UHWERSITA
| DEGLI STUDI
DI TORINO

[T1S AperTO

AperTO - Archivio Istituzionale Open Access dell'Universita di Torino

Molybdenum and iron mutually impact their homeostasis in cucumber (Cucumis sativus) plants

This is the author's manuscript

Original Citation:

Availability:
This version is available http://hdl.handle.net/2318/1655384 since 2018-11-15T09:48:43Z

Published version:
DOI:10.1111/nph.14214
Terms of use:

Open Access

Anyone can freely access the full text of works made available as "Open Access". Works made available
under a Creative Commons license can be used according to the terms and conditions of said license. Use
of all other works requires consent of the right holder (author or publisher) if not exempted from copyright
protection by the applicable law.

(Article begins on next page)

13 November 2024



UNIVERSITA
DEGLI STUDI
DI TORINO

115 AperTO

This is the author's final version of the contribution published as:

[Vigani G, Di Silvestre D, Agresta AM, Donnini S, Mauri P, Gehl C, Bittner F, Murgia 1.,
Molybdenum and iron mutually impact their homeostasis in cucumber (Cucumis sativus) plants.,
New Phytologist ,2017, 213,3, pagg 1222-1241, doi: 10.1111/nph.1421.]

The publisher's version is available at:
[inserire URL sito editoriale presa dal campo URL, cioe dc.identifier.url]

When citing, please refer to the published version.

Link to this full text:

[inserire I'nandle completa, preceduta da
https://nph.onlinelibrary.wiley.com/doi/full/10.1111/nph.14214 ]

iris-AperTO

University of Turin’s Institutional Research Information System and Open Access Institutional
Repository


https://nph.onlinelibrary.wiley.com/doi/full/10.1111/nph.14214

rmed the presence of traits previously shown to confer drought resistance to plants, such as the synthesis of nitric oxide
and of organic volatile organic compounds. We used the two strains on pepper (Capsicuum annuum L.) because of its

Summary

Molybdenum (Mo) and iron (Fe) are essential micronutrients required for crucial enzyme
activities in plant metabolism. Here we investigated the existence of a mutual control of Mo and
Fe homeostasis in cucumber (Cucumis sativus).

Plants were grown under single or combined Mo and Fe starvation. Physiological parameters
were measured, the ionomes of tissues and the ionomes and proteomes of root mitochondria
were profiled, and the activities of molybdo-enzymes and the synthesis of molybdenum cofactor
(Moco) were evaluated.

Fe and Mo were found to affect each other's total uptake and distribution within tissues and at the
mitochondrial level, with Fe nutritional status dominating over Mo homeostasis and affecting
Mo availability for molybdo-enzymes in the form of Moco. Fe starvation triggered Moco
biosynthesis and affected the molybdo-enzymes, with its main impact on nitrate reductase and
xanthine dehydrogenase, both being involved in nitrogen assimilation and mobilization, and on
the mitochondrial amidoxime reducing component.

These results, together with the identification of > 100 proteins differentially expressed in root
mitochondria, highlight the central role of mitochondria in the coordination of Fe and Mo
homeostasis and allow us to propose the first model of the molecular interactions connecting Mo
and Fe homeostasis.

Introduction

Iron (Fe) is an essential micronutrient for plants and its uptake from soil and transport to all plant
tissues together with the regulation of its homeostasis during various biotic/abiotic stresses have
been studied (Jeong & Guerinot, 2009; Ivanov et al., 2012; Kobayashi & Nishizawa, 2012; Ravet &
Pilon, 2013; Briat et al., 2015a). The negative agronomic and economic impact of plant Fe
nutritional deficiency, most frequently occurring in calcareous soils, led to a variety of experimental
approaches aimed at elucidating Fe homeostasis in plant organs and organelles (Palmer & Guerinot,
2009). Among these approaches, -omics technologies were applied to tissues from several plant
species grown under Fe deficiency. Transcriptomics revealed the complex set of genes involved in
the Fe deficiency response and identified the master regulators of such a response (Colangelo &
Guerinot, 2004; Lingam et al., 2011; Meiser et al., 2011), together with those supporting the
metabolic changes occurring under Fe deficiency (Rellan-Alvarez et al., 2011; Schuler et al., 2011;
Ciaffi et al., 2013; Rodriguez-Celma et al., 2013; Li et al., 2014; Moran Lauter et al., 2014;
Paolacci et al., 2014). Proteomics and metabolomics clarified the impact of Fe on carbon, nitrogen
and sulphur metabolism, on the production of secondary metabolites and on the production of
enzymes counteracting oxidative stress (Li et al., 2008; Donnini et al., 2010; Lan et al., 2011;
Lopez-Millan et al., 2013; Sudre et al., 2013; Lima et al., 2014; Schmidt et al., 2014).

Nonetheless, many aspects of subcellular Fe homeostasis are still poorly understood (Vigani et al.,
2013a,c). While changes in the protein profile occurring in thylakoids from Fe-deficient plants have
been analysed in detail (Andalus et al., 2006; Timperio et al., 2007; Laganowsky et al., 2009;
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Lopez-Millan et al., 2013), element, protein and metabolite profiling of mitochondria from plants
grown under Fe starvation have still not been documented.

lonomics revealed that changes in the Fe nutritional status of a plant are associated with changes in
a given subset of elements, including molybdenum (Mo) (Baxter et al., 2008a; Baxter, 2009;
Murgia & Vigani, 2015). The transition metal Mo is an essential micronutrient (in traces), taken up
in the form of molybdate, for nearly all organisms including plants (Bittner & Mendel, 2010;
Shinmachi et al., 2010; Llamas et al., 2011; Bittner, 2014). In higher plants, a few molybdate
transporters have been identified belonging to the family of sulphate transporters, namely
molybdate transporter (MOT1) (Tomatsu et al., 2007; Baxter et al., 2008b; Ide et al., 2011) and
MOT2 (Gasber et al., 2011) in Arabidopsis, and sulfate transporter in Stylosanthes hamata
(Fitzpatrick et al., 2008). MOT1 is localized either in mitochondria or in endomembranes, as
reported by Baxter et al. (2008b) and Tomatsu et al. (2007), respectively, whereas MOT2 exports
the stored molybdate from vacuoles to provide it to maturing seeds in senescing plants (Gasber

et al., 2011). Molybdate itself is biologically inactive and needs to be complexed by a Mo-binding
pterin to form the biologically functional Mo cofactor (Moco). Moco biosynthesis starts in the
mitochondrion, with circularization of GTP by Cnx2 and Cnx3 (cyclic pyranopterin monophosphate
synthase) enzymes to produce cyclic pyranopterin monophosphate (cPMP). The cPMP intermediate
is then exported out of the mitochondrion into the cytosol, where the biosynthesis of Moco is
completed in three steps (Bittner & Mendel, 2010). Moco is inserted into the molybdo-enzymes
nitrate reductase (NR), sulphite oxidase (SO), xanthine dehydrogenase (XDH) and aldehyde
oxidase (AQO) which have key roles in either essential or important metabolic processes such as
nitrogen assimilation, detoxification of sulphite, purine catabolism and synthesis of abscisic acid
(ABA), respectively. A fifth group of molybdo-enzymes, whose members are homologues of the
human molybdo-enzyme mitochondrial amidoxime reducing component (mARC), which catalyses
the reduction of a variety of N-hydroxylated substrates, exists in the genomes of algae, monocots
and dicots (Ott et al., 2015). Nearly all eukaryotic genomes with Mo metabolism encode two
mARC proteins and all mammalian mARC proteins are characterized by the presence of an N-
terminal extension, which targets the mARC protein either to the outer (e.g. pig) or the inner (e.g.
mouse) mitochondrial membrane (Ott et al., 2015). In Arabidopsis, mARC-2 carries a
mitochondrial presequence whereas mARC-1 is lacking such an N-terminal extension, suggesting
that these proteins are differentially localized.

The ARC protein from the green alga Chlamydomonas reinhardti is capable of eliminating N-
hydroxylated and thus mutagenic base analogues (Chamizo-Ampudia et al., 2011), whereas the
Arabidopsis mARC-1 can generate nitric oxide during nitrite reduction (Yang et al., 2015).
However, the in vivo physiological roles and the subcellular localization of plant ARC proteins are
still unknown.

In addition, a Moco carrier protein (MCP), whose physiological function is likewise not fully
understood but which is proposed to distribute Moco to the various molybdo-enzymes, has been
identified in green algae (Witte et al., 1998) and functional homologues may also exist in higher
plants.

The existence of an interaction between Mo and Fe metabolisms is supported by evidence in the
literature (Bittner, 2014). The following observations support an interaction between Mo and Fe:
several genes of Mo metabolism are regulated by Fe availability; most molybdo-enzymes also
require Fe-containing redox groups, such as Fe-S clusters (XDH and AO) or haem (NR and human
SO); Moco biosynthesis and the cytosolic Fe-S cluster assembly (CIA) machinery utilize the same
mitochondrial ABC transporter ATM3, belonging to the ATP-binding cassette B superfamily
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(ABCB) (Balk & Schaedler, 2014). This ATM3 transporter is involved in the export of the Moco
intermediate cPMP from mitochondria to the cytosol (Teschner et al., 2010), as well as in the
transport of glutathione polysulphide for Fe-S cluster assembly (Schaedler et al., 2014).

While the co-evolution of Mo and Fe in metabolism and in enzymes has been noted in general
(Anbar, 2008; Bittner, 2014; Yokoyama & Leimkihler, 2015), no experiments have yet been
undertaken to unravel the physiological relationship between Mo and Fe with respect to uptake,
storage, distribution and consumption by enzymes and organelles. Thus, the goal of the present
work was to begin to fill this gap in our knowledge.

We investigated the early physiological, ionomic and biochemical changes occurring in cucumber
(Cucumis sativus) roots and leaves under single or combined Mo and Fe starvation. Roots are
responsible for nutrient uptake from soil and their mitochondria play a central role in the metabolic
reprogramming occurring in Fe-deficient roots (Vigani, 2012; Vigani et al., 2016). Moreover,
mitochondria synthesize both Fe-S clusters (Balk & Schaedler, 2014) and the first intermediate in
Moco biosynthesis (Teschner et al., 2010). We also obtained a detailed close-up of root
mitochondria and we profiled their ionomes and proteomes.

Our results provide the first experimental proof of a reciprocal impact of Mo and Fe homeostasis
and we propose a novel model for such crosstalk.

Materials and Methods
Plant growth

Cucumber (Cucumis sativus L. cv Marketmore) seeds were sown in Agriperlite (Agrilit; Perlite
Italiana srl, Corsico, Ml, Italy), watered with 0.1 mM CaSOQ., allowed to germinate in the dark at
26°C for 3 d, then transferred to a nutrient solution and grown as reported in Vigani et al. (2013b);
control medium is indicated as +Mo+Fe. Fe(IlT)-EDTA and/or (NH:)M0-0.: was omitted in —Fe
and/or —Mo medium, respectively.

Physiological parameters

Segments of leaves (c. 2 cm x 2 cm) were cut and weighed, and oxygen evolution and consumption
were measured at 200 or 800 uE m= s according to Tarantino et al. (2010) and tissue was then put
in vials containing 2—6 ml of dimethyl formamide for chlorophyll extraction and quantification,
according to Tarantino et al. (2005). Rates were analysed with OxyLAB v.1.15 software (Hansatech
Instruments Ltd, Norfolk, UK).

Purification of root mitochondria

Mitochondria were isolated according to Vigani et al. (2009). To test the purity of the mitochondrial
fractions, the samples were loaded on a discontinuous sodium dodecyl sulphate (SDS)-
polyacrylamide gel according to Vigani et al. (2016) and three different antibodies were used: a
monoclonal antibody against maize (Zeas mays) porin (Balk & Leaver, 2001), a polyclonal
antibody against Arabidopsis translocase of the chloroplast envelope (Toc33) (Rdodiger et al., 2010)
and a polyclonal antibody against Cucurbita sp. Amakuri Nankin catalase (Yamaguchi &
Nishimura, 1984).
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lonomics

Leaves of cucumber plants (cut at the petiole) and their roots were thoroughly rinsed in distilled
water; water was gently removed with absorbent paper and samples were placed in calibrated 15-ml
tubes (five leaves per tube). Mitochondrial fractions were obtained according to Vigani et al. (2009)
with a few modifications. To minimize peroxisomal contaminations, the fractions were loaded on a
percoll gradient and, after centrifugation at 40 000 g for 45 min, mitochondria were removed from
the 28%/40% interface, while the peroxisomal fraction was removed from the bottom of the tube,
according to Millar et al. (2007). The concentrations of various elements were then measured by
inductively coupled plasma—mass spectrometry (ICP-MS), according to Vigani et al. (2013b).
Statistical analysis was performed using Duncan's test with Spss software (SPSS Statistics, IBM,
Armonk, NY, USA).

Chemical detection of Moco, MPT and cPMP

Moco and its metal-free precursors MPT and cPMP were detected according to Teschner et al.
(2010), with the following volume adjustments: oxidation was performed with 200 mg of root or
leaf material, in 400 ul of 0.1 M Tris-HCI, pH 7.2, and by addition of 150 ul of acidic iodine;
excess iodine was reduced by the addition of 112 pl of 1% ascorbic acid. Relative amounts of
FormA-dephospho (the common oxidation derivative of Moco and MPT) and CompoundZ (the
oxidation derivative of cPMP) are given as relative peak areas per mg of protein. FormA-dephospho
hence represents the sum of Moco and of its ultimate Mo-free precursor MPT, as the applied
method is incapable of differentiating between these two molecules.

Assays of molybdo-enzyme activities

XDH, AO, NR and SO activities were measured according to Teschner et al. (2010). For XDH and
AO activities, the relative densities of the resulting activity bands were determined by using IMAGEJ
software version 1.38 from NIH (http://rsb.info.nih.gov/ij).

Sample preparation for proteomic analysis

Mitochondrial fractions were resuspended in resuspension buffer (Vigani et al., 2009) and
centrifuged twice at 12 000 g for 20 min. Rapigest 0.2% (Waters Corporation, Milford, MA, USA)
was added and the mixture was heated at 100°C for 20 min. It was then centrifuged at 2200 g for
10 min and the supernatant was digested with 1.5 ug of trypsin (Sequencing Grade Modifier
Trypsin, Promega) overnight at 37°C. The reaction was stopped by acidification with 0.5%
trifluoroacetic acid and the mixture was incubated for 45 min at 37°C. After centrifugation at

13 000 g for 10 min, the resulting peptide mixture was desalted with PepClean C-18 spin columns
(Pierce Biotechnology, Rockford, IL, USA) and resuspended in 0.1% formic acid.

Western blot analysis

Purified mitochondria were fractionated into mitochondrial soluble fraction (MSF) and integral
mitochondrial membrane fraction (MMF) according to Tan et al. (2010) with a few modifications.
Intact isolated mitochondria were suspended in milliQ water (Merck-Millipore, Darmstadt,
Germany) before lysis by six freeze/thaw cycles and the soluble proteins were collected in the
supernatant following centrifugation at 20 000 g. Organic material was then heated at 160°C for 5 h
in nitric acid. The acid digest was diluted to < 2% (v/v) HNOs and passed through 0.22-mm filters
(Millipore). Fe and Mo contents were quantified using ICP-MS technology. The separation between
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MMF and MSF was tested by measuring the activity of citrate syntase (CS; a matrix-soluble
enzyme), according to Vigani et al. (2009). In control mitochondrial fractions, CS activity was 420,
550 and 18 nmol thionitrobenzoic acid (TNB) mg protein in intact mitochondria, MSF and MMF,
respectively. Six micrograms of MMF was electrophoresed on 12% SDS-polyacrylamide gels,
blotted onto a polyvinylidene difluoride membrane and immunodecorated with polyclonal
antibodies against the marker protein cytochrome ¢ oxidase subunit Il (COX 1) (purchased from
Agrisera AB, Vinnids, Sweden) and with polyclonal antibodies raised against recombinant pmARC-
1 and pmARC-2 proteins from Arabidopsis, with the mARC-2 protein lacking the putative N-
terminal mitochondrial targeting sequence. Expression in Escherichia coli and purification of these
proteins were performed as previously described for human mARCs (Gruenewald et al., 2008;
Kotthaus et al., 2011). Antibodies were diluted 1 : 1000 in TBST buffer (tris-buffered saline-Tween
20) containing 5% milk powder. An alkaline phosphatase-conjugated anti-rabbit immunoglobulin G
(1gG) was used (Promega; 1 : 10 000 dilution in TBST buffer containing 5% milk powder) in
combination with the 5-bromo-4-chloro-3'-indolyphosphate p-toluidine salt/nitro-blue tetrazolium
chloride (BCIP/NBT) staining system (Fisher Scientific, Schwerte, Germany).

Multidimensional Protein Identification Technology
(MudPIT) analysis and tandem mass spectra
(MS/MS) data processing

Peptide mixtures were analysed using MudPIT (Delahunty & Yates, 2007) (further details are
reported in Methods S1).

The experimental tandem mass spectra were matched against the cucumber protein sequences
retrieved from the National Center for Biotechnology Information (NCBI) database
(http://www.ncbi.nlm.nih.gov) released in January 2014. Data processing was performed using
BiowoRrks 3.3.1 software (ThermoFisher Scientific, San Jose, CA, USA), based on the SEQUEST
algorithm (Ducret et al., 1998). ‘No enzyme’ mode and a mass tolerance of 0.5 amu for precursor
ions were used. Peptide and protein assignments were made according to specific guidelines (Carr
et al., 2004); X correlation was set to 2.0 for +1, 2.5 for +2 and 3.5 for +3 charge states,
respectively. The maximum value for peptide/protein probability was set to 10-3, while the
minimum value for the SEQUEST-based SCORE was set to 10. Finally, the false discovery rate (FDR)
was determined using a decoy database (Wang et al., 2009) for cucumber; FDR resulted < 3%.

Proteomics data-mining and label-free quantification

The spectral count (SpC) values of the identified proteins were normalized using a total signal
normalization method (Carvalho et al., 2008) and compared using a label-free quantification
approach (Mauri et al., 2005; Regonesi et al., 2006). The considered protein lists (+Mo+Fe, n = 6;
—Mo+Fe, n = 6; +Mo—Fe, n = 8; —Mo—Fe, n = 7) were first processed by linear discriminant
analysis (LDA) (Hilario & Kalousis, 2008), applying a common covariance matrix for all groups
and the Mahalanobis distance (Jain et al., 1999). To discriminate the analysed plant conditions,
proteins with the largest (> 3) and smallest F ratio and P-value (< 0.05) were selected. The average
spectral count (aSpC) value of the proteins selected by LDA was further processed using the
Differential Average (DAve) index (Mauri & Deho, 2008). In the considered comparisons
(+Mo+Fe vs —Mo+Fe; +Mo+Fe vs +Mo—Fe; +Mo+Fe vs -Mo—Fe¢), the best DAve value or those
>|0.2| were retained for each protein (Supporting Information Methods S1). The DAve index was
calculated as (aSpC_C —aSpC_D)/(aSpC_C + aSpC_D)/0.5, where aSpC_C and aSpC_D are the
aSpC value of a given protein in the control condition C and in a given deficiency condition D,
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respectively. Fold change was estimated using the natural logarithm of the spectral count ratio
aSpC_C/aSpC_D. Conventionally, the DAve value of proteins identified exclusively in one of the
two compared conditions was set to + 2, while the natural logarithm of the spectral count ratio of
the same protein was set to £ 100. Proteins selected by LDA and MAProMA (Multidimensional
Algorithm Protein Map) were processed by hierarchical clustering (Zhao & Karypis, 2005)
applying Ward's method and a Euclidean distance metric.

Results

Fe starvation induces increased Mo uptake and its
accumulation in roots

Cucumber plants were grown under single or combined Mo and Fe starvation in a 22-d time-course
experiment to identify the most suitable sampling day for obtaining a broad picture of the specific
responses triggered by the applied nutritional deficiencies, before the onset of general stress
responses.

Plants were collected after 10 (Fig. 1), 15 (Fig. S1) and 22 d (Fig. S2) and physiological parameters
were measured: fresh weight (FW), chlorophyll content, and O. evolution and consumption were all
impaired by Fe starvation (Fig. S3). A reduction of FW and an increase in chlorophyll content and
O: evolution occurred under Mo starvation at 22 d. Such an increase in O evolution can be
attributed to the higher chlorophyll content in leaves of Mo-deficient plants (—Mo), as no
differences emerged if O evolution was calculated with respect to chlorophyll content (as pmol

O: min-' mg-' chlorophyll).

—_—
O
—

Root length (cm)

C -Mo -Fe -Mo-Fe

Figure 1
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Cucumber plants grown under single or combined molybdenum (Mo) and iron (Fe) starvation. (a)
Symptoms of plants grown for 10 d in control (C) hydroponic medium (+Mo+Fe), and in medium
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devoid of Mo (—Mo), devoid of Fe (—Fe), or devoid of both micronutrients (—Mo—Fe). (b) Ten-day-
old roots from plants described in (a). (c) Root lengths from plants described in (a) (in cm). Bars
represent mean values + SE of at least three independent samples. Significant differences with
respect to control: **, P < 0.01, according to Student's t-test.

Caption

Most of these parameters were unaffected by isolated Mo starvation at the earliest investigated
time-point. Nevertheless, plants of that age were already responding to isolated or combined
deficiencies, as roots of Mo-deficient plants were longer than roots of control plants (Fig. 1b,c),
whereas roots of -Mo—Fe plants presented impaired growth (Fig. 1b,c). For all further experiments
described below, tissues (roots and leaves) were thus sampled from 10-d-old plants. Analysis of the
Fe deficiency-induced response in 10-d-old cucumber plants has already been described (Vigani

et al., 2009, 2016; Vigani & Zocchi, 2010) and it allows the collection of sufficient plant biomass
for further analysis.

The ionomes of plants were profiled by quantifying the contents of macronutrients and
micronutrients in both roots (Fig. 2a) and leaves (Fig. 2b).
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Leaf and root ionomes of cucumber plants grown under single or combined molybdenum (Mo) and
iron (Fe) starvation. (a) Root ionomes from plants grown for 10 d in control (C) hydroponic
medium (+Mo+Fe), and in medium devoid of Mo (—Mo), devoid of Fe (—Fe), or devoid of both
micronutrients (—Mo—Fe). (b) Leaf ionomes from plants grown as in (a). Bars represent mean
values £ SE of four independent samples. Different letters indicate statistically significant
difference (P < 0.05).

Caption

Molybdenum and Fe starvation affected Mo and Fe contents in roots, as demonstrated by a reduced
Fe content in Fe-starved roots and a reduced Mo content in Mo-starved roots. Mo concentrations
increased > 10-fold in response to Fe starvation in roots (Fig. 2a).

In the same tissue, potassium (K) concentrations decreased upon Fe starvation, with this decrease
being attenuated by additional Mo starvation. Magnesium (Mg) concentrations decreased in both
isolated deficiencies, while combined Mo and Fe starvation had a less severe impact on Mg
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concentrations, as seen for K concentrations. Other than K and Mg, zinc (Zn) concentrations
increased in both isolated and combined Mo and Fe deficiencies. Mo starvation caused
accumulation of manganese (Mn), whereas Fe and combined Mo/Fe starvation resulted in severely
reduced Mn concentrations. Copper (Cu) concentrations are clearly dependent on Fe but not on Mo
availability, as Cu concentrations were unaltered in Mo-starved roots whereas they increased to
about the same extent in Fe- and Mo/Fe-starved roots. Lastly, no significant alterations in sodium
(Na) and calcium (Ca) contents were observed in roots (Fig. 2a).

Growth of plants under Mo and Fe starvation also affected Mo and Fe contents in leaves, with Fe
contents being strongly reduced in Fe-starved leaves and Mo contents being even more reduced in
Mo-starved leaves (Fig. 2b). In addition, Mo concentrations decreased in Fe-starved leaves relative
to control leaves (Fig. 2b), thus confirming the previous observations of Baxter et al. (2008a). The
increased concentrations of K, Mg, Mn, Zn and Cu under Fe starvation indicate that these elements
are dependent on Fe availability in leaves, whereas Mo nutrition had hardly any effect on these
elements. Leaf Na contents were not affected by isolated Mo or Fe starvation, while the combined
starvation resulted in elevated concentrations of Na. Finally, as observed in roots, Ca concentrations
were not affected by the different nutritional deficiencies, although Ca quantification in this tissue
was associated with the highest variation (Fig. 2b).

The observed Mo accumulation in roots occurring under Fe deprivation was attributable, in part, to
a genuine increase in Mo uptake as the total Mo content in whole plants grown under Fe deprivation
increased two-fold with respect to control plants (Table 1). This increase in Mo in roots is also
attributable to the accumulation of Mo in roots at the expense of leaves; indeed, the Mo content was
reduced in the stems of Fe-starved plants (Fig. S4). This increased Mo uptake took place from a
medium that was progressively acidified by roots under Fe deprivation, regardless of the Mo
concentration in the medium (Fig. S5). The strong acidification is well documented in cucumber
(Dell'Orto et al., 2002) and in other plant species and is caused by the induction of H*-ATPase
activity as part of the strategy I Fe-deficiency response (Santi & Schmidt, 2009).

Table 1. Total molybdenum (Mo) and iron (Fe) contents in whole cucumber plants grown for 10 d
under single or combined Mo and Fe starvation

pg Mo g' DW pg Fe g DW
Control 13.839 +£2.430 656.696 + 61.143
—Mo 0.282 +0.036 ** 435.903 £ 22.352 *
—Fe 29.606 + 3.592 * 111.963 + 14.645 **
—Mo—Fe 0.520 £ 0.205 ** 124.012 £ 7.611 **

e Mo and Fe contents are shown in plants grown for 10 d in control hydroponic medium (+Mo+Fe), in
medium devoid of Mo (—Mo), devoid of Fe (—Fe), or devoid of both micronutrients (—Mo—Fe). Each
value is the mean £ SE of three independent samples, each containing a single whole plant. Significant
differences with respect to controls in the same experimental conditions: **, P < 0.01; *, P < 0.05,
according to Student's t-test.
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Meanwhile, total Fe content was reduced in whole plants grown under Mo deprivation (Table 1).
No alteration in Fe content was detected in either Mo-deficient roots or leaves (Fig. 2), and this
decrease in total Fe content in Mo-starved whole plants is attributable to a decreased Fe content in
the stem, that is, decreased transport of Fe through the xylem/phloem (Fig. S4).

Single or combined Mo and Fe starvation
differentially impacts activities of molybdo-enzymes
and Moco intermediates in roots and leaves

The activities of the molybdo-enzymes NR, SO, XDH and AO were measured in both roots and
leaves. With SO as the only exception, the functionality of all these enzymes depends on additional
Fe-containing cofactors (Bittner, 2014). Notable changes induced by Fe and/or Mo starvation were
observed in both roots and leaves, albeit with opposite tendencies in some cases (Fig. 3). The most
pronounced alterations were observed for NR, the activities of which were increased up to eight-
fold in Fe-starved roots (Fig. 3a) but decreased to about the same degree in leaves (Fig. 3b). Mo
starvation caused a doubling of root NR activity rather than a decrease. XDH activities were
likewise altered in Fe-starved roots and leaves, but in the opposite direction compared with NR
activities, as they decreased in roots and increased in leaves. In contrast to Fe starvation, Mo
starvation had no significant effect (Fig. 3a) or only a marginally significant effect (Fig. 3b) on
XDH activity in roots and leaves, respectively. Even though AO shares significant sequence
similarity to XDH and harbours the same cofactors, its activity in leaves was strongly reduced by Fe
starvation, which is in sharp contrast to the increased XDH activity under the same conditions

(Fig. 3b). The decreased activity of AO in Fe-deficient leaves is in accordance with the higher water
loss rate observed in Fe-starved plants after removal from hydroponic medium and wilting for

120 min (Fig. S6), in accordance with the crucial role of AO in abscisic acid biosynthesis.
Irrespective of the applied treatment, AO activities in roots were too weak to allow densitometric
monitoring of activity bands or interpretation of the respective activity-stained gels (Fig. S7). In
roots, SO was the only molybdo-enzyme whose activity was significantly reduced by Mo starvation
(Fig. 3a). Remarkably, Fe starvation alone in roots had no effect on SO activity, but in addition to
Mo starvation appeared to rescue SO activity to control levels. In contrast to roots, SO activity in
leaves was strongly stimulated by Fe starvation alone, with the combined starvation likewise
reverting SO activity back to control levels (Fig. 3b), as observed in roots. All these results suggest
that Mo and Fe availabilities in roots and leaves have differential effects on each individual
molybdo-enzyme. The biologically active form of Mo, Moco, might be relocated between the
different enzymes with its net amount being largely identical under all conditions.
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Activities of molybdo-enzymes in cucumber plants grown under single or combined molybdenum
(Mo) and iron (Fe) starvation. (a) Nitrate reductase (NR), xanthine dehydrogenase (XDH) and
sulphite oxidase (SO) activities in roots from plants grown for 10 d in control (C) hydroponic
medium (+Mo+Fe), and in medium devoid of Mo (—Mo), devoid of Fe (—=Fe), or devoid of both
micronutrients (—Mo—Fe). (b) NR, XDH, SO and aldehyde oxidase (AO) activities in leaves from
plants grown as in (a). Bars represent mean values = SE of three (NR in roots), three (SO in roots),
three (XDH in roots), three (NR in leaves), four (SO in leaves), four (XDH in leaves), and four (AO
in leaves) independent samples. Significant differences between treated samples and controls in the
same experimental conditions: ***, P < 0.0005; **, P < 0.005; *, P < 0.05, based on Student's t-
test.

Caption

To test this hypothesis, Moco and its ultimate Mo-free precursor MPT were converted into their
common stable oxidation product FormA-dephospho, while the Moco intermediate cPMP was
converted into the unique stable oxidation product CompoundZ. Subsequently, FormA-dephospho
and CompoundZ were quantified in roots and leaves of plants grown under single or combined Mo
and Fe starvation (Fig. 4), with FormA-dephospho representing the sum of Moco and MPT
(Moco+MPT) and CompoundZ directly representing cPMP. Surprisingly, Mo starvation alone did
not have any effect on the concentrations of Moco+MPT and cPMP, either in roots (Fig. 4a) or in
leaves (Fig. 4b). By contrast, Fe starvation had a stimulating effect on the biosynthesis of cPMP and
Moco+MPT in both roots and leaves, with isolated Fe starvation generally causing increasing
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Moco+MPT and cPMP concentrations and combined Mo/Fe starvation having more differential
effects. The latter was revealed by unaltered concentrations of Moco+MPT in Mo/Fe-starved roots
(Fig. 4a), while Moco+MPT concentrations in leaves (Fig. 4b) and cPMP concentrations in both
roots and leaves (Fig. 4a,b) were likewise increased. Nevertheless, these results clearly show that Fe
availability strongly affects Moco biosynthesis, this effect already being obvious at the first step of
Moco biosynthesis, namely cPMP synthesis.

*

g g
8 8

Moco+MPT concentration
{relatvr PA mg! protaing
E
g

E

£ 844

cPMP concamiraiion
{relathve PA mg=1 protein)

2 B
e ¢
*

:

g

Moco+MPT concentration

([relative PA mg=! protein)
B

0 ,I,,.,,,
c L]

Figure 4

Open in figure viewerPowerPoint

Molybdenum cofactor (Moco) intermediates in cucumber plants grown under single or combined
molybdenum (Mo) and iron (Fe) starvation. (a) Moco+MPT and cPMP concentration in roots from
plants grown for 10 d in control (C) hydroponic medium (+Mo+Fe), and in medium devoid of Mo
(—Mo), devoid of Fe (—Fe), or devoid of both micronutrients (—Mo—Fe). (b) Moco+MPT and cPMP
concentration in roots from plants grown as in (a). Bars represent mean values * SE of three to four
independent samples for determination of cPMP and Moco+MPT concentration in roots and leaves.
Significant differences between treated samples and controls in the same experimental conditions:
** P <0.01; *, P <0.05, based on Student's t-test.
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Molybdenum content increases in Fe-deficient root
mitochondria and Fe content increases in Mo-
deficient root mitochondria

Mitochondria were purified from roots of plants grown under single and combined Mo and Fe
starvation, with a protocol ensuring minimal peroxisomal contamination (Millar et al., 2007).
Immunological analysis of the fractions obtained during the purification process, that is, total
extract (TE), plastidial (P), mitochondrial (M) and peroxisomal (PX) fractions, confirmed a strong
enrichment of mitochondria with negligible contamination when using antibodies against Toc33,
porin and catalase as marker proteins for plastids, mitochondria and peroxisomes, respectively

(Fig. S8). These mitochondrial fractions were used for profiling the ionomes and it turned out that
single and combined Mo and Fe starvation was effective in altering Mo and Fe concentrations not
only in root tissues, but also at the mitochondrial level (Fig. 5). Mo and Fe were indeed decreased in
mitochondria from Mo- and Fe-starved roots, respectively.
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lonome of mitochondria purified from roots of cucumber plants grown for 10 d in control (C)
hydroponic medium (+Mo+Fe), and in medium devoid of molybdenum (Mo) (—Mo), devoid of iron
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(Fe) (—Fe), or devoid of both micronutrients (—Mo—Fe). Bars represent mean values + SE of at least
three independent samples. Different letters indicate statistically significant difference (P < 0.05).
Caption

Furthermore, Mo increased in Fe-deficient mitochondria and, reciprocally, Fe increased in Mo-
deficient mitochondria. Taken together, ionomics on root tissues and on their mitochondria show
that Fe starvation causes an increase of Mo in both whole root tissues and their mitochondria,
whereas Mo starvation does not alter Fe content in whole root tissues but does alter the distribution
of Fe to mitochondria, thus suggesting that Mo deficiency alters the subcellular Fe distribution.

Sodium and Ca contents were increased in —Mo—Fe mitochondria only; Mg content was affected
solely by Fe starvation, regardless of Mo supply; K content increased in —Mo mitochondria only; a
strong reduction of Mn was exclusively observed in —Fe mitochondria, as also observed in whole
root tissues; Zn was highest in —Mo mitochondria; lastly, a three-fold increase of Cu concentration
was observed in —Mo or —Fe mitochondria and a nearly five-fold increase under combined
starvation (Fig. 5).

The most relevant biochemical and ionome changes occurring in cucumber roots and leaves under
Mo or Fe starvation are summarized in Fig. S9.

Mitochondrial proteome profiles reveal the
involvement of formate dehydrogenase (FDH) in the
molecular crosstalk between Fe and Mo homeostasis

The protein profiles of mitochondria purified from roots of plants grown under single or combined
Mo and Fe starvation were obtained by MudPIT technology (Delahunty & Yates, 2007; Cosentino
et al., 2013), resulting in the identification of > 1400 proteins (Table S1), 66% of which were
characterized by a total SpC > 2.

Expression levels of 134 proteins were significantly altered in at least one of the reported nutritional
conditions (Table S2) and their hierarchical clustering highlights two major groups of samples that
depend on the Fe supply (Fe sufficiency vs Fe starvation) (Fig. 6), suggesting that Fe deprivation
has a major impact on root cells, with respect to Mo deprivation, at least in our experimental
conditions. In particular, 28 proteins were differentially expressed under Fe deficiency (Table 2);
roughly half of them are associated with the respiratory chain and the TCA cycle, whereas the
remaining proteins are associated with amino acid metabolism and other pathways. Higher
expression of four proteins belonging to the branched chain amino acid catabolism process was
observed, namely, methylcrotonyl-CoA carboxylase subunit alpha, lipoamide acyltransferase,
dihydrolipoyl dehydrogenase and isovaleryl-CoA dehydrogenase (IVDH) (Table 2) (Peng et al.,
2015). The last enzyme is of particular interest as it is defined as an alternative electron donor to the
respiratory rate (Araulo et al., 2010).
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Figure 6

Open in figure viewerPowerPoint

Hierarchical clustering of proteins differentially accumulating in mitochondria purified from roots
of cucumber plants grown for 10 d under control (C) hydroponic medium (+Mo+Fe) or under single
or combined molybdenum (Mo) and iron (Fe) starvation. Clustering was performed by computing
the average spectral count (aSpC) value of proteins selected by linear discriminant analysis (LDA);
Euclidean's distance metric and Ward's method were applied. The heat map is related to the
normalized aSpC (range 0-100) and indicates down- (blue) and up-regulated (red) proteins,
respectively.

Caption

Table 2. Proteins differentially expressed, under iron (Fe) deficiency, in cucumber root
mitochondria
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Proteins were identified by MudPIT (Multidimensional Protein Identification Technology) proteomic
analysis of mitochondria purified from roots of cucumber plants grown for 10 d in control medium C
(+Mo +Fe), and in medium devoid of molybdenum (Mo) (—Mo), devoid of Fe (—Fe), or devoid of both
micronutrients (—Mo—Fe). aSpC, average spectral count; +Mo+Fe (control), n = 6; —Mo+Fe, n = 6;
+Mo—Fe, n = 8; -Mo—Fe, n = 7. Proteins were selected by linear discriminant analysis (LDA) (P < 0.05)
and pairwise comparisons between control condition C and a given deficiency condition D were further
evaluated using the DAve index (aSpC_C —aSpC_D)/(aSpC_C + aSpC_D)/0.5), where SpC_C and
SpC_D are the spectral counts in control (C) and any D condition (—Mo, —Fe, or —-Mo—Fe). Fold change
was estimated by using the natural logarithm (log.) of the spectral count ratio aSpC_C/aSpC_D. Positive
values of DAve and/or spectral count ratios indicate up-regulation in control C, while negative values of
DAve and/or spectral count ratios indicate up-regulation in the deficiency condition D. For a given
protein and its pairwise comparison in C with D, the DAve values are conventionally set at either +2 or
—2, in case such a protein has been exclusively identified in either C or D, while the value of the natural
logarithm of the spectral count ratio for the same proteins is conventionally set to 100 and —100,
respectively. Missing DAve values (and spectral count ratios) indicate that they are not statistically
significant.

The mitochondrial catabolism of some branched chain amino acids, such as lysine, methionine and
threonine, can provide electrons to the [IVDH enzyme and in turn to the electron-transfer
flavoprotein:ubiquinone oxidoreductase system (ETFQQO), which is a further alternative pathway
for the transfer of electrons to the ubiquinone pool. At the same time, such a pathway would
provide a precursor to sustain the TCA cycle (Peng et al., 2015).

Ten proteins were up-regulated under Mo deficiency only (Table 3) and seven of them (cinnamate-
4-hydroxylase, trans-cinnamate-4-monooxygenase-like, cytochrome b5 isoform B, calnexin,
calreticulin, reticulon and delta sterol reductase) are either localized to or associated with the
endoplasmic reticulum (ER) and act in different cellular pathways, from lipid biosynthesis to Ca
homeostasis (Muller-Taubenberger et al., 2001; Ro et al., 2001; Nziengui et al., 2007; Kumar et al.,
2012; Silvestro et al., 2013). A tight association between the ER and mitochondria might therefore
occur under Mo deprivation. This association has already been documented and related to the
biological network of cell death signalling (Grimm, 2012). Another possibility which would explain
these results is that the localization of these seven proteins becomes mitochondrial under Mo
deficiency.

Table 3. Proteins differentially expressed under molybdenum (Mo) deficiency
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Proteins were identified by MudPIT proteomic analysis of mitochondria purified from roots of
cucumber plants grown for 10 d in control medium C (+Mo +Fe), and in medium devoid of Mo (—Mo),
devoid of iron (Fe) (—Fe), or devoid of both micronutrients (—Mo—Fe). aSpC, average spectral count;
+Mo+Fe (control), n = 6; —Mo+tFe, n = 6; +Mo—Fe, n = 8; —Mo—Fe, n = 7. Proteins were selected by
linear discriminant analysis (LDA) (P < 0.05) and pairwise comparisons between control condition C
and a given deficiency condition D were further evaluated using the DAve index (aSpC_C —
aSpC_D)/(aSpC_C + aSpC_D)/0.5), where SpC_C and SpC_D are the spectral counts in control (C) and
in any D condition (—Mo, —Fe, or —-Mo—Fe). Fold change was estimated by using the natural logarithm
(loge) of the spectral count ratio aSpC_C/aSpC_D. Positive values of DAve and/or spectral count ratios
indicate up-regulation in control C, while negative values of DAve and/or spectral count ratios indicate
up-regulation in the deficiency condition D. For a given protein and its pairwise comparison in C with
D, the DAve values are conventionally set at either +2 or —2, in case such a protein has been exclusively
identified in either C or D, while the value of the natural logarithm of the spectral count ratio for the
same proteins is conventionally set to 100 and —100, respectively. Missing DAve values (and spectral
count ratios) indicate that they are not statistically significant.
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Molybdenum and Fe deficiencies had opposite effects on the expression of 18 mitochondrial
proteins (Table 4), among which is formate dehydrogenase (FDH). This protein catalyses the
oxidation of the formate ion to carbon dioxide, coupled with the reduction of NAD+ to NADH
(Alekseeva et al., 2011). Bacterial FDH can bind Mo whereas the plant FDH, localized in the
mitochondria, cannot. FDH is one of the most abundant proteins in potato (Solanum tuberosum)
tuber mitochondria (Havelund et al., 2013) and its accumulation is induced by a variety of stresses
(Alekseeva et al., 2011), including Fe deficiency (Herbik et al., 1996; Suzuki et al., 1998; Itai et al.,
2013). In cucumber, FDH is encoded by a single gene expressed as three alternatively spliced
transcripts (Cucsa 3393670.1, Cucsa 3393670.2 and Cucsa 3393670.3) and the protein identified in
the present study corresponds to Cucsa 3393670.1.

Table 4. Proteins with opposite expression under molybdenum (Mo) and iron (Fe) deficiencies
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Proteins were identified by MudPIT proteomic analysis of mitochondria purified from roots of
cucumber plants grown for 10 d in control medium C (+Mo +Fe), and in medium devoid of Mo (—Mo),
devoid of Fe (—Fe), or devoid of both micronutrients (—Mo—Fe). aSpC, average spectral count; +Mo+Fe
(control), n = 6; —Mo+tFe, n = 6; +Mo—Fe, n = 8; —Mo—Fe, n = 7. Proteins were selected by linear
discriminant analysis (LDA) (P < 0.05) and pairwise comparisons between control condition C and a
given deficiency condition D were further evaluated using the DAve index (aSpC_C —
aSpC_D)/(aSpC_C + aSpC_D)/0.5), where SpC_C and SpC_D are the spectral counts in control (C) and
in any D condition (—Mo, —Fe, or -Mo—Fe). Fold change was estimated by using the natural logarithm
(loge) of the spectral count ratio aSpC_C/aSpC_D. Positive values of DAve and/or spectral count ratios
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indicate up-regulation in control C, while negative values of DAve and/or spectral count ratios indicate
up-regulation in the deficiency condition D. For a given protein and its pairwise comparison in C with
D, the DAve values are conventionally set at either +2 or —2, in case such a protein has been exclusively
identified in either C or D, while the value of the natural logarithm of the spectral count ratio for the
same proteins is conventionally set to 100 and —100, respectively. Missing DAve values (and spectral
count ratios) indicate that they are not statistically significant.

Among the proteins with opposite expression under Mo and Fe deficiencies, seven are associated
with the respiratory chain and TCA cycle pathways (Table 4). Alternative oxidase subunits, external
NAD(P)H ubiquinone oxidoreductase B2 and solanesyl diphosphate synthase 3 (probably involved
in ubiquinone biosynthesis) were up-regulated under Fe deficiency and down-regulated under Mo
deficiency. However, pyridine nucleotide-disulphide oxidoreductase domain containing protein 2-
like and epidermis-specific secreted glycoprotein EP1-like were down-regulated under Fe
deficiency and up-regulated under Mo deficiency.

Furthermore, 6,7-dimethyl-8-ribityllumazine (DMRL) synthase accumulated under Fe deficiency
and decreased under Mo deficiency; this enzyme catalyses the penultimate step of riboflavin
(vitamin B2) biosynthesis and its strong induction in Fe-deficient plants has been demonstrated
previously (Rellan-Alvarez et al., 2010). Although ‘ex novo’ biosynthesis of vitamin B2 is
localized to chloroplasts (Gerdes et al., 2012), its salvage and repair mechanisms may be spread
across multiple organelles, in a so-called ‘division of labour’, which would allow the organelles to
share the costs of processing and recycling of damaged metabolites (Colinas & Fitzpatrick, 2015).

Opposite expression under Mo and Fe deficiencies was observed for the mitochondrial import inner
membrane translocase TIM10 (translocase inner membrane), elongation factor 1 alpha and aspartic-
proteinase likel, suggesting that these deficiencies differentially impact protein import, translation
and degradation in mitochondria.

Molybdenum and the molybdo-enzyme ARC
accumulate in membranes of Fe-deficient root
mitochondria

Mitochondria purified from cucumber roots of plants grown under either Mo or Fe starvation were
further fractioned into the soluble (MSF) and the membrane (MMF; inner and outer) fractions. Mo
increased in the membranes of Fe-deficient mitochondria (Fig. 7a). Also, Fe increased in the
membranes of Mo-deficient mitochondria (Fig. 7b). The observed increase of Mo in the MMF
fraction of the Fe-deficient mitochondria was accompanied by a higher accumulation of the Mo-
enzyme mARC, as demonstrated by western blot analysis of MMF fractions with two antibodies
raised against the Arabidopsis mARC-1 and mARC-2 isoforms, which show enhanced
accumulation of a protein of the expected size (c. 60 kDa) for the mARC dimer (Fig. 7¢).
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Molybdenum (Mo) and iron (Fe) contents and mitochondrial amidoxime reducing component
(mARC) expression in the membrane fractions of root mitochondria. (2) Mo content and (b) Fe
content in membrane fractions of mitochondria purified from roots of cucumber plants grown for
10 d in control (C) hydroponic medium, or in hydroponic medium under Mo (—Mo) or Fe starvation
(—Fe). Bars represent mean values + SE of two samples. Different letters indicate statistically
significant difference (P < 0.05). (c) Western blot analysis of membrane fractions of root
mitochondria purified as in (a, b), using polyclonal antibodies against Arabidopsis mARC-1 and
mARC-2. Six pg of proteins was loaded in each lane; equal loading of proteins was confirmed with
the polyclonal antibody against mitochondrial cytochrome ¢ oxidase subunit I1 (COX II).

Caption

Discussion

Interactions occur among the homeostatic controls of various nutrients in plants (Forieri et al.,
2013; Briat et al., 2015b; Zuchi et al., 2015). However, the molecular crosstalk between Mo and Fe
homeostases has been little investigated and evidence for its existence is mostly circumstantial
(Bittner, 2014).

The present work explored the effects of combined Mo and Fe starvation and the ionomes and
proteomes of Mo and/or Fe-deficient mitochondria.
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Fe starvation, which leads to plant Fe deficiency, had a clear impact on Mo distribution in roots and
leaves, causing an increase in Mo in roots (and in their mitochondria) and a decrease in Mo in
leaves. The observed Mo increase in —Fe roots, which strongly acidified the hydroponic medium as
part of the strategy I Fe-deficiency response, was attributable to increased Mo uptake from the
medium and not only to reduced Mo transport from roots to leaves. This result was unexpected as,
on one hand, soil acidification below a pH of 5.5 is well known to decrease the molybdate uptake
rate and thus is more likely to be accompanied by typical Mo-deficiency symptoms (Kaiser et al.,
2005), while, on the other hand, the increase in pH by liming can remediate Mo-deficiency
symptoms and molybdate concentration in plants. Our results may imply that Fe deficiency has a
major impact on Mo homeostasis not only by triggering the molybdate uptake by yet unknown
mechanisms, but also by neutralizing the molecular elements that usually impair molybdate uptake
in a pH-dependent manner.

Impact of Fe and Mo deficiencies on molybdo-
enzymes

As well as affecting Mo homeostasis in terms of element uptake and distribution, Fe deficiency
affects overall Mo metabolism: cPMP and Moco biosyntheses are increased, possibly as a result of
a tissue-specifically increased demand for certain molybdo-enzymes, such as NR in roots and XDH
in leaves. Such an increase of NR activity in Fe-deficient roots is in agreement with an increased
concentration of amino acids as observed in the xylem sap of Fe-deficient cucumber plants (Borlotti
et al., 2012). A leaf-specific increase of XDH activity, however, might be explained by stress-
induced senescence caused by Fe deficiency. Not only natural leaf senescence (Hesberg et al.,
2004; Nakagawa et al., 2007) but also dark-induced leaf senescence (Brychkova et al., 2008) is
accompanied by strongly enhanced XDH activity. Nevertheless, the question remains of why NR
and XDH, which are both involved in nitrogen metabolism, are inversely regulated under Fe
deficiency. A possible explanation is related to the rather diverse specifications of these two
proteins: while increasing NR activities might meet the demand of enhanced nitrogen assimilation
in Fe-starved roots, XDH might compensate for the simultaneous reduction of NR activity in leaves
and provide nitrogen compounds to related pathways in leaves via the degradation of purines.

We propose that the rearrangement of Mo metabolism occurring under Fe deficiency has the aim of
redistributing the residual Fe content and the increased Moco content to potentiate NR activity in
roots (Fig. 8). Under Fe deprivation, nitrogen assimilation would therefore largely occur in roots to
circumvent the severe functional impairment of leaves under such a nutritional deficiency (Borlotti
etal., 2012).
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Main changes in and novel hypothetical scenarios for iron (Fe) and molybdenum (Mo) homeostasis,
occurring under Fe and Mo deficiencies in root cells. Upper panel: under Fe deficiency, Mo
accumulates in root cells and in their mitochondria. Such accumulation is a consequence of
enhanced Mo uptake. The increased Mo content triggers, in turn, molybdenum cofactor (Moco)
biosynthesis and nitrate reductase (NR) activity. The Fe deficiency status, in the cell and within the
mitochondria, triggers an up-regulation of formate dehydrogenase (FDH) that can positively act on
the Met cycle. An indirect Mo-dependent regulation of FDH protein expression is suggested. The
question mark in yellow (upper panel) refers to the still unknown mitochondrial Mo transporter.
Mo-binding proteins represent a set of putative proteins that are capable of binding molybdenum or
molybdate. The function of these proteins might be to store and/or transfer Mo between the site of
delivery and sites of consumption (proteins with this function exist in prokaryotes); thus, in plants, a
putative function might also be to shuttle Mo/molybdate between compartments. Mitochondrial
amidoxime reducing component (MARC) accumulate in membranes. Lower panel: under Mo
deficiency, Fe accumulates in mitochondria. Molybdenum deficiency causes, as a consequence, a
down-regulation of FDH expression, with a negative effect on Fe transport, through the Met cycle.
Mfl is a hypothetical mitoferrinlike transporter, responsible for Fe transport within mitochondria.
Dotted lines underline hypothetical scenarios suggested in this work while continuous lines link the
results obtained in this work. Blue and red colours indicate, respectively, decreased and increased
values, with respect to control plants (+Mo+Fe).

Caption

SO is the only molybdo-enzyme whose activity decreases in both Mo-deficient roots and leaves, in
agreement with the finding that SO is the only molybdo-enzyme not requiring Fe as a cofactor. It is
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thus concluded that SO activity and SO protein levels are directly correlated with the availability of
Mo, in the form of Moco, which affects both of them. In contrast, the results obtained do not allow
us to correlate NR, XDH, and AO activities with their respective protein levels. On one hand, their
activities indeed depend on the availability of Mo-, Fe- and flavin-dependent cofactors, which all
appeared to be affected in the present study. On the other hand, all these proteins typically undergo
co- or posttranslational modifications such as phosphorylation (NR), ubiquitination (AQO) or Moco
sulphuration (AO and XDH), respectively (Bittner & Mendel, 2010), which have a strong impact on
the proteins’ activities even without affecting protein levels.

The purification of root mitochondria and the analysis of their fractions showed that both Mo and
Fe accumulate in the membranes of Fe- and Mo- deficient mitochondria, respectively. Such
findings are in accordance with the observed increase in mARC in the membranes of Fe-deficient
root mitochondria and open the way to a more focused search for the in vivo role of mMARC
enzymes in plants.

Impact of Fe and Mo deficiencies on mitochondrial
lonome and proteome

Mitochondria mediate Fe deficiency-induced metabolic responses in plants (Vigani, 2012) and the
impact of Fe and Mo deficiencies on both the ionomes and the proteomes of these organelles are
explored in this work. The putative cucumber orthologue of Arabidopsis MOT1 (XP_004138873)
could not be identified as part of such a mitochondrial proteome. This observation is challenging, as
the precise subcellular localization of MOTL1 is still unresolved (Tomatsu et al., 2007; Baxter et al.,
2008b). However, low-abundance proteins as well as mitochondrial transporters, such as ferritin
(Vigani et al., 2013b) and ATM3 (Teschner et al., 2010), respectively, are part of the full list of
proteins constituting the mitochondrial proteome (Table S1; NCBI 449460884 and NCBI
449444328, respectively). Notably, ferritin accumulates in cucumber mitochondria under Fe excess,
whereas under Fe sufficiency its levels are low, although detectable (Vigani et al., 2013b).
Therefore, lack of identification of MOT1 could further validate its nonmitochondrial localization,
as proposed by Tomatsu et al. (2007). The transport mechanism of Mo into mitochondria still
remains unresolved (Fig. 8).

The finding that FDH is among the mitochondrial proteins displaying opposite regulation under Mo
and Fe deficiencies is interesting. FDH is an enigmatic enzyme (Havelund et al., 2013), which has
been proposed as an ancillary enzyme of the methionine cycle pathway, through which Met is
supplied for synthesis of ethylene (Miyazaki & Yang, 1987) and for the biosynthesis of
nicotianamine and mugeinic acids. Nicotianamine is a well-established Fe-chelator for phloematic
Fe transport and distribution in plants, and also has a proposed signalling role in the regulation of
Fe deficiency-inducible genes (Kobayashi et al., 2005; Itai et al., 2013; Kobayashi & Nishizawa,
2014). Results obtained in the present work suggest that a reduction of the Fe content occurs in
phloem/xylem under Mo starvation. Such a hypothesis is in agreement with the proteome profile,
showing that FDH expression increases under Fe deficiency and decreases under Mo deficiency
(Fig. 8). Mo starvation might reduce the pool of transported Fe by affecting, through FDH activity,
the Met cycle with a consequent reduction of the biosythesis of nicotianamine. A Mo-dependent
regulation of plant FDH cannot be excluded (at any level of control, from transcription to post-
translation); this is intriguing as, in contrast to their prokaryotic counterparts, eukaryotic FDH
proteins do not require Moco in their active site.
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Another open question is the way in which Fe enters mitochondria and whether mitoferrinlike (Mfl)
transporters are involved (Fig. 8). In rice (Oryza sativa), the mitochondrial Fe transporter MIT1
(mitochondrial iron transporter), a homologue of mitoferrin, has already been identified (Bashir

et al., 2011). Yet, in Arabidopsis the only published candidate gene Mitoferrinlike 1 (AtMfl1)
encodes a protein that is probably involved in the transport of Fe into chloroplasts (Tarantino et al.,
2011; Haferkamp & Schmitz-Esser, 2012).

Taken together, our results show that the Fe nutritional status dominates over Mo homeostasis and
affects Mo uptake, its distribution and its usage in molybdo-enzymes in the form of Moco. One
exception to this Fe dominance is the heat-shock protein HSP20 (Csa-6g21760), which changed its
expression under combined Mo and Fe starvation only (Table S2) and will therefore be further
analysed.

Future elucidation of the most relevant questions raised by the present work will help in
understanding the key steps in the control of a plant's nutritional status. In particular, this will
include the Mo uptake mechanisms of roots, the role of Mo and in particular of molybdo-enzyme
ARC in mitochondria, the impact of FDH activity on the end products of the Met cycle under Mo
and Fe deficiency and its putative regulation by Mo, as well as the identification of a mitochondrial
Fe transporter, whose activity appears to be dependent on Mo homeostasis.
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Mo and Fe contents are shown in plants grown for 10 d in control hydroponic medium
(+tMo+Fe), in medium devoid of Mo (—Mo), devoid of Fe (—Fe), or devoid of both
micronutrients (—Mo—Fe). Each value is the mean * SE of three independent samples, each
containing a single whole plant. Significant differences with respect to controls in the same
experimental conditions: **, P <0.01; *, P <0.05, according to Student's t-test.

Proteins were identified by MudPIT (Multidimensional Protein Identification Technology)
proteomic analysis of mitochondria purified from roots of cucumber plants grown for 10 d in
control medium C (+Mo +Fe), and in medium devoid of molybdenum (Mo) (—Mo), devoid of Fe
(—Fe), or devoid of both micronutrients (—Mo—Fe). aSpC, average spectral count; +Mo+Fe
(control), n = 6; -Mo+Fe, n = 6; +Mo—Fe, n = 8; -Mo—Fe, n = 7. Proteins were selected by
linear discriminant analysis (LDA) (P < 0.05) and pairwise comparisons between control
condition C and a given deficiency condition D were further evaluated using the DAve index
(aSpC_C — aSpC_D)/(aSpC_C + aSpC_D)/0.5), where SpC_C and SpC_D are the spectral
counts in control (C) and any D condition (—Mo, —Fe, or -Mo—Fe). Fold change was estimated
by using the natural logarithm (log.) of the spectral count ratio aSpC_C/aSpC_D. Positive values
of DAve and/or spectral count ratios indicate up-regulation in control C, while negative values of
DAve and/or spectral count ratios indicate up-regulation in the deficiency condition D. For a
given protein and its pairwise comparison in C with D, the DAve values are conventionally set at
either +2 or —2, in case such a protein has been exclusively identified in either C or D, while the
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value of the natural logarithm of the spectral count ratio for the same proteins is conventionally
set to 100 and —100, respectively. Missing DAve values (and spectral count ratios) indicate that
they are not statistically significant.

Proteins were identified by MudPIT proteomic analysis of mitochondria purified from roots of
cucumber plants grown for 10 d in control medium C (+Mo +Fe), and in medium devoid of Mo
(—Mo), devoid of iron (Fe) (—Fe), or devoid of both micronutrients (—Mo—Fe). aSpC, average
spectral count; +Mo+Fe (control), n = 6; —Mo+Fe, n = 6; +Mo—Fe, n = 8, —-Mo—Fe, n = 7.
Proteins were selected by linear discriminant analysis (LDA) (P < 0.05) and pairwise
comparisons between control condition C and a given deficiency condition D were further
evaluated using the DAve index (aSpC _C —aSpC D)/(aSpC _C + aSpC_D)/0.5), where SpC_C
and SpC_D are the spectral counts in control (C) and in any D condition (—Mo, —Fe, or
—Mo—Fe). Fold change was estimated by using the natural logarithm (log.) of the spectral count
ratio aSpC_C/aSpC_D. Positive values of DAve and/or spectral count ratios indicate up-
regulation in control C, while negative values of DAve and/or spectral count ratios indicate up-
regulation in the deficiency condition D. For a given protein and its pairwise comparison in C
with D, the DAve values are conventionally set at either +2 or —2, in case such a protein has been
exclusively identified in either C or D, while the value of the natural logarithm of the spectral
count ratio for the same proteins is conventionally set to 100 and —100, respectively. Missing
DAwve values (and spectral count ratios) indicate that they are not statistically significant.
Proteins were identified by MudPIT proteomic analysis of mitochondria purified from roots of
cucumber plants grown for 10 d in control medium C (+Mo +Fe), and in medium devoid of Mo
(—Mo), devoid of Fe (—Fe), or devoid of both micronutrients (—Mo—Fe). aSpC, average spectral
count; +Mo+Fe (control), n = 6; —Mo+Fe, n = 6; +Mo—Fe, n = 8; —-Mo—Fe, n = 7. Proteins were
selected by linear discriminant analysis (LDA) (P < 0.05) and pairwise comparisons between
control condition C and a given deficiency condition D were further evaluated using the DAve
index (aSpC_C — aSpC_D)/(aSpC_C + aSpC_D)/0.5), where SpC_C and SpC_D are the spectral
counts in control (C) and in any D condition (—Mo, —Fe, or -Mo—Fe). Fold change was
estimated by using the natural logarithm (log.) of the spectral count ratio aSpC_C/aSpC_D.
Positive values of DAve and/or spectral count ratios indicate up-regulation in control C, while
negative values of DAve and/or spectral count ratios indicate up-regulation in the deficiency
condition D. For a given protein and its pairwise comparison in C with D, the DAve values are
conventionally set at either +2 or —2, in case such a protein has been exclusively identified in
either C or D, while the value of the natural logarithm of the spectral count ratio for the same
proteins is conventionally set to 100 and —100, respectively. Missing DAve values (and spectral
count ratios) indicate that they are not statistically significant.
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