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Fe deficiency responses in Strategy I causes a shift from the formation of partially removable

hydrous ferric oxide on the root surface to the accumulation of Fe-citrate in the xylem.
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Abstract. Iron may accumulate in various chemical forms during its uptake and assimilation
in roots. The permanent and transient Fe microenvironments formed during these processes in
cucumber which takes up Fe in a reduction based process (Strategy ), have been investigated.
The identification of Fe microenvironments was carried out with °'Fe Mdssbauer
spectroscopy and immunoblotting, whereas reductive washing and high resolution
microscopy was applied for the localization. In plants supplied with >’Fe''-citrate, a transient
presence of Fe-carboxylates in removable forms and the accumulation of partly removable,
amorphous hydrous ferric oxide/hydroxyde have been identified in the apoplast and on the
root surface, respectively. The latter may at least partly be the consequence of bacterial
activity at the root surface. Ferritin accumulation did not occur at optimal Fe supply. Under Fe
deficiency, highly soluble ferrous hexaaqua complex is transiently formed along with the
accumulation of Fe-carboxylates, likely Fe-citrate. As >’Fe-citrate is non-removable from the
root samples of Fe deficient plants the major site of accumulation is suggested to be the root
xylem. Reductive washing results in another ferrous microenvironment remaining in the root
apoplast, the Fe'-bipyridyl complex, which accounts for ~30% of the total Fe content of the
root samples treated for 10 min and rinsed with CaSO, solution. When *’Fe™-EDTA or
*’Fe"-EDDHA was applied as Fe-source higher soluble ferrous Fe accumulation was
accompanied by a lower total Fe content, confirming that chelates are more efficient in
maintaining soluble Fe in the medium while less stable natural complexes as Fe-citrate may

perform better in Fe accumulation.
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Introduction

Roots are the major entering point of nutrients in plants. Iron is an essential micronutrient
and its availability to roots is influenced by several factors including pH. Distinct strategies
have evolved among plants to acquire Fe. Grass family (Poaceae) species release
phytosiderophores to bind Fe and then take up Fe-complexes (strategy II) while the rest of the
plants reduce soluble Fe-chelates at the root surface, aided by the release of protons and
phenolic substances (strategy I) (Cesco et al. 2010, Kobayashi and Nishizawa 2012, Siso-
Terraza et al. 2016). These Fe uptake strategies have been well characterized by describing
the genes coding for the transport proteins and by isolating some plant-born Fe binding
metabolites e.g. mugineic acids, nicotianamine as well as common organic acids such as
citrate participating in Fe trafficking in plants (Abadia 2011). However, much less is known
about transient chemical forms of Fe existing in plant roots during the uptake, although it is
well known that roots adsorb or take up large amounts of Fe. The characterization of these Fe
species suffering reduction, oxidation and complexation processes is a hot topic in improving
Fe nutrition and protecting plants against heavy metal toxicity.

Maossbauer spectroscopy was applied to elucidate Fe pools formed in different plants:
duckweed, soybean, stocks, pea, rice were investigated (Goodman and Dekock 1982a,b,
Kilcoyne et al. 2000, Wade et al. 1993). The main Fe component was identified as ferritin or
v-FeOOH precipitated on the surface of the roots. Iron biomineralization at acidic conditions
was also observed, producing jarosite on the root surface of a perennial grass (Rodriguez et al.
2005, Amils et al. 2007). Measuring the roots of cucumber grown in Hoagland nutrient
solution three main Fe species could be assigned to the 80 K spectrum of an Fe sufficient
cucumber root: Fe''-carboxylate complexes (Fea), a ferritin-like hydrous ferric oxide (Feg)
and a jarosite-like Fe''-sulphate-hydroxide (Fec) species (Amils et al. 2007, Kovacs et al.

2009). With the help of further Mdssbauer measurements (performed at low temperatures,



without and in the presence of an external magnetic field of 5 T), the presence of a
magnetically ordered (attributed to Feg and Fec) and a paramagnetic (Fe,) phase was shown
(Kovécs et al. 2010). The measurements have confirmed the strategy I Fe uptake mechanism
and pointed out that ferrous Fe (Fep ) accumulates only in Fe deficient plants where the rate
of reduction exceeds that of the uptake and reoxidation upon a short Fe supply at sufficiently
high concentration (Kovacs et al. 2009). The localization of Fesp within the plant root
apoplast and symplast remain an open question.

In the present study, an attempt was made to clarify the origin and localization of Fe
bearing species in cucumber roots. Mdssbauer measurements were used along with several
techniques that are able to separate or remove Fe pools formed in the roots: i) a reductive
washing procedure with bipyridyl solution was applied to mobilize Fe from the apoplast
(Bienfait et al. 1985); ii) root cross sections were analysed by high resolution microscopy to
localize Fe accumulated in the tissue; iil) immunoblot studies were performed to identify
ferritin apoprotein in the root tissues. The identification of permanent and transient Fe
microenvironments in the root would bring us closer to the understanding of differences
between the efficiency of various Fe sources. In this respect, Fe''-citrate (Fe''-Cit) was
compared to Fe"-EDTA (Fe"-ethylenediaminetetraacetate) and Fe'-EDDHA (Fe''-
ethylenediamine-N,N'-bis(2-hydroxyphenylacetate)) as the latter ones — being much more

stable chelates — are known to efficiently prevent chemical precipitation of Fe in the apoplast.

Materials and methods
Plant material

Cucumber (Cucumis stivus L. cv. Joker F1) plants were grown on unbuffered, modified
Hoagland nutrient solution of the following composition: 1.25 mM KNOs; 1.25 mM

Ca(NO3)2; 0.5 mM MgSOy; 0.25 mM KH,POy4; 11.6 pM H3BO3; 4.5 uM MnCl,.4H,0; 0.19



uM ZnSO4.7H,0; 0.12 uM Na,M004.2H,0; 0.08 uM CuS04.8H,0 in a climate-controlled
growth chamber (14/10 hours light (120 umol photons m? s™)/dark periods, 24/22°C and
70/75% relative humidity). Iron supply and treatments are described below. Each plant was
grown individually in 400 ml plastic pots. The solution was replaced with fresh solution every

second day, and 16-20 day-old plants were used for the experiments.

Iron supply and treatments

The plants were grown with (Fe sufficient plants) or without Fe (Fe deficient plants). Iron
was supplied for Fe sufficient plants as *°Fe'-citrate (Fe'"-Cit), *’Fe""-Cit, ’Fe""-EDTA or
*"Fe"_EDDHA in 10 UM concentration in the nutrient solution. For short term (30 min)
treatment the >'Fe''-Cit, *’Fe"-EDTA or 'Fe'"-EDDHA was applied in 500 or 100 pM
concentrations in fresh nutrient solutions (the latter concentration was applied in only one
experiment, Fig. 6). All >’Fe-complexes were prepared from >'Fe enriched (95%) *'FeCl; in
water solution. In the case of *’Fe"'-Cit 1:1.1 Fe:ligand ratio was applied while for >’Fe''-
EDTA and *’Fe"-EDDHA, 5% excess of Fe was applied (P. Rodriguez-Lucena et al. 2010).
In all cases, the pH of the stock Fe-solutions was adjusted to 5.5.

Without Fe, the pH of the fresh nutrient solution was 5.06. The pHs of the nutrient

solutions with 500 uM Fe''-Cit, Fe"'-EDTA and Fe-EDDHA were 5.23, 5.25 and 5.30,
while at harvest (after 30 min Fe treatment) they were 5.28+0.11, 4.99+0.18 and 5.17+0.09
(mean+SD, n=7), respectively. In case of the Fe sufficient plants the pHs with 10 pM Fe''-
Cit, Fe"-EDTA and Fe"'-EDDHA were 5.25, 5.16, 5.08, while at harvest (1 day after solution
replacement), they were 5.7240.02, 5.72+0.00 and 5.65+0.05 (mean+SD, n=7), respectively.

Pictures of the Fe sufficient and Fe deficient plants are shown in the Electronic

Supplementary Material (Online resource 1).



Removal of apoplastic Fe

To remove apoplast-bound Fe from root samples, a reductive washing procedure was
performed based on the work of Bienfait (1985). Whole excised roots were thoroughly rinsed
with 0.5 mM CaSOy solution and gently filtered. Then they were incubated in 0.5 mM CaSO4
solution containing 1.5 mM 2,2'-Bipyridyl (BIP) for 10 min under reductive conditions by
adding sodium dithionite at a final concentration of 5 mM under continuous N, bubbling
through the solution. Apoplastic Fe was removed as Fe'-(bipyridyl)*'s (Fe'-BIP) complex,
and the tissues were rinsed with 0.5 mM CaSO, solution then blotted with filter paper. For
Mossbauer measurements the root samples were then immediately frozen in liquid N, while

for determination of symplasmic Fe concentration the samples were dried at 80 °C.

Determination of Fe concentration

Measurements were made with three parallel samples following acidic digestion. 5-10 ml
HNO; was added to 1 g of sample for overnight incubation. Then the samples were pre-
digested for 30 min at 60 °C. Finally, 2-3 ml H,O; (30 m/m%) was added for a 90 min boiling
at 120 °C. The solutions were made up to 10-50 ml, homogenised and filtered through MN
640W filter paper. The Fe content of the filtrate was determined by ICP-MS. Fe" content of
the samples have been calculated using the contribution of Fe" to the Mdssbauer spectrum

area.

EELS measurements

For electron microscopy and electron energy loss spectroscopy (EELS) studies root
samples were fixed primary in 3% glutaraldehyde for 2 h and then postfixed in 1% osmium-
tetroxide for 2 h. After dehydration, samples were embedded in Durcupan resin (Fluka-Sigma

Aldrich), and 50-70 nm thick sections were cut for both elemental analysis and visualisation.



Elemental analysis was carried out with a Gatan 678 post-column imaging filter (GIF)
attached to a 125 kV Hitachi 7100 electron microscope. Spectra were obtained from different
areas of the root sections.

All plastids, mitochondria and cell wall sections have been thoroughly examined for dark

grains or patches. Elemental analysis was made for all objects suspected to contain Fe.

Gel electrophoresis

Seed, root and leaf samples were immunoblotted against plant ferritin. Root tips were
identified as ~ 1 cm tip zone of the individual roots that were covered by root hairs but
showed no visible sign of any lateral root formation. Roots with well-developed lateral roots
were collected as branching zone samples. Lateral roots were cut off to exclude their root tip
zones from the protein samples. Roots that were collected as ‘branching zone’ samples
showed no secondary growth, thus the root parenchyma was well retained in its
macromorphology.

Samples were solubilised in 62.5 mM Tris-HCI, pH 6.8, 2% SDS, 2% DTT, 10% glycerol,
and 0.001% bromophenol blue at room temperature for 30 min. Solubilised proteins were
separated according to Laemmli (1970) but in 10-18% gradient polyacrylamide gels in a
MiniProtean apparatus (BioRad) using a constant current of 20 mA per gel at 6 °C. Protein
concentration of samples was determined by comparing the area density with that of a
standard mixture using Phoretix 4.01 software (Phoretix International, Newcastle upon Tyne,
UK).

To identify ferritin in the tissue samples, immunoblots were carried out. Solubilised
proteins were separated by SDS-PAGE were transferred to Whatman® Protran BAS3
Nitrocellulose (Whatman GmbH, Germany) membranes in a 25 mM Tris, pH 8.3, 192 mM

glicine, 20% (v/v) methanol and 0.02% (m/v) SDS at 4 °C using 90 V constant voltage (<0.4



A) for 3 h. Membranes were decorated with rabbit polyclonal antibodies against plant Ferritin
(antibody were obtained from Agrisera AG, Vénnés, Sweden). The antibody was dissolved in
20 mM Tris-HCI (pH 7.5), 0.15 M NaCl, 1% gelatine according to the manufacturer’s
instructions. Horseradish peroxidase- (HRP-) conjugated goat-anti-rabbit IgG (BioRad, Inc.)
was used to detect bands following the manufacturer’s instructions. Following the coloration,
the membranes were scanned by Epson Perfection V750 PRO gel scanner. The pixel density
of the different bands were measured by Phoretix 4.01 software (Phoretix International,
Newcastle upon Tyne, UK). The identifications were done following the manufacturers’ data

(product AS10 674; see: http://www.agrisera.com/en/artiklar/ferritin-plant.html).

Maossbauer spectroscopy

*’Fe Mossbauer measurements at 80 K were recorded with a conventional Mdssbauer
spectrometer (WISSEL) operating in the constant acceleration mode and equipped with a
3x10° Bq °’Co/Rh source. Samples were kept in a helium cryostat (JANIS SVT-400-MOSS)
filled with liquid nitrogen. °’Fe Mdssbauer spectra were in addition recorded at 5 K and 2 K
in zero external magnetic field as well as at 2 K in a 5 T external magnetic field, using a
Spectromag (Oxford Instruments) cryomagnetic system in conjunction with a Mdssbauer
spectrometer MS96 (Pechousek et al. 2010, 2012). The external magnetic field was applied in
the parallel geometry with respect to the propagation of the gamma-rays.

The Mossbauer spectra were evaluated by standard computer-based statistical analysis
methods that included fitting the experimental data to a sum of Lorentzians using a least-
squares minimisation procedure for y* with the help of the MOSSWINN program (Klencsar et

al. 1996). °"Fe isomer shifts are given relative to a-iron at room temperature.



Statistical treatment
Statistical analysis was carried out with one-way ANOVA and Tukey-Kramer multiple

comparisons test (p<0.05) using Statistica 2000 (Statsoft) and InStat 3.0 (GraphPad) software.

Results and Discussion

Iron species in Fe sufficient cucumber roots

In our previous work, according to the Mdssbauer spectra of the Fe sufficient cucumber roots
without reductive washing taken at both 80 K (Kovacs et al. 2009) and 2-5 K (Kovécs et al.
2010), the presence of three main iron bearing components could be suggested: paramagnetic
Fe'-complexes (Fey), poorly crystallized hydrous ferric oxide (e.g. ferritin) (Feg) and/or
Fe'-sulphate-hydroxide (Fec). Paramagnetic Fe''-complexes were supposed to be located
mainly in the apoplast while the separation and assignment of hydrous ferric oxide and Fe''-
sulphate-hydroxide could not be done unambiguously. (Kovacs et al. 2010).After completing
the previous results with the analysis of the Fe sufficient cucumber roots after reductive
washing and a parallel analysis of all the low temperature Mdssbauer spectra, a more detailed
description of the main Fe components present in the Fe sufficient roots can be given. The
low-temperature °’Fe Mdssbauer spectra of the Fe sufficient cucumber roots before and after
reductive washing (i.e. Fe mobilization and removal from the apoplast) are shown in Fig.1
a,b,c (based on Kovacs et al. 2010) and d,e,f, respectively. The spectra recorded without an
external magnetic field (Fig.1 a,b,d,e) reflect contributions from magnetic (sextet) and
paramagnetic (doublet) components. As a result of the application of 5 T external magnetic
field, at 7=2K the paramagnetic doublet components are apparently transformed,

presumably to a magnetic sextet, resulting in respective components that are not anymore

clearly separated from the broad peaks of the main magnetic component (Fig.1 c,f).
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Proper decomposition of the spectra in Fig.1 a-f requires the assumption of at least three
components in each case. The characteristics of these components could be determined with
adequate reliability in the frame of a constrained parallel fit applied separately to the two sets
of spectra reflecting the state of cucumber roots before (Fig. 1a,b,c) and after (Fig. 1d,e,f)
reductive washing. In the applied fit model we assumed paramagnetic (denoted by Fe, and
Fep in Table 1,2) and magnetic (denoted by Feg; and Fep, in Table 1, 2) components. The
hyperfine magnetic field distributions underlying the two magnetic components each have a
Gaussian shape, and applied the VBF method (Rancourt & Ping 1991) as implemented in the
MOSSWINN program to account for the corresponding spectral components. Details of the
constraints applied during these fits are given in the Electronic Supplementary Material
(Online Resource 2), the corresponding results are listed in Table 1 and Table 2 with the
associated fitting curves being depicted in Fig. la-f.

The obtained results indicate that the reductive washing alters the nature of the
paramagnetic species: before washing, the component Fe, with parameters § = 0.52(1) mms™,
A=0.58(2) mms™, $,=9(2)% can be attributed to high-spin ferric iron in Fe"'-carboxylate
complexes (as assigned already in Kovacs et al. 2009, Kovacs et al. 2010), whereas after
washing, the doublet component (Feg) is characterized with parameters ¢ = 0.40(1) mms™,
A=0.34(2) mms™ , S,=5(1)% being indicative of low-spin ferrous iron in distorted octahedral
coordination in Fe"-BIP complex (Greenwood & Gibb 1975). At the same time, no Fe, can
be found in the spectra recorded after washing. This confirms our previous assignment of Fe
and suggests that these Fe''-carboxylate complexes are mainly located in the apoplast, and
thus, they can be mobilized (via reduction by dithionite and complex formation by BIP)
during the washing. It also clearly demonstrates that the resulting Fe"-BIP remains partly

attached or is bound again to the cell wall components.
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According to the spectra recorded at 2 K without external magnetic field (Fig. 1b,e) one of
the magnetic components (Feg;) is characterized by parameters 0~ 0.5 mms’l, Beay=41T,
S,=67(1)% (Table 1, Table 2). The relatively low average hyperfine magnetic field is similar
to values found for the hydrous ferric oxide core of bacterial and plant ferritins which are in
the range of 41-45 T (St. Pierre et al. 1986, Wade et al. 1993, Hartnett et al. 2012). The
spectra measured at 7= 5 K (Fig 1 a,d) reflects a considerable collapse and broadening of this
main magnetic sextet component suggesting that the corresponding magnetic phase undergoes
a transition to the paramagnetic state at around ~ 5 K. The excessive broadening of the peaks
of the sextet as observed at 5 K may refer to the presence of magnetic relaxation phenomena
appearing due to the nanosized nature of the associated magnetic particles, as well as to a
distribution in the hyperfine magnetic field occurring due to the presence of a multitude of
iron microenvironments with slightly different characteristic magnetic transition temperatures.

It is known that plant and bacterial ferritins have low magnetic ordering temperature
(<4 K) and exhibit a significantly lower hyperfine magnetic field (40-44 T) than iron-rich
mammalian ferritins (48—50 T) due to their amorphous structure and high phosphate content
(St. Pierre et al. 1986, Chasteen et al. 1999, Wade et al. 1993, Cornell & Schwertmann 2003,
Hartnett et al. 2012). Therefore, it is plausible to regard the well-developed magnetic sextet
component Feg; in our spectra (at T= 2 K, Fig. 1b,c) as originating from hydrous ferric oxide
particles with probably high phosphate content. It is also noteworthy to mention that the
incorporation of organic materials (e.g. organic acids) can also lower the temperature of
magnetic ordering and the magnetic hyperfine field as it was shown in synthetic ferrihydrites
(Schwertmann et al. 2005)

The Fep, magnetic component (S5,=24%), while having the same isomer shift, displays a
considerably smaller average effective magnetic field (B..,~21T) along with a larger

standard deviation (o(Beav)) of the associated magnetic field distribution (Table 1,Table 2),
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which can be the result of magnetic relaxation taking place in the case of particles
contributing to Fep, with a higher frequency than in the case of those contributing to Feg;.
With respect to corresponding spectra recorded without external magnetic field, the spectra
recorded at 2 K in conjunction with an external magnetic field of 5 T (Fig. lc,f) reveal an
increase in the B, ,, effective magnetic field that is ca. twice of the magnitude of the externally
applied field (Table 1,Table 2). This observation clearly confirms our previous supposition
that the particles associated with component Fep, undergo magnetic relaxation even at 2 K. In
contrast, Be,y of the Feg; component is perturbed by the external magnetic field to a much
lesser extent. Such difference can be readily explained by supposing that the particles
contributing to Fep, are smaller in size than those associated with Feg; and/or may also reflect
differences in their composition (e.g. incorporation of anions or organic acids in its structure).

The low-temperature Mdssbauer spectra of the roots after reductive washing (Fig. 1d,e,f,
Table 2) show the presence of magnetic components that can be associated with the same
magnetically ordered phases at low temperatures as discussed before (Feg; and Fep,),
indicating, that this inorganic Fe phase remains in the root sample abundantly even after the
reductive washing. Though the nature of the magnetic components Feg; and Feg, (Table 1,
Table 2) is not altered considerably by reductive washing, with respect to corresponding
parameters observed for the sample before washing (Table 1) one can simultaneously observe
a moderate decrease in B.,, and a moderate increase in o(B. ) for both magnetic components
at temperatures where they display strongly broadened absorption peaks (i.e. at 5 K for Feg;
and at 2 K for Fep,). Supposing that this peak broadening is due to magnetic relaxation, the
observed changes would refer to a decrease in the magnetic anisotropy energy of the particles
resulting in Feg; and Fep,, which suggests that reductive washing leads to a decrease of the
characteristic size of the hydrous ferric oxide particles detected in the Fe sufficient cucumber

roots before washing.
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The fit results concerning the spectra shown in Fig. lc,f also elucidate the way of
appearance of the Fe''-carboxylate (Fea) and Fe'-BIP (Feg) related components (being
present as doublets in Fig. 1b,e) when the external magnetic field is applied. They each appear
as a sextet component displaying a B, effective magnetic field close to that of the By =5 T
externally applied field (Table 1, Table 2). In case of Feg (Table 2) B, is slightly lower than
Bey in accordance with the diamagnetic nature of the low-spin Fe"" (S = 0) state of iron. In

contrast, in case of Fe''-carboxylate (Fe,) with high-spin Fe'"

ions B, is somewhat larger in
magnitude than B (Table 1), which may refer to the appearance of an induced magnetic field
in this case. In conjunction with the rather large line width obtained for this component (Table
1), the observation of an induced field could also be connected to magnetic relaxation
phenomena taking place in case of component Fe,, though the strong overlap of this minor
component with the rest of the peaks prevents us to reach an unambiguous conclusion in this
regard on the basis of the present spectra.

Using immunoblotting, ferritin apoprotein was detected in the root branching zone (Fig. 2)
as a ~30 kDa protein band, whereas no ferritin accumulation was found in the root tips. No
ferritin was detected in solubilized seed and leaf homogenate samples, either. Unspecific
binding of the applied antibodies to the non-target proteins was negligible in the samples. In
cucumber roots, Vigani et al. (2013) found mitochondrial ferritin accumulation under control
(50 pM Fe) or Fe-excess (500 uM) growth conditions. In our study the Fe concentration in the
nutrient solution of control plants was 10 uM which seems not to induce ferritin expression.
Confirming this assumption, applying transmission electron microscopy, no Fe aggregates
typical of ferritin in the root cells could be found (Fig. 3B), but it was revealed that in crevices
on the root surface at adjacent cells there is an accumulation of a mucilagous material

containing finely dispersed grains (Fig. 3A, C, D). No evidence of a continuous aggregation

on the root surface e.g. iron plaque was found which is consistent with our previous study,
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where Perls/DAB staining and subsequent microscopic analysis of Fe sufficient roots were
performed (Fodor et al. 2012).

To clarify the origin and to identify unequivocally the inorganic Fe compound(s), as the
major Fe species in the Fe sufficient root, a complete scanning of the root tip zone and lateral
root sections have been made by EELS. Our measurements revealed that no ferritin grains or
Fe-containing structures can be identified in any root cell compartments. This implies that the
majority of the inorganic Fe phase is located outside the root cells forming approx. 20-30 nm
grains as it is presented in Fig. 3d and shown by the EELS spectrum taken on the grains (Fig.
4).

Summarizing the results on the major Fe compounds found in the Fe sufficient cucumber
root, it is only possible to identify and differentiate between two main Fe containing phases: 1)
Fe'-complexes and ii) an amorphous Fe-rich hydrous ferric oxide/hydroxide phase, probably
including several anions (e.g. phosphate, sulphate) and organic acids (e.g. citrate) in its
structure. This is in contrast to previous studies where, in plants, the main Fe bearing
compound was identified as ferritin (Goodman et al 1982a, b) or y-FeOOH (Kilcoyne et al.
2000). According to our results, Fe''-complexes were shown to be located in the apoplast
while the Fe rich ferric oxide/hydroxide pool is likely to be present mainly on cell surfaces
forming small aggregates and probably exhibiting an amorphous structure. Iron taken up and
associated to cell functions (heme, Fe-S, Fe-carboxilate complexes etc.) obviously does not
give sufficient contribution to the spectra to identify as separate components as its

concentration is too low for Mossbauer analysis.

Iron components in Fe deficient cucumber root
The Mdssbauer spectra taken at 80 K of the Fe deficient cucumber roots supplied with 500

uM >"Fe'-Cit for 30 min is presented in Fig. 5A, B. For comparison, the spectra taken after
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the same Fe supply of the Fe sufficient cucumber root pregrown in Fe''-Cit containing
nutrient solution are also shown after 30 min 500 pM °’Fe"-Cit supply (Fig. 5C). No
Massbauer spectrum could be taken after reductive washing (the amount of >'Fe was under
the detection limit; spectrum not shown). In the latter case we utilized the advantage that
Mdssbauer spectroscopy can only show >'Fe in the samples so in the spectrum presented in
Fig. 5C, only new Fe compounds formed during the 30 min 500uM °"Fe"'-Cit supply can be
seen.

The spectra could be evaluated suggesting one or two paramagnetic doublet components
with parameters listed in Table 3. According to the Mdssbauer parameters, Fe, component
can be associated to Fe''carboxylate complexes already identified in the case of Fe sufficient
roots (Kovacs et al. 2009). The Fep component can be assigned to [Fe(H,0)s]*" (Vértes &
Korecz 1979, Kovécs et al. 2009) while the Feg represents Fe'-BIP complex (Greenwood &
Gibb 1971).

Taking into account previous Mssbauer results on natural Fe''-complexes applied as Fe
supply for plants (Kovacs et al. 2009), the parameters of Fe, component are very close to
those of Fe'"'-Cit complex (8 = 0.48(1) mms™, A =0.62(1) mms™, Solti et al. 2012) supplied
in the nutrient solution thus it is supposed to be present as the major Fe form in the Fe
deficient cucumber root after Fe supply. This result shows that a high amount of the Fe''-Cit
present in the nutrient solution can be attached to the cell wall components and taken up by
the root. The presence of high amount of a non-removable Fe"'-Cit component is confirmed
by the Mdssbauer spectrum taken after the reductive washing since parameters of Fe''-Cit
remains in the spectrum. As the reductive washing completely removes Fe''-carboxylate
components from the apoplastic spaces as we have seen in the roots of Fe sufficient pants, this
is only possible if Fe"™-Cit is located inside the cells e.g. in vacuoles or inside the central

111

cylinder of the root. The Fe '-Cit may be taken up directly from the nutrient solution.
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Nevertheless it can be formed de novo after the reduction, transport and reoxidation of Fe in
root parenchyma cells. Furthermore, Fe-Cit is considered to be the major transport form of
Fe in the xylem (Rellan-Alvarez et al. 2010) where the complex may be accumulated taken
into account the higher uptake rate of Fe as compared to Fe sufficient roots. We propose that
the Fe, component providing the majority of Fe in the washed Fe deficient roots is Fe''-Cit
which is localized mainly in the root xylem vessels.

Approximately 10% of the total Fe is in the form of [Fe(H,0)s]*" in the Fe deficient plants

supplied with Fe'"

-Cit that confirms previous results showing the highly increased rate of Fe
reduction (turbo reductase activity) (Kovacs et al. 2009). Considering that no reduced Fe (Fig.
2C) and only completely removable ferric carboxylates could be found after the same time
and concentration of Fe supply in the Fe sufficient plants pregrown in *°Fe'-Cit it can be
concluded that not only the reduction rate increases under Fe deficiency in Strategy I plants
but also the Fe uptake rate becomes significantly higher.

It is noteworthy to mention that the washing procedure also results to the presence of Fe'-
BIP complex (Feg found in Fig. 5B). The relative high amount of this complex (~32%, see
Table 3) compared to the Fe sufficient case (see also Fig. 1E, Table 2) can be explained by the
much lower total Fe content of the Fe deficient roots. The lack of the ferric oxide/hydroxide
species under Fe deficient conditions was also proved by direct low-temperature Mossbauer
measurement of an Fe deficient cucumber root supplied with 100 uM Fe''-Cit for 30 min
(taken at 5 and 2 K). The obtained Mdssbauer spectra are presented in Fig. 6, where no
magnetically split subspectrum could be separated. The only component can be identified as
Fe'-Cit (6=0.53(2) mms™', A=0.60(4) mms™', =0.6(1) mms™') confirming the presence of the

Fe''-Cit component.
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Iron components with different Fe supply

Literature data on the uptake of different Fe complexes indicated that there are large
differences in the reduction and uptake rate when different Fe''-chelates were applied
(Garcia-Marco et al. 2006, Lucena & Chaney 2007). The stability and size of the Fe-chelate
are major factors influencing the rate of the reduction but similar uptake rate was found for
Fe"-EDTA and Fe""-EDDHA complexes (Lucena & Chaney 2007). On the other hand, the Fe

uptake and transport from *Fe"'-Cit compared to *Fe™

-EDTA containing nutrient solution to
the shoot of Fe deficient cucumber seedlings was much (2-5 fold) higher (Cseh et al., 1994).

With the help of Mdssbauer spectroscopy, the Fe species formed in Fe sufficient and Fe
deficient conditions were investigated in the case of Fe'-EDTA and Fe"'-EDDHA applied as

M_Cit. The Mossbauer results are

Fe supply in the nutrient solution in comparison to Fe
presented in Fig. 7 for both the Fe sufficient and deficient case. The corresponding Mdssbauer
parameters are listed in Table 4.

The Mossbauer spectra and the related Fe-components found in the Fe sufficient Fe-
chelate grown-plants differ from those of the Fe''-Cit-grown plants. The larger quadrupole

I

doublet characteristic of Fe''¢ than found for Fe'', (Table 1 and Table 4) and the quite large

line width (0.6/0.7 mm s™') can refer to the presence of similar but slightly different Oy

. . 11
chemical environment around the Fe

ions. This may be explained by the partial attachment
of the EDTA, EDDHA ligands to the central Fe'' but also by the formation of Fe'-
carboxylate complexes with cell-wall components.

Unfortunately, it was difficult to get any information on this component since the very
low amount of total Fe in the samples (see also Fig. 8) made impossible even after freeze-
drying to measure the low-temperature spectra as presented for Fe''-Cit supplied roots in Fig.

1 and 6. For the same reason, Mdssbauer spectroscopy could not be applied following a

reductive washing to separate apoplastic and symplastic Fe pools neither in Fe sufficient nor
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in Fe deficient case. This also suggests that the majority of Fe is taken up and immediately
transported to other plant tissues following the reduction and thus, no significant amount of Fe
accumulates in the root parenchyma or in the root apoplast.

The relative and absolute content of Fe'' in the roots was similar in the case Fe'-EDTA
and Fe"-EDDHA (calculated from the ICP measurements with the help of the relative
spectrum areas found in the Mdssbauer spectra), while in the case of Fe'-Cit, they were

slightly higher. This shows that the reduction and uptake is favored by the application of Fe''-

Cit compared to the other Fe™

-chelates. This is also in good agreement with the results
discussed above for the Fe'-Cit, namely, a very high accumulation of Fe was demonstrated
both at Fe sufficient and Fe deficient conditions compared to Fe''-chelates.

The parameters of the Fep component were slightly different in the roots supplied with
Fe''-chelates from those found in the case of Fe''-Cit supply. The quadrupole splitting is
smaller which may show that the Fe* may be partly attached to the EDTA/EDDHA ligand
and /or to cell wall -COO" groups. However, no evidence could be found for the formation of
Fe"-EDTA (and probably this holds also for Fe"-EDDHA) complex since in the latter case,
the quadrupole splitting of the complexed Fe' would be much smaller (6=1.85 mms™', A=2.80
mms™', measured at 80 K by Epstein 1962). This contradicts the suggestions made according
to previous analytical results that in these systems Fe'-EDTA complex is formed after the
reduction in the apoplast (Lucena & Chaney, 2006). Moreover, Mdssbauer studies of °’FeCl,-
EDTA systems in aqueous solution in acidic and neutral pH-range showed no complex
formation between Fe" and the ligand but the presence of [Fe(H,0)s]*" species (Szilagyi et
al., 2007). In the case of EDTA, EDDHA and several other complexing agents, the low

stability of the Fe"-complexes and thus their fast reoxidation after the enzymatic reduction

during Fe uptake in cucumber was also proposed (Lucena & Chaney 2007).
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Summary and conclusion

Attempting to establish a general comparison of Fe uptake from natural complexes e.g.
Fe'-Cit and artificial chelates e.g. Fe"-EDTA or Fe"-EDDHA in Fe sufficient and Fe
deficient plants we have analyzed the microenvironment and localization of Fe components
formed during or after the reduction, uptake and accumulation and making up the total Fe
content of the roots of cucumber, a strategy I plant grown in nutrient solution. A long term Fe
supply with Fe'-Cit results in the accumulation of partially removable nanosized amorphous
hydrous ferric oxide/hydroxide depositions in crevices on the root surface in mucilagous
materials. The mucilagous cover on the root surface may be a result of the axenic conditions.
Ferric carboxylates can be removed by a reductive washing leaving no sufficient contribution
(concentration) of this Fe component to the Mdssbauer spectra just as other well-known Fe
containing cellular components e.g. Fe-nicotianamine or Fe-S clusters. In Fe deficient plants,
short-term Fe''-Cit supply in high concentration results in fast and efficient accumulation of
Fe-carboxylates (most probably Fe''-Cit) in the xylem and a transient accumulation of Fe' at
the apoplastic side of the root cell membranes. Our results also show that the reductive
washing procedure by the ferrous chelator BIP leaves a significant new, not readily removable
Fe component in the root apoplast, the Fe"-BIP complex.

In case of roots supplied with Fe-chelates of high stability (Fe-EDTA, Fe-EDDHA)
only a Fe''-carboxylate component suggested to be localized in the apoplast/symplast was
identified and no hydrous ferric oxides accumulated. In Fe deficient plants, the ratio of
reduced to total Fe when these stable chelates were supplied almost doubled compared to
Fe'-Cit but it may not necessarily correspond to the higher efficiency of the chelates to
supply Fe as the total Fe content of these roots were much lower.

It is concluded that natural Fe chelates, with a similar characteristics to FeHI-Cit, may

perform better in Fe-accumulation in the roots compared to synthetic ones. This may be
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utilized in Fe biofortification, since nanosized Fe deposits on the root surface may be
remobilized upon Fe deficiency. Thus, compared to highly stable synthetic chelates that
perform better in maintaining Fe in soluble form, also natural Fe chelates could provide a

good choice to prevent Fe deficiency in irrigated plantations.
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Table 1

°’Fe Mossbauer parameters of Fe components found in the Fe sufficient cucumber roots
grown on Fe-Cit for 3 weeks, as derived on the basis of measurements performed at
temperatures 5 K and 2 K, as well as at 2 K in an external magnetic field of By =5 T being
oriented parallel to the direction of gamma ray (Fig 1a-c). Parameter values that are indicated
to be the same were constrained to be the same during the fit. For magnetic components
where the double quadrupole shift (2¢&) is not given, it was assumed to be zero. The numbers
between parentheses give the statistical uncertainty (1x standard deviation) in the last digit.

The suffix F refers to a fixed parameter.

T=5K T=2K T=2K,Bex=5T
FeA
5" (mms™) 0.52(1) 0.52(1) 0.52(1)
A° (mms™) 0.58(4) 0.58(4) -
BS(T) - - 7.1(2)
I (mms™) 1.08(7) 1.08(7) 1.08(7)
i (%) 9(2) 9(2) 9(2)
Fegi
5" (mms™) 0.504(3) 0.504(3) 0.504(3)
2¢ (mms™) OF -0.05(1) -0.08(1)
Beat’(T) 25.7(2) 41.0(1) 43.2(1)
o(B.)% (T) 14.6(3) 4.8(1) 4.4(1)
(mms™) 0.69(1) 0.69(1) 0.69(1)
S (%) 67(1) 67(1) 67(1)
Fep,
5" (mms™) 0.504(3) 0.504(3) 0.504(3)
A° (mms™) 0.658(7) - -
Beay” (T) - 23.5(7) 33.7(7)
o(B.)% (T) - 10.9(5) 8.6(7)
(mms™) 0.69(1) 0.69(1) 0.69(1)
S (%) 24(1) 24(1) 24(1)

Isomer shift, relative to a-Fe.
bQuadrupole splitting.
‘Effective magnetic field.
Line width at half maximum

‘Relative resonant absorption areas of the relevant spectral components, which represents

relative contents of the corresponding Fe forms.
‘Quadrupole shift.

£Standard deviation of the Gaussian of the hyperfine magnetic field distribution.




Table 2
>’Fe Mossbauer parameters of Fe components found in the Fe sufficient cucumber roots

"_Cit for 3 weeks and then being subjected to reductive washing with bipyridyl,

grown on Fe
as derived on the basis of measurements performed at temperatures 5 K and 2 K, as well as
at 2 K in an external magnetic field of 5 T being oriented parallel to the direction of gamma
ray (Fig 1d-f). Parameter values that are indicated to be the same were constrained to be the
same during the fit. For magnetic components where the double quadrupole shift (2&) is not
given, it was assumed to be zero. The numbers between parentheses give the statistical

uncertainty (1x standard deviation) in the last digit(s). The suffix F refers to a fixed

parameter.
T=5K T=2K T=2K,Bex=5T
FeE
5" (mms™) 0.40(1) 0.40(1) 0.40(1)
A° (mms™) 0.34(2) 0.34(2) -
BS(T) - - 4.7(1)
I (mms™) 0.38(3) 0.38(3) 0.38(3)
i (%) 5(1) 5(1) 5(1)
Fegi
5" (mms™) 0.513(4) 0.513(4) 0.513(4)
2¢ (mms™) OF -0.06(1) -0.05(1)
Bea© (T) 22.6(6) 42.0(1) 44.3(7)
o(B.)% (T) 17.7(8) 5.0(1) 4.6(1)
(mms™) 0.62(1) 0.62(1) 0.62(1)
S (%) 72(1) 72(1) 72(1)
Fep,
5" (mms™) 0.513(4) 0.513(4) 0.513(4)
A° (mms™) 0.71(1) - -
Bea© (T) - 20.8(9) 29.1(8)
o(B.)% (T) - 12.3(9) 9.3(1.1)
(mms™) 0.62(1) 0.62(1) 0.62(1)
S (%) 24(1) 24(1) 24(1)

somer shift, relative to a-Fe.

°Quadrupole splitting.

‘Effective magnetic field.

Line width at half maximum

‘Relative resonant absorption areas of the relevant spectral components, which represents
relative contents of the corresponding Fe forms.

fQuadrupole shift.

Standard deviation of the Gaussian of the hyperfine magnetic field distribution.



Table 3

>’Fe Méssbauer parameters of the Fe components found in the Fe deficient and Fe sufficient
(grown on Fe"'-Cit for 3 weeks) cucumber roots supplied with 500 uM >"Fe'"-Cit for 30 min
before and/or after reductive washing with bipyridyl as derived on the basis of measurements
performed at 80 K (Fig 5). The numbers between parentheses give the statistical uncertainty

(1x standard deviation) in the last digit(s).

Fe deficient root Fe sufficient root
before washing after washing | before washing

F€A

5" (mms™) 0.51(1) 0.50(1) 0.50(1)

A° (mms™) 0.59(1) 0.59(1) 0.59(1)

I (mms™) 0.46(2) 0.46(1) 0.46(1)

Sr(%) 90(1) 68(3) 100

FeD

5" (mms™) 1.37(1) -- --

A° (mms™) 3.00(1) -- --

I (mms’) 0.44(2) - -

Sr (%) 10(1)

F€E

5 (mms™) -- 0.38(1) --

A° (mms™) -- 0.32(1) --

I (mms™) -- 0.33(2) --

Sr (%) 32(3)

Tsomer shift, relative to a-Fe.

bQuadrupole splitting.

‘Line width at half maximum

IRelative resonant absorption areas of the relevant spectral components, which represents
relative contents of the corresponding Fe forms.



Table 4

>’Fe Méssbauer parameters of the Fe components found in the Fe sufficient and Fe deficient
cucumber roots which were supplied with Fe"™-EDTA and Fe"-EDDHA complexes as
derived on the basis of measurements performed 80 K (Fig 7). The numbers between

parentheses give the statistical uncertainty (1x standard deviation) in the last digit(s).

Fe sufficient root supplied with 10 | Fe deficient root supplied with
uM Fe' for 3 weeks 500 uM Fe""" for 30 min
Fe"-EDTA Fe"-EDDHA | Fe"-EDTA Fe-EDDHA

F€F

5 (mms™) 0.48(1) 0.47(1) 0.49(1) 0.49(1)

A° (mms™) 0.67(2) 0.64(1) 0.53(2) 0.57(1)

I° (mms’) 0.59(3) 0.61(2) 0.66(4) 0.57(1)

Sr (%) 100 100 76(3) 80(1)

FeD (%)

5" (mms™) 1.30(2) 1.30(1)

A° (mms™) 2.93(4) 2.95(2)

I (mms™) 0.48(7) 0.45(3)

Sr (%) 24(3) 20(1)

Isomer shift, relative to a-Fe.

bQuadrupole splitting.

“Line width at half maximum

9Relative resonant absorption areas of the relevant spectral components, which represents

relative contents of the corresponding Fe forms.
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Fig. 1 Low-temperature Mdssbauer spectra of lyophilized cucumber roots grown on 10 pM >’Fe"-citrate
containing nutrient solution (based on Kovdcs et al. 2010) without washing measured at a) 7=5 K, b) T=2

K and c) T=2 K, B=5 T and after reductive (BIP) washing measured atd) T=5K, e) T=2Kand f) T=2K,B=5T
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Fig. 2 Solubilized proteins on polyacrylamide gel (a) and immunoblot against plant ferritin (b). Samples
were 1 — molecular weight standard; 2 — seed homogenate; 3 — leaf homogenate; 4 — root tip
homogenate; 5 — root branching zone homogenate. Molecular weight standards were serum albumin
(66 kDa); ovalbumin (45 kDa); glycerinaldehyde-3-phosphate dehydrogenase (36 kDa); carbonic
anhydrase (29 kDa); trypsinogene (24 kDa); trypsin inhibitor (20.1 kDa); a-lactaloumin (14.2 kDa). Both
protein gels and immunoblots were loaded with 20 pg of solubilised protein except for the sample (2),

where the lanes were loaded with 20 g solubilised protein over the storage proteins (at ~50-55 kDa).



Fig. 3 Electron micrographs of cucumber root sections. The plants were grown with sufficient
concentration of Fe"-Cit (10 uM Fe) in nutrient solution. (a) Middle section. (b-d) Root tip zone sections
of lateral roots. (a) Fe grains incorporated into mucilage covering root surface. (b) No Fe can be seen in
large quantities. Fe may be dispersed homogeneously in functional sites but no storage pools are
revealed. (c) Fe grains at the root surface with bacteria embedded in mucilage. The section is parallel to
the root surface. (d) Fe grains embedded in mucilage at the root surface, enlarged. Letters indicate root
cells (RC), cell wall (CW), vacuoles (V), root surface (RS), bacteria (B) and mucilage (M), arrows indicate

Fe grains. Scale bars are equal to (a) 1 um (b) 5 um (c) 1 um (d) 200 nm
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Fig. 4 EELS spectrum of the finely dispersed grains found in the root tip sections of lateral roots of

cucumber grown with sufficient concentration of Fe (10 uM) in nutrient solution
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Fig. 5 Mossbauer spectra taken at 7=80K of Fe deficient cucumber roots after 30 min 500 uM >’Fe"-
citrate supply without washing (a) and after reductive (BIP) washing (b) and of Fe sufficient cucumber
roots grown in 10 uM *re'citrate containing nutrient solution after 30 min 500 uM *’re"citrate supply

without washing (c)
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Fig. 6 Low-temperature Méssbauer spectra of Fe deficient cucumber roots after 30 min 100 pM *’Fe"-

citrate supply taken at T=5 K (a) and at T=2 K (b) without applying external magnetic field
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Fig. 7 Mossbauer spectra taken at T=80 K of Fe sufficient cucumber roots supplied with 10 uM *’Fe"-
EDTA (a) and *’Fe"-EDDHA (b) for 20 days in the nutrient solution and of Fe deficient cucumber roots

supplied with 500 uM *>’Fe"-EDTA (c) and >’Fe""-EDDHA (d) for 30 min
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Fig. 8 Fe concentration of the Fe deficient cucumber root after 30 min 500 uM Fe"-citrate, Fe"-EDTA,

"_EDDHA supply. Fe" concentration was calculated from the total Fe concentration using the

and Fe
corresponding Mdéssbauer spectra. (Data are shown as meanzSD, n=3, significant differences between

data are indicated with different letters, P<0.05, Fe total and Fe" data sets were compared separately as

indicated by capital and normal letters, respectively.)
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Pictures of the Fe sufficient and Fe deficient cucumber plants, grown in 400 ml plastic pots.

Young Fe deficient plants: Young Fe sufficient plants

Fe deficient plants at harvest:




Fe sufficient plants at harvest:
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Here we describe in detail in which way the results listed in Tables 1 & 2 and shown in Fig. 1a-f were obtained by
applying physically reasonable constraints in the frame of parallel spectrum fits. All fits were carried out with the
MossWinn program. For detailed description of the applied models, we refer to the associated program manual
(Klencsar 2015).

Fitting of the spectra observed for iron sufficient cucumber roots before reductive washing
(Fig. 1a-c, Table 1)

The three spectra shown in Fig. la-c were fitted simultaneously for each of the spectra assuming three spectrum
components (Fea, Fegy, Fepy) with a shared fit parameter set being subject to the following constraints:

(Fe,) In the absence of an external magnetic field, the Fe, component was described with identical Lorentzian
doublets at T=5K and 2 K temperatures. In the presence of the 5 T external magnetic field, at 2 K, Fe, was
described with a sextet component with zero quadrupole shift and the isomer shift and line width parameters being
identical with those of the corresponding doublet components at T =5 K and 2 K temperatures. The relative area
fraction of the Fe, component was assumed to be the same in all the three spectra.

Justification: The isomer shift and quadrupole splitting parameters are not expected to change considerably in the
narrow temperature interval of 2...5 K. Assuming nonzero quadrupole shift for the sextet component results in a
quadrupole shift value that is in the order of the statistical uncertainty. No appreciable change is expected to occur in
the Mossbauer-Lamb factor between 2 K and 5 K. Due to the overlap of this minor component with the peaks of the
rest of the components, the independent determination of its line width in the different spectra is unfeasible on the
basis of the present spectra.

(Feg,) In all the three spectra the Feg; component was described by a sextet component displaying peak broadening
corresponding to an underlying Gaussian-shape hyperfine magnetic field distribution. The VBF method (Rancourt
and Ping 1991) was used as implemented in the MossWinn program (Klencsar 2015) to account for this component
in all the three spectra. The center (B.,,) and the standard deviation (c(B.)) of the Gaussian were varied during the
fit independently in the three spectra. The same was true for the quadrupole shift (g) in the case of the spectra
recorded at 2 K, whereas for the spectrum recorded at 5 K the quadrupole shift was fixed to zero. The isomer shift of
Fep; was assumed to be the same in all the three spectra. No coupling was assumed to be present between the
effective magnetic field and the isomer shift and quadrupole shift parameters. The internal Lorentzian line width
(that would be the apparent line width for o(B.) =0 ) and the relative area fraction of the Feg; component was
assumed to be the same in all the three spectra.

Justification: Initial fits with an arbitrary-shape distribution indicated that a Gaussian would be an acceptable
approximation for the hyperfine magnetic field distribution underlying the Feg; component at 2 K. Though at 5 K
the shape of the Feg; spectrum component is likely to be influenced by relaxation phenomena, the model can
apparently describe the spectral shape with fair accuracy even in this case. Assuming the same internal Lorentzian
width for the Feg; component in all the three spectra enables us to quantify changes in the line broadening
straightforwardly via changes in the single fit parameter of o(B.). The isomer shift is not expected to change
considerably in the narrow temperature interval of 2...5 K. Due to the broad peaks the quadrupole shift of Feg,



could not be determined reliably on the basis of the spectrum measured at 5 K. No appreciable change is expected to
occur in the Mdssbauer-Lamb factor between 2 K and 5 K. The lack of appreciable asymmetry in the spectra
suggests that there is no appreciable coupling present between the effective magnetic field and the isomer shift and
quadrupole shift parameters.

(Feg,) In the spectra recorded at 2 K the Feg, component was described by a sextet displaying peak broadening
corresponding to an underlying Gaussian-shape hyperfine magnetic field distribution. The VBF method (Rancourt
and Ping 1991) was used as implemented in the MossWinn program (Klencsar 2015) to account for this component.
The center (B.,,) and the standard deviation (c(B.)) of the Gaussian were varied during the fit independently in the
two spectra. The quadrupole shift (€) of this component was assumed to be zero. In the spectrum recorded at 5 K,
Fep, was modeled with a doublet component having a Lorentzian line width identical with the internal Lorentzian
line width of the VBF components at 2 K. The latter line width was assumed to be identical with that of the Feg,
component. The isomer shift of Feg, was assumed to be identical with that of Feg; in all the three spectra. No
coupling was assumed to be present between the effective magnetic field and the isomer shift and quadrupole shift
parameters. The relative area fraction of the Feg, component was assumed to be the same in all the three spectra.

Justification: Though the spectrum shape of the Feg, component at 2 K is expected to be influenced by relaxation
phenomena, modeling it with a magnetic component displaying Gaussian hyperfine magnetic field distribution
turned out to be an acceptable approximation. Assuming the same internal Lorentzian width for the magnetic Feg,
and Fep, components enables us to quantify differences between corresponding line broadenings in a
straightforward manner via the parameter o(B.). The isomer shift is not expected to change considerably in the
narrow temperature interval of 2...5 K. There was no indication for a difference between the isomer shifts of Fep,
and Fep,. Due to the broad peaks overlapping with those of Fep; the quadrupole shift of Fep, could not be
determined reliably on the basis of the spectra measured at 2 K. Due to the overlap of its peaks with those of the
main component Feg,, in the case of Fep, the determination of the coupling between the effective magnetic field and
the isomer shift and quadrupole shift parameters was unfeasible. There was also no indication for the presence of
nonzero couplings. No appreciable change is expected to occur in the Mdssbauer-Lamb factor between 2 K and 5 K.
At 5 K the Feg, component apparently contributes mainly to the central doublet component.

In addition to the above, in case of the spectrum recorded in an external magnetic field of 5 T (Fig 1c¢), the relative
area ratio of the 2nd and 5th peaks (with respect to that of the 3rd and 4th peaks, A,s/Az4) of sextet components were
allowed to vary in order to account for a magnetic polarization effect. The same A,s/As, ratio was assumed for all
the three sextet components in the spectrum. The value of this ratio turned out to be 1.77(3).

Justification: The independent determination of the A,s/Aj4 ratio was unfeasible for the minor sextet components.
The overall normalized chi-square for the simultaneous fit of these three spectra was ~ 1.404.

Fitting of the spectra observed for iron sufficient cucumber roots after reductive washing
(Fig. 1d-f, Table 2)

The spectra recorded after reductive washing (Fig. 1d-f) were fitted simultaneously in the same way, by applying
exactly the same constraints as described above, with the component Feg taking the place of Fe, above. In this case
the A,s/Asq4 ratio characterizing the spectrum measured in 5 T external magnetic field turned out to be 1.55(5). The
overall normalized chi-square for the simultaneous fit of these three spectra was ~ 1.235.
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