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Identification of the Endodermal Vacuole as the Iron
Storage Compartment in the Arabidopsis Embryo1

Hannetz Roschzttardtz, Geneviève Conéjéro, Catherine Curie, and Stéphane Mari*

Laboratoire de Biochimie et Physiologie Moléculaire des Plantes, Institut de Biologie Intégrative des Plantes,
Centre National de la Recherche Scientifique (UMR 5004), Institut National de la Recherche Agronomique,
Université Montpellier II, Ecole Nationale Supérieure d’Agronomie, F–34060 Montpellier cedex 2, France

Deciphering how cellular iron (Fe) pools are formed, where they are localized, and which ones are remobilized represents an
important challenge to better understand Fe homeostasis. The recent development of imaging techniques, adapted to plants,
has helped gain insight into these events. We have analyzed the localization of Fe during embryo development in Arabidopsis
(Arabidopsis thaliana) with an improved histochemical staining based on Perls coloration intensified by a second reaction with
diaminobenzidine and hydrogen peroxide. The procedure, quick to set up and specific for Fe, was applied directly on
histological sections, which dramatically increased its subcellular resolution. We have thus unambiguously shown that in dry
seeds Fe is primarily stored in the endodermis cell layer, within the vacuoles, from which it is remobilized during germination.
In the vit1-1 mutant, in which the Fe pattern is disturbed, Fe is stored in vacuoles of cortex cells of the hypocotyl/radicle axis
and in a single subepidermal cell layer in the cotyledons. During the early stages of embryo development, Fe is evenly
distributed in the cells of both wild-type and vit1-1 mutants. Fe eventually accumulates in endodermal cells as the vascular
system develops, a process that is impaired in vit1-1. Our results have uncovered a new role for the endodermis in Fe storage in
the embryo and have established that the Perls/diaminobenzidine staining is a method of choice to detect Fe in plant tissues
and cells.

Iron (Fe) is an essential metal ion for all living
organisms since it plays a pivotal function in electron
transport processes. In plants, Fe is particularly crucial
since it is not only important for respiration or cell
division but also for the synthesis of chlorophyll and in
electron transport chain of the photosynthesis. Al-
though the capacity to accept or donate an electron is
central in these processes, the reaction of ferrous Fe
with oxygen can lead to the production of reactive
oxygen species that are potentially toxic for the cell.
Plants, as sessile organisms facing changing condi-
tions, have developed a strict control of Fe homeosta-
sis to cope with the duality of this element. At the
whole-plant level, this mechanism relies on the regu-
lation and integration of several functions such as root
absorption, loading of the vascular system for the
long-distance transport, storage, and remobilization
from senescing organs. At the molecular level, several
key actors of these mechanisms have been identified.
The high-affinity Fe acquisition in roots is controlled

by a ferric chelate reductase encoded by AtFRO2 and a
Fe2+ transporter encoded by AtIRT1 (Eide et al., 1996;
Robinson et al., 1999; Vert et al., 2002).

Once in root cells, Fe has to be transported toward
the central cylinder to eventually enter the xylem
stream. Fe loading in the xylem vessels seems to be
controlled, at least in part, by the loading of citrate,
which is the ligand of Fe in the xylem sap. This
transport activity is apparently catalyzed by FRD3, a
protein belonging to the multidrug and toxin efflux
family (Green and Rogers, 2004; Durrett et al., 2007).
Finally, distribution of Fe within the plant is regulated
in part by the production of nicotianamine, a wide-
range metal chelator, and by nicotianamine-metal
transporters belonging to the Yellow Stripe1-Like fam-
ily (Curie et al., 2009).

Fe distribution between tissues and within the cell
has been poorly documented so far. The importance of
apoplastic Fe pools has been studied mainly by bio-
chemical approaches on roots, based on the reduction
and chelation of Fe (Bienfait et al., 1985). This tech-
nique was useful to show that the root apoplast has a
very high Fe-binding (and exchanging) capacity that
reaches up to 1,000 mg/g of root dry weight, but does
not exceed 50 mg/g in standard growth conditions
(Strasser et al., 1999). The precise concentration and
role of apoplastic Fe pools are still quite elusive.
Within leaf cells, the chloroplast is a candidate organ-
elle of choice for containing significant amounts of Fe
because of the numerous Fe proteins present in the
photosynthetic electron transfer chain. On the basis of
metal measurements in subcellular fractions of Arabi-
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dopsis (Arabidopsis thaliana) leaves, it was proposed
that approximately 70% of the total Fe was located in
chloroplasts, among which one-half was found in the
thylakoids (Shikanai et al., 2003). As shown in mam-
malian cells, ferritins have been proposed to function
as the main Fe store in plastids. Recently, a loss-of-
function approach has shown that the importance of
ferritins as the major Fe pool has been overestimated
and that these proteins are rather involved in protec-
tion against oxidative damage in conditions of Fe
excess (Ravet et al., 2009). Information on the estab-
lishment, localization, and mobilization of Fe pools in
plant cells is thus very scarce.

In the last years, the development of imaging tech-
niques has been crucial to obtain new insights in the
location of Fe, particularly in the seeds. Energy-
dispersive x-ray (EDX) microanalysis and inelastic
scattered electron microscopy have been used to quan-
tify and localize metals within cellular compartments
on Arabidopsis seeds during germination. In particular,
this approach has revealed that (1) globoid structures
located within vacuoles contain high concentrations
of Fe, (2) during germination Fe is remobilized from
these globoids and, more importantly, (3) this process
is blocked in seeds harboring null alleles of the
metal transporters-encoding genes, AtNRAMP3 and
AtNRAMP4 (Lanquar et al., 2005). The synchrotron-
generated x-ray fluorescence of metals (XRF), analyzed
by microtomography is, to date, the most powerful
technique for multiple metal imaging, although for
obvious reasons this technique is not readily accessible
to everyone. The analysis of Arabidopsis seeds by XRF
tomography has generated crucial information on Fe
localization and on the function of the tonoplastic Fe
transporter VIT1 (Kim et al., 2006). First, it was shown
that in dry seeds, the Fe distribution superimposed the
vascular system of the embryo. This pattern is specific
for Fe since zinc (Zn) was found uniformly throughout
the embryo whereas manganese (Mn) was localized in
the abaxial side of the cotyledons. Second, the loss-of-
function mutation in VIT1 disturbed the pattern of Fe
distribution, resulting in a diffuse localization in the
subepidermal region of the radicle and the cotyledons.
These recent discoveries have opened up new ques-
tions: Within which precise cell layer(s) is Fe located in
the dry seed? What are the new target cells for Fe
accumulation in the vit1-1mutant? Can we identify the
subcellular compartment(s) in which the Fe pools are
stored? Can we monitor the kinetics of Fe loading
during embryo development and of Fe remobilization
during germination? Unfortunately, none of the above-
listed techniques of metal imaging can provide together
the resolution, the sensitivity, and the simplicity re-
quired to address these questions.

Therefore, in this report, we have made use of a
powerful method of Fe histochemical staining to es-
tablish the loading of Fe during embryo development.
The staining, based on a first reaction with ferrocya-
nide (Perls reagent, reaction I), is further enhanced by
reaction with diaminobenzidine (DAB), hydrogen per-

oxide (H2O2), and cobalt (Perls/DAB from now
on, reaction II).

4Fe3þ þ 3½FeIIðCNÞ6�42/FeIII4½FeIIðCNÞ6�3
3 H2O ðreaction IÞ

FeIII4 ½FeIIðCNÞ6�3 þ ½ H2O2/FeII4 ½FeIIðCNÞ6�3
þ Hþ þO ðreaction IIÞ

This staining procedure, specific for Fe, quick and
inexpensive to set up, can be used either on whole
Arabidopsis embryos, or, more interestingly, by in situ
staining directly on histological sections. With this
latter procedure, virtually applicable to any kind of
sample, we were able to reach a subcellular resolution.
In dry seeds, we have identified that the main pool of
Fe is localized in the vacuoles of the endodermal cells.
The vit1-1 mutation provokes the redistribution of
Fe in cortex cells of the hypocotyls and in a single
subepidermal cell layer in the cotyledons, although Fe
is still stored in the vacuoles of these cells. During
embryogenesis, Fe is first found in all the cells of both
wild-type and vit1-1 embryos. In the last stages of
embryo development, Fe eventually accumulates in
the endodermis, a process that is abolished in vit1-1.

RESULTS

Fe Detection in the Arabidopsis Embryo Using the Perls
Stain Associated to Intensification by DAB/H2O2

The Perls method is used to stain in blue Fe deposits
in the tissues. Potassium ferrocyanide, the so-called
Perls reagent, can react with FeIII to form an insoluble
pigment known as Prussian blue. However, Fe con-
centration in most tissues is low and the threshold of
detection using the Perls method is rarely reached.
Therefore, staining of Fe can be intensified taking
advantage of the redox activity of the Prussian blue.
The degradation of H2O2 by the Prussian blue, coupled
to 3,3# DAB provokes the formation of a dark-brown
coloration due to the polymerization of DAB (Nguyen-
Legros et al., 1980). In plants, the Perls stain has
already been used to detect Fe in Arabidopsis roots
(Green and Rogers, 2004) and embryos (Stacey et al.,
2008). These experiments have shown that a Prussian
blue precipitate accumulates in the vascular tissues at
a high level in mutants overloaded with Fe, but faintly
in wild-type plants. We have used the method of
intensification of the Perls stain by DAB/H2O2, de-
scribed in animal tissues, to enhance the sensitivity
and definition of Fe detection in plants. We first
compared the intensity of staining of Arabidopsis
embryos obtained by the Perls method alone or by
the DAB-enhanced Perls method (Fig. 1A). When the
embryos were stained with the Perls reagent, a weak-
blue coloration developed around the provascular
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region of the radicle/hypocotyl and the cotyledons
(Fig. 1A, Perls column). On the contrary, when Perls-
stained embryos were treated with DAB/H2O2 (Fig.
1A, +Perls DAB/H2O2 column), a strong black precip-
itate appeared in the region where the Prussian blue
had accumulated. As a negative control, when the
Perls reagent was omitted in the treatment, no staining
was detected in the embryos, showing that the brown
staining was strictly Perls dependent and not due to,
for example, peroxidase-catalyzed degradation of
H2O2 inducing the polymerization of DAB (Fig. 1A,
2Perls DAB/H2O2 column). This result confirms that
the sensitivity of the Perls method is drastically en-
hanced by the DAB/H2O2 treatment in plant tissues.
We next tested whether staining by Perls/DAB was

quantitative by analyzing embryos produced by
plants irrigated with a solution of Fe (Fig. 1A, compare
H2O and Fe-ethylenediamine-N,N#-bis(2-hydroxyphe-
nylacetic acid) 2 g/L). Using Perls alone, the blue
staining was strongly increased in Fe-supplemented
embryos, whereas using the Perls/DAB method the
black precipitate obtained was strong irrespective of
the Fe nutrition of the mother plant. We concluded that
although very sensitive, intensification of the Perls
staining by DAB/H2O2 is less quantitative than Perls
staining alone.
It is commonly admitted that the Perls method

stains specifically Fe in its ferric form (FeIII) but not
in its ferrous form (FeII). To determine which redox
state of Fe could be detected with this technique, we
tested in vitro the reactivity of the Perls solution, with
or without the DAB/H2O2 intensification, with FeII or
FeIII solutions. Perls reacted more strongly with a

solution of FeCl3, a source of FeIII, than with a solution
of FeSO4, a source of FeII (Fig. 1B, sections a and b).
Moreover, when FeIII was reduced to FeII with ascorbic
acid (FeIII/Ac), the staining intensity decreased, indi-
cating that although the Perls solution reacts prefer-
entially with FeIII, reaction with FeII is possible (Fig. 1B,
section b). To test the reactivity of Perls/DAB with FeII

or FeIII, the Perls reactions (shown in Fig. 1B, section b)
were blotted on a nitrocellulose membrane, and the
intensification protocol with DAB/H2O2 was applied
(Fig. 1B, section c). A black precipitate was detected
with both Perls-FeII and Perls-FeIII complexes, indicat-
ing that both Perls-Fe complex species could be
stained with DAB/H2O2.

The specificity of known Fe ligands is often not
restricted to this metal ion. This is the case for bath-
ophenanthroline sulfonate, which is used to quantify
FeII but can also chelate MnII and CuII, and for calcein,
a fluorescent probe used to image FeIII in animal and
plant tissues (Breuer et al., 1995; Thomas et al., 1999),
but that can also react with Zn and Mn (http://www.
anaspec.com/products/product.asp?id=29761). This
prompted us to test whether the Perls/DAB method
is specific for Fe. To that aim, we have realized Perls/
DAB reactions with equal amounts of copper (Cu), Zn,
and Mn in vitro. Among these metals, only Cu pro-
duced a weak coloration, above the background (Fig.
1B, section d). To test the Perls/DAB specificity in
vivo, we compared the pattern of Fe distribution in the
embryo obtained by Perls/DAB staining with that
determined by x-ray-based imaging in either wild-
type or mutant embryos with altered Fe distribution
(Kim et al., 2006). Analysis of Arabidopsis dry seeds

Figure 1. Fe detection in Arabidopsis embryos
using the Perls/DAB stain. A, DAB/H2O2 intensi-
fication is Perls stain dependent. Embryos were
dissected from seeds produced by plants irrigated
with either water or Fe-ethylenediamine-N,N#-
bis(2-hydroxyphenylacetic acid) (2 g/L) as indicated
on the figure. The applied treatment, with or
without Perls stain and DAB/H2O2 intensification,
is indicated in the figure. B, Perls/DAB specificity
is not restricted to FeIII. The different Fe solutions
used are shown before staining (a), after the Perls
reaction (b), dot blotted on nitrocellulose before
(c, top lane), and after (c, bottom lane) staining
with DAB/H2O2; d, Metal specificity test for Perls/
DAB stain. C, Effects of mutating VIT1 on Fe
distribution in the embryo. Embryos dissected
from wild-type (WT) and vit1-1 seeds were
stained with Perls (top) or Perls/DAB (bottom).
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through XRF microtomography established that Fe
accumulates around the vascular system of the em-
bryo whereas Mn is located in more peripheral layers
in the radicle and the cotyledons and Zn is distributed
throughout the embryo. Therefore, the staining pat-
tern by Perls/DAB is compatible with Fe but not with
Zn or Mn distribution. Furthermore, a loss-of-function
mutation in the VIT1 gene that encodes a vacuolar Fe
transporter was shown to profoundly affect Fe local-
ization in the embryo (Kim et al., 2006). Consistent
with this observation, treatment of vit1-1 embryos
with Perls/DAB showed a pattern of staining distinct
from the vascular pattern observed in wild-type em-
bryos (Fig. 1D). We therefore concluded that Perls/
DAB staining is specific to Fe.

Fe Is Accumulated in Specific Cells in the Embryo

A previous analysis of the metal distribution in
Arabidopsis seeds, determined by EDX-based trans-
mission electron microscopy, had established that the
highest Fe concentration is found in the procambium
region of both the hypocotyl-radicle axis and the
cotyledons (Lott and West, 2001). To identify the cell
types involved in Fe storage in the embryo, cross
sections were performed in wild-type, vit1-1, and
nramp3 nramp4 embryos stained by the Perls/DAB
method (Fig. 2). In wild-type embryos, the staining
was concentrated in a single cell layer surrounding the
provascular bundle in both the cotyledons and the
hypocotyl (Fig. 2, A and B). This localization did not
correspond to the procambium. Indeed, activity of the

AtHB8 promoter, a procambial marker, is located in a
region distinct from and surrounded by the ring of Fe
staining (Fig. 2L). Instead, observations of the sections
identify unambiguously the Fe storage layer as the
endodermis. This result was further supported by the
longitudinal section of the hypocotyl/radicle axis of
immature embryos stained with Perls/DAB. Upon
periclinal division of the initial endodermis cell, which
gives rise to two daughter cells belonging to the
endodermis and cortex layers, Fe accumulation was
lost in the cortical daughter cell (Fig. 2, J and K),
indicating that Fe specifically accumulates in differen-
tiated endodermis cells. In vit1-1 however, cross sec-
tion of the embryo revealed a black precipitate in the
subepidermal cells of cotyledons and hypocotyl (Fig.
2D). This aberrant localization did not appear to be
the consequence of an abnormal development of the
endodermis in vit1-1 embryos, as shown by Schiff
counterstaining of the sections (Fig. 2, C and F).
Finally, in embryos from the nramp3 nramp4 mutant
the distribution of Fe was identical to wild type (Fig. 2,
G and H). This suggested that the double mutation did
not affect Fe storage but only Fe remobilization. In
conclusion, the microscopic analysis of embryos
stained by Perls/DAB identified endodermis, but not
procambium, as the main site of Fe accumulation in
mature embryos.

Fe Distribution in a Mutant of Root Development

To investigate whether proper formation of the
endodermis is required for Fe storage in the embryo,

Figure 2. Fe is stored in the endoder-
mis layer in the embryo. Microscopic
analysis: Wild-type Col-0 (A–C),
nramp3 nramp4 (g and h), vit1-1
(D–F), and shr (shr-2; i) dry seed em-
bryos were dissected, stained with
Perls/DAB, embedded in Technovit
resin, and cut transversally. A, D, and
G, Cotyledons. B, E, H, and I, Hypo-
cotyl. C and F, Hypocotyl section
counterstained with the Schiff reagent.
J, Longitudinal section across the hy-
pocotyl/radicle axis of a wild-type em-
bryo dissected at the green cotyledons
stage and stained with Perls/DAB. K,
Endodermal-periclinal division scheme
(adapted from Scheres et al., 1995).
Prot, Protodermis; Cort, cortex; End,
endodermis; Ste, stele. L, Histochemical
analysis of GUS activity in dry seed
embryos isolated from a pAtHB8-GUS
transgenic line.
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we analyzed Fe distribution in short root (shr), a mutant
of root development that lacks endodermis (Scheres
et al., 1995). Dry seed embryos of shr-2 were stained
with Perls/DAB, embedded in resin, and sectioned at
the level of the hypocotyl/radicle axis. In the absence
of endodermis, in the shr-2 mutant, Fe accumulation
was observed in the stele of the hypocotyl and
followed a polar distribution (Fig. 2I). We concluded
that in the embryo, the endodermis layer, but not the
cortex, is essential for proper Fe distribution in the
embryo and strongly suggests that, already at this
early stage, endodermis forms a barrier that controls
Fe access to the stele.

Fe Loading during Embryo Development

To determine the kinetics of Fe accumulation during
embryogenesis, Arabidopsis embryos were dissected
at different stages of development and stained with
Perls/DAB. The embryos presented in Figure 3 are the
torpedo (I), walking-stick (II, III), curled cotyledons
(IV), and green cotyledons (V, VI, VII) stages. Fe
accumulation was already visible at the torpedo stage
as a faint line located in the center of the cotyledons
where the provascular tissue will differentiate (Fig. 3,
top section). At the curled-cotyledon stage, staining of
Fe clearly followed the line of the vascular system in
the cotyledons and strongly accumulated at the apical
meristem of the hypocotyl. At the subsequent stages,
Fe accumulation was also observed in the vascular
region throughout the hypocotyl-radicle axis (Fig. 3).
We then stained vit1-1 embryos at the same stages and
compared to wild-type embryos to determine when,
during the development, Fe patterning is altered. Until
the walking-stick stage, staining of vit1-1 embryos was
detected weakly in the provascular traces, identical to
wild-type embryos. Later on, however, Fe failed to
reach the vascular region in vit1-1, as in wild-type
embryos, but instead remained diffuse (Fig. 3). Thus,
Fe patterning in vit1-1 embryos is affected as soon as

its accumulation is detectable in the wild-type plant.
Interestingly, VIT1 mRNA accumulation was found in
microarrays analyses to be highest in seeds at the
torpedo stage and to decrease thereafter (http://www.
bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi). Altogether,
these results confirm and strengthen the previously
reported involvement of VIT1 in the distribution of
embryonic Fe pools.

Vacuole Fe Mobilization during Germination

The importance of the vacuolar Fe pool for seed
germination has been underscored in a genetic and
physiological study of AtNRAMP3 and AtNRAMP4,
two vacuolar metal transporters of Arabidopsis. Inter-
estingly, germination in low Fe nutrition is impaired in
a double nramp3 nramp4 mutant due to a failure to
release Fe stored in globoid structures of the vacuole
(Lanquar et al., 2005). Consistent with the reported
defect of nramp3 nramp4 seeds to remobilize vacuolar
Fe during germination, we observed a stronger Perls/
DAB staining in 4-d-old nramp3 nramp4 seedlings
compared to wild type (Fig. 4). Qualitatively, however,
the pattern of staining in the vascular area was un-
changed in nramp3 nramp4 seedlings (Fig. 4). From this
result, we concluded that the vacuolar Fe pool remo-
bilized by AtNRAMP3 and AtNRAMP4 during ger-
mination (Lanquar et al., 2005) and the Fe pool located
in the endodermis by the Perls/DAB method (this
work) are identical.

In Situ Fe Localization during Embryo Development

To increase the resolution of the method, a modifi-
cation of the staining procedure presented above
has been introduced and consists in the staining of

Figure 3. Fe accumulation during embryo development. Wild-type
(WT; above) and vit1-1 (below) embryos dissected from siliques at
different maturation stages, from torpedo (I) until mature embryo before
desiccation (VII), and stained with Perls/DAB.

Figure 4. Fe distribution during seed germination. Fe accumulation in
young seedlings. Wild-type (WT) and nramp3 nramp4 seeds were
germinated on soil for 4 d, then stained with Perls/DAB.
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Fe directly on histological sections (termed in situ
staining). With this staining protocol, the presence of
Fe appeared as small black dots (Figs. 5–8, A–C). The
coloration was absent in control samples where Perls
staining was omitted (Figs. 5D, 6D, 7E, and 8E). In
wild-type embryos taken at the torpedo stage (corre-
sponding to stage I in Fig. 3), Fe was uniformly
distributed in all the tissues (Fig. 5, A–C). The staining
was rather pale, indicating that the cellular Fe concen-
tration is not very high at that stage. Moreover, the
pattern of Fe distribution in wild-type and vit1-1 mu-
tant was identical (Fig. 6, A–C, to be compared with
Fig. 5, A–C).

We then have analyzed Fe distribution in embryos
corresponding to stage VI, before desiccation (Figs. 7

and 8). In wild-type embryos, a strong staining was
visible in cells surrounding the provascular system
(Fig. 7, A–C). Compared to the resolution obtained
with sections of previously stained tissues, using the in
situ staining procedure enabled visualization of Fe at
the subcellular level (compare Fig. 2B and Fig. 7C). In
cross sections of the cotyledons (Fig. 7B) and hypo-
cotyl (Fig. 7C) regions, Fe was concentrated in intra-
cellular structures most likely corresponding to
vacuoles, based on their shape, size, and on the protein
accumulation revealed by staining with naphtol blue
black and periodic acid/Schiff (Fig. 7D). In the vit1-1
mutant, Fe misdistribution was quite remarkable us-
ing the in situ staining method (Fig. 8A). In the
cotyledons of vit1-1, Fe was stored in a single subepi-

Figure 5. Fe distribution in wild-type embryos at
the torpedo stage. Wild-type seeds at the torpedo
stage dissected from siliques were embedded in
Technovit resin and sectioned (3 mm) at the level
of the hypocotyl/radicle axis, then stained with
Perls/DAB (A–C) or DAB alone as a negative
control of staining (D). A and D, Whole embryos.
B, Radicle. C, Cotyledons. The scale bar repre-
sents either 50 mm (A) or 20 mm (B and C).

Figure 6. Fe distribution in vit1-1 embryos at the
torpedo stage. vit1-1 seeds at the torpedo stage
dissected from siliques were embedded in Tech-
novit resin and sectioned (3 mm) at the level of the
hypocotyl/radicle axis, then stained with Perls/
DAB (A–C) or DAB alone as a negative control of
staining (D). A and D, Whole embryos. B, Radi-
cle. C, Cotyledons. The scale bar represents either
50 mm (A) or 20 mm (B and C).
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dermal cell layer located in the abaxial side (Fig. 8B). In
the hypocotyls/radicle region, Fe was detected in
the two layers of cortex cells (Fig. 8C). Despite the
difference of tissue distribution between the two geno-
types, however, the intracellular staining in vit1-1 was
qualitatively indistinguishable from the intracellular
staining in wild-type embryos. We therefore con-
cluded that in the vit1-1 mutant too, Fe is stored in
the vacuoles, albeit in different cell types.

DISCUSSION

The imaging of metals with a subcellular resolution
can be considered as a holy grail for the community
working in this particular field. Recently, two reports
have provided important information on the localiza-
tion of Fe in Arabidopsis seeds, either by EDX/inelastic
scattered electron microscopy on transmission electron
micrographs (Lanquar et al., 2005) or by XRF tomogra-
phy (Kim et al., 2006). In the former it was shown that
the principal source of Fe for germination was located
in vacuoles whereas the latter showed the role of a
vacuolar transporter in the Fe patterning in the dry
seed. The aim of this work was to complement these
fragmented data on the loading and distribution of Fe
in the seed. In this study, we have adapted to plant

samples a histochemical staining of Fe, the Perls color-
ation associated with DAB/H2O2 intensification. This
procedure, which, to our knowledge, was reported for
the first time in 1980 (Nguyen-Legros et al., 1980), has
proven to be extremely sensitive. Adaptation of this
method to plant tissues, however, has required subtle
technical modifications that are now assembled in an
easy-to-use protocol available to the plant community.
In the first place, our work demonstrates that contrary
to Perls staining that detects only FeIII, the Perls/DAB
protocol enables to stain both FeII and FeIII (Fig. 1B). The
intensification is based on the oxidative polymeriza-
tion of DAB by H2O2 in the presence of FeIII after
reaction with ferrocyanide (Meguro et al., 2007). If
both ferrous and ferric ions are present in a sample,
two different reactions will occur:

FeIII4 ½FeIIðCNÞ6�3 þ ½ H2O2/FeII4 ½FeIIðCNÞ6�3
þHþ þO

FeII4 ½FeIIðCNÞ6�3 þ½ H2O2/FeIII4 ½FeIIðCNÞ6�3 þOH2

Overall, it is clear from these two reactions that the
addition of H2O2 to Fe that has reacted with Perls,

Figure 7. Fe distribution in wild-type embryos at
the mature stage. Wild-type seeds at the mature
stage, before desiccation, were dissected from
siliques, embedded in Technovit resin, and sec-
tioned (3 mm) in the hypocotyl/radicle axis were
stained with Perls/DAB (A–C) or DAB alone as a
negative control of staining (E). A and E, Whole
embryos. B and D, Cotyledons. C, Radicle. D,
Periodic acid-Schiff-naphthol blue-black staining.
Scale bar represents either 50 mm (A and E) or
20 mm (B–D).
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irrespective of the redox status, will generate a redox
cycle between FeIII and FeII, producing oxygen and
thus brown pigments.

Second, we have unambiguously shown that the
Perls/DAB method stains specifically Fe. The speci-
ficity was established in vitro by testing the reactivity
of Perls/DABwith Cu, Zn, andMn (Fig. 1B, section d).
Although a very faint coloration could be obtained
with Cu, the very low concentrations of Cu found in
vivo, compared to Fe, imply that cross staining is very
unlikely to occur. Moreover, the histological staining of
Fe in cross sections of wild-type embryos, around the
vascular tissues, is indeed Fe specific since the ele-
mental analysis had previously established that Zn
was almost evenly distributed in the embryo whereas
Mnwas highly concentrated in a subepidermal abaxial
cell layer of the cotyledons (Kim et al., 2006).

In an earlier report on the elemental composition of
globoids in Arabidopsis seeds using EDX electron
microscopy, high Fe concentrations were detected in
the procambium region (Lott and West, 2001). To our
knowledge, this was the first examination of Fe local-
ization at the tissue level in plants, reporting that Fe
was located in a procambial region of the embryo, a
result that has been accepted as such ever since. We
have refined these initial observations with thin sec-

tions of embedded stained embryos. In the radicle axis
Fe accumulated in a single layer of cells surrounding
the procambial sheath forming the provascular system
(Fig. 2B). In the vit1 mutant the loss of patterning was
not due to the loss of a particular cell layer since, from
an histological point of view, all the typical cell types
were maintained in the mutant: one protodermis, two
cortex, and one endodermal layers surrounding the
provascular cells. We further confirmed the endoder-
mal identity of this cell layer by the analysis of
longitudinal sections of embryos. In Arabidopsis, the
radial pattern of cell types in the root and hypocotyl is
established during embryogenesis. The cortex/endo-
dermis differentiation is the result of successive anti-
clinal and periclinal divisions of an initial cell of the
root meristem (Di Laurenzio et al., 1996). In the tran-
sition zone between the root tip and the hypocotyl, a
second periclinal division occurs to generate a second
layer of cortex, typical of the hypocotyl (Scheres et al.,
1995). In longitudinal sections of Perls/DAB-stained
embryos, at the root tip-hypocotyl transition zone, we
have observed that after the periclinal division, Fe
remains in the endodermal cell line whereas its accu-
mulation is lost after two divisions of the newly
formed cortex layer (Fig. 2J). Finally our results indi-
cate that the endodermis may act as a physical barrier

Figure 8. Fe distribution in vit1-1 mature em-
bryos. vit1-1 seeds at the mature stage, before
desiccation, were dissected from siliques, em-
bedded in Technovit resin, and sectioned (3 mm)
in the hypocotyl/radicle axis were stained with
Perls/DAB (A–C) or DAB alone as a negative
control of staining (E). A and E, Whole embryos.
B and D, Cotyledons. C, Radicle. D, Periodic
acid-Schiff-naphthol blue-black staining. Scale
bar represents either 50 mm (a and e) or 20 mm
(b–d).
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for Fe radial movement since (1) Fe is not detectable in
the central provascular cells in wild-type embryos, (2)
in the vit1 mutant that contains an endodermis layer,
Fe is located in the cortex, and (3) in a shr mutant
lacking endodermis Fe accumulates in the central
cylinder (Fig. 2). It is rather surprising to find exclu-
sion mechanisms very early in the differentiation of
tissues. The exclusion of Fe from the provasculature
may be related to its potential cytotoxicity, in partic-
ular for this cell type that serves as ground tissue for
the further differentiation of xylem and phloem.
The Perls/DAB technique has enabled us to show

the temporal and spatial distribution of Fe pools
during the embryo development. During this process,
the loading of Fe seemed to follow two marked
steps with a transition at stage IV, for both wild-type
and vit1 genotypes. Fe was first distributed evenly
throughout the embryo (stages I–III), then some accu-
mulation was visible in subdomains of shoot and root
meristems (stages IV and V) before being restricted to
the vascular system (stages VI and VII; Fig. 3). Such a
patterning is remarkably reminiscent of the cell-to-cell
movement of solutes and proteins in the Arabidopsis
embryo. Indeed, several reports have established that
until the torpedo stage, all the cells of the embryo are
connected symplastically. Further on, some subdo-
mains tend to be isolated from the rest (shoot and root
meristems) and finally, in the mature embryo the vas-
cular system is completely disconnected from the sur-
rounding cells (Kim et al., 2005a, 2005b; Stadler et al.,
2005). It is conceivable that the patterning of Fe follows
the same movements, but so far the molecular identity
of genes that may control this process is unknown.
Using the latest development of the Perls/DAB

procedure, the in situ staining, we have been able to
localize Fe at the subcellular level, a resolution never
reached in plants without having recourse to electron
microscopy techniques (Figs. 5–8). Surprisingly, in the
vacuolar Fe transporter knockout mutant vit1-1, Fe
was still found concentrated in vacuoles, but away
from the endodermal cells. This observation suggests
that other vacuolar Fe transport systems are activated
in these particular cells to cope with the accumulation
of Fe. Such transport systems may be encoded by
VIT1-related genes or may belong to other families of
transporters. It is indeed striking that in the cotyledons
of vit1-1 Fe accumulates precisely in the cell layer
where Mn is located. Since VIT1 and NRAMP proteins
have been shown to transport Fe and Mn, it is possible
that a protein belonging to one of these families is
responsible for the vacuolar storage of Fe in this
particular situation. In mature wild-type embryos,
we have established that the Fe storage pool in seeds
is located in the vacuoles of endodermal cells. More-
over, we have shown that this particular Fe pool is the
one remobilized during germination, since in the
nramp3 nramp4 mutant seedlings the vascular Fe
persisted, in comparison to wild-type seedlings (Fig.
4). Although not demonstrated so far, it is likely that
VIT1 is responsible for the vacuolar transport of Fe

uptake by the vacuoles of endodermal cells. We pro-
pose a model in which a VIT1-mediated Fe influx in
the vacuoles of endodermis could generate a sym-
plastic flux of Fe toward these cells. Eventually, the
combined action of vacuolar sequestration and indi-
vidualization from symplastic connections would lead
to the vascular pattern observed. Consistent with this
scenario, in the absence of VIT1, the creation of such a
Fe flux would fail and Fe would accumulate in cortex
cells. To cope with this increased Fe accumulation,
cortex cells have the capacity to store Fe in vacuoles.
The possibility that this tonoplastic transport activity
of unknown identity could be controlled by signals
originating from cross-talks between endodermal and
cortical cells is very attractive but remains to be
demonstrated.

In conclusion, we have adapted and improved a
histochemical staining to characterize the loading and
storage of Fe in Arabidopsis seeds. This procedure,
quick, easy, and inexpensive to set up, has proven to be
Fe specific, highly resolutive, and virtually applicable
to any kind of plant sample since the pitfall of dye
accessibility has been overcome by direct, in situ
staining on histological sections. In doing so, we
have shown that in Arabidopsis embryos Fe is stored
in, and remobilized from, vacuoles of specific cells
surrounding the provascular system, the endodermal
cells. The Perls/DAB technique is a promising tool
that will facilitate the search of new mutants impaired
in Fe loading in seeds and be the technique of choice to
establish an atlas of Fe distribution in the plant, which
is a prerequisite to unravel the molecular events that
control Fe homeostasis.

MATERIALS AND METHODS

Arabidopsis Lines and Growth Conditions

All the plant genotypes (Columbia-0, Wassilewskija [Ws], vit1-1, nramp3

nramp4, and shr-2 mutants, and the AtHB8::GUS transgenic line) were grown

in the greenhouse. For the post-germination experiments, Ws and nramp3

nramp4 mutant seeds were stratified 2 d at 4�C in the dark and grown on soil.

Roots were harvested from 4-d-old seedlings and washed with distilled water

prior to Fe imaging. The plants were irrigated with water except when stated

otherwise.

Perls Stain and DAB/H2O2 Intensification

The 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). The DAB intensification method is

described in Meguro et al. (2007). After washing with distillated water, the

embryos were incubated in a methanol solution containing 0.01 M NaN3 and

0.3% (v/v) H2O2 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 to

30 min in a 0.1 M phosphate buffer (pH 7.4) solution containing 0.025% (w/v)

DAB (Sigma), 0.005% (v/v) H2O2, and 0.005% (w/v) CoCl2 (intensification

solution). The reaction was stopped by rinsing with distilled water.

The in vitro assay for FeII and FeIII was performed as follows: 1 mL of Perls

stain solution was mixed with either 2 mL of FeSO4 or FeCl3 at 35 mM and,

when necessary, 10 mL of a 57 mM ascorbic acid solution to reduce FeIII. The

obtained solutions were dot blotted on a nitrocellulose membrane and further
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stained with DAB/H2O2 as described earlier for the staining of embryos. For

Fe specificity assay of Perls/DAB stain (Fig. 1B, d) 1 mL of Perls stain solution

was mixed with either 2 mL of FeSO4, FeCl3, CuSO4, MnCl2, or ZnCl2 at 35 mM,

these solution were centrifuged, the supernantant discarded, and 1 mL of

intensification solution was added and the tubes were vortexed. Finally, 2 mL

were dot blotted on a nitrocellulose membrane.

In Situ Perls/DAB/H2O2 Intensification

The isolated embryos were vacuum infiltrated with fixation solution

containing 2% (w/v) paraformaldehyde, 1% (v/v) glutaraldehyde, 1%

(w/v) caffeine in 100 mM phosphate buffer (pH 7) for 30 min and incubated

for 15 h in the same solution. The fixated embryos were washed with 0.1 M

phosphate buffer (pH 7.4) three times, and dehydrated in successive baths of

50%, 70%, 90%, 95%, and 100% ethanol, butanol/ethanol 1:1 (v/v), and 100%

butanol. Then, the embryos were embedded in the Technovit 7100 resin

(Kulzer) according to the manufacturer’s instructions and thin sections (3 mm)

were made. The sections were deposited on glass slides that were incubated

for 45 min in Perls stain solution. The intensification procedure was then

applied as described above.

Microscopic Analysis

The embryos stained with Perls/DAB/H2O2 were dehydrated in succes-

sive baths of 50%, 70%, 90%, 95%, and 100% ethanol, butanol/ethanol 1:1

(v/v), and 100% butanol. Then, the embryos were embedded in the Technovit

7100 resin (Kulzer) according to the manufacturer’s instructions and thin

sections (7 mm) were made.

Histochemical Localization of GUS Activity

The transgenic Arabidopsis (Arabidopsis thaliana) line (Ws ecotype) carry-

ing the chimeric gene pAtHB8::GUS was kindly provided by Dr. Simona

Baima, Unità di nutrizione Sperimentale (Rome). Histochemical GUS staining

was performed as described in Elorza et al. (2004) using 1 mM of 5-bromo-4-

chloro-3-indolyl-b-D-glucuronide as a substrate (Jefferson et al., 1987). For the

microscopic analysis the embryos were dehydrated, embedded in Technovit

resin, and microtome sections were obtained as previously described.

Sequence data from this article can be found in the GenBank/EMBL data

libraries under accession numbers At2g01770 (VIT1), At2g23150 (AtNRAMP3),

At5g67330 (AtNRAMP4), At4g37650 (shr), and At4g32880 (AtHB8).
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