vanderauwera et al., 2005).
A connection between ZAT12 and the oxidative stress
response was illustrated by the requirement of ZAT12
for the up-regulation of the ROS signal transduction
genes APX1, ZAT7, and WRKY25 (Davletova et al.,
2005a; Miller et al., 2008). zat12 loss-of-function plants
exhibited higher sensitivity to light, H,O,, salinity,
osmotic, and heat stress, whereas overexpression of
ZAT12 conferred tolerance to high-light, oxidative,
osmotic, and cold stress (Rizhsky et al., 2004; Davletova
etal., 2005b; Vogel et al., 2005). ZAT12 was identified as
a direct target of EIN3, and ZAT12 transcript levels
were up-regulated in EIN3ox (Peng et al., 2014).

The role of ZAT proteins in the abiotic stress signal-
ing network is not quite elucidated. ZAT proteins
contain an ethylene-responsive element-binding factor-
associated amphiphilic repression (EAR) motif with a
general consensus sequence of L/FDLNL/F(x)P, and
ZAT12 contains an LxLxL-type EAR motif (Kagale and
Rozwadowski, 2011). The C-terminal EAR motif of
ZAT proteins was shown to confer repressor functions
during defense and stress responses (Sakamoto et al.,
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2000; Ohta et al., 2001; Ciftci-Yilmaz et al., 2007; Kagale
et al., 2010). Some types of EAR motif proteins interact
through their N terminus with transcription factors and
confer repressor activity through the recruitment of
epigenetic silencing complexes via the C-terminal EAR
motif to the target sites of these transcription factors
(Tao et al., 2013). In the case of ZAT proteins, this type
of repressor mechanism has not been shown, and for
ZAT?7, the EAR motif was required for protein-protein
interaction with the WRKY70 transcription factor
(Ciftci-Yilmaz et al., 2007).

In this work, we report the identification of ZAT12 as
a new protein-protein interaction partner of FIT, re-
quiring the EAR motif at the ZAT12 C-terminal site. We
show that ZAT12 is a negative regulator of FIT function
and Fe uptake under sufficient Fe supply and after
prolonged Fe deficiency. Furthermore, we demonstrate
that oxidative stress signals are generated upon Fe de-
ficiency in a FIT-dependent manner and that H,O, may
serve as a signal for the regulation of FIT and ZAT12
transcript and protein abundance.

RESULTS

Identification of ZAT12 as a Direct Protein-Protein
Interaction Partner of FIT

FIT activity is modulated by protein-protein inter-
actions that FIT undergoes (Yuan et al., 2008; Lingam
et al., 2011; Meiser et al., 2011; Wang et al., 2013).
In order to identify novel factors responsible for the
posttranscriptional regulation of FIT, we previously
performed a yeast (Saccharomyces cerevisiae) two-hybrid
assay where we were able to identify EIL1 and 13 other
putative FIT interaction partners (Lingam et al., 2011).

One of the other putative interaction partners of FIT
was ZAT12 (At5g59820), a Zn finger transcription fac-
tor responsive to reactive oxygen and abiotic stress
signaling (Davletova et al., 2005b). The complementary
DNA fragment obtained in the yeast two-hybrid screen
represented the last 147 bp of the 489-bp ZAT12 coding
sequence, covering the C-terminal part of the protein
after the second Zn finger domain and containing the
EAR motif characteristic for ZAT proteins (Fig. 1A).

In order to reconfirm the interaction between FIT-C
and ZAT12 found in the yeast screen, we performed a
targeted yeast two-hybrid assay with full-length ZAT12
fused to the activation domain (AD), named AD-ZAT12,
and FIT-C fused to the DNA-binding domain (BD),
named BD-FIT-C. FIT-C was utilized instead of the
full-length FIT protein because it did not cause self-
activation, as shown previously (Lingam et al., 2011).
When comparing with positive (BD-SNX1 and AD-SNX1;
Pourcher et al.,, 2010) and negative (BD-FIT-C and an empty
AD vector as well as an empty BD vector with AD-ZAT12)
controls, we could confirm the protein interaction between
FIT-C and ZAT12 in yeast (Fig. 1B).

We asked whether the EAR motif contained in
ZAT12 was important for the interaction with FIT, as
was already shown to be the case for the interaction
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between ZAT7 and WRKY70 (Ciftci-Yilmaz et al,,
2007). For this purpose, we created an AD fusion of a
full-length ZAT12 devoid of five amino acids comprising
the core of the EAR motif (named AD-ZAT12AEAR).
In contrast to the full-length ZAT12, ZAT12AEAR did
not interact with FIT-C in the targeted interaction assay
(Fig. 1B).

It then became important to analyze whether an in-
teraction between full-length ZAT12 and full-length FIT
would take place in plant cells, where in the cell this
interaction would occur, and whether again the EAR
motif would be involved. We performed in planta
ratiometric bimolecular fluorescence complementa-
tion (rBiFC) analysis (Grefen and Blatt, 2012). Following
transient transformation of Nicotiana benthamiana
leaves, yellow fluorescent protein (YFP) fluorescence
signal was detected in the nuclei of leaves expressing
nYFP-ZAT12 and cYFP-FIT (Fig. 1, C-E) but not in
leaves expressing nYFP-ZAT12AEAR and cYFP-FIT
(Fig. 1, F-H) or in the negative control nYFP and
cYFP-FIT (Fig. 1, I-K). nYFP-ZAT12 was not able to
interact with ¢cYFP-bHLHO039 (Fig. 1, L-N), showing
that the interaction of ZAT12 with FIT is specific. In all
of these cases, we were able to detect the monomeric red
fluorescent protein (mRFP) that was coexpressed and
served as an internal marker for transformation and as
an expression control. The mRFP signal was present in
the nuclei and in the cytoplasm of all transformed cells,
as reported previously (Grefen and Blatt, 2012). Taken
together, we have shown here that ZAT12 and FIT
could interact physically inside the nucleus of plant
cells and that the EAR motif of ZAT12 was required for
this interaction.

Inverse ZAT12 and FIT Gene Expression during Prolonged
Fe Deficiency

A prerequirement for the interaction of ZAT12 with
FIT is that ZAT12 and FIT gene expression share a
window of overlap. At first, we investigated whether
the ZAT12 gene showed any regulation by Fe supply in
wild-type seedlings between 5 and 10 d of growth. We
included H,O, treatment in the presence and absence of
Fe, since it was known that ZAT12 was responsive to
H,0, and since we wanted to test whether ZAT12 re-
sponsiveness to H,O, was Fe dependent. The H,O,
treatment consisted of a 1-h treatment of plants with
20 mm H,0O,, an experimental condition used previ-
ously in several studies to address the effects of H,0,
on gene regulation (Rentel and Knight, 2004; Davletova
etal., 2005b). We found that ZAT12 gene expression
remained at a similar level in the presence and absence
of Fe during the first 8 d of seedling development (Fig.
2A). On day 10 of seedling development, ZAT12 gene
expression was increased in response to Fe deficiency
versus Fe sufficiency, and it was further increased in the
presence of H,O, compared with untreated controls
(Fig. 2A). This experiment confirmed the inducibility of
ZAT12 by H,O, (Rizhsky et al., 2004; Davletova et al.,
2005b) and, importantly, it indicated that ZAT12 was
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A Yeast two-hybrid fragment Figure 1. ZAT12 interaction with FIT
A and requirement of the EAR motif. A,
( ) Schematic representation of the ZAT712

Zn Finger 1 Zn Finger 2 EAR amino acid sequence. The regions en-

_:_ coding the two Zn fingers, the EAR

motif with five amino acids removed in

1 41 61 84 104 114 / \ 162 the deletion studies, and the ZAT12
LDLSL fragment of 48 amino acids identified in

the yeast two-hybrid screen are indi-
B SD-LWH SD-LWH cated. B, Targeted yeast two-hybrid in-
+0.5 mM 3-AT +2.5mM 3-AT teraction assay for FIT-C and ZAT12

141 145

BD: AD: protein interaction. Ten-fold dilutions
series (Agyo of 17'=107%) of the yeast

SNX1  SNX1 AH109 strain, harboring a combination
of a DNA-binding domain (BD) vector

FIT-C ZAT12 and an activation domain (AD) vector,
ZAT12 were spotted on synthetic defined (SD)

FIT-C AEAR selection medium without Leu and Trp
empty (-LW; selection for positive cotrans-

FIT-C vector formants) or without Leu, Trp, and His
empty (-LWH) with added 0.5 or 2.5 mm 3-
aGlor ZAT12 amino-1,2,4-triazole (3-AT; selection

for interaction) and incubated for 5 to
8 d at 30°C. The combination of BD-
SNXT1 and AD-SNX1 was used as a
positive control. BD-FIT-C and AD-
ZAT12 or AD-ZAT12AEAR were assayed
for interaction. Their combinations with
the respective empty vectors were used
as negative controls. The positive inter-
action between BD-FIT-C and AD-ZAT12
is indicated by the arrow. C to N, rBiFC
analysis on N. benthamiana leaf epider-
mis cells transiently transformed with
nYFP-ZAT12 and cYFP-FIT (C-E), nYFP-
ZAT12AEAR and cYFP-FIT (F-H), nYFP
and cYFP-FIT (I-K), and nYFP-ZAT12 and
cYFP-bHLHO039 (L-N). Positive YFP sig-
nals indicative of a protein-protein inter-
action were detected in the nuclei of the
nYFP-ZAT12AEAR nYFP-ZAT12 and cYFP-FIT combina-

cYFP-FIT ; tion but not in the combinations nYFP-
ZAT12AEAR and cYFP-FIT or nYFP-ZAT12
and cYFP-bHLHO039, or in the empty
vector control nYFP and cYFP-FIT. The
mRFP signal was present in the nuclei
and in the cytoplasm of all transformed
cells. C, F, I, and L show YFP fluores-
cence; D, G, J, and M show mRFP fluo-
VA rescence; and E, H, K, and N show
— - merged YFP, mRFP, and bright-field im-
ages. Bars = 50 um.

empty
vector

NYFP-ZAT12
CYFP-FIT

nYFP
CYFP-FIT

nYFP-ZAT12
cYFP-bHLHO039

also responsive to Fe deficiency, whereby ZAT12 may 2011), also showed a specific expression pattern at the
have a late effect under prolonged Fe deficiency. late stage of Fe deficiency and in the presence of H,O,.
Next, we wondered whether FIT, which is inducible Surprisingly, the FIT expression pattern was rather

by Fe deficiency already at an early stage (Lingam et al., contrary to that of ZAT12. Upon Fe deficiency, FIT was
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Figure 2. Time-course gene expression analysis of ZAT12 and FIT in
wild-type (WT) plants. Gene expression analysis of ZAT12 (A) and FIT
(B) was performed on 5-, 7-, 8-, and 10-d-old seedlings grown on Fe-
sufficient (+Fe) or Fe-deficient (—Fe) medium with 20 mm H,O, or water
control treatment for 1 h. Error bars represent sp of three biological
replicates.

induced as expected during the first 8 d but then be-
came down-regulated at day 10 (Fig. 2B). Furthermore,
H,O, treatment prevented the induction of FIT in re-
sponse to Fe deficiency (Fig. 2B). From the inverse rela-
tionship of FIT and ZAT12, we deduced that ZAT12 may
be a repressor of FIT function upon prolonged Fe defi-
ciency at day 10 and that H,O, might be a signal for that.

Effects of MG132 and H,O, on ZAT12 Protein Abundance
and Tissue-Specific Regulation

Next, we investigated whether ZAT12 protein was
available in Fe-deficient seedlings for interacting with FIT
protein and regulating FIT expression. For this purpose,
we generated a ZAT12-GFP Arabidopsis line in which
ZAT12-GFP was regulated by the ZATI12 promoter
(hereafter referred to as ProZAT12:ZAT12-GFP). When
using immunoblot analysis with anti-GFP antibody, we
detected a single specific ZAT12-GFP band with the ex-
pected molecular mass of 48 kD in transiently trans-
formed N. benthamiana cells (Supplemental Fig. S1A) and
stably transformed transgenic ProZAT12:ZAT12-GFP
Arabidopsis seedlings (Supplemental Fig. S1B).

We found that in 10-d-old ProZAT12:ZAT12-GFP
seedlings, ZAT12-GFP protein abundance was increased
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by Fe deficiency versus Fe sufficiency. H,0, application
led to increases in ZAT12-GFP levels under both Fe-
sufficient and Fe-deficient conditions (Fig. 3, A and B).
Thus, H,O, functions as a signaling molecule, which
regulates not only the gene expression of ZAT12 but
also the ZAT12 protein.

Since proteasomal degradation is crucial for the regu-
lation of FIT (Lingam et al., 2011; Meiser et al., 2011; Sivitz
etal,, 2011) and many other transcriptional regulators, we
examined whether the proteasome might also be in-
volved in the control of ZAT12 protein abundance. We
repeated the above experiment and performed treat-
ments with the proteasome inhibitor MG132. To examine
whether the EAR motif of ZAT12 was relevant for
protein regulation, we generated and included a line
expressing ZATI12AEAR-GFP (hereafter named Pro-
ZAT12:ZAT12AEAR-GFP). The ZAT12AEAR-GFP pro-
tein was also detectable by immunoblot as a single
specific protein of the correct size in transgenic plant cells
(Supplemental Fig. S1, C and D). We found that ZAT12-
GFP signal intensities were increased 2- and 6-fold upon
treatment with MG132 compared with the respective
untreated controls under both sufficient and deficient Fe
supply (Fig. 3, C-F). Application of H,O, led to 2- and
9-fold increased levels of the fusion protein under both Fe
supply conditions, similar to MG132 treatment (Fig. 3,
C-F). The positive effects of the two single treatments on
the abundance of ZAT12-GFP were additive in the
combined treatment, resulting in 7- and 15-fold increases
at sufficient and deficient Fe supply in comparison with
the untreated controls (Fig. 3, C-F). This suggests that
ZAT12 protein abundance is regulated by at least two
independent pathways, one proteasome mediated and
one H,0, sensitive that does not rely on the proteasome.

Interestingly, the abundance of the ZAT12AEAR-
GFP protein was lower compared with ZAT12-GFP in
five out of these eight experimental conditions, while it
was higher in one case (Fig. 3, C-E). ZAT12AEAR-GFP
increased 7- and 3-fold after MG132 application and 23-
and 7-fold after H,O, application, relative to the un-
treated controls under sufficient and deficient Fe supply
(Fig. 3, C-F). Thus, unlike ZAT12-GFP, ZAT12AEAR-
GEFP protein abundance was enhanced to a greater ex-
tent by H,O, treatment. The effect of the combined
treatment with MG132 and H,O, was also different
from the one observed for ZAT12-GFP. It led to just 13-
and 5-fold increases of ZAT12AEAR-GFP abundance
compared with the untreated controls under sufficient
and deficient Fe supply (Fig. 3, C-F). Therefore,
ZATI2AEAR-GFP signal increases were intermediate
when compared with the single treatments, contrary to
the additive increase observed for ZAT12-GFP signal
intensities under both Fe supply conditions. These results
show that the EAR motif is important for ZAT12 protein
abundance. In the presence of MG132, the ZAT12AEAR
protein was found at lower levels than ZAT12-GFP upon
Fe supply and Fe deficiency, suggesting that the EAR
motif was needed for the stabilization upon proteasomal
blocking and, hence, that an additional factor may in-
teract with the EAR motif.
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Figure 3. ZAT12 protein abundance and regulation. A and B, Anti-GFP immunoblot analysis of ZAT12-GFP in 10-d-old Pro-
ZAT12:ZAT12-GFPseedlings grown on Fe-sufficient (+Fe) or Fe-deficient (—Fe) medium. For the H,O, treatment, seedlings were
incubated with 20 mm H,0, (+) or water (=) for 1 h prior to harvesting for analysis. The arrowhead indicates the position of
ZAT12-GFP (48 kD). Wild-type (WT) seedlings were used as a negative control. Ponceau S staining of the membrane was used as a
loading control. C to F, Anti-GFP immunoblot analysis of ZAT12-GFP and ZAT12AEAR-GFP protein abundance in ProZAT12:
ZAT12-GFPand ProZAT12:ZAT12A EAR-GFP seedlings grown for 10 d on sufficient (C and D) and deficient (E and F) Fe supply.
For the H,0, treatment, seedlings were incubated with 20 mm H,O, (+) or water (=) for 1 h prior to harvesting for analysis. For the
MG132 treatment, seedlings were incubated with 100 um MG132 (+) or mock treated (—) for 4 h prior to harvesting for analysis.
Arrowheads indicate the positions of the bands corresponding to ZAT12-GFP (48 kD) and ZAT12AEAR-GFP (47 kD). Wild-type
seedlings were used as a negative control. Ponceau S staining of the membrane was used as a loading control. B, D, and F show
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Figure 4. Cellular ZAT12-GFP protein localiza-
tion in the root. Confocal microscope images
show the early differentiation zone of ProZAT12:

ProZAT12:ZAT12-GFP

ZAT12-GFP seedlings grown for 10 d under Fe-
sufficient or Fe-deficient conditions, as indicated,
and examined for ZAT12-GFP localization. For
the H,O, treatment, seedlings were incubated
with 20 mm H,O, for 1 h; for the MG132 treat-
ment, seedlings were incubated with 100 um
MG132 for 4 h, prior to imaging. Mock-treated
plants were used as a control. A, D, G, J, M, P, S,
and Vare GFP fluorescence images; C, F, 1, L, O, R,
U, and X are bright-field images (BF); B, E, H, K, N,
Q, T, and W are merged GFP and bright-field im-
ages. Insets represent optical cross sections of the
respective confocal images (for enlarged images,
see Supplemental Fig. S3). Closed arrowheads
show signal accumulation in the epidermis, and
open arrowheads show signal accumulation in the
central cylinder. Bars = 50 um.

MG132

MG132 + H,0,

Taken together, ZAT12 protein is present in Fe-deficient
and Fe-sufficient seedlings. ZAT12 protein abundance is
controlled through the EAR motif by proteasomal degra-
dation and H,0,.

Next, we investigated the presence and stability of
ZAT12 at the tissue level in the root. We were specifically
interested in whether ZAT12 was localized in the root
epidermis of the root zone, where Fe uptake takes place
and FIT is expressed (for review, see Ivanov et al., 2012a).
ZAT12-GFP and ZAT12AEAR-GFP showed nuclear lo-
calization (Supplemental Fig. S2), consistent with the
above bimolecular fluorescence complementation (BiFC)
signals for the ZAT12-FIT interaction in the nucleus (Fig.
1, C-E). Both ZAT12-GFP and ZAT12AEAR-GFP fluo-
rescence signals were present in the root early differenti-
ation (Supplemental Fig. S2, E-H) and elongation
(Supplemental Fig. S2, I-L) zones but were not detected in
the meristematic zone of the root (Supplemental Fig. S2,
M-P). The similar localization pattern of the two fusion
proteins at the subcellular and tissue levels suggested that
the EAR motif had no effect on ZAT12 localization.

In order to verify that ZAT12 and FIT are expressed
in the root epidermis of the same root zones so that
physical interaction of the two proteins is possible, we
compared the reporter activities of ProZAT12:ZAT12-
GFP and ProFIT:GUS plants (Jakoby et al., 2004) that
were raised in parallel under prolonged Fe deficiency
(Supplemental Fig. S3). Both reporters were expressed
in the epidermis cells of the early differentiation root
zone (Supplemental Fig. S3, B and F), suggesting that
ZAT12 and FIT are present together in the outer cell
layer of the zone relevant for Fe acquisition under

deficient Fe supply (Jakoby et al., 2004; Dinneny et al.,
2008; Blum et al., 2014). A difference in reporter activity
was seen in the meristematic and elongation zones in
the root tips of 10-d-old seedlings, where the FIT pro-
moter was hardly active compared with that of ZAT12
(Supplemental Fig. S3, C, D, and G-H). We treated the
ProZAT12:ZAT12-GFP and ProZAT12:ZAT12AEAR-
GFP plants with H,0,, MG132, or both in order to in-
vestigate their effects on ZAT12 abundance. For this
analysis, observations were undertaken in the early
differentiation zone. Untreated roots of ProZATI12:
ZAT12-GFP plants had ZAT12-GFP signals with similar
intensity in both epidermis and the central cylinder
(Fig. 4, A-F; Supplemental Fig. S4, A and B). Treating
the roots with H,O, resulted in an increased signal in-
tensity in the central cylinder, while the signals in the
epidermis were weakly present, as in the control plants
(Fig. 4, G-L; Supplemental Fig. 54, C and D). This effect
could be observed under both Fe supply conditions
(compare Fig. 4, G with A and ] with D). MG132 ap-
plication had the contrary effect, with enhanced GFP
signal intensity in the epidermis but not in the central
cylinder (Fig. 4, M-R; Supplemental Fig. S4, D and E).
This suggests that ZAT12 was not proteasomally reg-
ulated in the central cylinder. MG132 can reach the
central cylinder, as it was shown to affect the protea-
some function in this part of the root (Weijers et al.,
2006; Yadav et al., 2008). Combined MG132 and H,0O,
treatment resulted in increased nuclear ZAT12-GFP
fluorescence in both the epidermis and the central cyl-
inder (Fig. 4, S-X; Supplemental Fig. 54, F and G). This
is consistent with the additive effect of the single

Figure 3. (Continued.)

quantification of A, C, and E, respectively, based on three independent experiments. Bars represent normalized protein abun-
dance. Error bars represent sp. Different letters indicate statistically significant differences (P < 0.05).
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treatments on ZAT12 abundance already observed by
immunoblot (Fig. 3, C-F). These results suggest that
ZAT12 underwent degradation whereby its abundance
likely depended on different factors in the different
layers of the differentiation zone, namely on proteaso-
mal degradation in the epidermis and proteasome-
independent regulation by H,O, in the central cylinder.

The pattern of ZAT12AEAR-GFP signals in the epi-
dermis and central cylinder was comparable with that of
ZAT12-GFP for the control (Fig. 5, A-F; Supplemental Fig.
54, H and I), for treatment with H,O, (Fig. 5, G-L;
Supplemental Fig. 54, ] and K), and for MG132 treatment
(Fig. 5, M-R; Supplemental Fig. S4, L and M). Interest-
ingly, combined MG132 and H,O, treatment led to a
signal increase only in the central cylinder, as was the case
with the single H,O, treatment, rather than stabilizing the
ZAT12AEAR-GFP protein throughout the epidermis and
the central cylinder (Fig. 5, S-X; Supplemental Fig. S4, N
and O). This result is consistent with the intermediate
effect of the combined MG132 and H,O, treatment on the
protein abundance of ZAT12AEAR-GFP observed by
immunoblot (Fig. 3, C-F).

Taken together, we could demonstrate that ZAT12 was
present in the early differentiation zone of the root inside
the epidermis and central cylinder, where FIT expression
takes place (Jakoby et al., 2004). H,O, affected the pres-
ence and abundance of ZAT12 in the central cylinder,
independently of the proteasome. In the epidermis, on
the other hand, ZAT12 abundance was controlled by the
proteasome, which was differently modulated in the
presence and absence of the EAR motif.

FIT Regulation in zat12 Mutants

FIT gene induction is part of an autoregulatory loop
mediated by FIT upon Fe deficiency and promoted by

ProZAT12:ZAT12AEAR-GFP

ZAT12 Links Fe Uptake and H,O, Stress

activating protein interactions of FIT (Wang et al., 2007,
2013; Yuan et al., 2008). Since we had observed the
opposite patterns of down-regulation of FIT and up-
regulation of ZAT12 under prolonged Fe deficiency,
we investigated whether ZAT12 was required for the
down-regulation of FIT. Toward this end, we used
homozygous zat12 loss-of-function mutant plants and
examined FIT gene expression. In zat12-1 and zat12-2,
characterized previously (Davletova et al., 2005b), FIT
gene expression was about 3 times enhanced after
10 d of Fe deficiency compared with the wild type
(Supplemental Fig. S5, A-C). In zat12-3, carrying a
transfer DNA insertion farther upstream in the coding
region with suspected strongest zat12 loss-of-function
effect among the three alleles (Supplemental Fig. S5, A,
D, and E), FIT expression was about 8-fold increased
after 10 d of Fe deficiency (Supplemental Fig. S6A). A
time-course experiment showed that FIT expression
increased in zat12-3 from day 5 until day 10 of Fe de-
ficiency, but not under sufficient Fe supply. Interest-
ingly, H,O, application abolished the induction of FIT
in zat12-3 (Supplemental Fig. S6A). In the vice versa
experiment, ZAT12 expression was up-regulated in fit-3
mutant plants, which were highly Fe deficient due to
their inability to take up Fe (Jakoby et al., 2004), but
only to half the extent as in the wild type (compare
Supplemental Fig. S6B with Fig. 2A). In summary, the
mutant phenotypes confirm a link between ZAT12 and
FIT and support the idea that ZAT12 may act as a re-
pressor of FIT transcript abundance.

Morphological and Physiological Analyses of zat12-3
Mutant Phenotypes in Response to Fe

The repressive effect of ZAT12 on FIT suggests that
perhaps Fe uptake responses, which are regulated

Figure 5. Cellular ZAT12AEAR-GFP protein lo-
calization in the root. Confocal microscope im-
ages show the early differentiation zone of

o
®
]
=

MG132 + H,0,
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ProZAT12:ZAT12AEAR-GFP seedlings grown
for 10 d under Fe-sufficient or Fe-deficient condi-
tions, as indicated, and examined for ZAT12AEAR-
GFP localization. For the H,O, treatment, seedlings
were incubated with 20 mm H,O, for 1 h; for the
MG132 treatment, seedlings were incubated with
100 um MG132 for 4 h, prior to imaging. Mock-
treated plants were used as a control. A, D, G, J,
M, P, S, and V are GFP fluorescence images; C, F, I,
L, O, R, U, and X are bright-field images (BF); B, E,
H, K, N, Q, T, and W are merged GFP and bright-
field images. Insets represent optical cross sec-
tions of the respective confocal images (for enlarged
images, see Supplemental Fig. S3). Closed arrow-
heads show signal accumulation in the epidermis,
and open arrowheads show signal accumulation
in the central cylinder. Bars = 50 um.
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downstream of FIT, could be affected in the zat12-3
mutant.

At first, we investigated the growth behavior of 10-d-
old seedlings. Wild-type and zat12-3 shoots were sim-
ilar in appearance and exhibited leaf chlorosis upon Fe
deficiency, but not Fe sufficiency (Supplemental Fig. S7,
A and B). In contrast, fit-3 seedlings were Fe deficient
upon sufficient and deficient Fe supply, as expected
(Supplemental Fig. S7, A and B; Jakoby et al., 2004). The
Fe-deficient wild-type, zat12-3, and fit-3 seedlings were
rescued by the resupply of 1, 10, or 50 um Fe, which
showed that upon the 10-d Fe deficiency treatment, the
plants were still viable and leaf Fe chlorosis was re-
versible by Fe supply (Supplemental Fig. S7C).

Fe-deficient wild-type and zat12-3 plants had signif-
icantly lower amounts of Fe in their shoots compared
with the Fe-sufficient plants (Fig. 6A), showing that Fe
deficiency treatment was effective in the two cases. In-
terestingly, zat12-3 plants grown upon Fe-sufficient
conditions had a significantly 2-fold elevated Fe content
compared with the wild type (Fig. 6A). This suggests
that, in the presence of Fe, ZAT12 might repress Fe
uptake responses in the wild type.

FIT activates FRO2-mediated Fe reduction in the
root, a response needed for Fe uptake. Therefore, we
investigated whether root Fe reductase activity was
altered in the zat12-3 mutant. The wild type and zat12-3
responded to Fe deficiency with an elevated Fe reduc-
tase activity (2- and 1.5-fold, respectively) compared
with Fe sufficiency, while fit-3 mutant plants displayed
only weak Fe reductase activity under both Fe supply
conditions, as expected (Fig. 6B). zat12-3 mutant plants
induced Fe reductase activity under Fe deficiency to the
same level as the wild type. However, under sufficient
Fe supply, the activity levels were almost 2-fold higher
in zat12-3 compared with the wild type (Fig. 6B). The
elevated Fe reductase activity in zat12-3 at sufficient Fe
was in agreement with the increased Fe content de-
scribed above.

The observation that the lack of functional ZAT12
had an impact on Fe uptake suggested that perhaps
ZAT12 may play a role in the repression of Fe uptake
under excess Fe supply. To test this possibility, wild-
type, zat12-3, and fit-3 plants were grown under suffi-
cient (50 um Fe) and excess (200 um Fe) Fe supply for
10 d (Supplemental Fig. S8). The root growth of zat12-3
plants was significantly impaired and lower by the
excess Fe compared with the wild type (Supplemental
Fig. S8, A and B). This observation is consistent with
the significantly higher shoot Fe content of zat12-3
compared with wild-type plants under excess Fe
(Supplemental Fig. S8C). There were no significant
differences in Fe reductase activity between zat12-3 and
the wild type under excess Fe (Supplemental Fig. S8D).
Gene expression data showed that ZAT12 was signifi-
cantly up-regulated by Fe excess in wild-type plants.
On the other hand, the levels of the Fe deficiency-
inducible FIT, IRT1, and BHLHO039 transcripts were
not increased in the zat12-3 mutant compared with the
wild type under excess Fe (Supplemental Fig. S8, E-G)
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Figure 6. Morphological and physiological phenotypes of zat12-3
seedlings. A, Shoot Fe content. B, Root Fe reductase activity. C, Root
H,O, content. Seedlings of the indicated genotypes were grown for 10d
on Fe-sufficient (+Fe) or Fe-deficient (—Fe) medium. Error bars represent
sp. Different letters indicate statistically significant differences (P <
0.05). DW, Dry weight; FW, fresh weight; WT, wild type.

but were even decreased in the case of FIT and IRT1I,
probably as a consequence of the high Fe content of
these plants. These data show that ZAT12 is critical for
the adaptation to excess Fe levels but is probably not
functioning through the repression of FIT.

ZAT12 is induced by H,O,, and enhanced H,O,
production has been reported previously to occur
during different nutrient deprivation conditions such
as the lack of potassium, nitrogen, and phosphorus
(Shin et al., 2005). Fe deficiency has also been shown to
trigger an enhanced H,O, production and, hence, oxi-
dative stress in sunflower and maize (Ranieri et al.,
2001; Sun et al., 2007). In order to determine whether
H,0, was also produced under Fe deficiency in Ara-
bidopsis, we measured H,O, levels under sufficient
and deficient Fe supply in 10-d-old wild-type, fit-3, and
zat12-3 seedlings. H,O, content in both wild-type and
zat12-3 roots was significantly higher under Fe depri-
vation compared with the respective sufficient Fe sup-
ply condition, without showing a significant difference
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between the two genotypes (Fig. 6C). Therefore, even
though the ZAT12 gene was induced by H,0,, its
function was not required for the increased H,O, pro-
duction under Fe deficiency. Interestingly, the H,O,
content did not change in response to Fe deficiency in
the fit-3 mutant (Fig. 6C), suggesting that FIT is in-
volved in the Fe deficiency-induced H,O, production.
The observed increase in H,O, content in wild-type
plants after a prolonged exposure to Fe deficiency led
us to the question of whether this elevation was specific
for day 10. We performed a time-course study of the root
H,O, content of wild-type, fit-3, and zat12-3 seedlings
grown for 5 to 10 d on sufficient and deficient Fe supply.
We observed in all tested genotypes under both Fe supply
conditions that H,O, levels increased from day 5 to day 7,
then dropped at day 8, followed by a tendency for re-
covery at day 10 (Supplemental Fig. S9). The H,O, content
was similar in all genotypes at sufficient Fe supply
(Supplemental Fig. S9A). Under Fe deficiency, the H,O,
levels were increased in the wild type and zat12-3
but remained at the level of Fe sufficiency in fit-3
(Supplemental Fig. S9B). It is interesting that the increased
amount of H,O, at day 7 in the wild type did not trigger
the up-regulation of ZAT12 gene expression at this early
stage (compare Supplemental Fig. S9B with Fig. 2A).
Taken together, we showed that physiological reac-
tions of Fe mobilization and Fe uptake are negatively
affected by ZAT12 upon Fe supply. ROS produced in
roots in the presence of FIT can act as a signal during Fe
deficiency and may eventually result in the induction of
ZAT12 under prolonged exposure to Fe deficiency.

Expression of Fe Deficiency Response Genes in the
zat12-3 Mutant

In the above sections, we have shown that FIT was
up-regulated after 10 d of Fe deficiency in zat12-3
(Supplemental Fig. S6A; the 10-d samples are repre-
sented again as a control for ZAT12 and FIT in Figure 7,
A and B). Therefore, we were interested in examining
gene expression changes of Fe deficiency marker genes,
namely BHLH039 and the FIT targets FRO2 and IRT1.

A recent study using multiple mutant combinations
showed that, among the four largely redundant sub-
group Ib bHLH proteins, bHLH039 played the most
significant role in Fe uptake regulation (Wang et al.,
2013). Since BHLH039 gene induction by Fe deficiency
takes place in the absence of FIT (Wang et al., 2007), we
tested BHLH039 expression in response to different Fe
and H,O, supply conditions in wild-type, zat12-3, and
fit-3 plants. BHLH039 expression was induced in the fit-
3 mutant under Fe-sufficient conditions as reported
previously (Wang et al., 2007), showing again that fit-3
seedlings were viable in this growth system. The levels
of Fe deficiency-induced BHLH039 expression were
comparable between the wild type and the fit-3 mutant
but significantly lower in zat12-3 mutant plants, with
just 7.5% of the wild-type levels (Fig. 7C). H,O, treat-
ment under Fe deficiency caused a tendency for addi-
tional induction of BHLH039 expression in all tested
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genotypes, with a statistically significant 2-fold increase
observed only in fit-3 compared with the untreated
mutant plants (Fig. 7C).

The expression of FRO2 and IRT1 was induced by Fe
deficiency in both wild-type and zat12-3 mutant plants,
but in zat12-3 to a level of only 89% of the respective
wild-type level, consistent with the lower BHLH039
expression in zatl12-3. At the same time, FRO2 was
down-regulated 13- and 17-fold, and IRT1 was down-
regulated 7- and 11-fold, by H,O, treatment in wild-
type and zat12-3 plants (Fig. 7, D and E), following
the tendency of FIT down-regulation by H,O,. These
results are in agreement with the fact that FRO2 and
IRT1 expression depend on both FIT and bHLHO039.
The down-regulation of IRT1 gene expression in the
zat12-3 mutant is consistent with the previously ob-
served elevated IRT1 transcript abundance in ZAT12-
overexpressing plants (Davletova et al., 2005b).

Taken together, H,0, and ZAT12 affect the expres-
sion of the Fe deficiency marker genes FIT, BHLH039,
FRO2, and IRT1.

Influence of ZAT12 and H,0O, on FIT Protein Abundance

The above discrepancies between the gene expres-
sion levels of FIT, BHLHO039, and the downstream tar-
gets FRO2 and IRT1 in response to the presence of
ZAT12 and H,O, suggest that protein regulation might
occur. Indeed, FIT protein levels are regulated by NO
and ethylene response pathways (Lingam et al., 2011;
Meiser et al., 2011). We examined whether altered FIT
protein abundance might be conferred by H,O, and the
presence of ZAT12.

Therefore, we investigated whether ZAT12 and H,O,
played a role in FIT protein regulation in 10-d-old
seedlings. We monitored FIT protein abundance
in selected homozygous lines with wild-type and
zat12-3 background, derived from a cross of zat12-3
with hemagglutinin (HA)-FIT9, expressing a triple
hemagglutinin-tagged FIT protein (Meiser et al., 2011;
hereafter named HA-FIT/WT and HA-FIT/zat12-3).
In the absence of H,O,, HA-FIT protein levels were
similar in HA-FIT/WT and HA-FIT /zat12-3 under both
Fe supply conditions (Fig. 8). Surprisingly, H,0O, ap-
plication led to 1- to 2-fold and 2- to 3-fold increased
HA-FIT abundance in the wild-type background under
sufficient and deficient Fe supply (Fig. 8). HA-FIT levels
were not up-regulated by H,O, in the zat12-3 back-
ground and were even decreased to 40% of the wild-
type levels under sufficient Fe supply (Fig. 8, A and B).

Therefore, oxidative stress in the form of H,O, ap-
plication caused an increased abundance of FIT protein
levels in the presence of functional ZAT12.

DISCUSSION

Here, we report the identification of ZAT12 as a FIT
interaction partner. We show that ROS are produced as
a long-term consequence to Fe deficiency, dependent
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on FIT. ZAT12 acts in abiotic stress regulation and is
induced by ROS. Phenotypical and molecular-genetic
analyses suggest that the role of ZAT12 in Fe acquisi-
tion is to negatively affect Fe uptake regulation upon Fe
deficiency and sufficient Fe supply. Importantly, our
data reveal that oxidative stress in the form of H,O,
accumulation provides signaling intermediates for the
regulation of Fe deficiency responses. These data sug-
gest that FIT indeed integrates the input from other
signaling pathways to adapt Fe uptake to an adverse
stress condition, and we present a role for ZAT12 in
down-regulating FIT involving H,O,.

ZAT12 Is Part of the FIT Interaction Network and Exerts a
Negative Effect on Fe Uptake

FIT is a central element in a regulatory module that
governs Fe deficiency responses. It receives regulatory
inputs from different signaling pathways for a coordi-
nated interaction with other plant responses (for re-
view, see Brumbarova et al., 2015). To a great extent,
this cross talk is achieved through direct protein-
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protein interactions. FIT was shown to interact with
other transcriptional regulators, such as the subgroup
Ib bHLH proteins (Yuan et al., 2008; Wang et al., 2013),
the ethylene response regulators EIN3 and EIL1
(Lingam et al., 2011), and the Medjiator subunit MED16
(Zhang et al., 2014). All these interactions were shown
to positively regulate FIT protein activity. Therefore,
the identification of ZAT12 as a FIT interacting partner
with a negative effect on Fe uptake provides a clue on
how these positive effects are counterbalanced at the
molecular level, possibly to avoid metal toxicity.

The connection of ZAT12 to the Fe deficiency re-
sponse regulation is, first, based on the physical inter-
action on protein level between ZAT12 and FIT, which
we could show using different methods. We identified
ZAT12 in a yeast screen for FIT C terminus-interacting
partners. This interaction was confirmed in a targeted
yeast two-hybrid assay. In addition, by BiFC, we
reconfirmed the ZAT12-FIT interaction with full-length
FIT in planta. The interaction was observed in the nu-
cleus, consistent with the nuclear localization of FIT
(Zhang et al., 2006). Both in yeast and in planta, the
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interaction required the presence of the EAR motif of
ZAT12. GFP fusions of both ZAT12 and its deletion
form ZAT12AEAR had nuclear localization in the two
test systems, N. benthamiana leaf epidermis and Arabi-
dopsis roots. FIT and ZATI2 have overlapping ex-
pression domains along the root, notably in the
epidermis cells of the early differentiation zone, which
is relevant for the uptake of Fe. Plants need to cope with
the elevated intake of a variety of other, potentially
toxic metals, such as manganese and Zn. This underlies
the need of a negative regulator of Fe uptake in this
zone. Additionally, ZAT12 has other functions, neces-
sitating its expression in different zones of the root.
Second, the role of ZAT12 as a negative regulator of
Fe uptake was demonstrated at the molecular and
physiological levels. ZAT12 affects the expression
levels of the Fe deficiency-responsive genes FIT,
BHLHO039, FRO2, and IRT1. The increased FIT transcript
abundance in the absence of ZAT12 strongly suggests
that ZAT12 acts as a negative regulator of FIT tran-
scription. BHLHO039 transcript levels, however, were
regulated in the opposite manner, showing the speci-
ficity of ZAT12 action toward these two bHLH tran-
scription factors. This observation supports an earlier
report showing the up-regulation of BHLHO039 in
ZAT12-overexpressing plants (Vogel et al, 2005).
Consistently, the expression levels of the downstream
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Fe acquisition genes FRO2 and IRTI in the zat12-3
mutant reflected their dependence on both FIT and
bHLHO039 action (Yuan et al., 2008).

Third, another Fe-related phenotype of the zat12-3
mutant plants was their elevated Fe reductase activity
and shoot Fe content under sufficient Fe supply. This
shows that ZAT12 confers a negative effect on Fe up-
take at sufficient Fe. Since the expression of IRT1 re-
quires the activity of FIT also under sufficient Fe
(Jakoby et al., 2004; Barberon et al., 2011; Lingam et al.,
2011), it can be assumed that, under this sufficient Fe
condition, a negative regulation of FIT via ZAT12 is
needed in order to prevent the uptake of excessive Fe
amounts and, therefore, the harmful effects of Fe
overaccumulation. Consistent with the role of ZAT12
as a negative regulator of Fe acquisition, zat12 loss-of-
function plants grown under excess Fe supply showed
reduced root growth and accumulated more Fe in their
shoots compared with wild-type plants. However, the
lack of significant effects of ZAT12 on the repression
of FIT and Fe reductase activity under excess Fe sug-
gests that, under these conditions, ZAT12 could affect
the uptake of Fe through other mechanisms. In rice
(Oryza sativa), the ZAT12 homolog Os01g0838600 has
been shown to be up-regulated by Fe excess (Bashir
et al., 2014), similar to our observations. Since no FIT
homolog has been identified so far among the bHLH
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transcription factors involved in rice Fe acquisition, rice
ZATI12 may also affect Fe uptake in another manner
(Kobayashi and Nishizawa, 2012).

Under conditions of prolonged Fe deficiency, ZAT12
could also be employed as a negative regulator of FIT.
Down-regulation of the Fe acquisition machinery is
required in order to prevent any damage from the ac-
cumulation of other metals, which are imported
unspecifically by IRT1 (Korshunova et al., 1999). The
manifestation of the ZAT12-FIT regulatory system is
relevant after a prolonged, 10-d exposure of the plants
to Fe deficiency when ZAT12 is induced. Previously,
FIT was shown to interact with the ethylene-responsive
transcription factors EIN3 and EIL1, which had a pos-
itive effect on Fe uptake after 6 d of Fe deficiency
(Lingam et al., 2011). Interestingly, EIN3 and EIL1 are
also EAR motif-containing proteins and contribute to
the stabilization of FIT. In this respect, the possibility
exists that the positive or negative regulation of Fe
uptake depends on a competition between the posi-
tive regulators EIN3/EIL1 and the negative regulator
ZAT12 for the same interaction site in the C terminus of
FIT. Additionally, the ZAT12 promoter is a direct target
of EIN3 (Peng et al., 2014), which hints toward the ex-
istence of multiple level connections between the reg-
ulators involved in the FIT interaction network.

The TOPLESS (TPL) corepressor family has been
described in plants to participate in transcriptional re-
pression complexes (for review, see Causier et al., 2012;
Pieterse et al., 2012). TPL is typically recruited through
short repressor domain sequences, such as the EAR
motif for epigenetic down-regulation of target gene
expression (for review, see Kagale and Rozwadowski,
2011). Here, we report that the ZAT12-FIT interaction is
EAR dependent. ZAT family proteins, such as ZATS5,
ZAT6, and ZAT10, but not ZAT12, have been shown to
belong to the TPL interactome (Causier et al., 2012).
ZAT12 may be able to exert its function in regulating
Fe acquisition without recruiting TPL, similar to the
EAR-containing EIN3 and EIL1 transcription factors
(Pieterse et al., 2012).

H,O0, Levels Are Increased upon Fe Deficiency in a FIT-
Dependent Manner, and H,O, Serves as a Signal for FIT
and ZAT12 Regulation

Under Fe deficiency, the H,O, content in the roots
was consistently elevated compared with sufficient
Fe, which could indicate an oxidative stress condition.
After prolonged Fe deficiency, such oxidative stress
could be caused by internal remobilization of Fe from
Fe stores or by the accumulation of other metals that are
unspecifically taken up by IRT1. The H,O, content
under Fe deficiency was elevated in a FIT-dependent
manner, since no increase in H,O, levels could be ob-
served in the roots of fit-3 plants, representing a new
phenotype for this loss-of-function mutant. H,O, pro-
duction may depend on the ability of plants to take up
metals and liberate internal Fe, which is perturbed in
fit-3 mutants due to their general inability to take up Fe
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Figure 9. Model for the involvement of ZAT12 in the regulation of Fe
uptake. Fe deficiency leads to induced expression of FIT, as part of the
FIT autoregulatory loop. Active FIT protein confers induction of the
genes for the Fe deficiency response (indicated in green; summarized in
Brumbarova et al., 2015). The presence of FIT protein is a prerequisite
for the accumulation of H,0, in Fe-deficient roots. After 10 d of Fe
starvation, the presence of H,0O, leads to the induction of ZAT12 gene
expression and enhanced ZAT12 protein levels. Both FIT and ZAT12
protein levels are controlled in the cell through their degradation. We
propose that ZAT12 engages FIT through its EAR motif in a protein
complex. H,O, causes an enhanced FIT protein level despite the de-
creased gene expression. We suggest that FIT protein could be stabi-
lized but inactivated by H,O,, possibly through interaction with ZAT12.
Inactive FIT may eventually also contribute to reduced FIT gene ex-
pression levels. Such a control mechanism may allow the plantto keep a
backup of FIT protein molecules ready to use in case more favorable
conditions arise. Upon Fe resupply, the system is shifted and FIT is active
again.

and adapt to Fe deficiency. Alternatively, FIT may
regulate factors required for H,O, production, such as
the respiratory burst oxidase homologs (RBOHs; for
review, see Marino et al., 2012). RBOHD has been found
up-regulated by Fe deficiency in a FIT-dependent
manner (Colangelo and Guerinot, 2004). We have ob-
served that the H,O, content of plants grown under
sufficient and deficient Fe supply followed a pattern of
up- and down-regulation, independently of the tested
genotypes. This suggests that the observed patterns
might have depended on developmental cues. On the
other hand, ZAT12 transcript abundance was not ele-
vated until days 8 to 10, even though there was an in-
crease in H,O, content already at day 7 compared with
day 5. Since ZATI2 is a stress response transcription
factor, it is possible that ZAT12 regulation depended
more on environmental cues and H,O, signatures, such
as prolonged Fe deficiency, than on developmental
cues and developmental H,O, signatures.

H,O, served as a signal for the up-regulation of
ZAT12 transcript and protein levels, which in turn led
to a decrease in FIT, FRO2, and IRT1 but not BHLH039
transcript abundance. Since FIT was involved in the Fe
deficiency-induced H,O, accumulation, H,0O, can be
considered an intermediate in an autoregulatory sup-
pression of FIT after prolonged Fe deficiency. H,O,
application caused elevated FIT protein levels under
both Fe supply conditions in a ZAT12-dependent
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manner. Previous research has proposed the existence
of active and inactive FIT forms (Lingam et al., 2011;
Meiser et al., 2011; Sivitz et al., 2011). Our results are
consistent with these models, since, despite a higher FIT
level after H,O, application, IRT1 and FRO2 transcript
abundances were decreased. Therefore, the elevated
FIT was probably not an active transcriptional regula-
tor.

H,0, also affected ZAT12 protein abundance. H,O,
application, irrespective of Fe supply, led to ZAT12
accumulation in the central cylinder of treated roots.
In root epidermis cells, ZAT12 degradation was pre-
vented by the application of MG132, also in the pres-
ence of H,O,. The absence of the EAR motif perturbed
this stabilization, probably by targeting ZAT12
for nonproteasomal degradation (summarized in
Supplemental Fig. 510). The EAR motif- and H,O,-
dependent ZAT12 protein abundance regulation in the
root epidermis can be explained with the existence of
additional ZAT12-interacting partners. In such a case,
at least one of the factors needs to be H,O, responsive,
while another one should be a factor for proteasomal
degradation (such as an E3-ubiquitin ligase). The
composition of the resulting ZAT12 protein complexes
could determine the proteasomal or nonproteasomal
nature of ZAT12 degradation.

The importance of the EAR motif for protein stability
has been demonstrated previously. The phosphoryla-
tion of Thr-157 by mitogen-activated protein kinase
family kinases within the EAR motif of PtiZFP1, a
poplar (Populus spp.) ortholog of ZAT12, partially in-
creases its stability (Hamel et al., 2011). The ZAT12
protein sequence contains a Gly instead of a Thr at this
position, and phosphorylation might not be involved in
the EAR-mediated degradation control. In our model,
we suggest that the EAR motif can be used as a scaffold
for different protein-protein interactions, which change
the fate of the ZAT12-containing protein complex. This
can explain the observed H,O,-dependent, but not the
MG132-dependent, stabilization of ZAT12 in the cen-
tral cylinder, where ZAT12 may participate in protein
complexes different from those in the epidermis. Such
an interpretation is consistent with the data of Dinneny
et al. (2008) showing that Fe deficiency causes different
transcriptome changes in the epidermis and the central
cylinder. Additionally, H,O, might affect the protein
interaction between ZAT12 and FIT. Further work is
required to address such questions.

Taken together, our data demonstrate a role of
ZAT12 as a mediator of ROS signals for Fe acquisition.
FIT might be a converging point for Fe and ROS-related
signals.

Model for the Role of ZAT12 in Regulating Fe Uptake

We propose the following model (Fig. 9) that inte-
grates our findings on the role of ZAT12 and oxidative
stress into the currently accepted model of Fe deficiency
response regulation. Exposure of Arabidopsis plants to
Fe deficiency leads to the induced expression of the Fe
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uptake regulator gene FIT in root cells. The presence of
FIT protein is a prerequisite for the accumulation of
H,0, in Fe-deficient roots, as suggested by the lack of Fe
deficiency-induced H,O, production in fit-3 mutant
plants. After 10 d of Fe starvation, H,O, leads to the
repression of FIT and the induction of ZATI2 gene
expression, which could represent a feedback repres-
sion loop for FIT. Thus, ZAT12 transcript abundance
is partially dependent on FIT. ZAT12 engages FIT
through its EAR motif in a protein complex. The for-
mation of such FIT-ZAT12 complexes possibly dimin-
ishes the pool of FIT available for other protein-protein
interactions that activate FIT (Lingam et al., 2011).
This eventually leads to reduced FIT transcript levels
through lowering the amount of active FIT regulating
FIT gene expression (Jakoby et al., 2004). In this model,
H,0, prevents FIT degradation in a ZAT12-dependent
manner, possibly due to their interaction. Oxidative
stress after prolonged exposure to Fe deficiency would
then have a dual function. Oxidative stress regu-
lates FIT availability by establishing a fine-tuned balance
at the level of FIT transcripts and active and inactive FIT
protein. The suppression of Fe uptake by ZAT12 may
allow the plant to prevent deleterious effects of metals in
the face of a prolonged Fe starvation or other abiotic
stress conditions. At the same time, a pool of transcrip-
tionally inactive but available FIT protein would be
maintained as a backup in case favorable conditions
arise. Alternatively, prolonged Fe deficiency stress may
result in additional internal Fe remobilization associated
with that H,O,-mediated oxidative stress. This situation
may require a transient block of Fe acquisition via
ZATI12.

MATERIALS AND METHODS
Yeast Two-Hybrid Assays

The yeast two-hybrid screen in which ZAT12 has been identified as a putative
FIT interaction partner was described previously (Lingam et al., 2011). For
targeted interaction assays, pGBKT7:FIT-C (BD-FIT-C; Lingam et al., 2011),
PACT2-GW:ZAT12 (AD-ZAT12), and pACT2-GW:ZAT12AEAR (AD-ZAT12AEAR;
ZAT12 coding sequence with a deleted EAR motif) constructs were used.
ZAT12 and ZATI12AEAR sequences with stop codon were amplified using
the primers 5'-attB1_ZATI12 and 3'-attB2_ZAT12 (Supplemental Table S1)
from pDONR207:ZAT12ns and pDONR207:ZAT12AEARns (described in
“Plant Material” below) and transferred into pDONR207 (BP reaction; Life
Technologies). In an LR Gateway reaction (Life Technologies), ZAT12 and
ZAT12AEAR were transferred into pACT2-GW to produce the final destination
constructs. BD-FIT-C and AD-ZAT12 or AD-ZAT12AEAR were cotransformed
into the yeast strain AH109 using the lithium acetate method (BD Biosciences).
Ten-fold serial dilutions (A, = 10 '~10"*) of the transformants were assayed
for cotransformation by spotting on SD agar plates lacking Leu (pGBKT7
auxotrophy selection) and Trp (pACT2-GW auxotrophy selection). For the
presence of an interaction, the transformation mixture was spotted on SD agar
plates lacking Leu, Trp, and His supplemented with 0.5 and 2.5 mm 3-amino-
1,2,4-triazole (selection for interaction). Plates were incubated at 30°C for 5 to 8
d. AH109 yeast cells cotransformed with pGBKT7-GW:SNX1 (BD-SNX1) and
PACT2-GW:SNX1 (AD-SNX1) were used as a positive control (Pourcher et al.,
2010). AH109 cotransformed with the combinations BD-FIT-C with empty
pACT2-GW, empty pGBKT7 with AD-ZAT12, and empty pGBKT7 with AD-
ZAT12AEAR were used as negative controls. pACT2-GW was kindly provided
by Dr. Yves Jacob. pGBKT7-GW:SNX1 and pACT2-GW:SNX1 were kindly
provided by Dr. Thierry Gaude.
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BiFC

In planta verification of the FIT-ZAT12 interaction was performed using
rBiFC (Grefen and Blatt, 2012). FIT, ZAT12, ZATI12AEAR, and BHLH039 coding
sequences were amplified using the primers FIT B1 and FITstop B4 (for FIT),
ZAT12 B3 and ZAT12stop B2 (for ZAT12 and ZAT12AEAR), and 39 Bl and
39stop B4 (Supplemental Table S1). The resulting FIT and BHLH039 PCR
fragments were cloned by BP reaction (Life Technologies) into pDONR227 P1-
P4 (Invitrogen), and the ZAT12 and ZATI2AEAR fragments were cloned into
pDONR227 P3-P2 (Invitrogen). Following LR reaction (Life Technologies) with
the obtained ENTRY vectors and pBiFC-2in1-NN, ZAT12 and FIT were com-
bined into pBiFC-2in1-NN:ZAT12-FIT; ZATI2AEAR and FIT were combined
into pBiFC-2in1-NN:ZAT12AEAR-FIT. ZAT12 and BHLH039 were combined
into pBiFC-2in1-NN:ZAT12-BHLH039. pDONR227 P1-P4:FIT and pBiFC-2in1-
NN were used to obtain the negative control pBiFC-2in1-NN:(empty)-FIT.
Rhizobium radiobacter strain C58 (pGV2260) cells were transformed with the
different plasmids. Transformed cultures were used for infiltration of Nicotiana
benthamiana leaves as described previously (Hotzer et al., 2012). After 48 h, YFP
fluorescent signals were detected using an LSM 510 Meta confocal laser-
scanning microscope (Zeiss). The BiFC experiments were performed in three
independent repetitions on a total of six infiltrated leaves. Transformed cells
were verified by mRFP fluorescence. The vector pBiFC-2in1-NN was kindly
provided by Dr. Christopher Grefen.

Plant Material

Wild-type Arabidopsis (Arabidopsis thaliana) was ecotype Columbia-0
(Col-0). The fit-3 (GABI_108C10) loss-of-function mutant was distinguished
from the wild type as described previously (Jakoby et al., 2004). The homozy-
gous zat12-1 (SALK_037357) and zat12-2 (SAIL 792_F04) loss-of-function mu-
tant lines were described previously (Davletova et al., 2005b) and were kindly
provided by Ron Mittler. The zat12-3 mutant transfer DNA insertion line (GK-
348H06) was obtained from the Nottingham Arabidopsis Stock Centre and
selfed to obtain a pure homozygous line, verified by genotyping. ZAT12-GFP
fusion constructs were generated using the Gateway cloning system (Life
Technologies). The genomic fragment including 1,670 bp upstream of the
ZAT12 ATG (ZAT12 promoter region) and the full-length ZAT12 genomic
coding region without a stop codon, or the ZAT12 coding region lacking the
EAR motif without a stop codon, were introduced into the pDONR207 vector
through a BP reaction (Life Technologies), producing pPDONR207:ZAT12ns and
pDONR207:ZAT12AEARns. Following LR reaction (Life Technologies), the two
constructs were cloned into pMDC107 (Curtis and Grossniklaus, 2003) in order
to generate C-terminal translational fusions with the GFP, hereafter referred to
as ProZAT12:ZAT12-GFP and ProZAT12:ZAT12AEAR-GFP. ProZAT12:ZAT12
was amplified from Columbia-0 genomic DNA by PCR using 5'attB1-ZAT12
PROMOTER and 3'attB2-ZAT12 NONSTOP primers (Supplemental Table S1).
The deletion of the EAR motif was achieved by overlap-extension PCR. In a first
round of amplification, two partially overlapping pieces of ZAT12 were gen-
erated using 5'attB1-ZAT12 PROMOTER and ZAT12AEAR-R1 primers for one
piece and ZAT12AEAR-F2 and 3'attB2-ZAT12 NONSTOP primers for the other
piece. For the second round of amplification, the two obtained PCR products
were used as templates for the outer primers 5'attB1-ZAT12 PROMOTER and
3'attB2-ZAT12 NONSTOP, giving as a product ProZAT12:ZAT12AEAR. Sub-
sequently, both pMDC107 destination vector constructs containing ProZAT12:
ZAT12-GFP and ProZAT12:ZAT12AEAR-GFP were transformed into the
R. radiobacter strain C58 (pGV2260). Positive clones were used for the verification
of proper ZAT12-GFP and ZAT12AEAR-GFP fusion protein expression by
transient transformation of N. benthamiana leaf epidermal cells. N. benthamiana
infiltration was performed as described previously (Hotzer et al., 2012). After
confirmation of the vector constructs and protein expression, transgenic plants
were obtained by Agrobacterium tumefaciens-mediated floral dip transforma-
tion (Clough and Bent, 1998) of wild-type and zat12-3 plants. Positive trans-
formants were selected based on their hygromycin resistance, selfed, and
multiplied until homozygous lines containing single insertions were obtained.
T3 plants were used for analysis. Several homozygous lines were generated for
each transgenic construct: four lines ProZAT12:ZAT12-GFP and three lines
ProZAT12:ZAT12AEAR-GFP in the wild-type background, and four lines
ProZAT12:ZAT12-GFP and two lines ProZAT12:ZAT12AEAR-GFP in the
zat12-3 background. All generated lines were verified for GFP expression by
confocal microscopy, and for all of them, GFP signals could be observed only in
the nucleus. One line for each construct was chosen for further experiments.
ProFIT:GUS transgenic plants have been described previously (Jakoby et al.,
2004).

554

Wild-type plants expressing Pro-2xCaMV35S:3xHA-FIT were described previ-
ously (Meiser et al., 2011; line HA-FIT 9). Three homozygous lines of zat12-3 mutant
plants expressing Pro-2xCaMV35S:3xHA-FIT (HA-FIT/zat12-3) were generated by
crossing zat12-3 with the HA-FIT9 line. The F2 progeny was screened by PCR to
select for zat12-3 homozygosity and HA-FIT (HA-FIT/zat12-3). Additionally, three
homozygous lines with HA-FIT in the wild-type background (HA-FIT/WT) were
recovered from the cross and used for the comparison.

Plant Growth Conditions and Treatments

Arabidopsis seeds were surface sterilized as described previously (Lingam
etal., 2011) and germinated on upright Hoagland medium agar plates (Jakoby
et al., 2004) supplemented with 50 um FeNaEDTA (sufficient Fe supply), 0 Fe,
50 uM ferrozine (deficient Fe supply), or 200 um Fe (excess Fe supply), as indicated
in the Results section. For the seedling growth system, plants were grown under
long-day conditions for 10 d before harvesting for analysis or collected at days
5,7,8,and 10 for the time-course experiment. For the resupply experiment, 10-
d-old Fe-deficient plants were transferred to Hoagland plates containing 1, 10,
or 50 um FeNaEDTA and grown vertically for 7 d. If indicated in the text,
seedlings were subjected to 20 mm H,0, for 1 h prior to harvesting the whole
seedlings for gene expression analysis, immunoblotting, or imaging. For
MG132 treatment, 10-d-old seedlings were treated for 4 h in liquid Fe-sufficient
(50 um Fe) or Fe-deficient (50 um ferrozine) Hoagland medium containing
100 uM MG132 (Calbiochem) or dimethyl sulfoxide as a mock control (as in
Lingam et al., 2011) and harvested for analysis.

Gene Expression Analysis by Quantitative
Reverse Transcription-PCR

Gene expression analysis was performed as described previously (Klatte and
Bauer, 2009; Ivanov et al., 2014). Briefly, total RNA was isolated from 100 mg of
deep-frozen seedlings using the Spectrum Plant Total RNA Kit (Sigma-
Aldrich). One microgram of DNasel-treated RNA was used for reverse
transcription with oligo(dT) primer using the RevertAid First Strand cDNA
Synthesis Kit (Fermentas). The obtained complementary DNA was diluted and
used as a template according to Klatte and Bauer (2009). Quantitative PCR was
performed on the iCycler/MyIQ Single Color Real-Time PCR Detection System
(Bio-Rad), and the results were processed on the Bio-Rad iQ5-Standard Edition
(version 2.0) software as described previously (Wang et al., 2007; Klatte and
Bauer, 2009). Primer pairs used for this study are listed in Supplemental Table
S1. Absolute gene expression was determined by mass standard curve analysis
and normalized to elongation factor EF1Ba expression as a reference. Each
experiment was performed in at least three biological repetitions with two
technical quantitative PCR replicates each. For statistical analysis, P values were
obtained via Student’s f test on biological replicates using the GraphPad soft-
ware at http://www.graphpad.com/welcome.htm.

Immunoblot Analysis

Total protein from 10-d-old seedlings was extracted with SDG bulffer (62 mm
Tris-HCI, pH 8.6, 2.5% (w/v) SDS, 2% (w/v) dithiothreitol, and 10% (w/v)
glycerol). Samples containing 5 ug of protein were separated on 12% (w/v)
SDS-polyacrylamide gels. Electrophoresis was performed in Tris-Gly buffer
(25 mm Tris, 192 mm Gly, and 0.1% (w/v) SDS, pH 8.3) using standard mini gel
equipment (Bio-Rad). After electrophoresis, the proteins were transferred in
blotting buffer (25 mm Tris, 192 mm Gly, and 20% (v/v) ethanol, pH 8.3) to a
Protran nitrocellulose membrane (Schleicher & Schuell) and stained with
Ponceau S (Sigma-Aldrich) as a loading control. The nitrocellulose membrane
was then blocked for 1 h in 5% (w/v) milk solution (Roth), dissolved in TBST
(20 mm Tris-HCI, pH 7.4, 180 mm NaCl, and 0.1% (v/v) Tween 20) to prevent
nonspecific binding of the antibody, followed by a 1-h incubation in a dilution
of the primary antibody in TBST containing 2.5% (w/v) milk. After three
washes with TBST, 10 min each, the membrane was incubated in a dilution of
the secondary antibody in TBST containing 2.5% (w/v) milk. The membrane
was washed four times with TBST, 10 min each, before detection using the
enhanced chemiluminescence system (GE Healthcare). ZAT12-GFP and
ZAT12AEAR-GFP fusion proteins were probed with mouse anti-GFP (Roche
[catalog no. 11814460001]; 1:1,000) followed by goat anti-mouse IgG horse-
radish peroxidase conjugate (Promega [catalog no. W4021]; 1:5,000). HA-FIT
protein was detected in a single-step immunoblot with anti-HA-peroxidase
high-affinity monoclonal rat antibody (3F10; Roche [catalog no. 12013819001];
1:1,000). Images of developed immunoblots were converted to grayscale prior
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to analysis. Relative quantification of protein bands was performed using
Image] software (http://rsb.info.nih.gov/ij) and normalization to Ponceau
S-stained bands as described previously (Ivanov et al., 2012b). In short, densi-
tometry on the immunoblot images was done by first subtracting the back-
ground, followed by lane selection and automatic signal analysis. The surface of
the peaks representing the signal intensity was calculated in arbitrary units, and
the resulting values were used for the comparison.

Confocal Microscopy

Laser-scanning confocal microscopy (510 Meta; Zeiss) was used for fluo-
rescence imaging of YFP (for rBiFC analysis) and GFP (for confocal imaging of
roots from 10-d-old seedlings expressing ZAT12-GFP or ZAT12AEAR-GFP) at
an excitation wavelength of 488 nm and emission wavelength of 500 to 530 nm.
mRFP (for rBiFC analysis) was detected with excitation wavelength at 563 nm
and emission wavelength of 560 to 615 nm. For root confocal imaging, multi-
layer stacks were scanned and full projection images were created.

Histochemical GUS Assay

GUS activity of ProFIT:GUS plants was visualized by histochemical GUS
staining as described previously (Jakoby et al., 2004; Ivanov et al., 2014).

Fe Content Determination

To determine the Fe content of seedlings, shoots of plants grown for 10 d were
harvested and dried overnight at room temperature and for 1 d at 120°C. After
drying, shoots were powdered, and the Fe content was determined using direct
solid-sampling graphite furnace atomic absorption spectrometry (contrAAS 700;
Analytik Jena) at the Leibniz Institute for New Materials. Reference standards were
used for quantification. Each biological sample was measured five times and av-
eraged. The experiment was performed in three biological replicates.

Fe Reductase Activity Measurement

Fe reductase activity was determined spectrophotometrically using 10-d-old
seedlings grown on Hoagland agar plates and treated as described. Plants were
washed in 100 mm Ca(NO,), solution followed by incubation at room tem-
perature in 2 mL of Fe reductase solution (300 uM ferrozine and 100 um
FeNaEDTA) in the dark. After 1 h, the absorbance of the Fe reductase solution
was measured at 562 nm using the Safire2 plate reader (Tecan). The Fe reductase
activity normalized to root length was calculated as wmol Fe?* h™' cm ™ root
using the extinction coefficient & = 28.6 mv ™' cm ™. The assay was performed in
three biological replicates. For one biological replicate, the Fe reductase activity
of five pools of five plants was averaged.

H,0, Measurement

Five-, 7-, 8-, and 10-d-old seedlings were used to measure H,O, content using
an Amplex Red H,O,-peroxidase assay kit (Molecular Probes). Root tissue was
harvested and ground in liquid nitrogen. A total of 30 mg of ground tissue was
diluted in 200 uL of phosphate buffer (20 mm K,HPO,, pH 6.5) and centrifuged;
50 pL of the supernatant was mixed with 100 uL of Amplex Red reagent
(10-acetyl-3,7-dihydrophenoxazine) and 0.2 units mL " horseradish peroxidase
and incubated at room temperature for 30 min in the dark. Resorufin produc-
tion was quantified at 560 nm using the Safire2 plate reader (Tecan). The ex-
periment was performed in three biological repetitions with three technical
replicates each.

Sequence data from this article can be found in the Arabidopsis Genome
Initiative or GenBank/EMBL databases under the following accession
numbers: FIT (At2g28160), ZAT12 (At559820), FRO2 (At1g01580), IRT1
(At4g19690), and BHLH039 (At3g56980).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Comparison of tissue-level localization of re-
porter activities in ProZAT12:ZAT12-GFP and ProFIT:GUS plants.
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Supplemental Figure S2. Subcellular and tissue-level localization of
ZAT12-GFP and ZAT12AEAR-GFP.

Supplemental Figure S3. Comparison of tissue-level localization of re-
porter activities in ProZAT12:ZAT12-GFP and ProFIT:GUS plants.

Supplemental Figure S4. Optical cross sections showing tissue-level local-
ization and accumulation of ZAT12-GFP and ZAT12AEAR-GFP.

Supplemental Figure S5. zat12 mutant alleles and their effect on FIT gene
expression.

Supplemental Figure S6. Time-course gene expression analysis of FIT and
ZATI12.

Supplemental Figure S7. Phenotypes of plants under Fe deficiency and Fe
resupply.

Supplemental Figure S8. Phenotypes of plants under sufficient and excess
Fe supply.

Supplemental Figure S9. Time-course analysis of root H,O, content of WT,
fit-3, and zat12-3 seedlings.

Supplemental Figure S10. Summary of ZAT12-GFP and ZATI2AEAR-
GFP protein sensitivity to H,O, and MG132 application in the early
root differentiation zone.

Supplemental Table S1. Primers used in this study.
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