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Main Conclusion

Fe deficiency responses in Strategy | causes afstnfi the formation of partially removable

hydrous ferric oxide on the root surface to theuawglation of Fe-citrate in the xylem.



Abstract

Iron may accumulate in various chemical forms dyiits uptake and assimilation in roots.
The permanent and transient Fe microenvironmentsidd during these processes in
cucumber which takes up Fe in a reduction basecepso(Strategy I), have been investigated.
The identification of Fe microenvironments was ietr out with >’Fe Mé&ssbauer
spectroscopy and immunoblotting, whereas reductwashing and high resolution
microscopy was applied for the localization. Innisasupplied with’Fe' -citrate, a transient
presence of Fe-carboxylates in removable formsthadaccumulation of partly removable,
amorphous hydrous ferric oxide/hydroxyde have bdentified in the apoplast and on the
root surface, respectively. The latter may at lgzstly be the consequence of bacterial
activity at the root surface. Ferritin accumulatahd not occur at optimal Fe supply. Under Fe
deficiency, highly soluble ferrous hexaaqua compkexransiently formed along with the
accumulation of Fe-carboxylates, likely Fe-citraks.”’Fe-citrate is non-removable from the
root samples of Fe deficient plants the major gitaccumulation is suggested to be the root
xylem. Reductive washing results in another fernsusroenvironment remaining in the root
apoplast, the Febipyridyl complex, which accounts for ~30% of ttwal Fe content of the
root samples treated for 10 min and rinsed with @aSolution. When®’Fé"-EDTA or
*Fd'-EDDHA was applied as Fe-source higher solubleofesr Fe accumulation was
accompanied by a lower total Fe content, confirmingt chelates are more efficient in
maintaining soluble Fe in the medium while lesdblstanatural complexes as Fe-citrate may

perform better in Fe accumulation.
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I ntroduction

Roots are the major entering point of nutrientplamts. Iron is an essential micronutrient
and its availability to roots is influenced by sealdactors including pH. Distinct strategies
have evolved among plants to acquire Fe. Grass lyfaiffoaceae) species release
phytosiderophores to bind Fe and then take up Rglaxes (strategy Il) while the rest of the
plants reduce soluble Fe-chelates at the root seirfaided by the release of protons and
phenolic substances (strategy |) (Cesco et al. 2BbBayashi and Nishizawa 2012, Siso6-
Terraza et al. 2016). These Fe uptake strategies Ibeen well characterized by describing
the genes coding for the transport proteins andsbiating some plant-born Fe binding
metabolites e.g. mugineic acids, nicotianamine afi as common organic acids such as
citrate participating in Fe trafficking in plantdifadia 2011). However, much less is known
about transient chemical forms of Fe existing ianplroots during the uptake, although it is
well known that roots adsorb or take up large anwohFe. The characterization of these Fe
species suffering reduction, oxidation and compiexaprocesses is a hot topic in improving
Fe nutrition and protecting plants against heavtahtexicity.

Mdssbauer spectroscopy was applied to elucidatpdeés formed in different plants:
duckweed, soybean, stocks, pea, rice were invéstiggGoodman and Dekock 1982a,b,
Kilcoyne et al. 2000, Wade et al. 1993). The mancBmponent was identified as ferritin or
v-FeOOH precipitated on the surface of the rootm iomineralization at acidic conditions
was also observed, producing jarosite on the nadase of a perennial grass (Rodriguez et al.
2005, Amils et al. 2007). Measuring the roots otwuber grown in Hoagland nutrient
solution three main Fe species could be assigneédet@0 K spectrum of an Fe sufficient
cucumber root: P&-carboxylate complexes (Ee a ferritin-like hydrous ferric oxide (Bp

and a jarosite-like Fesulphate-hydroxide (k& species (Amils et al. 2007, Kovéacs et al.



2009). With the help of further MGssbauer measurgméperformed at low temperatures,
without and in the presence of an external magnkticl of 5 T), the presence of a
magnetically ordered (attributed tog~@nd Fe) and a paramagnetic (Hephase was shown
(Kovacs et al. 2010). The measurements have cosdirtine strategy | Fe uptake mechanism
and pointed out that ferrous Fe {Peaccumulates only in Fe deficient plants whekee riite

of reduction exceeds that of the uptake and retimidaipon a short Fe supply at sufficiently
high concentration (Kovacs et al. 2009). The |@eion of Fgp within the plant root
apoplast and symplast remain an open question.

In the present study, an attempt was made to gléné origin and localization of Fe
bearing species in cucumber roots. Méssbauer mexasats were used along with several
techniques that are able to separate or removeoBis formed in the roots: i) a reductive
washing procedure with bipyridyl solution was apglito mobilize Fe from the apoplast
(Bienfait et al. 1985); ii) root cross sections w@nalysed by high resolution microscopy to
localize Fe accumulated in the tissue; iii) immuoblstudies were performed to identify
ferritin apoprotein in the root tissues. The idecdition of permanent and transient Fe
microenvironments in the root would bring us closerthe understanding of differences
between the efficiency of various Fe sources. lis tespect, Fé-citrate (F&'-Cit) was
compared to FBEEDTA (F€"-ethylenediaminetetraacetate) and"FeDDHA (F€'"-
ethylenediamine-N,N'-bis(2-hydroxyphenylacetated) the latter ones — being much more

stable chelates — are known to efficiently preat@mical precipitation of Fe in the apoplast.

Materials and methods

Plant material



Cucumber Cucumis stivus L. cv. Joker F1) plants were grown on unbufferaaddified
Hoagland nutrient solution of the following comgam: 1.25 mM KNQ; 1.25 mM
Ca(NQ)z; 0.5 mM MgSQ; 0.25 mM KHPOy; 11.6 M H3BOs; 4.5puM MnCl,.4H,0; 0.19
MM ZnSQ,.7H,0; 0.12uM NapMo0O,4.2H,0; 0.08uM CuSQ.8H,0 in a climate-controlled
growth chamber (14/10 hours light (120 pmol photans s*)/dark periods, 24/22°C and
70/75% relative humidity). Iron supply and treatrtseare described below. Each plant was
grown individually in 400 ml plastic pots. The stdun was replaced with fresh solution every

second day, and 16-20 day-old plants were useithéoexperiments.

Iron supply and treatments

The plants were grown with (Fe sufficient plants)athout Fe (Fe deficient plants). Iron
was supplied for Fe sufficient plants B6€"-citrate (F&'-Cit), >’Fe"-Cit, *’Fe"-EDTA or
>’Fd'-EDDHA in 10 pM concentration in the nutrient sadm For short term (30 min)
treatment the’’Fe"-Cit, °>’Fé"-EDTA or *’Fe"-EDDHA was applied in 500 or 10GM
concentrations in fresh nutrient solutions (theelatoncentration was applied in only one
experiment, Fig. 6). AlP’Fe-complexes were prepared frafffie enriched (95%)'FeCk in
water solution. In the case 8fF€"-Cit 1:1.1 Fe:ligand ratio was applied while fFé"-
EDTA and®’Fé"-EDDHA, 5% excess of Fe was applied (P. Rodrigueezeba et al. 2010).
In all cases, the pH of the stock Fe-solutions adjasted to 5.5.

Without Fe, the pH of the fresh nutrient solutiomsny5.06. The pHs of the nutrient

solutions with 500uM Fé"-Cit, Fd"-EDTA and F&'-EDDHA were 5.23, 5.25 and 5.30,

while at harvest (after 30 min Fe treatment) theyren5.280.11, 4.990.18 and 5.1%0.09

(mean+SD, n=7), respectively. In case of the Féicseiit plants the pHs with 1aM Fé"'-



Cit, Fd"-EDTA and F&-EDDHA were 5.25, 5.16, 5.08, while at harvest &y dfter solution
replacement), they were 5#202, 5.720.00 and 5.650.05 (meanzSD, n=7), respectively.
Pictures of the Fe sufficient and Fe deficient fdamre shown in the Electronic

Supplementary Material (Online resource 1).

Removal of apoplastic Fe

To remove apoplast-bound Fe from root samples,dacteve washing procedure was
performed based on the work of Bienfait (1985). Whexcised roots were thoroughly rinsed
with 0.5 mM CaS@solution and gently filtered. Then they were inatdain 0.5 mM CaSQ@
solution containing 1.5 mM 2,2'-Bipyridyl (BIP) fatO min under reductive conditiohy
adding sodium dithionite at a final concentration5omM under continuous Nbubbling
through the solution. Apoplastiee was removed as Féipyridyl)®**; (F€'-BIP) complex,
and the tissues were rinsed with 0.5 mM CaSQ@ution then blotted with filter paper. For
Mossbauer measurements the root samples werertimeadiately frozen in liquid Nwhile

for determination of symplasmic Fe concentratiamgamples were dried at 80 °C.

Determination of Fe concentration

Measurements were made with three parallel sanfipllesving acidic digestion. 5-10 ml
HNO;3; was added to 1 g of sample for overnight inculmatibhen the samples were pre-
digested for 30 min at 60 °C. Finally, 2-3 mi®3 (30 m/m%) was added for a 90 min boiling
at 120 °C. The solutions were made up to 10-50hmiogenised and filtered through MN

640W filter paper. The Fe content of the filtratasadetermined by ICP-MS. Feontent of



the samples have been calculated using the cotitnibof F€' to the Mossbauer spectrum

area.

EELS measurements

For electron microscopy and electron energy lossctspscopy (EELS) studies root
samples were fixed primary in 3% glutaraldehydeZdr and then postfixed in 1% osmium-
tetroxide for 2 h. After dehydration, samples wenegbedded in Durcupan resin (Fluka-Sigma
Aldrich), and 50-70 nm thick sections were cutlfoth elemental analysis and visualisation.

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

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

grains or patches. Elemental analysis was madallfobjects suspected to contain Fe.

Gel electrophoresis

Seed, root and leaf samples were immunoblottednagalant ferritin. Root tips were
identified as ~ 1 cm tip zone of the individual t®dhat were covered by root hairs but
showed no visible sign of any lateral root formati®oots with well-developed lateral roots
were collected as branching zone samples. Lateoas were cut off to exclude their root tip
zones from the protein samples. Roots that werkeatetd as ‘branching zone’ samples
showed no secondary growth, thus the root parenahymas well retained in its

macromorphology.



Samples were solubilised in 62.5 mM Tris-HCI, pl8,&% SDS, 2% DTT, 10% glycerol,
and 0.001% bromophenol blue at room temperature&8@omin. Solubilised proteins were
separated according to Laemmli (1970) but in 10-1§%dient polyacrylamide gels in a
MiniProtean apparatus (BioRad) using a constantatirof 20 mA per gel at 6 °C. Protein
concentration of samples was determined by compatie area density with that of a
standard mixture using Phoretix 4.01 software (Btmodnternational, Newcastle upon Tyne,
UK).

To identify ferritin in the tissue samples, immutaib were carried out. Solubilised
proteins were separated by SDS-PAGE were transfetoe Whatman® Protran BAS83
Nitrocellulose (Whatman GmbH, Germany) membranea 26 mM Tris, pH 8.3, 192 mM
glicine, 20% (v/v) methanol and 0.02% (m/v) SDI&C using 90 V constant voltage (<0.4
A) for 3 h. Membranes were decorated with rabbiygonal antibodies against plant Ferritin
(antibody were obtained from Agrisera AG, Vannase&en). The antibody was dissolved in
20 mM Tris-HCI (pH 7.5), 0.15 M NaCl, 1% gelatinecarding to the manufacturer’'s
instructions. Horseradish peroxidase- (HRP-) caajed goat-anti-rabbit IgG (BioRad, Inc.)
was used to detect bands following the manufactunestructions. Following the coloration,
the membranes were scanned by Epson Perfection FR&D gel scanner. The pixel density
of the different bands were measured by Phoretdd &oftware (Phoretix International,
Newcastle upon Tyne, UK). The identifications wdome following the manufacturers’ data

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

Mossbauer spectroscopy

5'Fe Mossbauer measurements at 80 K were recordddavitonventional Mdssbauer

spectrometer (WISSEL) operating in the constanelacation mode and equipped with a
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3x10 Bq °>'Co/Rh source. Samples were kept in a helium cry¢3£eNIS SVT-400-MOSS)
filled with liquid nitrogen.>’Fe Méssbauer spectra were in addition recordedkaafd 2 K
in zero external magnetic field as well as at 2nKai5 T external magnetic field, using a
Spectromag (Oxford Instruments) cryomagnetic systenconjunction with a Mdssbauer
spectrometer MS96 (Pechousek et al. 2010, 2012) external magnetic field was applied in
the parallel geometry with respect to the propagadif the gamma-rays.

The Mdssbauer spectra were evaluated by standangputer-based statistical analysis
methods that included fitting the experimental dataa sum of Lorentzians using a least-
squares minimisation procedure f6with the help of the MOSSWINN program (Klencsar et

al. 1996).>’Fe isomer shifts are given relativedtdron at room temperature.

Statistical treatment

Statistical analysis was carried out with one-wdyGQVA and Tukey-Kramer multiple

comparisons test (p<0.05) using Statistica 2008t¢6tt) and InStat 3.0 (GraphPad) software.

Results and Discussion

Iron species in Fe sufficient cucumber roots

In our previous work, according to the Mdssbauecsp of the Fe sufficient cucumber roots
without reductive washing taken at both 80 K (Kav&t al. 2009) and 2-5 K (Kovacs et al.
2010), the presence of three main iron bearing coapts could be suggested: paramagnetic
Fe'-complexes (Fg), poorly crystallized hydrous ferric oxide (e.grrtin) (Fe) and/or

Fe'-sulphate-hydroxide (k¢ Paramagnetic Fecomplexes were supposed to be located
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mainly in the apoplast while the separation andgassent of hydrous ferric oxide and'fe
sulphate-hydroxide could not be done unambiguoyKlgvacs et al. 2010).After completing
the previous results with the analysis of the FHicsent cucumber roots after reductive
washing and a parallel analysis of all the low terapure MOdssbauer spectra, a more detailed
description of the main Fe components present enRé sufficient roots can be given. The
low-temperaturé’Fe Mossbauer spectra of the Fe sufficient cucuntines before and after
reductive washing (i.e. Fe mobilization and remdvain the apoplast) are shown in Fig.1
a,b,c (based on Kovacs et al. 2010) and d,e,feotisely. The spectra recorded without an
external magnetic field (Fig.1 a,b,d,e) reflect tcdmtions from magnetic (sextet) and
paramagnetic (doublet) components. As a resulhefapplication of 5 T external magnetic
field, at T=2K the paramagnetic doublet components are rapfg transformed,
presumably to a magnetic sextet, resulting in retsge components that are not anymore
clearly separated from the broad peaks of the maignetic component (Fig.1 c,f).

Proper decomposition of the spectra in Fig.1 aglines the assumption of at least three
components in each case. The characteristics sétbemponents could be determined with
adequate reliability in the frame of a constraipadallel fit applied separately to the two sets
of spectra reflecting the state of cucumber ro@®ie (Fig. 1a,b,c) and after (Fig. 1d,e,f)
reductive washing. In the applied fit model we assd paramagnetic (denoted by, Fand
Fe> in Table 1,2) and magnetic (denoted byi.Fand Fe, in Table 1, 2) components. The
hyperfine magnetic field distributions underlyingettwo magnetic components each have a
Gaussian shape, and applied the VBF method (Ran&daing 1991) as implemented in the
MOSSWINN program to account for the correspondipgcsral components. Details of the
constraints applied during these fits are giventha Electronic Supplementary Material
(Online Resource 2), the corresponding resultsliated in Table 1 and Table 2 with the

associated fitting curves being depicted in Figf.1a
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The obtained results indicate that the reductiveshivey alters the nature of the
paramagnetic species: before washing, the compdemtith parameters = 0.52(1) mms,
4=0.58(2) mmd, S=9(2)% can be attributed to high-spin ferric iran Fé"-carboxylate
complexes (as assigned already in Kovacs et al9,2R0vacs et al. 2010), whereas after
washing, the doublet component Fés characterized with parametets 0.40(1) mms,
4= 0.34(2) mms , S=5(1)% being indicative of low-spin ferrous irondistorted octahedral
coordination in F&BIP complex (Greenwood & Gibb 1975). At the sarineet no F@ can
be found in the spectra recorded after washings Tbnfirms our previous assignment of Fe
and suggests that these"Fearboxylate complexes are mainly located in thepéast, and
thus, they can be mobilizedi& reduction by dithionite and complex formation byPB
during the washing. It also clearly demonstratest the resulting FeBIP remains partly
attached or is bound again to the cell wall comptse

According to the spectra recorded at 2 K withouemal magnetic field (Fig. 1b,e) one of
the magnetic components @reis characterized by parametels 0.5 mmg, Bea~ 41 T,
S=67(1)% (Table 1, Table 2). The relatively low ageg hyperfine magnetic field is similar
to values found for the hydrous ferric oxide cofdéacterial and plant ferritins which are in
the range of 41-45 T (St. Pierre et al. 1986, Wadal. 1993, Hartnett et al. 2012). The
spectra measured &t= 5 K (Fig 1 a,d) reflects a considerable collagsd broadening of this
main magnetic sextet component suggesting thatdtresponding magnetic phase undergoes
a transition to the paramagnetic state at arduBK. The excessive broadening of the peaks
of the sextet as observed at 5 K may refer to thegnce of magnetic relaxation phenomena
appearing due to the nanosized nature of the agedcmagnetic particles, as well as to a
distribution in the hyperfine magnetic field ocaog due to the presence of a multitude of

iron microenvironments with slightly different claateristic magnetic transition temperatures.
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It is known that plant and bacterial ferritins balow magnetic ordering temperature
(<4 K) and exhibit a significantly lower hyperfimaagnetic field (40-44 T) than iron-rich
mammalian ferritins (48-50 T) due to their amorphatructure and high phosphate content
(St. Pierre et al. 1986, Chasteen et al. 1999, éa@e 1993, Cornell & Schwertmann 2003,
Hartnett et al. 2012). Therefore, it is plausilderégard the well-developed magnetic sextet
component g in our spectra (at T= 2 K, Fig. 1b,c) as origingtfrom hydrous ferric oxide
particles with probably high phosphate contentisltalso noteworthy to mention that the
incorporation of organic materials (e.g. organieds can also lower the temperature of
magnetic ordering and the magnetic hyperfine feddt was shown in synthetic ferrihydrites
(Schwertmann et al. 2005)

The Feg, magnetic componen§&24%), while having the same isomer shift, displays
considerably smaller average effective magnetitd fi@Be o= 21 T) along with a larger
standard deviationo(Be o)) Of the associated magnetic field distributioralfle 1,Table 2),
which can be the result of magnetic relaxation rigkplace in the case of particles
contributing to Fg, with a higher frequency than in the case of thosetributing to Fg;.
With respect to corresponding spectra recordedoattiexternal magnetic field, the spectra
recorded at 2 K in conjunction with an external metg field of 5T (Fig. 1c,f) reveal an
increase in th&. 4, effective magnetic field that is ca. twice of thagnitude of the externally
applied field (Table 1,Table 2). This observatideady confirms our previous supposition
that the particles associated with componegt Badergo magnetic relaxation even at 2 K. In
contrast,Be oy Of the F@; component is perturbed by the external magnetid fio a much
lesser extent. Such difference can be readily exgdlaby supposing that the particles
contributing to Fg, are smaller in size than those associated wigh &®d/or may also reflect

differences in their composition (e.g. incorporata anions or organic acids in its structure).
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The low-temperature Mossbauer spectra of the rafvés reductive washing (Fig. 1d,e,f,
Table 2) show the presence of magnetic componéatsciin be associated with the same
magnetically ordered phases at low temperatureslissussed before (kg and Fgy),
indicating, that this inorganic Fe phase remainthenroot sample abundantly even after the
reductive washing. Though the nature of the magreimponents ke and Fg, (Table 1,
Table 2) is not altered considerably by reductivasing, with respect to corresponding
parameters observed for the sample before washalgd 1) one can simultaneously observe
a moderate decreaseBn,,and a moderate increased(Be a) for both magnetic components
at temperatures where they display strongly broadi@bsorption peaks (i.e. at 5 K forgFe
and at 2 K for Fg). Supposing that this peak broadening is due tgneigc relaxation, the
observed changes would refer to a decrease in digaetic anisotropy energy of the particles
resulting in Fg; and Fg,, which suggests that reductive washing leads deciease of the
characteristic size of the hydrous ferric oxidetipbes detected in the Fe sufficient cucumber
roots before washing.

The fit results concerning the spectra shown in. Eigf also elucidate the way of
appearance of the Fecarboxylate (F§) and F&-BIP (Fe) related components (being
present as doublets in Fig. 1b,e) when the extenaginetic field is applied. They each appear
as a sextet component displayin@=eeffective magnetic field close to that of tBgc=5T
externally applied field (Table 1, Table 2). In eaxf Fe (Table 2)B; is slightly lower than
Bext in accordance with the diamagnetic nature of dve-$pin F& (S=0) state of iron. In
contrast, in case of Fecarboxylate (Fg) with high-spin F¥ ionsBe is somewhat larger in
magnitude thaBex (Table 1), which may refer to the appearance ahdaced magnetic field
in this case. In conjunction with the rather lalige width obtained for this component (Table
1), the observation of an induced field could als® connected to magnetic relaxation

phenomena taking place in case of component f®ugh the strong overlap of this minor
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component with the rest of the peaks prevents weaoh an unambiguous conclusion in this
regard on the basis of the present spectra.

Using immunoblotting, ferritin apoprotein was degetin the root branching zone (Fig. 2)
as a ~30 kDa protein band, whereas no ferritin mctation was found in the root tips. No
ferritin was detected in solubilized seed and lleamogenate samples, either. Unspecific
binding of the applied antibodies to the non-tajyeteins was negligible in the samples. In
cucumber roots, Vigani et al. (2013) found mitoathaal ferritin accumulation under control
(50 uM Fe) or Fe-excess (5QM) growth conditions. In our study the Fe concemtrain the
nutrient solution of control plants was M which seems not to induce ferritin expression.
Confirming this assumption, applying transmissidac&on microscopy, no Fe aggregates
typical of ferritin in the root cells could be fodi(Fig. 3B), but it was revealed that in crevices
on the root surface at adjacent cells there is @uraulation of a mucilagous material
containing finely dispersed grains (Fig. 3A, C, Dp evidence of a continuous aggregation
on the root surface e.g. iron plague was found lwiscconsistent with our previous study,
where Perls/DAB staining and subsequent microscapalysis of Fe sufficient roots were
performed (Fodor et al. 2012).

To clarify the origin and to identify unequivocalllge inorganic Fe compound(s), as the
major Fe species in the Fe sufficient root, a cetepscanning of the root tip zone and lateral
root sections have been made by EELS. Our measuotemeyealed that no ferritin grains or
Fe-containing structures can be identified in aot icell compartments. This implies that the
majority of the inorganic Fe phase is located a&dhe root cells forming approx. 20—30 nm
grains as it is presented in Fig. 3d and showrmbyBELS spectrum taken on the grains (Fig.
4).

Summarizing the results on the major Fe compouadsd in the Fe sufficient cucumber

root, it is only possible to identify and differeate between two main Fe containing phases: i)
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Fe"-complexes and ii) an amorphous Fe-rich hydrouscfexide/hydroxide phase, probably
including several anions (e.g. phosphate, sulphate) organic acids (e.g. citrate) in its
structure. This is in contrast to previous studidsere, in plants, the main Fe bearing
compound was identified as ferritin (Goodman e1@82a, b) ory-FeOOH (Kilcoyne et al.
2000). According to our results, 'Fe€omplexes were shown to be located in the apoplast
while the Fe rich ferric oxide/hydroxide pool ikdly to be present mainly on cell surfaces
forming small aggregates and probably exhibitingaarorphous structure. Iron taken up and
associated to cell functions (heme, Fe-S, Fe-cddiexcomplexes etc.) obviously does not
give sufficient contribution to the spectra to itign 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 Feideticucumber roots supplied with 500
uM >Fd"-Cit for 30 min is presented in Fig. 5A, B. For quamison, the spectra taken after
the same Fe supply of the Fe sufficient cucumbet pregrown in F&-Cit containing
nutrient solution are also shown after 30 min 500 >'F€"-Cit supply (Fig. 5C). No
Mossbauer spectrum could be taken after reductiashimg (the amount ofFe was under
the detection limit; spectrum not shown). In theéelacase we utilized the advantage that
Mossbauer spectroscopy can only shdie in the samples so in the spectrum presented in
Fig. 5C, only new Fe compounds formed during ther®® 50M >’Fée"-Cit supply can be
seen.

The spectra could be evaluated suggesting one @mparmamagnetic doublet components
with parameters listed in Table 3. According to Méssbauer parameters, sFeomponent

can be associated to'tearboxylate complexes already identified in theecasFe sufficient
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roots (Kovacs et al. 2009). The J~eomponent can be assigned to [F&Bld]** (Vértes &
Korecz 1979, Kovacs et al. 2009) while the: Fepresents FeBIP complex (Greenwood &
Gibb 1971).

Taking into account previous Méssbauer results amral F&'-complexes applied as Fe
supply for plants (Kovacs et al. 2009), the paramsebdf Fg@ component are very close to
those of FE-Cit complex § = 0.48(1) mm¢, A = 0.62(1) mmg, Solti et al. 2012) supplied
in the nutrient solution thus it is supposed topoesent as the major Fe form in the Fe
deficient cucumber root after Fe supply. This resbbws that a high amount of the''F€it
present in the nutrient solution can be attachetthe¢ocell wall components and taken up by
the root. The presence of high amount of a non-veinle F&'-Cit component is confirmed
by the Mdssbauer spectrum taken after the redueiaghing since parameters of 'F€it
remains in the spectrum. As the reductive washiogptetely removes Pecarboxylate
components from the apoplastic spaces as we hawdrs¢he roots of Fe sufficient pants, this
is only possible if F&-Cit is located inside the cells e.g. in vacuolesnside the central
cylinder of the root. The FeCit may be taken up directly from the nutrient uimn.
Nevertheless it can be formed novo after the reduction, transport and reoxidatiorefin
root parenchyma cells. Furthermore!"F@it is considered to be the major transport fofm o
Fe in the xylem (Rellan-Alvarez et al. 2010) whére complex may be accumulated taken
into account the higher uptake rate of Fe as coeaptr Fe sufficient roots. We propose that
the Fe component providing the majority of Fe in the wettire deficient roots is EeCit
which is localized mainly in the root xylem vessels

Approximately 10% of the total Fe is in the form[B&(HO)s]*" in the Fe deficient plants
supplied with FE-Cit that confirms previous results showing thehhjgincreased rate of Fe
reduction (turbo reductase activity) (Kovacs e8I09). Considering that no reduced Fe (Fig.

2C) and only completely removable ferric carboxggatould be found after the same time

18



and concentration of Fe supply in the Fe sufficiglaints pregrown in®Fe"-Cit it can be
concluded that not only the reduction rate increaseder Fe deficiency in Strategy | plants
but also the Fe uptake rate becomes significamglyen.

It is noteworthy to mention that the washing pragedalso results to the presence df-Fe
BIP complex (Fe found in Fig. 5B). The relative high amount ofstliomplex (~32%, see
Table 3) compared to the Fe sufficient case (seefl. 1E, Table 2) can be explained by the
much lower total Fe content of the Fe deficienttsod he lack of the ferric oxide/hydroxide
species under Fe deficient conditions was alsoqutdwy direct low-temperature Mossbauer
measurement of an Fe deficient cucumber root segpliith 100uM Fe"'-Cit for 30 min
(taken at 5 and 2 K). The obtained Mossbauer speute presented in Fig. 6, where no
magnetically split subspectrum could be separafed.only component can be identified as
Fe'-Cit (6=0.53(2) mm$, A=0.60(4) mmgs, I'=0.6(1) mm3d) confirming the presence of the

Fe''-Cit component.

Iron components with different Fe supply

Literature data on the uptake of different Fe came$ indicated that there are large
differences in the reduction and uptake rate whiferdnt Fé'-chelates were applied
(Garcia-Marco et al. 2006, Lucena & Chaney 200Rg $tability and size of the Fe-chelate
are major factors influencing the rate of the reéduncbut similar uptake rate was found for
Fe'"-EDTA and F&'-EDDHA complexes (Lucena & Chaney 2007). On theeptiand, the Fe
uptake and transport frorFe" -Cit compared t3°F€"-EDTA containing nutrient solution to

the shoot of Fe deficient cucumber seedlings washn(2-5 fold) higher (Cseh et al., 1994).
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With the help of Mossbauer spectroscopy, the Feiepeformed in Fe sufficient and Fe
deficient conditions were investigated in the casEe"'-EDTA and F&'-EDDHA applied as
Fe supply in the nutrient solution in comparisonR@'-Cit. The M&ssbauer results are
presented in Fig. 7 for both the Fe sufficient deficient case. The corresponding Mdssbauer
parameters are listed in Table 4.

The Mossbauer spectra and the related Fe-compofmntsl in the Fe sufficient Fe-
chelate grown-plants differ from those of the'Rgit-grown plants. The larger quadrupole
doublet characteristic of Ee than found for F&, (Table 1 and Table 4) and the quite large
line width (0.6/0.7 mm ' can refer to the presence of similar but slighdifferent Q
chemical environment around the'Fimns. This may be explained by the partial attasfim
of the EDTA, EDDHA ligands to the central 'Febut also by the formation of Ee
carboxylate complexes with cell-wall components.

Unfortunately, it was difficult to get any informan on this component since the very
low amount of total Fe in the samples (see also &gnade impossible even after freeze-
drying to measure the low-temperature spectraesepted for F&-Cit supplied roots in Fig.

1 and 6. For the same reason, Mossbauer spectsosoapd not be applied following a
reductive washing to separate apoplastic and sytiplge pools neither in Fe sufficient nor
in Fe deficient case. This also suggests that th@nty of Fe is taken up and immediately
transported to other plant tissues following thduaion and thus, no significant amount of Fe
accumulates in the root parenchyma or in the rpopkast.

The relative and absolute content of Fe the roots was similar in the case'FEDTA
and F&'-EDDHA (calculated from the ICP measurements wihie help of the relative
spectrum areas found in the Méssbauer spectra)e vimithe case of FeCit, they were
slightly higher. This shows that the reduction apthke is favored by the application of'Fe

Cit compared to the other Eehelates. This is also in good agreement with rémilts
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discussed above for the&€it, namely, a very high accumulation of Fe wamdestrated
both at Fe sufficient and Fe deficient conditionmpared to Fé-chelates.

The parameters of the f~eomponent were slightly different in the roots [gligd with
Fe'-chelates from those found in the case of 48t supply. The quadrupole splitting is
smaller which may show that the% enay be partly attached to the EDTA/EDDHA ligand
and /or to cell wall -COQgroups. However, no evidence could be found ferfttimation of
Fe'-EDTA (and probably this holds also for'"EDDHA) complex since in the latter case,
the quadrupole splitting of the complexed Feuld be much smallef£1.85 mmg, A=2.80
mms®, measured at 80 K by Epstein 1962). This conttadiee suggestions made according
to previous analytical results that in these systé®-EDTA complex is formed after the
reduction in the apoplast (Lucena & Chaney, 200B)reover, Mssbauer studies “3FeCb-
EDTA systems in aqueous solution in acidic and mnaybtH-range showed no complex
formation between Feand the ligand but the presence of [F&J}]** species (Szilagyi et
al., 2007). In the case of EDTA, EDDHA and sevesdier complexing agents, the low
stability of the FE-complexes and thus their fast reoxidation after émzymatic reduction

during Fe uptake in cucumber was also proposedefhai& Chaney 2007).

Summary and conclusion

Attempting to establish a general comparison ouptake from natural complexes e.g.
Fe'-Cit and artificial chelates e.g. #e&EDTA or Fé'-EDDHA in Fe sufficient and Fe
deficient plants we have analyzed the microenvireminand localization of Fe components
formed during or after the reduction, uptake anduawlation and making up the total Fe
content of the roots of cucumber, a strategy | tpdgown in nutrient solution. A long term Fe

supply with F&'-Cit results in the accumulation of partially remable nanosized amorphous
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hydrous ferric oxide/hydroxide depositions in coeg on the root surface in mucilagous
materials. The mucilagous cover on the root surfaag be a result of the axenic conditions.
Ferric carboxylates can be removed by a reductashimg leaving no sufficient contribution
(concentration) of this Fe component to the Mdssbapectra just as other well-known Fe
containing cellular components e.g. Fe-nicotian&@mnFe-S clusters. In Fe deficient plants,
short-term F8-Cit supply in high concentration results in fastiafficient accumulation of
Fe-carboxylates (most probably"€it) in the xylem and a transient accumulatiorief at
the apoplastic side of the root cell membranes. @gults also show that the reductive
washing procedure by the ferrous chelator BIP Isavsignificant new, not readily removable
Fe component in the root apoplast, thé-B& complex.

In case of roots supplied with Fe-chelates of Higibility (Fé'-EDTA, Fé'-EDDHA)
only a Fé&'-carboxylate component suggested to be localizethénapoplast/symplast was
identified and no hydrous ferric oxides accumulatkd Fe deficient plants, the ratio of
reduced to total Fe when these stable chelates swgrplied almost doubled compared to
Fe"-Cit but it may not necessarily correspond to thghér efficiency of the chelates to
supply Fe as the total Fe content of these roote weich lower.

It is concluded that natural Fe chelates, withrailar characteristics to FeCit, may
perform better in Fe-accumulation in the roots cared to synthetic ones. This may be
utilized in Fe biofortification, since nanosized Eeposits on the root surface may be
remobilized upon Fe deficiency. Thus, compared ighlig stable synthetic chelates that
perform better in maintaining Fe in soluble fornscanatural Fe chelates could provide a

good choice to prevent Fe deficiency in irrigatéghpations.
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Tablel

>’Fe M6ssbauer parameters of Fe components found inFéhsufficient cucumber roots
grown on FE-Cit for 3 weeks, as derived on the basis of meaments performed at
temperatures 5 K and 2 K, as well as at 2 K inxdrraal magnetic field oBex: =5 T being
oriented parallel to the direction of gamma rayg(Ea-c). Parameter values that are indicated
to be the same were constrained to be the samagdtire fit. For magnetic components
where the double quadrupole shifg2s not given, it was assumed to be zero. The rusb
between parentheses give the statistical unceytédmt standard deviation) in the last digit.

The suffix F refers to a fixed parameter.

T=5K T=2K T=2K,Bexx=5T

FeA
62 (mms?) 0.52(1) 0.52(1) 0.52(1)
A° (mmsh) 0.58(4) 0.58(4) -
Be” (T) - - 7.1(2)
'Y (mmsh) 1.08(7) 1.08(7) 1.08(7)
S°(%) 9(2) 9(2) 9(2)
Fer1
5 (mmsh) 0.504(3) 0.504(3) 0.504(3)
2¢ (mms?) OF -0.05(1) -0.08(1)
Be.a(T) 25.7(2) 41.0(1) 43.2(1)
o(Bo)? (T) 14.6(3) 4.8(1) 4.4(1)
'Y (mms)) 0.69(1) 0.69(1) 0.69(1)
S°(%) 67(1) 67(1) 67(1)
Fes2
6 (mms?) 0.504(3) 0.504(3) 0.504(3)
A° (mms?) 0.658(7) - -
Be,a’ (T) - 23.5(7) 33.7(7)
o(Be)® (T) - 10.9(5) 8.6(7)

(mms?)) 0.69(1) 0.69(1) 0.69(1)
S°(%) 24(1) 24(1) 24(1)

4somer shift, relative ta-Fe.
PQuadrupole splitting.

“Effective magnetic field.
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9Line width at half maximum

°Relative resonant absorption areas of the relespattral components, which represents
relative contents of the corresponding Fe forms.

'Quadrupole shift.

9Standard deviation of the Gaussian of the hyperfiagnetic field distribution.
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Table?2

°>’Fe Mossbauer parameters of Fe components found irFéhsufficient cucumber roots
grown on F&-Cit for 3 weeks and then being subjected to rédeatashing with bipyridyl,

as derived on the basis of measurements perforineangeratures 5 K and 2 K, as well as
at 2 K in an external magnetic field of 5 T beimiented parallel to the direction of gamma
ray (Fig 1d-f). Parameter values that are indicatede the same were constrained to be the
same during the fit. For magnetic components wheeedouble quadrupole shift4Ris not

given, it was assumed to be zero. The numbers bketwarentheses give the statistical

uncertainty (¥ standard deviation) in the last digit(s)

. The suff refers to a fixed

parameter.
T=5K T=2K T=2K,Bexx=5T

Fee
5 (mms?h) 0.40(1) 0.40(1) 0.40(1)
A° (mmsh) 0.34(2) 0.34(2) -
B (T) - - 4.7(1)
'Y (mms) 0.38(3) 0.38(3) 0.38(3)
S°(%) 5(1) 5(1) 5(1)
Fes1
6 (mms?) 0.513(4) 0.513(4) 0.513(4)
2¢ (mms?) OF -0.06(1) -0.05(1)
Be.a’ (T) 22.6(6) 42.0(1) 44.3(7)
0(Bo)? (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)
Fer2
5% (mms") 0.513(4) 0.513(4) 0.513(4)
A° (mmsh) 0.71(1) - -
Be.al (T) - 20.8(9) 29.1(8)
o(Bo)? (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)

4somer shift, relative ta-Fe.

PQuadrupole splitting.
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“Effective magnetic field.

dLine width at half maximum

°Relative resonant absorption areas of the relespattral components, which represents
relative contents of the corresponding Fe forms.

'Quadrupole shift.

9Standard deviation of the Gaussian of the hyperfiagnetic field distribution.
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Table3

°>'Fe Mossbauer parameters of the Fe components fouttteiffe deficient and Fe sufficient
(grown on F&-Cit for 3 weeks) cucumber roots supplied with 500 *>'F€"-Cit for 30 min
before and/or after reductive washing with bipyfidy derived on the basis of measurements
performed at 80 K (Fig 5). The numbers betweenmiheses give the statistical uncertainty

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

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

Fea

5% (mms"h) 0.51(1) 0.50(1) 0.50(1)

A° (mms?h) 0.59(1) 0.59(1) 0.59(1)

I'° (mms") 0.46(2) 0.46(1) 0.46(1)

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

Fep

5% (mms"h 1.37(1) -- --

A° (mms?h 3.00(1) -- --

¢ (mms)) 0.44(2) -- --

7 (%) 10(1)

Fee

5 (mmsh) -- 0.38(1) -

A° (mms?) -- 0.32(1) --

I'° (mms") -- 0.33(2) -

S (%) 32(3)

4somer shift, relative ta-Fe.

PQuadrupole splitting.

“Line width at half maximum

YRelative resonant absorption areas of the relespattral components, which represents

relative contents of the corresponding Fe forms.
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Table4

°>'Fe Mossbauer parameters of the Fe components foutteiffe sufficient and Fe deficient

cucumber roots which were supplied with"FEDTA and F&-EDDHA complexes as

derived on the basis of measurements performed &Bi& 7). The numbers between

parentheses give the statistical uncertainkysthndard deviation) in the last digit(s).

Fe sufficient root supplied with 1

uM Fée" for 3 weeks

OFe deficient root supplied wit
500uM Fe" for 30 min

=

Fd'-EDTA Fe'-EDDHA | FE"-EDTA Fe'-EDDHA
Fer
5 (mmsh) 0.48(1) 0.47(1) 0.49(1) 0.49(1)
A° (mmsh) 0.67(2) 0.64(1) 0.53(2) 0.57(1)
I° (mms?h 0.59(3) 0.61(2) 0.66(4) 0.57(1)
7 (%) 100 100 76(3) 80(1)
Fep (%)
5 (mmsh) 1.30(2) 1.30(1)
A° (mmsh) 2.93(4) 2.95(2)
I° (mms?h 0.48(7) 0.45(3)
S (%) 24(3) 20(1)

4somer shift, relative ta-Fe.

PQuadrupole splitting.

‘Line width at half maximum

YRelative resonant absorption areas of the relespattral components, which represents

relative contents of the corresponding Fe forms.
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Fig. 1 Low-temperature Méssbauer spectra of lyophilizeducnber roots grown on LM
>’Fd''_citrate containing nutrient solution (based on e et al. 2010) without washing
measured at a)=5 K, b) T=2 K and ¢)T=2 K, B=5 T and after reductive (BIP) washing

measured at d)=5 K, e)T=2 Kand f)T=2 K, B=5T
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Fig. 2 Solubilized proteins on polyacrylamide gel (a) amimunoblot against plant ferritin

(b). Samples were 1 — molecular weight standards2ed homogenate; 3 — leaf homogenate;
4 — root tip homogenate; 5 — root branching zonmdgenate. Molecular weight standards
were serum albumin (66 kDa); ovalbumin (45 kDa)ycgfinaldehyde-3-phosphate
dehydrogenase (36 kDa); carbonic anhydrase (29 ;kig)sinogene (24 kDa); trypsin
inhibitor (20.1 kDa);a-lactalbumin (14.2 kDa). Both protein gels and inmoblots were
loaded with 20 pg of solubilised protein except floe sample (2), where the lanes were

loaded with 20 pg solubilised protein over the afer proteins (at ~50-55 kDa).
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Fig. 3 Electron micrographs of cucumber root sections. dlaats were grown with sufficient
concentration of F&Cit (10 uM Fe) in nutrient solution. (a) Middle section. ¢p-Root tip
zone sections of lateral roots. (a) Fe grains pa@ted into mucilage covering root surface.
(b) No Fe can be seen in large quantities. Fe neagispersed homogeneously in functional
sites but no storage pools are revealed. (c) Fexgrat the root surface with bacteria
embedded in mucilage. The section is parallel éordot surface. (d) Fe grains embedded in
mucilage at the root surface, enlarged. Letterscatd root cells (RC), cell wall (CW),
vacuoles (V), root surface (RS), bacteria (B) andcilage (M), arrows indicate Fe grains.

Scale bars are equal to (a) 1 um (b) 5 um (c) X@Hra00 nm
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Fig. 4 EELS spectrum of the finely dispersed grains foimthe root tip sections of lateral

roots of cucumber grown with sufficient concentratof Fe (1QuM) in nutrient solution
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Fig. 5 Mossbauer spectra takenTat80K of Fe deficient cucumber roots after 30 mii® ht"
>"rd''_citrate supply without washing (a) and after reihec (BIP) washing (b) and of Fe
sufficient cucumber roots grown in 104 *°F€"-citrate containing nutrient solution after 30

min 500uM *’Fé"-citrate supply without washing (c)
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Fig. 6 Low-temperature Mossbauer spectra of Fe deficianumber roots after 30 min 100
uM >’Fé"-citrate supply taken at T=5 K (a) and at T=2 K hijhout applying external

magnetic field

40



4 3 2 1 0 1 2 3 4 4 3 2 1 0 1 2 3 4
v (mm s'1) v (mm 3'1)

Fig. 7 Mossbauer spectra takenTa80 K of Fe sufficient cucumber roots supplied with
uM *F"-EDTA (a) and”’F€"-EDDHA (b) for 20 days in the nutrient solution aofiFe
deficient cucumber roots supplied with 5001 °’F€"-EDTA (c) and”’Fe"-EDDHA (d) for

30 min
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Fig. 8 Fe concentration of the Fe deficient cucumber edter 30 min 50uM Fe"'-citrate,

Fe"-EDTA, and F&-EDDHA supply. F& concentration was calculated from the total Fe
concentration using the corresponding MéssbauatispéData are shown as mean+SD, n=3,
significant differences between data are indicatet different letters, P<0.05, Fe total and
Fe' data sets were compared separately as indicatectapjtal and normal letters,

respectively.)
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Pictures of the Fe sufficient and Fe deficient enbar plants, grown in 400 ml plastic pots.

Young Fe deficient plants:
T A

Young Fe sudfit plants

Fe deficient plants at harvest:
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Fe sufficient plants at harvest:
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Here we describe in detail in which way the reslisted in Tables 1 & 2 and shown in Fig. 1a-f welgained
by applying physically reasonable constraints e filame of parallel spectrum fits. All fits werergad out with
the MossWinn program. For detailed description haf aipplied models, we refer to the associated anogr
manual (Klencsar 2015).

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

The three spectra shown in Fig. 1a-c were fitteaianeously for each of the spectra assuming tspeetrum
components (Re Feas;, Fayp) with a shared fit parameter set being subjethiédollowing constraints:

(Fea) In the absence of an external magnetic field,RBecomponent was described with identical Lorentzian
doublets at T =5 K and 2 K temperatures. In thes@nce of the 5 T external magnetic field, at &, was
described with a sextet component with zero quaaleuphift and the isomer shift and line width paesens
being identical with those of the corresponding ldeticomponents at T =5 K and 2 K temperaturee Th
relative area fraction of the fFeomponent was assumed to be the same in all tbe $pectra.

Justification: The isomer shift and quadrupoletiply parameters are not expected to change coasigyan the
narrow temperature interval of 2...5 K. Assuming renozquadrupole shift for the sextet component tesnla
guadrupole shift value that is in the order of #tatistical uncertainty. No appreciable changexjseeted to
occur in the Méssbauer-Lamb factor between 2 K&Kd Due to the overlap of this minor componenthwitie
peaks of the rest of the components, the indepertktarmination of its line width in the differespectra is
unfeasible on the basis of the present spectra.

(Fegy) In all the three spectra the grecomponent was described by a sextet componentaglisg peak
broadening corresponding to an underlying Gaussiepe hyperfine magnetic field distribution. The /B
method (Rancourt and Ping 1991) was used as impihen the MossWinn program (Klencséar 2015) to
account for this component in all the three specitre centerK, ,) and the standard deviatioa(B.)) of the
Gaussian were varied during the fit independentlyhie three spectra. The same was true for thergpale
shift (€) in the case of the spectra recorded at 2 K, vesefer the spectrum recorded at 5 K the quadrugtfe
was fixed to zero. The isomer shift ofgrevas assumed to be the same in all the three spé&ttrcoupling was
assumed to be present between the effective madiedtl and the isomer shift and quadrupole shaftaoneters.
The internal Lorentzian line width (that would Wee tapparent line width fas(Bg) = 0 ) and the relative area
fraction of the Fg, component was assumed to be the same in all the $ipectra.

Justification: Initial fits with an arbitrary-shamistribution indicated that a Gaussian would beaaceptable
approximation for the hyperfine magnetic field distition underlying the g component at 2 K. Though at
5 K the shape of the Egspectrum component is likely to be influenced &axation phenomena, the model can
apparently describe the spectral shape with fagui@cy even in this case. Assuming the same irlterna
Lorentzian width for the g component in all the three spectra enables usuémtdfy changes in the line
broadening straightforwardly via changes in thelgirfiit parameter of(Be). The isomer shift is not expected to
change considerably in the narrow temperaturevatesf 2...5 K. Due to the broad peaks the quadrugblé&

of Fes; could not be determined reliably on the basidhefgpectrum measured at 5 K. No appreciable change
expected to occur in the Mdssbauer-Lamb factor detw2 K and 5 K. The lack of appreciable asymnietiiie
spectra suggests that there is no appreciableingymesent between the effective magnetic field e isomer
shift and quadrupole shift parameters.

(Fes») In the spectra recorded at 2 K thegFeomponent was described by a sextet displaying pe@zadening
corresponding to an underlying Gaussian-shape figpemagnetic field distribution. The VBF method
(Rancourt and Ping 1991) was used as implementéiteidossWinn program (Klencsar 2015) to account fo
this component. The centdB(,) and the standard deviatioo(B.)) of the Gaussian were varied during the fit
independently in the two spectra. The quadrupoit &) of this component was assumed to be zero. In the
spectrum recorded at 5 K, gzavas modeled with a doublet component having artaran line width identical
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with the internal Lorentzian line width of the VBI®mponents at 2 K. The latter line width was asslitoebe
identical with that of the g component. The isomer shift of fzavas assumed to be identical with that of;Fe
in all the three spectra. No coupling was assurnelet present between the effective magnetic field the
isomer shift and quadrupole shift parameters. Efative area fraction of the fecomponent was assumed to
be the same in all the three spectra.

Justification: Though the spectrum shape of thg Eemponent at 2 K is expected to be influencedetgxation
phenomena, modeling it with a magnetic componespldiing Gaussian hyperfine magnetic field disttidou
turned out to be an acceptable approximation. Agsyrihe same internal Lorentzian width for the metgn
Fez; and Fg, components enables us to quantify differences dxtwcorresponding line broadenings in a
straightforward manner via the parameiéB.). The isomer shift is not expected to change dmmably in the
narrow temperature interval of 2...5 K. There wasimdication for a difference between the isomer tshaff
Fez; and Fg,. Due to the broad peaks overlapping with those @f Fee quadrupole shift of Egcould not be
determined reliably on the basis of the spectrasonea at 2 K. Due to the overlap of its peaks withse of the
main component kg, in the case of kg the determination of the coupling between theatiffe magnetic field
and the isomer shift and quadrupole shift pararmeteas unfeasible. There was also no indicationttier
presence of nonzero couplings. No appreciable &asgexpected to occur in the Méssbauer-Lamb factor
between 2 K and 5K. At 5K the gecomponent apparently contributes mainly to thetreérdoublet
component.

In addition to the above, in case of the spectregomded in an external magnetic field of 5 T (Faj, the
relative area ratio of the 2nd and 5th peaks (népect to that of the 3rd and 4th peaks/As,) of sextet
components were allowed to vary in order to accéomna magnetic polarization effect. The samg/#Ag, ratio
was assumed for all the three sextet componeikeiapectrum. The value of this ratio turned olidd..77(3).
Justification: The independent determination of thg/As, ratio was unfeasible for the minor sextet
components.

The overall normalized chi-square for the simultarsefit of these three spectra was.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 (Fdef) were fitted simultaneously in the same wayapplying
exactly the same constraints as described abote,tie component daking the place of Feabove. In this
case the AJAs, ratio characterizing the spectrum measured ineéxfErnal magnetic field turned out to be
1.55(5). The overall normalized chi-square fordhaultaneous fit of these three spectra Was235.
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