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1. Summary

Although iron (Fe) is a highly abundant element in the earth's crust, plants often suffer from
Fe deficiency when grown on alkaline soils, in which Fe availability is low. To increase Fe
acquisition from soils, plants have developed different strategies, which are not yet fully
understood at the molecular level. Therefore, the aim of the present thesis was to identify
genes involved in the Fe deficiency response employing a forward-genetics approach in
Arabidopsis.

In a first step, a high-pH, low-Fe agar medium was developed, which mimics the pH-
dependent Fe limitation observed in alkaline soils. Using this medium, a collection of
Arabidopsis T-DNA insertion lines was screened allowing to identify severely chlorotic plants,
which regreened by the supplementation of Fe. These lines carried an insertion in MTP8,
encoding a member of the MTP family of Mn transporters which belong to the superfamily of
Cation Diffusion Facilitators. Since a MTP8-EYFP fusion protein localized to the tonoplast,
MTP8 complemented growth of a Mn-sensitive yeast mutant, and mtp8 knockout lines were
hypersensitive to low Fe availability only in the presence of Mn, MTP8 was attributed a role in
Mn detoxification. Expression of MTP8 was confined to outer root cell layers and strongly
induced by low Fe and high Mn supplies in the medium, which was strictly dependent on the
transcription factor FIT, a master regulator of Fe-deficiency responses. Fe deficiency-induced
chlorosis observed in mtp8 mutants depended on the presence of Mn in the medium and was
correlated with low Fe but high Mn concentrations in shoots. Investigating other components
of the Fe deficiency response revealed that the mtp8 mutant was defective in enhancing ferric
chelate reduction, although the corresponding FRO2 gene was upregulated at the transcript
level. These findings indicate that sequestering Mn to the root vacuoles by MTP8 is an
important component of the Fe deficiency response, which is essential to increase Fe reduction
rate in the presence of Mn.

Mn and Fe have previously been reported to take in a distinct cell type-specific localization
in mature seeds, whereby Mn is primarily localized in the subepidermis of the abaxial side of
cotyledons. In the present work, the question was addressed whether this localization pattern
is dependent on MTP8. In cooperation with a Japanese partner laboratory, mtp8 mutant seeds
were analyzed by synchrotron X-ray fluorescence, showing that Mn localization in the
subepidermis of the abaxial side of the cotyledons and hypocotyl was abolished. Instead, Mn
co-localized with Fe around the vascular strands of the embryo. Consistent with a previous
study showing that Fe localizes to the abaxial side of the cotyledons in the embryo when
tonoplast Fe transporter VIT1 is lacking, it was assumed that Fe localization to the abaxial side
of the cotyledons in vitl also depended on MTP8. To verify this hypothesis, a mtp8 vitl double
knock-out line was generated and Fe was stained by Perls/DAB. As expected, stained Fe was
detected in the abaxial side of the cotyledons in vitl and this distribution was abolished in the
double knock-out line. A yeast complementation approach further showed that MTP8 is able
to transport Fe besides Mn. However, germination experiments conducted with mtp8 and mtp8
vitl mutants under Fe or Mn limitation failed to detect any phenotype related to the
mislocalization of Fe and Mn. These findings indicate that the interplay between VIT1 and
MTP8 determines the cell type-specific localization of Fe and Mn in the embryo of mature
seeds.
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2. General Introduction

2.1. Metabolic functions of Fe

Iron (Fe) is an essential element involved in the synthesis of many important proteins,
especially those which participate in oxygen binding or electron transport. A major reason
behind this is the versatile nature of Fe due to its ability to easily change its oxidation state
between Fe(lll) and Fe(ll) and to form octa- and tetrahedral complexes with various ligands
(Marschner, 2012). According to the form in which Fe binds to proteins, three classes have
been described: heme-bound Fe, Fe-S clusters or Fe bound in any other form.

The heme structure consists of a tetrapyrrole ring, surrounding an Fe ion localised in the
center which is coordinated by 4 N atoms (Chance et al., 1966; Kadish et al., 1999). This
structure is called porphyrine group and binds to proteins belonging to the group of heme
proteins. Cytochromes which have essential roles in the electron transport chain in
chloroplasts and mitochondria are well-known examples. Besides, heme proteins have
functions in various processes, such as the reduction of nitrate or detoxification of reactive
oxygen species (ROS). In Fe-S proteins, Fe either creates a bond with thiol groups of cysteine
or binds to inorganic S leading to the formation of Fe-S clusters or both. In proteins, Fe-S
clusters can occur in the form of Fe.>S;, FesSs or FesSs. An example for a protein carrying an
Fe»S; cluster is the ferredoxin protein, which is involved in the photosynthetic electron transport
chain. An FesS.4 cluster, which is found e.g. in aconitase, becomes active when its cluster is
converted to FesS4 by increasing Fe concentration in vitro (Kennedy et al., 1983). Other
important examples of enzymes possessing Fe-S domains are nitrate reductase or Fe-
dependent superoxide dismutase (FeSOD), the latter being involved in the detoxification of
oxygen radicals. Besides these Fe-binding proteins, diiron-carboxylate proteins represent
another group having a binuclear center (Kurtz Jr, 1997). Fe atoms in their center are at least
partially coordinated by carboxyl groups of aspartate or glutamate. Examples include the
ferritin protein which can store large amounts of Fe in nanocages, the stearol-acyl carrier
protein desaturase which mediates plant lipid desaturation or the ribonucleotide reductase
which reduces ribonucleotides. In addition to diiron-carboxylate-containing proteins, there are
proteins in which a single Fe atom is coordinated by either cysteines, histidines or the carboxyl
groups of aspartate and glutamate (Glusker, 1991). These are less characterized compared
to the other groups of Fe-binding proteins. Lipoxygenases, which catalyze dioxygenation of
fatty acids in lipids are examples for proteins containing one Fe atom (Brash, 1999).

Following O, Si, and Al, Fe is the fourth-most abundant element in the earth's crust, yet it
is mostly found in precipitated forms of insoluble Fe(lll)-hydroxides, -oxides, or -phosphates.
In general, the solubility of these complexes decreases as the pH increases. Accordingly, in
calcareous soils where the pH is high, Fe is often insoluble and not readily available to plants.
In this case, the Fe concentration in the soil solution cannot meet the Fe demand by the plant,
which provokes Fe deficiency. This low Fe solubility can be overcome by two main strategies
which were evolved in plants to improve Fe acquisition.
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2.2. Plant strategies to enhance Fe acquisition from soils

Fe-deficient plant roots show morphological and physiological differences to Fe-sufficient
ones. Under Fe deficiency, plant roots can undergo a series of morphological adaptations
including the swelling of root tips, an increase in the number of root hairs and the formation of
transfer cells. These responses are accompanied by physiological changes including an
increased ferric reductase activity at the root plasma membrane, an increased synthesis and
stability of the Fe?" uptake protein IRT1, an enhanced capacity for proton extrusion, and the
release of phenolic compounds or phytosiderophores (Abadia et al., 2011). Looking to Fe-
deficient roots at the molecular level, transcriptional profiling using the RNA sequencing
showed that in Arabidopsis approximately 10% of the total number of transcripts and according
to an iTRAQ approach 2% of the accumulated proteins are differentially regulated under Fe
deficiency (Lan et al., 2011; Rodriguez-Celma et al., 2013). A large part of these differences
account for the mechanisms which are induced in roots to increase Fe acquisition. Two distinct
strategies, called Strategy | and Il, have been described by which plants acquire precipitated
Fe (Figure 1) (Marschner and Rémheld, 1994).

2.2.1. Strategy |

Strategy | is confined to dicotyledonous and non-graminaceous monocotyledonous plant
species. The most important characteristic of strategy I-type Fe acquisition is the reduction of
Fe(ll) to Fe(ll) prior to root uptake. This strategy comprises of three main steps, which are all
induced under Fe deficiency: Fe(lll) mobilization, Fe(lll) reduction, and Fe?* uptake.

Fe(ll) is mostly mobilized by the secretion of protons (Santi and Schmidt, 2009), coumarins
and flavins (Fourcroy et al., 2014; Rodriguez-Celma et al., 2013; Schmid et al., 2014) into the
rhizosphere. Proton secretion leads to an acidification of the rhizosphere, mobilizing Fe(lll)
from hydroxides (Zinder et al., 1986). Proton secretion is of major importance, considering that
a decrease by one pH unit results in an approximately 1000-fold increase in Fe solubility (Santi
and Schmidt, 2009). This acidification takes place via proton-pumping ATPases (AHAS).
Accordingly, aha2 knock-out seedlings of Arabidopsis showed a diminished capacity for proton
secretion compared to the wild type under Fe deficiency, indicating that rhizosphere
acidification under Fe deficiency is AHA2-dependent (Santi and Schmidt, 2009). Acidification
of the rhizosphere is not efficient in mobilizing Fe(lll) in calcareous soils, mostly due to the
buffering capacity of bicarbonate. However, under this condition, some strategy | plants
solubilize Fe better than others, indicating that there are other mechanisms involved in Fe
mobilization. Recently, it has been shown that plants secrete flavins and phenolics, which are
both involved in the mobilization of Fe(lll) (Rodriguez-Celma et al., 2013; Schmid et al., 2014).
Among the phenolics that Arabidopsis secretes into the rhizosphere, a class of coumarins has
been shown to be essential for chlorosis-free growth on calcareous soils. These coumarins
include mostly scopoletin and to a lesser extent esculin and esculetin. Among those, based on
in vitro assays, only esculetin was shown to chelate and mobilize Fe(lll) (Schmid et al., 2014).
It is possible that esculetin is also generated from the demethylation of scopoletin after its
secretion. Scopoletin synthesis is greatly reduced in f6’hl mutants, which are defective in
enzymes involved in synthesis of coumarins via the phenylpropanoid pathway (Kai et al.,
2008). Coumarin synthesis and secretion increases greatly under Fe deficiency. As coumarins
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emit fluorescence under UV light, this enhanced secretion can be visualized on agar plates by
an increase in fluorescence in the rhizosphere of Fe-deficient plants (Schmid et al., 2014).
Loss-of-function mutants of a gene belonging to Plant Pleiotropic Resistance (PDR) family,
called PDR9 showed a different fluorescence pattern in the roots compared to the wild type.
While wild-type plants showed fluorescence in both, the roots and the rhizosphere,
fluorescence in pdr9 mutants was restricted only to the roots, indicating that PDR9 mediates
the release of coumarins to the rhizosphere (Fourcroy et al., 2014).

Fe(Ill) reduction is a prerequisite for Fe acquisition by strategy | plants because only Fe?*
is transported across the plasma membrane. Reduction mainly depends on the activity of the
ferric chelate reductase enzyme, encoded by FRO2 (Robinson et al., 1999). Furthermore,
analysis of FRO2 mutants showed that reduction is the rate-limiting step in Fe acquisition
(Connolly et al., 2003). Fe(lll) reduction is strongly dependent on rhizosphere acidification
because the ferric chelate reductase activity is pH-dependent (Schaaf, 2004). Finally, some
Fe(lll) may be reduced by phenolics, since some of the phenolics are known be strong
reducing agents and their secretion is upregulated under Fe deficiency (Mladénka et al., 2010).

The major importer for Fe?* is IRT1, which localizes to the plasma membrane of
rhizodermal and cortical root cells. It is strikingly upregulated under Fe deficiency (Vert et al.,
2002). Absence of the protein in loss-of-function mutants leads to Fe deficiency-induced
chlorosis, even under Fe-sufficient conditions. IRT1 transports not only Fe?* but also other
divalent heavy metals when expressed in yeast (Korshunova et al., 1999) or in planta,
explaining why Fe-deficient plants accumulate other heavy metals in roots and shoots.
Consistently, such an accumulation is not seen in the absence of a functional IRT1 protein
(Korshunova et al., 1999; Vert et al.,, 2002). Taken together, IRT1 is at the center of Fe
acquisition, but also responsible for excess accumulation of heavy metals due to the lack of
specificity for Fe.

2.2.2. Strategy |l

Graminaceous plants use Strategy Il for Fe acquisition (Figure 1). They secrete a class of
ligands, phytosiderophores (PS), which chelate Fe(lll) by means of their amine and carboxyl
groups, leading to the solubilization of rhizosphere Fe (Takagi et al., 1984; Weber et al., 2002).
PS are synthesized from L-methionine in a series of reactions which are catalyzed by enzymes
including S-adenosylmethionine synthetase, nicotianamine synthase, nicotianamine amino-
transferase and deoxymugineic acid synthase (Higuchi et al., 1999; Takahashi et al., 1999).
Not surprisingly, genes encoding for these enzymes and genes involved in methionine
recycling by the Yang cycle are rapidly induced under Fe deficiency and required for increased
PS synthesis (Kobayashi and Nishizawa, 2012; Ma et al., 1995). Nine different types of PS
have been identified in graminacous plants until now (Kobayashi and Nishizawa, 2012), which
form complexes with Fe(lll), Zn(ll), and Cu(ll) with different affinities. PS are secreted into the
rhizosphere through TOM1-type transporters (Murata et al., 2006). Release of PS and their
uptake as a metal complex are diurnally regulated, being highest soon after the onset of light
(Marschner and Romheld, 1994). Fe(lll)-PS chelates are then taken up without prior reduction
of Fe(lll) via YS1/YSL-type proton-coupled symporters in the plasma membrane of root cells
(Curie et al., 2001; Mori, 1999; Schaaf et al., 2004; von Wirén et al., 1995). Zn(ll)- or Cu(ll)-PS
complexes are also transported into root cells by this transporter family, but at lower affinity
and capacity (White and Broadley, 2009).
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Major key elements in Fe deficiency signaling in strategy Il plants are the cis-acting iron
deficiency—responsive element 1 (IDE1) and IDE2 (Kobayashi et al., 2003), as well as the
corresponding IDE-binding factor 1 (IDEF1) and IDEF2, which bind specifically to IDE1 and
IDE2, respectively (Kobayashi et al., 2007; Ogo et al., 2008). IDEF1 regulates most of the
known Fe deficiency-inducible genes under Fe sufficiency and upon early Fe deficiency
(Kobayashi et al., 2009), whereas IDEF2 regulates OsYSL2 and is responsible for a balanced
distribution of Fe between the root and shoot (Ogo et al., 2008).

Strategy | Strategy Il

Phenolics = PDR® )———> Phenolics

H* — HA —— W+

Fe(ll)-
G}o chelate
Chelate
Fe?t 1—@- Fe?+

Cell wall Cell wall

Insoluble
Fe(lll)

D) U
W —@- W

Fe(ll)-MAs Fe(lll)-MAs

Figure 1. Scheme of Fe acquisition strategies | and Il. In strategy |, Fe(lll) is solubilized by proton secretion by
HA and by secretion of phenolics via PDR9. Fe is reduced to Fe?* by FRO, before it is taken up into the cytosol
by IRT1. In strategy II, Fe(lll) is chelated by mugineic acids which are derived from a series of reactions: NA is
synthesized by NAS from SAM. NA then acts as a precursor for the synthesis of MAs after being modified by
NAAT and DMAS. Once Fe(lll) is chelated by MAs, it is transported into the cytosol by YS1/YSL-type proteins
without a need for a reduction. Abbreviations: DMAS, deoxymugineic acid synthase; FRO, ferric-chelate
reductase oxidase; HA, H*-ATPase; IRT, iron-regulated transporter; MAs, mugineic acid family
phytosiderophores; NA, nicotianamine; NAAT, nicotianamine aminotransferase; NAS, nicotianamine synthase;
PEZ, Phenolics efflux zero; SAM, S-adenosyl-I-methionine; TOML1, transporter of mugineic acid family
phytosiderophores 1; YS1/YSL, Yellow stripe 1/Yellow stripe 1-like. The model was taken from Kobayashi and
Nishizawa (2012) and slightly modified.

2.2.3. Fe deficiency and heavy metal toxicity

Plants have to tightly control their Fe uptake. While a lack of Fe causes severe impairments
in growth, excess of free Fe results in oxidative stress through the production of reactive
oxygen species (ROS) by the Fenton reaction. Furthermore, another risk arises as potentially
toxic heavy metals are taken up into the cells in excess under Fe deficiency. As a result, plants
need a concerted action of proteins controlling i) Fe acquisition and ii) the detoxification of Fe-
accompanying heavy metals (this term is now introduced for those heavy metals whose entry
is due to the non-specific nature of the major Fe uptake machinery).

i) Control of Fe acquisition

IRT1 is the best-characterized component of Fe acquisition. The IRT1 protein accumulates
in the plasma membrane under Fe deficiency and is rapidly degraded upon Fe resupply, which
indicates its tight regulation by Fe.

Transcriptional regulation of IRT1 under Fe deficiency is mediated by FIT, the key regulator
of Fe deficiency responses (Bauer et al., 2007; Jakoby et al., 2004; Ling et al., 2002).
Overexpression of FIT does neither lead to the induction of IRT1 nor of other downstream
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genes under Fe sufficiency, unless it is coexpressed constitutively with bHLH38 or bHLH39
(Yuan et al., 2008), showing that FIT action is dependent on the interaction with these
transcription factors (Yuan et al., 2008). At the protein level, FIT interacts also with EIN3 and
EIL1, which are central components of ethylene signaling (Lingam et al., 2011). This interaction
is proposed to increase the stability of the FIT protein, since the ein3 eill double knock-out line
leads to a decrease in FIT protein accumulation following a suppression of the Fe deficiency
response, which is probably due to an increase in the rate of 26S proteosome-dependent
degradation of FIT (Sivitz et al., 2011). FIT itself is upregulated under Fe deficiency, indicating
that there should be transcription factors upstream of it, but these have not yet been
discovered. Possible upstream elements should also include proteins with an Fe-sensing
function. Such Fe-sensing proteins have recently been identified in rice, namely OsHRZ1 and
OsHRZ2. Rice plants in which both genes are knocked out show a higher accumulation of Fe
in the shoots, suggesting that those proteins downregulate Fe acquisition under Fe sufficiency
(Kobayashi et al., 2012, 2013). An ortholog of these proteins, BTS, which is found in
Arabidopsis, has been shown to possess hemerythrin with Fe in the center and to interact with
another protein, PYE, to regulate Fe deficiency responses (Kobayashi et al., 2012, 2013; Long
et al., 2010). However, if these genes act upstream of FIT is not clear. In summary, IRT1 is
transcriptionally controlled by FIT, which, in turn, is transcriptionally and posttranscriptionally
controlled by other upstream regulators, indicating the complexity of transcriptional control of
IRT1.

It has been reported that the IRT1 protein does not accumulate when IRT1 is ectopically
expressed under Fe sufficiency (Connolly et al., 2002). Later, another group has reported that
IRT1 is not subjected to Fe-dependent degradation but overaccumulates under Fe sufficiency
(Barberon et al., 2011). They suggested the finding of Connoly et al. was due to the ectopic
expression of an unstable truncated version of IRT1. Posttranslational control over IRT1 has
been reported to have an impact on the subcellular localization of IRT1. According to the
proposed model (Barberon et al., 2011), IRT1 accumulates in the trans-Golgi network and in
early endosomes of rhizodermal and cortical cells and cycles to the plasma membrane to
mediate Fe uptake. After releasing Fe to the cytoplasm, it is targeted to the vacuole for
degradation. This cycling depends on monoubiquitination of several cytosol-exposed residues
(Barberon et al., 2011). Ubiquitination of IRT1 for degradation is mediated by a RING E3
ubiquitin ligase, IDF1, which has been shown by reduced accumulation of the IRT1 protein
when IRT1 was coexpressed with IDF1 in yeast or Xenopus laevis oocytes (Shin et al., 2013).
However, although ubiquitin-mediated degradation of IRT1 slows down in the loss-of-function
mutant of IDF1, it still exists, indicating that other ubiquitin ligase proteins are also involved in
this process. Degradation of the IRT1 protein further related to correct trafficking and stability
of IRT1 in the plasma membrane which requires SNX1 (lvanov et al., 2014), based on the
analysis of snx1 loss-of-function mutants which showed enhanced IRT1 protein degradation
and reduced Fe uptake efficiency.

Transcriptional and posttranslational multi-level control of IRT1 is an example of how
complex an Fe acquisition protein may be regulated. Therefore, it may be assumed that similar
control mechanisms are likely to exist also for other proteins involved in Fe acquisition.
Accordingly, overexpression of FRO2 in Arabidopsis does not lead to an increase in ferric
reductase activity under Fe sufficiency, indicating the interference of posttranscriptional
regulation (Connolly et al., 2003). Taken together, there is a very strict regulation of the
components of Fe acquisition and further investigations in this direction are needed in order to
generate a complete picture.

ii) Detoxification of Fe-accompanying heavy metals under Fe deficiency
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Due to the lack of specificity of IRT1 for Fe, other heavy metals like Zn, Ni, Co and Mn,
may accumulate to high levels in the roots and shoots of Fe-deficient plants (Connolly et al.,
2002; Korshunova et al., 1999; Vert et al., 2002). Under Fe deficiency there is a continuous
import of those metals into the cytoplasm where they can cause toxicity unless being chelated
or removed from the cytosol. Zn, Ni and Co are sequestered to the vacuole in epidermal and
cortical cells of roots by tonoplast transporters which are upregulated under Fe deficiency
(Figure 2) (Arrivault et al., 2006; Schaaf et al., 2006). If Zn, Co and Ni are not sequestered into
root vacuoles, as it is in the case of the corresponding loss-of-function mutants, they do not
accumulate predominantly in the root anymore, but are instead translocated to the shoot. This
increases the sensitivity of Fe-deficient plants to these heavy metals.

Mn2+ Cd2+
FRO2 3
CO2+ CO2+ h Fe™
i Fe2t d Fe2+
Ni2* 2+ S e
Ne g
IRT1 2+
anJr < 3 Co Zn2+

< N i2+
Cd2+
2+
root Mn
tonoplast epidermal cell rhizosphere

Figure 2. Uptake and sequestration of Fe-accompanying heavy metals in root epidermal cells of
Arabidopsis. IRT1 takes up not only Fe but also Co, Ni, Mn, Zn and Cd. Under Fe deficiency IRT1 is upregulated
causing an excess influx of Fe-accompanying heavy metals. Ni and Co are sequestered to the vacuole by IREG2,
while Zn is transported by MTP3. Genes encoding both proteins are upregulated under Fe deficiency. Modified
model according to Thomine and Vert (2013).

2.2.4. Mn-induced Fe deficiency

Fe acquisition by plants is affected by the external availability of Mn. There are numerous
examples where an increase of Mn availability coincided with Fe deficiency in plants, both
under field (Gile, 1916; Johnson, 1917; Kelley, 1909) or laboratory (Rippel, 1923; Tottingham
and Beck, 1916) conditions. For example, plants growing on a Hawaiian island soil suffered
from Fe deficiency due to excess Mn (Johnson, 1917). Pineapple trees grown in this soil
showed Fe deficiency-dependent chlorosis, although the soluble Fe concentration in the soll
was high. Accordingly, Fe deficiency symptoms were more severe where the Mn concentration
of the soil was higher (Johnson, 1917). As another example, soybeans which were grown
hydroponically contained less soluble Fe as the concentration of Mn in the medium increased
(Somers and Shive, 1942). However, some of these reports claim that plant Fe concentration
may not be reduced upon increasing Mn, although plants began to show Fe-deficiency
symptoms, which were even alleviated by foliar Fe application, indicating that a disturbed
Fe/Mn balance can cause Fe deficiency in plants (Lindner and Harley, 1944). However, the
processes and mechanisms causing this disturbed Fe/Mn balance and the Fe-deficiency
symptoms are still unclear. Several researchers have suggested an antagonism between Fe
and Mn based on their redox activity (Alvarez-Tinaut et al., 1980; Hopkins, 1930a, 1930b;
Shive, 1941). For example, Somers and Shive (1942) argued that reduction of ferric to ferrous
Fe is impaired in the presence of oxidized Mn, because ferrous Fe can be precipitated by the
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oxidizing potential of Mn(lV), leading to precipitation of Fe. Others suggested that Mn competes
for chelators involved in Fe mobilization (Hewitt, 1948; Klimovitskaya et al., 1969; Schmid and
Gerloff, 1961; Sideris and Young, 1949; Twyman, 1951). Lastly it has been suggested that,
due to the very similar atomic radius and charge of Fe and Mn, many proteins involved in the
homeostasis of both metals can be shared (Hewitt, 1948) such as IRT1, which may lead to a
competition between these metals at the plasma membrane of root epidermal cells.

Mn availability in Fe-deficient soils is not only determined by the absolute amount of
Mn being present, but also by soil conditions. Just like Fe, the speciation of Mn determines its
availability to the plant. Soluble ionic forms of Fe and Mn become prevalent if the pH and redox
potential of the soil decrease. Dominant forms of Fe or Mn in dependence of the pH and redox
status of the soil are shown in Figure 3. Both metals behave similarly (Figure 3A,B): they tend
to precipiate as oxides and hydroxides when pH or redox potential increase. However, with
increasing pH or redox potential, Fe precipitates much earlier than Mn (Figure 3C).

Soluble Fe [ Insoluble Fe Soluble Mn [l nsoluble Mn

Figure 3. Forms and mobility of Fe and Mn complexes in relation to the redox conditions and the pH of
the soil. The diagrams show the stability fields of the forms of Fe and Mn as a function of Eh and pH for each
element (A, B) and for both elements combined (C). The graphs show that for Fe, the precipitation zone (red) is
much larger than the solubility zone (blue), whereas for Mn (brown) it is the opposite. Picture taken from
http://edafologia.ugr.es/hidro/conceptw.htm and modified.

2.3. Fetranslocation from roots to shoots

After it is taken up, Fe must be translocated to the shoot and distributed to the individual
shoot organs. During its pathway from the soil to the shoot Fe translocation requires the
following steps: radial transport from the root epidermis to the xylem, xylem loading, axial
translocation, uptake by shoot cells, and for retranslocation: phloem loading, transfer, and
unloading and symplastic movement to the sink (Kim and Guerinot, 2007). Throughout its
translocation, Fe must be kept soluble and restricted from producing free radicals. This is
achieved via chelation (von Wirén et al., 1999). Fe is chelated by citrate, which can bind Fe®',
and NA which can bind both Fe?* and Fe®*. The binding of Fe to these chelators is strictly pH
dependent. Citrate binds Fe(lll) in the xylem sap which has a pH between 5.5 to 6. In roots,
citrate is exported into the xylem by the FRD3 protein. In frd3 loss-of-function mutants, shoots
are Fe deficient while Fe accumulates in roots around the xylem vessels, indicating the
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importance of citrate for xylem transport of Fe (Durrett et al., 2007; Roschzttardtz et al., 2011).
NA preferentially binds Fe in the phloem sap, considering the mutual existence of NA and Fe("
in the phloem sap and the higher affinity of NA to Fe" at the more alkaline pH found in the
phloem sap (von Wirén et al.,, 1999). Further evidence supporting that NA chelates and
mobilizes Fe came from studies conducted with the tomato mutant chloronerva, which has a
mutation in the NA synthetase gene and suffers from Fe deficiency-induced chlorosis. In
chloronerva, the Fe deficiency machinery is continuously upregulated in roots, although Fe
accumulates at high levels in shoots and roots. External application of NA rescues the
phenotype (Stephan and Scholz, 1993), indicating the importance of Fe binding to NA for long-
distance translocation of Fe. NA-bound Fe is most likely transported by YSL proteins, which
have been shown to complement Fe uptake in an Fe uptake-defective yeast mutant if Fe(ll) is
co-supplied with NA (DiDonato et al., 2004; Waters et al., 2006). Since YSL genes are strongly
expressed in vascular tissues, pollen grains, and seeds, Fe may be translocated to these
organs in the form of Fe-NA complexes (Curie et al., 2009).

2.4. Post-phloem transport and storage of Fe, Mn and Zn in seeds

A successful establishment of the seedling in the soil is directly related to the nutrients that
are contained in the seed. Seeds represent the major part of the human diet, as edible parts
of most of the staple food crops are seeds. Considering micronutrient deficiencies as one of
the biggest problems in human nutrition (Ramakrishnan, 2002), increasing micronutrient
contents of seeds is an important aim in agricultural food production, as on the long run, it is a
more sustainable and economic way to deliver essential nutrients in adequate amounts to the
people with what they eat rather than providing micronutrient supplements.

Attempts to manipulate seed nutrient contents by exogenous applications or by selecting
mutants that accumulate more nutrients often resulted in increased nutrient concentrations in
the vegetative organs of the plants but not in the seeds. For example, a pea mutant
accumulating 36-times more Fe in the leaves had similar Fe levels as wild-type seeds (Grusak,
1994). Therefore, specific bottlenecks exist in the loading of seeds with micronutrients, and the
knowledge on molecular players involved in seed loading with nutrients is very scarce. The
model plant Arabidopsis has become the major focus of seed micronutrient research with
emerging imaging techniques like synchrotron X-ray fluorescence that allow the local mapping
of metals in plant organs (Punshon et al., 2013; Wu and Becker, 2012).

2.4.1. Post-phloem transport of Fe to the seed coat

A single vascular bundle connects the silique to the seeds. This bundle ends in the
integumental region of the seed below the chalazal endosperm. In this region, minerals are
symplastically unloaded from the phloem and loaded into the seed coat cells. Minerals can
diffuse through the seed coat, which is a maternal tissue and symplastically isolated from the
filial tissues, i.e. the endosperm and embryo. Therefore, transfer of minerals from the seed
coat to the endosperm and from the endosperm to the embryo requires crossing the apoplast
at least once. According to microarray analysis genes from the HMA, ZIP, MTP, NRAMP, NAS,
and YSL families are active in barley grain transfer cells of the maternal vascular bundle,
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aleurone, endosperm, and embryo (Tauris et al., 2009); therefore candidate genes having
roles in facilitating the transport of metals into seeds of Arabidopsis may belong to these
families. YSLs in particular seem to play a very important role in loading NA-metal complexes
into the seeds, based on the high expression of the corresponding genes during seed
development. Consistently, a loss-of-function mutant of YSL1 showed less Fe and NA in the
seeds (Jean et al., 2005). Furthermore, ysl1 ysI3 seeds accumulated less Fe, Zn, and Cu.
YSLs may transport Mn-NA complexes in Arabidopsis as well, based on a report of a rice YSL
protein that transports Mn-NA in Xenopus laevis oocytes (Koike et al., 2004).
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Figure 4. Developmental stages of an Arabidopsis embryo. At the globular stage, cotyledons have not been
developed yet and the embryo is spherical, carrying at its end a structure called the suspensor. The suspensor
connects the embryo to the seed coat and the endosperm. There is a large central vacuole between the chalazal
endosperm and embryo. At hearth stage, embryonal cotyledons begin to appear. The suspensor reaches its
maximal size and nourishes the embryo. The endosperm starts cellularization. At the linear cotyledon stage, the
embryo continuous to grow. Now, the embryo is green and photosynthetically active. The symplastic connection
between the embryo and the seed coat through suspensor is getting lost. The endosperm is cellularized except
the chalazal endosperm and rapidly increases and occupies most of the seed volume. In mature green stage the
embryo divides very fast and occupies most of the volume. Cotyledons are bent and store nutrients. Nutrients in
the endosperm are depleted by the developing embryo (Berger, 1999, 2003; Olsen, 2004; Otegui et al., 2002a;

Yeung and Meinke, 1993). Picture is taken from www.seedgenenetwork.org.

2.4.2. Route of metal transport from the seed coat to the embryo

Minerals can be loaded from the seed coat into the embryo directly through the suspensor
or the endosperm. The suspensor is symplastically connected to the embryo proper and able
to transport nutrients to the embryo (Yeung and Meinke, 1993) (Figure 4). However, this
connection gets lost as the embryo matures; therefore, minerals can only be loaded through
the suspensor to the embryo during early embryo development (Stadler et al., 2005).
Alternatively, metals can be first loaded to the endosperm and afterwards from the endosperm
to the embryo, which are symplastically not connected (Patrick and Offler, 2001). Metals are
transported through the chalazal endosperm which has a central role in nutrient loading to the
embryo, based on its structure and on high concentrations of nutrients found in its vacuoles
(Otegui et al., 2002). Metals can be transported from the chalaza to chalazal vacuoles, which
in the early seed development are connected directly to the central vacuole between embryo
and chalaza (white space in the seed in globular and heart stages in Figure 4). Therefore, in
the early seed, the central vacuole may represent a quick route for metals to be transferred
from the chalazal to the micropylar domain, where the embryo is located (Otegui et al., 2002).

The routes and time point by which nutrients reach the embryo can be different for different
metals. Zn and Mn but not Fe have been shown to transiently accumulate in the chalazal
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endosperm as complexes of phytate before entering to the embryo in the early seed (Otegui
et al., 2002). The accumulation of Zn and Mn has a specific pattern, as they accumulate in
different organelles and are released asynchronously. Mn accumulates in large amounts in the
form of crystals in the endoplasmic reticulum of the chalazal and micropylar endosperms and
not released from there before the linear cotyledon stage (Otegui et al., 2002). Contrary to Mn,
Zn accumulates in the form of crystals in vacuolar structures of the chalazal endosperm, and
these Zn crystals disappear earlier than the Mn crystals. Disappearance of Mn and Zn crystals
coincides with the increase of their concentrations in the embryo (Otegui et al., 2002). Zn and
Fe entry into the embryo have been reported to be delayed in vitl-1 mutants (Punshon et al.,
2013), although VIT1 is supposed not to transport Zn (Kim et al., 2006). How VIT1 contributes
to the Fe and Zn loading of the embryo is not yet known. The differential uptake of metals by
the embryo suggests the existence of specific transport systems for the individual metals.

In order to identify the molecular players and bottlenecks for metal seed loading,
information on the speciation of metals in seeds is essential. However, the current knowledge
on metal speciation in different seed tissues is mostly limited to Fe. Grillet et al. used pea in
order to search for chelators and forms of Fe in the embryo sac liquid, which are supplied to
the developing embryo (Grillet et al., 2014). Almost all of the Fe in the embryo sac liquid was
found in the form of Fe(lll) complexed to citrate and malate, as represented by the major
complexes Fe(ll)sCitsMal., Fe(ll1)sCitsMal, and to a minor extent Fe(ll)Cit,. The citrate found
in embryo sac liquid may have been released by FRD3, which is expressed in the aleurone
and the protodermis of the embryo during seed maturation in Arabidopsis (Durrett et al., 2007,
Roschzttardtz et al., 2011). Although the embryo sac liquid is dominated by Fe(lll), a reduction
step is necessary before the embryo can take up Fe. Surprisingly, ascorbate appears to be
essential for Fe uptake by the embryo (Grillet et al., 2014). Ascorbate which is secreted from
pea embryos has been found to reduce ferric Fe, and ascorbate synthesis-deficient mutants
of Arabidopsis embryos contained less Fe and a lower Fe(lll) reduction capacity compared to
the wild type. The identity of transporters involved in Fe uptake from the embryo sac liquid is
not yet known. However, OPT3 may be a promising candidate for this, because it has been
recently shown that it localizes to the plasma membrane and transports Fe in Xenopus oocytes
(Zhai et al., 2014), and the promoter of the corresponding gene is active during seed
development (Stacey et al., 2008).

2.4.3. Use and storage of metals in the embryo

The embryo needs metals i) to meet the need of its metabolism during development, and
ii) for long-term storage in order to use these metals during the first few days of germination.
After fertilization, embryonic cells divide very fast and the embryo requires 14 days to reach
the mature stage, indicating a high demand for metals as they are cofactors in proteins involved
in multiple metabolic reactions. Particularly, developing embryos are photosynthetic, indicating
that Fe and Mn must be needed in large amounts to synthesize proteins involved in water
splitting or in the electron transport chain. Recently, developing embryos have been analyzed
by confocal microscopy to detect chlorophyll fluorescence (Tejos et al., 2010). Torpedo stage
embryos showed a line of intense fluorescence just under the shoot apex, similar to the
Prussian blue-stained Fe as shown by Roschzttardtz et al (2009). This indicates that a
considerable part of the stainable Fe in the embryo can be associated with chloroplasts just
under the shoot apex in this stage. From the torpedo stage onwards, stainable Fe is almost
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exclusively found in endodermal vacuoles, which provide the main storage compartment until
Fe is remobilized for germination.

i) Role of the vacuole in building metal storage reserves in seeds

Mature Arabidopsis embryo cells do not possess a central vacuole; instead, the only type
of vacuole existing in embryo tissues are protein storage vacuoles (PSVs) (Hunter et al., 2007;
Otegui et al., 2002). Either Arabidopsis generate PSVs from existing lytic vacuoles or de-novo
during embryo maturation. However, how PSVs develop from lytic vacuoles at the onset of
germination in order to mobilize nutrients is not clear (Frigerio, 2008; Frigerio et al., 2008).
Recently, it has been proposed that PSVs of dry and germinating Arabidopsis seeds possess
distinct lytic vacuolar compartments, indicating that storage and lytic compartments can be
found together (Bolte et al., 2011). PSVs contain globoid crystals made of phytate which are
the major storage form for phosphorus as well as metals (Raboy, 2003). Consistently, PSVs
in Arabidopsis seeds have been reported to contain Mn, Ca, Zn (Donner et al., 2012), and Fe
(Lanquar et al., 2005; Roschzttardtz et al., 2009).

The accumulation patterns of the transition metals Fe, Mn and Zn in the embryo are
remarkably different from each other (Kim et al., 2006). Based on X-ray synchrotron analysis
and Fe staining by Perls/DAB, Fe is localized in the endodermal cells surrounding the vascular
tissue (Donner et al., 2012; Roschzttardtz et al., 2009), whereas Mn is in the subepidermis of
the abaxial side of the cotyledons, and Zn is more or less homogeneously distributed
throughout the embryo. Based on quantitative measurements conducted by uPIXE, Ramos et
al. (2013) reported that at least half of the Fe in the Arabidopsis seed is found outside of the
cells surrounding the endodermal veins (Ramos et al., 2013).

The tissue-specific expression of tonoplast transporters appears to determine the final
localization of metals in the embryo. VIT1 is a Fe/Mn influxer expressed in the prevascular
tissue of Arabidopsis embryos and is responsible for the Fe localization around the vascular
strands (Kim et al., 2006). As Fe was mislocalized in vitl seedlings and seedlings became
chlorotic when grown on a calcareous soil, the Fe localization in the endodermis of vascular
bundles has been proposed as being highly critical (Kim et al., 2006) Furthermore, in vitl-1 Fe
colocalizes with Mn in the subepidermal cell layer of the abaxial side of the cotyledons and the
hypocotyl. Unlike Fe and Mn, Zn is distributed quite evenly throughout the seed.

i) Roles of chloroplasts and mitochondria in metal storage

In legume seeds, most of the Fe is stored in the plastids in the form of ferritin during seed
development and consumed during the first few days of germination (Lobreaux and Briat,
1991). In contrast, in Arabidopsis seeds ferritin-bound Fe accounts for only about 5% of the
total Fe and the physiological function of ferritin is more associated with Fe detoxification rather
than building Fe storage reserves. The Arabidopsis genome encodes 4 isoforms of ferritin but
among them only FERZ2 is found in the seeds (Ravet et al., 2009)

As mentioned before, large amounts of Fe and Mn are found in chloroplasts and
mitochondria during seed development. These metals are no longer needed in large amounts
when respiration and photosynthesis decrease during desiccation. Consequently, metals are
released from these organelles in order to be stored in PSVs. The release of Fe, and most
likely also of Mn, from the chloroplast is mediated by YSL4 and YSL6, which are highly active
at later stages of the maturing embryo (Divol et al., 2013).
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2.5. The Cation Diffusion Facilitator (CDF) family

Transport of metals in the plant across organellar and plasma membranes is essential and
needs to be tightly controlled by transporters because nutritive and toxic metals should be
separated and carried to their final destinations. While toxic metals can be detrimental even in
small concentrations, nutritive metals which are used for the biosynthesis of proteins can cause
toxicity at elevated concentrations or when improperly partitioned inside the cell. Metals are
transported by metal-transporting proteins which are encoded by genes of different families
including heavy metal ATPases (HMAS), natural resistance-associated macrophage proteins
(NRAMPSs), cation diffusion facilitators (CDFs), the ZRT-, IRT-like proteins (ZIPs), Cation/H*
antiporters (CAXs), proteins from the iron-regulated gene (IREG) family, multi drug and toxic
compound extrusion (MATE) family or others. These transporters differ in their expression
patterns, membrane localization, metal specificity and transport mechanisms and have been
proposed to take over diverse functions in plants (Clemens, 2006; Hall and Williams, 2003).

Cation diffusion facilitator family (CDF) proteins have been identified in all three kingdoms:
archaea, eubacteria and eukaryotes. They transport divalent cations, contain 6 putative
transmembrane domains and an N-terminal amino acid sequence with the CDF signature
(Nies and Silver, 1995; Paulsen and Saier Jr, 1997). The three-dimensional protein structure
of an E. coli CDF protein, together with other pieces of evidence, support that CDFs act as
homodimers (Blaudez et al., 2003; Gustin et al., 2011; Lu and Fu, 2007; Wei and Fu, 2006).
CDF proteins generally function as exporters of cations out of the cytosol for sequestration into
intracellular compartments or for transport out of the cell. Plant CDFs are involved in heavy
metal tolerance, and plant CDF members have thus been named metal tolerance proteins
(MTPs) (Méaser et al., 2001; van der Zaal et al., 1999). In a phylogenetic analysis, 273 CDF
sequences from all kingdoms of life have been analyzed for sequence similarities (Montanini
et al., 2007). Those that had already been characterized for their transport activities have been
grouped together with those that have similar sequences. This approach resulted in the
separation of three subfamilies of CDFs: Zn-CDFs, Fe/Zn-CDFs, and Mn-CDFs and was
suggested to be helpful for predicting metal specificity of yet uncharacterized plant MTPs
(Figure 5)(Migeon et al., 2010; Montanini et al., 2007). According to this classification, Zn-
CDFs transport specifically Zn and maybe Co, Cd and Ni with a lower affinity. Fe/Zn-CDFs are
expected to transport Fe, Zn, Co, Cd and Ni. Mn-CDFs appear to be specific for Mn, based on
the fact that heterologous expression of Mn-CDFs only rescued Mn-sensitive yeast mutants
under high Mn supply but not other metal-hypersensitive strains under high concentrations of
the corresponding metals (Migeon et al., 2010; Montanini et al., 2007).

Of the 12 Arabidopsis MTPs (Ricachenevsky et al., 2013), only MTP1, MTP3 and MTP11
have been characterized so far. MTP1 localizes to the tonoplast, complements Zn
hypersensitivity in yeast and increases plant tolerance to excess Zn (Bloss et al., 2002; Kobae
et al., 2004). Another member, which shares the same phylogenetic group with MTP1 is MTP3
(Arrivault et al., 2006; Haydon and Cobbett, 2007). MTP3 is very similar to MTP1, but differs
in tissue localization and in the regulation by metals. MTP1 is expressed ubiquitously and
constitutively, whereas MTP3 is confined to the root and upregulated under Fe deficiency and
excess Zn. More recently, MTP11 has been characterized in Arabidopsis. It also complements
Mn-hypersensitive yeast when heterologously expressed, contributes to Mn tolerance in the
plant, and localizes to the prevacuolar compartment and the trans-Golgi network. It has been
suggested that MTP11 is involved in vacuolar sequestration or exocytosis of excess Mn from
the cytoplasm as a way to deal with Mn toxicity (Delhaize et al., 2007; Peiter et al., 2007). A
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close relative to Arabidopsis MTPS, is the vacuolar Mn transporter ShMTP8 which is thought
to contribute to the high Mn tolerance of Stylosanthes hamata. Recently, other orthologs of
Arabidopsis MTP8 have been characterized in cucumber (CsMTP8) and rice (OsMTP8.1) with
a similar function to ShMTP8, as these proteins increase Mn tolerance of the plants under
excess Mn supplies (Chen et al., 2013; Migocka et al., 2014).
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Figure 5. Phylogenetic groups of characterized MTPs from Arabidopsis and other plants. The tree is
constructed using all sequences of functionally characterized members, plus all MTP proteins from A. thaliana,
and each subgroup was named after its first A. thaliana member. Founding members of each group are
highlighted. Colors of branches are in blue for Zn-CDF group proteins; pink for Fe/Zn-CDF proteins; and purple
for Mn-CDF proteins. Figure from Ricachenevsky et al. (2013)

2.6. Aims of the thesis

Several transcription factors including PYE, FIT, bHLH38/39 and bHLH101 have been
shown to be involved in the adaptation to Fe deficiency by regulating the expression of
downstream genes required for enhanced Fe acquisition or improved Fe utilization. However,
many of these downstream target genes have not yet been characterized for their physiological
function. In order to identify the physiological role of these genes and proteins in the Fe
deficiency response, T-DNA insertion lines of genes that are targets of the transcription factors
PYE and FIT were phenotypically screened under low Fe availability in order to select lines
suffering from Fe deficiency-induced chlorosis. As commonly used media to grow Fe-deficient



2.General introduction 19

plants were not considered as suitable for such a forward-genetics screening approach, a new
medium composition had to be developed. The first chapter of the results part of this thesis
therefore describes the approach how the medium was designed and the screening was
performed.

The screening procedure revealed the Mn-CDF protein MTP8 to be essential for chlorosis-
free growth under Fe deficiency. The second part of the Results set out to characterize the
function and physiological importance of MTP8 in the Fe deficiency response.

Independent from its role under Fe deficiency, MTP8 was also found to be highly expressed
during embryo development. Therefore, the third chapter in the Results part describes the
localization of Mn and Fe in wild type and mtp8 mutant seeds. Since a previous study showed
the involvement of VIT1 in Fe localization in Arabidopsis embryos, a mtp8 vitl double insertion
line was generated and employed for further analyses.
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3. Materials and Methods

3.1. Plantlines, plasmids, and transformation

All Arabidopsis thaliana genotypes used in this study were derived from the Columbia-0
ecotype. More than 120 Arabidopsis insertional mutant lines (Figure 5 in Results section) were
obtained from the SALK collection (Alonso et al.,, 2003) and used in a screen for
hypersensitivity to low Fe. All of those lines carried a T-DNA insertion in a gene up-regulated
under Fe deficiency. Insertions in mtp8 mutant lines were confirmed by PCR and sequencing
of left borders (Ulker et al., 2008) (Figure 6). To construct the pART7-AtMTPS8 plasmid, an
AtMTP8 cDNA was amplified from Col 0 cDNA using Xma I-containing primers and cloned into
the pART7 vector (Gleave, 1992) downstream of a CaMV35S promoter (Bastian Meier,
unpublished). To construct the pART7-AtMTP8-EYFP plasmid, the AtMTP8 cDNA without stop
codon was amplified from Col O cDNA using Xma I-containing primers and cloned into the
pPART7-EYFP vector (Peiter et al., 2007) in frame with EYFP (Bastian Meier, unpublished). For
stable transformation of Arabidopsis, an expression cassette (including CaMV35S promoter
and ocs terminator) was Not I-excised from pART7-derived constructs and inserted into the
binary plant transformation vector pBART (Gleave, 1992). To construct the pBI101-PrAtMTP8-
GUS plasmid, the promoter and 5’-untranslated region (-2046 to -1bp) of the AtMTP8 gene
was amplified from Col-0 genomic DNA using Xma I-containing primers and cloned into the
pBI101 vector upstream of the uidA gene (Jefferson et al., 1986) (Bastian Meier, unpublished).

Stable transformation of Arabidopsis was carried out by the floral dip method with
Agrobacterium tumefaciens GV3101 (Clough and Bent, 1998). pBART and pBI101-PrMTP8-
GUS transformants were selected by spraying with BASTA or by germination on kanamycin-
containing plates, respectively. Transient transformation of Arabidopsis mesophyll protoplasts
was performed as described previously (Peiter et al., 2005a).

vitl-1 (SALK 020596C) and two promoterVIT1:GUS lines (Kim et al., 2006) were
obtained from Mary-Lou Guerinot (Dartmouth College, Hanover, USA. The vitl-2
(SALK _123591C) T-DNA insertion line was identified from the SALK collection. vitl-2 showed
mislocalization of Fe in the embryos when stained by Perls/DAB. A mtp8-1 vitl-2 line was
generated and its homozygosity was confirmed by PCR based segregation analysis.
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Name |Purpose Sequence

MTP8_494 F T-DNA screen mtp08-1 forward  ACGCGCTGATGTGAGCATT

MTP8_494_R T-DNA screen mtp08-1 reverse ~ CCCAATTTGAGATTTGCATGG

MTP8_226_F T-DNA screen mtp08-2 forward  CGCAACCGCTATTAAACTCGT

MTP8_226_R T-DNA screen mtp08-2 reverse GATTCACCAATCGCATGAGC

SALK_LBal T-DNA screen TGGTTCACGTAGTGGGCCATCG

SALK_RBb T-DNA screen CAGTCATAGCCGAATAGCCTCTCC

MTP8_F-Notl cloning in pFL61 forw ard AAAAAAGCGGCCGCATGGAAGTCAATTATTGTCCGGA
MTP8_R-Notl cloning in pFL61 reverse AAAAAAGCGGCCGCTCATAAATCGTTGGGGATTGTAGA
MTP8_F-Xmal cloning in pART7-EYFP forw ard AAAAAACCCGGGATGGAAGTCAATTATTGTCCGGA

MTP8_R-Xmal (nostop) cloning in pART7-EYFP (gene N- AAAAAACCCGGGTGCTAAATCGTTGGGGATTGTAGA
terminal of EYFP) rev

cloning in pART7-EYFP (gene C- AAAAAACCCGGGTCATAAATCGTTGGGGATTGTAGA
terminal of EYFP) rev
cloning in pBI101 forw ard

MTP8_R-Xmal

MTP8_gDNA_F-Xmal
MTP8_gDNA_R-Xmal  cloning in pBI101 reverse
MTP8_rt_F gRT-PCR forw ard
MTP8_rt_R gRT-PCRreverse

AAAAAACCCGGGGCATTCCTCCTGTAAACGGAAGC
AAAAAACCCGGGTTCTGGAAAATTATTAAACAAATCATCG
TTGTCGAGGTGGATATAGAACTGCC
GGAATGTTCAGGCTTGTGATGACA

At4g05320_rt_F
At4g05320_rt_R
At3g18780_rt_F
At3g18780_rt_R
At5g60390_rt_F
At5g60390_rt_R

gRT-PCR forw ard
gRT-PCRreverse
gRT-PCR forw ard
gRT-PCRreverse
gRT-PCR forw ard
gRT-PCRreverse

CACACTCCACTTGGTCTTGCGT
TGGTCTTTCCGGTGAGAGTCTTCA
TCCCTCAGCACATTCCAGCAGAT
AACGATTCCTGGACCTGCCTCATC
TGAGCACGCTCTTCTTGCTTTCA
GGTGGTGGCATCCATCTTGTTACA

bhlh38_F gRT-PCR forw ard AATCAATACGAAAGCTATTACGGT
bhih38_R gRT-PCRreverse TAAGCTCTTTGAAACCGTTTC
bhih101_F gRT-PCR forw ard CTTTCTGATCAAAAGAGGAAGCTGAG
bhih101 _R gRT-PCRreverse GAAACAGATGTCCATTTCGACGT
PYE F gRT-PCR forw ard CAGGACTTCCCATTTTCCAA

PYE R gRT-PCRreverse CTTGTGTCTGGGGATCAGGT
BTS_F gRT-PCR forw ard GCTCTGGCACAAGTCAATCA
BTS_R gRT-PCRreverse CGTTCATCAAATGCCGATAA
at3g12900_F gRT-PCR forw ard GCGGAGCATAGGGTTCGAA
at3g12900_R gRT-PCRreverse GGGATTTGGTGCCGTGAA
MYB72_F4 gRT-PCR forw ard TCATGATCTGCTTTTGTGCTTTG
MYB72_R4 gRT-PCRreverse ACGAGATCAAAAACGTGTGGAAC
IRT1_F gRT-PCR forw ard CGGTTGGACTTCTAAATGC

IRT1_R gRT-PCRreverse CGATAATCGACATTCCACCG

FIT_F gRT-PCR forw ard GGAGAAGGTGTTGCTCCATCTC
FIT_R gRT-PCRreverse GTCTCGAATTTGAACGGATTGG
AtNAS4_F gRT-PCR forw ard ATCGGTTTATCACCCTACCG
AtNAS4_R gRT-PCRreverse TCACGTGGATCTTGGAACAG
UBQ2F gRT-PCR forw ard CCAAGATCCAGGACAAAGAAGGA
UBQ2R gRT-PCRreverse TGGAGACGAGCATAACACTTG
SALK LBb1.3 T-DNA screen vitl-2 forw ard ATTTTGCCGATTTCGGAAC
vitl-2_RP T-DNA screen vitl-2 reverse GAAGAGAAGGCTCTGCAACTG
vitl-2_LP3 T-DNA screen vitl-2 forward CGAAGAAGATCATTACGCGAG
vitl-2_LP3 T-DNA screen vitl-2 forw ard CGAAGAAGATCATTACGCGAG

Figure 6. List of primers used in the thesis
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3.2. Plant growth conditions, media, and mutant screening

Arabidopsis seeds were surface sterilized using a solution of 70% ethanol and 0.05% Triton
X100. 1 mL of this solution was added to approximately 100 uL seeds and then shaken at
room temperature for 20 min at 1400 rpm. The supernatant was aspired, seeds were washed
two times with 100% ethanol and left to dry for at least 4 h. Plates were oriented vertically in a
growth cabinet (Percival Scientific, USA) set to 22°C day and 19°C night temperature and a
10 h light period with a light intensity of 120 umol photons m? s after seeds were incubated
for two days in the dark at 4 °C for stratification.

In order to develop an agar medium with low Fe availability, half-strength Murashige and
Skoog (MS) medium without FeSO; and MnSO,; (Duchefa Biochemie; Haarlem, The
Netherlands), containing 1.5% agar (Difco) and 0.5% sucrose, 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(lll)-EDTA and Mn as MnCl, in the
concentrations indicated. In experiments where plants were cultivated on standard %2 MS
medium, the pH of the medium was buffered to 5.5 with 2.5 mM MES.

To observe growth on soil, seeds were sown onto standard potting soil (Substrat 1;
Klasmann-Deilmann GmbH, Geeste, Germany) supplemented with 20 g kg CaCOs; and 12 g
kg NaHCOs. After 13 days of pre-culture, seedlings were watered for six days either with a
solution containing 120 uM MnCl, or with dH.O and photographed thereafter. For soil pH
measurements, 2.5 g of soil was suspended in 25 ml of a 10 mM CacCl; solution. After filtration,
the pH of the solution was determined by a pH meter.

3.3. Elemental Analysis

Roots and shoots were separated, rinsed with deionized water, and dried at 65°C for a
week. The dried shoots and roots were weighed into PTFE digestion tubes and digested in
HNO3 under pressure using a microwave digester (UltraCLAVE IV; MLS, Germany). Elemental
analysis was undertaken using inductively coupled plasma optical emission spectroscopy
(iCAP 6500 dual OES spectrometer; Thermo Fisher Scientific, Germany).

3.4. GUS Histochemical Analyses

Root and shoot samples were incubated at 37°C in a GUS reaction buffer containing 0.4
mg mL* 5-bromo-4-chloro-3-indolyl-B-D-glucuronide, 50 mM sodium phosphate (pH 7.2), and
0.5 mM ferrocyanide. Five promoterMTP8:GUS lines were examined and showed the same
staining patterns under standard growth conditions. Of those lines, two were analyzed in more
detail. Shoot samples were cleared and mounted according to the method described by
Malamy and Benfey (1997). For microscopic observations of root and embryo cross sections,
samples were fixed in 2% formaldehyde, 2% glutaraldehyde in 50 mM cacodylate buffer (pH
7,2), dehydrated in an ethanol series (30%, 40%, ..., 100%), and embedded in Spurr's resin.
5 pm cross sections of stained roots and embryos were obtained by cutting the fixed and resin-
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embedded samples using a microtome (Ultracut; Leica, Nussloch, Germany) and observed
under a light microscope (Axioskop; Carl Zeiss, Jena, Germany).

3.5. 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).

Chlorophyll fluorescence parameters were obtained using an IMAGING-PAM fluorometer
(Heinz Walz GmbH, Effeltrich, Germany). The device was equipped with the standard-
measuring head. Seedlings were dark adapted for at least 30 min and subsequently illuminated
for 12 min at an irradiance of 108 pumol quanta m? s* so that steady state photosynthesis was
achieved. Maximum fluorescence yield in the dark- (Fm) as well as in the light- adapted state
(Fm’) was measured during 800 ms exposure of a saturating light pulse. Fluorescence
parameters were calculated according to Baker (2008).

3.6. Observation of root fluorescence

Root fluorescence was imaged as described elsewhere (Schmid et al., 2014) by using a
fluorescence imaging system (Quantum ST4). Excitation by epi-UV was adjusted to 365 nm
and the emitting light was filtered by a 440 nm filter (F-440M58). The images were taken with
the help of the “Quantum-capt version 15.17” software.

3.7. Quantitative RT-PCR

RNA was isolated by using a modified version of the single-step method (Chomczynski and
Sacchi, 1987). For reverse transcription 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 realtime PCR
using a Mastercycler ep realplex (Eppendorf) and iQ SYBR Green Supermix (Bio-Rad
Laboratories). Relative expression was calculated according to Pfaffl (2001) and normalized
to UBQ2 as constitutively expressed control.

3.8. Yeast strains, plasmids, transformation, and growth methods

The Saccharomyces cerevisiae deletion mutants Y04534 (pmrl A), Y04069 (ycfl A),
Y00829 (zrc14), Y01613 (cotl A), Y04533 (cup2 A), Y04169 (cccl 4), and their parental strain
BY4741 were obtained from the Euroscarf collection (Winzeler et al., 1999). To construct the
pFL61-AtMTP8 plasmid, the AtMTP8 cDNA was amplified from Col-O cDNA using Notl-
containing primers and cloned into the pFL61 shuttle yeast expression vector (Minet et al.,
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1992) downstream of a PGK promoter (Bastian Meier, unpublished). Yeast transformation was
carried out according to Elble (1992). Transformants were selected on synthetic complete (SC)
plates lacking the appropriate selective markers. Yeast drop assays were performed as
described previously (Peiter et al., 2005b).

3.9. Ferric chelate reductase activity and rhizosphere acidification
assays

Seedlings were cultivated on Feld4/Mn0 for 11 days, 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 2.0 mL buffer solution containing 0.2 mM
CaS04, 5 mM MES (pH 5.5), 0.2 mM Ferrozine, and 0.1 mM Fe-EDTA in a 24 well-plate. The
reaction was allowed to continue for 1-2 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 by using a UV-VIS spectrophotometer (Uvikon XL; Biotek).

For the rhizosphere acidification assay, plants were cultivated according to the same
protocol that was used for the ferric chelate reductase activity assay. The assay was conducted
as previously described (Yi and Guerinot, 1996). In brief, the seedlings that were cultivated for
24, 48 or 72h on Fe100/Mn0, Fe0/Mn0, or Fe14/Mn320 were re-transferred to a 1% agar plate
containing 0.006% bromocresol purple and 0.2 mM CaSO. (pH adjusted to 6.5 with NaOH)
and incubated in the growth chamber for 24 h.

3.10. Perls staining and DAB/H20: intensification

Perls staining and DAB/H-0, intensification was performed according to Roschzttardtz et
al. (2009). Embryos were dissected from seeds previously imbibed in distilled water for 3 h,
using a binocular magnifying lens. The isolated embryos were vacuum-infiltrated with equal
volumes of 4% (v/v) HCl and 4% (w/v) K-ferrocyanide (Perls stain solution) for 15 min and
incubated for 30 min at room temperature (Stacey et al., 2008). DAB intensification was applied
as described in Meguro et al. (2007). After washing with distillated water, the embryos were
incubated in a methanol solution containing 0.01 M NaNs and 0.3% (v/v) H202 for 1 h, and then
washed with 0.1 M phosphate buffer (pH 7.4). For the intensification reaction the embryos were
incubated between 10 and 30 min in a 0.1 M phosphate buffer (pH 7.4) solution containing
0.025% (w/v) DAB (Sigma), 0.005% (v/v) H202, and 0.005% (w/v) CoCl: (intensification
solution). The reaction was stopped by rinsing with distilled water.

For the in situ Perls/DAB/H20: intensification isolated embryos were vacuum-infiltrated with
fixation solution containing 2% formaldehyde, 2% glutaraldehyde in 50 mM cacodylate buffer
(pH 7,2), dehydrated in an ethanol series (30%, 40%, 50%, 60%, 80%, 100%), and embedded
in resin. 5 pm cross sections of stained roots and embryos were obtained by cutting the fixed
and resin-embedded samples using a microtome. The sections were deposited on glass slides
that were incubated for 45 min in Perls solution. The intensification procedure was then applied
as described above.
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4. Results

4.1. Design and establishment of the screening medium

4.1.1. Optimization of growth parameters

In order to screen for T-DNA insertion lines with enhanced susceptibility to Fe deficiency-
induced chlorosis, a high-pH and low-Fe agar medium was developed by adding MES to half-
strength MS medium containing 40 uM Mn but no Fe. The effect of changing medium
parameters on the severity of the Fe deficiency-induced chlorosis of the plants is shown in a
summarized way in the chart of Figure 1A. As expected, an increase in the NaFeEDTA
concentration resulted in recovery of the chlorotic phenotype, while an increase in buffer
concentration and pH increased the severity of the chlorosis. An increase in agar concentration
did not change the severity of chlorosis, indicating that the Fe contamination derived from the
agar did not have a significant impact on the Fe availability to the plant at high pH. However,
a decrease in the agar concentration in the medium below 1.5% did not allow sufficient gelling
when the pH of the medium was high.

Fe deficiency-dependent chlorosis in Arabidopsis plants only developed when the medium
was buffered (Figure 1B), showing that an induction of Fe deficiency-dependent chlorosis in
seedlings was pH-dependent in this growth system. Sowing density appeared as another
factor affecting growth and chlorosis on the high-pH and low-Fe medium. Seeds were either
sown at a distance of approximately 1 cm or closer to each other. Seedlings that were sown
closer to each other had longer roots and bigger shoots (Figure 1C). In addition, light had a
strong impact on the severity of Fe deficiency-dependent chlorosis of the seedlings. An
increase in light intensity resulted in extensive chlorosis (Figure 1D). Furthermore, the Fe
deficiency status of the seedlings that were subjected to different light intensities was
monitored by visualization of the fluorescence emission by the roots under UV light. This
fluorescence is an indicator of the synthesis and secretion of coumarins, and is strongly
upregulated under Fe deficiency (Schmid et al., 2014). Seedlings that were subjected to 350
umol m=2s light intensity had smaller roots and the fluorescence was confined to the subapical
zone of the root tips (Figure 1E). When the light intensity was set to 120 pmol m? s?,
fluorescence was more homogeneously distributed over the root. In order to verify if Fe
deficiency could be rescued by decreasing the intensity of the light, light intensity was set to
30 umol m? s, Indeed, root fluorescence decreased dramatically and plants developed
greener shoots (data not shown), indicating that the plants were not Fe-deficient anymore.
Therefore, it was concluded that an increase in light intensity decreases the Fe availability to
the plant in the present system.
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A Parameter Tested range  Leaf color
[Fe-EDTA] 0-100pM  —==———"0ll
BufferpH 6.0-7.0 — |
[Buffer] 0-10mM  —===mm | [

[Agar] 0.8-1.5%

350 pmol m2s-! 120 pmol m2s”! 30 pmol m2s™

Figure 1. Critical factors in the establishment of a screening medium for the identification of genes
involved in Fe deficiency-induced chlorosis

A, chart of the parameters which were optimized and their impact on the severity of Fe deficiency-induced
chlorosis under high-pH and low-Fe conditions. B, effect of buffer on the development of chlorosis, not
buffered (top) or buffered with 10 mM MOPS at pH 6.7 (bottom). C, effect of sowing density on root and shoot
growth under low Fe availability. Seeds were either sown at a distance of approx. 1 cm or closer to each other.
D, effect of light intensity on chlorosis development. Plants were subjected to 120 umol m2s (top) or 350
umol m2s (bottom). E) Effect of light intensity on fluorescence emission by plant roots.

4.1.2. Induction of Fe deficiency on Fe28/Mn40 medium

Several conditions were tested to induce a mild chlorosis in Arabidopsis wild-type seedlings
which sustained for several days. These expectations were met when 28 uM NaFeEDTA was
added to the medium which contained 40 pM Mn (hereafter called Fe28/Mn40) (Figure 2). In
Fe28/Mn40, Col-0 seedlings grew in a chlorotic state for more than two weeks. After 17d,
plants which grew on Fe28/Mn40 partially recovered from chlorosis, but were still slightly
chlorotic compared to the ones which were grown on medium containing 100 uM NaFeEDTA
(hereafter called Fe100/Mn40). After 21d, plants grown on Fe28/Mn40 fully recovered from
chlorosis. On Fe-sufficient control plates, seedlings did not develop any chlorotic leaves.
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Fe100/Mn40 Fe28/Mn40
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Figure 2. Development of Fe deficiency-induced chlorosis in Arabidopsis seedlings after germination on
Fe-deficient (Fe28/Mn40) agar medium

Arabidopsis wild-type seedlings were cultivated on either Fe100/Mn40 or Fe28/Mn40. Plates were scanned after
13, 17 and 21 days after cultivation.

4.1.3. Validation of the medium and screening process

Before starting the screening, previously characterized mutants in Fe deficiency response-
related genes were grown on Fe28/Mn40 or Fe100/Mn40 in order to validate the high-pH and
low-Fe medium (Figure 3). On Fel00/Mn40, which was supposed to provide Fe sufficient
conditions, pye and frd3 grew similar to or were a bit more chlorotic than Col-0. irtl and fro2
mutants showed extensive chlorosis and retarded growth. On Fe28/Mn40, which was
supposed to provide Fe-deficient conditions, frd3 was severely chlorotic; irtl and fro2 grew
even worse and almost died. pye grew similar to Col-0, except that it showed necrotic lesions.

The Fe status of the fro2 mutant was further examined by comparing its root fluorescence
to that of the wild type (Figure 3). Wild type root fluorescence was low under Fe100/Mn40 and
higher in Fe28/Mn40, as expected. However, root fluorescence of fro2 grown on Fe100/Mn40
was similar or even higher than in the wild type grown under Fe28/Mn40, indicating that in fro2
the Fe deficiency response was upregulated even on Fel00/Mn40. Taken together, Fe
deficiency-susceptible mutants showed differential growth on Fe100/Mn40 and Fe28/Mn40.
On Fe28/Mn40, all mutants were suffering more severely from Fe deficiency than Col-0 and
developed more severe leaf chlorosis or necrosis.
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Figure 3. Growth, chlorosis and root fluorescence of Fe deficiency-sensitive mutants.

Seedlings were cultivated for 12 days on Fe100/Mn40 or Fe28/Mn40.Left, shoots of Col-0 and Fe deficiency-
sensitive mutants frd3, irtl, fro2, and pye. Right, seedling growth and fluorescence emission by the wild type
and the fro2 mutant.

The screening was started using gain-of-function mutants to identify seedlings which grew
better than the wild type on Fe28/Mn40. For this purpose, FOX lines were selected as
screening material (Ichikawa et al., 2006). These lines express ectopically one to two
independent Arabidopsis full-length cDNAs and are advantageous over other gain-of-function
lines especially because the cDNA causing the phenotype can be identified simply by PCR.
However, the seedlings of the FOX seed pool showed inconsistent growth on Fe28/Mn40.
Approximately 15% of the seedlings showed non-chlorotic growth whereas the rest showed
extensive chlorosis, eventually resulting in death (Figure 4). The inserted cDNAs of several of
those lines which showed vigorous growth on Fe28/Mn40 were amplified by PCR and
sequenced (data not shown). Sequencing results showed that these cDNAs encoded various
proteins, which were unlikely to be related to Fe deficiency responses. It was concluded that
the screening of FOX lines under the present conditions led to many false positives. Therefore,
it was decided to change the screening material.

Figure 4. Phenotypic variability of seedlings from the FOX seed pool when grown on Fe28/Mn40.

Seeds obtained from the FOX seed pool were sown on Fe28/Mn40 and cultivated for three weeks before the
plates were scanned.
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Homozygous SALK T-DNA insertion lines (Alonso et al., 2003) were used in a next attempt
to identify Fe deficiency-related genes. These seedlings grew more consistently on
Fe28/Mn40. To restrict the number of lines to be screened, lines carrying T-DNA insertions in
genes reported to be upregulated under Fe deficiency via FIT or PYE were selected. The list
of genes and the corresponding lines which were screened are shown in Figure 5. Lines that
showed more severe chlorosis compared to the wild type on Fe28/Mn40 were selected for
further analysis.



4. Results

30

Line Code Gene Code Line Code Gene Code Line Code Gene Code
1|SALK_144164C |At1g09790 40|SALK_080688C [At4g38950 80|SALK_103699C At1g11840
2[SALK_147451C |At3g46900 41|SALK_011913C |[At4g29220 81|SALK_058904C |At3g47650
3[SALK_109396C |At5g47910 42|SALK_107939C |[At3g51200 82 |SALK_040185C  |At1g23020

SALK_017016C
4|SALK_132418C |At3g13610 43|SALK_042794C |At3g61930 83 |SALK_135507C |At1g56430
5[SALK_121565C |At5g13740 44 |SALK_048526C |[At1g05700 84 |SALK_096228C At3g47420
6[SALK_082635C |At2g30660 45|SALK_085412C |[At4g21910 85|SALK_096539C  |At3g47630
7|SALK_118446C |At3g48450 46 |SALK_136932C |At1g60610 86 |SALK_043140C  |At5g45410
8[SALK_080218C [AT1G19000 47|SALK_008958C |At4g02330 87|SALK_151290C |At1g03080

SALK_051706C
9|SALK_088311C |At2g47000 48 |SALK_015054C |[Atlg74770 88|SALK_053278C At5g03140

10|SALK_057638C |At3g53280 49|SALK_146998C |At5g53450 89 |SALK_204565C  |At3g55430

SALK_149052C

11|SALK_043881C |At4g14680 50|SALK_018370C |At5g55620 90 |SAIL_74_B07 At1g74780

SALK_110010C

12 |SALK_009007C |At1g05300 51|SALK_035416 |At1g57560 91 [SALK_113040C |At3g57070
13|SALK_036012C |At3g18290 52 |SALK_048470C |At1g18910 92 |SALK_131929C  |At5g03210

SALK_030632 C

14 |SALK_003255C |At4g26890 53|SALK_040332C |At5g38820 93|SAIL_1255_G10 |At1g74790

SALK_029828C

15|SALK_074896C |At5g37260 54 |SALK_094426 |At1g09560 94| SALK_200963C |At1g23030
16 |SALK_140266C |At3g58060 55|SALK_078702  |At3g50740 95 |SALK_006284C  |At3g48140

SALK_204374C

17|SALK_133841C |At2g35930 56 |SALK_128043C |At2g45400 96 |SALK_003991C  |At3g55440
18 [SALK_133954C |At1g49820 57|SALK_080627C |At1g68650 97 |SALK_100762C At2g30090
19|SALK_057798C |At4g25640 58 |SALK_023292C |At5g67370 98 |SALK_093190C  |At5g14960

SALK_071809 C

20 (SALK_147453C |At4g25640 59 |SALK_081645C |[At4g10510 99 |SALK_090862C  |At3g47660
SALK_063364C

21 [SALK_025900 Atlgl11670 61|SALK_132418C [At3g13610 100 |SALK_107945C At3g47430

22|SALK_019139C |At2g36885 62 |SALK_019569C |At1g17260 101 |SALK_005625C  |At2g14850

SALK_141935C

23 [SALK_023076C |At1g33090 63 |SALK_095937C |At3g06890 102 |SALK_054389C  |At5g03230
SALK_052443C

24 |SALK_066923C |At2g20030 64 |SALK_016715C |At4g31950 103 [SALK_141821C At5g14950
SAIL_703_C10

25 [SALK_035704C |At3g53480 65 |SALK_130376C |At3g21690 104 |SAIL_1214_CO01 |At2g30100
SALK_052766C

26 |SALK_071767C |At5g05250 66 |SALK_140776C |At2g19410 105 |SALK_073451C  |At1g72460

SALK_136462

27|SALK_107837C |At1g77280 67 |SALK_076701C [At1g75200 106 [SAIL_1156_C06 |At1g72450
28|SALK_045057C |At3g58810 68 |SALK_118350C [At2g18960 107 |SAIL_267 _C12 At1g68580

SALK_045661C

29|SALK_110829C |At1g01570 69 |SALK_120680C |AT4G22880 108 | SALK_111412C |At2g46060
30(SALK_063184 AT1G49960 70|SALK_105742C |AT3G60330 109 |SAIL_813_EO5 At3g13710
31|SALK_034026 At5g36890 71|SALK_131820C |At3g48450 110|SAIL_1254 _A07 |At2g24550
32|SALK_140776C |At2g19410 72|SALK_054106C |At4g14680 111 |SALK_025606C  |At1g72440
33|SALK_073511C |At4g30120 73|SALK_121588 C |AT4G22880 112 |SALK_130654C  |At2g15440
SALK_205573C
34|SALK_020101C |At5g04730 74|GABI_797D03 [At3g59030 113 [SALK_205342C At4g23010
35|SALK_138196 At3g11750 75|SALK_106967C |AT1G49960 114 |SALK_205869C  |At4g00590
36 |SALK_012767 At3g07720 76 |SALK_127844C |AT2G24520 115|SAIL_768_F02 At3g02140
37|SALK_099407C |At4gl10510 77 |SALK_048598C |At1g17260 116 |SALK_137966C  |At1g03090

SALK_073394C

38|SALK_072019C |At3g61410 78 |SALK_052070C |[At5g53450 117 |[SALK_200761C At3g15210
39|SALK_123168C |At1g34760 79|SALK_063470C |At2g35930 118 |SALK_120395C  |At2g24545
119 |SALK_094145 C ,SAAt5g45307

Figure 5. List of the homozygous Arabidopsis lines selected for screening on Fe28/Mn40.

Given are SALK, SAIL or GABI identifyers of the lines and the corresponding gene identifyers. All lines carry T-
DNA insertions in genes reported to be upregulated under Fe deficiency via FIT or PYE.
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Among the screened T-DNA insertion lines, nine lines exhibited lower biomass or more
severe chlorosis compared to the wild type on Fe28/Mn40. Only three of these lines showed
consistently more chlorotic growth when the growth assay was repeated. These three lines,
when grown on Fe100/Mn40, either did not show the phenotype or showed to a lesser extent,
indicating that the phenotype was Fe-deficiency related. For instance, the SALK_019569C line,
carrying a T-DNA insertion in AHA10 (Atlgl17260) showed extensive primary root growth
repression when grown on Fe28/Mn40, but much less so when grown on Fe100/Mn40 (Figure
6). Lateral root length was not different from that of the wild type, neither on Fe100/Mn40 nor
on Fe28/Mn40. However, the phenotype could not be confirmed by using a new generation of
seeds of the same line or by using an independent knock-out allele of the same gene,
SALK_048598C (data not shown).
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Figure 6. Growth and root phenotype of the homozygous ahal0 (SALK_019569C) line on Fe100/Mn40 and
Fe28/Mn40.

A, plants were cultivated for 21 days either on Fe100/Mn40 or Fe28/Mn40, and plates were scanned (left). After
scanning, shoots were excised and plates were scanned again in black and white to increase contrast (right). B,

(- weyd wo) yibus| 1001
Arewid

fesore

1-

quantitative measurement of root parameters. (N=10, error bars represent SEM). An asterisk above a bar indicates
that the corresponding mean of the mutant line is significantly different (*, P<0.05; **, P<0.01) from the mean of the

Col-0 line according to Student’s t-test.

4.2. Involvement of MTP8 in Fe and Mn homeostasis in Fe-deficient
Arabidopsis plants

4.2.1. mtp8 mutant lines are susceptible to Fe deficiency-induced chlorosis

Screening for chlorotic phenotypes of more than 120 homozygous T-DNA insertion lines
grown on Fe28/Mn40 identified two lines which carried a T-DNA insertion in MTP8, a gene that
had not yet been associated with Fe deficiency-induced chlorosis (Figure 7). On Fe100/Mn40,
mutants grew similar to wild-type plants. However, on Fe28/Mn40, both mutant lines showed
extensive chlorosis, which could be reverted by spraying 100 uM FeEDTA. This regreening
indicated that the mutants were susceptible to Fe deficiency and not to the lack or the toxicity
of another element. When grown on a calcareous potting substrate, seedlings of the mtp8-1
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mutant were smaller and extremely chlorotic. This demonstrated that the mutant phenotype
was not limited to the screening conditions on agar, but also relevant on soil.

Fe100/Mn40

Fe28/Mn40

N

Fe28/Mn40 ++Fe

Figure 7. Tolerance of mtp8-1 and mtp8-2 to high pH-induced low-Fe availability.

A, 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 days. In the resupply treatment, a solution containing 100 uM Fe-
EDTA was sprayed after 9 days of cultivation on Fe28/Mn40 medium. B, Growth of the mtp8-1 mutant on
non-limed (pH5.6) and limed potting soil (pH7.2), watered with 160 uM MnCl:z solution. Plants were
photographed after 19 days of cultivation.

The genomic sequence of MTP8 has seven exons (Figure 8). In one of the mutant lines of
the SALK collection, SALK_068494, a T-DNA was inserted in the first exon. This line was
named mtp8-1. In the second mutant line, SALK_140266, a T-DNA was inserted in the 6"
exon. This line was named mtp8-2. RT-PCR amplification of RNA from both mutants and the
wild type using MTP8-specific primers only produced a visible band for the wild type, but not
for the mutants, indicating that mtp8-1 and mtp8-2 were knock-out lines for MTP8.



4. Results 33

13 SALK_068494 30 MTP8 ACT2

1419 SALK_140266 1429

Figure 8. Genetic characterization of mtp8-1 and mtp8-2.

A, diagram showing the insertion sites of T-DNAs in mtp8 mutants. The location of T-DNA insertions is shown
by triangles. Coding regions are presented as grey boxes; introns are shown by a line. Numbers indicate the
last remaining nucleotide before and the first nucleotide after the T-DNA, counting from the ATG. LB, left T-
DNA border; RB, right T-DNA border. B, products of RT-PCR amplification of wildtype and mtp8 mutants RNA
using MTP8-specific primers. ACT2 was used as a positive control. (Experiment: Bastian Meier)

4.2.2. Subcellular localization of MTP8

MTP8 is the closest ortholog of ShMTP8 which was characterized as a vacuolar Mn
transporter contributing to the high tolerance of Stylosanthes hamata to excess Mn (Delhaize
et al., 2003). In order to identify the subcellular localization of MTP8, an MTP8-EYFP construct
was generated to transform Arabidopsis protoplasts. EYFP fluorescence was observed at the
vacuolar membrane only (Figure 9), showing that Arabidopsis MTP8, like ShMTPS, is localized
to the vacuolar membrane.

Figure 9. MTP8:EYFP localization in mesophyll protoplasts.
Arabidopsis Col-0 mesophyll protoplasts were transformed with an MTP8-EYFP construct.

Fluorescence was observed 24 h after transformation. A, MTP8:EYFP fluorescence. B, chlorophyll
autofluorescence. C, merged image. (Experiment: Bastian Meier)

4.2.3. Metal transport specificity of MTP8

Since ShMTP8 and Arabidopsis MTP8 share a high degree of sequence similarity,
including an amino acid signature specific for the Mn subgroup of CDFs (Montanini et al.,



4. Results 34

2007), and since both are localized to the tonoplast, it was hypothesized that Arabidopsis
MTP8 functions in sequestering Mn ions into the vacuole, and that this function is related to
the Fe-deficient phenotype of the mutant. The metal selectivity of the transporter was
determined by expressing the MTP8 cDNA in metal-hypersensitive yeast strains. Growth of
yeast mutants sensitive to Co (cotlA), Zn (zrc1A), and Cu (cup24) on media containing high
concentrations of the respective metals was not improved by expression of MTP8 (Figure 10).
In contrast, growth of the Mn-hypersensitive mutant pmrlA on elevated Mn and the Fe-
sensitive mutant ccc71A on elevated Fe were considerably improved when transformed with
MTP8. PMR1 encodes a Ca/Mn-ATPase that confers Mn tolerance to yeast (Antebi and Fink,
1992), whereas CCC1 encodes for a vacuolar Fe transporter. Both the MTP8-expressing
pmrlA and ccclA mutants grew well even on media containing concentrations of the
respective metals that are strongly inhibitory to the wild type. This observation indicated that
Arabidopsis MTP8 transports Mn and Fe into the vacuole.

cotiA zrelA cup2A pmriA ceclA

Wild type
Mutant
MTP8+mutant
Wild type
Mutant
MTP8+mutant

2mM Co 20mM Zn 50uM Cu 6mM Mn SmM Fe

control

treatment

Figure 10. Complementation of metal-sensitive yeast strains with Arabidopsis MTP8

Cultures of yeast strains sensitive to Co (cotlA), Zn (zrc14), Cu (cup24), Mn (pmr14) and Fe (cccl4) were
serially diluted and dropped onto SD medium plates supplied with the respective metals. (Experiment:
Bastian Meier)

To further examine the function of the MTP8 protein in metal transport, overexpression
lines were generated, in which the expression of MTP8 is driven by the CaMV35S promoter.
(Figure 11). Quantitative real time PCR analysis showed that in these lines, expression of the
MTP8 gene was strongly enhanced. The lines 35S::MTP8 OE2 and 35S::MTP8 OE4, which
expressed MTP8 approximately 7000- and 3000- fold, were selected for further experiments.
On standard %2 MS (pH 5.8) medium, containing 50 UM Fe, both overexpressors accumulated
about three times higher Mn levels in the roots than the wild type (Figure 11), indicating that
an overexpression of MTP8 increases Mn sequestration in roots. In the shoot, there was a
trend of lower Mn concentrations in the overexpressors, which was significant in 35S::MTP8
OE2. This effect became more striking on Fe28/Mn40 medium. Here, the overexpressors
contained less than half of the concentration of Mn in the shoot compared to the wild type. The
Mn concentration in the root was not altered by MTP8 overexpression, which was likely due to
the large fraction of Mn bound in the root apoplast under those conditions. Taken together,
these data further supported the notion that MTP8 is involved in controlling the long-distance
translocation of Mn from roots to shoots.
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Figure 11. Accumulation of Fe and Mn in the roots and shoots of MTP8 overexpressor lines.

A, expression of MTP8 in 35S::AtMTP8 lines grown on ¥2 MS medium (Experiment: Bastian Meier). B, Fe and
Mn concentrations of MTP8 overexpressor lines grown on Fe-sufficient (Y2 MS) or Fe28/Mn40 medium. Seeds

were precultured for one week on 1/2 MS or Fe28/Mn40, transferred to the same medium, and cultured for
one more week. Data were obtained from pooling 4 plants with at least 4 replicates. The experiment was
conducted twice with comparable results. An asterisk above a bar indicates that the corresponding mean of
the mutant line is significantly different (*, P<0.05; **, P<0.01) from the mean of the Col-0 line according to

Student’s t-test. Error bars represent +SD

4.2.4.

Sensitivity of the Arabidopsis mtp8-1 mutant to high Mn

Expression of Stylosanthes ShMTPS8 in Arabidopsis increased the Mn tolerance of the
plant. In order to test if Arabidopsis MTP8 also confers tolerance to excess Mn, wild type and
mtp8-1 mutant seedlings were subjected to increasing concentrations of the metal. At elevated
Mn supplies, root growth rates were repressed more strongly in the mtp8-1 mutant than in the
wild type (Figure 12A). Since repression of primary root growth is a typical Mn toxicity
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symptom, the observation indicated that MTP8 indeed increases the tolerance of Arabidopsis
to excess Mn.

4.2.5. Regulation of MTP8 on high media in a FIT-dependent manner

In order to investigate if MTP8 is regulated by high Mn, its expression in seedlings which
were subjected to increasing concentrations of Mn was analyzed. When the medium was
supplemented with 1.5 or 2 mM Mn, MTP8 expression was induced by 8- or 12-fold in the roots
(Figure 12B). This finding confirmed a Mn-dependent transcriptional control.

In a transcriptome analysis of the Arabidopsis fit mutant, MTP8 has been reported to be
upregulated under Fe deficiency by the transcription factor FIT (Colangelo and Guerinot,
2004). In order to confirm this finding, wild type and fit mutant plants pre-cultured on %2 MS
medium were transferred either to the same Fe-sufficient medium or to Fe-depleted medium
(*2 MS medium without Fe and containing 100 uM Ferrozine). After 5 days of cultivation, MTP8
expression in Fe-sufficient roots was low in both, wild type and fit mutant plants (Figure 12C).
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, MTP8 is upregulated in a FIT-dependent
manner.

In order to verify whether the increased expression of MTP8 under high Mn stress was also
dependent on FIT, wild type and fit mutant plants pre-cultured on ¥2 MS medium were
transferred either to the same medium or to %2 MS medium supplemented with 2 mM Mn. After
five days on basal %2 MS medium, expression of MTP8 was similar in wild type and fit mutant
plants (Figure 12D). 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 upregulation of MTP8 under high Mn is
regulated by FIT.



4. Results 37

B)

A) 10+ § 15+
= -~ MTP8
i -~ Col-0 =
S g S FIT
£ /‘\'m\tpS-i E
£ - 2 10
o 64 [4)
g :
c 4_ E
= = 54
g 5
S 2
8 o
Q_ A4
0: O T T T T |_>|j O T T T T T
0 0,5 1,0 1,5 0 0,5 1,0 1,5 2
Mn added to 1/2MS (mM) Mn added to 1/2MS (mM)
C D
£ 70 [ Col0 S [ Col0 T
5 60 = fit “s o = fit l
§ 39 S
g 49 g
S T S
) 31 *k ) 51
- ns T 2
Al ! A =
® o ® o
+Fe -Fe 1/2MS 1/2MS+2mM Mn

Figure 12. Growth of a mtp8 mutant on media containing high Mn concentrations and regulation of MTP8
on high-Mn medium and low-Fe medium in a FIT-dependent manner

A, root growth rate of Col-0 and mtp8-1 seedlings on %2 MS agar supplemented with extra MnSQOas. B, expression
of MTP8 and FIT in the roots of the seedlings. Seedlings were grown for 21 days on near-vertical 1/2 MS plates
supplemented with extra MnSO4 as indicated. Expression of MTP8 and FIT in roots is displayed relative to the
expression level of these when grown on 0 Mn control plates. (n=4, error bars represent SD). C, FIT-dependence
of MTP8 expression on low-Fe medium. Seedlings were cultivated on %2 MS agar medium for 10 days and then
transferred either to fresh %2 MS medium or to Fe-free 2 MS medium supplemented with 100 uM ferrozine. Plants
were harvested after 5 days. 5 roots were pooled as one sample (n=4, error bars represent SD). D, FIT-
dependence of MTP8 expression on high-Mn medium. Seedlings were cultivated on % MS agar medium for 10
days and then transferred either to fresh %2 MS medium or ¥2 MS medium supplemented with 2 mM Mn. Plant
roots were harvested after 5 days. 5 roots were pooled as one sample (n=4, error bars represent SD).
(Experiment in A and B: Bastian Meier)

4.2.6. Tissue localization

PromoterMTP8::GUS lines were generated to characterize the expression pattern of
MTP8. In order to further confirm that the gene was induced under Fe deficiency, seedlings
were transferred from %2 MS agar after 10 days of cultivation to either %2 MS plates or 2 MS
plates without Fe supplemented with 100 pM ferrozine. Seedlings were cultivated for 2 days.
After two hours of incubation in GUS staining solution, the Fe-deficient roots but not the Fe-
sufficient ones showed an intense blue staining (Figure 13A). The staining was evident all over
the root except for the meristematic regions and oldest part of the main root. Cross sections of
the root revealed that only epidermis, root hairs and outer cortex were stained, indicating that
MTP8 expression in the root is limited to the outer cell layers (Figure 13B). After an overnight
incubation of the shoot, only cotyledons were stained (Figure 13C), and staining intensity did
not change under Fe deficiency (not shown). The staining in the cotyledons was not as intense
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as in the root although the shoot was incubated in GUS solution much longer, indicating that
MTP8 expression was predominant in the roots under Fe deficiency.

Figure 13. Activity of the Arabidopsis MTP8 promoter in roots and shoots upon Fe deficiency.

Col-0 plants transformed with the promoterMTP8::GUS construct were grown on ¥2 MS agar for 10 days,
transferred to plates supplemented with 100 uM ferrozine to render Fe unavailable, or to control plates. Plants
were cultivated further for two days. A, staining of promoterMTP8::GUS-transformed seedlings grown on Fe-
sufficient (left) and Fe-deficient (right) media after incubation for 2 h in GUS staining solution. B, cross section of
a root of a promoterMTP8::GUS-transformed seedling grown on Fe-deficient media. The pictures shown are
representative, and the staining patterns were confirmed in at least one other independent promoterMTP8::GUS
line. C, staining of promoterMTP8::GUS-transformed shoot grown on Fe-deficient media after incubation for 24 h
in GUS staining solution and removal of chlorophyll.

4.2.7. Effect of Mn on the Fe deficiency phenotype of mtp8-1

Arabidopsis mtp8 mutants showed severe chlorosis on Fe-limiting medium (Figure 7), and
MTP8 plays a role in Mn tolerance which is dependent on FIT (Figure 12). It was therefore
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
precultured on Fe28/Mn0 (Fe28 devoid of Mn) for one week, transferred to either the same
medium, to Fe28/Mn40, or to Fe28/Mn160, and cultivated further for one week. On Fe28/Mn40,
mtp8 mutants became chlorotic as observed before, which was also reflected in a decreased
chlorophyll content (Figure 14). 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 mtp8-2 (Figure 14).

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 concentration, shoot fresh weight, or primary root length (Figure 14).
On the other hand, increasing the medium Mn concentration by four times (Fe28/Mn160)
yielded an opposite effect. All lines, including the wild type, showed extensive chlorosis on
newly emerging leaves, resulting in similarly low chlorophyll concentrations. Besides a
decreased shoot fresh weight, both mutants now also showed a far stronger repression of
primary root growth than the wild type.
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Based on this experiment it was concluded that the Fe deficiency phenotype of mtp8
mutants strongly depends on the medium concentration of Mn. Furthermore, the Mn-induced
exacerbation of the chlorosis in the wild type growing on Fe-limiting medium clearly underlined
the antagonistic relationship between Fe and Mn.
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Figure 14. Effect of Mn concentration on Fe deficiency-induced chlorosis, primary root elongation, and
shoot fresh weight of mtp8-1 and mtp8-2 mutants.

A, growth of mtp8 mutant lines on low-Fe medium containing different concentrations of Mn. Seedlings were
precultured on Fe28/Mn0 for one week, transferred to Fe28/Mn0, Fe28/Mn40, or Fe28/Mn160, and cultivated for
one more week. B, chlorophyll concentration, shoot fresh weight, and primary root length of seedlings treated as
shown in (A). Shoots were separated from roots, and shoot FW was determined before chlorophyll
measurements. Three seedlings were pooled (n=5). Data are from five replicate pools. An asterisk above a bar
indicates that the corresponding mean of the mutant line is significantly different (*, P<0.05; **, P<0.01) from the
mean of the Col-0 line according to Student’s t-test. Error bars represent +SD.

Since the increased vulnerability of the mtp8 mutants to Fe deficiency depended on the Mn
concentration in the medium (Figure 14), the concentration and distribution of both elements
in plants grown at different Fe and Mn levels were determined. Plants were precultured for one
week either on (i) Fe100/Mn0 and transferred to the same medium or to Fe100/Mn40, or on
(i) Fe28/Mn0 and transferred to either the same medium or to Fe28/Mn40. Fe and Mn
concentrations in roots and shoots were determined by ICP-OES after one week of treatment.
As shown in Figure 15, on media not supplemented with Mn, wild type and mutant plants did
not differ in their Fe and Mn concentrations at sufficient or low Fe supply. In contrast, when Mn
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was included in the low or high Fe media, Mn and Fe concentrations in the mutant were 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 five times higher in the
wild type than in the mtp8-1 mutant, whereas the shoot Mn concentration was more elevated
in the mutant. Hence, when grown on the Mn40 media, the mtp8-1 mutant did not only
sequester less Mn in the roots than the wild type, but also translocated a higher proportion of
Mn to the shoot.

In contrast to Mn, the concentration of Fe in mutant shoots grown on Fe28/Mn40 was only
half of that of the wild type (Figure 15), indicating that Fe uptake and/or translocation were
inhibited. This lower Fe concentration in the mutant was well below the threshold level to meet
the requirement for chlorophyll synthesis (Gruber et al., 2013) and confirmed that the chlorotic
phenotype 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.
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Figure 15. Shoot and root Mn and Fe concentrations of Arabidopsis mtp8-1 seedlings under Fe
deficiency or sufficiency in the presence or absence of Mn.

Seedlings of Col-0 and mtp8-1 were precultured on Fe100/Mn0, Fe28/Mn0, Fe100/Mn40, or Fe28/Mn40 agar
for one week. Seedlings of similar size were transferred to the same media and cultivated for one more week.
Concentrations of Mn and Fe were determined by ICP-OES. Data are from four replicate pools, each consisting
of four seedlings. The experiment was conducted twice with comparable results. An asterisk above a bar
indicates 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; **, P<0.01). Error bars represent +SD. nd: not detectable.

4.2.8. Characterization of the Fe-deficiency response in the mtp8-1 mutant
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The higher susceptibility to chlorosis and the decreased Fe translocation in the mtp8-1
mutant in the presence of Mn could have been caused by an inhibition of the transcriptional
Fe deficiency response. Therefore, the expression of genes known to be required for Fe
acquisition and upregulated by Fe deficiency was analyzed on Fe28 medium containing 40 uM
or no Mn. In the wild type, addition of Mn to low-Fe medium led to an increased expression of
the transcription factor genes FIT, bHLH38, bHLH101, and MYB72, the nicotianamine
synthase gene NAS4, as well as the acquisition genes IRT1 and FRO2 (Figure 16). The
transcriptional response of all analyzed genes was more pronounced in the mtp8-1 knockout
line. These data indicate that Mn triggers Fe deficiency responses and that a loss of MTP8
exacerbates this antagonism, but that the transcriptional response to the perceived Fe
deficiency is not hampered in the mutant.
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A hallmark of the response of strategy | species to Fe deficiency is an increased
fluorescence emission in the rhizosphere which can be detected under UV light. This
fluorescence emission is caused by scopoletin and other coumarins which are accumulated in
the roots and secreted to the rhizosphere to chelate Fe under low Fe availability (Schmid et
al., 2014). Since the mtp8-1 mutant is Fe-deficient when grown on Fe28/Mn40 (Figure 15,
Figure 16), it was expected for mutant roots to be more fluorescent under UV compared to the
wild type. When seedlings were grown on Fe28/Mn0, root fluorescence levels were apparently
not different from each other. However, in the presence of Mn, although wild-type roots were
highly fluorescent, mutant root fluorescence stayed low (Figure 17). This data set indicated
that coumarin-based root fluorescence in Fe-deficient mtp8-1 roots is inhibited by Mn.

When Arabidopsis plants are grown on calcareous soil, coumarins are essential to
mobilize Fe for chlorosis-free growth. Accordingly, mutant seedlings such as f6’h1 and myb72
which are impaired in coumarin synthesis developed chlorosis when grown on calcareous soil
(Schmid, 2014). In order to investigate if coumarin accumulation is an essential step for
chlorosis-free growth on low-Fe and high-Mn medium, f6’h1 and myb72 mutant seedlings were
cultivated on Fe28/Mn40. Both f6’h1 and myb72 mutants exhibited non-chlorotic growth similar
to the wild type (Figure 17). It was concluded that coumarin secretion strategy is not critical for
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Fe uptake on agar plates, most probably because in the agar medium, Fe is already
supplemented in a chelated form, FeEDTA. This experiment indicated that inhibition of
coumarin accumulation or secretion by Mn did not explain the Fe deficiency phenotype of
mtp8-1 seedlings.
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Figure 17. Fe deficiency dependent coumarin-based fluorescence in mtp8-1 roots and phenotype of
Arabidopsis mutants impaired in coumarin biosynthesis on Fe28/Mn40 medium.

Left, fluorescence emission by roots of wild-type and mtp8-1 plants under UV light. Seedlings were
cultivated for 7 days on low-Fe medium in either in the presence or the absence of Mn. Right, mutants that
are impaired in the Fe deficiency-induced biosynthesis of coumarins were grown on Fe28/Mn40 for 18 days.

In order to investigate the interference of Mn with Fe availability to the plant in a wide range
of Fe and Mn concentrations, wild type and mtp8-1 were cultivated on media containing a
series of concentrations of Fe (ranging from 0 uM to 100 uM) and Mn (ranging from 0 uM to
320 uM) for one week. The Fe status of the wild-type plants was assessed by the intensity of
coumarin dependent-fluorescence emission of the roots. When Mn was excluded from the
medium, fluorescence was very low in all plates, except where also Fe was excluded (Figure
18). Contrastingly, an increase of Mn to 320 uM resulted in wild-type plant roots to emit
fluorescence even if 42 uM of Fe was added. These data confirmed that an increase in Mn
concentration in the medium increased the Fe deficiency-dependent, coumarin-based root
fluorescence of wild-type seedlings.

As expected, the presence of Mn in the medium inhibited fluorescence emisssion by mtp8-
1 roots. However, the possibility that mtp8-1 might have been unable to accumulate coumarins
was excluded because roots of mtp8-1 seedlings grown on Fe0/Mn0 were highly fluorescent.
These data confirmed that mtp8-1 seedlings are able to increase coumarin-based fluorescence
emission under Fe deficiency only in the absence of Mn (Figure 18).
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Figure 18. Visualization of coumarin-based root fluorescence emission of wild type and mutant plants
which were grown under different Mn and Fe regimes
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Agar plates were prepared according to the recipe of Fe28/Mn40 medium with the indicated concentrations of
Fe or Mn. Col-0 seeds were sown on the left half and mtp8-1 seeds on the right half of the plates and cultivated
for 7 days. Fluorescence was visualized under 365 nm UV light.

Since the Fe deficiency response was induced at the transcriptional level (Figure 16), but
neither coumarin-based fluorescence emission (Figure 18) nor the Fe concentration increased
in mtp8-1 plants (Figure 15), it was reasoned that a posttranscriptional step in the Fe
acquisition machinery may be defective in the mutant.

To be able to analyze direct physiological adaptations of mtp8-1 to Fe deficiency in the
presence of Mn, it was aimed to omit possible side effects arising from long-term stress.
Consequently, Fe and Mn concentrations in the medium were modified in order to increase
stress intensity, which finally led the chlorotic phenotype of mtp8-1 to appear 24h after
treatment. Seedlings were precultured on Fel4/Mn0O medium for 11 days and transferred to
Fel00/Mn0, FeO/Mn0, or Fe14/Mn320 media and cultivated further for 72h. None of the plants
developed chlorotic shoots, except for the mtp8-1 seedlings grown on Fel4/Mn320 medium
(Figure 19). Hence, an increased Mn-to-Fe ratio in the medium exacerbated the chlorotic
phenotype of the mutant quite rapidly.

As a strategy | plant, Arabidopsis requires a ferric chelate reductase to reduce Fe(lll) for
uptake and the activity of this reductase is upregulated under Fe deficiency (Bauer et al., 2007;
Robinson et al.,, 1999). Accordingly, when seedlings were transferred from Fel4/Mn0O to
Fe0/MnO, reductase activity increased strongly in the first 24 h of treatment to the same extent
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in the wild type and mtp8-1 mutant, confirming that both lines responded similarly to Fe
deficiency in the absence of Mn (Figure 19). However, when plants were grown on
Fel14/Mn320, ferric chelate reductase activity of the mtp8-1 mutant did not increase over time
although mutant seedlings developed a Fe deficiency-dependent chlorosis. Reductase activity
of the mutant was at comparable levels to that of the non-chlorotic wild type. These data
indicated that Mn inhibits ferric chelate reductase activity of Fe-deficient mtp8-1 seedlings.
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The Fe deficiency-induced ferric chelate reductase has a low pH optimum (Susin et al.,
1996). In order to confirm that the diminished ferric chelate reduction capacity of the mtp8-1
mutant is not a consequence of a decreased rhizosphere acidification, rhizosphere acidification
capacity of the mtp8-1 mutant was assessed. Plants that were treated in the same way as in
the ferric chelate reductase assay were transferred to an agar medium that contained
bromocresol purple as pH indicator. The only roots that produced a marked yellow coloration
of the agar, i.e. an acidified rhizosphere, were those of mtp8-1 seedlings grown on
Fel14/Mn320 (Figure 20). A yellowing of the external medium was observed already after 48 h
of treatment (not shown) and was even more pronounced with 72 h-treated mtp8-1 mutant
seedlings. This observation confirmed that rhizosphere acidification was not limiting ferric
chelate reductase activity in mtp8-1, but was instead even increased, reflecting the aggravated
Fe deficiency of the mutant.
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Figure 20. Rhizosphere acidification by mtp8-1 roots under Fe deficiency in the presence of Mn.

Seedlings were grown for 11 days on Fe14/Mn0O medium and transferred to Fe100/Mn0, Fe0/MnO, or
Fel4/Mn320 media and further cultivated for 72 h. The plants were subsequently transferred to nutrient-free
agar plates containing bromocresol purple, and incubated for 24 h. Yellow color around the roots indicates
acidification.

4.3. A function of MTP8 in Mn localization in developing Arabidopsis
embryos

Kim et al. (2006) showed that in Arabidopsis wild-type embryos Fe localizes to the vacuoles
of the cells surrounding provascular strands, but colocalizes with Mn in subepidermal layers of
the abaxial side of cotyledons in a vitl mutant. Since MTP8 is suggested to be a Fe/Mn
vacuolar influxer (Figure 9, Figure 10), it was hypothesized that MTP8 is the transporter
responsible for the specific Mn localization in the cotyledons of wild-type embryos as well as
for Fe localization in vitl. This hypothesis raised three expectations about this protein: (i) MTP8
is expressed during embryo development; (ii) in mtp8 loss-of-function mutants Mn and (iii) in
mtp8 vitl double knockout lines Fe may not predominantly localize anymore to the abaxial side
of the cotyledons.

4.3.1. In silico analysis of MTP8 and VIT1 expression during embryo
development

An in silico analysis of the expression profiles of MTP8 and VIT1 by using the efp browser
indicated that both genes are expressed during seed development (Le et al., 2010; Schmid et
al., 2005) (Figure 21). Based on Schmid et al. (Figure 21A, top), MTP8 expression is
upregulated during late developmental stages and peaks at maturation. For comparison, VIT1
expression is upregulated earlier than MTP8 but downregulated during later stages of
development. This study was conducted on mRNA extracted from whole seeds. Another
independent study, which was conducted on mRNA derived directly from embryo, claimed that
not only MTP8, but alsoVIT1 was upregulated during later stages (Figure 21A, bottom).
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Therefore, at later stages, although there is a consensus on the upregulation of MTP8, there
are contradictory data regarding the regulation of VIT1.
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4.3.2. MTP8 and VIT1 promoter activity during seed development

In order to track promoter activity of MTP8 during embryo development
promoterMTP8::GUS lines were analyzed. PromoterVIT1::GUS lines were used as a
reference, since VIT1 was also active in embryo development and responsible for Fe
localization to the provascular strands of the embryo (Kim et al., 2006). GUS activity of
promoterVIT1::GUS lines started as soon as provascular tissues appeared in the heart stage
and further increased at later stages, which is in accordance with the transcriptome study of
Lee et al. (2010). Promoter activity of MTP8 started at later stages of embryo development,
i.e. the maturation and post-maturation stage. This observation was in close agreement with
the in silico data (Figure 22A) (Le et al., 2010; Schmid et al., 2005). Cross and longitudinal
sections of the mature embryo of promoterMTP8::GUS lines exhibited GUS staining in
particular in the outer cell layers of the embryo on the adaxial and abaxial sides of the
cotyledons, but clearly excluding the root apex, the hypocotyl apex as well as the cotyledon
tips (Figure 22B and C).
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PrVIT1::GUS

PrMTP8::GUS

Figure 22. MTP8 promoter activity during different stages of embryo development.

A, visualization of GUS staining in promoterVIT1::GUS and promoterMTP8::GUS lines at different stages of
embryo development. (left to right) heart, torpedo, walking stick, mature, and post-mature embryo. Bar
corresponds to 20 pm for heart, torpedo, walking stick stages, and to 100 um for the mature green, post-
mature stages. Embryos in heart, torpedo and walking stick stages were incubated overnight; mature green
and postmature stages were incubated for 2 h in GUS solution. B, C cross and longitudinal sections of
GUS-stained postmature embryos of promoterMTP8::GUS line.

4.3.3. Metal localization in mtp8 mutant seeds by synchrotron X-ray
fluorescence

To verify the metal localization reported by Kim et al. (2006) and to investigate the impact
of MTP8 on Fe and Mn localization in embryos, wild-type and mtp8 mutant seeds were
analyzed by X-ray synchrotron fluorescence in collaboration with Prof. Michiko Takahashi,
(Utsunomiya University, Japan), using the Spring8 facility in Hyogo (Figure 23). In wild-type
seeds, Cu was predominantely localized in the seed coat rather than in the embryo, whereas
Ni localized more to the embryo than to the seed coat. Both of these metals were
homogeneously distributed in the seed coat and the embryo. Zinc was not found in the seed
coat but showed a rather homogeneous distribution in the embryo with enrichment in three
tissues of the embryo: the adaxial side of the cotyledons, the provascular strand and the
subepidermal cell layer of the hypocotyl. Like Zn, Fe was also enriched in the provascular
tissue of the hypocotyl but in addition also restricted to the three provascular strands of the
cotyledons. As the background of Fe-dependent X-ray signals in the remaining tissue was very
low, the localization of Fe was highly confined. Most of the Mn was found in the embryo. The
localization of Mn in the embryo was highly specific and confined to the abaxial sides of the
subepidermis of the cotyledons as well as to the subepidermis of the hypocotyl. These
observations were in close agreement with the X-ray analysis of wild-type seedlings as
reported by Kim et al. (2006).
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Analyzing the metal distribution in mtp8 seeds showed that with the exception of Mn all
other metals followed the same localization pattern as in wild-type seeds. Most interestingly,
Mn lost its localization to the subepidermal layers of the cotyledons in mtp8, but now
colocalized with Fe in the prevascular tissue. This observation indicated that Mn localization
to the abaxial sides of the cotyledons in wild-type seeds is determined by MTP8. Furthermore,
the result also indicated that, in vitl, the specific Fe localization which was overlapping with
Mn (Kim et al., 2006) is most probably determined by MTPS8.
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Figure 23. Synchrotron pXRF analysis of wildtype, mtp8-1, and mtp8-2 mutant seeds for metal localization. (Experiment: Michiko Takahashi, Yasuko
Terada)

Dry seeds were imbibed in water for three hours and metal localization was analyzed. Seeds were propagated under the same conditions. At least three
different seeds from each line were analyzed.
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One of the most important functions of Mn in green plant tissues is in the water-splitting
complex of photosystem Il (Yi et al., 2005) and deficiency of the metal causes interveinal
chlorosis (Marschner, 2012) . As Mn was mislocalized in mtp8 seeds, it was hypothesized that
chlorophyll synthesis or photosynthetic efficiency may be compromised in germinating mtp8
seedlings. Therefore, mtp8 seeds were germinated under several different conditions including
% MS, ¥2 MS without Mn or on wetted filter paper devoid of any nutrients. However, seeds of
the mtp8 mutants germinated without an apparent phenotype. Mutant seedlings developed
similar to those of the wild type and no visible symptoms could be detected (Figure 24).
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Figure 24. Phenotype of mtp8-1 and mtp8-2 mutants after germination with varying Mn supply.

Seedlings were germinated; A, on % MS with (top) or without (bottom) addition of Mn and cultivated for three
weeks, or B, on filter paper moistened with distilled water and cultivated for 1-3 days before photographs were
taken.

4.3.4. Phenotypic analysis of a mtp8 vitl double knock-out line

In order to confirm the role of MTP8 in Fe distribution in vitl seeds, a mtp8-1 vit1l-2 double
knock-out line was generated. Embryos were isolated from wild-type and mutant seeds and
stained with Perls/DAB. The distribution of stainable Fe is shown in Figure 25A. In Col-0, mtp8-
1 and mtp8-2, Fe was clearly distributed throughout the veins, indicating that MTP8 has no
influence on the preferential loading of Fe into endodermal vacuoles of the prevascular strands.
In both vitl-1 and vitl-2, stainable Fe was localized on the abaxial side of the cotyledons,
which is consistent with the observations made by Roschzttardtz et al. (2009). However, in
mtp8-1 vit1l-2 embryos, Fe staining was weaker and Fe was not predominantly localized to any
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tissue or cell type, but instead homogenously distributed throughout the embryo (Figure 25A
and Figure 25B). Since Fe localization to the abaxial side of the cotyledons in vitl single
mutants was disrupted in mtp8 vit1, it is concluded that MTP8 is responsible for the preferential
Fe enrichment on the abaxial side of the cotyledons in vit1.

A) Col-0 mip8-1 mtp8-2 vit1-1 vit1-2 mtp8 vit1  -Perls Control

Figure 25. Fe distribution in post-mature embryos of wild-type, mtp8 and vitl single and double
mutant lines

A, post-mature embryos were stained with Perls/DAB. Mature seeds were incubated for 12 h in distilled water
and embryos were isolated, stained and observed under a light microscope. B, Perls/DAB staining of embryos
isolated from desiccating seeds of vitl1-2 (left) and mtp8-1 vitl-2 (right).

Since i) both of the MTP8 and the VIT1 genes are expressed during embryo development,
i) both proteins encoded by those genes are involved in Fe and Mn homeostasis, and iii) the
embryo makes photosynthesis which requires Fe and Mn, developing embryos of the mtp8
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vitl double mutant were isolated under the microscope to analyze a possible disruption in
chlorophyll abundance and distribution (Figure 24). There was no visible difference in the
chlorophyll distribution in developing embryos of the mtp8 vitl mutant when compared to those
of the wild type. All embryos showed a similar chlorophyll-dependent green color. Early
embryos (first three pictures from the left in Figure 26) exhibited chlorophyll all over but the
color intensity was higher in a line at the apex of the hypocotyls (shown by red arrow). The
intensity of chlorophyll was highest in mature embryos, and the distribution was homogeneous,
except for the provascular strands and the basal root meristem, which had a lower intensity of
the green color.

Col-0

mtp8 vit1

Figure 26. Chlorophyll distribution in embryos of wild type and mtp8 vitl double knock-out seeds

Developing embryos were isolated from wild-type and mtp8 vitl double mutant seeds at the following stages
(from left to right): heart, torpedo, walking stick, green cotyledon, mature green. Embryos were observed under a
light microscope. Red arrows show the darker green region at the apex of cotyledons¢

In order to investigate if mislocalization of Fe or Mn caused a hypersensitivity to Fe or
Mn deficiency, several chlorophyll fluorescence parameters including photosynthetic quantum
yield, the apparent electron transport rate (ETR) and the ratio of variable fluorescence to
maximal fluorescence (Fv/IFm) were determined for the mtp8 vitl line and the wild type
cultivated under Fe and Mn deficiency (Figure 27). A significant difference was not found for
any of these parameters.
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Figure 27. Photosynthetic parameters in germinating wild type and mtp8 vitl mutant seedlings.

Seeds were germinated without stratification on either % MS or %2 MS excluding Mn and Fe and cultivated
for 5 days. The medium was solidified with 0.8% agarose and not supplemented with sucrose. Seedlings
were dark-adapted for 2 hours before the measurements. Three independently propagated seed sets were
used and comparable results were obtained. Bars represent means + SD. Quantum yield, photosynthetic
quantum yield; ETR, apparent electron transport rate; Fv/Fm ratio of variable fluorescence to maximum

fluorescence.

The vitl-1 mutant has been reported to grow poorly on calcareous soil (Kim et al., 2006).
In order to validate this observation and to check for other growth phenotypes, vitl and mtp8
single and double mutant lines were germinated and grown for 18 days on a calcareous
substrate. However, no difference in growth could be observed (Figure 28). In an alternative
approach, seeds from the same lines were germinated on FeO/MnO medium and root
fluorescence under UV was observed as a measure for the synthesis of coumarins. Again, no
difference in the intensity of the fluorescence was apparent among the lines (Figure 28).
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Figure 28. Phenotype of Col-0, mtp8, vitl and mtp8 vitl mutant lines when grown on low Fe
availability.

A, phenotype of Col-0, mtp8, vitl and mtp8 vitl lines on a peat-based potting substrate without (left) or with
(right) supplementation of 20 g CaCOs and 16g NaHCO:s per kg of substrate. Seedlings were watered with
dH20 and cultivated for 18 days in the greenhouse. B, Fe-deficiency dependent, coumarin-based root
fluorescence of seedlings which were grown for 6 days on Fe0/Mn0O medium.

4.3.5. Metal concentrations in rosette leaves and seeds of soil-grown plants

Since both, MTP8 and VIT1 have roles in Fe and Mn homeostasis in plants during their
vegetative phase and/or during embryo development, elemental concentrations of leaves and
seeds were determined in mutants. First, old leaves from the rosette of bolting plants were
collected, dried, and Fe, Zn and Mn concentrations were assessed (Figure 29). ICP-OES
results showed that in rosette leaves Fe and Zn concentrations were not significantly different
between wild type and mutants, whereas Mn concentrations were approximately 3 to 5 times

higher in the absence of MTP8. This observation was in agreement with the function of MTP8
in storing Mn in root vacuoles (Figure 15).

Seeds obtained from plants of the same culture were then analyzed for their metal
concentrations. While the Zn concentration in seeds of all plants was similar, Fe concentrations
were found to be approximately 25% higher in mtp8 mutants. Likewise, seed Mn
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concentrations were higher in mtp8 single and mtp8 vitl double mutant lines. These
observations suggested that MTP8 suppresses Fe and Mn accumulation in seeds.
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Figure 29. Concentrations of Fe, Zn and Mn in rosette leaves and seeds of Arabidopsis wild-
type and mtp8 and vitl single and double mutant lines.

Plants were cultivated in the greenhouse. At bolting the four oldest rosette leaves were excised and
subjected to elemental analysis. Another set of plants continued to grow to maturity. Seeds were
harvested and prepared for elemental analysis. Bars represent means +SD. Asterisks denote
significant differences (*, P<0.05; **, P<0.01) of the respective mutant line to Col-0 according to
Student’s t-test (n=4).
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5. Discussion

5.1. Screening Arabidopsis mutant lines on high-pH, low-Fe agar
medium as a novel approach to isolate genes involved in Fe
homeostasis

The most common practice to induce nutrient deficiencies in plant cultures is to decrease
the concentration of the nutrient in the medium to the level that it cannot meet the nutrient
demand of the plant. While the plant demand for macronutrients like P, K or Ca is high, it is
low in the case of micronutrients, such as Fe, Mn, Zn or Cu. When the demand is low, even
trace contaminations of a particular nutrient in the medium can be enough to avoid or revert
the deficiency. In particular nutrients contained in commercial agar media have been found to
be a major source of contamination and sometimes sufficient to meet the demand of the plant
(Gruber et al., 2013). In the particular case of Fe, it became a common practice to aim for a
completely Fe-free medium, which is prepared without adding any Fe compounds and
supplementation of ferrozine, a strong chelator of Fe?*, making Fe unavailable to plants (Giehl
et al., 2012; Séguéla et al., 2008).

Aiming at establishing screening conditions that allow the isolation of Arabidopsis genes
involved in overcoming Fe deficiency-induced chlorosis, a medium was developed in which
the availability of Fe was decreased by elevating medium pH. Growing wild-type plants on this
medium induced Fe deficiency-dependent chlorosis in Arabidopsis seedlings (Figure 2),
indicating that Fe derived from other sources like agar or impure chemicals was negligible. Fe
deficiency-induced chlorosis could be easily reverted by increasing the supplementation of
Fe(ll1)-EDTA, indicating that Fe, and not other pH-sensitive metal micronutrients, were causing
the chlorotic phenotype. The newly developed medium allowed to fine-tune the extent of Fe
deficiency-induced chlorosis by adjusting the concentration of added Fe(lll)-EDTA and
mimicked more adequately the Fe limitation found in alkaline soils where Fe is abundant, but
sparingly available to plants. Therefore, this medium appeared advantageous over the
commonly-used media in inducing Fe deficiency.

Parameters of the high-pH, low-Fe medium, which were shown in Figure 1, were adjusted
to achieve a long-term Fe deficiency-dependent chlorosis in germinating Arabidopsis
seedlings. Sowing density had a big impact on the development of Fe deficiency-induced
chlorosis and necrosis (Figure 1C). Better growth of closely sown plants was attributed to an
improved acquisition of Fe. Most likely, Fe availability at high sowing density was increased
because closely located seedlings had larger regions in which the proton secretion of the roots
could overlap and thus overcome the high pH-dependent low Fe availability. This may have
led to a higher Fe acquisition, and consequently to a regreening and a higher biomass
production of the plants. Light intensity during the screening procedure was also found to be a
critical issue (Figure 1). Higher light intensities resulted in exacerbated Fe deficiency, which
was reflected in higher coumarin-based fluorescence emission by the roots and in leaf
necrosis. One possible explanation for the lower availability of Fe to the plant upon high light
could be that an increase in light intensity caused an increase in EDTA oxidation in the growth
medium, which resulted in unchelated, precipitated, and thus unavailable Fe for the plants
(Hangarter and Stasinopoulos, 1991).
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For the present approach, it was hypothesized that a plant carrying a T-DNA insertion in a
gene which is essential for the Fe deficiency response would show a more severe Fe
deficiency-dependent chlorosis compared to the wild type. The medium used in the screening
was supplied with 28 uM Fe and 40 uM Mn (Fe28/Mn40 medium) and induced a mild chlorosis
in wild-type plants, starting soon after germination and remaining present for more than two
weeks (Figure 2). However, Fe deficiency-dependent chlorosis on Fe28/Mn40 medium
disappeared completely after three weeks. Most likely, the medium pH was lowered by the
continuous secretion of protons, allowing the roots to take up Fe more efficiently. The suitability
of the Fe28/Mn40 medium for the screening of Fe deficiency-susceptible mutants was further
validated by the extensive chlorotic or necrotic phenotype of the already characterized Fe
deficiency-susceptible mutants fro2, irtl, frd3 and pye (Figure 3).

Mutant lines can be differentiated as gain-of-function or loss-of-function mutants (Ichikawa
et al., 2006). Gain-of-function mutants are lines that perform better than the wild type under a
certain stress due to the mutation they carry. It was initially aimed to screen gain-of-function
mutants in order to obtain plants that show chlorosis-free growth on Fe28/Mn40. For this
purpose, the recently developed FOX seed collection was used, in which each line expresses
ectopically one to two independent Arabidopsis full-length cDNAs (Ichikawa et al., 2006).
However, this seed material resulted in the selection of too many false positives (Figure 4).
The inhomogeneous growth of many of the FOX lines in the seed pool could have been due
to differences in the seed age or other factors which caused high variability on seed
performance. Therefore, an alternative and more consistent pool of mutant lines had to be
sourced and was found in homozygous T-DNA insertion lines that are publicly accessible. To
decrease the number of lines to be screened, lines were preselected according to the
upregulation of the mutated gene in Fe-deficient wild-type plants (Figure 5). In contrast to the
FOX lines, the variability of the chlorotic phenotype on Fe28/Mn40 was found to be much lower
in the T-DNA insertion lines.

In a first screening round, the line SALK _019569C showed a repression of primary root
growth on Fe28/Mn40 medium (Figure 6). However, newly propagated seeds from this line did
not show such a phenotype when the growth experiment was repeated. This suggested that
seed storage or seed propagation conditions may have been responsible for some of the false
positives that were identified in the first round. Propagating all lines under the same conditions
and using the newly propagated seeds in the screening procedure would have been ideal to
reduce the number of false positives. However, due to time restrictions seeds directly obtained
from the seed stock centers had to be used.

5.2. The vacuolar manganese transporter MTP8 determines tolerance to
Fe deficiency-induced chlorosis in Arabidopsis

For a century it has been known that Fe nutrition in plants is antagonistically affected by
Mn. In numerous classical studies, increased Mn availability induced Fe deficiency symptoms,
irrespective of whether plants were grown in the field or on standard growth media (Gile, 1916;
Hewitt, 1948; Sideris and Young, 1949; Somers and Shive, 1942; Twyman, 1951). Similar to
Zn and Ni, which have been very occasionally reported to induce Fe deficiency when supplied
in excess (Ghasemi et al., 2009; Hamlin and Barker, 2008), the negative interaction between
Fe and Mn has been explained by their similar solubility characteristics in soil and by
competition for uptake (Marschner, 2012). This was supported at the molecular level when
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IRT1 was found to permeate also Mn, Zn, Ni, and Cd besides Fe (Korshunova et al., 1999;
Vert et al., 2002). Searching for Arabidopsis genes involved in Fe acquisition, MTP8 was
identified as a critical determinant of Fe deficiency tolerance whenever Mn is present.
Unexpectedly, the physiological implications of MTP8 go far beyond the sequestration of Mn
into the vacuole of root cells to detoxify cytosolic Mn because the regulation of MTP8 is not
primarily linked with excess Mn supply, but rather with the induction of the Fe acquisition
machinery under low Fe availability, i.e. high pH conditions. The data presented in this thesis
indicate that Mn inhibits in particular the ferric chelate reductase activity in the absence of
MTP8, making this transporter essential for Fe chlorosis tolerance whenever Mn is available
during Fe acquisition.

5.2.1. MTP8 localizes to the tonoplast and transports Mn and Fe into the vacuole

Arabidopsis MTP8 belongs to the CDF family of metal transporters. This family has 12
members in Arabidopsis, of which only a few have been characterized so far (Gustin et al.,
2011; Montanini et al., 2007; Ricachenevsky et al., 2013). An ortholog from a Mn-accumulating
legume, Stylosanthes 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).
Yeast complementation assays provided experimental evidence that also Arabidopsis MTP8
has a transport activity for Mn (Figure 10). Like ShMTP8, the Arabidopsis MTP8-EYFP fusion
protein resided at the tonoplast (Figure 9). In accord with a function of Arabidopsis MTPS8 in
Mn detoxification, growth of mtp8 mutants was impaired by high Mn (Figure 12), and MTP8
expression was increased under excess Mn supply (Figure 12). Mn specificity and vacuolar
localization were recently also demonstrated for MTP8 orthologs in cucumber (Migocka et al.,
2014) and rice (Chen et al., 2013). The function of MTP8 to sequester Mn into vacuoles is
therefore widely conserved across species, with the possible exception of barley, 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, so that shoots of an osmtp8.1 mutant contained less Mn (Chen et al., 2013). Both
findings are opposite to what is observed with Arabidopsis in the present study (Figure 13,
Figure 15). The different functionality of MTP8 in the graminaceous species rice, as compared
to the dicots Arabidopsis and cucumber, may be related to their Fe acquisition strategies or to
the higher Mn availability in their agro-ecological environment. In lowland rice, reducing soll
conditions 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 elevated Fe availability and
uptake. The additional expression of OsMTP8.1 in leaves may then increase the whole-plant
capacity of rice to compartmentalize Mn in vacuoles.

Ectopic overexpression of the MTP8 gene under control of a 35S promoter led to an
increase in the Mn concentration of the root when plants were grown on ¥2 MS or Fe28/Mn40
(Figure 11), further indicating a function for MTP8 in loading Mn into the vacuole. However, Fe
concentration of the roots was not increased although MTP8 is capable to transport Fe (Figure
10, Figure 25). The reason for this could be due to veiling of excess precipitated Fe in the root
apoplast. In plant roots, the apoplast contains a large pool of precipitated Fe (Kosegarten and
Koyro, 2001; Mengel, 1994). Thus, even though the root symplast of 35S::MTP8 lines might
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have accumulated more Fe compared to that of the wild type, it can have a negligible impact
on the total Fe concentration in the root.

Besides the evidence from the yeast complementation assay where MTP8 complemented
a Fe-hypersensitive yeast mutant (Figure 10), convincing evidence suggesting Fe transport by
MTP8 in planta came from the observation that Fe localization in the abaxial side of the
cotyledons in the seeds was dependent on MTPS8 in the vitl mutant background (Figure 25).
Since MTP8 belongs to the Mn-CDFs, which have been predicted to transport specifically Mn
but not Fe (Migeon et al., 2010; Montanini et al., 2007), it appears that MTP8 is the first member
of Mn-CDFs capable of transporting Fe besides Mn.

In general, knock-out mutations do not necessarily result in phenotypes because other
proteins may take over the same physiological function. It is noteworthy that Mn accumulation
in the root sharply decreased in the Fe-deficient mtp8-1 mutant line (Figure 15), indicating that
other vacuolar Mn transporters in the root cells did not take over the function of MTP8 in
sequestering Fe-accompanying Mn to the vacuole. These data indicate that, besides MTP8,
which is indeed indirectly regulated by excess Mn (Figure 16), other tonoplast Mn transporters
in the root are not highly responsive to Mn toxicity. Accordingly, other genes encoding for Mn
transporters, like CAX2, CAX4, CAX5 and CCX3 have been reported to respond poorly to Mn
toxicity, and knock-out lines of these genes do not exhibit striking Mn-related phenotypes
(Cheng et al., 2002; Edmond et al., 2009; Hirschi et al., 2000; Mei et al., 2009; Morris et al.,
2008).

Besides MTP8, MTP11 has been shown to be a major factor for tolerance of Arabidopsis
to high Mn concentrations (Peiter et al.,, 2007). Unlike MTP8, MTP11 is present in a
compartment that co-localizes with markers for the PVC (Delhaize et al., 2007) and the Golgi
apparatus (Peiter et al., 2007). Based on mutant analyses and expression patterns, the MTP11
protein has been hypothesized to contribute to Mn secretion, rather than to intracellular
compartmentalization (Peiter et al., 2007). On high Mn media, mtp11 mutants were much more
impaired in growth than mtp8 mutants (compare Figure 14 and Peiter et al., 2007), which
indicates that, at least in Arabidopsis, MTP8 makes only a minor contribution to Mn tolerance
under non-limiting Fe conditions. Also, the expression patterns of MTP8 and MTP11 are very
different: Whereas MTP8 is highly expressed only in Fe-deficient roots except for the root tip,
MTP11 expression is most pronounced in the apical area of the root and also in hydathodes
of leaves, which all contain cells that lack large vacuoles. 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 localized Mn influx.

5.2.2. MTP8 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 (Figure 16). This regulation is mediated by the
major transcription factor of Fe acquisition mechanisms in Arabidopsis roots, FIT. Accordingly,
MTP8 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
(Figure 15).
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From the perspective of the low substrate selectivity of IRT1, it is not surprising how much
the detoxification mechanisms for IRT1-permeated heavy metals resemble each other. During
IRT1-dependent metal uptake, vacuolar loading of excess Zn, Co and Ni is mediated by MTP3
and IREG2 (Arrivault et al., 2006; Schaaf et al., 2006). However, while vacuolarization of Fe-
accompanying heavy metals has been seen primarily as a means for detoxification, it was
shown now for Mn that sequestration of the heavy metal is essential for the tolerance of a plant
to Fe deficiency.

MTP8 is also induced by high Mn availability on standard growth media (Figure 12).
Although the most straightforward explanation for this may be a Mn-specific regulation of the
gene, it was found that the induction of MTP8 is under complete control of the FIT transcription
factor, which was confirmed by the loss of MTP8 expression in Mn-exposed roots of a fit mutant
(Figure 12). This indicated that not Mn, but rather the degree of Mn-induced Fe deficiency
determines MTP8 transcript levels. In summary, although MTP8 increases the tolerance of the
plant to excess Mn, this is more an indirect consequence of the function of MTP8 to avoid Mn
toxicity during Fe acquisition in Arabidopsis.

5.2.3. MTP8 prevents Mn from inhibiting Fe(lll) reduction under Fe deficiency

The mtp8 mutants displayed two distinct phenotypes. First, primary root elongation was
reduced on high Mn media (Figure 12), which is indicative of Mn toxicity (Peiter et al., 2007).
Second, mtp8 mutants displayed severe chlorosis on Mn-containing media with low Fe
availability (Figure 7); the latter occurred even before Mn-triggered root growth inhibition set in
(Figure 14). This chlorosis went along with strongly decreased shoot Fe concentrations,
confirming that these plants suffered from Fe deficiency-induced chlorosis (Figure 15). These
observations raised the questions how Mn interferes with Fe nutrition and what role MTP8
plays to counteract the antagonistic Fe/Mn interaction.

One possible explanation for the diminished Fe concentration in mtp8 shoots may lie in a
direct competition 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 unloaded 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 may competitively inhibit Fe export to
the xylem, in particular if transport proteins of low specificity are involved. A restriction of Fe
unloading into the xylem would likely result in an accumulation of Fe in roots, as seen in the
man1/frd3 mutant, which is defective in xylem loading of the Fe(lll) chelator citrate (Delhaize,
1996; Durrett et al., 2007). However, an accumulation of Fe in mtp8 roots was never observed
(Figure 15).

Alternatively, the transcriptional response to Fe deficiency may be suppressed by Mn,
which would then affect the activation of genes involved in Fe mobilization and uptake. This
hypothesis was tested, but rather the opposite was found. A number of key transcriptional
regulators and Fe acquisition genes were upregulated when Mn was included in low Fe
medium, and this induction was even more pronounced in the mtp8 mutant (Figure 16). Thus,
the Fe acquisition machinery was upregulated in the mtp8 mutant even to a higher level than
in wild type roots, but it was obviously less efficient in the presence of Mn.

Arabidopsis plants growing under Fe deficiency accumulate coumarins, which can be
detected by their fluorescence emission under UV light. Under Fe deficiency in the absence of
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Mn, mtp8-1 seedlings exhibited fluorescence in the roots to a similar extent as the wild type.
However, in the presence of Mn, although the mutants were Fe deficient, they exhibited less
fluorescence emission under UV light in the rhizosphere compared to the wild type (Figure 18).
Coumarins chelate Fe(lll), hence supporting its solubilization and reduction, and are an
essential part of the Fe deficiency response of plants grown on calcareous soil (Schmid et al.,
2014). Coumarin synthesis is increased under Fe deficiency via the MYB72 and F6'H1
proteins, and loss-of-function mutants of these proteins grew chlorotic leaves when Fe supply
was low. In high-pH, low-Fe medium, Fe was provided already in chelated form, i.e. as
Fe(IINEDTA complex. Therefore, secreted coumarins were not expected to play a role in the
Fe acquisition of plants grown on the present medium. This is in accordance with the result of
the experiment, where myb72-1and f6’h1-1 knock-out lines were cultivated. Although these
mutants were inefficient to accumulate and secrete coumarins, they did not develop chlorotic
leaves on Fe28/Mn40 (Figure 17). From these observations it was concluded that mtp8-1
mutants failed to accumulate fluorescence-emitting coumarins, but this was not the reason
why they were Fe-deficient on low-Fe, high-pH medium in the presence of Mn.

Although the transcript levels of FRO2 were even higher in mtp8 than in the wild type, the
mutant was unable to realize full ferric chelate reduction capacity in the presence of Mn (Figure
19). 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, proton release
by Fe-deficient mtp8 roots was not diminished. Instead, the acidification of the root medium
was even more intense (Figure 20). Apoplastic pH was therefore not likely limiting FRO2
activity. Alternatively, the posttranscriptional or posttranslational regulation of FRO2 may be
affected. Evidence for the existence of such a mechanism comes from experiments, in which
overexpression of the gene did not lead to an increase in ferric chelate reductase activity under
Fe sufficiency (Connolly et al., 2003).

In order to explain both, the inefficiency of ferric chelate reduction and the lack of
fluorescence in the roots of mtp8, two different scenarios are proposed. The first scenario
depends on posttranslational regulation of FRO2 and F6'H1. IRT1 is posttranslationally
regulated (Barberon et al., 2011). Although IRT1 performs uptake of Fe across the plasma
membrane, it is mostly accumulated in the Golgi network. Localization of the IRT1 protein to
the plasma membrane is inhibited by the presence of Fe-accompanying heavy metals in the
medium (Barberon et al., 2014). This is based on the observation that most of the IRT1
protein localizes to the plasma membrane only if plants are grown on nutrient medium
lacking Fe-accompanying heavy metals. Otherwise, when the same lines are grown on
nutrient medium containing Fe-accompanying heavy metals, IRT1 targeting to the plasma
membrane of the epidermis cells is disturbed, resulting in a decreased uptake of Fe. Such a
mechanism may exist for FRO2 and F6’'H1, too. Then, imported Mn which cannot be
sequestered in the epidermal cells of mtp8-1 under Fe deficiency, can lead to
posttranslational modifications that inactivates FRO2 and F6'H1, decreasing ferric chelate
reduction and coumarin production. The second scenario depends on an increased redox
potential in epidermal and cortical cells of mtp8 due to the excess of Mn not sequestered into
the vacuoles. Theoretically, a high redox potential leads to the oxidation of coumarins,
disrupting their fluorescent nature. A high redox potential also decreases the efficiency of
Fe(lll) reduction reaction which is carried out by FRO2. What may be the source of such a
hypothetical high redox potential? One possibility is that part of the absorbed Mn?*, which
could not be sequestered into the vacuole by MTP8, is precipitated to Mn(lV), a strong
oxidizing agent. This hypothesis is named glass makers’ hypothesis, because ancient glass
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makers were using oxidized Mn in order to precipitate Fe to make colorless glass (Janssens,
2013; Quartieri et al., 2002).

Taken together, the Arabidopsis MTP8 protein takes in a special position among the set of
vacuolar transporters that are required to compensate for the low specificity of IRT1. By loading
Mn into root vacuoles MTP8 prevents the inhibition of ferric chelate reduction by Mn and
warrants chlorosis-free growth. MTP8 is thus a key player to prevent the antagonistic
interaction of Mn on Fe nutrition in Arabidopsis. The operation of MTP8 is considered crucial
for plant survival under any conditions where Mn is present and Fe uptake depends on the
induction of Fe acquisition mechanisms.

5.3. MTP8 is responsible for the specific Fe and Mn localization in
subepidermal cells of the Arabidopsis embryo

Seeds store metals as well as other nutrients required for germination. The localization of
three of these metals, namely Fe, Mn and Zn, was visualized for the first time by Kim et al. (
2006) using X-ray synchrotron analysis. According to this study, Zn localized rather
homogeneously throughout the seed, whereas Fe localized to the cells surrounding the
prevascular tissue (Roschzttardtz et al., 2009) and Mn to the abaxial side of the cotyledons.
Furthermore, Fe localization was found to be determined by the tonoplast transporter VIT1, as
the restriction of Fe to vascular strands was lost in the vitl-1 mutant (Kim et al., 2006).
Following a similar logic, Mn localization on the abaxial side of the cotyledons was supposed
to be determined by a yet unknown tonoplast transporter too. Interestingly, in the absence of
VIT1, Fe colocalized with Mn on the abaxial side of the cotyledons (Kim et al., 2006), indicating
that the candidate transporter determining the Mn localization might also determine Fe
localization in vitl-1, provided that the candidate transporter transports both Mn and Fe
(Roschzttardtz et al., 2009). Since MTP8 was shown to transport both of these elements
(Figure 10), and its promoter was active during embryo development (Figure 21), it became a
promising candidate to determine Fe and Mn localization on the abaxial side of the cotyledons.
Therefore, the localization of several metals in mtp8-1 and mtp8-2 mutants was analyzed by
X-ray synchrotron fluorescence (Figure 23). Mn was indeed mislocalized in the mutants. In
contrast to the wild type, the main Mn signals in the mutant embryos shifted from the
subepidermal cell layer to the endodermal cell layer, colocalizing with Fe. This observation
indicated that MTP8 was responsible for the specific Mn localization in the subepidermal cells.

In order to investigate the role of MTP8 in Fe localization on the abaxial side of the
cotyledons in vitl; a mtp8 vitl double knock-out line was generated. Perls/DAB staining
showed that Fe localization in the mtp8 vitl was no longer restricted to the abaxial side of the
cotyledons, but Fe was now homogenously distributed (Figure 25). This diffuse distribution of
Fe was similar to the distribution of Zn in wild-type seeds (Figure 23), which may indicate that
Fe localization in the embryo is now determined by other yet uncharacterized transporters.

Although Fe and Mn localization was altered in the embryos of mtp8 vitl, the mutant line
was apparently healthy, since the chlorophyll patterns during embryo development were not
changed (Figure 26). Moreover, the double mutant was not hypersensitive to Fe or Mn
deficiency during germination (Figure 27, Figure 28). It has been previously reported that vit1-
1 poorly grows on calcareous soil (Kim et al., 2006). The data presented in this thesis failed to
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confirm Kim et al., and suggested that the specific localization of Fe and Mn in the embryo is
not critical for seed development and germination, at least in the tested conditions.

Seed Fe and Mn concentrations were higher in the mtp8 single and double mutant lines
(Figure 29) which could have been due to an increase in Fe and Mn re-translocation from the
shoot to the seeds. It can be assumed that in the absence of MTP8 a part of these metals
might be shifted from vacuoles to the cytosol, which would support a higher mobilization of Fe
to the seeds. In addition, in the mtp8 mutants, Mn concentrations in the shoots were found to
be more than 2 fold compared to those of wild type shoots (Figure 29) which can then elevate
Mn concentrations in the seeds of mtp8 mutants by re-translocation.

Expression of VIT1 and MTP8 during seed development was assessed by taking
advantage of promoterGENE::GUS lines. According to the GUS staining patterns, both of the
promoters were active during seed development, and VIT1 was clearly activated earlier than
MTP8 (Figure 22). VIT1 promoter activity was observed as soon as the prevascular strands
appeared, contrasting to the promoter activity of MTP8, which was not seen earlier than at the
green cotyledon stage (Figure 21, Figure 22). Another interesting point came from the study
of Otegui et al. (2002), who showed that loading of Fe to the embryo set in earlier than the
loading of Mn. Since VIT1 was mainly responsible for Fe and MTP8 for Mn localization in the
seed, and since VIT1 was induced earlier, it is speculated that a differential timing in the
upregulation of these genes may correlate with the differential loading of the respective metals
to the embryo.

In conclusion, an alternative screening medium with limited Fe availability caused by an
elevated pH led to the identification of MTP8 as an essential component of the Fe deficiency
response in the presence of Mn. Characterization of mtp8 mutant lines suggested that Mn
interferes with the Fe deficiency response in mutant seedlings affecting both, coumarin-
dependent fluorescence accumulation and ferric chelate reduction. Furthermore, analysis of
vitl and mtp8 single and double mutant seeds showed that the interplay of VIT1 and MTP8
determines the localization of Fe and Mn in the embryos. This finding opened many critical
research questions to be answered in future including: i) Why does MTP8 not affect the
localization of Fe reserves in wild-type seeds although it does so in vitl? Why does VIT1 not
affect the localization of Mn reserves in wild-type seeds although it does so in mtp8? ii) Is there
any physiological significance for the specific localization of these metals in the embryo? One
of the great aims of plant Fe research is to manipulate plants in order to provide higher
concentrations of Fe to the human diet. The present study showed that a substantial change
in the localization of Fe reserves did not result in lethality or poorer growth of the plants (Figure
24, Figure 26, Figure 27, Figure 28). This observation may encourage the idea that the
localization of seed Fe reserves might be further manipulated in order to improve Fe contents
in the edible parts of the seeds, which may help to improve human nutrition in the future.
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7. Abbreviations

Fe
Fe28/Mn40

FW
FeSOD
GUS
GFP

h
ICP-OES

degree Celsius

percent

micro

micromolar

microgram

microlitre

micromolar

cauliflower mosaic virus

base pair

complementary DNA

cobalt

Columbia-0

deoxyribonucleic acid

dry weight

ethylenediaminetetraacetic acid

iron

% MS based medium supplemented with 28
UM Fe and 40 uM Mn

fresh weight

Fe-dependent superoxide dismutase
B-glucuronidase, is a reporter gene system
green fluorescent protein

hour

inductively coupled plasma opticalemission
pectrometry

isobaric tags for relative and absolute quantitation
left border

molar

2-(N-morpholino) ethanesulfonic acid, buffer
milliliter

manganese

murashige and Skoog medium
nicotianamine

nickel

p-value

phytosiderophores

protein storage vacuole

polymerase chain reaction

right border

ribonucleic acid

reactive oxygen species

syngenta Arabidopsis Insertion Library

Salk Institute for biological studies
standart deviation

student’s t distribution test
ultra-violet light

wild type

zinc


http://en.wikipedia.org/wiki/%CE%92-glucuronidase
http://en.wikipedia.org/wiki/Reporter_gene
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