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Metal accumulation in seeds is a prerequisite for germination and establishment of plants but also for micronutrient delivery to
humans. To investigate metal transport processes and their interactions in seeds, we focused on METAL TOLERANCE
PROTEIN8 (MTP8), a tonoplast transporter of the manganese (Mn) subclade of cation diffusion facilitators, which in Arabidopsis
(Arabidopsis thaliana) is expressed in embryos of seeds. The x-ray fluorescence imaging showed that expression of MTP8 was
responsible for Mn localization in subepidermal cells on the abaxial side of the cotyledons and in cortical cells of the hypocotyl.
Accordingly, under low Mn availability, MTP8 increased seed stores of Mn, required for efficient seed germination. In mutant
embryos lacking expression of VACUOLAR IRON TRANSPORTER1 (VIT1), MTP8 built up iron (Fe) hotspots in MTP8-
expressing cells types, suggesting that MTP8 transports Fe in addition to Mn. In mtp8 vit1 double mutant seeds, Mn and Fe
were distributed in all cell types of the embryo. An Fe transport function of MTP8 was confirmed by its ability to complement Fe
hypersensitivity of a yeast mutant defective in vacuolar Fe transport. Imbibing mtp8-1 mutant seeds in the presence of Mn or
subjecting seeds to wet-dry cycles showed that MTP8 conferred Mn tolerance. During germination, MTP8 promoted reallocation
of Fe from the vasculature. These results indicate that cell type-specific accumulation of Mn and Fe in seeds depends on MTP8
and that this transporter plays an important role in the generation of seed metal stores as well as for metal homeostasis and
germination efficiency under challenging environmental conditions.

The formation of viable seeds in flowering plants
requires a continuous delivery of mineral elements
from the maternal tissue into the developing seed
(Thorne, 1985). As shown by the movement of green
fluorescent proteins, entry of assimilates and probably
also of mineral elements from the outer integument,
which represents a symplastic extension of the mater-
nal vascular tissue, to the endosperm and further to
the embryo involves the passage of apoplastic borders
(Stadler et al., 2005). These are located between the
outer integument and the endosperm, and between the
endosperm and the epidermis of the embryo (Tegeder,
2014). From the heart stage onwards, the embryo forms
a single symplastic domain and depends on substrate
delivery from the endosperm. In mature embryos, the
hypocotyl and the root vasculature form an independent

symplastic domain, and individual cells along the leaf
vascular bundles show poor symplastic connectivity to
their adjacent cells (Stadler et al., 2005). The forma-
tion of independent symplastic domains during embryo
development implies that the distribution of mineral
elements between different cell types becomes more re-
stricted.

Metals reach the embryo via different routes and at
different developmental stages. In Arabidopsis (Arabi-
dopsis thaliana), manganese (Mn) enters the embryo of
developing seeds at the bent cotyledon stage, after Mn
has been released from its transient store in the chalazal
endosperm (Otegui et al., 2002). In contrast, Perls’/
DAB staining of isolated embryos showed that iron (Fe)
starts accumulating in the embryo already from the
walking stick stage on (Roschzttardtz et al., 2009).
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During these early stages of embryo maturation, Fe is
mostly localized in chloroplasts where it supports
photosynthetic activity (Divol et al., 2013). As photo-
synthesis in embryos ceases during postmaturation,
large amounts of Fe are released from the thylakoids
into the cytosol for subsequent loading into vacuoles. In
the following, a major part of the Fe and Mn adopts
a particular and highly defined cell type-specific dis-
tribution in postmature embryos (Kim et al., 2006;
Punshon et al., 2012; 2013). A large fraction of embry-
onic Fe is then stored in endodermal cells that surround
the vasculature in the hypocotyl or radicle axis and in
cotyledons (Kim et al., 2006; Schnell and Ramos et al.,
2013; Roschzttardtz et al., 2009). By contrast, Mn is
mainly concentrated in cortical cells of the hypocotyl
and radicle and in subepidermal cells of the abaxial side
of cotyledons (Kim et al., 2006). Up to 30% of the total
Mn in dry seeds can be located within these areas
(Schnell Ramos et al., 2013). At the subcellular level,
large amounts of Fe and Mn precipitate as phytate
crystals and are found in the form of globoids in protein
storage vacuoles (Bruch et al., 2015; Donner et al., 2012;
Hunter et al., 2007; Lanquar et al., 2005; Mary et al.,
2015; Otegui et al., 2002; Raboy, 2003; Roschzttardtz
et al., 2009). Fe loading into endodermal vacuoles is
mediated by the VACUOLAR IRON TRANSPORTER1
(VIT1; Kim et al., 2006). In vit1 loss-of-function mutants
of Arabidopsis, Fe localization around the vasculature
is completely disrupted (Kim et al., 2006; Roschzttardtz
et al., 2009), suggesting that VIT1 is the major trans-
porter responsible for the cell type-specific localization
of Fe in mature embryos. Intriguingly, in vit1 embryos,
Fe colocalizes with Mn in the cortical cells of the hy-
pocotyl and radicle, and in the subepidermal cells of the
abaxial side of cotyledons (Kim et al., 2006; Schnell
Ramos et al., 2013). Noteworthy, also in this alternative
accumulation site, Fe is still mainly confined to vacuoles

(Roschzttardtz et al., 2009), indicating that in the
absence of VIT1, Fe and Mn may share the same path-
way for vacuolar loading. However, up to now the
molecular identity of the transporter(s) responsible for
cell-specific Mn localization in embryos has remained
elusive.

During seed germination, nutrient stores are remo-
bilized to sustain the demand of the developing seed-
ling as long as efficient nutrient uptake systems in roots
are not yet in place. The early phase of seed germination
starts with imbibition, when water is rapidly taken up
and metabolic activities that were suspended during
seed desiccation become reactivated (Weitbrecht et al.,
2011). Already from the first day of germination,
Fe is released from vacuolar stores via the tonoplast-
localized transporters NATURAL RESISTANCE
ASSOCIATED MACROPHAGE PROTEIN3 (NRAMP3)
and NRAMP4 (Lanquar et al., 2005). Interestingly,
NRAMP3 and NRAMP4 remobilize specifically the Fe
pool that has been formed by VIT1 in endodermal cells
during embryo development (Roschzttardtz et al., 2009;
Mary et al., 2015). This NRAMP3- and NRAMP4-
dependent remobilization of the VIT1-formed Fe pool
is critical for the successful establishment of the seed-
ling, especially under Fe-deficient conditions (Kim
et al., 2006; Lanquar et al., 2005). Thus, it has been
suggested that VIT1, NRAMP3, and NRAMP4 repre-
sent a functional module that operates in endodermal
cells surrounding the vasculature of embryos and is
responsible for the formation of Fe stores during em-
bryo development and their efficient remobilization
during seed germination (Mary et al., 2015). However,
it is noteworthy that the Fe stored in cortical cells of
hypocotyl/radicle and in subepidermal cells located in
the abaxial side of cotyledons in vit1 mutants can be
remobilized during germination also in the absence of
functional NRAMP3 and NRAMP4 transporters (Mary
et al., 2015). Thus, these cells may harbor another
as-yet-unknown vacuolar “influx-efflux transporter
module” that is not only responsible for Mn accumu-
lation but may also use Fe as substrate.

In contrast to NRAMPs, which can permeate a broad
range of different metals (Curie et al., 2000; Thomine
et al., 2000), the Mn subgroup of CATION DIFFUSION
FACILITATOR/METAL TOLERANCE PROTEINS
(CDF/MTPs) has been described as rather specific for
Mn transport (Migeon et al., 2010; Montanini et al., 2007;
Peiter et al., 2007). Recently, we characterizedMTP8 as a
tonoplast Mn transporter in Arabidopsis roots that is
part of the Fe-deficiency response, preventing plants
from Mn toxicity by protecting the Fe acquisition ma-
chinery (Eroglu et al., 2016). Publicly available micro-
array data indicated thatMTP8 is also expressed in seeds
and up-regulated as seeds develop inside siliques. By
assessing metal distribution in wild-type and mtp8 mu-
tant seedswith the help of x-rayfluorescencemicroscopy
(mXRF), we show here that MTP8 is responsible for de-
fining Mn hotspots in the hypocotyl and cotyledons
during seed development as well as for reallocating Fe
during germination or when VIT1 is not functional. Our
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results further reveal a role for MTP8 in building up Mn
stores that support seed germination after plant growth
underMndeficiency or prevent seeds fromMnoverflow
during imbibition. Thereby, this study identifies MTP8
as amissing link in the generation of vacuolarMn and Fe
stores and describes its (eco-) physiological role during
the early phases of germination.

RESULTS

MTP8 Expression in Developing Seeds

In a search for metal transporters involved in seed
loading and homeostasis of Mn, we recognized that
the MTP8 is highly expressed in sepals, stamens, and
seeds (Supplemental Fig. 1A). Previously, we showed
that in Fe-sufficient Arabidopsis plants MTP8 is
weakly expressed in most vegetative organs but
strongly inducible in outer root cells, where it is
under strict control of the Fe deficiency-induced
transcriptional regulator FIT (Eroglu et al., 2016).
To validate the in silico seed expression data, we
assessed promoter activity of MTP8 in embryos of
developing seeds employing promoterMTP8:GUS
lines. Histochemical analyses revealed that MTP8
promoter activity in the seed was absent during
the early developmental stages, while it increased
strongly during the green cotyledon stage and at
maturity (Fig. 1). In maturing embryos, MTP8 pro-
moter activity was most prominent in the hypocotyl
and cotyledons, but not in the apical part of the hy-
pocotyl and root. Notably, promoter activity and
expression was confined to the embryo and not
detected in the seed coat or endosperm (Fig. 1;
Supplemental Fig. 1B). To compare the spatial and
temporal expression pattern of MTP8 to that of the
tonoplast Fe transporter VIT1, promoterVIT1:GUS
lines were assessed in parallel. In contrast to MTP8,
promoter activity of VIT1 was detected throughout
seed development and rather pronounced in

provascular strands of the embryo (Fig. 1). These
observations indicated that the promoter activity of
MTP8 differed from that of VIT1 temporally, asMTP8
promoter activity set in when the embryo was fully
developed and approached maturity and, spatially,
as it expanded over a larger tissue area than that of
VIT1.

Metal Distribution in Mature mtp8 Mutant Seeds as
Determined by mXRF

Since MTP8 expression is induced in maturing em-
bryos (Fig. 1), we assessed whether the loss of MTP8
alters the distribution of Mn and other metals in mature
seeds. Thus, dry seeds of wild-type and two indepen-
dent mtp8 mutant lines (Eroglu et al., 2016) were ana-
lyzed by mXRF for metal localization. In agreement
with previous reports (Kim et al., 2006; Schnell Ramos
et al., 2013; Mary et al., 2015), wild-type seeds enriched
Fe strongly in the provascular tissue of the hypo-
cotyl and in the three provascular strands of each of
the cotyledons, whereas Mn was highly confined to the
abaxial side of the cotyledons and in cortical cells of the
hypocotyl (Fig. 2). Importantly, the characteristic pat-
tern of Fe distribution was not affected by the loss of
MTP8. However, in seeds of bothmtp8mutants,Mn lost
its predominant localization in the subepidermal cells
of the abaxial side of the cotyledons and hypocotyl.
Instead, Mn accumulated in the provascular tissue and
adopted specifically the localization pattern of Fe
(Fig. 2). In contrast, Zn was more homogeneously dis-
tributed throughout the embryo (Fig. 2). The distribu-
tion pattern of this metal was not specifically altered in
mtp8 seeds. These results suggested that MTP8 confers
cell type-specific accumulation ofMn in cotyledons and
that in the absence of MTP8 Mn transport processes
largely overlap with those of Fe.

Unexpectedly, theMn signal in the twomtp8mutants
was weaker than in Col-0 (Fig. 2, note the different

Figure 1. MTP8 and VIT1 promoter activities in developing embryos. PromoterMTP8:GUS and PromoterVIT1:GUS lines were
grown on soil, and seeds were harvested from developing siliques to obtain seeds with embryos at the indicated developmental
stages. Isolated embryoswere incubated inGUS solution overnight for heart, torpedo, andwalking stick stages, or for 2 h for green
cotyledon and mature stages. Scale bars represent 100 mm for heart, torpedo, and walking stick stages and 20 mm for green
cotyledon and mature stages.
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scaling). We considered that this may be due to the
mXRF imaging approach on sections, which we used at
the Spring8 facility. We therefore undertook an inde-
pendent study on metal localization in intact seeds by
synchrotron mXRF tomography at the Diamond Light
Source facility, in which we included seeds from vit1-1
single andmtp8 vit1 double mutant lines. Due to higher
resolution and tomographic recording, this analysis
prevented sectioning artifacts, allowed more refined
quantification, and yielded similar signal intensities
for Mn in wild-type and mtp8-1 seeds. This analysis
confirmed Mn accumulation in subepidermal cells of
the two cotyledons and in cortical cells of the hypo-
cotyl of wild-type and vit1-1 seeds, while Mn local-
ized to the provascular tissue in mtp8-1 seeds (Fig. 3).

In mtp8 vit1 seeds, however, cell type-specific localiza-
tion of Mn got lost. Interestingly, this observation also
held true for Fe, which now appeared evenly distrib-
uted within the embryo tissue. These images indicated
not only that MTP8 was responsible for the subepi-
dermal localization of Mn, and in the absence of VIT1
also of Fe, but also that VIT1 was responsible for the
provascular localization of Mn in the absence of MTP8.

Complementation of Fe Sensitivity in Yeast by
Heterologous Expression of MTP8

Previously, it has been shown that the characteristic
accumulation of Fe in provascular strands is completely

Figure 2. mXRF imaging of seed sec-
tions. A, Schematic representation of a
cross section of a mature Arabidopsis
seed highlighting cell types relevant for
metal localization in embryos. B, Trans-
versal images of light microscopy or x-ray
fluorescence show relative abundances
of individual metals. Dry seeds of wild-
type, mtp8-1, and mtp8-2 mutant plants
were imbibed in water for 3 h, and metal
localization in seeds was analyzed on
cross sections. Seeds were obtained from
plants propagated under the same con-
ditions. At least three different seeds from
each line were analyzed and represen-
tative images are shown.

Figure 3. mXRF tomographs of intact seeds
from wild-type, mtp8-1, vit1-1, and mtp8
vit1 (mtp8-1 vit1-1) plants. Tomographs
show absolute abundances of individual
metals. Seeds were obtained from plants
propagated under identical conditions. Three
different seeds from each line were analyzed
and representative images are shown. The
color scale ranges for the individual metals
are as follows: Fe, 0 to 1,200mg g21; Mn, 0 to
1,100 mg g21; Zn, 0 to 500 mg g21.
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disrupted in vit1 embryos (Kim et al., 2006), as Fe is
relocated to the sites of Mn accumulation via a mech-
anism that has remained largely elusive. Our observa-
tion thatMTP8 is responsible for the defined localization
of Mn (Fig. 3) that is shared by Fe in the absence of
VIT1 (Kim et al., 2006) suggested that MTP8 may also
transport Fe. To test vacuolar Fe transport compe-
tence, we expressed MTP8 in the Fe-hypersensitive
yeast strain ccc1D. In yeast, CCC1 (Ca2+-sensitive Cross-
Complementer 1) functions as a vacuolar Fe transporter
required for survival on media containing elevated Fe
concentrations (Li et al., 2001). As expected, growth of
ccc1D on medium containing 5 mM Fe was strongly
suppressed (Fig. 4). However, the expression of MTP8
fully restored growth of ccc1D cells back to wild-type
levels. This result indicated that besides Mn (Eroglu
et al., 2016), MTP8 is also able to transport Fe.

Localization of Fe in Mature Embryos of mtp8 and vit1
Single and Double Knockout Lines

In addition to mXRF analyses, we visualized Fe dis-
tribution in embryos by Perls’/DAB staining to inves-
tigate the contribution of MTP8 to Fe allocation. In both
mtp8 mutant lines, Fe localized to the vascular strands,
as it did in wild-type plants (Fig. 5A), indicating that
MTP8 did not affect localization of the major stainable
Fe reserves in the embryo. As reported previously
(Roschzttardtz et al., 2009), absence of VIT1 resulted in
a loss of Fe accumulation in the vascular strands. In
addition, a closer look revealed that in vit1 mutants, Fe
staining was more pronounced in cortical cells of the
hypocotyl and in particular on the upper, that is, ab-
axial side of the cotyledons (Fig. 5B). Hypothesizing
that, in vit1, MTP8may determine Fe localization on the
abaxial side of the cotyledons, we reexamined MTP8
promoter activity by focusing on abaxial and adaxial
sides of the cotyledons. In agreement with the GUS
reporter study (Fig. 1), promoterMTP8-dependent EYFP
fluorescence confirmed the tissue-specific promoter
activity of MTP8 but further revealed that MTP8 pro-
moter activity is higher on the abaxial side of cotyle-
dons (Fig. 5C). This localized expression pattern
of MTP8 coincided directly with the Fe distribution in
vit1 mutants, which appeared strongest and in well-
defined spots on the abaxial side of cotyledons (Figs.
2, 3, and 5A).

We then took transversal and longitudinal sections of
Perls’/DAB-stained seeds, which allowed defining Fe
localization to the subepidermal layer on the abaxial
side of vit1-2 cotyledons and to both cortical cell layers
of the hypocotyl (Fig. 6A). In contrast, the predominant
localization of Fe to endodermal cells around the vas-
cular strands remained unchanged in mtp8-1 seeds. In
the mtp8 vit1 double mutant, well-defined Fe spots on
the abaxial sides of the cotyledons and in the hypocotyl
disappeared. Instead, Fe showed rather a dispersed
distribution throughout all cell types of the different
embryo tissues (Figs. 5A and 6A), confirming the mXRF
analysis (Fig. 3). This was not a consequence of a
smaller Fe reserve in mtp8 vit1 seeds, in which Fe con-
centration and thousand seed weight were highly
similar as in the other lines (Supplemental Fig. S2). To
confirm the impact of MTP8 on subcellular Fe locali-
zation, we focused on subepidermal cells of vit1-2 cot-
yledons (Fig. 6B). There, Perls’/DAB staining labeled Fe
only in a central part of the cells, which most likely
reflected Fe accumulation in the vacuole. This particu-
lar subcellular staining pattern was lost in the mtp8 vit1
double mutant. Altogether, these observations indi-
cated that in the absence of VIT1, MTP8 is responsible
for the preferential localization of Fe on the abaxial side
of the cotyledons, and that beyond VIT1 and MTP8
there is no further transport step responsible for cell
type-specific accumulation of Fe in the embryo.

Involvement of MTP8 in Fe Reallocation during Seed
Imbibition and Germination

The MTP8-dependent local accumulation of Mn in
seeds suggested that MTP8 plays a role during seed
development and/or during the early phase of seed
germination. As active metabolism in a mature embryo
is suspended during desiccation but restarts with im-
bibition (Bewley, 1997), we investigated whetherMTP8
expression is induced upon seed imbibition. When
seeds were imbibed for 3 or 5 d but kept at 4°C to
prevent germination, MTP8 promoter activity strongly
increased and showed a punctate pattern in cotyledons
and the hypocotyl (Fig. 7A). This pattern was retained
after 1 d of germination, whereas 1 d later MTP8 pro-
moter activity ceased. After 3 d of imbibition of wild-
type seeds, Perls’/DAB-stained Fe mainly localized to
the provascular strands of the cotyledons (Fig. 7B). In
addition, Fe appeared in clearly defined spots on the
abaxial but not on the adaxial side of the cotyledons,
coinciding spatially with the expression pattern of the
MTP8 promoter (Fig. 5C). Transversal sections con-
firmed that these spots corresponded to the subepi-
dermal layer on the abaxial side of the cotyledons (Fig.
7C). Counting the number of Fe hotspots over time
confirmed a marked and steady increase of their ap-
pearance over the first 5 d of imbibition (Fig. 7D). In
mtp8-1 seedlings, no hotspots of Fe were observed.
Monitoring Fe reallocation through imbibition up to 2 d
of germination showed that in wild-type seedlings the

Figure 4. MTP8 complements a yeast mutant defective in vacuolar Fe
transport. Overnight cultures of the wild-type strain BY4741 and the
deletion mutant ccc1D harboring the empty vector pFL61 or pFL61-
MTP8 were serially diluted and dropped onto plates containing either
SC medium or SC medium supplemented with 5 mM FeCl2.
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vascular localization of Femostly disappeared (Fig. 7E).
However, in mtp8-1 seedlings Fe reallocation from the
vascular tissue was retarded. Thus, during imbibition
and early germination Fe is remobilized in an MTP8-
dependent manner, and this remobilization coincided
with Fe depletion from the vasculature.

Impact of MTP8 during Seed Imbibition and Germination
in the Presence of Mn

In roots, MTP8 has been shown to confer tolerance to
excess external Mn (Eroglu et al., 2016), raising the
question whether such a tolerance mechanism is also

relevant during imbibition or germination. Indeed,
mtp8-1 seeds were more sensitive to elevated Mn con-
centrations in the germinationmedium than thewild type,
resulting in poor seedling development (Supplemental
Fig. S3). To examine a role of MTP8 during imbibition,
seeds were exposed to elevated concentrations ofMn for
up to 72 h,washed to removeMn from the seed coat, and
germinated on 0.53 Murashige and Skoog (MS) me-
dium, which contained 40 mM Mn (Fig. 8A). Regardless
of the external Mn concentration during imbibition,
wild-type seeds germinated properly and young seed-
lings did not show any visible phenotype. However,
when imbibed in the presence of 500 mM Mn, mtp8-1
seedlings developed chlorotic leaves, and exposure to an

Figure 5. Impact of MTP8 and VIT1 on Fe
distribution in embryos and expression of
EYFP driven by the MTP8 promoter. A,
Perls’/DAB-stained Fe in postmature em-
bryos isolated from seeds of wild-type,
mtp8-1, mtp8-2, vit1-1, vit1-2, or mtp8
vit1 (mtp8-1 vit1-2) double mutant plants.
Mature seeds were incubated for 12 h in
distilledwater before embryos were isolated,
stained by Perls’/DAB, and observed under a
light microscope. B, Confocal image with
autofluorescence of an Arabidopsis embryo.
C, Embryos of PromoterMTP8:EYFP lines
were imbibed inwater for 24 h, isolated, and
the EYFP-dependent fluorescence analyzed
by a laser-scanning confocal microscope.
Scale bars in A and C represent 100 mm.

Figure 6. MTP8-dependent cell type-spe-
cific and subcellular Fe localization. A,
Cell type-specific localization of Fe in
cross sections through postmature em-
bryos of wild-type,mtp8-1, vit1-2, ormtp8
vit1 (mtp8-1 vit1-2) plants. Embryos were
subjected to in situ Perls’/DAB staining.
Perls control was stained onlywith DAB. B,
Perls’/DAB-stained Fe in subepidermal
cells of cotyledons of vit1-2 or mtp8 vit1
embryos. Scale bars represent 100 mm (A)
or 20 mm (B).
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even higher Mn concentration strongly inhibited seed-
ling growth and germination rate of seeds. To better
understand the role of MTP8 in Mn absorption by

imbibed seeds, Mn-exposed wild-type and mtp8-1 mu-
tant seeds were subjected to elemental analysis. In the
absence of Mn, Mn levels in mtp8-1 seeds were lower

Figure 7. MTP8 promoter activity and MTP8-dependent Fe accumulation on the abaxial side of cotyledons during seed imbibition
and germination. A, Time-course analysis of PromoterMTP8-GUS activity during imbibition and germination. B, Perls’/DAB-stained
Fe on the adaxial and abaxial side of the same cotyledon of wild-type embryos upon 3 d of imbibition. C, Perls’/DAB-stained Fe
distribution in a cross section of a postmature wild-type embryo imbibed inwater for 3 d. D,Quantification of Fe spots on the abaxial
side of Col-0 andmtp8-1 cotyledons after 0, 3, or 5 d of imbibition. Bars represent means6 SD; n = 3 embryos. E, Fe localization in
cotyledons of wild-type and mtp8-1 embryos during imbibition and germination. Isolated embryos or germinating seedlings were
stained by Perls’/DAB and imaged under a microscope. Scale bars represent either 50 mm (C) or 100 mm (A, B, and E).
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(Supplemental Fig. S4). Over a period of 72 h in the
presence of Mn, Mn concentrations in the seeds of both
lines increased. Unexpectedly, at 0.5 and 5 mM external
Mn,Mn accumulation was even higher inmtp8-1 than in
wild-type seeds. We then separated embryos from the
rest of the seed and observed that mtp8-1 embryos ac-
cumulated more Mn than wild-type embryos, suggest-
ing that Mn concentrations in the embryo tissue reached
toxic levels earlier in the absence of MTP8 (Fig. 8B).
Accumulation of Mn in the embryo coincided with an
increase of MTP8 transcript levels already after 1 d of
imbibition when seeds were imbibed in water (Fig. 8C).
In the presence of 5 mM Mn, MTP8 transcript levels
remained lower and ceased earlier. With regard to the
induction of MTP8 upon imbibition and similar Mn
concentrations in embryos of both lines at 5 mM external
Mn (Fig. 8B), poor germination of mtp8-1 seeds sug-
gested that a larger cytosolic Mn fraction in mtp8-1 em-
bryos conferred higher sensitivity to external Mn.

Ecophysiological Role of MTP8 in Metal Homeostasis
during Wet-Dry Cycles

In temperate and cold climates, seed imbibition
without an onset of germination plays an important role
during autumn or winter, especially when seeds remain
buried in cold soils and are exposed to repeated wet-dry
cycles due to fluctuating water conditions. To address a
role of MTP8 in metal homeostasis under such condi-
tions that augment plant-available Mn pools, we ex-
posed seeds at 4°C to wet-dry cycles in a peat-based
substrate supplemented with different amounts of Mn.
One set of substrate was kept dry and another set water
saturated. In 3-d intervals, seeds contained inside nylon
mesh bags were transferred from wet to dry substrate
and vice versa (Fig. 9A), and 21 d after starting the ex-
periment seeds were finally transferred for germination
onto control substrate without Mn supplementation.

When kept in control substrate (0.1 g kg21 Mn), ger-
mination rates ofmtp8 seeds were indistinguishable from
those ofwild-type seeds,while after exposure to substrate
containing 10 g kg21 Mn during imbibition mtp8 seeds
germinated with a delay (Fig. 9, B and C). At the highest
Mn availability in the substrate (50 g kg21 Mn), germi-
nation of all seeds was delayed or completely inhibited.
Nonetheless, 70 to 80% of Col-0 and vit1 seeds had ger-
minated after transfer to control conditions (Fig. 9D). At
the same time point, germination of mtp8 vit1 and of the
two single mutant seeds still remained very poor. Nota-
bly, even when able to germinate after 8 d, the seedlings
of both mtp8 and mtp8 vit1 mutants produced less bio-
mass than those of Col-0 and vit1-2 (Fig. 9E). These results
pointed to a critical role of MTP8 but not of VIT1 in Mn
homeostasis during the pregermination phase under
fluctuating water conditions in solid growth substrates.

Contribution of MTP8 to Mn Storage in Seeds

To test the hypothesis whether MTP8 also affects Mn
storage in seeds and subsequent seed germination in the
long run, we grew Col-0 and mtp8 plants on Mn-free or
Mn-supplemented perlite tomaturity before recording the
germination rate of their seeds. Under conditions of suf-
ficientMn supply, seed yield andMn concentrations were
similar in all genotypes (Fig. 10, A and B). In contrast, Mn
limitation in the substrate markedly reduced seed yield
and seed Mn concentrations, but not Fe concentrations
(Fig. 10C). The decrease of seed Mn concentrations in
Mn-deficient plants was more pronounced in mtp8 seeds
(Fig. 10B). As expressed in delayed germination and lower
germination rates, seeds harvested from plants grown
without Mn supplementation germinated poorly (Fig. 10,
D and E). This effect was even more prominent in mtp8
seeds, showing thatMTP8-dependent seed reserves ofMn
are essential for adequate germination.

DISCUSSION

Transport processes of metal micronutrients to and
within seeds are a prerequisite for seed development

Figure 8. Effect of Mn availability during seed imbibition on germination
and MTP8 expression in wild-type and mtp8-1 seeds. A, Seeds were
imbibed in distilledwater (dH2O) or in 50, 500mM, or 5mMMnCl2 at 4°C
for 3 d. Then, imbibed seeds were washed with water and germinated on
0.53MS agar containing 40 mM MnCl2 for 4 d before photos were taken.
B, Mn concentrations in wild-type or mtp8-1 embryos or the seed coat
with remaining seed constituents (rest) after isolation of embryos. C, Time-
course analysis of MTP8 transcript levels during imbibition at 4°C in
distilled water or in water containing 5 mM MnCl2 (Mn). Bars represent
means 6 SD; n = 3 biological replicates. Different letters indicate signif-
icant difference according to Tukey’s test (P , 0.05).
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and subsequent germination, as well as for micro-
nutrient enrichment in seed-based food. Moreover, in
oleiferous seeds of soybean (Glycine max), oilseed rape
(Brassica napus), or Arabidopsis, metal micronutrients
take over additional, specific roles, such as in oil bio-
synthesis, which strongly depends onMn (Wilson et al.,
1982). Apart from processes regulating metal delivery
to seeds, storage capacities and reallocation processes
within seeds are decisive for germination success and
subsequent seedling vigor (Eggert and von Wirén,
2013, 2015). At the subcellular level, the vacuole in
particular creates an important sink for Fe and Mn
during seed development and provides an essential
source for these metals during the early germination
phase. Regarding Fe, these functions are mediated
by the vacuolar Fe importer VIT1 (Kim et al., 2006;
Roschzttardtz et al., 2009) and the vacuolar exporter
pair NRAMP3/NRAMP4 (Lanquar et al., 2005), which
together constitute a functional module for Fe storage
in and release from endodermal cells of the Arabidopsis
embryo (Mary et al., 2015). In the case of Mn, the
transporters responsible for vacuolar Mn loading and
unloading during seed development and germination
have remained unknown. Here, we report that the
vacuolar Mn transporter MTP8 is responsible for a
characteristic enrichment of Mn in cortical cells of the
hypocotyl and in subepidermal cells of cotyledons as

well as for Mn homeostasis during imbibition and
germination under fluctuating water conditions. More-
over, MTP8 is also involved in vacuolar Fe loading not
only as a default option in the absence of VIT1, but also
for Fe reallocation during the pregermination phase.
This study identifies MTP8 as one essential component
of the predicted “Mn/Fe importer-exporter module”
located in vacuoles of subepidermal cells of cotyledons
and cortical cells of the hypocotyl, which regulates
homeostasis of Mn and reallocation of Fe in embryos
and germinating seedlings.

Mn Accumulation in the Embryo Depends on MTP8

An elemental analysis of Arabidopsis seeds during
their development showed that Mn accumulated up to
the early bent stage almost exclusively in the endo-
sperm and seed coat but only very little in the embryo,
while with progression to late bent stage and maturity
translocation of Mn from the endosperm into the em-
bryo set in (Otegui et al., 2002). This temporal pattern
coincided with the disappearance of Mn crystals from
the endosperm (Otegui et al., 2002) and with the onset
ofMTP8 promoter activity in the embryo (Fig. 1). In the
embryo, MTP8 promoter activity was predominant on
the abaxial side of the cotyledons (Fig. 5C), which cor-
responded precisely to the site of Mn accumulation in

Figure 9. MTP8-dependent germination
after exposure of seeds to Mn during wet/
dry cycles. A, Schematic representation of
wet/dry cycles under low temperature.
Dormant seeds ofwild type (Col-0),mtp8-1,
mtp8-2, andmtp8 vit1 (mtp8-1 vit1-2) were
planted in a peat-based substrate supple-
mented or not with MnCl2 and maintained
at 4°C for 21 d. Seeds were exposed to al-
ternating wet and dry cycles as indicated
and then allowed to germinate in control
substrate. B to D, Germination rate after
wet-dry cycles at 4°C in substrate contain-
ing 0.1 (B), 10 (C), or 50 (D) g kg21 MnCl2.
Symbols represent means6 SD; n = 4 repli-
cates with.15 seeds. E, Shoot fresh weight
of seedlings exposed to different Mn con-
centrations during wet/dry cycles at 4°C
before germinating in substrate containing
0.1 g kg21 MnCl2. Fresh weight was deter-
mined 12 d after sowing. Bars represent
means6 SD; n= 4 replicates each consisting
of 5 to 7 plants. * or ** indicates significant
differences from Col-0 according to pair-
wise t test at P , 0.05 or P , 0.001, re-
spectively.
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dry seeds (Figs. 2 and 3). As verified directly by mXRF
(Figs. 2 and 3) and indirectly by MTP8-dependent Fe
localization (Figs. 5 and 6), the site of MTP8 expression
and Mn localization was consistent with the subepi-
dermal cell layer of the abaxial side of cotyledons and

with cortical cells of the hypocotyl. In the hypocotyl,
MTP8 conferred metal accumulation in irregularly
distributed hot spots. Since this cell type-specific pat-
tern of Mn accumulation was completely absent in
seeds of the two mtp8 single mutants or the mtp8 vit1

Figure 10. Influence of MTP8 on seed
yield, seed Mn concentration, and seed
vigor under Mn-limiting growth condi-
tions. A to C,Mother plantswere grown on
perlite supplemented with 5 mM MnCl2
(+Mn) or without Mn supply (2Mn). A,
Seed yield and seed concentrations of Mn
(B) and Fe (C) were assessed at maturity.
Bars represent means 6 SD; n = 3 biologi-
cal replicates. Asterisks indicate significant
differences to Col-0 according to Student’s
t test at *P , 0.01 or **P , 0.001, re-
spectively. D and E, Germination of seeds
harvested from plants grown on perlite
supplemented with 5 mM Mn (+Mn) or
without Mn supplementation (2Mn). D,
Germination assay and (E) proportion of
germinated seeds as scored 3 to 7 d after
sowing on 0.53MS containing 40 mM Mn.
Symbols represent means 6 SD; n = 3 bio-
logical replicates. Asterisk indicates sig-
nificant differences between Col-0 and
mtp8-1 as well as mtp8-2 in the +Mn or
–Mn treatment.

Figure 11. Schematic model for the role of
MTP8 in vacuolar metal transport in em-
bryos during seed development and during
imbibition of seeds in the soil.
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double mutant (Figs. 2 and 3), the major driving force
for subepidermal and cortical Mn accumulation in the
embryo depends on MTP8 (Fig. 11). With respect to its
ability to compartmentalize Mn to the vacuole (Eroglu
et al., 2016), MTP8 is able to create a strong sink for
Mn in subepidermal cells. Following the common route
for assimilates and minerals, Mn unloaded from the
phloem of the mother plant may move via the outer
integument toward the endosperm and the embryo
(Stadler et al., 2005). After crossing the plasma mem-
brane of embryonic cells, an MTP8-mediated accumu-
lation ofMn in the subepidermal layer of the cotyledons
may allow efficient withdrawal of Mn from the seed
coat, which is left with ;10% of the overall seed Mn in
oilseed rape (Eggert and von Wirén, 2013). However,
the physiological function of this cell type-specific Mn
localization in the abaxial side of cotyledons is not yet
clear. One possibility is that subepidermal Mn is asso-
ciated with photosynthetic activity in cotyledons, since
Mn is a key element in the water-splitting system of
PSII. In soybean embryos, a strong gradient in PSII
activity forms between the abaxial and the adaxial sides
of cotyledons as development progresses (Borisjuk
et al., 2005). During the late storage phase, considerable
PSII activity was still detected on the abaxial side of the
cotyledons, whereas PSII activity ceased completely on
the adaxial side. Assuming a similar pattern of PSII
activity also in Arabidopsis embryos, the compara-
tively late activation of the MTP8 promoter during
embryo development (Fig. 1) may indicate that MTP8 is
involved in sequesteringMn released from chloroplasts
during late PSII disintegration on the abaxial side of
cotyledons.

MTP8 Assures Mn Homeostasis during Seed Development
and Germination

The physiological context in which MTP8 functions
in seeds is completely different from its role in vegeta-
tive organs. In Stylosanthes, rice (Oryza sativa), barley,
and Arabidopsis, evidence has been provided that
MTP8 proteins confer tolerance to Mn toxicity (Chen
et al., 2013; Delhaize et al., 2003; Pedas et al., 2014,
Eroglu et al., 2016). In Arabidopsis roots, this function
has been set into context with Fe deficiency. Fe
deficiency-induced expression of the poorly substrate-
specific Fe2+ transporter IRT1 provokes cellular
overload with Mn, which suppresses activity of the
membrane-bound ferric Fe chelate reductase (Eroglu
et al., 2016). Concomitant induction of MTP8 then al-
lows compartmentalization of excess Mn into the vac-
uole sustaining not only reductase activity but also a
balanced translocation of Fe andMn to the shoot. Thus,
in roots MTP8 belongs to a group of vacuolar metal
loaders, also including MTP3 and IREG2 (Arrivault
et al., 2006; Schaaf et al., 2006), which are under tran-
scriptional control of the Fe deficiency-induced regu-
lator FIT (Colangelo and Guerinot, 2004) and localized
to outer root cells where Fe acquisition takes place.

Based on its vacuolar transport function for Mn,
MTP8 can also contribute to Mn storage in seeds. Ex-
pression of MTP8 is confined to later developmental
stages, when the embryo has already expanded its
cotyledons (Fig. 1). This limited time span severely re-
stricts the period of MTP8-mediated Mn loading to the
abaxial side of the cotyledons, eventually partitioning
in this region one-third of the total Mn reserves of the
embryo (Schnell Ramos et al., 2013). Nevertheless,
wild-type and mtp8 seeds showed highly similar and
typical Mn concentrations of 20 to 30 mg g21 when
grown with ample Mn supply (Fig. 10B). Based on the
high affinity of Mn to form complexes with phosphate,
heterometallic phytate complexes have been identified
in acidic compartments of wheat (Triticum aestivum)
seeds where Mn most likely enters a MnZn4-inositol-6-
phosphate complex (Rodrigues-Filho et al., 2005).
However, intracellular localization and predominant
binding forms may change under Mn-deficient growth
conditions. When the growth substrate was not sup-
plemented withMn, seed yield ofmtp8 plants tended to
drop, and Mn concentrations decreased to ;50% of
those of the wild type (Fig. 10, A and B). In conse-
quence, mtp8 seeds showed a delay in germination and
lower germination rates (Fig. 10, D and E). Previous
studies pointed out that seeds with low Mn levels ex-
hibit poor germination rates (Crosbie et al., 1993),
which may be related to nonscavenged reactive oxygen
species due to insufficient Mn for Mn-SOD synthesis
(Martin et al., 2013). Thus, our results indicate that
MTP8 takes over a function in safeguarding seed via-
bility by increasing the stored Mn pool in the embryo,
which is of particular relevance when the mother plant
suffers from Mn deficiency.

Vacuolar sequestration of Mn by MTP8 is also im-
portant for seed performance if external Mn availability
is high. While water logging may increase Mn levels in
the soil solution to .0.5 mM (Gilmour, 1977), simulta-
neous presence of organic matter may enhance Mn re-
duction and raise Mn concentrations even up to 2 mM

(Porter et al., 2004). Germination in the presence of 1mM

external Mn or imbibition in 0.5 to 5 mM Mn prior to
germination caused poor development and chlorotic
appearance only of mtp8 seedlings (Supplemental Fig.
S3; Fig. 8A), which coincided with higher accumulation
of Mn in mtp8 embryos (Fig. 8B). Thus, expression of
MTP8 shortly after imbibition (Fig. 8C) most likely
protects the developing seedling from excess cytosolic
Mn due to vacuolar sequestration. Higher Mn accu-
mulation in mtp8 seeds and embryos at elevated ex-
ternal Mn was unexpected, as MTP8 was supposed to
create a vacuolar sink favorable for Mn accumulation.
Under these conditions, MTP8-dependent vacuolar
compartmentalization may be involved in retrograde
signaling between the vacuolar Mn store and Mn up-
take across the plasma membrane in the embryo tissue.

Our experiments further added an ecophysiological
dimension to the vacuolar loading function of MTP8,
which may gain importance in autumn or winter when
soil humidity allows seeds to imbibe water and restart
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metabolic functions but the soil temperature is too low
to allow germination. Thosewet and poorly aerated soil
conditions cause a decline of the redox potential of the
soil solution, thereby mobilizing sparingly soluble Mn
oxides and increasing Mn availability. Such conditions
were simulated by subjecting seeds to repeatedwet-dry
cycles at 4°C (Fig. 9A). When Mn concentrations in the
substrate were high, the loss of MTP8 resulted in severe
defects in seed germination and seedling establishment
(Fig. 9, B–E), indicating that seeds must actively main-
tain metal homeostasis also after detachment from the
mother plant. Whereas during seed development the
amount of nutrients that eventually reaches the seed is
controlled by multiple transport steps in the mother
plant (Stacey et al., 2008; Curie et al., 2009; Olsen et al.,
2016), dispersed seeds are directly exposed to elements
contained in the soil. Although the seed coat offers a
protective barrier to otherwise uncontrolled nutrient
intake, the efficacy of such protection depends on the
plant species and the element in question (Seregin and
Kozhevnikova, 2005; Wierzbicka and Obidzi�nska,
1998). Our results suggest that MTP8 represents a
mechanism to prevent deleterious effects that may arise
from exposition of dispersed seeds to elevated soil
metal concentrations. MTP8-mediated transport func-
tions are thus expected to gain relevance in temperate
and cold climates, when imbibed seeds can remain
buried in wet or temporally waterlogged soils.

MTP8 Is Part of a Module of Tonoplast Transporters
Regulating Fe and Mn Homeostasis in Seeds

Although primarily involved in Mn localization in
developing embryos, MTP8 becomes a major vacuolar
Fe transporter in the absence of VIT1. This conclusion is
supported by (1) the ability of MTP8 to mediate Fe
detoxification in yeast (Fig. 4); (2) MTP8-dependent
intracellular, presumably vacuolar localization of Fe
in the absence of VIT1 (Fig. 6B); (3) the overlap between
the domain of MTP8 promoter activity on the abaxial
side of cotyledons and themajor site of Fe accumulation
in postmature vit1 embryos (Figs. 2, 3, and 5, A and C);
and (4) the loss of subepidermal Fe localization in mtp8
vit1 embryos (Figs. 3 and 6). Previously, it has been
shown by a yeast complementation assay and the pos-
itive correlation between MTP8 expression and tissue
Mn accumulation in planta that MTP8 can transport
Mn (Eroglu et al., 2016). Here, we show that the metal
transport function of MTP8 extends to Fe. This finding
is intriguing, since Mn-CDFs have been described to be
specific for Mn (Migeon et al., 2010; Montanini et al.,
2007; Peiter et al., 2007).

In embryos, the activity of VIT1 during seed devel-
opment concentrates Fe predominantly in endodermal
cells that surround the vasculature (Kim et al., 2006;
Roschzttardtz et al., 2009). If VIT1 is lost, Fe accumu-
lates in cortical cells of the hypocotyl and in subepi-
dermal cells of cotyledons (Fig. 4A; Roschzttardtz et al.,
2009; Mary et al., 2015). These alternative sites of Fe

accumulation coincide with the domains of MTP8 ex-
pression in embryos (Fig. 5C). Interestingly, when both
VIT1 andMTP8 are disrupted, Fe diffusely accumulates
in all cells (Figs. 3, 5A, and 6A). Thus, MTP8 is the
transporter responsible for cell type-specific realloca-
tion of Fe in vit1 embryos. Noteworthy, this study also
raised evidence that MTP8 functions in reallocating
Fe in the presence of VIT1. According to Perls’/DAB
staining of imbibed seeds, Fe starts concentrating on
the abaxial side of cotyledons in an MTP8-dependent
manner as seeds take up water (Fig. 7, B and C). This
coincides with enhanced MTP8 promoter activity dur-
ing imbibition (Fig. 7A). Thus, cell type-specific ex-
pression of MTP8 defines a transient vacuolar storage
site for Fe mobilized during imbibition and prior to
germination (Fig. 11), which may protect cells from the
formation of reactive oxygen species.

In wild-type seeds, the release of Fe from vacuoles
during germination is mediated by NRAMP3 and
NRAMP4, and the absence of both transporters results
in poor seedling development under low Fe availability
(Lanquar et al., 2005). In line with this function, Fe is
retained in endodermal cells of nramp3nramp4 double
mutants during seed germination and seedling es-
tablishment, indicating that VIT1, NRAMP3, and
NRAMP4 form a functional module active in endo-
dermal cells surrounding the vasculature (Mary et al.,
2015). Intriguingly, NRAMP3 and NRAMP4 activity is
not essential for Fe mobilization if Fe is not concen-
trated in endodermal cells, as nramp3 nramp4 vit1 triple
mutants are able to efficiently mobilize Fe and show no
visible phenotypes when germinated on low Fe condi-
tions (Mary et al., 2015). This indicates that MTP8-
supplied Fe stores in vit1 embryos are not remobilized
by NRAMP3 and NRAMP4. As subepidermal cells of
cotyledons and cortical cells of hypocotyl provide the
alternative route for Fe storage, these cells must harbor
another vacuolar Fe importer-exporter module. As
shown here, this module comprises of MTP8 and a yet
unknown vacuolar unloader for Fe (Fig. 11).

Apart from the fact that MTP8 mediates Fe transport
in vit1 embryos, our results also reveal another level of
interplay between VIT1 and MTP8, as mXRF analyses
showed that in mtp8 embryos Mn is concentrated pre-
dominantly around the vasculature (Figs. 2 and 3),
where VIT1 is expressed (Kim et al., 2006). In fact, the
pattern of Mn distribution in mtp8 embryos closely
matches that of Fe accumulation, suggesting that VIT1
may indeed act as a default pathway for Mn accumu-
lation in embryos in the absence of MTP8. In this
regard, it has been shown previously that, besides Fe,
VIT1 can also transport Mn when expressed in yeast
cells (Kim et al., 2006).

Taken together, we demonstrate that MTP8 plays a
critical role in Mn accumulation in seeds by creating a
vacuolar sink in the embryo, which is of particular
importance when plants are grown under low Mn
availability. In embryos, MTP8 defines the major sites
of Mn accumulation in cortical cells of the hypocotyl
and in the subepidermal cells of the abaxial side of
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cotyledons. Once detached from mother plants, seeds
take up Mn from the environment during seed imbi-
bition, and MTP8 sequesters Mn after excessive intake
to prevent the embryo from cytotoxicity. Moreover, the
transport function of MTP8 extends to Fe as it reallo-
cates Fe in embryos in the absence of VIT1 during em-
bryo development. During imbibition MTP8 acts in the
presence of VIT1 and creates a transient Fe sink in
subepidermal cells of the cotyledons, which promotes
the subsequent release of Fe from the vasculature. With
these seed-specific Fe transport properties MTP8 may
also represent an attractive target in biofortification
strategies aiming at the enhancement of micronutrient
contents in seeds (White and Broadley, 2009; Bouis
et al., 2011; Ricachenevsky et al., 2013; Vatansever et al.,
2017).

MATERIALS AND METHODS

Plant Materials and Plant Growth Conditions

All Arabidopsis (Arabidopsis thaliana) lines used in this study were derived
from Columbia-0. vit1-1 (SALK_020596C) and two promoterVIT1:GUS lines
(Kim et al., 2006) were obtained fromMary-Lou Guerinot (Dartmouth College).
The transgenic lines mtp8-1, mtp8-2, 35S:MTP8#OE2, promoterMTP8:GUS, and
promoterMTP8:EYFP have been described previously (Eroglu et al., 2016). The
vit1-2 (SALK_123591C) T-DNA insertion line was identified from the SALK
collection. To obtain mtp8 vit1 double mutants, mtp8-1 was crossed with either
vit1-1 or vit1-2, and selection of homozygous plants at the two loci was carried
out by PCR in the F2 progeny.

For long-term growth experiments under variable Mn availability, we fol-
lowed the growth conditions described in (Lanquar et al., 2010). Briefly, perlite
was washed with 2 mM EGTA and 15 volumes of deionized water. Seeds were
directly sown on perlite. Plants were cultivated under long-day conditions (16 h
light/8 h dark) and were regularly watered with a modified Hoagland’s so-
lution containing 0.28 mM KH2PO4, 1.25 mM KNO3, 0.75 mM MgSO4, 1.5 mM

Ca(NO3)2, 25 mM H3BO3, 50 mM KCl, 1 mM ZnSO4, 0.1 mM Na2MoO4, 0.5 mM

CuSO4, 10 mM Fe-EDTA, and 3 mM MES-KOH (pH 5.6), and if not indicated
otherwise 5 mM MnSO4.

Seed Imbibition Experiments

An aliquot of seeds was submerged in 1.5-mL plastic tubes in distilled water
with different concentrations of MnCl2, as indicated in Figure 6 and
Supplemental Figure S3. Tubes were incubated in the dark at 4°C for the in-
dicated time. For germination tests, imbibed seeds were transferred to 0.53MS
medium without Suc and solidified with 1% (w/v) Difco agar (Becton Dick-
inson) immediately after being washed two times with distilled water. For the
determination of metals, seeds were first desorbed to remove external con-
taminations (Cailliatte et al., 2010). Briefly, seeds were washed in 2 mM CaSO4,
10 mM EDTA solution for 10 min and then in 0.3 mM bathophenanthroline
disulphonate and 5.7 mM sodium dithionite for 3 min before being rinsed twice
in deionized water. Embryos were recovered from the seeds by pressing seeds
between two glass slides. Samples were dried at 65°C before elemental analysis.

mXRF

mXRF tomography of intact seeds was performed at beamline i18 of the
Diamond Light Source Synchrotron (Didcot, UK) UK. Intact dry seeds were
stuck into the open end of 0.3-mm polyimide capillaries. Measurements were
performed with a 11.0-keV beam focused by a Kirkpatrick-Baez mirror system
to ;2 mm, combined with fluorescence detection by a 6-element silicon drift
detector plus a 4-element germanium detector coupled to Xpress-3 readout
electronics. Flux behind the sample was measured with a PIPS diode for to-
mograms with absorption contrast. Samples were mounted on a rotating stage.
Tomographic scans consisted of 360° of rotation in 2° steps, in each rotation step
performing a line scan in 1-mm intervals. Integration time per point was 50 ms.

To minimize thermal beam damage seeds were cooled with a cryostream to
about 100K throughout the measurement. Frozen-hydrated multielement
standards (containing 5mM of eachmetal) filled into identical capillaries as used
for mounting the seeds were measured in the same way as the seeds. The
sinograms resulting from the measurements were reconstructed to tomograms
using the CGLS algorithm. The resulting relative pixel intensities in the tomo-
grams of Fe, Mn, and Zn were converted to mg g21 values according to the
standards, after which 32-bit grayscale images were translated into a custom-
defined color scale and converted to 24-bit RGB color images.

mXRF imaging of seed sections was carried out at the Super Photon Ring-8
facility in Hyogo, Japan. Details of the m-XRF system have been reported by
Kamijo et al. (2003) and Hokura et al. (2006). Elemental maps were obtained by
scanning the samples with a 10.0-keV monochromatized beam. The mono-
chromatized beam was focused by a Kirkpatrick-Baez mirror system into a 0.6-
mm vertical direction 3 0.7-mm horizontal direction microbeam at the sample
position. Samples were exposed to the microbeam, and fluorescent x-rays
emitted from the samples were detected using a silicon drift solid-state detector.
To obtain two-dimensional images of Zn, Fe, andMn in the samples, the sample
stage was scanned along the x-y axes during fluorescent x-ray detection. The
scanning step size was set to 2 mm. The x-ray fluorescence intensities were
measured for 0.1 s per point. The integrated x-ray fluorescence intensity of each
line was calculated from the spectrum and normalized to that of the incident
beam, which was measured by an ionization chamber, and then the elemental
maps of the measured areas were calculated. The x-ray fluorescence intensity in
the m-XRF analysis was directly proportional to the concentration of the ele-
ment (Terada et al., 2010).

Elemental Analysis

Dried seed, seed parts, or whole shoots were weighed into PTFE digestion
tubes and digested in HNO3 under pressure using a microwave digester
(UltraCLAVE IV; MLS). Elemental analysis of whole shoots was undertaken
using inductively coupled plasma optical emission spectroscopy (iCAP
6500 dual OES spectrometer; Thermo Fisher Scientific), whereas seed fractions
were analyzed by sector field high-resolution ICP-MS (ELEMENT 2; Thermo
Fisher Scientific). In both cases, element standards were prepared from certified
reference materials from CPI international.

Quantitative RT-PCR

RNA was isolated from seeds using Spectrum Plant Total RNA kit (Sigma-
Aldrich) according to the manufacturer’s instructions. Total RNAs were treated
with RQ1 RNase-free DNase (Promega) and then reverse-transcribed into cDNA
with the RevertAid First Strand cDNA Synthesis Kit (Fermentas), using oligo(dT)
primers and following the manufacturer’s instructions. Quantitative RT-PCR was
performed using the CFX384 Touch Real-Time PCR Detection System (Bio-Rad)
and iQ SYBR Green Supermix (Bio-Rad). Relative expression was calculated
according to Pfaffl (2001) and normalized to the transcript levels of PP2A
(At1g69960).A list of primers used in this study is shown in Supplemental Table S1.

Histochemical Analyses and Microscopy

Isolated embryos of promoterMTP8:GUS lines were incubated at 37°C in a
GUS reaction buffer containing 0.4 g L21 5-bromo-4-chloro-3-indolyl-b-D-
glucuronide, 50 mM sodium phosphate (pH 7.2), and 0.5 mM ferrocyanide.
Whereas embryos in heart, torpedo, and walking stick stages were incubated
overnight, incubation was limited to 2 h for embryos in green-cotyledon and
postmature stages. Stained embryos were fixed in 2% formaldehyde and 2%
glutaraldehyde in 50 mM cacodylate buffer (pH 7.2), dehydrated in an ethanol
series (30%, 40%, . 100%), and embedded in Spurr’s resin. Samples were im-
aged with a light microscope (Axioskop; Carl Zeiss).

Confocal images of promoterMTP8:EYFP embryos were acquired with a
Zeiss LSM 780 microscope equipped with a 103/0.45 M27 objective. EYFP-
dependent fluorescence was detected by excitation at 488 nm with an argon
laser and filtering the emitted light at 511 to 531 nm. The software ZEN (Zeiss)
was used for adjustments and image recording.

Yeast Complementation

The yeast (Saccharomyces cerevisiae) deletion mutant Y04169 (ccc1D) and its
reference strain BY4741 were obtained from the Euroscarf collection (Winzeler
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et al., 1999). To construct the pFL61-MTP8 plasmid, the MTP8 cDNA was
amplified from Col-0 cDNA using NotI-containing primers and cloned into the
yeast expression vector pFL61 (Minet et al., 1992) downstream of the PGK
promoter. Yeast transformation was carried out according to Elble (1992).
Transformants were selected on synthetic complete plates lacking the appro-
priate selective markers. Yeast drop assays were performed as described pre-
viously (Peiter et al., 2005).

Perls’ Staining and DAB/H2O2 Intensification

Perls’ staining and DAB/H2O2 intensification were 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 iso-
lated embryos were vacuum-infiltrated with equal volumes of 4% (v/v) HCl
and 4% (w/v) K-ferrocyanide (Perls’ staining solution) for 15 min and incu-
bated for 30 min at room temperature (Stacey et al., 2008). DAB intensification
was applied as described by Meguro et al. (2007). After washing with distilled
water, the embryos were incubated in a methanol solution containing 0.01 M

NaN3 and 0.3% (v/v) H2O2 for 1 h and thenwashedwith 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-Aldrich), 0.005% (v/v) H2O2, and 0.005% (w/v) CoCl2
(intensification solution). The reaction was stopped by rinsing with distilled
water. For in situ Perls’ staining, seeds were dehydrated in an ethanol series
(30%, 40%,., 100%) and embedded inwax. Then, 10-mm sections were cut and
stained according to Roschzttardtz et al. (2009).

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers ▪▪▪.
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The following supplemental materials are available.

Supplemental Table S1. List of primers used in this study.

Supplemental Figure S1. In silico analysis of MTP8 expression in Arabi-
dopsis organs and in developing seeds.

Supplemental Figure S2. Concentrations of Fe, Mn, and Zn in seeds of
Arabidopsis wild-type and mtp8-1 and vit1-2 single and mtp8-1 vit1-2
double mutant lines.

Supplemental Figure S3. Effect of Mn availability on the germination of
wild-type and mtp8-1 seeds.

Supplemental Figure S4. Time-dependent Mn accumulation in seeds im-
bibed at increasing concentrations of Mn.
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