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Iron (Fe) deficiency is a widespread nutritional disorder on calcareous soils. To identify genes involved in the Fe deficiency
response, Arabidopsis (Arabidopsis thaliana) transfer DNA insertion lines were screened on a high-pH medium with low Fe
availability. This approach identified METAL TOLERANCE PROTEINS (MTP8), a member of the Cation Diffusion Facilitator
family, as a critical determinant for the tolerance to Fe deficiency-induced chlorosis, also on soil substrate. Subcellular
localization to the tonoplast, complementation of a manganese (Mn)-sensitive Saccharomyces cerevisiae yeast strain, and Mn
sensitivity of mtp8 knockout mutants characterized the protein as a vacuolar Mn transporter suitable to prevent plant cells
from Mn toxicity. MTP8 expression was strongly induced on low-Fe as well as high-Mn medium, which were both strictly
dependent on the transcription factor FIT, indicating that high-Mn stress induces Fe deficiency. mtp§ mutants were only
hypersensitive to Fe deficiency when Mn was present in the medium, which further suggested an Mn-specific role of MTP8
during Fe limitation. Under those conditions, mtp8 mutants not only translocated more Mn to the shoot than did wild-type
plants but suffered in particular from critically low Fe concentrations and, hence, Fe chlorosis, although the transcriptional Fe
deficiency response was up-regulated more strongly in mtp8. The diminished uptake of Fe from Mn-containing low-Fe medium
by mtp8 mutants was caused by an impaired ability to boost the ferric chelate reductase activity, which is an essential process in
Fe acquisition. These findings provide a mechanistic explanation for the long-known interference of Mn in Fe nutrition and

define the molecular processes by which plants alleviate this antagonism.

Iron (Fe) is an essential microelement for plants,
finding its major role as a cofactor in redox-active pro-
teins (Kobayashi and Nishizawa, 2012; Peiter, 2014).
Although Fe is highly abundant in the earth’s crust, in
aerated soils, Fe forms poorly soluble hydroxides, ox-
ides, and other inorganic precipitates, all of which are
not readily available for plant uptake (Lindsay and
Schwab, 1982). Consequently, the amount of Fe dis-
solved in the soil solution is usually far lower than that
required to sustain plant growth.

! This work was supported by the Deutsche Forschungsgemein-
schaft (grant no. DFG PE1500/3-1 to E.P.), the Ministerium fiir Land-
wirtschaft und Umwelt des Landes Sachsen-Anhalt (to E.P.), and the
Bundesministerium fiir Bildung und Forschung, Germany (grant no.
FKZ 0315458B to N.v.W.).

* Address correspondence to edgar.peiter@landw.uni-halle.de.

The authors responsible for distribution of materials integral to the
findings presented in this article in accordance with the policy de-
scribed in the Instructions for Authors (www.plantphysiol.org) are:
Nicolaus von Wirén (vonwiren@ipk-gatersleben.de) and Edgar Peiter
(edgar.peiter@landw.uni-halle.de).

S.E.,, BM., N.v.W., and E.P. designed research and analyzed data;
S.E. and B.M. performed research; S.E., BM., N.v.W., and E.P. wrote
the article.

[OPENT Articles can be viewed without a subscription.

www.plantphysiol.org/cgi/doi/10.1104/pp.15.01194

For the acquisition of Fe, plants other than gramina-
ceous species rely on the solubilization and reduction of
chelated Fe(Ill) (Giehl et al., 2009). In Arabidopsis
(Arabidopsis thaliana), a major contribution to Fe solu-
bilization is made by phenolic compounds, in particular
catechol-type coumarins, which act as bidentate or tri-
dentate metal chelators and are released by roots of Fe-
deficient plants (Schmid et al., 2014). Although some
coumarins have the additional ability to reduce Fe(III)
(Schmid et al., 2014), Fe is primarily reduced by the
activity of a membrane-bound reductase (FRO2 in
Arabidopsis) that transfers electrons from cytosolic
NADH to apoplastic Fe(Ill) chelates (Yi and Guerinot,
1996; Robinson et al., 1999). This enzymatic reduction
process is facilitated by an acidification of the apoplast,
which is mediated by an increased activity of
plasma membrane-localized P-type H*-ATPases, such
as AHAZ2 in Arabidopsis (Santi and Schmidt, 2009). On
alkaline soils, H" extrusion is often insufficient to de-
crease the apoplastic pH. Hence, the activity of the ferric
chelate reductase remains at a low, insufficient level,
favoring Fe deficiency-induced chlorosis.

After reduction, divalent Fe** is taken up into epi-
dermal and cortical cells of the root by membrane
transporters of the ZRT, IRT-LIKE PROTEIN (ZIP)
family. For this reason, Fe(IlI) reduction is a prerequi-
site for Fe** uptake. In Arabidopsis, the primary Fe
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deficiency-inducible high-affinity Fe** importer is en-
coded by the IRON-REGULATED TRANSPORTERI (IRT1)
gene (Eideetal., 1996; Vert et al., 2002). The expression of
both IRT1 and FRO?2 is strongly induced upon Fe defi-
ciency. This response is controlled by the basic helix-loop-
helix (b HLH)-type transcription factor FIT and further
interacting bHLH proteins (Colangelo and Guerinot, 2004;
Jakoby et al., 2004). In parallel to this transcriptional net-
work that primarily regulates Fe acquisition, another reg-
ulon operates mainly in stelar tissues, which involves the
bHLH transcription factor POPEYE (PYE; Long et al., 2010).

Recent work has shown that IRT1 is under extensive
posttranslational control, which is essential to avoid Fe
overaccumulation and toxicity. Localization analyses
showed that IRT1 cycles from the trans-Golgi network/
early endosomes to the plasma membrane to mediate Fe
uptake or to the vacuole for degradation (Barberon et al.,
2011). Interestingly, the endocytosis of IRT1 is triggered
by zinc (Zn), cobalt (Co), and manganese (Mn). This may
serve to limit the influx of those metals (Barberon et al.,
2014). Correct trafficking of IRT1 to the plasma mem-
brane requires the endosomal regulatory protein SNX1
(Ivanov et al., 2014). In addition, IRT1 has been shown to
be ubiquitinated for degradation by a RING E3 ubiquitin
ligase, IDF1 (Shin et al., 2013). The multilevel transcrip-
tional and posttranslational control of IRT1 demonstrates
the potential complexity in the regulation of Fe acquisi-
tion proteins. The mechanisms of posttranscriptional
regulation of other proteins involved in Fe acquisition
have not yet been studied in this depth.

A major reason for the heavy metal-dependent
posttranslational regulation of the IRT1 transporter is
found in its low selectivity for Fe**. Since IRT1 also
permeates other divalent metals, such as 7n**, Cu*,
Co**, Ni**, and Mn** (Korshunova et al., 1999; Vert
et al., 2002; Schaaf et al., 2006), Fe-deficient plants risk
accumulating potentially toxic amounts of those ions.
The detoxification of excess Zn, nickel (Ni), and Co in
Fe-deficient plants is mediated by sequestration into
vacuoles, mainly of root epidermal and cortical cells, by
means of CATION DIFFUSION FACILITATOR (CDEF)-
or IRON-REGULATED GENE (IREG)-type transporters
(Arrivault et al., 2006; Schaaf et al., 2006). The compart-
mentalization of heavy metals into the vacuole of root cells
also prevents their excessive translocation to the shoot.
Among the metals overaccumulating in Fe-deficient plants,
Mn has been known for a long time to exert a negative
effect on Fe nutrition (Twyman, 1946), and for field-grown
plants, high Mn availability is one of the major factors that
induce Fe deficiency chlorosis (Lindner and Harley, 1944).
Despite this fact, the molecular basis of the antagonistic Fe-
Mn interaction and the mechanism by which Mn is de-
toxified in Fe-deficient plants have remained unclear.

To unravel new components of the Fe deficiency re-
sponse of Arabidopsis, we carried out a forward genetic
screen employing a collection of transfer DNA (T-DNA)
insertion lines affected in the expression of Fe-regulated
genes. For this purpose, we developed an agar medium
with low Fe availability, rather than low total Fe con-
centration, to mimic the situation in calcareous soil. In this
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screen, we identified two lines that showed severe chlo-
rosis. In both lines, the METAL TOLERANCE PROTEINS
(MTP8) gene, a member of the CDF family, was knocked
out. In line with previously characterized MTP8 ortho-
logs, subcellular localization and yeast complementation
characterized the protein as a vacuolar Mn transporter
suitable to prevent plant cells from Mn toxicity. However,
our investigations revealed a crucial role of this protein in
the Fe acquisition machinery, thereby safeguarding an
efficient acquisition and translocation of Fe to above-
ground plant parts. We further identified ferric chelate
reduction as the Mn-sensitive process in the Fe deficiency
response. These findings provide a mechanistic insight
into the long-known interference of Mn in Fe acquisition
and define the molecular process by which plants allevi-
ate this antagonism. The general relevance of this mech-
anism is underlined by the hypersensitivity of mfp8
mutants to Fe deficiency chlorosis also on calcareous soil.

RESULTS

Establishment of Growth Conditions to Screen for Defects
in Fe Nutrition

In calcareous and alkaline soils, plants do not face the
problem of a low total Fe amount in the soil but rather of
a low solubility of soil Fe. For this reason, we developed
an agar medium with elevated pH and low Fe availability
to screen a collection of T-DNA insertion lines for exac-
erbated symptoms of Fe deficiency-induced chlorosis.
The screening medium was based on one-half-strength
Murashige and Skoog (MS) medium (Murashige and
Skoog, 1962) containing 40 uM Mn and reduced amounts
of Fe(Il)-EDTA as Fe source. Plants developed chlorosis if
the medium was buffered at pH 6.7 with 10 mm MES,
indicating that Fe availability was limiting plant growth.
Among the Fe concentrations tested, 28 um Fe(IlI)-EDTA
turned out to induce a mild but persisting chlorosis in
young leaves of wild-type plants (Supplemental Fig.
S1A). On this medium, hereafter called Fe28/Mn40,
Columbia-0 (Col-0) seedlings grew in a slightly chlorotic
state for more than 2 weeks, while raising the Fe
concentration to 100 um prevented the development of
chlorosis (Supplemental Fig. S1A). The suitability of these
growth conditions to screen for genes involved in Fe ac-
quisition was confirmed by comparing the growth of
previously characterized mutant lines. Indeed, mutants
affected in Fe reduction (fro2; Robinson et al., 1999), Fe
uptake (irt1; Vert et al., 2002), or Fe translocation to the
shoot (frd3; Delhaize, 1996) all turned severely chlorotic
on Fe28/Mn40, while the pye mutant, which is defective
in Fe-dependent regulation of gene expression in inner
root cells (Long et al., 2010), rather showed suppressed
growth and weaker chlorosis (Supplemental Fig. S1B).

Arabidopsis mtp8 Knockout Mutants Are Highly
Susceptible to Fe Deficiency-Induced Chlorosis

A collection of T-DNA insertion lines was screened
on the Fe28/Mn40 medium for hypersensitivity to low
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Fe availability. The population consisted of homozy-
gous T-DNA lines from the SALK, SAIL, and GABI
collections carrying insertions in genes known to be
up-regulated under Fe deficiency in a FIT- or PYE-
dependent manner (Supplemental Table S1). In this
screen, we identified two lines that carried a T-DNA
insertion in MTP8 (At3g58060), a gene that had not yet
been associated with Fe deficiency-induced chlorosis
(Fig. 1A). In one mutant line of the SALK collection,
SALK_068494, a T-DNA was inserted in the first of the
seven exons of the MTPS gene (Supplemental Fig. S2A).
We named this line mfp8-1. In mtp8-2 (i.e. SALK_140266),
a T-DNA was inserted in the sixth exon. Reverse tran-
scription (RT)-PCR analysis using RNA from mutant and
wild-type plants revealed the loss of MTPS full-length
transcripts in mtp8-1 and mtp8-2 (Supplemental Fig.
S2B). Buffering of the medium to pH 6.7 was essential
to identify this mutant, as the chlorotic phenotype was
not apparent on Fe28 /Mn40 medium at pH 5.5 (Fig. 1A).
In addition, both mfp§ mutants were indistinguish-
able from wild-type plants on Fel00/Mn40 medium
(Fig. 1B). The chlorotic phenotype of the mutants on
Fe28/Mn40 medium could also be reverted by spraying
with 100 um Fe(Ill)-EDTA, indicating that the mutants
were susceptible to Fe deficiency and not to the lack or
the toxicity of another element (Fig. 1B). When grown on
a calcareous potting substrate, seedlings of the mtp8-1
mutant were smaller and extremely chlorotic (Fig. 1C).
This demonstrated that the mutant phenotype was not
limited to our screening conditions on agar but was also
highly relevant for growth on soil.

Arabidopsis MTP8 Is Localized to the Tonoplast

Arabidopsis MTP8 belongs to the CDF family of cation
transporters (Montanini et al., 2007). The most closely
related characterized member of the family is ShAMTP8, a
vacuolar Mn transporter thought to be responsible for
the high tolerance of Stylosanthes hamata to excess Mn
(Delhaize et al., 2003). To our knowledge, Fe deficiency-
related phenotypes have not been reported yet for
ShMTP8 or any other plant CDF protein. To elucidate the
mechanism responsible for the Fe chlorosis phenotype
of the Arabidopsis mtp8 mutants, we first deter-
mined the subcellular localization of the protein by en-
hanced yellow fluorescent protein (EYFP) fusion. To this
end, Arabidopsis protoplasts were transformed with an
MTPS8:EYFP construct and fluorescence was observed by
confocal microscopy. Fluorescence emitted by MTPS:
EYFP was visible solely at the tonoplast (Fig. 2), indi-
cating that Arabidopsis MTP8 has the same subcellular
localization as ShMTP8 (Delhaize et al., 2003).

Arabidopsis MTP8 Complements an Mn-Sensitive Yeast
Strain and Transports Mn

Since ShMTP8 and Arabidopsis MTP8 share a high
degree of sequence similarity, including an amino
acid signature specific for the Mn subgroup of CDFs
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Figure 1. Two Arabidopsis T-DNA insertion lines for MTP8, mtp8-1 and
mtp8-2, are less tolerant to elevated pH-induced low Fe availability. A,
Growth of wild-type seedlings on Fe28/Mn40 medium buffered to pH
6.7 or 5.5. Seedlings were cultivated for 12 d. B, Growth of mtp8-1 and
mtp8-2 mutants on Fe100/Mn40, Fe28/Mn40, or Fe28/Mn40 with foliar
application of Fe. Seedlings were cultivated for 23 d. In the foliar ap-
plication treatment, a solution containing 100 um NaFe(lll)-EDTA was
sprayed onto the seedlings after 9 d of cultivation on Fe28/Mn40 me-
dium. C, Growth of the mtp8-1 mutant on nonlimed (pH 5.6) and limed
(pH 7.2) potting soil, watered with 160 um MnCl,. Plants were photo-
graphed after 19 d of cultivation.

(Montanini et al., 2007), and since both are localized to
the tonoplast, we hypothesized that Arabidopsis MTP8
functions in sequestering Mn ions into the vacuole and
that this function is related to the Fe-deficient pheno-
type of the mutant. Therefore, we determined the metal
selectivity of the transporter by expressing the MTP8
complementary DNA (cDNA) in metal-hypersensitive
yeast strains. Growth of yeast mutants sensitive to Co
(cot1A), Zn (zrc1A), and copper (cup2A) on medium
containing high concentrations of the respective metals
was not improved by the expression of MTP8 (Fig. 3A).
In contrast, growth of the Mn-hypersensitive mutant
pmrlA at elevated Mn concentrations was considerably
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improved when transformed with MTPS. PMR1 en-
codes a calcium/Mn-ATPase that confers Mn tolerance
to yeast (Antebi and Fink, 1992). The MTP8-expressing
pmrlA mutant grew well even on medium containing
Mn concentrations that were strongly inhibitory to the
wild type. Mn transport activity of MTP8 was further
supported by direct transport assays on microsomal
vesicles. Vesicles of MTP8-expressing pmrlA yeast ac-
cumulated >*Mn?* within a short time frame, whereas
the empty vector-transformed strain did not show trans-
port activity (Fig. 3B). These observations indicated that
Arabidopsis MTPS8, like ShAMTPS, transports Mn into
the vacuole.

The Arabidopsis mtp8-1 Mutant Is Moderately
Hypersensitive to High Mn

To test whether Arabidopsis MTP8 confers tolerance to
excess Mn, wild-type and mtp8-1 mutant seedlings were
subjected to increasing concentrations of the metal. At
elevated Mn supply, root growth rates were repressed
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Figure 2. Arabidopsis MTP8:EYFP localizes to the
tonoplast. Mesophyll protoplasts of Arabidopsis
Col-0 were transformed with an MTP8:EYFP con-
struct. Fluorescence was observed 24 h
after transformation. A, MTP8:EYFP fluorescence.
B, Chlorophyll autofluorescence. C, Merged image
of A and B.

more strongly in the mtp8-1 mutant than in the wild type
(Fig. 4, A and B; Supplemental Fig. S3). After 2 weeks of
growth on elevated Mn concentrations, the shoot fresh
weight of the mutant seedlings was also moderately, but
significantly, lower than that of the wild type (Fig. 4, A
and C). Since the repression of primary root growth is a
typical Mn toxicity symptom (Peiter et al., 2007), this
observation indicated that MTP8 indeed increases the
tolerance of Arabidopsis to excess Mn.

Overexpression of Arabidopsis MTP8 Increases Mn
Sequestration in Root Vacuoles

To further examine the function of MTP8 in Mn trans-
port, overexpression lines were generated in which the
expression of MTP8 is driven by the cauliflower mosaic
virus (CaMV) 35S promoter. Quantitative RT-PCR
analysis showed that expression of the MTPS8 gene was
strongly increased in these lines (Fig. 5A). The lines
355:MTP8#OE2 and 355:MTP8#0OE4, which had ap-
proximately 7,000- and 3,000-fold increased MTP8

Figure 3. Arabidopsis MTP8 complements an Mn-
sensitive yeast strain, but not yeast strains sensitive

WhC1ype to Zn, Co, or copper (Cu), and mediates Mn trans-
mutant port. A, Cultures of yeast strains sensitive to Co
mutant+MTP8 (cotl1A), Zn (zrc14), Cu (cup24), and Mn (pmriA)

were serially diluted and dropped onto plates
wild type containing the indicated concentrations of the re-
mutant spective metals. B, Microsomal membrane vesicles

from pmriA yeast transformed with pFL61 (circles)
mutant+MTP8 or pFL61:MTP8 (squares) were analyzed for **Mn?*

uptake activity. Vesicles were incubated in uptake
buffer containing 100 um Mn, and aliquots (50 ug
of protein) were separated from the medium by
vacuum filtration at the indicated time points.
Values in the absence of ATP were subtracted to
correct for unspecific adsorption. Data are means *
sp of three independent uptake experiments con-
ducted on different microsomal preparations. As-
terisks indicate that the mean of the pFL61:MTP8
strain is significantly different from the mean of the
pFL61 strain according to Student’s ttest (P < 0.05).
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Figure 4. Arabidopsis MTP8 is required for tolerance to high Mn con-
centrations. A, Growth of wild-type and mip8-T1 seedlings on one-half-
strength MS agar supplemented with no or 1.5 mm MnSO,,. Seedlings were
cultivated for 14 d. B, Primary root growth rates of Col-O (circles) and
mtp8-1 (squares) seedlings on one-half-strength MS medium supple-
mented with increasing amounts of Mn. Each data point is the mean = sp
of the linear regression of the root lengths of 16 seedlings determined as
shown in Supplemental Figure S3. C, Effects of Mn on shoot fresh weight of
14-d-old wild-type (circles) and mtp8-1 (squares) seedlings. Data are
means * sp of 16 seedlings per line. Asterisks indicate that the mean of the
mtp8-1 line is significantly different from the mean of Col-0 according to
Student’s ttest (*, P< 0.05 and **, P < 0.01). All data are derived from the
same experiment. The experiment was repeated twice with similar results.

transcript levels, respectively, were selected for further
experiments. On one-half-strength MS medium (pH
5.5) supplemented with 200 uM Mn, both over-
expressors accumulated significantly higher Mn levels
in the roots than the wild type (Fig. 5B), indicating that
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an overexpression of MTP§ increases Mn sequestra-
tion primarily in roots. In contrast, root Fe concentra-
tions did not differ between the genotypes, while
shoots of the overexpressors contained slightly lower
Fe concentrations than the wild type. Elemental anal-
yses of isolated root vacuoles of plants grown under
the same conditions indicated that vacuolar seques-
tration of Mn was indeed increased in the over-
expressors, whereas Fe concentrations were not
altered (Fig. 5C). Taken together, these data supported
the notion that vacuolar Mn sequestration by MTP8 in
roots is involved in controlling the long-distance
translocation of Mn from roots to shoots.

Arabidopsis MTP8 Is Transcriptionally Up-Regulated on
High-Mn Medium in a FIT-Dependent Manner

In order to investigate if MTPS is transcriptionally
regulated by Mn, we analyzed its expression in seed-
lings subjected to increasing Mn concentrations. In
roots, MTP8 expression was induced 8- or 12-fold when
plants were cultivated on medium supplemented with
1.5 or 2 mm Mn, respectively (Fig. 6A). This confirmed
an Mn-dependent transcriptional control of MTP8.

Based on a transcriptome analysis of the Arabidopsis
fit mutant, MTP8 has been reported to be up-regulated
under Fe deficiency by the transcription factor FIT
(Colangelo and Guerinot, 2004). In order to confirm this
finding, wild-type and fit mutant plants precultured on
one-half-strength MS medium were transferred either to
the same Fe-sufficient medium or to Fe-depleted medium
(one-half-strength MS medium without Fe and contain-
ing 100 um ferrozine). After 5 d of cultivation, MTP8
expression in Fe-sufficient roots was low in both wild-
type and fit mutant plants (Fig. 6B). As expected, MTP8
expression in the wild type was induced approximately
50-fold under Fe deficiency. In contrast, MTP8 transcript
levels remained unaltered in the Fe-deficient fit mutant.
This result confirmed that, under Fe deficiency, MTPS is
up-regulated in a FIT-dependent manner.

In order to determine whether the increased expres-
sion of MTP8 under high-Mn stress was also dependent
on FIT, wild-type and fit mutant plants precultured on
one-half-strength MS medium were transferred either to
the same medium or to one-half-strength MS medium
supplemented with 2 mm Mn. After 5 d on basal one-
half-strength MS medium, the expression of MTP8 was
similar in wild-type and fit mutant plants (Fig. 6C).
Supplementation of the medium with 2 mm Mn caused a
10-fold increase of MTP8 expression in the wild type,
whereas MTP8 transcript abundance did not change in
the fit mutant. This indicated that the transcriptional up-
regulation of MTP8 under high Mn is mediated by FIT.

In Fe-deficient plants, FIT itself is also transcription-
ally up-regulated (Colangelo and Guerinot, 2004;
Buckhout et al., 2009). To examine if this is also the case
under high-Mn stress, we determined its expression in
the samples in which MTP8 expression had been ana-
lyzed (Fig. 6A). Like MTPS, FIT expression was induced
when plants were cultivated on medium supplemented

Plant Physiol. Vol. 170, 2016
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Figure 5. Arabidopsis MTP8 overexpressor lines accumulate more Mn
in the roots and sequestrate more Mn in root vacuoles than wild-type
plants. A, Expression of MTP8in 355:MTP8 lines. Seedlings were grown
on one-half-strength MS medium for 14 d. Expression of MTP8 was
determined by quantitative RT-PCR. Data represent means = sp of three
samples. B, Mn, Fe, and Zn concentrations of MTP8 overexpressors
grown on one-half-strength MS agar medium (pH 5.5) containing 240 um
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with 1.5 or 2 mm Mn (Fig. 6A). In addition to FIT, the
expression of the FIT-regulated genes IRT1 and FRO2
was also increased in high-Mn-stressed plants (Fig. 6A).
Similar trends in the expression of FIT, IRT1, FRO2, and
MTP8 underlined that the induction of MTP§ by Mn
stress is FIT dependent and that high Mn concentra-
tions in the medium trigger Fe deficiency responses.

The Arabidopsis MTP8 Promoter Is Active in the Outer
Cell Layers of Fe-Deficient Roots

PromoterMTP8:GUS lines were generated to charac-
terize the expression pattern of MTP8. To confirm that
the gene was induced under Fe deficiency, 10-d-old
seedlings were transferred from one-half-strength MS
medium to either the same medium or to Fe-free one-
half-strength MS medium supplemented with 100 um
ferrozine, cultivated further for 2 d, and stained for
GUS activity. After 2 h of incubation in GUS staining
solution, the Fe-deficient roots, but not the Fe-sufficient
ones, showed an intense blue staining (Fig. 7A). GUS
activity was evident along the entire root except for the
meristematic regions and the oldest parts of the main
root. Cross sections of the root revealed that only epi-
dermis, root hairs, and cortex were stained, demon-
strating that MTP8 expression in the root is limited to
the outer cell layers (Fig. 7B). After an overnight incu-
bation of the shoot, only cotyledons were weakly
stained (Fig. 7C), and staining intensity was not altered
under Fe deficiency (data not shown). The staining in
the cotyledons was less intense than in the root, al-
though the shoot was incubated much longer in GUS
staining solution, indicating that MTP8 expression was
confined predominantly to roots subjected to Fe defi-
ciency. This was confirmed with PromoterMTP8:MTP8:
EYFP lines, which showed fluorescence in the outer
cell layers of the root only if subjected to Fe deficiency
(Fig. 7, D and E).

Iron Deficiency-Induced Chlorosis in mtp8 Knockout
Mutants Is Alleviated by Decreasing Mn Concentrations

Arabidopsis mtp§ mutants showed severe chlorosis
on Fe-limiting medium (Fig. 1), MTPS8 is regulated by

Mn. Seedlings of Col-0 (light gray), 355:MTP8#OE2 (medium gray), and
35S:MTP8#OE4 (dark gray) were cultivated for 12 d. Shoots and roots
were separated, and Mn, Fe, and Zn concentrations were determined by
inductively coupled plasma-optical emission spectroscopy (ICP-OES).
Data are from four replicate pools, each consisting of four seedlings
obtained from different plates. DW, Dry weight. C, Mn and Fe contents
in root vacuoles. Vacuoles were isolated from roots of 8-week-old plants
growing in nutrient solution containing 240 um Mn and analyzed by
inductively coupled plasma-mass spectrometry (ICP-MS). Data are
means from three plants. Asterisks indicate that the mean of the over-
expressor line is significantly different from the mean of the Col-0 line
according to Student’s t test (*, P < 0.05 and **, P < 0.01). Error bars
represent sb. The experiments were repeated twice with similar results.
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FIT (Fig. 6), and MTP8 plays a role in Mn tolerance
(Fig. 4). Therefore, we hypothesized that the MTP8-
dependent chlorosis observed on medium with low
Fe availability is related to a disturbed Mn homeostasis.
To assess the effect of Mn supply, plants were precul-
tured on Fe28/Mn0 (Fe28 devoid of Mn) for 1 week,
transferred to the same medium or to Fe28/Mn40 or
Fe28/Mn160, and cultivated further for 1 week. On
Fe28/Mn40, mtp8 mutants became chlorotic, as ob-
served before, which was also reflected in a decreased
chlorophyll concentration (Fig. 8). Shoot fresh weight of
the mutants was lower than that of the wild type,
whereas primary root length did not differ significantly
in mtp8-1 and was only slightly shorter in mtp§-2 (Fig. 8).

In contrast to the plants on Fe28/Mn40 medium,
mutants transferred to medium not supplemented with
Mn (Fe28/Mn0) neither showed chlorosis symptoms
nor differed from the wild type in chlorophyll concen-
tration, shoot fresh weight, or primary root length (Fig. 8).
On the other hand, increasing the medium Mn con-
centration 4 times (Fe28/Mn160) induced an extensive
chlorosis on newly emerging leaves, resulting in low
chlorophyll concentrations in the mtp8 mutant lines as
well as in the wild type. Besides a decreased shoot fresh
weight, both mutants now also showed a strong re-
pression of primary root growth, which indicated pri-
mary Mn toxicity at this elevated Mn supply (Fig. 8).

Based on this experiment, we concluded that the
Fe deficiency phenotype of mtp§ mutants depends
strongly on the medium concentration of Mn. Further-
more, the Mn-induced exacerbation of chlorosis in the
wild type growing on Fe-limiting medium clearly
underlined the antagonistic relationship between Fe
and Mn.

Arabidopsis mtp8 Mutants Are Altered in Mn and
Fe Translocation

Since the increased vulnerability of the mfp8 mutants
to Fe deficiency depended on the Mn concentration in
the medium (Fig. 8), we determined the concentration
and distribution of both elements in plants grown at
different Fe and Mn levels. Plants were precultured for
1 week either on (1) Fe100/Mn0 and transferred to the
same medium or to Fe1l00/Mn40 or on (2) Fe28/Mn0
and transferred to either the same medium or to Fe28/
Mn40. Fe and Mn concentrations in roots and shoots
were determined after 1 week of treatment. As shown
in Figure 9, on medium not supplemented with Mn,
wild-type and mutant plants did not differ in their Fe,
Mn, and Zn concentrations at sufficient or low Fe sup-
ply. In contrast, when Mn was included in the low- or

MS medium supplemented with 2 mm Mn. Roots were harvested after
5 d of treatment. Data are means = sp of four samples, each consisting
of five plants. Asterisks indicate that the mean of the fit line is signifi-
cantly different from the mean of the Col-0 line according to Student’s
ttest (**, P<0.01).
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high-Fe medium, Mn and Fe concentrations in the
mutant were highly distinct from those in the wild type.
The most drastic difference was observed for the Mn
concentration in the roots of plants grown on Fe28/
Mn40, which was approximately 5 times higher in the
wild type than in the mtp8-1 mutant (Fig. 9), whereas
the shoot Mn concentration was more elevated in the
mutant. The same effect was apparent on Fe100/Mn40.
Hence, when grown on Mn40 medium, the mtp8-1
mutant not only retained less Mn in the roots than the
wild type but also translocated a higher proportion of
Mn to the shoot. Concentrations of Zn were not de-
creased but even increased in the mitp8-1 mutant
growing on Fe28/Mn40 (Fig. 9). This underlines that
MTPS specifically sequesters Mn.

In contrast to Mn, the concentration of Fe in mutant
shoots grown on Fe28/Mn40 was reduced to approxi-
mately 20 ug g ' dry weight (Fig. 9), which was only half
of that of the wild type and far below the critical level for
chlorosis-free growth of Arabidopsis (Gruber et al., 2013;
Schmid et al., 2014). Across many spec1es itis established
that plants require 50 to 150 ug g ' dry weight Fe
(Marschner, 2012). This result confirmed that the chlo-
rotic phenotype of the mitp8-1 mutant was due to Fe
deficiency. Fe concentrations in mutants cultivated on
high-Fe medium (Fe100/Mn40) were also lower than
those in the wild type but were still in the sufficient range.

The decreased shoot Fe concentrations in the mtp8-1
mutants growing on Mn40 medium confirmed that
their chlorotic phenotype was due to Fe deficiency and
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Figure 7. Activity of the Arabidopsis MTP8 pro-
moter in roots is restricted to outer cell layers and
strongly activated upon Fe deficiency. Col-0 plants
transformed with a promoterMTP8: GUS or a pro-
moterMTP8:MTP8:EYFP construct were grown on
one-half-strength MS agar for 10 d, transferred to
plates supplemented with 100 um ferrozine to
render Fe unavailable or to one-half-strength MS
control plates, and cultivated further for 2 d. A,
Staining of promoterMTP8: GUS-transformed
seedlings grown on Fe-sufficient (left) or Fe-
deficient (right) medium after incubation for 2 h in
GUS staining solution. B, Cross section of a root
from a seedling grown on Fe-deficient medium and
stained as in A. C, Staining of a promoterMTP8:
GUS-transformed shoot grown on Fe-deficient
medium after incubation for 24 h in GUS staining
solution and removal of chlorophyll. D and E,
Bright-field (left) and fluorescence (right) images of
the root of a promoterMTP8:MTP8:EYFP-transformed
seedling grown on Fe-deficient (D) or Fe-sufficient
(E) medium.

indicated that Fe uptake and/or translocation were
inhibited. To examine Fe translocation to the shoot,
xylem exudate was collected from plants cultivated on
liquid Fe28/Mn40 medium. As expected, the Fe trans-
location rate, as related to root dry weight, was much
lower in the mtp8-1 mutant (Supplemental Fig. S4). To
determine if the diminished Fe translocation to the
shoot of the mutant is due to an impaired xylem loading
of Fe, we analyzed Fe accumulation in roots by Perls’s
staining. A mutant of the citrate transporter FRD3,
which is defective in loading Fe into the xylem, served
as a positive control. Unlike frd3-3, mtp8-1 did not ac-
cumulate increased amounts of Fe in root tissues
(Supplemental Fig. S5), which corresponds to the sim-
ilar or lower root Fe concentrations in the mtp8-1 mu-
tant on Mn40 medium (Fig. 9). These results indicate
that Fe acquisition, rather than xylem loading and root-
to-shoot translocation, was affected in the mutant.

The Transcriptional Fe Deficiency Response Is Increased in
the Presence of Mn in the mip8-1 Mutant

The higher susceptibility to chlorosis and the de-
creased Fe acquisition in the mitp§-1 mutant in the
presence of Min could have been caused by an inhibition
of the transcriptional Fe deficiency response. Therefore,
we analyzed the expression of genes known to be re-
quired for Fe acquisition and to be up-regulated by Fe
deficiency on Fe28 medium containing 40 uM or no Mn.
In the wild type, addition of Mn to low-Fe medium led
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to an increased expression of the transcription factor
genes FIT, bHLH38, bHLH101, and MYB72, the nico-
tianamine synthase gene NAS4, as well as the Fe ac-
quisition genes IRT1 and FRO2 (Fig. 10). Paradoxically,
the transcriptional response of all analyzed genes was
significantly more pronounced in the mtp8-1 knockout
line. These data indicated that Mn triggers Fe deficiency
responses and that a loss of MTP8 exacerbates this an-
tagonism, but the transcriptional response to the per-
ceived Fe deficiency is not hampered in the mutant.

Mn Inhibits the Ferric Chelate Reductase Activity of
Fe-Deficient mtp8-1 Seedlings

To be able to analyze direct physiological responses
to Fe deficiency in the presence of Mn, we attempted to
avoid possible side effects arising from long-term stress.
Consequently, we increased the stress intensity by de-
creasing Fe and increasing Mn concentrations in the
medium. Seedlings were precultured on Fel4/Mn0
medium for 11 d, transferred to Fe1l00/Mn0, FeO/
MnO0, or Fel4/Mn320 medium, and cultivated further
for 72 h. On Fel4/Mn320 medium, mitp8-1 seedlings
developed chlorotic shoots within 24 h of treatment
(Fig. 11A). Hence, the development of the chlorotic
phenotype was accelerated by increasing the Mn-to-Fe
ratio in the medium.

Since the Fe deficiency response was induced at the
transcriptional level, but the Fe concentration was not
increased, in mtp8-1 plants (Figs. 9 and 10), we reasoned
that the function of a component of the Fe acquisition
machinery may be impaired in the mutant. As a strat-
egy I plant, Arabidopsis requires an inducible ferric
chelate reductase to reduce Fe(Ill) for uptake. The ac-
tivity of this enzyme is strongly increased under Fe
deficiency. Accordingly, when seedlings precultured
under low-Fe conditions (Fel4/Mn0Q) were transferred
to Fe-sufficient medium (Fe100/Mn0), the ferric chelate
reductase activity of mutant and wild-type seedlings
decreased continuously (Fig. 11B). Conversely, on a
zero-Fe medium (Fe0/Mn0), reductase activity in-
creased strongly within the first 24 h and to the same
extent in wild-type and mtp8-1 plants. Thus, in the ab-
sence of Mn, wild-type and mfp8-1 mutant plants did
not differ in their ferric chelate reductase activities un-
der either sufficient or deficient Fe supply.

Similar to the effect of absolute Fe limitation on Fe-
free medium, the supplementation of the low-Fe me-
dium with Mn (Fel4/Mn320) caused a 3-fold increase
in ferric chelate reductase activity in the wild type
within 24 h (Fig. 11B). In stark contrast, the induction of
ferric chelate reductase activity on the Mn-containing
low-Fe medium was far less pronounced in the mtp8-1
mutant, although the mutant plants showed aggravat-
ing Fe deficiency symptoms under those conditions
(Fig. 11A). These data indicated that Mn inhibits the
ferric chelate reductase activity of the Fe-deficient
mtp8-1 mutant.

Plant Physiol. Vol. 170, 2016
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The Fe deficiency-induced ferric chelate reductase
has a low optimum pH (Susin et al., 1996). To examine if
the diminished Fe(Ill) reduction capacity of the mtp8-1
mutant might be caused by a decreased rhizosphere
acidification, plants that were treated as in the ferric
chelate reductase assay were transferred onto agar
medium that contained Bromocresol Purple as a pH
indicator. Surprisingly, the only roots that produced a
marked yellow (i.e. acidified) rhizosphere were those of
mtp8-1 seedlings grown on Fel4/Mn320 (Supplemental
Fig. S6). This observation indicated that, in contrast to
ferric chelate reductase, the activity of the H"-ATPase
was up-regulated and thus reflected the aggravated Fe
deficiency status of the mtp8-1 mutant. Thus, the im-
paired ferric chelate reductase activity was not due to
an insufficient rhizosphere acidification.

DISCUSSION

It has long been known that Fe nutrition in plants is
antagonistically affected by Mn. In numerous classical
studies, increased Mn availability induced Fe defi-
ciency symptoms, irrespective of whether plants were
grown in the field or on standard growth medium (Gile,
1916; Somers and Shive, 1942; Twyman, 1946, Hewitt,
1948; Sideris and Young, 1949). The negative interaction
between Fe and Mn has been explained by their similar
solubility characteristics in soil and by competition for
uptake or translocation (Marschner, 2012). This was
supported at the molecular level when IRT1 was found
to permeate also Mn besides Fe (Korshunova et al., 1999;
Vert et al., 2002). In our search for Arabidopsis genes
involved in Fe acquisition, we identified MTP§ as a
critical determinant of Fe deficiency tolerance when-
ever Mn is present. Our data indicate that, in the ab-
sence of MTP8, Mn inhibits the ferric chelate reductase
activity. Therefore, the physiological role of this trans-
porter does not merely lie in the sequestration of Mn
into the vacuole of root cells but primarily in securing
Fe acquisition. In line with this, the regulation of MTP8
is not primarily linked with excess Mn supply but
rather with the induction of the Fe acquisition ma-
chinery under low Fe availability.

Arabidopsis MTP8 Is a Vacuolar Mn Transporter in Roots

Arabidopsis MTP8 belongs to the CDF family of
metal transporters. This family has 12 members in
Arabidopsis, of which only a few have been charac-
terized so far (Montanini et al., 2007; Gustin et al., 2011;

agar for 1 week. Seedlings of similar size were transferred to the same
media and cultivated further for 1 week. Concentrations of Mn, Fe, and
Zn were determined by ICP-OES. Data are from four replicate pools,
each consisting of four seedlings obtained from different plates. The
experiment was conducted twice with comparable results. Asterisks
indicate that the mean of the mutant line is significantly different from
the mean of the Col-0 line according to Student’s ttest (*, P < 0.05 and
** P < 0.01). Error bars represent sp. nd, Not detectable.
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Figure 10. The transcriptional Fe deficiency response is increased in
mtp8-1 in the presence of Mn. Col-0 (light gray) and mtp8-1 (dark gray)
seedlings were cultivated for 7 d on Fe28/Mn0 or Fe28/Mn40. The ex-
pression of the Fe deficiency-responsive genes FIT, bHLH38, bHLH101,
PYE, IRT1, FRO2, MYB72, and NAS4 in roots was determined by
quantitative RT-PCR. Data are means = sp of four samples, each con-
sisting of three roots obtained from different plates. Asterisks indicate
that the mean of the mutant line is significantly different from the mean
of the Col-0 line according to Student’s t test (*, P < 0.05 and **, P <
0.01). The experiment was repeated three times with comparable
results.

Ricachenevsky et al., 2013). An ortholog from an Mn-
accumulating legume, S. hamata, ShMTP8 (renamed
from ShMTP1 for consistency; Montanini et al., 2007), is
the founding member of the Mn subgroup in the CDF
family (Delhaize et al., 2003) and contains an amino
acid signature that coincides with Mn specificity
(Montanini et al., 2007). Our yeast complementation
and direct transport assays provide experimental evi-
dence that also Arabidopsis MTP8 has a transport ac-
tivity for Mn (Fig. 3). Like ShAMTPS, the Arabidopsis
MTPS8:EYFP fusion protein resided in the tonoplast
(Fig. 2). In accord with a function of Arabidopsis MTP8
in Mn detoxification, the growth of mtp8 mutants was
impaired by high Mn (Fig. 4), and MTP8 expression
was increased under excess Mn supply (Fig. 6). Mn
specificity and vacuolar localization were recently also
demonstrated for MTP8 orthologs in cucumber (Cucu-
mis sativus; Migocka et al., 2014) and rice (Oryza sativa;
Chen et al.,, 2013). The function of MTP8 to sequester
Mn into vacuoles, therefore, is widely conserved across
species, with the possible exception of barley (Hordeum
vulgare), where MTP8 homologs have been localized to
the Golgi apparatus (Pedas et al., 2014). However, the
circumstances under which this function is employed
may differ. Interestingly, unlike the Arabidopsis and
cucumber orthologs, OsMTP8.1 from rice is expressed
almost exclusively in the shoot, and shoots of an
osmtp8.1 mutant contained less Mn (Chen et al., 2013).
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Both findings are opposite to what we observed with
Arabidopsis in this study (Figs. 7 and 9). The different
functionality of MTP8 in the graminaceous species rice,
as compared with the dicots Arabidopsis and cucum-
ber, may be related to their Fe acquisition strategies
and/or to the Mn availability in their natural environ-
ment. In lowland rice, reducing soil condltlons often
lead to a concomitant excess of Mn** and Fe®*
(Marschner, 2012); i.e. a situation where elevated Mn
translocation to the shoot goes along with elevated Fe
availability and uptake. The additional expression of
OsMTPS.1 in leaves may then increase the whole-plant
capacity of rice to compartmentalize Mn in vacuoles.

Besides MTP8, MTP11 has been shown to be a major
factor for the tolerance of Arabidopsis to high Mn
concentrations (Peiter et al., 2007). Unlike MTPS,
MTP11 is present in a compartment that colocalizes
with markers for the prevacuolar compartment
(Delhaize et al., 2007) and the Golgi apparatus (Peiter
et al., 2007), which has recently been confirmed for an
ortholog from Beta vulgaris (Erbasol et al., 2013). On
high-Mn medium, mtp1l mutants were much more
impaired in growth than mtp8 mutants (compare Fig. 5
and Peiter et al., 2007), which indicates that, at least in
Arabidopsis, MTP8 makes only a minor contribution to
Mn tolerance under non-Fe-limiting conditions. Also,
the expression patterns of MTP8 and MTP11 are very
different: whereas MTPS is highly expressed only in Fe-
deficient roots except for the root tip, MTP11 expression
is most pronounced in this apical area of the root. This
indicates that MTP8 and MTP11 have different, non-
redundant, and most likely complementary functions
and that MTP8 is employed to sequester Mn specifically
in those cells that are involved in IRT1-mediated Fe
uptake and thus face enhanced Mn influx under Fe
deficiency.

MTPS8 Is Part of the Fe Acquisition Machinery
in Arabidopsis

In Fe-replete conditions, Arabidopsis MTP8 was
expressed at very low levels, while Fe depletion
strongly induced its mRNA levels (Fig. 6B). This regu-
lation is mediated by the major transcription factor of Fe
acquisition mechanisms in Arabidopsis roots, FIT. Ac-
cordingly, MTP§ expression was strongly enhanced
during Fe deficiency in a FIT-dependent manner. This
indicated that MTP8 is specifically recruited to detoxify
Mn whenever Mn is taken up by IRT1 in superfluous
amounts. This function was manifested by determining
Mn concentrations in Fe-deficient plants, which were
far higher in roots of the wild type than in roots of the
mutant (Fig. 9).

Besides Fe, IRT1 not only imports Mn but also other
heavy metals, such as Zn, Co, and Ni. Interestingly, the
detoxification mechanisms for those IRT1-permeated
heavy metals all resemble each other in that the
metals are sequestered in the vacuoles of the root cells
in which IRT1 is active. Hence, vacuolar loading of
excess Zn and Co is mediated by MTP3 (Arrivault et al.,

Plant Physiol. Vol. 170, 2016
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Figure 11. Ferric chelate reduction capacity under Fe deficiency is
impaired in mtp8-1 in the presence of Mn. Seedlings were grown for
11 d on Fe14/Mn0 medium and transferred to Fe100/Mn0, FeO/Mn0, or
Fe14/Mn320 medium. A, Phenotypes of Col-0 and mtp8-1 mutant
plants on Fe14/Mn320 medium. B, Temporal development of ferric
chelate reduction capacity under varied Fe/Mn regimes. Three plants for
each treatment and genotype were pooled, and the roots were im-
mersed in ferric chelate reductase assay solution on a 12-well plate
(n=4). The data point 0 h corresponds to seedlings harvested just before
the transfer. The experiment was conducted twice with comparable
results. Asterisks indicate that the corresponding mean of the mutant
line is significantly different from the mean of the Col-0 line according
to Student’s t test (**, P < 0.01). Error bars represent sb. FW, Fresh
weight.
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2006), excess Ni is sequestered by IREG2 (Schaaf et al.,
2006), and MTP8 mediates the vacuolarization of Mn.
The purpose of this sequestration of IRT1-permeated
heavy metals has so far been seen in the prevention of
their movement to the shoot. Our results extend this
view and show that the sequestration of an IRT1-
permeated heavy metal, in this case Mn, can be essen-
tial for an adequate activation of Fe acquisition
mechanisms and thus for the tolerance to Fe deficiency-
induced chlorosis.

MTP8 expression was also induced by high Mn
availability on standard growth medium (Fig. 6, A and
C). Although the most straightforward explanation for
this may be an Mn-specific regulation of the gene, we
found that the induction of MTPS8 is under complete
control of the FIT transcription factor, which was con-
firmed by the loss of MTPS§ expression in Mn-exposed
roots of the fit mutant (Fig. 6C). This indicated that not
Mn, but rather the degree of Mn-induced Fe deficiency,
determines MTP8 transcript levels. Taken together, our
data indicate that MTP8 is a component of the Fe ac-
quisition machinery in Arabidopsis required to sustain
chlorosis-free growth whenever Mn is present.

MTP8 Allows Chlorosis-Free Growth by Preventing Mn
from Inhibiting Fe(III) Reduction

The mtp8 mutants displayed two distinct pheno-
types. First, primary root elongation was reduced on
high-Mn medium (Figs. 4 and 8), which is indicative of
Mn toxicity (Peiter et al., 2007). Second, mtp8 mutants
displayed severe chlorosis on Mn-containing medium
with low Fe availability, by which they were identified
in our screen (Fig. 1) and which occurred even before
Mn-triggered root growth inhibition set in (Fig. 8). This
chlorosis went along with strongly decreased shoot Fe
concentrations, confirming that these plants suffered
from Fe deficiency-induced chlorosis (Fig. 9). These
observations raised the questions of how Mn interferes
with Fe nutrition and what role MTP8 plays to coun-
teract the antagonistic Fe-Mn interaction.

One possible explanation for the diminished Fe con-
centration in mtp8 shoots might lie in a direct compe-
tition of Fe and Mn for xylem loading. Once acquired by
the outer root cells, Fe and Mn are translocated radially
to the stele to be loaded into the xylem. In the absence of
intracellular Mn compartmentalization by MTP8, high
Mn uptake from the medium via IRT1 will inevitably
increase cytosolic Mn concentrations, which might
competitively inhibit Fe export to the xylem, in partic-
ular if transport proteins of low specificity are involved.
This idea was seemingly supported by the decreased Fe
levels in xylem exudate (Supplemental Fig. S4). How-
ever, further analyses speak against such a mechanism
of Fe-Mn antagonism. A restriction of Fe loading into
the xylem would result in an accumulation of Fe in
roots, as seen in manl/frd3 mutants, which are defec-
tive in xylem loading of the Fe(Ill) chelator citrate
(Delhaize, 1996; Durrett et al., 2007). However, we
never observed an accumulation of Fe in roots of the
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mtp8 mutant, neither in elemental analyses nor by
Perls’s staining of Fe (Fig. 9; Supplemental Fig. S5).
Lower Fe concentrations in shoot dry matter were thus
caused by an impairment of Fe acquisition rather than
Fe translocation.

Alternatively, Mn might suppress the transcriptional
response to Fe deficiency, which would then affect the
activation of genes involved in Fe mobilization and
uptake. We tested this hypothesis but found that the
opposite is the case. A number of key transcriptional
regulators and Fe acquisition genes were up-regulated
when Mn was included in low-Fe medium, and this
induction was even more pronounced in the mip8
mutant (Fig. 10). Thus, the Fe acquisition machinery
was up-regulated in roots of the mtp8 mutant even to a
higher level than in wild-type roots, but it was obvi-
ously less efficient in the presence of Mn.

A key step in Fe acquisition lies in the reduction of Fe
(III) mediated by the Fe deficiency-induced ferric che-
late reductase FRO2. Although the transcript levels of
FRO2 were even higher in mitp8 than in the wild type,
the mutant was unable to realize full ferric chelate re-
duction capacity in the presence of Mn (Fig. 11). A
possible explanation could lie in the low pH optimum
of the enzyme, which requires an acidification of the
apoplast for maximum activity (Susin et al., 1996).
However, we observed that the mtp8 mutant acidified
the growth medium to an even larger extent than the
wild type (Supplemental Fig. S6), suggesting that apo-
plastic pH was not likely a limiting factor for FRO2
activity.

Alternatively, FRO2 protein synthesis or activity may
be hypersensitive to Mn in mtp8 mutants. Evidence for a
posttranslational regulation of FRO2 comes from ex-
periments in which overexpression of the gene did not
lead to an increase in ferric chelate reductase activity
under Fe sufficiency (Connolly et al., 2003). However,
the way by which FRO?2 is regulated is not yet clear.
FRO2 is modified by Ser phosphorylation at three sites
(Zhang et al., 2013) and by Met oxidation at two sites
(Engelsberger and Schulze, 2012). It remains to be de-
termined if any of those modifications have a regula-
tory function that is sensitive to Mn. Also, trafficking of
FRO2 to the plasma membrane may be altered by a high
Mn load, as is known for the IRT1 protein (Barberon
et al., 2014). Therefore, it will be informative to experi-
mentally determine FRO2 localization in the mtp8 mu-
tant background. A further site of vulnerability to high
Mn may lie in the synthesis of the heme cofactor of
FRO2. In yeast, heme biosynthesis is affected by Mn
due to an inhibition of Fe transport into mitochondria,
where heme is produced (Lange et al., 1999). In addi-
tion, work on cyanobacteria indicated that Mn inhibits
the biosynthesis of tetrapyrrole (Csatorday et al., 1984).
A high cytosolic Mn concentration, as expected for the
Fe-deficient mtp8 mutant, may thus lead to a competi-
tion of Mn with Fe for heme biosynthesis, which may
then be limiting for the synthesis of active FRO2. Future
research may particularly consider this specific aspect
of heme proteins.
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Taken together, the Arabidopsis MTP8 protein oc-
cupies a special position among the set of vacuolar
transporters that are required to compensate for the low
substrate specificity of IRT1. By loading Mn into root
vacuoles, MTP8 prevents the inhibition of ferric chelate
reduction by Mn and warrants chlorosis-free growth.
MTPS is thus a key player in preventing the antago-
nistic interference of Mn with Fe nutrition in Arabi-
dopsis. Therefore, the operation of MTP8 is considered
crucial for plant survival not only under specific growth
conditions on agar but in particular on calcareous soil
substrates with elevated pH, where Fe uptake depends
on the induction of Fe acquisition mechanisms.

MATERIALS AND METHODS
Plant Lines, Plasmids, and Transformation

All Arabidopsis (Arabidopsis thaliana) genotypes used in this study are de-
rived from the Col-0 ecotype. Arabidopsis insertion mutant lines corresponding
to 119 different genes (Supplemental Table S1) were obtained from the SALK,
GABI, and SAIL collections (Sessions et al., 2002; Alonso et al., 2003; Rosso et al.,
2003). Insertions in mtp8 mutant lines were confirmed by PCR and sequencing
of both border regions (Ulker et al., 2008). To construct the pART7:MTP8
plasmid, the MTP8 cDNA was amplified by RT-PCR from Col-0 RNA using
Xmal-containing primers (Supplemental Table S2) and cloned into the pART7
vector (Gleave, 1992) downstream of a CaMV 35S promoter. To construct the
PART7:MTP8:EYFP plasmid, the MTP8 cDNA without stop codon was am-
plified from pART7:MTP8 and cloned into the pART7:EYFP vector in frame
with EYFP (Peiter et al., 2007). For stable transformation of Arabidopsis, an
expression cassette (including the CaMV 35S promoter and ocs terminator) was
Notl excised from the pART7-derived constructs and inserted into the binary plant
transformation vector pBART (Peiter et al., 2007). To construct the pBI101:pro-
moterMTP8:GUS plasmid, the promoter and 5" untranslated region (—2,046 to
—1bp) of the MTP8 gene were amplified from Col-0 genomic DNA using Xmal-
containing primers and cloned into the pBI101 vector upstream of the uidA
gene (Jefferson et al., 1987). To construct the pGreenIl:promoterMTP8:MTPS8:
EYFP plasmid, a promoterMTP8 fragment was excised from pBI101:promo-
terMTP8:GUS using Smal and cloned into the pGreenll plasmid (Hellens et al.,
2000). Subsequently, an MTP8:EYFP:ocs fragment was excised from pART7:
MTPS8:EYFP by using NotI and EcoRV and cloned into the pGreenlI:promo-
terMTP8 plasmid downstream of the MTP8 promoter.

Stable transformation of Arabidopsis with Agrobacterium tumefaciens GV3101
was carried out by the floral dip method (Clough and Bent, 1998). Trans-
formants containing pBART and pGreenll constructs were selected by spraying
with BASTA, and those containing pBI101 constructs were selected on
kanamycin-containing plates. Transient transformation of Arabidopsis meso-
phyll protoplasts was performed as described previously (Peiter et al., 2005b).

Plant Growth Conditions, Media, and Mutant Screening

For sterile cultivation on agar plates, seeds were surface sterilized in
70% (v /v) ethanoland 0.05% (v /v) Triton X-100. Seeds were sown at a distance of
approximately 1 cm from each other and stratified for 2 d at 4°C in darkness.
Plates were oriented vertically in a growth cabinet (Percival Scientific) set to
22°C day and 19°C night temperatures and a 10-h light period with a light in-
tensity of 120 umol photons m *s™"

In order to develop an agar medium with low Fe availability, one-half-
strength MS medium without Fe and Mn (Duchefa Biochemie), containing
15 g L™ " agar (Difco) and 5 g L' Suc, was used as a basal medium. To decrease
the Fe availability, the medium was buffered with 10 mm MES adjusted to pH
6.7 with NaOH. Fe was added to the medium as NaFe(III)-EDTA and Mn as
MnCl, in the concentrations indicated. In experiments where plants were cul-
tivated on standard one-half-strength MS medium, the pH of the medium was
buffered to 5.5 with 2.5 mm MES-NaOH.

To observe growth on soil, seeds were sown onto standard potting soil
(Substrat 1; Klasmann-Deilmann). In order to increase pH to limit Fe availability,
the soil was supplemented with 20 g kg ' CaCO; and 12 g kg ' NaHCO;. After
13 d of preculture, seedlings were watered for 6 d with 160 um MnCl, and
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photographed thereafter. To measure soil pH, 2.5 g of soil was suspended in
25 mL of a 10 mm CaCl, solution. After filtration, pH of the solution was de-
termined by a pH meter.

Yeast Strains, Plasmids, Transformation, and
Growth Methods

The Saccharomyces cerevisine deletion mutants Y04534 (pmr1A), Y04069
(ycflA), Y00829 (zrc1A), Y01613 (cot1A), and Y04533 (cup2A) and their parental
strain BY4741 were obtained from the Euroscarf collection (Winzeler et al.,
1999). To construct the pFL61:MTP8 plasmid, the MTP8 cDNA was amplified
from pART7:MTP8 using NotI-containing primers and cloned into the pFL61
yeast expression vector (Minet et al., 1992) downstream of a PHOSPHOGLYCERATE
KINASE (PGK) promoter. Yeast transformation was carried out according to
Elble (1992). Transformants were selected on synthetic complete plates lacking
the appropriate selective markers (Sherman, 2002). Yeast drop assays were
performed as described previously (Peiter et al., 2005a).

*Mn Uptake Experiments

Microsomal membranes were isolated from log-phase cultures of pmrlA
pFL61 and pmrlA pFL61-MTP8 yeast strains grown in synthetic complete
medium according to Ueoka-Nakanishi et al. (2000), and uptake assays were
performed as described previously (Peiter et al., 2007) with some modifications.
MnCl,, labeled with 5Mn?* (2,083 MBq mg_] ; PerkinElmer Life Science), was
added to yeast vesicles incubated in uptake buffer {5 mm BTP/MES (pH 7.5),
300 mwm sorbitol, 25 mm KCl, and 5 mm MgCl,} with or without 1 mm ATP to a
final concentration of 100 um Mn?*. Aliquots were vacuum filtered through
25-mm cellulose nitrate membrane filters (0.45 um; Whatman) at the specified
time points. Filters were washed two times with 5 mL of ice-cold washing buffer
{5 mm BTP/MES (pH 7.5), 300 mm sorbitol, 25 mm KCl, and 1 mm MnSO,}, and
*Mn?* activity trapped on the filter was determined by using a liquid scintil-
lation counter (TriCarb; PerkinElmer Life Science). Values of samples incubated
without ATP were subtracted from the corresponding values of samples with
ATP to correct for unspecific adsorption.

Elemental Analyses

Roots and shoots of plants were separated, rinsed with deionized water, and
dried at 65°C for 1 week. The dried shoots and roots were weighed into poly-
tetrafluoroethylene (PTFE) digestion tubes and digested in HNO, under pres-
sure using a microwave digester (UltraCLAVE IV; MLS). Elemental analysis
was undertaken using ICP-OES (iCAP 6500 dual optical emission spectrometer;
Thermo Fisher Scientific).

For elemental analysis of intact vacuoles, Arabidopsis plants grown for 7
weeks in nutrient solution according to Peiter et al. (2007) were transferred to the
same solution containing 240 um MnSO, and cultivated further for 7 d. Root
protoplasts were isolated as described by Bargmann and Birnbaum (2010).
Intact vacuoles of those protoplasts were isolated according to Shimaoka et al.
(2004) and digested in perfluoroalkoxy alkane (PFA) vessels with 1.5 mL of
HNO, (65%) and 0.6 mL of H,0, (30%) for 15 min at 180°C (MARS 5 Xpress;
CEM). The digestate was analyzed by high-resolution ICP-MS (ELEMENT 2;
Thermo Fisher Scientific). Prior to digestion, the number of vacuoles was de-
termined using a Fuchs-Rosenthal hemacytometer (Marienfeld).

Xylem Exudate Analysis

Wild-type and mutant plants were grown for 5 weeks on aerated liquid
one-half-strength MS medium, transferred to liquid Fe28/Mn40 medium,
and cultivated further for 7 d. For the collection of xylem exudate, rosettes
were removed by sharp razor blades, and silicon tubes with a diameter of
1 mm were connected to the hypocotyls. After discarding the first 5 uL,
exudates were collected into microtubes for 2 h, and metal concentrations in
exudates were analyzed by ICP-MS.

Perls’s Staining

Whole Arabidopsis roots were incubated in Perls’s reagent (equal amounts of
solutions of 4% [v/v] HCl and 4% [w/v] potassium ferrocyanide) for 45 min.
Roots were washed in distilled water to stop the reaction and observed with a

light microscope.
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Histochemical GUS Analyses

Samples were incubated at 37°C in a GUS reaction buffer containing 0.4 mg
mL ™" 5-bromo-4-chloro-3-indolyl-8-p-glucuronide, 50 mu sodium phosphate
(pH 7.2), and 0.5 mm ferrocyanide. Five PromoterMTP8:GUS lines were exam-
ined and showed the same staining patterns under standard growth conditions.
Of those lines, two were analyzed in more detail. To this end, shoot samples
were cleared and mounted as described by Malamy and Benfey (1997). For
microscopic observations of root cross sections, samples were fixed in 2% for-
maldehyde and 2% glutaraldehyde in 50 mm cacodylate buffer (pH 7.2),
dehydrated in an ethanol series (30%, 40%, ..., 100%), and embedded in Spurr’s
resin. Five-micrometer cross sections of stained roots were obtained by cutting
the fixed and resin-embedded samples using a microtome (Ultracut; Leica) and
observed with a light microscope (Axioskop; Carl Zeiss).

Chlorophyll Measurements

Chlorophyll concentrations were determined by extracting shoot samples
with spectrophotometric grade N,N’-dimethyl formamide (Sigma-Aldrich) at 4°
C for 48 h. The absorbance at 647 and 664 nm was measured in extracts
according to Porra et al. (1989).

Imaging of Plants and Protoplasts

Images of agar-grown plants were captured using a flatbed scanner (Ex-
pression 10000XL; Epson) at a resolution of 300 dots per inch. Protoplasts
expressing MTP8:EYFP were observed by confocal laser scanning microscopy
using an LSM 510 Meta head based on an Axiovert 200M microscope (Zeiss).
Images were obtained in A mode as described by Peiter et al. (2007).

Quantitative RT-PCR

For the expression analyses shown in Figures 5A and 6A, RNA was isolated
from N,-ground plant material using an RNeasy plant mini kit (Qiagen) with
on-column DNase treatment according to the manufacturer’s instructions.
cDNA was prepared from 1 ug of RNA using random hexamer primers and
SuperScript II reverse transcriptase (Life Technologies) according to the man-
ufacturer’s protocol. Quantitative real-time PCR was carried out on a Master-
cycler ep realplex' S (Eppendorf) using the POWER SYBR Green PCR
Mastermix (Applied Biosystems). Expression levels of MTP8, IRT1, FRO2, and
FIT1 were determined by relative quantification against a standard curve de-
rived from a cDNA dilution series. MTP8 expression was normalized against
ACTIN?2 as a constitutively expressed control.

For Figures 6, Band C, and 10, RNA was isolated using a modified version of
the single-step method (Chomczynski and Sacchi, 1987). For RT of RNA into
cDNA, the RevertAid First Strand cDNA Synthesis Kit (Fermentas), oligo(dT)
primers, and RNA samples treated with RQ1 RNase-free DNase (Promega)
were used. Gene expression was analyzed by quantitative real-time PCR using
a Mastercycler ep realplex (Eppendorf) and iQ SYBR Green Supermix
(Bio-Rad). Relative expression was calculated according to Pfaffl (2001) and
normalized against UBQ2 as a constitutively expressed control.

Ferric Chelate Reductase and Rhizosphere
Acidification Assays

Seedlings were cultivated on Fe14/Mno0 for 11 d, and similar-sized ones were
transferred to Fe100/Mn0, Fe0/Mn0, or Fe14/Mn320. After 0, 24, 48, and 72 h,
seedlings were assayed for ferric chelate reductase activity as described by
Waters et al. (2006). Three to five plants were pooled, and roots were placed into
a 2-mL bulffer solution containing 0.2 mm CaSO,, 5 mm MES (pH 5.5), 0.2 mm
ferrozine, and 0.1 mm Fe-EDTA on a 24-well plate. The reaction was allowed to
continue for 1 to 2 h. Seedlings were then removed from the solution, and roots
were excised, quickly dried on tissue paper, and weighed. Absorbance of the
solutions at 562 nm was measured using a UV-VIS light spectrophotometer
(Uvikon XL; Biotek).

For the rhizosphere acidification assay, plants were cultivated as described
above for the ferric chelate reductase activity assay. The assay was conducted as
described previously (Yi and Guerinot, 1996). In brief, seedlings that had been
cultivated for 24, 48, or 72 h on Fel00/Mn0, Fe0/Mn0, or Fel4/Mn320 were
transferred to a 1% agar plate containing 0.006% Bromocresol Purple and 0.2 mm
CaSO0, (adjusted to pH 6.5 with NaOH) and incubated in the growth chamber for
24 h.
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Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Effect of Fe concentration on the growth of mu-
tants on high-pH medium.

Supplemental Figure S2. Genotypical analysis of MTP8 T-DNA mutant
lines.

Supplemental Figure S3. Elongation of mfp8-1 primary roots is hypersen-
sitive to high Mn concentrations.

Supplemental Figure S4. Fe translocation in the xylem stream is decreased
in the mtp8-1 mutant.

Supplemental Figure S5. Roots of the mtp8-1 mutant do not accumulate
more iron than wild-type plants.

Supplemental Figure S6. Rhizosphere acidification under Fe deficiency is
enhanced in mtp8-1 in the presence of Mn.

Supplemental Table S1. T-DNA mutants screened for sensitivity to low Fe
availability.

Supplemental Table S2. Primers used in this study.
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