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ABSTRACT

Iron (Fe) is an essential micronutrient for plants as it takes part in major metabolic
pathways such as photosynthesis and respiration and is linked to many enzymes
that accomplish many other cellular functions (DNA synthesis, nitrogen fixation,
hormone production). Fe deficiency reduces crop yields worldwide but particularly
in plants grown on calcareous soils, which represent almost the 30% of the earth
land surface. In the near future to cope with the increasing demand of food caused
by a strong increase in world’s population (FAO estimates in 9 billion people by
2050), agriculture must be extended to marginal areas, many of which include
calcareous soils.

The most evident effect of Fe deficiency in plant leaves is a marked chlorosis
caused by a decrease in chlorophyll biosynthesis, which may result in a reduction
in CO, assimilation rate. In these conditions leaves have low photosynthetic
activity but they absorb more light energy per chlorophyll molecule than required
for photosynthesis, especially under high radiation. This results in a high risk for
photoinhibitory and photooxidative damages in Fe-deficient leaves. The
photorespiratory cycle can be considered in these circumstances as an energy
dissipating cycle, operating between chloroplasts, peroxisomes, mitochondria and
cytosol, which helps to protect chloroplasts from photoinhibition and plants from
excessive accumulation of reactive oxygen species.

We suggest that Fe deficiency leads to a strong impairment of the photosynthetic
apparatus at different levels: an increase in the rate of CO, assimilation in many
biological repetition (+29%) was observed, suggesting a possible induction of
photorespiratory metabolism. However, the variation was not significative and so
further analysis must be required in order to reduce the variability among the
repetition to get more reliable results. In addition, the reduction of CO, assimilation
can be also attributable to a reduced stomatal conductance or to a mesophyll-
reduced utilization of CO..

Iron deficiency affects also amminoacid (aa) metabolism since the concentration
of Ser and Gly, two aa involved in the photorespiratory metabolism, increased in
leaves (+94% and +160%, respectively). Resupply of iron to Fe-deficient plants led
to an increase in the concentration of some divalent cations other than Fe like Ca
and Mn, whilst Na, Mg, Cu, Zn decrease as Fe sufficient condition are restored. On
the other hand, as Fe deficiency proceeds during time, we observed a significant
increase in Na, Mg, Zn, Mn content. This alterations suggest that Fe deficiency
induces a metabolic imbalance in which other divalent cations are absorbed by
unspecific transporter, due to their similar characteristics to Fe.

Under our experimental conditions, ROS accumulation detected in cucumber plants
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grown in the absence of Fe could be attributable to an increase in the activity of
enzymes involved in their formation or to a reduced detoxification. We observed a
slight induction in the activity of Cu/Zn-SOD isoform whereas a reduction in Fe-
and also in Mn-SOD isoforms activity was also recorded. At the same time, the
concentration of H,O, in the leaves of Fe-deficient plants was significantly higher
(+40%). This overproduction could lead to an onset of oxidative stress which can
lead to further cell damage at different levels also with the involvement of the
photosynthetic apparatus. Fe deficiency also induces alterations in peroxisomes at
different levels indicating modifications in the photorespiratory metabolism. The
complete lack of Fe results in a strong inhibition of catalase activity (-35%).
Nevertheless, we detect higher levels of catalase in Fe-deficient plants compared to
the control condition. In Fesufficient condition the total activity of
hydroxypyruvate reductase was fully attributable to the peroxisomal isoform
(HPR1), while we recorded an equal distribution of the activity between the two
isoforms, peroxisomal and cytosolic (HPR2) in plants grown under conditions of
Fe deficiency.

Moreover, the characterization of rice mutant plants defective in mitochondrial Fe
importer allow us to investigate the involvement of this organelle in the
photorespiratory metabolism during Fe deficiency. The partial loss of function of
MIT (mit-2) affects the mitochondrial functionality by decreasing the respiratory
chain activity. Furthermore, the transcriptome and the metabolome strongly change
in rice mutant plants, in a different way in roots and shoot. Biochemical
characterization of purified mitochondria from rice roots showed alteration in the
respiratory chain of mit-2 compared to wild type plants. In particular, proteins
belonging to the type Il alternative NAD(P)H dehydrogenases strongly
accumulated in mit-2 plants, indicating that mit-2 mitochondria activate alternative
pathways to keep the respiratory chain working.

The data obtained and exposed in this doctorate thesis, in agreement with what
widely previously reported in literature, allow us to state that the absence or the
low Fe bioavailability during the growth of the plants results in several alterations
more or less reversible at different levels of the overall metabolic plant system.
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CHAPTER 1

General background: Ecophysiology of plant iron
nutrition
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One of the greatest challenges in modern agriculture is
increasing biomass production, while improving plant product
quality, in a sustainable way. This requires increasing
productivity and improving product quality within the
confines of a changing global climate with increasing average
CO2 concentrations and temperatures. Mineral nutrients are
major actors in this new scenario. They are essential both for
plant productivity and for the quality of their products, and
they can affect the environment through the application of
fertilizers. Among minerals, iron (Fe) plays a major role in this
process because it is essential for plant life and productivity,
and also for the quality of production. As a transition element,
Fe is characterized by the relative ease by which it may
change its oxidation state:
Fe2* < Fed +

and by its ability to form octahedral complexes with various
ligands. Depending on the ligand, the redox potential of
Fe(II/IlI) varies widely. This variability explains the importance
of Fe in biological redox systems. Due to the high affinity for
various ligands (e.g. organic acids or inorganic phosphate)
ionic Fe3* or Fe2* do not play a direct role in short or long-
distance transport in plants. In aerobic systems many low-
molecular-weight Fe chelates, and free Fe in particular (either
Fe3* or Fe2*), produce reactive oxygen species (ROS) such as
superoxide radical and hydroxyl radical (Halliwell and
Gutteridge, 1986; Halliwell, 2009) and related compounds, for
example:

Fe™ + O, > Fe'® + 0, »
2 02_' + 2H+ o 4 Hioi + Dz
Fe'? + H,O,=> OHe + OH™ + Fe™*?

Figure 1.1. Haber-Weis-Fenton sequence. Fe(ll) can react with Oj to form
hydroxyl radicals and other reactive oxygen species.
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These radicals are highly toxic and responsible for
peroxidation of polyunsaturated fatty acids of membrane
lipids and proteins. To prevent oxidative cell damage, Fe has
to be either tightly bound or incorporated into structures (e.g.,
heme and non-heme proteins), which allow controlled
reversible oxidation-reduction reactions.

Clearly, the properties of Fe are unique and irreplaceable, and
cells spend a large amount of energy to acquire Fe from the
environment and handle it safely inside the cell. Due to all
these reasons Fe is an essential element readily incorporated
for use in biological processes where Fe ions play a key role in
metabolic pathways such as DNA synthesis, nitrogen and
hormone production. A wide number of cellular enzymes
depend also on Fe for their biological function, (Curie and
Briat, 2003; Briat et al., 2007). (Thomine and Vert, 2013).
Furthermore, Fe is required for the proper functionality of the
photosynthetic and the respiratory chain, which are
respectively located in chloroplasts and mitochondria. These
processes are responsible for the energetic support of the cell
and therefore of the whole plant life. A shortage of Fe results
in strong impairments of these organelles determining an
energetic emergency in the cell which results in reduced
growth of the entire plant and so in a lower crops yield (Vigani
et al, 2012). Fe also plays an important role in the scavenging
of reactive oxygen species (ROS) as a constituent of the heme
moiety of antioxidant enzymes such as catalase (CAT),
unspecific peroxidases (POD), and ascorbate peroxidase (APX)
and as a metal cofactor of Fe-superoxide dismutase (Fe-SOD;
Briat and Lobreaux, 1997).

Despite its geologic abundance (it is the second most
abundant metal in the earth’s crust after aluminium) Fe is
19



often a growth limiting factor in the environment (Quintero-
Gutiérrez et al., 2008). This apparent paradox is due to the
fact that in contact with oxygen Fe forms oxides, which are
highly insoluble, and thus Fe is not readily available for
uptake by living organisms. In aerated systems in the
physiological pH range, the concentrations of ionic Fe3* and
Fe2* are below 10-1> M due to formation of Fe hydroxides,
oxyhydroxides and oxides (Lemanceau et al., 2007). Chelates
of Fe(lll) and occasionally of Fe(Il) are therefore the dominant
forms of soluble Fe in the soil and in the nutrient solutions.
Although Fe is a ubiquitous element in neutral and well
oxygenated environments it is found mostly in Fe(Ill) oxidize
forms that have very low solubility and are not readily
bioavailable for plants.

A further limitation for Fe availability occurs in calcareous
soils, which account for about 30% of world-cultivated lands
where Fe deficiency is a common nutritional disorder in crops.
In these environments high pH decrease even more
dramatically the Fe solubility. It was also reported that the
presence of high levels of bicarbonate negatively affects either
the FCR activity and/or IRT (Lucena et al. 2007).

As a consequence, plants have evolved two main strategies to
acquire Fe: a reduction-based strategy (Strategy I) present in
dicotyledonous and monocotyledonous non poacea plants and
a chelation strategy (Strategy II) in graminaceous ones.

Strategy I plants are able to take up only Fe(ll) from the soil,
so they are forced to reduce Fe(Ill) before carrying it inside the
cell. This reduction-based mechanism hand over the
combined function of three plasma membrane proteins: H*-
ATPase, Fe-chelate reductases (FCR) and Iron Regulated
Transporter (IRT). Fe deficiency induces the activation of these
root plasmalemma enzymes/ion transporter as well as many
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other morphological and physiological responses at root level
aiming at facilitate the mobilization of Fe (Schmidt, 2003;
Marschner et al. 1986).

A major gap in our understanding of Strategy I has been the
potential role of phenolic compounds secreted by the roots
(Morrissey and Guerinot, 2009). The release of small
molecules into the rhizosphere is an important component of
a plant’s response to fluctuations in the abiotic and biotic
environment (Badri and Vivanco, 2009). Root exudates can,
for instance, function as allelochemicals or alter the
surrounding substrate. It is well documented that phenolic
compounds including flavonoids comprise a large fraction of
the root exudates of Strategy I plants under Fe deficiency
(Cesco et al., 2010). They have been hypothesized to mobilize
apoplastically bound Fe(lll) for uptake into the symplast.
Studies on red clover showed that removal of secreted phenols
from the roots led to Fe deficiency of the shoot even though
acidification and ferric reductase activity were enhanced
(Zheng et al., 2003). These observations suggested a crucial
role for secreted phenols in Fe acquisition independent of
established Strategy 1 processes. The exact mechanisms
underlying the mobilization of Fe(Ill) are unknown. Phenolic
compounds including flavonoids have been discussed both as
chelators of Fe(lll) and as reductants (Cesco et al., 2009;
Romheld and Marschner, 1986; Tomasi et al., 2008). Until
recently, neither specific information on the activity of
particular compounds nor direct genetic evidence for the
importance of phenol secretion in Fe acquisition by non-
graminaceous plants was available. Rodriguez-Celma et al.
(2013) then showed that secretion of phenolics is critical for A.
thaliana Fe acquisition from low bioavailabile sources.
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On the other hand, Strategy II is used by grasses only. It is
based on the solubilization of ferric precipitates through the
secretion of strong Fe(Ill)-chelating phytosiderophores. These
molecules belong to the mugineic acid family and are released
into the rhizosphere by efflux transporters such as TOM1
(Nozoye et al.,, 2011). Uptake of Fe(lll)-phytosiderophore
complexes into the symplast is mediated by YS1/YSL-
transporters (Santi and Schmidt, 2009). Rice, which is a
particular exception, employs both Strategy I and Strategy II
(Kobayashi and Nishizawa, 2012), the efflux transporter PEZ1
was recently described as an integral component of Strategy I
(Ishimaru et al.,, 2011). It mediates the secretion of
compounds such as caffeic acid and is essential for the
solubilization of apoplastic Fe oxides. Rice absorbs iron also
through a ferrous iron transporter OsIRT1 and the Fe(IIl)-
phytosiderophore based uptake using OsYSL15 (Inoue et al.,
2009; Ishimaru et al., 2006; Lee et al., 2009). Rice roots
however display very low ferric reductase activity (Ishimaru et
al., 2009). Rice thus appear to have evolved and adapted to its
growth habitat where oxygen is low due to flooding, thus
favoring the existence of iron into its Fe(ll) form.

Whatever is the Strategy adopted for Fe absorption, once
inside the cell the accumulation of Fe(Il) may catalyzes the
generation of hydroxyl radicals that are potent oxidation
agents resulting in oxidative damage of cellular components
such as DNA and lipids. Thus, plants have to cope with this
dual effect of Fe: on one hand the metal reduced form Fe(Il) is
essential for life, but on the other hand free Fe(Il) is toxic.
Therefore, to secure Fe acquisition and preventing toxicity,
plants have to tightly control uptake, utilization, and storage
of Fe, in a word homeostasis, in response to its environmental
availability.

Furthermore, plants are the primary dietary source of Fe for
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humans therefore a decrease in the amount of Fe in the
agricultural products has important implications for human
health. Understanding the mechanisms of Fe uptake and
regulation provide wuseful insights for producing plants
tolerant to low Fe availability and able to increase their Fe
content.

Iron in the soil

Fe can exist in a wide range of oxidation states, from -2 to +6,
but the most commons are Fe(Il) (ferrous iron) and Fe(IIl)
(ferric iron). In soils three main sources of Fe can be
recognized:

v Fe contained in minerals
v" Fe in soil solution
v" Fe bound to organic matter.

Fe availability in soils depends on a complex relation of the
above components.

In primary minerals Fe can be found mostly as
ferromagnesian silicates like augite, biotite, hornblend and
olivine (Schwertmann and Taylor, 1989). Those minerals
release Fe(ll) and Fe(Ill) through weathering processes of
dissolution and oxidation. In the presence of atmospheric
oxygen and water Fe(ll) is rapidly oxidized to Fe(III).
Furthermore, free Fe forms a range of oxides, hydroxides and
oxyhydroxides such as ferrihydrite, goethite and hematite.
Most soils are oxic environments so Fe is mainly found as
Fe(Ill) oxides that confer to the soil typical colors varying from
brown to yellow-red. Fe(lll) oxides are stable and have
extremely low solubility. Conversely, soluble Fe(Il) oxides
forms are found in anoxic and reducing environments. In an
aqueous or moist environment exposed to Earth's atmosphere
oxygen, Fe(ll) has a half-life of several minutes as it rapidly
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oxidizes to Fe(IIl) (Stumm and Morgan 1996).

The result of the equilibrium between dissolution and
precipitation processes strictly defines Fe oxides solubility.
The hydrolysis of Fe oxides is fully dependent on the solution
pH. As show in figure 1.2 concentration of all Fe species at a
physiological pH (6-7) is far below the amount of Fe required
by plant for optimal growth that ranges from 104 to 10° M
(Guerinot and Yi, 1994).

pH
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Figure 1.2. Solubility diagram of the different Fe(IIl) species obtained by
hydrolysis an Fe oxide (goethite) as a function of pH. Black lines indicates
Fe(Ill) species, while the grey line designates Fe(II). On the top grey bands
indicates the range of concentration require for optimal growth of plants.
Dashed area represents the optimal concentration for microbes. (from
Robin et al., 2008)
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As shown in Figure 1.2:

- Fe solubility is inversely related to the pH of the soil
solution;

- total soluble Fe from different species reaches a minimum at
about pH 8, a value close to that found in calcareous soils;

- for each increase in the pH value of one unit, the solubility
decreases from hundred to thousand fold in most Fe form

- Fe concentration for optimal plant growth would be met at a
very acidic condition (pH value of 3.5)

Many other factors as redox conditions, humic substances,
mineral particle size, chelating agent’s content and the
presence of bicarbonate influence Fe solubility.

Under oxidizing conditions the activity of the readily available
Fe(Il) species are higher than the Fe(lll) species at
physiological pH. However, when the redox potential (pe) drops
by 1 unit Fe(Ill) hydroxides concentration increases by two
orders of magnitude. As mentioned before, the Fe species
concentrations are anyway too low to supply available Fe to
plants (Lindsay and Schwab, 1982). On the other hand, under
reducing conditions (i.e. flooded soils), where pe is very low
the concentration of soluble Fe(ll) increases reaching high
levels and becomes toxic.

The particle size of Fe minerals greatly affects its solubility:
smaller is the size of the particles greater is the solubility of
the Fe species. This is important because in well-oxygenated
environments nanometric particle of Fe main minerals are
very abundant (Cornell and Schwertmann, 2003). Moreover
particle sizes strongly affect the kinetic of dissolution of Fe
oxides (Schwertmann, 1991) also in the presence of organic
ligands (Kraemer, 2004).

In addition, the presence of organic matter in the soil
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considerably influences Fe solubility by complexation or
chelation of Fe(lIl). Organic ligands are molecules that are able
to bind to metals and form a stable complex with them. These
molecules are called chelators or chelating agents while the
metal complex is called chelate. Chelating agents usually
originate from the activity of soil microorganisms, plants
exudates and humic substance. Many organic molecules
containing unsaturated bonds, oxygen, nitrogen or sulphur,
are likely to play the role of chelators of transition metals. Van
Hess and Lundstrom (2000) have reported that more than
95% of Fe in the soil solution was found to be organically
bound. Compounds of very different nature act as chelating
agents from low molecular weight organic compounds such as
citric acid to more complex substance like polyphenols or
humic acids. Chelating agents play an important role in
providing available Fe for plants through increasing its
mobilization and bioavailability.

Although salinity and high percentage of exchangeable Na
(sodic soils) are alkaline, the soils dominated by HCOg3- are the
most alkaline ones (Lauchli and Grattan, 2012). The
concentration of Fe expressed both on a dry weight leaf basis
or on the amount of Fe per leaf frequently decreases in
chlorotic leaves, although the Fe concentration can sometimes
be the same or even higher in chlorotic leaves as compared
with green ones (Fe chlorosis paradox) (Morales et al., 1998;
Romheld, 2000; Nikolic and Rémheld, 2002).

The presence of free soil carbonate promotes the formation of
poorly soluble Fe phosphates impairing so the availability of
Fe. The solubilization of CaCOs forms in calcareous soil
solution leads to a high concentration of HCOj3- ions. It has
been reported for sunflower, soybean and cucumber that
addition of HCOj3- at neutral pH could result in an inhibition
of the activity of the key plasmalemma enzyme (FCR) involved
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in Fe uptake (Toulon et al., 1992). On the contrary it was
demonstrate that Fe reducing capacity increases when HCO3-
was added at high pH values (Dofing et al., 1989; Romera et
al., 1992). Despite contrasting findings that have been
obtained for different species it is clear that between HCO3-
and Fe uptake mechanism an interaction occurs. Thus, in
calcareous soil Fe unavailability is not only due to high pH
and buffering conditions but also to an interaction between
HCOs3- ion and the cell biochemistry.

In Harmsen et al. (2005) bioavailable Fe has been defined “as
the portion of total Fe that can be easily assimilated by living
organisms.” As mentioned above Fe bioavailability depends on
many different factors that include inorganic and organic
chemical processes, physical and biological processes.
Furthermore, it must be taken into account that different
organisms vary in their acquisition pathways and capabilities,
other than usually performing strategies to inhibit the growth
of other species limiting nutrient competition (allelopathy).
Variation among organisms may also result in differences of
the soil areas in which each organism interacts with its
environment, the so-called bioinfluenced zone, thereby
altering the availability of the nutrient. For plants, this bio-
influenced zone typically corresponds to the rhizosphere
(Harmsen et al., 2005). Soil microbial activity plays a key role
in favouring plant Fe uptake. Typically soil microbes produce
siderophores that is relatively small molecules that have high
affinity and chelate Fe. These effective chelators increase Fe
bioavailability for plants. In fact, it has been widely reported
that Fe bioavailability depends on the plant/microbe
mutualistic interactions.

Through root exudation plants provide a plenty of organic
substances into rhizosphere that can be used by microbial
communities that produce siderophores as nutrient. A quite
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complex interaction settled among plants and microorganisms
lies in the equilibrium between competition for Fe, since plant
and microorganism need it for growing, and the improvement
of Fe bioavailability (Lemanceau et al., 2009). Recent studies
have suggested that in Fe deficiency treatments the number of
microbes that produce siderophores increase as a result of the
enhanced root exudation of phenolic compounds by the plants
(Jin et al., 2007).

Iron in plant physiology

The biological importance of Fe relies on its electronic
structure, which can wundergo reversible changes of its
oxidation state in a widespread range of redox potentials (pe).
This aptitude confers to Fe a central role in all those
biochemical reactions that comprise transfer of electrons and
variations of redox potential together with binding in a
reversible way many different ligands. The common biological
ligands for Fe are oxygen, nitrogen and sulfur with which it
forms coordination complexes. For all this features Fe is also
required as cofactor of many enzymes that belong to several
metabolic processes.

The major classes of Fe-containing proteins are:

- Fe-containing heme proteins: heme is a prosthetic group
composed of a porphyrin ring structure with a central Fe2*
atom. In heme, Fe is coordinated in a tetrapyrrole ring with
four nitrogen as ligands. Heme is a flat, rigid structure that is
highly stable. The function of Fe in heme depends on the axial
ligands perpendicular to the tetrapyrrole ring. If one axial
ligand is unoccupied, Fe can bind oxygen and serve as an
oxygen carrier, as in hemoglobin and myoglobin. Heme is also
found in cytochromes of the respiratory and photosynthetic
chains, catalases, superoxide dismutase, oxidase and
peroxidases that are involved in detoxification of Reactive
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Oxygen Species (ROS) (Balk and Schaedler, 2014).

- Fe-S proteins that are characterized by the presence of Fe-S
clusters. In these clusters Fe is bound to S in different
arrangements (Fe-S, 2Fe-2S, 4Fe-4S, 3Fe-4S) that are special
redox centers. These proteins participate in various oxidation-
reduction reactions. Fe-S proteins could achieve also catalytic
functions (e.g. aconitase which catalyzed the transformation of
citrate in isocitrate).

- Proteins for Fe storage; Ferritin is a globular nanobox
protein composed, from bacteria to plants, by 24 subunit of
the same type, thus they have 24 catalytic sites that concur to
the formation of one or two Fe cores per molecule that can
store from 2000 to 4500 atoms of Fe(lll) (Arosio and Levi,
2002). It is almost ubiquitous and tightly regulated by the
metal. Biochemical and structural properties of the ferritins
are largely conserved from bacteria to man, although the role
in the regulation of Fe trafficking varies in the different
organisms (Arosio and Levi, 2002).

Fe is almost absent in its free form inside the cell as it
catalyzes the generation of hydroxyl radicals that are strong
oxidation agents resulting in oxidative damage of cellular
components such as DNA and lipids. Thus, plants have to
deal with a dual effect of Fe: on one hand the metal reduced
form Fe(ll) is essential for life, but on the other hand free Fe(Il)
is toxic. Therefore, to ensure Fe acquisition and avoiding
toxicity, plants have to tightly control uptake, utilization, and
storage of Fe in response to its homeostasis mechanism. Once
absorbed by epidermal or cortical root cells it must be
complexed with organic acids (mainly citric and malic) or with
other organic molecules, which prevents Fe precipitation and
avoid oxidative damages. In fact, once inside the cell, the
redox capabilities of Fe can also be the basis of potential
toxicity resulting from the Haber-Weiss-Fenton sequence that
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leads to the generation of hydroxyl radical (OH*) subsequent to
the formation of superoxide (O2*) following the one-electron
reduction of dioxygen (O2) by ferrous Fe. The accumulation
and transport of ionic Fe is also improbable because Fe has a
low solubility at physiological pH. The acquisition of Fe starts
in the apoplast of the root epidermal cells. Fe inside the
apoplast must undergo a reduction step before being
transported through the plasma membrane. It has been
observed that as much as 75% of Fe in the roots is
precipitated in the apoplast as hydroxide or phosphate salts
(Bienfait et al. 1985) forming an apoplastic Fe pool. In addition
to this, Fe is attached to the apoplast since the negatively
charged carboxyl groups of the cell walls serve as a cation
sink. This Fe pool becomes important under Fe shortage. It
has been shown that apoplastic Fe decreases when plant are
grown under Fe starved conditions suggesting also the
involvement of root exudates in facilitating Fe mobilization
(Zhang et al. 1991, Jin et al. 2007).

Once inside the cell Fe is bound by chelating agents to avoid
its oxidation and as a consequence its precipitation and
generation of hydroxyl radicals. Even if many organic acids
and amino acids are potentially Fe chelators, NA seems to
have a favored function as Fe-chelator (Hell and Stephan,
2003). Fe—chelator complexes then move through the symplast
into the stele along the diffusion gradient. At the pericycle, Fe
is loaded into the xylem, and moves towards the shoot
through the transpiration stream. When Fe is release into the
xylem it is generally agreed that is reoxidized to Fe(IIl) and it is
probably transported in the xylem as Fe(lll)-citrate complex
(Rellan-Alvarez et al. 2011). The mechanism by which Fe is
unloaded from the xylem to the leaf tissues has not been
clearly elucidated yet, but it is probably mediated by
transporters (Fe-citrate, Na-Fe or other complexes). The
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photoreduction of the Fe-transporters also seems to play an
important role in this (Bienfait and Scheffers 1992). In leaves
the plasmalemma activity of FCR has been demonstrated
supporting the opinion of an enzymatic Fe reduction. The
distribution of Fe in leaf cells is again most likely mediate by
NA. To prevent the toxic effect of overload Fe in the leaf, Fe is
usually stored in ferritin.

Different groups of plant have very different optimum
requirements of Fe from 0.5 to 50 ppm. The general Fe
content of green plants tissues is about 2 pumol g! of dry
matter (Marschner 1995) which is quite lower in comparison
of macronutrients, but represent the highest quantity among
micronutrients.

Iron acquisition in dicotyledonous plants: the Strategy I

As pointed out before to cope with the problem of acquiring Fe
dicotyledonous and monocotyledonous non-poaceae plants
activate a reduce-based mechanism performed by the so-
called Stategy I.

In general, Strategy I encompass physiological, developmental
and metabolic reactions that let the plant adapting to mutable
levels of bio-available Fe. In this, two main specific processes
are involved: the reduction of Fe(Ill) chelates at the root
surface and the transport of the released Fe(Il) ion across the
root plasma membrane, as these plants can only take up
Fe(Il). Other less specific mechanisms involved in Strategy I
are the extrusion of H* and the exudation of organic acids and
phenolics into the rhizosphere. Moreover, depending on Fe
bioavailability, morphological and architectural root changes
complemented the activation of the previous described
mechanism.
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Figure 1.3. Schematic representation of Strategy I mechanisms for Fe
acquisition. IRT1= Iron Regulated Trasporter; FC-R= ferric-chelate
reductase; H*-ATPase= ATP-dependent proton pump; Image courtesy of G.
Vigani.

Reduction of Fe(Ill) chelates: a pre-condition to Fe acquisition.

All plants investigated so far shown FCR activity increase in
response to Fe starvation, as much as 10-20 fold respect to
plants grown in complete nutritive substrates (Lopez-Millan et
al. 2000 and references therein). The transmembrane FCR
acts transferring electrons through the plasma membrane to
reduce Fe(Ill) to Fe(ll) in the apoplast thus allowing its
transport into the cell.

As shown in figure 1.3, a FCR activity responsible of the
reduction step of Fe(Ill) to Fe(ll) has been elucidated from the
identification of the gene, FRO2, in Arabidopsis thaliana (Yi
and Guerinot, 1994; Robinson et al. 1999). FRO2 belongs to a
superfamily of flavocytochromes that transport electrons
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across membranes.

FCR is constituted by eight transmembrane helices, four of
which present structural homology with the flavocytochrome b
family. An important water-soluble domain is localized
between helices VIII and IX inside the membrane and contains
NADPH, FAD and oxidoreductase activity. Between helices V
and VII probably two heme groups are bind to conserved
histidines. The structural homology with flavocytochrome b
suggests a similar mechanism of electron transport: NAD(P)H
is oxidized in the cytoplasm and electrons are transported
through a flavine up to heme groups, when electrons arrive to
the external surface of the membrane the reduction of Fe(Ill)
to the Fe(ll) occurs.

Outside

Inside

Figure 1.4. Topology model of FRO2 taken from Schagerléf et al. (2006).
Arrows indicate the localization of different fusion points.

In Arabidopsis other genes encoding isoforms of FCR were
identified. Eight genes have shown conserved domain where
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FAD and NADPH are bound. Each isoforms seems to be
expressed preferentially at different levels in the plant. These
isoforms do not compensate from one another. FRO2 is
responsible for Fe reduction at root level and mutants that
lack in FROZ2 gene do not show any FCR activity induced in
other isoforms. Genes encoding for FCR has also been
identified in other Strategy I species as pea, tomato and
cucumber; their expression varies among species suggesting
that FROs may have roles in Fe distribution in the plant
(Jeong and Connolly, 2009 and references therein).

In agreement with the idea that reduction of Fe is the rate-
limiting step in Fe uptake by Strategy I plants (Grusak 1990),
overexpression of FRO2 confers tolerance to growth on low Fe
media. Moreover, overexpression of Arabidopsis FRO2 in
soybean resulted in enhanced root ferric reductase activity
and tolerance to Fe deficiency induced chlorosis (Vasconcelos
et al. 2006).

Fe(Il) transport inside the root cell.

Once reduced Fe(ll) is transported into the root by means of
an IRT generally localized at the plasmalemma. The IRT was
first discovered as an homolog of a wide family of multigene
metal transporters (ZIP, Zn-regulated transporter Fe-regulated
transporter like protein) in Arabidopsis (IRT1), and even if it
can also transport other divalent metals like Mn, Zn, and Cd,
it shows a high affinity for Fe (Kobayashi and Nishizawa,
2012). IRT1 plays a pivotal role in the regulation of plant Fe
homeostasis, as demonstrated by the severe chlorosis and
lethality of an irtl-1 knockout mutant (Vert et al. 2002,
Henriques et al. 2002). Consistently, IRTI gene is highly
expressed in epidermal cells and the underlying cortex of Fe
starved roots. Hence the Fe absorption dependent on IRT1
allows proper growth and development under Fe limited
conditions (Vert et al. 2002).
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The Zip family transporters in Arabidopsis contain 15
members (including IRT1) that can be divided in four groups
according to the alignment of the predicted amino acid
sequences. The high variety of transporters in Arabidopsis
have been explained as a consequence of the high number of
different membranes that cations have to cross to be allocated
through the plant, suggesting that different ZIP protein could
have different localizations and  specific functions.
Furthermore, it is not to be rejected that many ZIP proteins
could exhibit functional redundancy (Méser et al. 2001). IRT2,
for example, is very similar to IRT1 in its amminoacidic
sequence and it is also expressed in the external layer cells of
Fe starved roots. However, it was observed that up-regulation
of irt2 gene in knockout mutants of irtl under Fe deficiency
conditions was not enough to recover from the chlorotic
phenotype (Vert et al. 2002).

The predicted topology of most ZIP transporters has eight
transmembrane domains and a similar orientation such that
the amino and carboxy terminal ends are located on the
extracellular surface. The difference among the various
proteins is due to different lengths of the loop region (called
variable region) between domains III and IV (Eide and
Guerinot 1998). ZIP transporters have no similarities to other
families of metal transporters.

Plants induce or repress various genes related to Fe
homeostasis in response to Fe deficiency or Fe surplus. The
molecular control expression mechanism of IRTI has been
elucidated quite recently. The expression of IRT1 in root
epidermis is induced by a transcription factor named FIT (Fe-
deficiency-induced transcription factor) in Arabidopsis and by
FER in tomato (Colangelo and Guerinot 2004, Ling et al.
2002). FIT/FER play a decisive role in positively regulating
various Fe deficiency inducible genes, including IRT1 and
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FRO2. Since FIT overexpression did not induce downstream
genes under Fe sufficiency conditions it was suggested the
existence of interacting partners that are expressed or
activated during Fe deficiency response (Colangelo and
Guerinot 2004, Jakoby et al. 2004). It was also observed that
Fe deficiency responses are transcriptionally regulated by a
coexpression of different genes with FIT.

Furthermore, IRT1 and FROZ2 expression showed a post-
trascriptional regulation as the restoration of a Fe sufficiency
medium induced a decrease in IRT1 protein accumulation and
FRO2 activity in roots (Connolly et al. 2002). It was moreover
reported that monoubiquitination of IRT1 at two lysine
residues controls its subcellular localization, vacuolar sorting
and degradation (Barberon et al. 2011). Many other studies
have reported a large variability in genes involved during Fe
deficiency depending on the specific response, function and
localization. Other transcription factors identified are POPEYE
(PYE) and BRUTUS (BTS) that play an important role in root
morphology and growth level. Both PYE and BTS may act
inversely: PYE regulates positively growth; elongation and
swelling while on the contrary BTS may repress them (Long et
al. 2010).

Other transporters belonging to the NRAMP (natural
resistance-associated macrophage protein) family of integral
membrane proteins was found in Arabidopsis. It was
demonstrated the involvement of AfNRAMP proteins in
divalent metal transport (Curie et al. 2000) and their
localization either in the plasma membrane and intracellular
vesicles (Kobayashi and Nashizawa, 2012).

Fe regulation and homeostasis involves so a large number of
genes that expressed themselves at different localizations and
with different ways (e.g. multiple pathway signaling and
negative feed-backs loops). This complexity might confer the
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necessary flexibility to cope with a constantly changing
environment.

Acidification of the rhizosphere: the proton pump H*-ATPase

In strategy I plants, Fe deficiency is generally associated with
an increased extrusion of protons mediated by plasmalemma
H*-ATPases. In Arabidopsis twelve isoforms of H*-ATPase are
known. From them AHA2 is involved in rhizosphere
acidification whereas AHA7 seems to be related with radical
hairs development.

The active extrusion of H* is implicated in mineral nutrition
among many other physiological functions such as control of
the stomatal aperture, cell elongation, plant development,
organ movement and intracellular pH homeostasis, although
evidence for the direct involvement of H*-ATPases in some of
these roles is uncommon (Sondergaart et al. 2004). In
particular, regarding Fe nutrition the activation of this enzyme
constitutes a key mechanism to Fe uptake by non-
graminaceous plants and it is tightly correlated with the
processes described in the previous paragraphs.

The plasma membrane H*-ATPase is a universal electrogenic
H* pump, which uses ATP as energy source to pump H* across
the plasma membranes into the immediate vicinity of root
surface (apoplast and rhizosphere). In general, the key
function of this enzyme is to keep pH homeostasis of plant
cells and so generate an H* transmembrane electrochemical
gradient. This provides the driving force for the active flux of
ions and metabolites across the plasma membrane. This ATP-
dependent proton pumps thus drive the uptake of cations into
plant cells. The resulting proton motive force typically
embraces a membrane potential of about —150 mV, and a pH
difference of 2 units (which contributes to another —120 mV to
the proton motive force) (Méaser et al. 2001).
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As protons accumulate outside the cell, the pH of the apoplast
decreases to values of 5-6, markedly more acidic than the
cytoplasmic pH (Palmgren 2001). This acidification of the
apoplast and the rhizosphere is an essential step in Strategy I
species since the solubility of Fe increases up to 1000-fold for
each pH unit decrease. Thus, this process can have a huge
impact on Fe activity in the close proximity of the roots (Olsen
et al. 1981). The extrusion of H* promotes the solubilization of
Fe(Ill) and also balances the negative charges of the cell wall
preventing repulsions of chelates. The H* extrusion has also
been associated to morphological changes in roots (Lopez-
Millan et al. 2000).

Plasma membrane H*-ATPases are found throughout the plant
in all kind of cell type investigated so far. However, certain cell
types have higher concentrations of H*-ATPases than others.
In general, cell types with abundant H*-ATPases are
specialized in active uptake of solutes from their
surroundings. In some strategy I species the increased
acidification of the rhizosphere under Fe deficiency conditions
occurs as an increase in protein abundance that are
predominantly localized in epidermal cells being differentiated
as transfer cells (Dell’Orto et al. 2002).

Plant plasma membrane H*-ATPases is a single polypeptide of
about 100 kDa that belongs to the large P-type H*-ATPases of
cation pumps (Palmgren 2001). The enzyme has about 20% of
its mass in the membrane, less than 10% is facing the non-
cytoplasmic side and the largest mass is in four cytosolic
domains, overall accounting for about 70% of the total mass of
the protein itself (Palmgren and Harper 1999).

The primary structure of Arabidopsis AHA2 allows a
prediction of ten transmembrane helices (figure 1.5). In the
cytoplasmic region there are 3 well distinct domains: A- the
actuator domain; P- the phosphorylation domain and N- the
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nucleotidic binding domain that is fused with the P domain
and contains the ATP binding site. Furthermore, there is a C-
terminal domain (R) that wields a post-translational auto-
inhibitory regulation. In the inactive state the R-domain might
indeed be close to or partially folded on the membrane. The
activation of the enzyme depends on the phosphorylation of
the last but one Thr residue and the subsequent binding of
14-3-3 proteins that causes the displacement of the domain,
so removing the inhibition.

The H*-ATPases are encoded by a gene family of about 10
members in Arabidopsis thaliana and other species (Arango et
al. 2003). Depending on the gene, expression is either
restricted to particular cell types or widespread in the plant.
One gene can also being expressed in a given cell type at the
same developmental stage, thus excluding the
characterization of a single isoform from plant material. A
study carried out in cucumber has shown a transcriptional
regulation of a root plasma membrane H*-ATPase (Santi et al.
2005).
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Figure 1.5. Schematic presentation of the AHA2 plasma membrane H*-
ATPase. The various domains (A, P, N, and R) of the enzyme are indicated
by colored residues (from Palmgren 2001).

Not all Strategy I species perform a high acidification (Zocchi
et al, 2007) and in those species in which acidification is very
scarce the response depends on many factors such as the
balance of cation/anion uptake, the composition of root
exudates and the type of nitrogen nutrition.

In conclusion, plants contain a complex regulation network of
genes, which encode for the uptake, chelation, transport, sub-
cellular distribution and storage of Fe. Understanding these
processes is the essential prerequisite for their manipulation
in order to breed in the future high-quality nutritious crops.

Iron acquisition in grasses: The Strategy II

The Strategy II response relies on biosynthesis and secretion
of mugineic acids derivates (MAs), which are specific to
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graminaceous plants. Nine types of MAs have been identified
to date, all of which are synthesized through a conserved
pathway from S-adenosyl-L-methionine (Bashir et al., 2006,
Kim et al., 2006, Mori and Nishizawa, 1987, Shojima et al.,
1990; Ueno et al., 2007). This pathway comprises three
sequential enzymatic reactions mediated by nicotianamine
synthase (NAS), nicotianamine aminotransferase (NAAT), and
deoxymugineic acid synthase (DMAS) (Bashir et al., 2006,
Takahashi et al., Higuchi et al., 1999), generating 2'-
deoxymugineic acid (DMA), the precursor of all other MAs. In
restricted species, such as barley and rye, DMA is further
hydroxylated to other MAs by dioxygenases, such as Fe
deficiency- specific clone 2 (IDS2) and IDS3 (Kobayashi et al.,
2001; Nakanishi et al., 2000). Fe deficiency strongly induces
the expression of genes encoding these biosynthetic enzymes.
To supply methionine for the successive production of MAs, a
set of recycling reactions called the methionine cycle or Yang
cycle is employed (Ma et al., 1995). Genes encoding the
enzymes involved in this cycle were deduced from sequence
comparison with corresponding genes in bacteria and yeast
(Kobayashi et al., 2005; Suzuki et al., 2006). All of these
candidate genes were inducible in response to Fe deficiency
(Kobayashi et al., 2005; Suzuki et al., 2006), and the enzyme
activities of most of the encoded proteins have recently been
demonstrated (Pommerrenig et al., 2011, Rzewuski et al.,
20007, Sauter et al., 2004, 2005).

The secretion of MAs follows a diurnal pattern with a vertical
peak in the morning (Takagi et al., 1984. Certain vesicles
observed in Fe deficient root cells are swollen in the early
morning but shrink by the evening (Negishi et al., 2004;
Nishizawa and Mori, 1987). The NAS enzyme is localized on
the membrane of these vesicles, whereas NAAT is present
within the vesicles itself (Nishizawa et al., 2000; S. Nagasaka,
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unpublished results), suggesting that these vesicles are the
sites of MA biosynthesis. Just recently, Nozoye et al. (2011)
identified the transporter of mugineic acid family
phytosiderophores 1 (OsTOM1) from rice and HUTOM1 from
barley, revealing the final piece in the mechanism. The MAs
secreted into the rhizosphere solubilize Fe(lll), and the
resulting Fe(Ill)-MA complexes are taken up into root cells by
the YELLOW STRIPE 1 (YS1) and YELLOW STRIPE 1-like
(YSL) transporters (Curie et al., 2001, Inoue et al., 2009, Lee
et al., 2009, Murata et al., 20006).

Rice, despite being a Strategy II plant, possesses a ferrous
transporter, OsIRT1, that allows this crop to absorb directly
Fe(ll) (Ishimaru et al., 2006) in addition to its Strategy II-
based Fe(lll)-DMA uptake by the OsYSL15 transporter (Inoue
et al., 2009, Lee et al., 2009). In contrast to Strategy I plants,
however, rice has very low ferric-chelate reductase activity on
the root surface (Ishimaru et al., 2006), suggesting that it has
adapted to directly take up Fe(Il), which is abundant in
submerged and anaerobic conditions.

There are many reports on other divalent metal transporters
in both non-graminaceous and graminaceous plants. The ZIP
(zinc-regulated transporter, iron-regulated transporter—like
protein) family was first discovered as an homolog of
Arabidopsis IRT1: it transports various divalent metals,
including Fe(Il) , zinc (Zn2'), manganese (Mn2*), cadmium
(Cd?*), nickel (Ni?*), and cobalt (Co2*) (Guerinot, 2000;
Korshunova et al., 1999; Nakanishi et al., 2006; Pedas et al.,
2008). Another family of transporters, NRAMP (natural
resistance-associated macrophage protein), also transports
similar divalent metals. IRT transporters generally localize to
the plasma membrane, whereas NRAMP transporters localize
either to the intracellular vesicles or at the plasma membrane
depending on the species of the protein (Calliate et al., 2010;

42



Lanquar et al., 2005; Takahashi et al., 2011; Thomine et al.,
2003). Members of these transporter families in the plasma
membrane of the root epidermis/exodermis are thought to be
responsible for the uptake of essential metal elements from
the rhizosphere (Calliate et al., 2010, Pedeas et al., 2008). Fe
deficiency-induced expression of these members, such as
Arabidopsis IRT1 and rice OsIRT1, is thought to be a major
route for accumulation of harmful metals, including Cd under
Fe deficiency ( Morrisey et al., 2009; Nakanishi et al. 2006,
Schaaf et al., 2006).

In graminaceous plants, MAs are also involved in the
chelation and uptake of non-Fe metals, including Zn as a form
of Zn(II)-MAs (Suzuki et al.,2006). In contrast, chelate
formation of Cd(II)- DMA is reportedly much weaker than that
of Fe(Ill)-DMA and Zn(IlI)-DMA, and thus DMA should not
function in Cd uptake (Meda et al., 2007).

The role of the rhizosphere in Fe acquisition.

The rhizosphere is defined as the soil volume influenced by
root activity (Hinsinger, 1998). This small and particular soil
part is characterized by fluxes and gradients of both organic
and inorganic compounds that are fundamental to
rhizosphere processes. These latter, in turn, are able to
influence considerably the transformations and flows of
nutrients from soil to plant (Mimmo et al., 2014). For all these
reasons, and because they are the linkage between soil and
plant, this compound are generally considered the bottleneck
of nutrient mobilization in soil and subsequent acquisition by
plants and, therefore, of crop yield.

Rhizosphere processes and the rhizosphere effects on plants
are governed mainly by the release from roots, in a complex
mixture, of low- and high-molecular-weight substances (such
as protons, carbohydrates, organic acids, amino acids,
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phytosiderophores (PS), phenolics and enzymes; Dakora &
Phillips, 2002), able to induce fundamental changes in the
chemical, physical and biological characteristics of this part of
soil closely surrounding the roots. These substances are
involved in important pedogenic and rhizospheric processes
involving fundamental functions such as (i) modulation of
nutrient availability (Fe, P, Zn; Dakora & Phillips, 2002), (ii)
root protection against toxic metals (Al, Zn, Cd; Jones, 1998)
or pathogens (Bais et al., 2004) and (iii) attraction and/or
repulsion of microorganisms (Bais et al., 2004). In this
context, soil microorganisms along with fungi hyphae by
enhancing or restricting these rhizosphere processes, can play
an important role in determining nutrient availability for
plants in the rhizosphere.

Physical, chemical and biological processes in soil are largely
connected with Fe - les et al.,
2006) and, in turn, with its availability for the soil-growing
microorganisms and plants. Plant organic exudates operate
through Fe complexation mechanisms as well as low-
molecular-weight Fe-binding molecules (microbial
siderophores, MSs) (Lemanceau et al., 2009), released by
microorganisms in the rhizosphere.

Higher plants and microorganisms can release significant
amounts of assimilated carbon (70% of the carbon in the root;
Neumann and Rémheld 2007) as organic compounds of high
and low molecular weight into the rhizosphere as a response
to Fe deficiency. For instance, it has been recently reported
that maize releases up to 166 kg C ha ! as rhizo-deposited
carbon (C) in the soil, 50% of which was recovered in the
upper 10 cm (Pausch et al., 2013).

In addition to high-affinity ligands, microorganisms and
plants also produce a range of lower-affinity ligands such as
phenolics and organic acids (Jones et al., 1996; Reichard et
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al., 2005; Robin et al., 2008). Organic compounds derived
from soil organic matter decomposition can also contribute to
Fe dynamics in the rhizosphere (Mimmo et al., 2014). The
quantity and quality of ROCs varies largely on the specie, the
age of an individual plant and external factors like biotic and
abiotic stress. The composition of root exudates can be
complex, and often ranges from mucilage, root border cells,
extracellular enzymes, simple and complex sugars, phenolics,
amino acids, vitamins, organic acids, nitrogenous
macromolecules such as purines and nucleosides to inorganic
or gaseous molecules such as HCO3, OH, H*, CO2 and Ho>
(Mimmo et al., 2014). Many of these compounds have metal
reductant or/and chelating abilities and can enhance Fe
availability in the apoplast and rhizosphere (Ohwaki and
Sugahara, 1997, Jin et al. 2007, Cesco et al. 2010, Rodriguez-
Celma et al. 2011, Mimmo et al. 2012). The main ROCs are (i)
carboxylates, such as citrate and malate, which originate from
the primary metabolism, and (ii) many compounds such as
phenolics and flavins, which are produced by secondary
metabolism (Cesco et al., 2010, 2012; Vigani et al., 2012; Tato
et al., 2013).

These root exudates are considered as one of the main root
products, which are well known to influence nutrient
solubility and uptake when plants are subject to stress. They
are involved in plant nutrition through direct or indirect
mechanisms. In the first case, some compounds act directly
on nutrients making them more available while, in the second
case, exudates act on soil microbial communities generating
mutualistic associations and determining the structure of
microbial community in its area of influence.

Root exudation of various chemical molecules into the
rhizosphere is largely dependent on the nutritional status of
the plant, with some species exuding organic acid anions in
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response to P and Fe deficiency. The accumulation of low
molecular weight organic acids (LOAs) has been recorded in
many species as a response to Fe deficiency and may be
involved in solubilization of Fe from the soil.

In Fe deficiency conditions it has been demonstrate that
dicots accumulate and exudates organic acids, mainly malate
and citrate (de Vos et al. 1986, Lopez-Bucio et al. 2000,
Abadia et al. 2002). Due to their carboxylic groups, these
organic acids can chelate metals from the soil solution and
thus are involved in mobilization and uptake of nutrients such
us P and Fe. Moreover, when soil pH is high, as in calcareous
soils, mobilization of Fe(lll) by malate and citrate are very slow
since the chelates they form are quite instable (Jones et al.
1996). However, in these conditions it was suggested a
coordinate action between organic acids and the acidification
performed by the H*-ATPase (Jones, 1998). Several reports
show that cations were also simultaneously released during
the excretion of organic acids from roots. For example, wheat
and lupin released K* (Ryan et al. 1995) and H* (Neumann
and Romheld 1999) during the excretion of malate and citrate,
respectively. Cation transport might be necessary for
maintaining a transmembrane electrical potential difference
during the release of organic acids (anion).

Many phenolic compounds have been identified in root
exudates (Dakora and Phillips 2002, Jin et al. 2007, Cesco et
al. 2010). Lan et al. (2011) has recently observed in a
proteomic analysis a strong induction in phenylpropanoid
pathways in Arabidopsis under Fe deficiency conditions. Also
Parietaria judaica, a spontaneous plant well adapted to
calcareous environments, demonstrates a high metabolic
flexibility in response to Fe starvation. Plants grown under low
Fe availability conditions showed a strong accumulation of
phenolics in roots as well as an improved secretion of root
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exudates. P. judaica exhibits enhanced enzymatic activities of
phenylpropanoid pathways (Tato et al., 2013). These
compounds exhibited multiple functions in root exudates.
Regarding Fe nutrition, Jin et al. have demonstrated their role
in mobilization of Fe apoplastic deposits (Jin et al. 2007).

Plant-soil interaction

Under limited Fe availability, the metabolic reprogramming of
plants to take up more Fe from soil represents not only a
survival mechanism for the plant but is responsible for the
production of large amounts of metabolites that are exuded
(ROCs) into the rhizosphere. In addition to the role played in
the rhizosphere, carboxylates act also within plants as Fe-
chelates, aiding transport of Fe inside the plant, and play a
central role in metabolism (Vigani et al., 2013). Under Fe
deficiency the phosphoenolpyruvate carboxylase (PEPC)
activity is strongly increased and produces more oxaloacetic
acid (OAA) and in turn malate, by malate dehydrogenase
activity (Zocchi, 2006). It has also been

a
et al., 2002), (i) reducing equivalents for ferrochelate
reductase (FCR) through the cytosolic NADP+ dependent
isocitrate dehydrogenase (ICDH) activity and (iii) 2-
oxoglutarate, which contributes to nitrogen metabolism
(Zocchi, 2006; Borlotti et al., 2012). The citrate and malate
accumulated in Fe deficient plants can be released by roots to
facilitate acquisition of Fe from the soil or transported to the
shoot via the xylem.

On the other hand, phenolic compounds can act both as
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antioxidant compounds and as Fe-ligands in plant tissues and
play a critical role in aiding the reutilization of apoplastic Fe in
roots (Jin et al., 2007). Moreover, these compounds can be
increased or synthesized de novo, not only under Fe-deficient
conditions, but also as a response to other nutrient
deficiencies. Under these stressed conditions carbohydrates
can be sidetracked into secondary metabolism to produce
phenols (Donnini et al., 2012; Vigani et al., 2012; Tato et al.,
2013). The activation of such processes permits the
production and accumulation of phenols in plants allowing
their release into the rhizosphere.

In addition to this, the oxidative pentose phosphate pathway
and Calvin cycle can also provide carbon skeleton in the form
of erythrose-4-P, which, with phosphoenolpyruvate (PEP)
formed during glycolysis, can be used as a precursor for
phenylpropanoid metabolism via the shikimic acid pathway
(Herrmann, 1995). These pathways convert carbohydrates into
aromatic amino acids (such as phenylalanine), which are the
first substrate for the phenylpropanoid pathway and thus
precursors for the synthesis of various phenolic compounds
(Herrmann, 1995). Some enzymes belonging to the shikimate
pathway, such as shikimate kinase (SK) and shikimate
dehydrogenase (SDH), increased their activities under Fe
deficiency in different plants along with the phenylalanine
ammonia lyase (PAL) (Vigani et al., 2012).

In addition, the accumulation and the extrusion into
rhizosphere of some flavin compounds such as riboflavins
(Rbfl) have been observed (Siso-Terraza et al., 2015;

- lvarez et al., 2010). The exact role of
accumulating flavins under Fe deficiency is still unknown and
it has been hypothesized that flavin accumulation in the roots
may be an integral part of the Fe-reducing system of Strategy I
plants (FCR is a flavin-containing protein).
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Figure 1.6 Schematic representation of the root exudation and main
metabolic changes occurring in plants under Fe deficiency. The Fe
shortage determines a strong mitochondrial alteration characterized by a
reduction in the activity of the respiratory chain as well as an increase of
organic acid biosynthesis (mainly citrate and malate). To support
energetically the mechanism of Fe acquisition the activity of glycolysis is
strongly induced. There is an increase of secondary metabolism pathways
leading to an accumulation of phenolic compounds. The phenols, together
with the organic acids and the unused riboflavins, are released from the
root (see text for more details). Below the dashed line the pathway of
synthesis and exudation of phytosiderophores occurring only in Strategy II
plants grown under Fe-deficiency is also summarized (From Mimmo et al.,
2014).

All these findings suggest that root exudates are synthesized
by cellular metabolism both as a specific response to mobilize
Fe outside the cell and as unused/accumulating compounds
in the cell, which result from metabolism influenced by Fe
deficiency.

Despite root cells can produce and release exudates quickly in
response to mainly abiotic or biotic stresses, the processes
involved in their release and regulation are still poorly known
(Mathesius & Watt, 2011).
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Recently the transporter involved in the release of PSs has
been isolated and characterized in rice and barley (Nozoye et
al., 2011). The protein named TOM1 catalyzes the release of
DMA from these plant species. It is a component of the major
facilitator superfamily (MFS), which is a large family of
membrane proteins that act as uniporters, cotransporters or
antiporters. Finally, other transport systems might be involved
in the exudate release from roots of Fe-deficient plants, and
highly lipophilic compounds might be able to diffuse across
the lipid bilayer; however, most root exudates are too polar to
simply diffuse through membranes, especially when it is
considered that they are often glycosylated, acylated or
hydroxylated (Weston et al., 2012). Further, some volatiles
such as ethylene and NO might be directly released by roots,
but it has been hypothesized that even in this case some
specific transport systems might be involved (Dudareva et al.,
2004). The exocytosis of compounds via a subcellular vesicle
transport system is often proposed in response to stress or for
the release of mucilage from the root cap, but clear evidence
confirming the presence of vesicular root exudation is still
missing (Badri and Vivanco, 2009).

Morphological changes induced by Fe deficiency.

The study of root system architecture (RSA) modifications
provides interesting inputs regarding the tight relationship
between root development and soil resource. Its importance
in plant productivity lies in the fact that major soil resources
are heterogeneously distributed in the soil, so the spatial
disposition of roots will substantially determine the ability of a
plant to ensure nutrient resources. Therefore, studies
revealing the extent and nature of the genetic variation of RSA
have profound implications for improving water- and nutrient-
use efficiency of crops or for enhancing their productivity
under abiotic stresses or suboptimal soil conditions.
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The bioavailability of nutrients in the soil solution so
influences root growth, root proliferation and specific
functional responses that in part depend on the nutrient
status of the plant. Nitrogen (N), phosphorus (P), iron (Fe) and
sulfur (S) are among the nutrients that have been reported to
alter post-embryonic root developmental processes. Changes
in root architecture can mediate the adaptation of plants to
soils in which nutrient availability is limited by increasing the
total absorptive surface of the root system. The development of
root systems is usually highly asymmetric and reflects the
ability of roots to adjust their growth and development to
environmental factors (Forde and Lorenzo 2001). Furthermore,
even if a general trend could be drawn the variability among
the morphological response in different species can be very
high.

Low Fe availability induces morphological changes both at
macroscopic and microscopic level. Changes observed in root
epidermal cell under Fe deficiency comprise increase in root
hair by modulating their length, position and abundance. Root
hairs are the extensions of single epidermal cells and embrace
as much as 77% of the total root surface area of cultivated
crops, forming the major point of contact between the plant
and the rhizosphere (Parker et al. 2000). It was also reported
that during Fe deficiency root hairs occupied zones that did
not have this structures in Fe sufficient conditions (Schmidt et
al. 2000).

Changes in root elongation and in the number of lateral roots
were also observed in Fe deficient roots. In a recent work on
Arabidopsis it was point out that symplastic content of Fe
triggers the local elongation of lateral roots by inducing an
auxin promoter. The changes in root morphology are directly
related with hormone regulation.

All of the root modifications previously pointed out are
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concerned with increasing the contact surface of the root with
the soil, its primary source of nutrients.

Iron deficiency and photosynthesis

The most noticeable effect of Fe deficiency in plant leaves is
the typical yellowing of top leaves in the intervenial blade
zones, know as chlorosis, caused by a decrease in the
concentration of chlorophyll (Chl; Chen and Barak, 1982;
Abadia et al., 1989). Fe deficiency symptoms manifest
themselves in the younger leaves due to the relative
immobility of Fe in the plants. Crop chlorosis is generally a
result of both limited Fe bioavailability and cultivation of
susceptible genotypes (Hansen et al. 2006). When Fe
nutritional deficiency persist the leaves yellowing extends to
the veins and the new leaves appears completely yellow. Fe in
fact is required as an essential cofactor for various enzymes,
which belong to the biosynthetic pathway of chlorophyll, in
particular for the synthesis of 3-amminolevulinic acid. Under
Fe deficiency, leaves generally have low photosynthetic activity
due to several reasons discussed below; but they absorb more
light energy per chlorophyll molecule than required for
photosynthesis, especially under high radiation (Abadia et al.,
1999). This results in a high risk for photoinhibitory and
photooxidative damages and may also cause a reduction in
CO2 assimilation rate in Fe-deficient leaves, leading to
substantial agricultural losses and decreases in nutritional
quality of many crops of great economic interest.

In addition, under these condition of supra-optimal light,
photoinibithion of photosynthesis occurs due to over-
excitation on chloroplast membranes, generation of reactive
oxygen species (ROS) which may induce an alteration in the
cellular redox state with the onset of oxidative stress and
further damage of photosystem II (PSI) and sometimes
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photosystem [ (PSI) (Andersson and Aro, 2001; Ohad et al.
2000). More in details, PSI proteins are largely reduced, but
the stoichiometry of the antenna composition of PSI is not
compromised. On the contrary, PSII proteins were less
affected by the stress, but the specific antennae Lhcb4 and
Lhcb6, Lhcb2 and its isoform Lhcb1l.1 are all reduced, whilst
the concentration of Lhcb3 increase (Timperio et al., 2007).
Fedeficiency is also known to cause a reduction in the number
of granal and stromal lamellae per chloroplast (Platt-Aloia et
al., 1983) and decrease in the amount of many thylakoid
membrane components, including proteins, electron carriers
and lipids (Terry and Abadia, 1986). Several studies (Yadavalli
et al., 2014; Guikema and Sherman, 1983; Pakrasi et al.,
1985, Timperio et al., 2007) showed that in Chlamydomonas
and in higher plants the amount of large complexes and
supercomplexes are decreased in Fe-deficient conditions,
indicating that aggregation of small complexes into higher
ordered structures is also affected by this nutritional disorder
and a new re-arrangement could took place. As stressors can
modify the partitioning of absorbed light energy in leaves,
analysis of the contribution of different routes for excitation
energy utilisation/dissipation in PSII complexes is of huge
importance to study the regulatory mechanisms involved in
responses of the photosynthetic apparatus (Kornyeyev and
Hendrickson, 2007) Plants have different ways to release the
pressure of excessive redox equivalents of chloroplasts and to
minimize the damage caused by photoinhibition, including
thermal dissipation capacity, the xanthophyll cycle,
adjustment of chlorophyll antennae size, the water—water
cycle, PSI cyclic electron transport and rapid turnover of the
D1 protein of PSII (Niyogi, 1999, Andersson and Aro, 2001,
Kato et al., 2003).

Photorespiration, as well, might be an important protective
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mechanism to prevent photoinhibition. The photorespiratory
cycle can therefore be considered in this as an energy
dissipating cycle, operating between chloroplasts,
peroxisomes, mitochondria and cytosol, which helps to protect
chloroplasts from photoinhibition and plants from excessive
accumulation of reactive oxygen species (Tolbert 1985,
Wingler et al. 2000).

In a functional sense, the photorespiratory carbon cycle is an
indispensable ancillary metabolic process that allows the
Calvin-Benson cycle and hence photosynthesis to occur in
oxygen containing environments. Biochemically,
photorespiration starts at the enzyme by which all oxygenic
phototrophs assimilate CO> to form sugar phosphates and
subsequently all other organic molecules. This key catalyst of
the global carbon cycle, ribulose 1,5-bisphosphate (RuBP)
carboxylase/oxygenase (Rubisco), can also oxygenate RuBP,
generating one molecule each of 3-phosphoglycerate (3PGA)
and 2- phosphoglycolate (2PG). 2PG is the most important by-
product of Rubisco in normal air concentrations of O> and
COg2, and it is produced in large amounts every day. Before it
can re-enter the CB cycle, it needs to be recycled by the
photorespiratory cycle into 3PGA. This is the central function
of photorespiratory metabolism. In higher plants, this
pathway comprises at least eight core enzymes and several
auxiliary enzymes localized to four different cellular
compartments, the chloroplast, the peroxisome, the
mitochondrion and the cytosol, which are all in close
proximity to each other (Figure 1.7). Photorespiratory
metabolite flow thus requires many membrane passage steps;
however, transporters of the photorespiratory core cycle are
not yet exactly known. By contrast, transporters involved in
the re-assimilation of photorespiratory ammonia (NH3) were
identified. One of these, the chloroplastic 2-
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oxoglutarate/malate transporter even has two functions, in
NH3 (re) assimilation and in the malate valve (for review see
Bauwe et al., 2012 and references therein).
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Figure 1.7 Multicompartmented photorespiratory carbon and nitrogen
metabolism of plants. Flow-chart of reactions constituting the core of the
C2 cycle (blue), the photorespiratory nitrogen cycle (black), and several
associated reactions (grey and light blue). CAT, catalase; ComplexI,
NADH:ubiquinone reductase of the mitochondrial electron transport chain;
GDC, glycine decarboxylase; GLYK, glycerate 3-kinase; GOGAT, ferredoxin-
dependent glutamate synthase; GOX, glycolate oxidase; GGT,
glutamate:glyoxylate aminotransferase; GS, glutamine synthetase; HPRI1,
peroxisomal hydroxypyruvate reductase; HPR2, cytosolic hydroxypyruvate

reductase; MDH, malate dehydrogenase; NDAin, internal
NADH:ubiquinone reductase; PGP, 2PG phosphatase; SGT,
serine:glyoxylate aminotransferase; and SHMT, serine

hydroxymethyltransferase. The multiple arrows from 3PGA to RubP
symbolise Calvin-cycle reactions (From Bauwe et al., 2010).

Photorespiration has been classified for many years as a
wasteful process, which consumes energy without producing
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sugar or reducing equivalents. Many recent research (Boldt et
al., 2005; Timm et al., 2102, Hasunuma et al., 2010; Keerberg
et al., 2011, Araujo et al., 2012, Fernie et al, 2012 and
references therein) revealed that this important pathway
originated as a partner of oxygenic photosynthesis billions of
years ago is multiply linked to other pathways of central
metabolism of contemporary land plants. Photorespiration is
now also appreciated as an important part of stress responses
in green tissues for preventing ROS accumulation.
Photorespiratory reactions can also dissipate excess reducing
equivalents and energy either directly (using ATP, NAD(P)H
and reduced ferredoxin) or indirectly (e.g., via alternative
oxidase (AOX) and providing an internal CO:z pool). In
addition, this metabolic pathway is also a source of H2O2 that
is possibly involved in signal transduction, resulting in
modulation of gene expression. (Voss et al. 2012).

Iron deficiency in crops

According to FAO 39% of rural land areas are affected by
mineral deficiency and low fertility that constrain crop
production (Cramer et al., 2011). Fe deficiency is a problem in
crop production worldwide but particularly in plants grown on
calcareous soils (Vose, 1982). Calcareous soils represent
almost the 30% of the earth land surface. Their total extent
has been estimated by FAO at 800 million hectares worldwide,
57 million of which in Europe. In the near future to cope with
the increasing demand of food caused by a strong increase in
world’s population (FAO estimates in 10 billion people by
2050), agriculture must be extended to marginal areas, many
of which include calcareous soils.

Many differences in genotypic characteristic exist among crop
species, and also among varieties of the same species,
regarding their responses to low Fe availability. These
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differences are mainly based on the capacity to mobilize and
acquire Fe from the rhizosphere.

Crop Fe deficiencies have been reported for many plant
species and geographical regions. The most frequent problems
correspond to the cultivation of sensitive crop species in arid
and semi-arid regions with calcareous soils for crop such as
soybean (Glycine max), peanut (Arachis hupogaea), dry bean
(Phaseolus vulgaris), sorghum (Sorghum bicolor) and rice
(Oryza sativa). Fe deficiencies have also been reported in corn
(Zea mays), wheat (Triticum aestivum) and oat (Avenae sativa)
but only in particular conditions. The following crops have
been also found to be especially responsive to Fe low
bioavailability: alfalfa, asparagus, barley, beans (white), beets,
broccoli, brussel sprouts, cabbage, cauliflower, celery, citrus,
pear, kiwifruit, grapevine, grass, oats, peach, peanuts, rye,
strawberry, sudangrass and turf.

Fe is a limiting factor for biomass production: phytoplankton
primary productivity in 30-40% of the oceans is also limited
by Fe availability (Martin and Fitzwater, 1988). More recently
Fe was shown to be a limiting factor for biomass and seed
yield in Arabidopsis (Arabidopsis thaliana) (Ravet et al., 2009,
2012) and in crops including tomato (Solanum lycopersicum)
(Jin et al., 2009), spinach (Spinacia oleracea) (Jin et al., 2013),
and rice (Oryza sativa) (Takahashi et al., 2011). In the case of
phytoplankton and Arabidopsis, the Fe-storage protein ferritin
(Briat et al. 2010) is necessary to buffer transiently the
fertilizing Fe in a safe form (Ravet et al., 2009; Marchetti et al.,
2009) revealing that Fe-dependent biomass production
requires the control of Fe homeostasis.

Mesoscale Fe-addition experiments have demonstrated that Fe
supply limits biomass production in one-third of the oceans
by controlling the dynamics of plankton blooms (Boydet et al.,
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2009). Photosynthesis is the engine of this process, and Fe
fertilization of the oceans leads to a nine fold increase in the
chlorophyll concentration of phytoplankton, which results in
doubling their maximum quantum yield of photosynthesis
(Hiscock et al., 2008). Fe deficiency is known to alter both
chloroplast structure and photosynthetic rate in higher plants
(Eberhard et al., 2008), but our knowledge of the impact of Fe
homeostasis on photosynthesis efficiency, and therefore on
biomass production, is still very limited. As described above,
from a functional point of view, Fe deficiency alters chlorophyll
synthesis (Tottey et al. 2003) (explaining the interveinal
yellowing of leaves known as chlorosis (see also figure 2.1). It
also modifies electron transport in both PSI and PSII from
dicotyledonous  (Msilini et al., 2011, 2013) and
monocotyledonous (Sharma, 2007) plants. Adaptation to Fe
deficiency involves remodelling of the electron transfer chain
(Vigani et al., 2012). The plasticity of the thylakoid
membranes in response to Fe deficiency is evidenced by
comparative proteome analysis of chloroplast thylakoids
(Andaluz et al., 2006; Laganowsky et al., 2009). These studies
report that the protein contents of electron transfer chain
components (including the core and light-harvesting
components of the PSI and PSII complexes), and of
cytochrome b6/f, decrease in response to Fe deficiency, with
PSI being the most affected. In addition, a transient decrease
in trimeric and dimeric organization of the light-harvesting
complex (LHC) of PSII from Fe-deficient spinach illustrates an
impact on supercomplex organization, a likely adaptive
response to energy dissipation in Fe-deficient plants (Timperio
et al. 2007). In rice, probing the PSI core and Lhcal- Lhca4
proteins of LHC1 has been used to assess the kinetics of PSI
subunit degradation in response to Fe deficiency (Yadavalli et
al., 2012). PsaA and PsaB are stable under Fe deficiency,
whereas the levels of PsaC, PsaD, Lhcal, and Lhca2 decrease
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by 40-50%, and PsaE, Lhca3, and Lhca4 are fully degraded.
In addition, several proteins are post-translationally modified;
in particular the PSII oxygen-evolving complex is
phosphorylated in Fe-deficient plants, whereas it remains
unphosphorylated in Fe-replete plants (Laganowsky et al.,
2009). The biological meaning of such modifications is so far
unknown. Furthermore, Fe homeostasis controls the circadian
clock rhythm - the mechanism that living organisms employ
to adjust their metabolism in anticipation of environmental
fluctuations - revealing another key regulatory factor
controlling photosynthetic efficiency (Tissot et al., 2014). Fe
nutrition and COg2 interactions impact upon plant biomass
production Atmospheric CO2 concentrations have increased
by 38% since the start of the industrial era, and could double
by the end of the 21st century (Feely et al., 2009). About 25%
of this CO2 has been absorbed by the ocean owing to
phytoplankton photosynthetic activity that is known to be Fe-
dependent (Boydet et al., 2009).

In areas where Fe deficiency is manifested, the deficiencies
generally occur in patches rather than uniformly through a
field. Chlorotic patches often arise in fields where high soil pH
is homogeneous, indicating that alkalinity is not the only
factor controlling the bioavailability and uptake of Fe (Hansen
et al. 2006).

Many interactions exist between different mineral especially
between P and Fe. In fact the manifestation of chlorosis
depends on the P/Fe ratio rather than the single amounts of
one or another nutrient.

Because plants are a primary food source for humans, the
nutritional state of plants is also of central importance to
human health. In particular, Fe content in plants becomes
important in those populations whose diet is primarily vegetal.
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Understanding of Fe homeostasis has been successfully
applied to generate crops that are tolerant to Fe deficiency or
whose edible parts are more nutritious. Creating crops with
enhanced nutrient uptake could also aid agriculture to reduce
the need for fertilizer application decreasing consistently the
managing costs of agriculture.

An overview on human health and dietary.

Since plants are the primary source of Fe for humans a
decrease in the amount of Fe in agricultural products has
important implications for human health. Understanding the
mechanisms of Fe uptake and regulation will provide useful
insights for producing plants tolerant to low Fe availability
and able to increase their Fe content.

Like in the plants, Fe mainly exists in the human body in
complex bound to protein (hemoprotein) as heme compounds
(haemoglobin or myoglobin), heme enzymes, or non-heme
compounds (flavin-Fe enzymes, transferring, and ferritin)
(McDowell et al., 2003). The body requires Fe for the synthesis
of its oxygen transport proteins, in particular haemoglobin
and myoglobin, and for the formation of heme enzymes and
other Fe-containing enzymes involved in electron transfer and
oxidation-reduction reactions (Hurrel et al., 1997; McDowell et
al., 2003) Almost two-thirds of the body Fe is found in the
haemoglobin present in circulating erythrocytes, 25% is
contained in a readily mobilizable Fe store, and the remaining
15% is bound to myoglobin in muscle tissue and in a variety
of enzymes involved in the oxidative metabolism and many
other cell functions (Washington DC Institute of Medicine,
2001).

Fe is the most commonly deficient micronutrient in the
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human diet, and this deficiency affects an estimated 2 billion
people all over the world. The highest probability of suffering
Fe deficiency is found in those parts of a population that have
inadequate access to foods rich in absorbable Fe during stages
of high Fe demand. These groups correspond usually to
children, adolescents, and women in the reproductive age, in
particular during pregnancy (Dalllman et al.,, 1990;
FAO/WHO, 2004). The primary causes of Fe deficiency
include: (i) low intake of bioavailable Fe; (ii) increased Fe
requirements as a result of rapid growth, pregnancy,
menstruation, and excess blood loss caused by pathologic
infections, such as hook worm and whipworm causing
gastrointestinal blood loss (Cooper et al., 1987; WHO, 1995;
Crampton et al., 2002; Larocque et al., 2005;) and impaired
absorption of Fe (Zimmermann et al., 2007). The most
significant and common cause of anaemia is Fe deficiency (De
Benoist et al., 2008). If Fe intake is limited or inadequate due
to poor dietary intake, anaemia may occur as a result. This is
called Fe deficiency anaemia. Fe deficiency anaemia can also
occur when there are stomach ulcers or other sources of slow,
chronic bleeding (colon cancer, uterine cancer, intestinal
polyps, haemorrhoids, etc.) (Johnson-Wimbley et al., 2011).

For many years, nutritional interest in Fe focused only on its
role in haemoglobin formation and oxygen transport
(Underwood et al., 1999). Nowadays, although low Fe intake
and/or bioavailability are responsible for most anaemia in
industrialized countries, they account for only about half of
the anaemia in developing countries (Allen et al. 2006), where
infectious and inflammatory diseases (especially malaria),
blood loss from parasitic infections, and other nutrient
deficiencies (vitamin A, riboflavin, folic acid, and vitamin B12)
are also important causes (Brabim et al., 2001).

In this context, Fe biofortification may be one of the possible
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ways to feed humans safely with sufficient Fe directly within
their diet (Lieu et al., 2001). Reaching such a goal requires an
integrated knowledge of the establishment and control of Fe
homeostasis (Guerinot, 1994; Askwin et al., 1998; Miur et al.
1983).
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CHAPTER I

In vivo photosynthesis performance and gas exchange
alterations induced by iron deficiency in Cucumis
sativus L.
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Highlights

The characteristic iron (Fe) deficiency marked chlorosis of the
leaf is largely caused by a decrease in the concentration of
chlorophyll and may result in a reduction in CO> assimilation
rate. In these conditions leaves generally have low photo-
synthetic activity but they absorb more light energy per
chlorophyll molecule than required for photosynthesis,
especially under high radiation. This results in a high risk for
photoinhibitory and photooxidative damages in Fe-deficient
leaves. We suggest that Fe deficiency leads to a strong
impairment of the photosynthetic apparatus at different levels:
an increase in the rate of CO: assimilation rate in many
biological repetition (+29%) was observed, suggesting a
possible induction of photorespiratory metabolism. However,
the variation is not significative and so further analysis are
strictly required in order to reduce the variability among the
repetition to get a more get a more reliable result form. In
addition, the reduction of CO2 assimilation can be also
attributable to a reduced stomatal conductance, but also to an
altered activity of the mesophyll.

Abstract

The most evident effect of Fe deficiency in plant leaves is a
marked internerval chlorosis caused by a decrease in the
concentration of chlorophyll (Chen and Barak, 1982; Abadia
et al., 1989), which may result in a reduction in CO2
assimilation rate. In addition to the synthesis of this
photosynthetic pigment, high amount of Fe are strictly
required for the structural and functional integrity of the
thylakoid membranes, explaining the particular sensitivity of
chloroplasts in general, and the thylakoids in particular, to Fe
deficiency (Helch-Buchholz et al., 1986). As a general rule, Fe
deficiency has less effect on leaf growth, cell number per unit
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area, or number of chloroplasts per cell than on the size of the
chloroplasts and protein content per chloroplast. Under Fe
deficiency, leaves generally have low photosynthetic activity
due to several reasons, but they absorb more light energy per
chlorophyll molecule than required for photosynthesis,
especially under high radiation (Abadia et al, 1999). This
results in a high risk for photoinhibitory and photooxidative
damages in Fe-deficient leaves, leading to substantial
agricultural losses and decreases in nutritional quality of
many crops of great economic interest.

Cucumber plants shows a significant increase of Ci, whereas
stomatal conductance and values of apparent electron
transport rate decrease afterl0 days of Fe deficiency.
Interestingly, we observe a remarkable decrease of Pn, which
appears to be negative. Further in vivo analysis allows us to
determine the chlorophyll a fluorescence. In particular a
decrease in the Fv/Fm ratio, in the quantum yield of PSII
(@PSII) and in the photochemical quenching was observed, on
the contrary, we see an increase in the non-photochemical
quenching (Qnp). In the Fe-sufficient plants, a significant
increase in photoassimilation of COy was recorded, indicating
that photorespiration contributes 43% to the decrease of CO2
assimilated. In Fe deficiency condition we recorded an
increase in the rate of CO2 assimilation rate in many biological
repetition (+29%). However, further analysis are strictly
required in order to reduce the variability among the
repetition. In addition, the rate of CO> assimilation was
significantly reduced (-84%). This was probably attributable to
stomatal closure but also to an altered activity of the
mesophyll.

Taken all together, our data allow us to suggest that Fe
deficiency leads to a strong impairment of the photosynthetic
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apparatus at different levels. It appears clear that the reaction
centers of PS-1I are largely inactive.
Performed Chl-fluorescence analysis revealed a general
increase in nonphotochemical quenching (qNP) in chlorotic
leaves, indicating the activation of photoprotective
mechanisms which however are not sufficient to prevent
photoinhibition, as indicated by a significant reduction in
maximal PSII photochemistry (Fv/Fm) and photochemical
quenching (qp). In Fe deficiency condition we recorded an
increase in the rate of CO2 assimilation rate in many biological
repetition (+29%), suggesting a possible induction of
photorespiratory metabolism. However, the variation is not
significative and so further analysis are strictly required in
order to reduce the variability among the repetition to get a
more complete form. In addition, the reduction of CO2
assimilation can be also attributable to a reduced stomatal
conductance, but also to an altered activity of the mesophyll.
The results obtained from the chlorophyll fluorescence
analysis seem to validate these latter hypothesis.
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Introduction.

The most evident effect of Fe deficiency in plant leaves is a
marked internerval chlorosis caused by a decrease in the
concentration of chlorophyll (Chl; Chen and Barak, 1982;
Abadia et al., 1989), which may result in a reduction in COaz-
assimilation rate.

(Rq) (Rz)
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H,C—COOH CQOH /
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CO; H—C—H
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FIGURE 2.1 Role of Fe in the biosynthesis of heme coenzymes and
chlorophyll (From Marschner Mineral Nutrition).

As a general rule, Fe deficiency has less effect on leaf growth,
cell number per unit area, or number of chloroplasts per cell
than on the size of the chloroplasts and protein content per
chloroplast (Terry et al., 1980). The element is required for
protein synthesis, and the number of ribosomes actually
decreases in Fe-deficient leaf cells (Lin and Stocking, 1978). In
sugar beet leaves, Fe is important for RNA synthesis and a
decrease in Fe concentration is associated with a strong
decrease in protein synthesis (Nishio et al., 1985). Decreases
in leaf protein content under Fe deficiency are particularly
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pronounced for the Rubisco protein that represents nearly
50% of the chloroplast soluble proteins (Ellis, 1979; Larbi et
al., 20006).

In the thylakoid membranes, about 20 Fe atoms are directly
involved in the electron transport chain. Photosystem I (PS-I)
is a strong sink for Fe due to its higher Fe content (12 atoms
of Fe per complex) compared to photosystem II (PS-II) (3 atoms
of Fe per complex) and the Cyt br complex (5 atoms of Fe per
complex) (Raven et al., 1999). The high Fe requirement for the
structural and functional integrity of the thylakoid
membranes, and the additional Fe requirement for ferredoxin
and the biosynthesis of chlorophyll explain the particular
sensitivity of chloroplasts in general, and the thylakoids in
particular, to Fe deficiency (Helch-Buchholz et al., 1986).

More in details, Chlorophyll is formed in higher plants starting
from 6-amino-levulinic acid (ALA), a precursor for both heme
and chlorophyll formation, which may be synthesized through
a S-carbon substrate, such as a ketoglutarate or glutamate.
This primary pathway may be activated by Fe, related to
aconitase ativity and/or the formation of ferredoxin (Fd).
Ferredoxin could be necessary to activate the
ALA-synthesizing enzyme. With plants that are Fe-stressed, Fd
would be limiting and directly affect Chl biosynthesis (Miller et
al., 1984). Decrease in photosynthetic activity induced by Fe
deficiency is also associated with a further decrease in the
concentration of light-harvesting complexes (LHCs) and
electron-transport carriers (Terry, 1980; Abadia et al., 1989;
Pérez et al., 1995; Donnini et al., 2009). In particular, a
decrease in thylakoid protein was observed in chlorotic leaves,
with the result that PS-I appeared more affected than
cytochrome bef, which in turn was more sensitive than PS-II
(Soldatini et al., 2000). On the other hand, a reduction in Chl
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concentration diminished the number of photosynthetic units
per unit leaf area (Spiller and Terry, 1980).

In Fe-deficient leaves, however, not all photosynthetic pig-
ments and components of the electron transport chain
decrease to the same extent (Pushnik and Miller, 1989).
Carotenoids such as [B-carotene and neoxanthin also show
significant decreases, whereas lutein and the three
xanthophylls (violaxanthin, antheraxanthin, and zeaxanthin)
involved in the xanthophyll cycle seem to be less affected
(Morales et al., 1994; Donnini et al. 2003, 2009). When Fe is
resupplied to Fe-deficient plants, they recover progressively
from Fe deficiency and the photosynthetic pigments and the
components of photosystems are gradually resynthesized
(Nishio et al., 1985; Hecht-Buchholz and Ortmann, 1986;
Pushnik and Miller, 1989). Lopez-Millan et al. (2001) showed
that Fe resupply to Fe-deficient sugar beet increased first leaf
Fe concentration and later, after a short lag-phase, the Chl
concentration.

Chlorophyll (Chl) fluorescence is a non-invasive technique
employed to measure photosynthesis in leaves, widely used to
study plant’s response to abiotic stresses. In fact, Chl
fluorescence parameters can be efficiently used to evaluate
changes in photosystem II photochemistry, linear electron
transport rate and CO2 assimilation in vivo (Guidi et al.,
2012). Determination of Chl fluorescence has been widely
used to study photosynthetic performance in different species
subjected to Fe deficiency, such as sugar beet (Belkhodia et
al., 1998), pear (Morales et al., 2000), peach (Molassiotis et
al., 2006), poplar (Solti et al., 2008) and cucumber (Donnini et
al., 2013). Chl-fluorescence analysis in pear (Morales et al.,
2000), tomato (Donnini et al., 2003), peach (Molassiotis et al.,
2006), and pea (Jelali et al., 2011) revealed a general increase
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in nonphotochemical quenching (qNP) in chlorotic leaves,
indicating the activation of photoprotective mechanisms
which, however, are not sufficient to prevent photoinhibition,
as indicated by a significant reduction in maximal PSII
photochemistry (Fv/Fm) and photochemical quenching (qp).
The actual quantum yield of PSII (Ppsn) and the intrinsic PSII
efficiency (Uexc) showed the same behavior of qp and Fv/Fm
ratio. Interestingly, Morales et al. (2000) showed that only
extreme Fe-deficient leaves exhibited a decrease in PSII
efficiency after dark adaptation, while moderate chlorotic
leaves appeared generally little affected.

Materials and Methods
Plant material and growth conditions

Seeds of cucumber (Cucumis sativus L. cv. Marketmore ‘76)
were surface-sterilized and sown in Agriperlite, watered with

0.1 mm CaSO4, allowed to germinate in the dark at 26°C for 3

d, and then transferred to a nutrient solution with the
following composition: 2 mm Ca(NO)3z, 0.75 mm K2SO4, 0.65
mm MgSOg4, 0.5 mm KH>PO4, 10 ym H3BO3, 1 ym MnSOQO4, 0.5
Hm CuSOg4, 0.5 pm ZnSO4, 0.05 ym (NH4)Mo7024 and 0.1 mm
Fe(IlI)-EDTA (when added). The pH was adjusted to 6.2 with
NaOH. Aerated hydroponic cultures were maintained in a
growth chamber with a day:night regime of 16:8 h and a
photosynthetic photon flux density (PPFD) of 200 pmol m 2
s ! photosynthetically active radiation (PAR) at the plant level.

The temperature was 18°C in the dark and 24°C in the light.

For the time-course experiments, 3 d-old plants grown in the
nutrient solution were transferred, after removal of
cotyledons, to 10 L of the same solution without Fe (Fe-
deprived plants). Roots of these plants were carefully washed
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with 0.5 mM CaSOs4 and rinsed with distilled water before
being transferred. Other 3-day-old plants grown in the
nutrient solution without Fe were transferred of the complete
solution (Fe-resupplied plants). Sampling was performed after
O, 1, 3 and 7 days following induction/removal of Fe
deficiency and 4 h after onset of the photoperiod. For clarity,
plants previously grown in the presence/absence of Fe for 3 d
and then transferred to a Fe-free/complete solution are
hereby referred to as O throughout the text.

Fe-deficient plants showed the typical Fe deficiency
morphological responses (development of leaf Fe deficiency
chlorosis, stunted growth and appearance of lateral roots) and
the increase in the specific activities (Fe3*-chelate reductase
and H*-ATPase) proper of Strategy I plants (data not shown).

Photosynthesis measurements

Leaf gas exchange measurements were taken during 7 days of
the experiment to characterize photosynthesis performance
and gas exchange measurements with a portable
photosynthesis system (CIRAS-2, PP System, USA).
Measurements were carried on fully expanded, intact leaves of
Fe sufficient and Fe deficient plants. Net CO2 assimilation rate
and transpiration were assessed at a concentration of 330
pmol CO»2, ambient relative humidity, 28° C chamber
temperature and a photon flux density of 1500 pmol m-—2s-1.
The instrument was stabilized according to manufacturer
guidelines.

Gas exchanges measurements

Gas exchanges were measured in intact leaves using a
portable infrared gas analyzer (LI-6400; Li-Cor, Lincoln, NE,
USA). Measurements were performed at increasing light from
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O to 2500 pmol m2 s! PPFD (photosynthetic photon flux
density) at leaf temperature of 25 °C, either with air (21% of
O2) or a synthetic air mixture containing <2% Oz where O
was replaced by Na. In both the cases, the air flow (300 pmol
s'1) was humidified by bubbling it in water whose temperature
was maintained lower than that of the leaf surface. When the
synthetic air with <2% O2 was utilized, Oz from the bubbling
solution was carefully removed by blowing the same synthetic
air mixture for 10 min. Photosynthesis (A), stomatal
conductance (Gs), and the intercellular CO2 concentration (Cj)
were calculated using the LI-6400 software. Quantum yield for
CO2 uptake was determined as the slope of the linear
regression of CO2 assimilation versus light intensity above 100
pmol photons m=2 s-!. Responses of A to changes in C; were
measured at a PPFD of 1000 pmol m s-! and [COz2] increasing
from 50 to 1800 pmol mol-!. Measurements started with the
lowest [CO2] to remove stomatal limitations of Pn (Centritto et
al., 2003). Gas exchange parameters obtained from A/Ci
curves were calculated with the equation reported in von
Caemmerer and Farquhar (1981).

Analysis of the chlorophyll a fluorescence

Chlorophyll fluorescence measurements were performed with
a modulated light fluorimeter (PAM-2000 Walz, Effeltrich,
Germany), which differs from the conventional fluorimeters as
the source which excites the fluorescence, and the one that
causes the photosynthesis (actinic light) are separated to
avoid interference with the light of the external environment.
The Fo were recorded in a dark-adapted state of leaves for 40
min. The frequency of the light pulses was programmed at 600
Hz for the determination of Fo or 20000 Hz for the recording of
the kinetics of induction of fluorescence. The maximum
fluorescence yield, Fn, was determined with a saturating pulse
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of 8000 umol m2 s-1 PAR for 1-2 s. Fo and Fm were subtracted
and divided [(Fm-Fo)/Fm] to draw the maximum quantum
efficiency of PSII photochemistry Fy/Fm. The current
fluorescence yield (Fy) and the maximum light adapted
fluorescence (Fm’) were determined in the presence of an
actinic illumination of 400 umol m=2 s1, then ®psy was
computed as the quotient [(Fm- Fi)/Fwn’] (Genty et al. 1989).
The coefficients of photochemical quenching, qp, was
calculated as QP =(Fu’-F¢)/(Fm’-Fo) according to Schreiber et
al. (1986). NPQ was calculated as NPQ=(Fu-Fu)/Fm as
reported by Bilger and Bjérkman (1990). The apparent
electron transport rate (ETR) was determined as 0.5 x ®psn x
PAR x 0.84 where 0.5 accounted for the excitation of both PSII
and PSI and 0.84 represented the average value for leaf
absorbance.

The fluorometer was linked with a claw (2030-B Heinz Walz,
Germany), which was inserted in an optical tri-forked fiber,
which collected the receiving fluorescence. The optical fiber
was positioned in the clamp with an angle of 60° to the plane
of the sample in order to minimize the so-called "shadow
effect" and Its distance from the sample could be varied to
allow adjustment intensity of light gradient. Furthermore the
claw bears a thermocouple (temperature sensor) and a device
for the measurement of PAR (Photosyntethically Active
Radiation), both located in the interface where the leaf was
placed. To record the kinetics of fluorescence induction this
tool was connected to an IBM compatible computer. The data
processing was done through a specific software supplied from
the Waltz (DA-2000).

Fluorescence was excited with modulated very weak red light
(A=650nm) emitted by diodes (LED). Before reaching the
sample to be analyzed, the light passed through a filter (A<670
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nm), while the fluorescence emitted from the leaf was
monitored by a photo detector protected by another filter
which let pass the wavelength light A=700nm.

Inside the main control device there were five other diodes
that emit red actinic light, unfiltered and with a peak at
A=655nm and another LED for emitting light in the "red-far",
with a peak at A=735nm. A halogen lamp was used to generate
pulses saturating and lighting continues to actinic light white.

Kinetics of induction of fluorescence

For the determination of Fo, Fm, Fy, the leaves were kept in the
dark for about 60 minutes in order to allow the complete
oxidation of the primary acceptor PSII (Qa) and initially
exposed to an intensity of low modulated light (about 0.4 mol
m-2s-1) that cause the emission of Fo but not activate the
electron transport chains. Subsequently exposure to a
saturating white light (15000pmol m2 s-! for 0.8 s) causing
the complete reduction of Qa and thus allow the
determination of Fm. From the parameters thus determined it
was obtained the Fv/Fm ratio (Fv =Fm-Fo), which represents
the quantum optimal yield of PSII.

Quenching analysis measurements was performed by the
method of the pulses of saturant light as described before
(Schreiber et al., 1986), which is based on the complete
reduction of the primary acceptor of PSII (Qa) during steady
state of photosynthesis, maintaining the leaf in continuous
actinic light (150 mol m=2 s-!) and then overlapping the light
intermittent pulses (15000pmol m-2 s-1 for 0.8 s): this cause
the complete reduction of Qa. Complete removal of the
photochemical quenching (qP) brings to an increase of the
fluorescence varies from Fy to Fm (which corresponds to the
value of the maximum fluorescence for the sample adapted to
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light) and each remaining shape of quenching was thus
assumed to be the type not photochemical (QNP). Since
background fluorescence (Fo) is frequently suppressed during
exposure to intense light, the calculation of the components of
quenching was performed using Fo' (the value of the minimal
fluorescence for a sample adapted to light). Fo' was determined
by the exposure of the leaf for 3 seconds to “far-red” light,
which excites especially the PSI, and then, indirectly, causes
oxidation of PSII primary acceptor allowing thus to determine
the minimal fluorescence emitted by the latter.

More in details, the components of the quenching were
calculated following the formulas described by Schreiber et al.
(1986):

qP = (Fu'-Ft)/ (Fm'-Fo)
QNP = 1-(Fu'-F0') / (Fm-Fo)

Another illustration of nonphotochemical quenching is given
by the parameter NPQ, calculated through equation:

NPQ = (Fm-Fo')/Fm

The choice between QNP and NPQ depends on the
applications: the NPQ stands out that part of the non-
photochemical quenching that reflects the excitation energy
dissipation into heat in the antenna systems and does not
require knowledge of Fo', but it is not very sensitive to the
fraction correlated with the energization of the thylakoid
membranes.

Other important parameters associated with the analysis of
the quenching and correlated with photosynthesis, are the
effective quantum yield of PSII (olpsll) and excitation efficiency
of PSII (Olexc). The first parameter was calculated as the ratio
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Ae Fm'(where Dr=Fun'-Ft) and can be considered the most
important information obtained from the instrument used,
since its value closely related to the quantum yield of
photosynthesis.

The other important parameter, the excitation efficiency of
PSII, which measures the efficiency of photons absorption by
open PSII-HLC distribution centers, is calculated as the ratio
between Fy' and Fn' (Fv'=Fm'-Fo') (Donnini et al., 2003).

Results.
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Figure 2.2 In vivo measurement of photosynthetic parameters, carried
out on plants grown for 10 d in the presence or absence of Fe (50-0 mM)
for 10 d. CIRAS-2 (PP system) FMS-2 (Hansatec).
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Figure 2.3 In vivo measurement of chlorophyll fluorescence
parameters, carried out on plants grown for 10 d in the presence or
absence of Fe (50-0 mM). PAM-2000 (Waltz, Effelrtich).

As described in Figure 2.2, after 10 days of Fe deficiency
cucumber plants shows in vivo alterations of photosynthetic
parameters, such as internal [CO2| (Ci), net photosynthesis
(Pn), stomatal conductance (Gs) and apparent electron
transport rate (E.T.R.). More in details, the deficiency of this
element results in a significant increase of Ci, whereas
stomatal conductance and values of apparent electron
transport rate decrease. Interestingly, we observe a
remarkable decrease of Pn, which appears to be negative. No
further significant variations are observed regarding
evaporation/transpiration (E) and vapor pressure deficit
(V.P.D.).

Further in vivo analysis allows us to determine the chlorophyll
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a fluorescence. In particular, after 10 days of Fe deficiency,
cucumber plants show a decrease in the Fv/Fm ratio, in the
quantum yield of PSII (®PSI) and in the photochemical
quenching. On the contrary, we see an increase in the non-
photochemical quenching (Qnp), and also in the component
that reflects the excitation energy dissipation into heat from
the antenna systems (NPQ).
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Figure 2.4 Response curve of the photosynthetic activity according to
the light under conditions of 21% O2 (round symbol) and in the absence of
O2 (square symbol). Plants were grown hydroponically for 10 d, in the
presence (SO0mM, up sheet) or absence of Fe (OmM, down).
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Figure 2.5 Response curve of the photosynthetic activity according to

the intercellular concentration of CO; in leaves of control plants (round)
and Fe deficiency (square).

0.10-
0.084
0.06
0.04

0.02+

0.00-
+Fe -Fe

Figure 2.6 In vivo carboxylase activity of Rubisco. This data was
calculated starting from the response curve of the photosynthetic activity
according to the intracellular concentration of CO,, as reported in figure
2.5.
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VARIABLES +Fe 40, +Fe 0, Fe +0, Fe -0,
R (umol CO;m*s ™) 16(00a | 1207a | 12(02a | 12(0.2a
Asgo (umol CO, m 257 104(02)b | 182(15a | 1707)c | 24(02¢c
gs(mmol H,0,m s ™) 2338(224)a| 2530 (15.6)a| 110.5(35)b | 1585(14.9)h
C;(umol CO, mol™ air) 2835(131)b | 2475(10.0)c | 367.0(L4)a | 3545(0.7)a

®coa(mol CO, pmol™ photons) | 0.05(0.0)a | 0.07 (0.01)a {0.008 (0.004) a|0.012 (0.002) a
V e (mol CO; m? ™) {0.087 (0.007) a| 0.026 (0.004) b

Table 2.1. Gas Exchange parameters variations determinated in
normal condition or in a low [0O2] atmosphere. Ry: dark respiration; Amax:
assimilation of CO, under saturating light; Gs: stomatal conductance to
COqy; Ci: intercellular concentration CO;; ©CO,: quantum yield of the
assimilation of CO»2; Vcmax: carboxylative efficiency of Rubisco. Standard
deviation is reported between round brackets.

The estimation of photorespiration is determined in conditions
of absence of oxygen (<2%), results are reported in table 2.1.
In the control plants, a significant increase in
photoassimilation of COy was recorded to indicate that in
these plants photorespiration contributes 43% to the decrease
of COz assimilated. The measurement of the CO: treated in
conditions of absence of oxygen did not shows any significant
increase in the rate of CO> assimilation in plants grown in Fe
deficiency both in aerobic conditions that anaerobiosis.
However, further analysis are strictly required in order to
reduce the variability among the repetition: in Fe deficiency
condition we recorded an increase in the rate of CO2
assimilation rate in many biological repetition (+29%).

In addition, the rate of CO2 assimilation is significantly
reduced in Fe deficient plants (-84%). This was probably
attributable to stomatal closure (gs passes from 234 to 110
mmol H>O m—=s-l) but also to an altered activity of the
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mesophyll whereas the there in Fe deficient plants increased
significantly. In these plants the reduction in stomatal
aperture restricts the entry of CO2. However, the increase in
the level indicates that there was a mesophyll reduced
utilization of CO2. On the other hand the Vcmax was
significantly reduced, indicating a reduced activity of this
carboxylative enzyme (-70%), as reported also in fig. 2.6.

The reduced ability of assimilation of Fe deficient plants was
evident both in light conditions that saturating light
conditions limiting. In fact, the ®COz: is significantly reduced,
indicating a poor efficiency of the use of CO2 per mole of
absorbed photons.

VARIABLES +Fe +0, | -Fe +0, P
Fo 196 (12) | 330 (24) | ***
Fm 993 (14) | 550 (38) | ***
FuFm 0.81 (<0.01)| 0.43 (0.09) | ***
ETR (umol electron m?™) | 110.7 (26.4)| 13.5(1.7) | ***
Ppgy) 0.46 (0.05) |0.05 (<0.01)| ***
qp 0.53 (0.13) | 0.14 (0.03) | ***
q np 0.33(0.04) | 0.57 (0.07) | ***
NPQ 0.41 (0.03) | 2.06 (0.12) | **=*

Table 2.2. Chlorophyll fluorescence parameters variations Fo: minimal
fluorescence determined in dark conditions; Fn: maximal fluorescence
determined in dark conditions; Fv/Fm: potential quantum yield of PSII;
ETR: rhythm of electronic transport; ®PSII: current efficiency of PSII (in
light conditions); qP coefficient of photochemical quenching; QNP:
coefficient of non-photochemical quenching; NPQ: non-photochemical
quenching. Standard deviation is reported between round brackets.

As determined by the gas exchange parameters, the reduction
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of CO2 assimilation was probably attributable, to a reduced
stomatal conductance, but also to an altered activity of the
mesophyll. The results obtained from the chlorophyll
fluorescence analysis seem to validate this hypothesis (see
table 2.2). In fact, the photochemical efficiency of PSII in
conditions of light significantly decreased in Fe-deficient
plants reaching activity values practically negligible. The
inevitable consequence of the reduced activity of PSII
photochemistry was highlighted by the pronounced reduction
in the rate of electron transport (ETR). In the Fe-deficient
plants it was also evident a significant increase in the NPQ
parameter, closely linked with the energy excess dissipating
mechanism in the PSII antenna systems. The NPQ presents a
main component determined by qE, namely the mechanisms
of dissipation of the excess energy associated with the
formation of the gradient of trans-thylakoid membrane. This
mechanism is connected with the conversion of the reaction
centers from active form to inactive. The precise site of NPQ
formation is not yet known but certainly involves carotenoids
and, specifically, the xanthophylls, lutein and neoxanthin. The
results obtained also shows that the mechanisms described
above induce a significant reduction in maximum efficiency of
PSII (Fv/Fm) attributable to the increased value of the
minimum chlorophyll fluorescence Fo. The increase of this
value indicates that in the antenna centre, most of the energy
absorbed is dissipated and not used for the photosynthetic
process. With the data obtained it was not possible to identify
whether the reduction in the efficiency of PSII photochemistry
was reversible or not. What appears certain is that much of
the reaction centers of PSII are strongly inactivated (significant
increase in the gP).
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Discussion

From the data obtained in our experiments, it appears clear
that Fe-deficiency strongly impairs the photosynthetic
machinery at different levels. This is probably attributable first
to a lack in the biosynthesis of chlorophyll. In fact Fe is
strictly required as cofactor from many enzymes involved in
this metabolic pathway. Further damage can be induced since
in thylakoids, about 20 Fe atoms are directly involved in the
electron transport chain. Photosystem I (PS-I) is also a strong
sink for Fe due to its higher Fe content (12 atoms of Fe per
complex) compared to photosystem II (PS-II) (3 atoms of Fe per
complex) and the Cyt br complex (5 atoms of Fe per complex)
(Raven et al., 1999). The high Fe requirement for the
structural and functional integrity of the thylakoid
membranes, and the additional Fe requirement for ferredoxin
and the biosynthesis of chlorophyll explain the particular
sensitivity of chloroplasts in general, and the thylakoids in
particular, to Fe deficiency (Helch-Buchholz et al., 1986).
Taken all together, our data allow us to suggest that Fe
deficiency leads to a strong impairment of the photosynthetic
apparatus at different levels. It appears clear that the reaction
centers of PS-II are largely inactive.
Performed Chl-fluorescence analysis revealed a general
increase in nonphotochemical quenching (qNP) in chlorotic
leaves, indicating the activation of photoprotective
mechanisms which, however, are not sufficient to prevent
photoinhibition, as indicated by a significant reduction in
maximal PSII photochemistry (Fv/Fm) and photochemical
quenching (gp). These findings are in agreement with previous
in other species, pear (Morales et al., 2000), tomato (Donnini
et al., 2003), peach (Molassiotis et al., 2006), and pea (Jelali et
al., 2011). In Fe deficiency condition we recorded an increase
in the rate of CO: assimilation rate in many biological
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repetition (+29%), suggesting a possible induction of
photorespiratory metabolism. However, the variation is not
significative and so further analysis are strictly required in
order to reduce the variability among the repetition to get a
more get a more reliable result. In addition, the reduction of
CO. assimilation can be also attributable to a reduced
stomatal conductance, but also to an altered activity of the
mesophyll. The results obtained from the chlorophyll
fluorescence analysis seem to validate these latter hypothesis.
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CHAPTER III

Iron deficiency alters the amminoacid content and the
ion composition in the leaves of cucumber plants.
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Highlights

Iron (Fe) deficiency affect amminoacid (aa) metabolism since
the concentration of Ser and Gly, two aa involved in the
photorespiratory metabolism, increased in leaves (+94% and
+160%, respectively) while it decreased in root during the
evolution of Fe deficiency in time. Resupply of iron to Fe
deficient plants led to an increase in the concentration of
some divalent cations like Fe, Ca and Mn, whilst Na, Mg, Cu,
Zn decrease as Fe sufficient condition are restored. On the
other hand, as Fe deficiency proceeds during time, we
observed a significant decrease in Fe, Mo, Cu concentration
and an increase in Na, Mg, Zn, Mn content.

Abstract

Fe deficiency is a well-documented problem affecting crop
production worldwide, in particular in calcareous soils of
Mediterranean basin countries (Pestana et al., 2004). Fe-
deficient plants are characterized by the development of a
pronounced chlorosis occurring first on the youngest leaves
and causing various morphological and physiological changes
in plants. However, like many others abiotic stresses Fe
deficiency, do not result in uniform symptoms. Among other
effects, the lack of Fe strongly impairs photosynthetic
processes by affecting the structure, development and
function of the entire photosynthetic apparatus (Terry and
Abadia, 1986 and Abadia et al.,, 1999). Its reduced
bioavailability also strongly prejudices mitochondrial
respiration. These two processes are responsible for the
energetic support of the cell and therefore of the whole plant
life. A shortage of Fe so determine an energetic emergency in
the cell which results in reduced growth of the entire plant
and so in a lower yield of crops.
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Since this deficiency alters two important physiological
processes like photosynthesis and photorespiration, we
decided to perform a series of analysis on leaf tissues of Fe-
deficient leaves in order to fill out the general form of the
metabolic changes. Fe deficiency strongly affected amminoacid
(aa) metabolism. Especially, the concentration of Ser and Gly,
two aa involved in the photorespiratory metabolism, increased
in leaves (+94% and +160%, respectively) while it decreased in
root, during the evolution of Fe deficiency in time. Resupply of
iron to Fe-deficient plants led to an increase in the
concentration of some divalent cations like Fe, Ca and Mn,
whilst Na, Mg, Cu, Zn decrease as Fe sufficient condition are
restored. No significant variations are observed in these
experimental conditions for Mo, K and Pb. On the other hand,
as Fe deficiency proceeds during time, we observed a
significant decrease in Fe, Mo, Cu concentration and an
increase in Na, Mg, Zn, Mn content. In these conditions, no
significant variations were detected in the concentration of Pb
and K.

These data, together with previous, allow us to suggest that Fe
deficiency strongly affected aa metabolism The accumulation
of Ser and Gly might be due to an alteration in the
photorespiratory metabolism at the GDC-SHMT1 cycle in the
mitochondria of the -Fe plant. The alterations in the
concentrations of metals suggest that Fe deficiency induces a
metabolic imbalance in which other divalent cations are
absorbed by unspecific transporter, due to their similar
characteristics to Fe, this can affect the metabolism of the
plant at different levels.

Introduction

Fe deficiency is a well-documented problem affecting crop
production worldwide, in particular in calcareous soils of
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Mediterranean basin countries (Pestana et al., 2004). Fe-
deficient plants are characterized by the development of a
pronounced chlorosis occurring first on the youngest leaves
and causing various morphological and physiological changes
in plants. Among other effects, the lack of Fe strongly impairs
photosynthetic processes by affecting the structure,
development and function of the entire photosynthetic
apparatus (Terry and Abadia, 1986 and Abadia et al., 1999). It
has been shown that Fe deficiency leads to a decrease in the
light-harvesting pigments, particularly chlorophylls (Morales
et al., 2000), and promotes antenna disconnection in PSII
(Morales et al., 2001, Moseley et al., 2002). Additionally, Fe-
deficient leaves show lower actual PSII efficiency (¢II) and a
decrease in the proportion of open PSII reaction centers (qp)
(Larbi et al., 2006). However, many abiotic stresses, including
also Fe deficiency, do not result in uniform symptoms, but
rather on patches of visible injuries on leaf surfaces, more
drastic in mesophyll leaf areas than in midrib and veins in the
case of this deficiency. It was also shown that Fe-deficient
leaves accumulated more Fe in the midrib and veins, with
lower Fe concentration in mesophyll leaf areas (Jiménez et al.,
2009 and Tomasi et al., 2009). Thus, this heterogeneous
distribution of photosynthetic pigments and Fe in leaves could
equally affect the photosynthetic efficiency.

Various authors reported that Fe resupply to deficient plants
restores many plant functions. For instance, it leads within a
few days to an increase in chlorophyll concentration and
photosynthetic activity in several annual species, including
sugar beet (Nishio et al., 1985 and Larbi et al., 2004), soybean
(Hecht-Buchholz and Ortmann, 1986) and tobacco (Pushnik
and Miller, 1989). It was also recorded that tolerance to Fe
deficiency may vary between different varieties of the same
species, and the capacity to recover from this stress was
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related with sensitivity to the deficiency (Mahmoudi et al.,
2007). However, knowledge on the responses of chlorotic
plants to Fe resupply is still scarce, although it may provide
crucial information to optimize Fe-fertilization strategies
(Abadia et al., 2011 and Pestana et al., 2012). The lack of Fe
may also results in alterations of the photorespiratory
metabolism, as we can infer from the data showed in the
previous chapter of this work (for further details see chapter
I).

Since this deficiency alters two important physiological
processes like photosynthesis and photorespiration, we
decided to perform a series of analysis on leaf tissues of Fe-
deficient leaves in order to fill out the general form of the
metabolic changes. For this purpose, we decided to investigate
the metabolism of amino acids and determine the mineral
content of the leaf tissues.

Materials and Methods
Plant growing conditions

Seeds of cucumber (Cucumis sativus L. cv. Marketmore ‘76)
were surface-sterilized and sown in Agriperlite, watered with

0.1 mm CaSO4, allowed to germinate in the dark at 26°C for 3

d, and then transferred to a nutrient solution with the
following composition: 2 mm Ca(NO)3z, 0.75 mm K2SO4, 0.65
mm MgSO4, 0.5 mm KH2PO4, 10 ym H3BO3, 1 ym MnSO4, 0.5
MHm CuSOg4, 0.5 pm ZnSO4, 0.05 pm (NH4)Mo7024 and 0.1 mm
Fe(IlI)-EDTA (when added). The pH was adjusted to 6.2 with
NaOH. Aerated hydroponic cultures were maintained in a
growth chamber with a day:night regime of 16:8 h and a
photosynthetic photon flux density (PPFD) of 200 pmol m™2
s ! photosynthetically active radiation (PAR) at the plant level.
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The temperature was 18°C in the dark and 24°C in the light.

For the time-course experiments, 3 d-old plants grown in the
nutrient solution were transferred, after removal of
cotyledons, to 10 L of the same solution without Fe (Fe-
deprived plants). Roots of these plants were carefully washed
with 0.5 mM CaSO4 and rinsed with distilled water before
being transferred. Other 3-day-old plants grown in the
nutrient solution without Fe were transferred of the complete
solution (Fe-resupplied plants). Sampling was performed after
O, 1, 3 and 7 days following induction/removal of Fe
deficiency and 4 h after onset of the photoperiod. For clarity,
plants previously grown in the presence/absence of Fe for 3 d
and then transferred to a Fe-free/complete solution are
hereby referred to as O throughout the text.

Iron-deficient plants showed the typical Fe deficiency
morphological responses (development of leaf Fe deficiency
chlorosis, stunted growth and appearance of lateral roots) and
the increase in the specific activities (Fe3*-chelate reductase
and H*-ATPase) proper of Strategy I plants (data not shown).

Amino acid analysis

Amino acid (aa) analysis was performed on O, 1, 3, 7-d plants.
Leaves and roots were harvested separately. Free aa were
extracted from fresh tissues at 4°C, first in 80% ethanol over
night, then in 60% ethanol for 1 h and finally in distilled water
for 24 h. The supernatants of each sample were pooled,
aliquoted and kept at -20°C. Free aa were determined by
HPLC as described before (Muller and Touraine, 1992).

Mineral content determination in leaves

The concentration of metals in the tissue of cucumber plants

was determined by ICP-MS spectroscopy (Varian, Fort Collins,
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CO, USA) after mineralization in HNOsz at 100-120°C as
described previously (Vigani et al., 2009).

Protein determination

Total protein concentration was determined by using the dye-
binding method of Bradford (Bradford, 1976), using serum
albumin as a standard.

Statistical analysis

All statistical analyses were conducted with Sigma-Stat® 3.1.
Means were compared by Student’s t test at the P<0.05 level
in all cases.

Results

Figure and table 3.1 reports the amino acid (aa) concentration
in roots and leaves of plants during the progression of Fe
deficiency. The analysis of aa closely related to glycolysis,
photorespiration and to Krebs cycle, like, glutamate (Glu),
glutamine (Gln), aspartate (Asp), asparagine (Asn), arginine
(Arg), glycine (Gly), and serine (Ser) was chosen. In general, it
is possible to note that aa concentration decreased in Fe-
deficient roots, while it increased in leaves, as the Fe
deficiency goes forward, with the sole exception of the Arg (see
table 3.1).

Table 3.1 reports for all the aa determined the differences
between O d and 7 d. In particular the concentration of Ser
and Gly, two aa involved in the photorespiratory process,
increased in leaf while they decreased in root, as Fe deficiency
condition proceed in time. However, the Ser decrease in root
was only significant after 3 days since Fe starvation was
induced (-38%), while Gly decreased in root by about 25%

after 7 d of Fe deficiency. At the same time both Ser and Gly
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strongly increased in leaves (+94% and +160%, respectively).
Interestingly, only the Arg showed a significant decreased
concentration at d 7 in both roots (—96%) and leaves (—35%).
Furthermore, Asp showed a decrease in Fe-deficient roots
(—49%) while it increased in Fe-deficient leaves (+125%). The
Asn concentration differed at leaf level where the increase was
about 13-fold at 7 d of -Fe condition compared to the control,
while it did not show any difference in the roots (Table 3.1).
The variation of Glu and Gln was very similar, but, in Fe-
deficient tissues, Gln decreased more in root (-64%) and
increased more in leaf (3-fold) when com- pared with Glu
(—52% and +138%, in roots and leaves, respectively).
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Figure 3.1 Concentration of Ser (a) and Gly (b) in leaf tissues during
the evolution of Fe-deficiency in time. In both cases, plants were grown
in conditions of Fe sufficiency for 6 d, and subsequently Fe deprived (1).
HPLC. Values were determined between O and 7 days of treatmen
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+Fe (0d)/-Fe(74d)

Roots Leaves
Asp - 49 + 125
Asn 0 + 1.263
Gln - 64 + 350
Glua - 33 + 138
Gly -25 + 160
Ser -12 + 94
Arg - 96 - 35

Table 3.1 Changes in amino acid concentration (%) in roots and leaves
of cucumber plants, as determined by Borlotti et al., 2012. Values are the
ratio determined between O and 7 days of treatment.

Figure 3.2 reports the variations of metals concentration in
the leaves of cucumber plants, as Fe deficiency proceed during
time, and over the restoration of Fe-sufficient conditions. In
general, resupply of iron to Fe-deficient plants led to a
increase of the concentration of some divalent cations like Fe,
Ca and Mn, whilst Na, Mg, Cu, Zn verge to decrease as Fe
sufficient condition are restored. No significant variations are
observed in this experimental condition for Mo, K and Pb. On
the other and, as Fe deficiency proceeds during time, we
observed a significant decrease in Fe, Mo, Cu concentration
and an increase in Na, Mg, Zn, Mn concentration. In these
conditions, no significant variations were detected in the
concentration of Pb and K. More in details, Fe concentration
strongly increase after 2 d of Fe resupply in the nutrient
solution, showing an almost 18 fold increase. This so strong
response of accumulation is weakening later to recover, after 7
days, Fe concentrations similar to those observed in Fe
sufficient plants. Fe deprivation, on the other hand, lead to a
progressive reduction of the concentration of this element
during the proceeding of the time (with the exception of day 2
after the induction of Fe deficiency). Interestingly Mn shows a
quite similar, but less intensive (3 fold ater 2 d), trend in the
plants during the Fe resupply condition. The concentration of

this element increases in our plants in the first 2 days and
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then diminishes constantly after 3d and 7d (the concentration
after 7 d was however lower than those found in Fe sufficient
plant). Conversely, induction of Fe deficiency leads to a
gradual increase of the concentration of Mn during the time.
The concentration of Na decrease immediately after the
resupply of Fe in the nutrient solution and no other significant
variations were observed in the following days during the
restoration of Fe-sufficient conditions. The induction of Fe
deficiency, contrariwise, results in a gradual increase on Na
concentration for the first three days, and then the
concentration was stable at day 7. Furthermore, the content
of Mg, was significantly reduced only after 7 days in the Fe-
resupplied plants, whereas we saw a gradual and constant
accumulation of this element in the Fe-deprived plants. A
similar, but different, behavior was observed for Zn, which
decreases constantly throughout the days after the resupply of
Fe, and increases continuously after the induction of Fe
deficiency. Moreover, the concentration of Ca was increased
during the first three days of Fe resupply, showing an 1,5-fold
increase for the first two days and a 2-fold increase at day 3,
after this the concentration decreases significantly and was
comparable with the one observed at day 1. The induction of
Fe deficiency leads to a first increase in Ca concentration,
significant after 2 days, an increase, which fades with the
progress of the time, when the concentrations return to levels
found at the beginning of the experiment. In this condition,
after 7 days, the concentration of Ca was also comparable
with the —-Fe plants. In addition, Cu concentration decreases
in the Fe resupply experiment, showing a significant 5-fold
decrease after 7 d. We also observed a lower concentration of
Mo in the Fe resupply plants after 7 d from the resupplying of
Fe in the nutrient solution. No significant variation was
observed in our experiments in the concentration of Pb in
leaves tissue.
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Figure 3.2. Variations in metal concentration in the leaves during the
evolution of Fe bioavailability in time. On the left, concentration of Fe
in leaves of plants grown in the total absence of Fe for 6 d, and
subsequently resupplied with Fe. On the right, concentration of Fe in Fe-
sufficient leaves of plants grown for 6 d and subsequently Fe-deprived.
Samplings were performed after 1, 2, 3 and 7 d from the change of Fe
availability. ICP-MS.

Discussion

The general decrease in aa content observed in Fe-deficient
roots could be caused by different factors: (i) a major
utilization of aa in the protein synthesis, (ii) an increase in
their translocation to the leaves and (iii) a degradation and/or
recycling of aa (Borlotti et al., 2012). Direct evidences
supporting the first hypothesis have been documented in Fe-
deficient cucumber root (Pontiggia et al., 2003). Concerning
the second hypotheses, an increase in the total aa
concentration in the xylem sap was observed during the
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progression of Fe deficiency (Borlotti et al.,, 2012)).
Considering that the transpiration rate (E) determined did not
change during this progression (see chapter II and also
Rombola et al., 2005) it would mean that the aa concentration
in the xylem sap increased under Fe deficiency accordingly
with the decrease of aa in roots. Concerning the last
hypothesis it remains speculative, being supported only by
indirect evidence. An increase in roots but not in leaves in the
activity of two enzymes involved in the recycling of aa,
alanine-aminotransferase (ALT) and aspartate-
aminotransferase (AST) was already showed by Borlotti et al.
These data are also supported by proteomic studies conducted
on cucumber (Donnini et al., 2010) and Medicago truncatula
(Rodriguez-Celma et al., 2011). Among all those aa variations,
we focus our attention mainly on the variations showed by Gly
and Ser, due to their involvement in the photorespiratory
metabolism. In particular, the strong accumulation of these
two aa in leaves (+94% Ser and +160% Gly) might suggest an
alteration in the mitochondrial activity of the Glycine
decarboxylase complex-Serine hydroxymethiltransferase cycle
(GDC-SHMT1 cycle), that converts glycine into serine within
the mitochondria, with the involvement of methylene
tetrahydrofolate and complex I of the respiratory chain, in a
process decoupled from the ATP synthesis.

ICP-MS analysis allows us to determine the concentration of
metals inside the leaves of Fe-deprived and Fe-resupplied
plants. Interestingly, we observe a similar trend in the
concentration of Fe and Mn during all experimental
conditions, suggesting that these two elements might share
the uptake mechanisms and the regulation pathway. It is well
established that IRTs are unspecific transporter and even if
they can also transport other divalent metals like Mn, Zn, and
Cd, they show a high affinity for Fe (Kobayashi and Nishizawa,
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2012). IRT1 so plays a pivotal role in the regulation of plant Fe
homeostasis, as demonstrated by the severe chlorosis and
lethality of an irtl-1 knockout mutant (Vert et al. 2002,
Henriques et al. 2002). Hence the Fe absorption dependent on
IRT1 allows proper growth and development under Fe limited
conditions (Vert et al. 2002). The strong increase in Fe
concentration for three days and the subsequent decrease
after the resupply of this element in the nutrient solution
suggests that the Fe deficiency response is maintained active
for a certain period of time after the element returns to be
bioavailable and then subsequently attenuated. Discerning
the behavior of the other elements, we can assume that in the
absence of Fe, non-specific transporters instead of Fe may
absorb other divalent cations.

In conclusion, these data, together with previous, allow us to
suggest that Fe deficiency strongly affected aa metabolism. It
has been proposed that it occur by limiting NR activity and by
increasing GS/GOGAT in both root and leaf (Borlotti et al.,
2012). Nevertheless under Fe deficiency root and leaf showed
some important differences: the aa content in root decreased
while in leaf it increased, and this changes might match the
opposite NR gene expression. Additionally, the different aa
distribution in Fe-deficient plants might be due the a major
translocation (together with other metabolites) via xylem from
root to leaf (Borlotti et al., 2012). Thus, under Fe deficiency,
root seems to respond more efficiently sustaining the whole
plant by furnishing metabolites (i.e. aa, organic acids) to the
leaves, in which the whole metabolism is inferred by a
decreased photosynthetic activity. The accumulation of Ser
and Gly might also be due to an alteration in the
photorespiratory metabolism at the GDC-SHMT]1 cycle in the
mitochondria of the —Fe plant.
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The alterations in the concentrations of metals suggest that Fe
deficiency induces a metabolic imbalance in which other
divalent cations are absorbed by unspecific transporter, due
to their similar characteristics to Fe, this can affect the
metabolism of the plant at different levels. Other metabolic
variations induced by Fe-deficiency were detected in Oryza
sativa and are reported in this work (see Chapter V).
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CHAPTER IV

Iron deficiency induces ROS accumulation in cucumber
plants linked to an imbalance in the antioxidant
machinery
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Highlights

Adverse environmental conditions are reported to induce
oxidative stress in plants as a consequence of reactive oxygen
species (ROS) overproduction. Under our experimental
conditions, reactive oxygen species accumulation detected in
cucumber plants grown in the absence of Fe could be
attributable to an increase in the activity of enzymes involved
in the formation of these species, or due to a simultaneous
reduced activity of enzymes involved in their detoxification. We
observed a slight induction in the activity of Cu/Zn-SOD
isoform whereas, in the same experimental conditions, a
reduction in Fe- and also in Mn-SOD isoforms activity was
also recorded. At the same time, the concentration of H2O2 in
the leaves of Fe-deficient plants, was significantly higher
(+40%) in the absence of Fe. All the data obtained in our
experiments allow us to speculate that Fe deficiency can
induce in the leaves of cucumber plants imbalances in the
metabolism of reactive oxygen species. This overproduction
could lead to an onset of oxidative stress which can lead to
further cell damage at different levels also with the
involvement of the photosynthetic apparatus.

Abstract

Adverse environmental conditions are reported to induce
oxidative stress in plants as a consequence of reactive oxygen
species (ROS) overproduction (Foyer et al. 1997). Plants have
well-developed defence systems against ROS, involving both
limiting their formation as well as instituting their removal
(Ogawa et al., 1996, Alscher et al., 2002; Culotta et al., 2006).
Iron (Fe) is either a constituent or a cofactor of many
antioxidant enzymes and, at the same time, can act as a
prooxidant through the Fenton reaction (Halliwell and

Gutteridge 1984). In its role as an enzyme constituent, Fe is
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part of catalase (CAT, EC 1.11.1.6), non-specific peroxidases
(POD, EC 1.11.1.7), ascorbate peroxidase (APX, EC 1.11.1.11)
and Fe superoxide dismutase (Fe-SOD, EC 1.15.1.1). These
enzymes constitute the first line of defence against ROS.
(McCord et al., 1969; Alscher et al. 2002, Blokhina et al. 2003,
Culotta et al. 2006).

Under our experimental conditions, reactive oxygen species
accumulation detected in cucumber plants grown in the
absence of Fe could be linked to an imbalance in this
antioxidant machinery. We observed a slight induction in the
activity of Cu/Zn-SOD isoform whereas, in the same
experimental conditions, a reduction in Fe- and also in Mn-
SOD isoforms activity was recorded. These findings are in
accordance with studies already performed on plants grown in
Fe-deprived conditions (Iturbe-Ormaexte et al. 1995,
Molassiotis et al. 2006, Donnini et al., 2012). At the same
time, the concentration of H2O2 in the leaves of Fe-deficient
plants, was significantly higher (+40%) in the absence of Fe.
Nevertheless, it is remarkably that this increase of HoO2 could
be also triggered by rise in other enzymatic activities, such as
NAD(P)H oxidases (Romero-Puertas et al. 2004), pH-dependent
PODs (Bestwick et al. 1998), as previously suggested by
Donnini et al. (2012). The concentrations of H2O2 might play
an important role in the Fe deficiency response signalling
processes, which should be further investigated also
considering the increasingly important role of this molecule as
a messenger involved in the processes of adjustment of cell
expansion during leaf development (Lu et al., 2014), which is
effectively reduced in Fe deficient plants.

Taken together, all the data obtained in our experiments allow
us to speculate that Fe deficiency can induce in the leaves of
cucumber plants imbalances in the metabolism of reactive
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oxygen species, either attributable to an increase in the
activity of enzymes involved in the formation of these species,
or due to a simultaneous reduced activity of enzymes involved
in their detoxification. This overproduction of reactive oxygen
species, if not properly handled by the cell, could lead to an
imbalance in the cellular homeostasis of the ROS, resulting in
an onset of oxidative stress which can lead to further cell
damage at different levels, also with the involvement of the
photosynthetic apparatus.

Introduction

Reactive Oz species (ROS) are produced in both unstressed
and stressed cell. Adverse environmental conditions are
reported to induce oxidative stress in plants as a consequence
of reactive oxygen species (ROS) overproduction (Foyer et al.
1997). Plants have well-developed defence systems against
ROS, involving both limiting their formation as well as
instituting their removal (Ogawa et al., 1996, Alscher et al.,
2002; Culotta et al., 2006). Plants generally react to a rise in
ROS concentration that the defence system is unable to
remove with increased enzymatic and/or non-enzymatic
antioxidant process (Alscher and Hess, 1993), but the
mechanism underlying these processes are not fully
understood yet. More in detail, relatively little information is
available on the relationships between Fe deficiency and
secondary oxidative stress, and some data remain
controversial (Iturbe-Ormaexte et al. 1995, Ranieri et al. 2001,
Lombardi et al. 2003, Chouliaras et al. 2004, Molassiotis et al.
2005). Fe is either a constituent or a cofactor of many
antioxidant enzymes and, at the same time, can act as a
prooxidant through the Fenton reaction (Halliwell and
Gutteridge 1984). In its role as an enzyme constituent, Fe is
part of catalase (CAT, EC 1.11.1.6), non-specific peroxidases
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(POD, EC 1.11.1.7), ascorbate peroxidase (APX, EC 1.11.1.11)
and Fe superoxide dismutase (Fe-SOD, EC 1.15.1.1).

Superoxide radical (O27) is produced at any location where an

electron transfer is present and thus in every compartment of
the cell. Superoxide dismutases are ubiquitous components of
cellular antioxidant systems. These enzymes constitute the
first line of defence against ROS by catalysing the
disproportionation of superoxide anion to oxygen and
hydrogen peroxide in different plant species under several
stress conditions, (McCord et al., 1969; Alscher et al. 2002,
Blokhina et al. 2003, Culotta et al. 2006). All known SODs
require a redox active transition metal in the active site in
order to accomplish the catalytic breakdown of superoxide
anion. A generic mechanism for the metalloenzyme-dependent
dismutation steps is described below.

Mt}xjdizcd_s()]_-} L ()2 — Mrcduc.cd-_S()D 1 ()2
Mrcduced_s()[} L ()2 1L IHt = Mlmd]zcd_s()]_‘) 1 ”2()2
200 + 2H" = 02 + H20,

The metal cofactors catalyse both a one-electron oxidation (see
first step) and a one-electron reduction of (second step)
separate  superoxide anions to give the overall
disproportionation reaction. These reactions typically do not
require external source of redox equivalents and are thus self-
contained components of the antioxidant machinery. This
allows SODs to function in a variety of intracellular and
extracellular environments. Superoxide dismutases are
typically soluble secreted or cytosolic proteins but are also
found in a number of subcellular compartments such as the
cell envelope of gram-negative bacteria, the mitochondria of
eukaryotic cells and chloroplasts, as well as the extracellular
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environment (Alscher et al., 2002). Based on the metal co-
factor used by the enzyme, SODs are classified into three
main groups: iron SOD (Fe-SOD), manganese SOD (Mn-SOD)
and copper-zinc SOD (Cu/Zn-SOD), and all these SODs are
located in different compartment of the cell.

Comparison of deduced amino acid sequences from these
three different type of SODs suggest that Mn and Fe-SOD are
the most ancient type of SODs and these enzymes might
probably have arisen from the same ancestral enzyme,
whereas Cu/Zn-SOD have probably evolved separately in
eukaryotes (Kanematsu and Asada, 1990; Smith and Doolittle,
1992). The evolutionary reason for the separation of SODs
with different metal requirements is probably related to the
different availability of soluble transition metal compounds in
the biosphere in relation to the Oz content of the atmosphere
in different geological eras (Bannister et al., 1991). While there
is no similarity in sequence or structure between Cu/Zn-SOD
and Mn/Fe-SOD families, these metalloproteins do share
some intriguing properties. For instance, both are quite stable
relative to most proteins found in mesophilic organisms
(Culotta et al., 2006). Members of these families of enzymes
are found across the continuum of life: examples are known in
prokaryotes, archea and eukaryotes. The Cu/Zn-SODs and
Mn-SOD, are the only forms found in yeast and mammals.
Excellent overviews of the prokaryotic nickel and Fe-SODs can
be found (Barondeau et al., 2004; Wintjens et al., 2004).

Intracellular Cu/Zn-SOD in mammals and S. cerevisiae is
mainly localized in cytosol with a smaller fraction in the
intermembrane space of mitochondria (Weiseger et al., 1973;
Lindeau et al., 2000; Sturtz et al., 2001; Okado-Matsumoto et
al., 2002; Field et al., 2003;). It has also been reported in
nuclei, lysosomes and peroxisomes using
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immunocytochemical methods (Chang et al., 1988). While
superoxide is produced in cytosol by several enzymes such as
xanthine oxidase (Moriwaki et al., 1993), respiratory
components in mitochondria are thought to be a major source
of O2 generation (Cadenas et al., 2000). In fact, in mammals,
more than 95% of consumed daily oxygen is reduced to water
in the respiratory chain, and 1- 2% of it has been estimated to
be converted to O> by proteins in the electron transport chain
in mitochondria. Most of mitochondrial O2 is disproportionate
by high levels of Mn-superoxide dismutase (1.1 x 105 M)
(Tyler, 1975) in the mitochondrial matrix. While the presence
of intracellular Cu/Zn-SOD in the mitochondrial matrix is a
controversial issue (Vijayvergiya et al., 2005), its localization
in the inter-membrane space (IMS) is now well established
(Weisiger et al., 1973; Sturtz et al., 2001; Han et al., 2001;
Okado-Matsumoto et al., 2002; Field et al., 2003). Cu/Zn-
SODs are important for survival of prokaryotes in relatively
late/stationary phase and contributes to the ability to grow
aerobically (St John et al., 1996). The periplasmic sources of
O2 have not yet been characterized but it is likely that
Cu/Zn-SOD protects components of this compartment against
both endogenous and exogenous sources of Oz, for instance
those arising from host pathogen responses.

Cu/Zn-SOD is quite strong with respect to physical or
chemical denaturation; enzymatic activity was observed in the
presence of stringent denaturants such as 10 M urea or 4%
SDS, and activity in standard buffers is also observed at 80 °C
(Hottinger et al., 1997; Bertini et al., 1998;). While thermal
(non-enzymatic) dismutation of Oz to O2 and H20: is
somewhat fast under typical conditions (5x10> M1 si),
Cu/Zn-SOD catalyzed dismutation is accelerated by four
orders of magnitude and approaches the diffusion-controlled
limit (1.6x10° M ! s 1). It is important to note that the rate of
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disproportionation by these enzymes is very similar to that of
buffer solutions containing transition metal salts. This
observation led to a significant amount of debate concerning
the actual function of SOD. Recent in vitro and in vivo studies
strongly support a model for the inorganic physiology of the
cytosol in which intracellular free Zn and Cu ion
concentrations are vanishingly small under normal aerobic
growth (Outten et al., 2001; Rae et al., 2001; Changela et al.,
2003; Finney et al., 2003; Tottey et al., 2005). This is
consistent with a selection process favouring organisms that
elaborate a means of localizing transition metal catalyst for
superoxide dismutation to different parts of the cell,
depending upon the origin and nature of the oxidative stress.
Free Fe, on the other hand, has been proposed to be more
available (Srinivasan et al., 2000)

The sequence and structure of Cu/Zn-SOD is highly
conserved from prokaryotes to eukaryotes (Bordo et al., 1994).
This protein associates to form a dimer with a dissociation
constant of 1.0 x 1010 M'! (Khare et al., 2004), and each
subunit has an immunoglobulin-like fold that provides an
active site with one copper and one zinc ion. One remarkable
feature is the intra-subunit disulphide bond, which is stable
and observed in most if not all Cu/Zn-SOD structures
published to date. It has long been known that the apo-form
of Cu/Zn-SOD can be generated in vitro and then
reconstituted with the native copper and zinc ions or with
other metals (Bertini et al., 1998). Most cells do not leave the
insertion of Cu to diffusion reactions and employ an accessory
protein known as the Cu chaperone for Cu/Zn-SOD (CCS) to
facilitate this process. CCS docks with and transfers the metal
ion to the disulphide-reduced apo-SOD1 (Rae et al., 2001;
Culotta et al., 1997). An intrasubunit disulphide is observed
in all structurally characterized forms of native Cu/Zn-SOD
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published to date. The disulphide reduced form of the yeast
Cu/Zn-SOD protein can accumulate in the cell under
anaerobic conditions or in the absences of CCS (Furukawa et
al., 2004; Brown et al., 2004). This immature state of the
protein is important for the physiology of Cu/Zn-SOD: only
the disulphide reduced and apo-form of the polypeptide can
be imported into the IMS of mitochondria (Field et al., 2003).
Several studies have shown that the disulphide is essential for
SOD activity and provide initial insights into how the Cu
loaded form of CCS might catalyse the oxidation of SOD to its
disulphide form [Furukawa et al., 2004, 2006; Brown et al.,
2004; Arnesano et al., 2004).

The Cu/Zn-SODs play important, but not necessarily
essential, roles in protecting components of the bacterial cell
envelope or many compartments of the eukaryotic cells. In
addition, there is accumulating evidence that copper
dependent SODs play roles in signal transduction pathways
(Leopold et al.,, 2005). The products of superoxide
dismutation, i.e. hydrogen peroxide and oxygen, may also play
direct signalling roles in the intracellular environment as well
(Immenschuh et al., 2005). With these more complex SOD
functions in mind, it is not surprising that numerous post-
translational mechanisms for regulating SOD activity in
response to physiological signals are beginning to emerge
(Brown et al., 2004). Intriguingly, metal insertion, proteolytic
processing and disulphide formation are important post-
translational modifications that alter Cu/Zn-SOD activity.
Three isozymes of Cu/Zn-SOD have been isolated from
spinach: one was found in intact chloroplast (Kanematsu and
Asada, 1990The other two isozymes are considered “cytosolic”
isozymes, because they could not be found in intact
chloroplast but were major isoforms in non-photosynthetic
tissues (Kanematsu and Asada, 1990). Immunogold-electron
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microscopic analyses of spinach leaves done with the antibody
specific for “cytosolic” Cu/Zn-SOD indicates that SODs are
localized in the apoplast, in the nucleus and in, or near, the
tonoplast (Ogawa et al., 1995). The association of Cu/Zn-SOD
with the nucleus indicates it has a role in preventing fatal
mutation caused by ROS. The localizing site of Cu/Zn-SOD in
the apoplastic region of spinach leaf tissues corresponds to
that of the accumulation of lignin. In spinach hypotcotil
“cytosolic” Cu/Zn-SOD is localized in vascular tissues where
lignification and the generation of superoxide respective were
shown by the phloroglucin-HCl reaction and formation of
formazane from nitroblue tetraziolium. Because hydrogen
peroxide is required for lignification via the peroxidase-
catalysed reaction, the Cu/Zn-SOD in the apoplast appears to
function in the biosynthesis of lignin by causing rapid
disproportionation of the superoxide anion radical prior to its
interaction with cellular components and peroxidase (Ogawa
et al., 19906).

The family of MnSOD or FeSOD enzymes first discovered by
Fridovich [11,16] has been well conserved throughout
evolution. Across various phyla of archae, eubacteria and
eukaryotes, the family of Mn/Fe SODs is comprised of dimers
or tetramers of 21 kDa subunits with considerable sequence
homology and well conserved protein folds (for review, see
Wintjens et al.,, 2004 and reference therein). Within each
subunit, a single Mn or Fr atom bound at the active site
serves to catalyse the disproportionation of superoxide to
oxygen and hydrogen peroxide. Based on the close homology
of Mn and Fe SODs, one might expect easily metal co-factor
substitution. Indeed, it has been shown that the Mn-SOD of E.
coli binds Fe with affinities equal to that of Mn (Mizuno et al.,
2004). Metal mis-incorporation with bacterial Mn-SODs has
also been observed in vivo. Mn-SOD of E. coliis expressed as a
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mixture of Mn and Fe bound forms (Beyer et al., 1991), and Fe
binding to Mn-SOD increases during anaerobic conditions and
when extracellular Fe is abundant (Privalle et al., 1992;
Whittaker et al., 2003;).

In eukaryotes, the manganese form of SOD generally exists in
in the matrix of the mitochondria. Rare exceptions include the
cytosolic Mn-SODs of the fungi C. albicans (Lamarre et al.,
2001) and crustaceans (Brouwer et al.,, 2003;). The
mechanism by which these cytosolic enzymes acquire their
Mn cofactor is still unknown.

In all plant species examined to date, it is inferred that Fe-
SODs are located in the chloroplast. Fe-SOD has also been
localized in the chloroplast in N. luteum and a potential
chloroplastic targeting sequence was found in soybean Fe-
SOD. Three Fe SODs were reported in Arabidopsis thaliana
(Kliebenstein et al., 1998). The absence of Fe-SOD in animals
has given rise to the proposal that the Fe-SOD gene originated
in the plastid and moved to the nuclear genome during the
evolution. Support for this theory comes from the existence of
several conserved regions that are present in plant and
cyanobacterial Fe-SOD sequences, but absent in non-
photosyntetic bacteria (Bowler et al., 1994).

There are two distinct groups of Fe-SOD. The first group is a
homodimer formed from two identical 20KDa subunit
proteins, with 1-2 gram atom of Fe in the active centre. This
group was found in Ginko biloba, Brassica calpestris and
Nuphar luteum (Salin and Bridges, 1980). The second Fe-SOD
group, found in most of higher plants, is a tetramer of four
equal subunits with a molecular weight of 80-90 KDa.
Member of this group contain 2-4 gram atoms of Fe in the
active centre.
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Mn-SODs occur in mitochondria and peroxisomes and carry
only one metal atom per subunit. These enzymes cannot
function without the Mn atom present in the active site. Even
though Mn and Fe SODs have a high similarity in their
primary, secondary and tertiary structure, these enzymes
have diverged sufficiently that Fe (II) could not restore the
activity of Mn-SOD and vice versa (Fridovich, 1986).

Mn-SOD is either a homodimeric or a homotetrameric enzyme
with one Mn(IIl) atom per subunit. The enzyme is not inhibited
by potassium cyanide (KCN) or inactivated by H202 and is
present in both eukaryotes and prokaryotes. Plant Mn SODs
have approximately 65% sequence similarity to one another,
and these enzymes also have high similarities to bacterial Mn-
SODs (Bowler et al., 1994). Although SOD is know as the
mitochondrial enzyme of eukaryotes, a Mn containing SOD
has also been located in the peroxisomes. The presence of one
peroxisomal and one mitochondrial Ms-SOD was shown by
using immunolocalization assays in watermelon (del Rio et al.,
1992). Four genes that encode Mn-SOD were reported in
maize (Zea mays) (Zhu and Scandalios, 1993). Deduced amino
acid sequences from these four isoenzymes have a
mitochondrial targeting sequence, indicating that all are
located in the mitochondria.

In all known cases of Mn-SOD, the polypeptide is encoded by
a nuclear gene and is imported into the mitochondrial matrix.
The enzyme is synthesized as a precursor polypeptide
containing, at its N-terminus, a pre-sequence for
mitochondrial targeting that is subsequently cleaved in
mitochondria. Mitocondrial import of the precursor has shown
to be necessary for co-factor insertion. During co-translational
import of Mn-SOD into mitochondria, the polypeptide may
remain sufficiently unfolded to facilitate Mn insertion (Culotta
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et al., 2006). Alternatively, an accessory factor may contain
Mn-SOD in the unfolded state during import to allow rapid
manganese insertion prior to enzyme folding (Luk et al.,
2005).

In contrast to the Cu/Zn-requiring SODs, the Mn containing
SODs of the mitochondria plays an essential role in oxidative
stress protection. Complete loss of the enzyme results in
neonatal lethality in mice (Lebovitz et al., 1996) and is also
critical for growth and viability of other eukaryotic organisms
(Kirby et al., 2002; Duttaroy et al., 2003;). It is generally
accepted that high Fe causes oxidative stress mainly through
Fe catalysed Fenton chemistry, however, analyses of
mitochondrial SOD suggest a new component to Fe toxicity:
inactivation of important mitochondrial anti-oxidant enzymes
(Culotta et al., 20006).

Finally, the studies on the various metal containing SODs
raise questions about the evolution of SOD catalysts. It is
quite possible that environmental metal ion availability and
cell physiology have played important roles in determining the
nature of the specific metal ion and SOD-type used in
scavenging toxic superoxide anion (Culotta et al., 2006).

In addition to SOD activity, other enzymes, the most
important being CAT and PODs control the intracellular level
of H>O>. Peroxidases, by means of their hydroxylic or
peroxidative activity, can regulate both ROS production and
scavenging in numerous cell compartments and thus they can
be involved in many plant processes, such as growth and
biotic/abiotic stress responses (Passardi et al. 2005). In the
cell wall, PODs are present as soluble, ionically and covalently
bound forms and they can catalyse cross-linking reactions,
building a rigid cell wall, or produce ROS-generating wall-
loosening reactions, to make it more flexible (Lewis and
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Yamamoto 1990, Polle et al. 1994, Schweikert et al. 2000).
Additionally, PODs are enzymes directly involved in lignin
biosynthesis by assembling lignin units through oxidative
polymerization (Lewis and Yamamoto 1990). Several works
have well documented that some growth conditions are
responsible for the increase in cell-wall lignification, which, by
reducing cell growth, may represent a plant’s adaptation to
adverse conditions (Jbir et al. 2001, Lee et al. 2007). With
regard to plants grown under Fe deficiency, POD isoforms are
differently affected. Ranieri et al. (2001) showed, in Fe-
deficient sunflower, a preferential reduction in the activity of
those isoforms involved in H2O> detoxification, rather than in
the maintenance of cell-wall structure.

According to Molassiotis et al. (2006), increased POD activity
may be an important attribute linked to chlorosis tolerance in
peach rootstocks. Furthermore, the occurrence of a
overproduction of reactive oxygen species and, at the same
time, of a scarce capacity to detoxifying them, may lead to
alterations in organ growth through cell-wall modifications
(Donnini et al. 2008, 2012). In particular, in a pear genotype
tolerant to lime-induced chlorosis, treatment with bicarbonate
results in an increase in non-specific POD activity, confirming
its higher level of protection in particular against H2O2
accumulation. In a quince genotype susceptible to lime-
induced chlorosis the presence of ROS in root apoplast under
bicarbonate supply was correlated to lignin deposits in
external layers and endodermis as a consequence of the shift
of PODs towards a lignification role (Donnini et al., 2012). The
possibility based on the idea that cell wall modifications
underlying organ growth are affected by ROS production was
supported by several previous reports (Schopfer, 2001;
Liszkay et al., 2004; Passardi et al., 2005).
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Materials and Methods
Plant growing conditions

Seeds of cucumber (Cucumis sativus L. cv. Marketmore 76)
were surface-sterilized and sown in Agriperlite, watered with

0.1 mm CaSOQy4, allowed to germinate in the dark at 26°C for 3

d, and then transferred to a nutrient solution with the
following composition: 2 mm Ca(NO)z, 0.75 mm KzSO4, 0.65
mm MgSO4, 0.5 mm KH2PO4, 10 ym H3BO3, 1 ym MnSO4, 0.5
Hm CuSOg4, 0.5 pm ZnSO4, 0.05 pm (NH4)Mo07024 and 0.1 mm
Fe(IlI)-EDTA (when added). The pH was adjusted to 6.2 with
NaOH. Aerated hydroponic cultures were maintained in a
growth chamber with a day:night regime of 16:8 h and a
photosynthetic photon flux density (PPFD) of 200 pmol m™2
s ! photosynthetically active radiation (PAR) at the plant level.

The temperature was 18°C in the dark and 24°C in the light.

For the time-course experiments, 3 d-old plants grown in the
nutrient solution were transferred, after removal of
cotyledons, to 10 L of the same solution without Fe (Fe-
deprived plants). Roots of these plants were carefully washed
with 0.5 mM CaSO4 and rinsed with distilled water before
being transferred. Other 3-day-old plants grown in the
nutrient solution without Fe were transferred of the complete
solution (Fe-resupplied plants). Sampling was performed after
O, 1, 3 and 7 days following induction/removal of Fe
deficiency and 4 h after onset of the photoperiod. For clarity,
plants previously grown in the presence/absence of Fe for 3 d
and then transferred to a Fe-free/complete solution are
hereby referred to as O throughout the text.

Iron-deficient plants showed the typical Fe deficiency
morphological responses (development of leaf Fe deficiency
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chlorosis, stunted growth and appearance of lateral roots) and
the increase in the specific activities (Fe3*-chelate reductase
and H*-ATPase) proper of Strategy I plants (data not shown).

Protein determination

Protein content was determined by the Bradford (1976)
procedure using the Bio-Rad reagent and bovine serum
albumin as a protein standard.

SOD extraction and activity assay

Root samples were ground in liquid N2 with 10% (w/w)
polyvinylpolypyrrolidone (PVPP) and homogenized in a
medium containing: 50 mM K-phosphate buffer (pH 7.00), 1
mM EDTA, 0.05% (v/v) Triton X-100, 1 mM dithiothreitol
(DTT), 1 mM Na-ascorbate and 0.50 mM
phenylmethylsulphonyl fluoride (PMSF). After centrifugation
at 12,000g for 30 min at 4 °C, the supernatant was collected
and dialysed overnight at 4 °C against 1:50 (v/v) diluted
buffer. Superoxide dismutase activity was assayed according
to the method of Scebba et al. (2003) at 560 nm, based on the
enzyme’s ability to inhibit the photoreduction of
nitrobluetetrazolium (NBT). One enzyme unit was defined as
the amount of enzyme inhibiting 50% of NBT photoreduction.

Native PAGE and SOD isoform visualization

Superoxide dismutase isoforms were separated by 12.5%
native polyacrylamide gel electrophoresis (PAGE) at 100 V
using the method described by Beuchamp and Fridovich
(1971). Pre-treatment of the gels with 5 mM H202 and 3 mM
KCN before SOD staining allowed us to characterize SOD
isoforms as Cu/Zn-SOD, Fe-SOD or Mn-SOD. Mn-SOD is
resistant to both inhibitors, Fe-SOD is resistant to KCN and
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inhibited by H202, and both inhibitors inhibit Cu/Zn-SOD.

Native PAGE and CAT activity assay

Electrophoresis was performed on 7.5% polyacrylamide gels
electrophoresis (PAGE) at 100 (V) as described previously by
Clare et al. (1984). Gel was soaked first for 45’ min in the
potassium phosphate buffer 50 mM, pH 7.0 containing
horseradish peroxidase (50ug/ml). H2O2 was then added to a
concentration of 5 mM and soaking was continued for 10 min.
Higher levels of H2O2 reduce the sensitivity of this activity
stain both by inactivating the catalase and by preventing the
complete decomposition of H2O> at the position of bands of
catalase. Gels were then rapidly rinsed twice with distilled
water and placed into 0.5 mg/ml of O-diaminobenzidine in the
phosphate buffer, until staining was completed.

H>0-> content evaluation

H>02 content was measured following the method reported by
Ranieri et al. (2001) based on the formation of titanium-
peroxide complex. The leaf samples, homogenized in cold
100% acetone (1:2; w:v), were centrifuged at 10000g for 10
min and 20% TiCls in concentrated HCl was added to
supernatant aliquots to give a final titanium concentration of
4%. After addition of NH4OH (0,2 ml for each ml of sample) to
precipitate the titanium-peroxide complex, samples were
centrifuged at 10000 g for 5 min and the resulting pellet was
washed five times in acetone and then resuspended in 2 N
H>SO4. The absorbance of the solution was read at 415 nm
against a blank containing H2O instead of extracts. H202
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content was calculated using a standard curve of H202 of
know concentrations from 0.1 to 1 mM.

Results

Cu Zn SOD

Fe SOD

Mn SOD

+ Fe - Fe

Figure 4.1 SOD isoforms activity assay on PAGE native
elecrophoresis: plants grown in the presence or absence of Fe (50-0 mM
Fe) for 10 d. Discrimination among isoforms was performed using KCN,
H>0; or both as inhibitors; 12 ug protein x lane.

SOD isoform activities, performed on native PAGE, are showed
in fig. 4.1. The pre-treatment of the gels with HoO2 and KCN
as inhibitors before SOD activity staining allowed us to
characterize SOD isoforms as Cu/Zn-SOD, Fe-SOD or Mn-
SOD. Plants grown in the presence of Fe showed a higher
activity of the Fe-SOD and Mn-SOD isoforms, whereas the
activity of Cu/Zn-SOD was lower. On the contrary, the lack of
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Fe results in a slightly increased activity of Cu/Zn SOD
isoform, whilst we observed a reduced activity of the Fe-SOD
and Mn-SOD isoforms, as expected. We then perform native
PAGE in order to determine the activity of catalase during Fe
deficiency. As shown in figure 4.2, Fe deficiency induces a
reduction in the activity of catalase in the leaves of cucumber
plants. The reduction of catalase activity in Fe-deficient plants
is also confirmed by enzymatic analysis (for further details see
chapter V). In the light of all these findings we decide to
determine the concentration of hydrogen peroxide in the
leaves. As shown in figure 4.3, the concentration was
significantly higher (+40%) in the absence of Fe, and this
datum is quite in accordance with the measured reduction of
catalase activity in Fe-deficient plants, determined by
enzymatic activity assay (-35%).

- 240 KDa

Figure 4.2. CAT activity assay on PAGE native elecrophoresis: plants
grown in the presence or absence of Fe (50-O0 mM Fe) for 10 d; 10 ug
protein x lane.
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H041
40-

+Fe -Fe

Figure 4.3. Quantification of hydrogen peroxide in leaves: plants grown
in the presence or absence of Fe (50-0 mM Fe) for 10 d;

Discussion

Under our experimental conditions, reactive oxygen species
accumulation detected in cucumber plants grown in the
absence of Fe could be linked to an imbalance in the
antioxidant machinery. More in detail, the lack of Fe could
result in an accumulation of ROS due either to their increased
synthesis or to their reduced degradation. To test this
hypothesis, we have analysed the main enzymes involved in
ROS metabolism. Among these activities, the SODs are
involved in the responses to Fe deficiency stress, catalysing
the dismutation into H2O2 of Oz, formed to a high extent
under this condition (Ranieri et al. 1999, Molassiotis et al.
2005). To determine whether differences between the
individual SOD isoforms were present, we have also
determined SOD activity by using non-denaturating gel
staining (Figure 4.1). We observe a slight induction in the
activity of Cu/Zn-SOD isoform whereas, in the same
experimental conditions, we saw a reduction in Fe and also in
Mn-SOD isoforms activity. These findings are quite in
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accordance with studies already performed on plants grown in
Fe-deprived conditions, which showed higher SOD activity,
mainly due to increased Cu/Zn-SOD or Mn-SOD isoforms
(Iturbe-Ormaexte et al. 1995, Molassiotis et al. 2006, Donnini
et al., 2012).

At the same time, the concentration of hydrogen peroxide in
the leaves of Fe-deficient plants, was significantly higher
(+40%) in the absence of Fe, and this is in accordance with the
measured reduction of catalase activity in Fe-deficient plants,
determined by enzymatic activity assay (-35%) and activity
staining on native PAGE. Nevertheless, it is remarkably that
this increase of H2O2 could be also triggered by rise in other
enzymatic activities, such as NAD(P)H oxidases (Romero-
Puertas et al. 2004), pH-dependent PODs (Bestwick et al.
1998), as previously suggested by Donnini et al. (2012). In
general, we can infer that though other activities could not be
completely ruled out. In view of this, further investigation
should be conducted, in particular the activities of PODs, the
cellular distribution of H202 and the concentration of Oz
should be determined. In particular, increase in the
concentrations of hydrogen peroxide might play an important
role in the Fe deficiency response signalling processes, which
should be further investigated, also considering the
increasingly important role of this molecule as a messenger
involved in the processes of adjustment of cell expansion
during leaf development (Lu et al., 2014), which is effectively
reduced in Fe deficient plants.

Taken together, all the data obtained in these experiments
allow us to speculate that Fe deficiency can induce in the
leaves of cucumber plants imbalances in the metabolism of
reactive oxygen species, either attributable to an increase in
the activity of enzymes involved in the formation of these
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species, or due to a simultaneous reduced activity of enzymes
involved in their detoxification. This overproduction of reactive
oxygen species, if not properly handled by the cell, could lead
to an imbalance in the cellular homeostasis of the ROS,
resulting in a onset of oxidative stress which, if not correctly
managed, can lead to further cell damage at different levels,
also with the involvement of the photosynthetic apparatus.
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CHAPTER V

Iron deficiency induces alterations in the
photorespiratory peroxisome metabolism
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Highlights

Fe deficiency induces alterations in peroxisomes at different
levels indicating modifications in the photorespiratory
metabolism. The complete lack of Fe results in a strong
inhibition of catalase enzymatic activity (-35%). Nevertheless,
we detect higher levels of catalase in Fe-deficient plants
compared to control condition (plants grown in the presence of
Fe). No significant changes in the glycolate oxidase activity in
all the different experimental conditions verified were
observed. In Fe sufficiency condition the total activity of
hydroxypyruvate reductase was fully attributable to the
peroxisomal isoform (HPR1), while we record an equal
distribution of the activity between the two isoforms,
peroxisomal and cytosolic (HPR2) in plants grown under
conditions of Fe deficiency.

Abstract

Plant peroxisomes are small (about 0,5-1 pm diameter),
ubiquitous eukaryotic organelles essential to several
physiological processes such as lipid metabolism and plant
hormone biosynthesis and metabolism (Olsen and Harada,
1995; Zolman et al., 2000; Hayashi and Nishimura, 2003;
Nyathi and Baker, 2006; Reumann and Weber, 2006). A
central function of plant peroxisomes is their contribution to
photorespiration (Hu et al., 2012). This light-dependent
pathway is linked to photosynthesis by the dual function of
plastidic Rubisco. Low CO2 concentrations favour the
oxygenase reaction of Rubisco leading to an accumulation of
toxic 2-phosphoglycolate (Reumann and Weber, 2006). This
compound is efficiently degraded via the photorespiratory C2
cycle, converting 2-phosphoglycolate to 3-phosphoglycerate,
which re-enters the Calvin-Benson cycle. Substantial energy

costs are required for re-assimilation (Reumann and Weber,
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20006). Peroxisomes also mediate a wide range of oxidative
metabolic activities that vary among the species, cell type, and
environmental conditions in which the organism lives
(Beevers, 1979; Van den Bosch et al., 1992). Under non-stress
conditions ROS produced by peroxisomal metabolism are
scavenged by the simultaneous action of the peroxisomal
antioxidant systems catalase, ascorbate peroxidase and the
ascorbate—glutathione cycle (del Rio et al., 2002). However,
under oxidative stress conditions peroxisomal ROS generation
is enhanced and ROS scavenging is insufficient (del Rio et al.,
2002). The ability to cope with an increased ROS production is
correlated with up-regulation of peroxisomal antioxidant
systems in natural stress-tolerant plant species (Mittova et al.,
2003; 2004).

Performed Western Blot analysis allowed us to observe that Fe
deficiency induces a louder accumulation of catalase in Fe-
deficent plants compared to control condition (plants grown in
the presence of Fe). Curiously, the two treatments result in a
different distribution of the immunochemical signal among the
different fractions of our separation gradient. The complete
lack of Fe results in a strong inhibition of catalase enzymatic
activity (-35%). We were not able to observe any significant
change in the glycolate oxidase enzyme activity in all the
different experimental conditions verified. Moreover, we
discriminate the activity of the two hydroypyruvate reductase
isoforms (cytosolic and peroxisomal). In Fe sufficiency
condition the total activity was fully attributable to the
peroxisomal isoform (HPR1), while we observe an equal
distribution of the activity between the two isoforms in plants
grown under conditions of Fe deficiency. However the total
enzymatic activity was comparable to that of the control
condition.
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Taken together our data suggest that Fe deficiency induces
alterations in peroxisomes at different levels, indicating
modifications in the photorespiratory metabolism.
Nevertheless, further analyses are required to complete the
metabolic characterization of this organelle, in order to fill the
complete form of the metabolic changes during Fe-starvation.

Introduction

Peroxisomes are metabolically diverse organelles with
essential roles in plant development. Surrounded by single
membranes, peroxisomes are small (about 0,5-1 um diameter),
ubiquitous eukaryotic organelles mediating a wide range of
oxidative metabolic activities that vary among the species, cell
type, and environmental conditions in which the organism
lives (Beevers, 1979; Van den Bosch et al.,, 1992). Plant
peroxisomes are essential to many physiological processes
such as lipid metabolism, photorespiration, and plant
hormone biosynthesis and metabolism (Olsen and Harada,
1995; Zolman et al., 2000; Hayashi and Nishimura, 2003;
Nyathi and Baker, 2006; Reumann and Weber, 2006). They
are also essential for embryogenesis and play pivotal roles in
plant responses to abiotic and biotic stresses (Lin et al., 1999;
Hu et al., 2002; Schumann et al., 2003; Sparkes et al., 2003;
Fan et al., 2005; Lipka et al., 2005; Desai and Hu, 2008).
Early models of peroxisome biogenesis invoked an origin from
the endoplasmic reticulum (ER) (Beevers, 1979) and electron
microscopic observations that peroxisomes were sometimes
seen closely associated with ER (Frederick and Newcomb,
1969) were often used as an argument to support this
concept. However whether such association also reflected
luminal continuity and a biogenetic relationship was hotly
debated, as was the significance of reports of glycoproteins in
peroxisomes and similarities in membrane protein and
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phospholipid composition between ER and peroxisomal
membranes (reviewed in Kindl, 1982). Following the discovery
of a specialised peroxisome protein import machinery and the
ability of peroxisomes to divide, the field as a whole moved
from the idea that peroxisomes derived from the ER to the
concept that they imported proteins post translationally, but
with the capacity to import some components, lipids certainly
and possibly some membrane proteins from the ER (reviewed
in Hu et al, 2012 and reference therein).

Electron microscopy fails to capture the dynamic nature of
peroxisomes. With the advent of live cell imaging it has
become apparent that plant peroxisomes move actively on the
actin based cytoskeleton (Collings et al., 2002; Jedd et al.
2002) and undergo changes of shape, extending tubules
termed peroxules (Scott et al., 2007) particularly under
conditions of oxidative stress that generate hydroxyl radicals
(Sinclair et al., 2009). Extension of peroxules often reflects
underlying ER dynamics, with the peroxules appearing to
extend along ER tubules (Sinclair et al., 2009). To address the
question of whether there is direct physical connection
between ER and peroxisomes in Arabidopsis cells,
peroxisomes were labelled with the photo-switchable red-to
green EosFP in the apml mutant background. The mutants
are defective in DRP3a required for peroxisome division (Mano
et al., 2004) and display highly elongated peroxisomes that
also mirror underlying RFP marked ER (Barton et al., 2013).
However despite the close and frequent contact between
peroxisomes and ER no evidence for luminal connection was
observed (Barton et al., 2013). Nevertheless it seems possible
that membrane contact sites between ER and peroxisomes
could exist which might aid delivery of membrane lipids and
potentially some membrane proteins. The machinery for
sorting membrane proteins to peroxisomes comprises 3
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peroxins, PEX3, PEX19 and PEX16. In S. cerevisiae mutants
of pex3 and pex19 lack peroxisomes, and peroxisomal
membrane proteins (PMPs) are either degraded or mis-
localised. In mammalian cells an additional peroxin, PEX16,
which is absent in S. cerevisiae, is also essential for PMP
insertion and pex3, pex16 and pexl19 mutants all lack
peroxisomes. In both yeast and mammalian cells,
transformation of these mutants with the corresponding wild
type gene is sufficient to restore membrane and matrix protein
import, and therefore to reconstitute functional peroxisomes.
These observations are one of the strongest arguments for the
formation of peroxisomes de novo from the ER, and indeed
PEX3 and PEX19 in Saccharomyces, and PEX3, 19 and 16 in
mammals all play a role in the formation of peroxisomes from
the ER. However PEX3, PEX16 and PEX19 also have roles in
direct targeting of membrane proteins to peroxisomes
(reviewed in Kim and Hetterna, 2015). PEX3, PEX16 and
PEX19 homologues can be found across the green plants,
however PEX16 is absent in diatoms. A schematic diagram
showing PMP targeting pathways based on composite data
from different systems is shown in Fig. 5.1
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Figure 5.1 Schematic diagram of peroxisomal membrane protein
trafficking. As information from studies from plant systems are very
limited, the diagram incorporates information from studies on yeast and
mammalian systems, which may not be identical. (i) Direct import pathway
for both multispan and tail anchored PMPs. These interact with PEX19 via
their mPTS in the cytosol; subsequently PEX19 docks with PEX3 on the
peroxisome membrane leading to insertion of the PMP. Arabidopsis PMP22
inserts directly into peroxisomes in vitro and in vivo (Tugal et al., 1999;
Murray et al., 2003) and Arabidopsis PEX19 binds multiple PMPs [22]. (ii).
Direct insertion of PEX3 in a PEX19 and PEX16 dependent manner. This
pathway has been described in mammalian cells (Matsuzaky et al., 2008)
but has not been examined in any plant system. (iii) In humans and fungi
some tail anchored (TA) proteins are inserted first in the R by the Get
complex. PEX16 and PEX3 are delivered to the ER and are delivered to
peroxisomes via vesicular traffic (from Cross et al., 2015).

PEX3

PEX3 is the membrane bound receptor for PEX19 (Fang et al.,
2004; Schmidt et al., 2010; Sato et al., 2010) and is encoded
by 2 isoforms in Arabidopsis. AtPEX3-2 is proposed to have
both N and C termini in the peroxisome (Hunt et al., 2004) but
it is difficult to see how that can be the case, given that in
other systems the protein has a single membrane
transmembrane segment with N terminal facing the
peroxisome lumen while the C terminus is required to be
exposed to the cytosol in order to interact with PEX19 (Cross
et al., 2015). The deduced topology of AtPEX3-2 was based on
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the inability to detect N and C terminal epitope tagged
versions of AtPEX3-2 when cells were permeabilised with
digitonin, which selectively permeabilises the plasma
membrane (Banjoko et al. 1995) Although this method can be
very useful in determining topology, it is prone to false
negatives if the protein folds or interacts with other proteins
such that the epitope tag is obscured.

PEX3 is considered to be one of the ‘early’ peroxins that is
generally accepted to sort from the ER to peroxisomes in
mammalian and yeast systems (Kim et al., 2015) (Fig. x iii). N
terminally myc tagged AtPEX3-2 sorted rapidly to peroxisomes
within 2 h when transiently expressed in either Arabidopsis or
tobacco suspension cells and was not detected in ER or pER
(peroxisomal ER subdomain). (Hunt et al., 2004). This was
interpreted as evidence for direct transport of PEX3 to
peroxisomes in plants (Fig. x ii). However 2 h may be too long
a time frame to see ER intermediates as ScPex3p was
completely localised to peroxisomes within a 45-60 min chase
period (Fakieh et al., 2013). The 40 N terminal amino acids of
AtPEX3-2 (including the conserved basic cluster and predicted
N terminal transmembrane domain (TMD)) could target
chloramphenicol acetyl transferase to peroxisomes in both
Arabidopsis and tobacco. Deletion and substitution analysis
showed the importance of these sequence features (Hunt et
al., 2004). Similarly, the N terminal 45 residues of S.cerevisiae
Pex3 were required for peroxisomal targeting (via the ER) (Tam
et al., 2005; Halbach et al., 2009). More detailed analysis
showed that the TMD and 6 charged residues of the cytosolic
domain of ScPex3p are needed for ER targeting while the N
terminal luminal part is needed to reach pER and
peroxisomes, since removal leads to vacuolar localisation.
Within this region the two positively charged regions act
redundantly for peroxisomal sorting (Fackieh et al., 2013).
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In the Arabidopsis pex3i mutant both PEX3 genes were
simultaneously down regulated to < 20% of wild type
expression level but the mutants were not dependent on
sucrose for post germinative growth and remained sensitive to
2,4 dB. This compound is bio-activated to 2,4D (a herbicide)
by B-oxidation, and so retention of sensitivity in mutants is an
indication that the peroxisomes retain a functional beta
oxidation pathway. The pex3i double knock down had large
elongated peroxisomes, (Nito et al, 2007) which is very
different to phenotypes of pex3 mutants in mammals and
plants. Given the differences in mutant phenotypes and
possible difference in topology, the function of PEX3 in plant
systems warrants further study.

PEX19

PEX19 isoforms are present in wheat, Arabidopsis, moss
(Physcomitrella patens) and the diatom Phaeodactylum
tricornutum. In Arabidopsis there are 2 isoforms of PEX19
(Hadden et al., 2006). Down regulation by RNAi gave different
phenotypes compared to those seen in the equivalent
mammalian or yeast mutants (Nito et al., 2007). In pex19-1i
and pex19-2i plants where the individual genes were knocked
down independently slightly enlarged peroxisomes that
contained a matrix targeted GFP reporter were observed, but
in each mutant the other isoform was expressed, which may
explain why a severe phenotype was mnot observed.
Biochemical characterisation of AtPEX19-1 showed that, like
PEX19 in other systems, it is a predominantly soluble protein
with only a small proportion associated with peroxisome
membranes. Recombinant AtPEX19-1 could bind AtPEX10 in
vitro, consistent with its proposed receptor/chaperone role in
yeasts and mammals (Hadden et al., 2006). At PEX19-1 and
At PEX19-2 could also bind the Arabidopsis peroxisomal ABC
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transporter COMATOSE (Nyathi et al., 2010) which was
correctly targeted to peroxisomes when expressed in S.
cerevisiae (Nyathi et al., 2010, 2012). The human ABCD1-3
transporters ALDP, PMP70 and ALDPR were correctly targeted
to peroxisomes in tobacco cells and could be mis-targeted to
the nucleus by co-expression with Arabidopsis PEX19-1 to
which a nuclear localisation signal had been appended (Zhang
et al., 2011). Taken together the findings reported in those
works suggest that despite the large evolutionary distance,
recognition and delivery of PMPs is conserved. However
AtPEX19 could not complement the S. cerevisiae pex19 A
mutant, indicating that not all PEX19 functions are conserved
(Nyathi 2012). Perhaps this is not surprising given that in S.
cerevisiae PEX19 has multiple functions. As well as its role in
direct import of membrane proteins, its interaction with PEX3
at the ER is important for the initiation of de novo peroxisome
biogenesis (Fig. x). It is required for the formation of vesicles
containing PEX3 from the ER, it interacts with the myosin
myo2p and also with PEX14 of the docking translocation
machinery (DTM) for matrix protein import (reviewed in
Theodoulou et al., 2013).

AtPEX19 appears to form a disulphide bonded dimer both in
vitro and in vivo, and in vivo cross-linking showed that it was
the dimeric form of PEX19 that preferentially binds cargo
proteins (Hadden et al., 2006). While this property has not
been reported for PEX19 of other organisms, it is intriguing to
note that the PTS1 receptor PEXS has also been shown to
form a disulphide bonded dimer and it was proposed that the
disulphide bonded form had higher affinity for PTS1 cargo (Ma
et al., 2013). A number of parallels can be drawn between the
functions of PEX5 and PEX19. Both proteins shuttle between
cytosol and peroxisomes. Both have a folded C terminal
domain that binds to cargo proteins (Stanley et al., 2006;
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Schueller et al., 2010) and an unstructured N terminal
domain that interact with docking components; PEX14 in the
case of PEXS5 (Schliebs, 1999; Lanyon-Hogg, 2014) and PEXS3
in the case of PEX19 (Fang et al., 2004; Schmidt et al., 2010;
Sato 2010). Perhaps the redox regulation of both matrix and
membrane protein import is one means by which peroxisomes
can regulate their activities in concert with metabolism
(Nordgren et al., 2014).

PEX16

In addition to targeting to the peroxisome via the ER in
mammals, PEX3 can also insert directly into peroxisome
membranes in a PEX19 and PEX16-dependent manner, with
PEX16 proposed to function as the membrane receptor
(Matsuzaki et al., 2008) (Fig. x ii). However PEX16 is not a
universal peroxin as it is absent from S. cerevisiae and P.
tricornutum. PEX16 itself traffics to peroxisomes via the ER
(Fig. 5.1 iii) (reviewed in Kim, 2015). In Arabidopsis a PEX16
homologue (SSE1) was identified through the cloning of the
gene defective in the ShrunkenSEed 1 (ssel) mutant (Lin et
al., 1999). As the name suggests this mutant has shrunken
seeds due to abnormal deposition of protein and oil bodies
during seed development. Despite only low (26% identity) the
corresponding SSE1 gene could partially complement the
growth of Yarrowia lipolytica pex16 mutant for growth on
oleate (Lin et al., 1999). In homozygous ssel embryos the
signal from a PTS1 fluorescent reporter was not detected, and
a PTS2 reporter labelled small abnormal structures against a
diffuse background suggesting normal peroxisomes were
absent. SSE1 over expression caused formation of
peroxisomal aggregates (Lin et al., 2004). As well as these
effects on peroxisomes, the ssel mutant shows reduced fatty
acid biosynthesis and production of oil bodies; both ER-
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dependent processes. The mutant phenotype emphasises the
close relationship between ER and peroxisomal metabolic
processes, and how disruption of one can impact the other.

SEE1/AtPEX16 itself is targeted to peroxisomes (Lin et al,
2004) and peroxisomes and ER (Karnik et al, 2005) Transient
expression of myc tagged AtPEX16 in Arabidopsis and tobacco
suspension cells resulted in co-localisation with ER markers
at early time points and with peroxisome markers at late time
points. Cold treatment resulted in AtPEX16 accumulation in
reticular structures and upon subsequent warming
localisation in peroxisomes (Karnik et al., 2007) A recent
study provides evidence that AtPEX16 like its human
counterpart can act as a receptor for PMPs (Hua et al., 2015)

As additional functions are discovered for plant peroxisomes,
a comprehensive inventory of peroxisomal proteins will be
crucial to determine the under-lying mechanisms for the new
roles. The major protein constituents of plant peroxisomes are
well characterized, whereas only a few low-abundance and
regulatory proteins have been reported to date.

Because peroxisomes lack DNA, all peroxisomal proteins are
imported directly from the cytosol or via the endoplasmic
reticulum (Purdue and Lazarow, 2001). With a few exceptions,
proteins destined to the peroxisome matrix contain a
conserved peroxisome targeting type 1 (PTS1) or type 2 (PTS2)
signal. PTS1 is a tripeptide sequence located at the extreme C
terminus of a majority of matrix proteins; it consists of SKL
(Ser-Lys-Leu) or a variant of this canonical sequence. PTS2 is
a nonapeptide sequence with the prototype RLxsHL, which is

present at or near the N terminus of some matrix proteins.
After PTS2-containing proteins enter the peroxisome, the N-
terminal domain is cleaved off in plants and animals (Purdue
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and Lazarow, 2001). In silico searches of fungal, plant, and
animal genomes for proteins containing putative C-terminal
PTS1 sequences revealed that plants might contain the
highest number of peroxisomal proteins (Emanuelsson et al.,
2003). Screening the Arabidopsis genome for proteins carrying
targeting signals specifically defined for higher plants (Hayashi
et al., 1997; Reumann, 2004) has led to the identification of
about 280 genes that encode proteins containing putative
PTS1 (220) and PTS2 (60) peptides (Kamada et al., 2003;
Reumann et al., 2004). Results from these in silico analyses
suggest that, although only a few dozen proteins have
annotated peroxisomal functions, the total number of proteins
in plant peroxisomes may well exceed 300.

Fusion of either signal peptide to a heterologous protein
results in direct targeting to peroxisomes. Thus, the enzymatic
content of peroxisomes can be easily modified. In contrast to
plastids and mitochondria, the peroxisomal protein import
machinery is able to import fully folded proteins and stable
protein complexes in a receptor-independent fashion (Hu et al.
2012). The import of heterologous protein complexes into
peroxisomes depends on a mechanism called “piggybacking”,
where a protein without a peroxisomal-targeting signal uses a
PTS-carrying protein as shuttle (Mullen et al., 1997; Meyer et
al., 2011). Therefore, coupling of a shuttle protein to other
proteins might enable the targeting of even larger protein
complexes to peroxisomes without modifying the import
receptor machinery.

Novel plant PTS peptides are being discovered in the
postgenomic era. The characterization of only three additional
PTS1 tripeptides allowed the prediction of about 100
additional PTS1-containing proteins in Arabidopsis (Reumann
et al., 2007). However, in silico predictions of peroxisomal
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proteins also have limitations. We are still unable to predict
proteins that are targeted to the membrane of peroxisomes or
imported into the peroxisomal matrix by non-PTS1/2
pathways or “piggy-backing” mechanisms. In addition, some
true peroxisomal proteins are currently missed by predictions,
because of our insufficient knowledge of PTS variant
sequences. Furthermore, amino acid residues located adjacent
to PTSs can be crucial in some cases for PTS recognition and
peroxisome targeting (Brocard and Hartig, 2006): for example,
protein targeting to plant peroxisomes by weak PTS1
tripeptides such as SHL. (where . indicates the stop codon) is
dependent on the presence of basic residues upstream of
PTS1 (Ma and Reumann, 2008); thus, plant proteins
terminating with a weak PTS1 tripeptide and lacking essential
targeting enhancer elements nearby are likely
nonperoxisomal. In addition, proteins carrying strong PTSl1s
such as SKL. can be nonperoxisomal if the PTS1 is preceded
by several acidic residues (Ma and Reumann, 2008). Lastly,
some predicted PTSs may not be surface exposed and/or can
be overruled by other targeting signals (Brocard and Hartig,
2006).

Mass spectrometry (MS) analysis of proteins from purified
peroxisomes is a powerful alternative approach to discover
peroxisomal proteins, especially those unidentifiable by
computational strategies. To date, researchers have generally
used two-dimensional gel electrophoresis (2-DE) of purified
plant peroxisomes followed by MS analysis to identify proteins
from peroxisomes taken from Arabidopsis green cotyledons
and leaves (Fukao et al., 2002; Reumann et al., 2007) or from
etiolated Arabidopsis and soybean (Glycine max) cotyledons
(Fukao et al., 2003; Arai et al.,, 2008). Initial proteome
analyses of Arabidopsis peroxisomes identified a relatively
small number of proteins, largely due to the great difficulty in
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isolating highly pure peroxisomes, which is a bottleneck in
organelle proteomics (Fukao et al.,, 2002, 2003). Leaf
peroxisomes are generally very instable in aqueous solution
due to the presence of a single membrane and (para-
Jcrystalline inclusions in the matrix. Leaf peroxisomes from
Arabidopsis are particularly fragile and, moreover, strongly
physically adhere to chloroplasts and mitochondria for largely
unknown reasons.

A proteome study with improved peroxisome purification
methods significantly increased the number of peroxisomal
matrix proteins identified from leaf peroxisomes (Reumann et
al., 2007). However, some known matrix proteins and
unknown regulatory proteins, most membrane proteins, and
numerous novel proteins predicted to be peroxisome targeted
with high probability by in silico PTS searches (Reumann et
al., 2004) remained undetected. Eubel et al. (2008) purified
peroxisomes from Arabidopsis cell suspension cultures by
free-flow electrophoresis and detected about 20 novel proteins
whose functions had not been associated with peroxisomes
before. One of these putative novel proteins was confirmed to
be peroxisomal by in vivo subcellular targeting analysis (Eubel
et al., 2008).

Various abiotic and biotic stress conditions, such as salinity,
heat, cold, drought, and pathogen infection induce oxidative
stress in plants. This results in overproduction of ROS in
chloroplasts, mitochondria, and peroxisomes, with highly
oxidative metabolism (Halliwell et al., 2006; Mittler et al.,
2002). Plants are unable to escape exposure to environmental
stresses, thus they have developed a complex antioxidant
defense system to control ROS levels and protect cells from
oxidative injury (Palma et al., 2006). Under non-stress
conditions ROS produced by peroxisomal metabolism are
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scavenged by the simultaneous action of the peroxisomal
antioxidant systems catalase, ascorbate peroxidase and the
ascorbate—glutathione cycle (del Rio et al., 2002). However,
under oxidative stress conditions peroxisomal ROS generation
is enhanced and ROS scavenging is insufficient (del Rio et al.,
2002). The ability to cope with an increased ROS production is
correlated with up-regulation of peroxisomal antioxidant
systems in natural stress-tolerant plant species (Mittova et al.,
2003; 2004). One goal for engineering plants with wide-
ranging stress resistance would be improving the peroxisomal
ROS scavenging machinery (i.e. modulate the gene expression
and enzymatic activity). Catalase as a prominent H>O2
scavenger is an important target. It is highly abundant in
plant peroxisomes but has a low substrate affinity (Mhamdi et
al., 2012). Modulation of its catalytic activity might be a
starting-point to overcome this drawback, leading to more
efficient ROS detoxification in plant peroxisomes. Because
bacterial catalases offer higher HoO» affinity, several studies
have ectopically expressed the Escherichia coli catalase in
plant species such as tobacco, tomato, and rice (Shikanai et
al., 1998; Mohamed et al., 2003; Moriwaki et al., 2008). The
resulting transgenic plants displayed an increased protection
against oxidative stress. The same outcome was achieved by
over-expression of the peroxisomal ascorbate peroxidase
(APX), which acts in tandem with catalase to degrade H2Oo>
(Wang et al., 1999; Li et al., 2009;). Alternatively, an enhanced
ascorbate—glutathione cycle in the peroxisomal matrix could
reduce plant stress (del Rio et al., 2002). To accomplish this
task various modifications are required simultaneously: (i)
enlarging the peroxisomal glutathione and ascorbate pool by
stimulating biosynthesis and uptake into peroxisomes, (ii)
increasing the NADPH levels in peroxisomes by over-
expressing the peroxisomal NAD kinase for NADPH production
(Waller et al., 2010), and (iiij constitutive peroxisomal
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targeting of glutathione reductase, which carries a weak
peroxisomal targeting signal and is located in the cytosol and
peroxisomes (Kataya et al., 2010). Previous studies have
successfully induced the biosynthesis of glutathione and
ascorbate, resulting in higher glutathione and ascorbate levels
in the cytosol (Foyer et al., 1995; Chen et al., 2003). To
increase peroxisomal import of glutathione and ascorbate,
specific peroxisomal transport proteins remain to be
identified. To date, modifying the redox state of peroxisomal
ascorbate and glutathione pools is feasible (Waller et al., 2010;
Kataya et al., 2010). Enhancing glutathione and ascorbate
uptake remains to be achieved in future, since corresponding
peroxisomal transporters have not been identified thus far.

Peroxisomes are an attractive target for metabolic engineering,
to increase yield and quality of plant products. Manipulation
of peroxisomal scavenging systems for reactive oxygen species
(ROS) might enhance plant fitness under environmental stress
conditions (Nielsen, 1998). Besides altering peroxisomal
functions, novel pathways can be implemented in
peroxisomes, enabling the synthesis of desired metabolites or
degradation of toxic molecules. The following characteristics
illustrate why peroxisomes are well suited for biotechnological
purposes: (i) Peroxisomes are surrounded by a single bilayer
lipid membrane (Hu et al., 2014). Novel reactions can be
compartmentalized within peroxisomes. A peroxisomal
compartmentation is favourable because end products or
intermediates can be toxic for the cell. As peroxisomes are
equipped with efficient ROS-detoxifying systems (Palma et al.,
2006), ROS-producing reactions can be introduced in
peroxisomes without deleterious effects. (ii) Peroxisomes allow
an efficient targeting of heterologous proteins, since protein-
targeting signals for the peroxisome are well established.
However, several limitations have to be considered when
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modifying or introducing pathways to peroxisomes. If fluxes
through endogenous peroxisomal pathways are changed,
overall cellular metabolism and substrate homeostasis could
be negatively influenced. For example, changes in peroxisomal
contributions to auxin synthesis or photorespiration were
reported to create substantial reductions in fitness (Zolman et
al., 2000; Igarashi et al., 2003)).

Peroxisomal bypass pathways to reduce photorespiration

A central function of plant peroxisomes is their contribution to
photorespiration (Fig. 5.2) (Hu et al., 2012). This light-
dependent pathway is linked to photosynthesis by the dual
function of plastidic Rubisco. Low carbon dioxide
concentrations favour the oxygenase reaction of Rubisco
leading to an accumulation of toxic 2-phosphoglycolate
(Reumann and Weber, 2006). This compound is efficiently
degraded via the photorespiratory C2 cycle, converting 2-
phosphoglycolate to 3-phosphoglycerate, which re-enters the
Calvin-Benson cycle. CO2 and ammonia (NH3) are released.
Substantial energy costs are required for re-assimilation (Fig.
5.2) (Reumann and Weber, 2006). The goal is to optimize plant
metabolism and to increase biomass production by
minimizing energy losses in  photorespiration. As
photorespiration is required in all photosynthetic organisms,
it cannot be eliminated completely, but bypassed (Maurino
and Peterhansel, 2010). So far, three reactions have been
tested in plants circumventing energy loss from
photorespiration (Peterhansel et al., 2013). A reduction of the
Rubisco oxygenase reaction was attempted by increasing CO2
levels inside chloroplasts, utilizing carbon derived from 2-
phosphogycolate (Fig. 5.2, blue pathway) (Maier et al., 2012).
Secondly, an alternative plastidic conversion route for 2-
phosphoglycolate has been reported (Fig. 5.2, red pathway)
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(Kebeish et al., 2007). Both approaches bypassing the
mitochondrial CO: release led to an increase in biomass
production under ambient CO2 conditions (Kebeish et al.,
2007; Maier et al.,, 2012). To avoid mitochondrial NHs3
production a short-circuit pathway of the photorespiratory
nitrogen cycle was implemented into peroxisomes (Carvalho et
al., 2011). Glyoxylate carboligase (GCL) and hydroxypyruvate
isomerase (HYI) from E. coli were introduced into peroxisomes
of transgenic tobacco leaves resulting in a peroxisomal
conversion of glyoxylate to hydroxypyruvate (Fig. 5.2, green
pathway). Unfortunately, this bypass did not show the
benefits expected for biomass production (Carvalho et al.,
2013). Instead, leaves of transgenic tobacco displayed
chlorotic lesions under ambient CO> levels. Detailed analyses
revealed that the GCL/HYI pathway introduced was not fully
operating, due to silencing of the bacterial hydroxypyruvate
isomerase gene (Carvalho et al., 2013). Thus, the functionality
of this proposed pathway remains to be demonstrated. The
use of RNA-silencing tobacco mutants might overcome this
obstacle (Voinett et al., 2003). It might enable further analyses
studying peroxisomes as tools to bypass photorespiration
(Carvalho et al., 2013).
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Fig. 5.2 The loss of ammonia during photorespiration can be bypassed.
Ammonia and CO; are released in mitochondria during the conversion of
glycine to serine. Ammonia can be re-assimilated in chloroplasts. The
ammonia-consuming reactions can be bypassed by a photorespiratory
short-circuit in peroxisomes (shown in green) by introducing two bacterial
enzymes GCL and HYI. The plastidic bypasses introduced by Maier et al.
and Kebeish et al. are presented in blue and red, respectively.

Materials and Methods.
Plant material and growth conditions

Seeds of cucumber (Cucumis sativus L. cv. Marketmore “76)
were surface-sterilized and sown in Agriperlite, watered with
0.1 mm CaSO4, allowed to germinate in the dark at 26°C for 3
d, and then transferred to a nutrient solution with the
following composition: 2 mm Ca(NO)3z, 0.75 mm K2SO4, 0.65
mm MgSO4, 0.5 mm KH>PO4, 10 ym H3BO3, 1 ym MnSOQO4, 0.5
MHm CuSOg4, 0.5 pm ZnSO4, 0.05 ym (NH4)Mo7024 and 0.1 mm
Fe(Il)-EDTA (when added). The pH was adjusted to 6.2 with
NaOH. Aerated hydroponic cultures were maintained in a
growth chamber with a day:night regime of 16:8 h and a
photosynthetic photon flux density (PPFD) of 200 pmol m 2
s ! photosynthetically active radiation (PAR) at the plant level.

The temperature was 18°C in the dark and 24°C in the light.

For the time-course experiments, 3 d-old plants grown in the
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nutrient solution were transferred, after removal of
cotyledons, to 10 L of the same solution without Fe (Fe-
deprived plants). Roots of these plants were carefully washed
with 0.5 mM CaSO4 and rinsed with distilled water before
being transferred. Other 3-day-old plants grown in the
nutrient solution without Fe were transferred of the complete
solution (Fe-resupplied plants). Sampling was performed after
O, 1, 3 and 7 days following induction/removal of Fe
deficiency and 4 h after onset of the photoperiod. For clarity,
plants previously grown in the presence/absence of Fe for 3 d
and then transferred to a Fe-free/complete solution are
hereby referred to as O throughout the text.

Iron-deficient plants showed the typical Fe deficiency
morphological responses (development of leaf Fe deficiency
chlorosis, stunted growth and appearance of lateral roots) and
the increase in the specific activities (Fe3*-chelate reductase
and H*-ATPase) proper of Strategy I plants (data not shown).

Isolation of Peroxisomes from Mature Leaves in High Purity

To identify plant-specific peroxisomal proteins we follow a new
purification method described by Reumann et al., (2007,
2009, 2014) for leaf peroxisomes with some modifications,
established with the objectives of (i) increasing the stability of
peroxisomes in aqueous solution, (ii) reducing the physical
interaction of peroxisomes with mitochondria and
chloroplasts, and (iii) increasing the specificity of peroxisome
enrichment by a combination of Percoll and sucrose density
gradient centrifugation. 10-d-old leaves from cucumber plants
were harvested at the end of the dark period, stored in a ice
bag during the lagging time, and then gently ground in a
buffer of high osmolarity (GB: 170 mM Tricine-KOH, pH 7.5,
1.0 M sucrose, 1% [w/v] BSA, 2 mM EDTA, 5 mM DTT, 10 mM
KCI, and 1 mM MgClo) in the presence of protease inhibitors
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cocktail (0,1 mM PMSF, 0,2 mM benzamide and 0,2 mM e-
amminocaproic acid) using a mortar and a pestle. The
suspension was filtered, and chloroplasts were sedimented at
5000g (1 min, SS34 rotor). Approximately 20 mL of
supernatant was loaded onto a Percoll density gradient
prepared in TE buffer (20 mM Tricine-KOH, pH 7.5, and 1 mM
EDTA) supplemented with 0.75 M sucrose and 0.2% (w/v)
BSA underlaid by 36% sucrose (w/w) in TE buffer (top to
bottom gradient composition: 3 mL of 15% Percoll, 9 mL of
38% Percoll, 2 mL each of a mixture of 38% Percoll, and 36%
[w/w] sucrose at a ratio of 2:1 and 1:2, and 3 mL of 36%
(w/w) sucrose in TE buffer). The mixed Percoll-sucrose
gradients were centrifuged for 12 min at 10,500 rpm and then
10 to 20 min at 15,000 rpm (SS34 rotor). Co-sedimentation of
peroxisomes along with mitochondria and thylakoid
membranes by differential centrifugation prior to isopycnic
organelle separation increased irreversibly interorganellar
adhesion and  peroxisome  contamination. @ Whereas
chloroplasts, thylakoid membranes, and mitochondria were
largely retained in the 15 and 38% (v/v) Percoll fraction near
the top of the gradient, intact leaf peroxisomes crossed the
Percoll layer and were recovered at the bottom, visible as a
whitish  diffuse organelle sediment (Figure 5.3). The
peroxisome fractions at the bottom of the gradient of several
Percoll gradients were combined, diluted in 36% (w/w)
sucrose in TE buffer, washed several times in TE buffer and
finally sedimented by centrifugation (30 min, 15,000 rpm,
SS34 rotor), supplemented with protease inhibitors, and
stored in appropriate aliquots, yielding the leaf peroxisomal
fraction LP-P1. The enrichment in leaf peroxisomes was high,
as determined by western blot analysis using catalase and
glyoxilate oxidase as marker. Contaminating chloroplasts and
mitochondria were estimated to comprise only 0.1 and 1.7% of
the total, respectively (Reumann et al., 2007 (Table 5.1).
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Figure 5.3 Work flow of the isolation of leaf peroxisomes from mature
leaves of Cucumis sativus L. by a mixed Percoll and sucrose density
gradient centrifugation. The green colour at the bottom of the Percoll
gradient is due to light reflection from the thylakoid fraction rather than
plastid contamination (see also table 5.1)

Biochemical Analysis of Peroxisome Purity

HPR NADP-Dependant GAPDH Fumarase
Activity Percentage Activity Percentage Contamination Activity Percentage Contamination
{nkat) of CE (nkat) of CE (%) (nkat) of CE (%)

Crude exiract 1240+ 70 100 1500 =500 100 167 =35 100

Leaf peroxisome fraction LP-P1 895275 7.2 039014 0026 036 056+032 033 4.6

Leaf peroxisome fraction LP-P2 458 £ 175 37 0.065 + 0029 00043 012 010+004 0062 17

Table 5.1 Peroxisome purity was determined on the basis of the activity
of specific marker enzyme for leaf peroxisome (HPR), chloroplasts (NADP-
dependent GAPDH) and mitochondria (fumarase). CE, crude exctract.
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Western blot analysis

Purified peroxisomes isolated from leaf of cucumber plants
grown in the presence and the absence of Fe were loaded on a
discontinuous  SDS-polyacrylamide gel, (3.75% (w/V)
acrylamide stacking gel, and 10-15% (w/v) acrylamide
separating gel) (according to the method of Laemmli, 1970).

Electrophoretic transfer to nitrocellulose membrane filters
(Sigma, Milan, Italy) was performed in 48 mM Tris, 39 mM
glycine, 0.0375% SDS and 20% (v/v) methanol for 1.5 h at
room temperature at 0.8 mA cm 2. After blotting, the
membrane was incubated for 1 h in PBS-TB blocking buffer
(phosphate-buffered saline, 0.1% Tween-20, 1% BSA, (for
monoclonal antibodies)) or TBS-TM blocking buffer (Tris-
buffered saline, 0.1% Tween-20, 5% commercial dried
skimmed milk, (for polyclonal antibodies)). Different
antibodies were used, and the dilution ratios were: 1:6000 for
a-CAT (Yamaguchi et al., 1984), 1:3000 for a-GOX (Nishimura
et al., 1983), 1:3000 for a-PEX14 (Hayashi et al., 2000). All
these antibodies were a kind gift from Dr. Shoji Mano from the
department of Cell Biology, National Institute for Basic
Biology, Okazaki, Japan. The incubation in primary antibody,
diluted in blocking buffer, was carried out for 2 h at room
temperature. After rinsing with TBS-TM or PBS-TB,
nitrocellulose = membranes were incubated at room
temperature for 2 h with a 1:10000 diluted secondary
antibody (alkaline phosphatase-conjugated anti-rabbit (for
polyclonals) or anti-mouse (for monoclonals) IgG, Sigma). After
rinsing in TBS-T (Tris-buffered saline, 0.1% Tween-20) or
PBS-T (phosphate-buffered saline, 0.1% Tween-20), filters
were incubated in S5-bromo-4-chloro-3-indolylphosphate and
nitroblue tetrazolium (FAST BCIP/ NBT, Sigma) for detection.
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Assay of Catalase (enzymatic) activity

Catalase activity assay was performed according to the
method described by Luck et al. (1965). 10-days-old leaves of
cucumber plant were grounded in a mortar with the addition
of liquid nitrogen (N2), polyvinyl pyrrolidone (PVPP) 10% (w/w
leaves), and buffer in a ratio 1: 2.5 (w:v) (Buffer composition:
Tris-HCIl 220 mM- pH 7.4; MgCl> 1mM; KCl 50 mM; Sucrose
250 mM; DTT 1mM (P.M.154,3); PMSF (50 mg/ml DMSO). The
suspension was filtered and then centrifugated at 12000 g for
30 minutes at 4° C. Supernatant was recovered and then
dialyzed overnight against diluted extraction buffer
(approximately 1:50). Degradation of H2O2, which reflects the
catalytic  activity of catalase was  monitored by
spectrophotometric analysis at 240 nm, 25° C (€m 240 = 39,4
mM-! cm-!) using Na-phospate buffer 65 mM pH 7.2 as assay
bulffer.

Assay of Glycolate oxidase activity

Glycolate oxidase activity was measured according to
Macheroaux et al (1991) in an enzyme-coupled assay using
horseradish peroxidase and o-dianisidine to remove hydrogen
peroxide generated during oxidation of glycolate. A typical
assay mixture contained pl0O L of horseradish peroxidase (1
mg/mL), 50 pL of o-dianisidine solution (8 mM, 20% Triton X-
100), 10 pL of sodium glycolate (1 M), and 930 pL of 0.1 M
potassium phosphate buffer, pH 8.3. The reaction was started
by adding 10 pL of the glycolate oxidase sample. Formation of
the o-dianisidine radical cation, which reflects the catalytic
activity of glycolate oxidase was  monitored by
spectrophotometric analysis at 440 nm and at 25° C (€m 440 =
11600 M1 cm7).
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Assay of Hydoxypiruvate reductase activity

Hydroxypiruvate activity assay was measured as described
previously by Schwizguebel and Seigenthaler (1984) in a
reaction medium containing SOmm phosphate buffer (pH 6.2);
0.025%(v/v) TritonX-100; 1 mM KCNO.2mm NADH. The
reaction was started by the addition of 2mm hydroxypyruvate
and the oxidation of NADH was followed at 340 nm (€m 340
=6,22 M1 cm).

Protein determination

Protein content was determined by the Bradford (1976)
procedure using the Bio-Rad reagent and bovine serum
albumin as a protein standard.

Results

CE 51 | B
+ FE CAT ==
- Fe car — e G -

Figure 5.4. Western blot analysis of different fraction of
the mixed Percoll-Sucrose gradient on + Fe and - Fe
cucumber leaves. For each sample, 10 pg of protein was
used. Antibody used was against catalase. CAT catalase;
CE crude extract: S1 supernatant 1; I Percoll-Sucrose
interface; B bottom of the centrifugation tubes.
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In order to assess the efficiency of the protocol used for
peroxisome isolation, we firstly perform western blot analysis
on our samples, using catalase as a marker. The results of
this experiment are shown in figure 5.4. As shown by the
image, Fe deficiency induces a louder immunochemical signal
compared to control condition (plants grown in the presence of
Fe). Curiously, the two treatments result in a different
distribution of the immunochemical signal among the different
fractions of the mixed Percoll-sucrose separation gradient. To
fill the compete form of catalase behaviour under Fe
deficiency, we decide to determine the activity of this enzyme
at different bioavailability conditions of this element. As
reported in figure 5.5 (left), the complete lack of Fe results in a
strong inhibition of catalase activity (-35%) after 10d of growth
in the leaves of cucumber plants. This result was consistent to
our previous observation of reduced activity determined
through activity staining assay on native PAGE (see chapter
IV). Deprivation of Fe to Fe-sufficient plants determines no
significant variation in the activity of this enzyme, whereas Fe
resupply to Fe-deficient plants results in a restoration of the
activity to level similar to the Fe-sufficient plants after 24 h
(fig. 5.5 (centre). Iron deprivation of Fe-sufficient plants seems
to induce a gradually and constant increase in the catalase
activity with the proceedings of Fe deficiency during the time.
Nevertheless, this variation was not significant.
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Figure 5.5 Enzymatic activity of catalase in different experimental
conditions: (left) plants grown in the presence or absence of Fe (50-0 mM
Fe); (centre) plants grown for 6 g in the presence/absence of Fe and
subsequently deprived/replenished with Fe, sampling after 1 d; (right)
plants grown under Fe sufficiency to 6 d subsequently deprived of Fe,
samples after 2, 4 and 7 d of treatment.
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Figure 5.6 Enzymatic activity of glycolate oxidase in different
experimental conditions: (left) plants grown in the presence or absence of
Fe (50-0 mM Fe); (centre) plants grown for 6 g in the presence/absence of
Fe and subsequently deprived/replenished with Fe, sampling after 1 d;
(right) plants grown under Fe sufficiency to 6 d subsequently deprived of
Fe, samples after 2, 4 and 7 d of treatment.
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To check if the Fe deficiency also affects the activity of
enzymes that do not use Fe as a cofactor, we then determinate
the activity of another peroxisomal enzyme, glycolate oxidase,
which catalyze the first reaction of photorespiration into
peroxisome, the conversion of glycolate to glyoxilate. During
this reaction, H202 is normally generated as byproduct and
then scavenged by catalase. As shown in figure 5.6, Fe
deficiency does not result in significant variation in the
activity of this enzyme. Due to the great variability inherent in
the method, we were not able to observe any significant
change in the enzyme activity in all the different experimental
conditions verified, with the sole exception of a strong
reduction in the enzymatic activity after 24 h from the
deprivation of Fe in Fe-sufficient plants. In any case, it would
appear that the deprivation of Fe to Fe-sufficient plants might
result in a gradual increase in the activity of glycolate oxidase.
Furthermore, western blot analysis on peroxisomal purified
fraction LP-P1 against glycolate oxidase, allow us to observe
no difference in the immunochemical signal, as showed in
figure 5.7.

LP-P1

..r_‘ T
+ Fe GOX s
- Fe GOX . — -

Figure 5.7 Western blot analysis of + Fe and — Fe cucumber leaves. For
each sample, 12 pg of protein was used. Antibody used was against
Glycolate oxidase. GOX catalase; LP-P1 Leaf peroxisome purified fraction.
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The activity of another Fe-independent peroxisomal enzyme,
the hydroxypyruvate reductase, has been investigated. The
lack of Fe during growth does not induce significant
alterations in the total activity of this enzyme in the leaves of
cucumber plants (figure 5.8 left). Moreover, we discriminate
the activity of the two hydroypyruvate reductase isoforms
(cytosolic and peroxisomal), using NADPH or NADH, according
to the selective substrate affinity of the two different isoform.
As shown in figure 5.8, right, in Fe sufficiency condition the
total hydroxypyruvate reductase activity was fully attributable
to the peroxisomal isoform (HPRI1), while we can not observe
any cytosolic isoform (HPR2) activity. Conversely, in plants
grown under conditions of Fe deficiency the total enzymatic
activity was comparable to that of the control condition,
whereas there was an equal distribution of the activity
between the two isoforms.

-0.084 -0.154
£ c
g -0.064 g
2 £ -0.10
o] o
£ -0.04 E
c c
E E 0,054 -
g -0.02 g
0.00- 0.00- . T
+Fe -Fe HPR1 HPR2 HPR1 HPR2
+Fe -Fe

Figure 5.8 Enzymatic activity of hydroxypyruvate reductase. Plants
grown in the presence or absence of Fe (50-0 mM Fe); (left) total
hydroxypyruvate activity; (right) discrimination of isoform activity achieved
using NADPH or NADH as substrate, according to the selective affinity of
the two different isoform. Hydroxypiruvate reductase activity 1
(peroxisomal isoform); HPR2 Hydroxypyruvate reductase activity 2
(cytosolic isoform).
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Discussion

The conducted western blot analysis on catalase allowed us to
verify the efficiency of the protocol used for the isolation of
peroxisomes. In the Fe-deficient plants it was observed an
increase in the immunochemical signal, index of a greater
accumulation of this enzyme compared to control conditions.
However, in the two different experimental conditions tested, a
different distribution of the induced signal within the
separation gradient was observed. In Fe deficiency conditions
peroxisomes accumulate mainly in the interface between the
mixed Percoll-sucrose 1: 2 and 36% sucrose (w/v) fractions on
the bottom of the tube. In conditions of Fe sulfficiency,
peroxisomes instead accumulate on the bottom of the
separation gradient. Some variability was still seen among the
various biological repetitions. This behaviour is in agreement
with what reported by the authors of the method (Reumann et
al., 2007). For this reason, we decided to collect the mixed
Percoll-sucrose 1: 2 and 36% sucrose (w/v) fractions and
name them LP-P1, in order to isolate the largest possible
amount of peroxisomes. We then started the biochemical
characterization of the peroxisome on these purified fractions.
Instead the greater accumulation of the protein in the leaves,
the activity of one of the principal enzymes of the peroxisomal
metabolism, catalase, which is involved in the
photorespiratory process since it catalyses the detoxification
of hydrogen peroxide produced by the reaction catalysed by
glycolate oxidase, results to be greatly compromised (-35%), in
conditions of Fe deficiency. This is probably due to the lack of
the element in the tissues, since catalase uses it as a cofactor
(Fe is contained in the heme group).

Recent studies (Shibata et al., 2013; Sinclair et al., 2009)
report that the accumulation of inactive catalase in
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peroxisomes triggers an aggregation process that mediate
their subsequent degradation through autophagy, in a process
mediated by the consequent accumulation of H202. More in
detail, in peroxisomes of photosynthetic organs, hydrogen
peroxide is excessively produced, mainly from
photorespiratory metabolism. Catalase is the main scavenging
enzyme for hydrogen peroxide, but this enzyme is irreversibly
inactivated by its substrate (Williams, 1928). Thus, H202
accumulates in response to catalase inactivation in the
peroxisomes, and the peroxisomes gradually exhibit oxidative
conditions. When plant leaves are treated with hydrogen
peroxide, peroxisomes change their morphology, forming
extended structures termed peroxules (Sinclair et al., 2009).
In addition, data reported by Shibata et al. (2013) reveal that
peroxisome aggregates observed in the Arabidopsis peupl
mutant consist of peroxisomes that were oxidized by an excess
of hydrogen peroxide. The aggregated peroxisomes in the
peupl mutant actually sometimes formed extended structures
similar to peroxules, suggesting that the accumulation of
hydrogen peroxide induces peroxisome aggregation through
the production of peroxule-like structures (Shibata et al.,
2013). In this respect, a peroxisome aggregate can be
considered to be a cluster of damaged peroxisomes. Because
hydrogen peroxide also functions as a signalling molecule in
processes such as programmed cell death (Alvarez et al.,
1998; Gechev and Hille, 2005; del Rio and Pusso, 2009),
damaged peroxisomes with un-controllable hydrogen peroxide
levels preclude optimal plant growth. These damaged
peroxisomes were accumulated in the peupl mutant,
suggesting that autophagic processes in the wild type must
degrade the peroxisomes. However, the factors that hold the
peroxisomes together in the aggregates are still not completely
understood (Shibata et al., 2013).
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This phenomenon may also partly explain the different
distribution of the catalase immunochemical signal within the
different fractions of the separation gradient. This
accumulation of inactive catalase in conditions of Fe
deficiency could then induce a different density of
peroxisomes. However, further investigation should be
conducted to validate this hypothesis.

The activity of Fe-independent enzyme glycolate oxidase does
not show significant changes in the various experimental
conditions tested, probably this was due to the great
variability inherent in the analytical method. No variation in
quantity of the protein was also observed in the western blot
analysis conducted.

The hydroxypyruvate reductase however, while not changing
its total activity, sharing it equally between the peroxisomal
and the cytosolic isoform under Fe-deficiency. This behaviour
could be due to an alteration of the reducing state of the
peroxisome. The data we obtained in rice (see also chapter VI)
show that in Fe-deficiency was observed a strong reduction of
malic acid in the tissues: this may results in a slowing of the
reaction of malate dehydrogenase, which recycle NADH inside
the peroxisome. NADH is the intermediate required by
hydroxypyruvate reductase in the reduction reaction of
hydroxypyruvate. The Fe-deficient plants could then bypass
this lack of reducing power by a major activation of the
cytosolic isoform to reduce hydroxypyruvate present. Up to
date, however, the membrane transporters responsible for the
movement of the photorespiratory intermediate among the
different cellular compartments involved in photorespiration
have not yet been identified and characterized, so we can not
exclude that this different distribution of tasks between the
two isoforms is attributable to an increased activity of the
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transporter that moves the hydroxypyruvate outside
peroxisomes.

Taken together, our data suggest that Fe deficiency induces
alterations in peroxisomes, indicating alterations in the
photorespiratory metabolism at different levels. However,
further analysis are required to complete the metabolic
characterization of this organelle, in order to fill the complete
form of the metabolic changes of these organelles during Fe-
starvation.
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Highlights

The partial loss of function of MIT (mit-2) affects the
mitochondrial functionality by decreasing the respiratory
chain activity. Furthermore, the transcriptome and the
metabolome strongly change in rice mutant plants, in a
different way (at a different extent) in roots and shoot. Such
changes were different in roots and in shoot of mit-2 rice
plant.

Abstract

Iron is an essential micronutrient for plant growth and
development and its reduced bioavailability strongly impairs
mitochondrial functionality. In this work, the metabolic
adjustment in rice (Oryza sativa) mitochondrial Fe transporter
knockdown mutant (mit-2) was analyzed. Biochemical
characterization of purified mitochondria from rice roots
showed alteration in the respiratory chain of mit-2 compared
to wild type plants. In particular, proteins belonging to the
type II alternative NAD(P)H dehydrogenases strongly
accumulated in mit-2 plants, indicating that mit-2
mitochondria activate alternative pathways to keep the
respiratory chain working.

Analyzing transcriptomic data of the mit-2 plants, a strong
alteration (up/down

regulation) in the expression of genes encoding enzymes of
both primary and secondary metabolism was found. In line
with these changes, the metabolite profiles significantly
changed both in roots and shoots of mit-2 plants, e.g. leading
to alterations in the levels of amino acids belonging to the
aspartate-related pathways (aspartate, lysine, threonine in
roots and aspartate, ornithine in shoots) that are strictly
connected to the Krebs cycle. Furthermore, some metabolites
(for  instance pyruvate, fumarate, ornithine and
oligosaccarides of the raffinose family) accumulated only in
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shoot of mit-2 plant, indicating possible hypoxic responses.
These findings suggest that the induction of local Fe deficiency
in mitochondrial compartment of mit-2 plants differentially
affects the transcriptome as well as the metabolite profile in
root and shoot tissues.

Keywords: Oryza sativa, iron, iron deficiency, mitochondria,
metabolomics, transcriptomics.
Abbreviations: Fe: Iron, MIT: mitochondrial Fe transporter

Introduction

Iron (Fe) is an essential element for plants, as it is part of the
prosthetic group of

different proteins directly involved in photosynthesis and
respiration (heme or Fe-sulfur [Fe-S] clusters) as well as in
other key metabolic pathways, such as nitrogen assimilation
and scavenging of Reactive Oxygen Species (ROS) (Balk and
Schaedler, 2014; Couturier et al., 2013).

Despite its abundance in soils, Fe is scarcely soluble
especially under alkaline and aerobic conditions (Guerinot
and Ying, 1994). Plants growing under low Fe availability,
such as in calcareous soils, often suffer from Fe deficiency,
which reduces growth, crop yield and quality (Marschner,
1995). The molecular mechanisms of Fe uptake from the
rhizosphere have been extensively studied and two strategies
have been identified in the plant kingdom: Strategy I, i. e. the
reduction strategy and Strategy II, i.e. the chelation strategy
(Bashir et al., 2010; Bashir et al., 2013; Kobayashi and
Nishizawa, 2012a). Dicots and non-graminaceous monocots
utilize Strategy [, whereas graminaceous plants utilize the
Strategy II and possess a specific ability to synthesize the so-
called phytosiderophores, Fe(Ill) chelators belonging to the
mugineic acid family (Marschner and Romheld, 1994). These
strategies have been previously considered mutually exclusive,
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but some exceptions were recently reported in which Strategy
II plants possess partial Strategy I uptake systems (Bashir et
al., 2011b; Bashir et al., 2013; Bughio et al., 2002; Ishimaru
et al., 2011; Kobayashi and Nishizawa, 2012b).

Despite the wealth of knowledge that has been gained
concerning the processes by which plants can respond to Fe
deficiency, the mechanisms of Fe sensing and signaling are
not fully understood yet. It has been recently reviewed that
some transcription factors involved in the Fe deficiency-
induced responses might play a role as Fe sensors in the cell,
while several molecules might be good candidates as Fe
signals (Kobayashi and Nishizawa, 2014). At the cellular level,
the regulation of Fe deficiency-mediated responses in plants is
a complex mechanism that requires the orchestration of all
compartments. It has been suggested that cellular organelles
such as mitochondria might regulate Fe deficiency-induced
responses through retrograde signaling pathways that are still
undiscovered in plants (Vigani et al., 2013a; Vigani et al.,
2013b). Plant mitochondria are central hubs in energy
conversion and redox homeostasis and are connected to
metabolic pathways residing in different subcellular
compartments. Hence, mitochondria are ideally placed to act
as sensors of the energetic and metabolic status of the cell
(Millar et al., 2011; Sweetlove et al., 2007). Perturbations of
the cellular energy status can lead to a re-configuration of
mitochondrial activities which in turn have profound effects
on other cellular compartments, including major changes in
the nuclear gene expression (NGE) and photosynthetic activity
(Schwarzlander et al., 2012).

The Mitochondrial Fe Transporter (MIT) is an essential gene
for rice with mit knockdown mutants (mit-2) exhibiting a slow
growth phenotype and a reduced chlorophyll concentration.
Moreover, the mit-2 mutation significantly alters the cellular
Fe homeostasis.
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Indeed, in mit-2 plants, the mitochondrial Fe concentration is
low while the total Fe concentration is high compared to wild-
type (WT) plants (Bashir et al., 2011c). Beside the
mitochondrial Fe transport, the mit-2 mutation affects Fe-S
cluster assembly, in agreement with previous observations in
other organisms. In yeast and mammals, the loss of
mitochondrial Fe transport affects heme and Fe-S cluster
synthesis (Shaw et al., 2006; Zhang et al., 2005; Zhang et al.,
2000). In rice, partial loss of MIT results in a decrease in total
and mitochondrial aconitase activity, therefore it has been
suggested that Fe-S cluster synthesis might be affected at
both mitochondrial and cytosolic levels. The MIT protein
seems to act as a high affinity Fe uptake system in plant
mitochondria in analogy with the yeast MRS3/4 homologous
transporters, that are thought to serve as high affinity ferrous
ion transporters which are essential in the absence of other
low affinity mitochondrial Fe transporters (Froschauer et al.,
2009).

In this work, we have characterized the effect of mitochondrial
impairments of Fe

transport on the overall metabolism of the cell, using mutant
rice plants knocked down in the Mitochondrial Fe Transporter
(MIT) (Bashir et al., 2011a; Bashir et al., 2011c). Combined
transcriptomics and GC-MS based metabolomics approaches
were used to provide evidence that specific Fe deficiency
localized in mitochondria in response to a partial loss of MIT
leads to global changes in metabolism.
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Material and Methods

Plant growing conditions

Rice seeds (Oryza sativa L. cv. Dongjing) of WT and mit-2 were
germinated for one

week on paper towels soaked with distilled water at room
temperature. After one week, seedlings were transferred to a
nutrient solution with the following composition: 0.7 mM
K2SO4, 0.1 mM KCI, 0.1 mM KH2PO4, 2.0 mM Ca(NO3)2, 0.5
mM MgSO4, 10 uM H3BOs3, 0.5 uM MnSO4, 0.2 uM CuSO4, 0.5
uM ZnSO4, 0.05 uM NazxMoO4, and 100 uM Fe-EDTA as
described previously (Suzuki et al., 2006) and grown for three
weeks. Plants were grown with a day/night regime of 16/8 h
and 25°/20° C and a photon path-length probability density
function of 200 umol photons m—=s-! at the plant level. The pH
of nutrient solution was adjusted daily to 5.5 with 1 M HCI.
The solution was renewed every 5 days. Plants were harvested
at noon.

Root oxygen consumption rate, mitochondrial purification and
Western blot analyses

Oxygen consumption rate of rice root tips was measured as
described previously (Vigani et al., 2009). To determine the
contribution of mitochondrial respiration to the O3
consumption rate of root tissues, specific inhibitors of the
respiratory chain were used (Vigani et al., 2009).

Mitochondria were isolated from rice roots as described
previously (Vigani et al., 2009). Roots of three-week-old rice
plants were homogenized with a mortar and pestle in 0.4 M
mannitol, 25 mM MOPS, pH 7.8, 1 mM EGTA, 8 mM cysteine
and 0.1% (w/v) bovine serum albumin (BSA). Cell debris was
pelleted by a brief centrifugation at 4000 g. The supernatant
was re-centrifuged at 12000 g for 15 min to pellet
mitochondria. The crude mitochondrial pellet was
resuspended in 0.4 M mannitol, 10 mM Tricine, pH 7.2, 1 mM
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EGTA (resuspension buffer, RB) and lightly homogenized with
a potter and mitochondria were purified on a 40, 28 and
13.5% (v/v) percoll (Pharmacia, Uppsala, Sweden) step
gradient in RB. The buff-coloured fraction (purified
mitochondria) at the interface between 28 and 40% percoll
was collected and washed by differential centrifugation in RB.
The purified mitochondria were frozen and stored at -80°C
until use. Iron content in purified mitochondria was
determined by ICP-MS spectroscopy (Varian, Fort Collins, CO,
USA) after mineralization in HNO3 at 100-120°C as described
previously (Vigani et al., 2009).

Mitochondrial proteins were loaded on a discontinuous SDS-
polyacrylamide gel and processed as described previously
(Vigani et al., 2009). Western blot analysis was performed as
described previously (Vigani et al., 2009), using six different
antibodies, corresponding to: NAD9 polyclonal antibody from
wheat; NDB1 and NDA1 polyclonal antibodies from potato
(Svensson and Rasmusson, 2001), Rieske (polyclonal
antibody) from yeast (Balk and Leaver, 2001), the alternative
oxidase (AOX) and the porin maize proteins (monoclonal
antibodies).

Analysis of microarray data

The microarray data have been already described briefly
(Bashir et al., 2011c). We

reanalyzed the data with a particular focus on genes related to
metabolism. For MapMan analysis, the average log2 value was
calculated for individual annotations in roots and shoots.

This log2 value was then used to compare the transcriptomic
changes in metabolism-related genes using MapMan 3.5.1R2
(Kim et al., 2012).

203



Metabolomic analysis of root and leaf tissues of mit-2 and WT
plants

Leaf and root tissues were frozen and homogenized in liquid
nitrogen. For extraction, 50 mg ground material was mixed
with methanol containing ribitol and C13-sorbitol as internal
standards. After mixing and incubating at 70°C, water and
chloroform were added to force a phase separation by
centrifugation. Only the upper polar phase was dried in
vacuum and used for further analysis. The pellet was
derivatized using methoxyaminehydrochloride (20 mg ml in
pyridine) for methoxyamination and N,O-
Bis(trimethylsilyl)trifluoroacetamide (BSTFA) for silylation. To
perform a retention time alignment later on, a mixture of
alkanes (C10, C12, C15, C19, C22, C28, C32) was added to
the derivatization mix.

Metabolites were analyzed wusing a GC-TOF-MS system
(Pegasus HT, Leco, St Joseph, USA). Baseline correction was
done by ChromaTOF software (Leco). For peak alignment and
peak annotation the TagFinder software tool (MPIMP Golm,
Luedemann et al. 2008) was used in combination with the
Golm Metabolome Database (GMD, Kopka et al. 2005). The
metabolites were normalized using the internal standard and
the fresh weight. Statistical analysis was performed using
Excel and the Multi Experiment Viewer (MEV). Data for the
HCL tree are log2 transformed. PCA analysis was performed
using MetaGeneAlyse platform (www.metagenealyse.mpimp-
golm.mpg.de, Daub et al. 2003). Data for the PCA were
median centered and logl10 transformed.

Statistical analysis

Student’s t-tests were performed wusing the algorithm
embedded in Microsoft EXCEL (Microsoft,
http:/ /www.microsoft.com). The term significant is used in
the text only when the change in question has been confirmed
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to be significant (P < 0.05) by Student’s t-test. All experiments
were conducted independently at least three times
(metabolomics experiments were conducted independently five
times).
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Figure 1. Biochemical characterization of purified mitochondria from
roots of mit-2 and WT plants showed alterations in the respiratory chain
in mit-2. A). O2 consumption of root tips. The specific inhibitors of
respiratory chain (KCN for cytochrome c oxidase and SHAM for alternative
oxidase) were added after recording the initial O2 consumption rate (IR).
The difference between IR and the O2 consumption recorded after addition
of KCN/SHAM provides the contribution of mitochondrial O2 consumption
rate. B). Mitochondrial Fe concentration in roots. C) Western blot analysis
of mit-2 and WT roots. For each sample, 10 pg of protein was used. The
antibodies used were for: NAD9 (a subunit of complex I), NAD(P)H
dehydrogenases (NDB and NDA), AOX (alternative oxidase), Rieske (a
subunit of complex III), and porin. mit-2 Error bars represent S.D. Column
bars followed by asterisk are significantly different from WT according to
Student’s t-test (n=3, * means p<0.01 and ** maens p<0.001).

Knocking down MIT gene affects mitochondrial functionality in

rice plant roots.

The partial loss of function of MIT affects mitochondria

functionality in root tissues. In vivo Oz consumption rate

(Initial Rate; IR), determined on root tips, were significantly

lower in mit-2 compared to WT plants (Figure 1A). By using
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inhibitors of the respiratory chain activity (KCN, specific
inhibitor of complex IV activity and salycilhydroxamic acid
(SHAM), specific inhibitor of alternative oxidase (AOX)), the
contribution of mitochondrial respiration to the total O2
consumption by tissue was also found to be significantly
reduced in mit-2 compared to WT plants (Fig. 1A). The
possible explanation for these results is that they may be due
to the significantly reduced Fe concentration of mitochondria
purified from mit-2 roots compared to WT ones (Fig. 1B).
Accordingly, some proteins belonging to the electron transport
chain were affected in mit-2 compared to WT plants (Fig. 1C):
NDB1 (external alterative NAD(P) dehydrogenases) and NDA1
(internal  alterative @ NAD(P) dehydrogenases) strongly
accumulated in mit-2 roots compared to WT plants; Fe-
containing proteins such as Rieske and alternative oxidase
(AOX) decreased in mit-2 plants (Fig. 1C).

Transcriptional changes in mit-2 roots

Shoot up
Root up Root down

QPIED

Shoot down
A B

Figure 2. Summary of transcriptomic changes in mit-2 plants grown
under control conditions. a) Numbers of up regulated genes identified in
root and shoot tissues in mit-2 respect to WT plants. B) Numbers of down
regulated genes identified in root and shoot tissues in mit-2 respect to WT
plants
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We reanalyzed the microarray data to identify genes related to
metabolic changes in mit-2 roots. The expression of 152 genes
was significantly upregulated in mit-2 roots compared to WT
ones and among these, the expression of 51 genes was also
upregulated in shoots. On the contrary, the expression of 663
genes was significantly down-regulated (Fig. 2). We
particularly focused our attention on changes of genes related
to the metabolism.

MapMan analysis clearly indicated that the metabolism is
significantly reprogrammed in mit-2 roots compared to WT
ones (Fig. 3A). The expression of genes belonging to the
primary mitochondrial metabolism was affected in mit-2
plants. The expression of Os01g0226600 and Os02g0530100
(C4-dicarboxylate transporter/malic acid transport protein
family proteins) was down-regulated in roots, while the
expression of 0Os09g0508900 (a member of mitochondrial
substrate transporter family) was significantly upregulated.
The expression of this gene is reported to be regulated by an
excess of Fe in shoot (Bashir et al., 2014). Furthermore, genes
related to TCA cycle, such as PEPCK1 (Os10g0204400)
showed a significant down regulation in mit-2 plants as well
as the gene encoding for a pyruvate orthophosphate dikinase
(PPDK). The expression of two pyruvate orthophosphate
dikinase genes (0Os05g0405000 and Os03g0432100) was
significantly down-regulated also in mit-2 roots. A strong
induction of genes Dbelonging to the fructose-2,6-
bisphosphatase (Os08g0367300; Os07g0212400;
0s02g012900) was observed in mit-2 roots and shoots while
other glycolytic genes showed a significant down-regulation.

A total of 44 genes belonging to the secondary metabolism
were affected in mit-2 plants.

The majority of those (31 genes) showed a significant down-
regulation while the expression of 13 genes was upregulated.
The down-regulated genes are mainly grouped in the
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phenylpropanoid and flavonoid pathways while the
upregulated genes belong to the pathways of terpene
biosynthesis.

Transcriptional changes in mit-2 shoots

In shoots the expression of 258 genes was significantly
upregulated in mit-2 plants compared to WT plants, while the
expression of 351 genes was significantly down-regulated
(Fig.2). MapMan analysis clearly indicated that the
metabolism significantly changed in mit-2 shoots compared to
WT ones (Fig. 3B). As observed in roots, few genes encoding
proteins participating in the mitochondrial metabolism were
differentially expressed in mit-2 plants compared to WT
plants. Five genes were upregulated and two of them encode
for the alternative pathways of the respiratory chain
(Os08g0141400, NDB3, putatively related to the ND II type
internal; Os04g0600300, AOX1B). Os05g0331200, encoding
for external type II alternative NDs was down regulated.
Additionally, two S-type anion channel genes related to
mitochondrial transport were up-regulated: Os01g0385400,
SLAH3, and 0Os01g0623200, SLAH2. These genes are
homologues to SLAC1 which is required for plant guard cell S-
type anion channel function in stomatal signaling (Vahisalu et
al., 2008). Three genes encoding proteins of TCA pathway
were up-regulated in mit-2 plants (Os05g0405000, PPDK;
0Os07g0529000, isocitrate lyase, ICL; Os01g0743500, NADPH
malic enzyme3), while the expression of two genes was down-
regulated (Os10g0204400, PCK1 phosphoenolpyruvate
carboxykinasel; Os01g0829800, malate dehydrogenase MDL).
Similarly to the changes observed in roots, genes encoding
fructose2,6-bisphosphatase (0Os08g0367300; Os07g0212400;
0s02g012900) were upregulated in mit-2 shoots together with
the gene encoding for HEXOKINASE1 (HXK, Os01g0722700),
while other glycolytic genes showed a significant down-
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regulation.

Expression of 53 genes belonging to the secondary metabolism
was significantly affected in mit-2 shoots. In contrast to what
was observed in roots, the majority (85%) of differentially
expressed genes were upregulated while expression of 8 genes
(15%) was down-regulated. The upregulated genes are mainly
grouped in the terpenoid, phenylpropanoid and flavonoid
pathways, suggesting a strong induction of such pathways in
the mutant when compared to WT plants. The down-regulated
genes were: Os10g0108700 and Os07g0179300 (transferase
family  proteins), 0Os10g0118000 (o-methyltransferase),
Os11g0708100 (laccase7), Os07g0526400 (narigerin-chalcone
synthase), 0Os02g713900 (HMGR2, 3-hydroxy-3-
methylgluraryl-CoA reductase 2), 0Os10g0533500 (Beta-
hydroxylase 1), and Os07g0179300 (2 methyl-6-phytyl-1,4-
benzoquinone).
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Figure3. Overview of transcriptomic changes in shoots and roots of
mit-2 mutant as indicated by microarray analysis and visualized with
Mapman 3.5.1R2 (values expressed as log2 mit-2/WTWT ratio). Various
components of primary and secondary metabolism 23 including CHO
metabolism, cell wall synthesis, lipid metabolism, Calvin cycle etc. were
up- and down regulated as indicated by microarray analysis. a) overview of
changes in gene.
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Metabolomic changes in mit-2 plants

To further investigate the role of MIT-2 in global metabolism,
we performed a metabolomic analysis in both root and shoot
tissues of mit-2 and WT rice plants (Table 1; Fig 4A, B). A total
of 159 metabolites were detected by GS-TOF-MS analysis and
68 of them were identified. Among the metabolites identified,
23 (32%) significantly changed their amount in mit-2
compared to the WT tissues. To get an overview of the
metabolic changes a PCA analysis was performed. The
variance of the metabolomic data was mainly between the
different tissues analyzed (root and shoot) as explained by the
PC1. Urea, galactaric acid showed higher amounts in roots
than in shoots (galactaric acid was not detected in shoots),
while malonic acid and raffinose mainly accumulated in
shoots. The separation of the genotypes contributed to the
variance along PC2 (Fig 4A). Thereby the mutant plants are
characterized by a higher content of an unknown metabolite
(probably sugar) and a lower amount of urea (not detected in
the mutant shoots) and malonic acid (not detected in the
mutant roots). Interestingly, the separation of the genotypes is
stronger in shoots than in roots (Fig 4B).

Generally, there is mainly an upregulation of metabolite levels
in shoots of mit-2 plants, compared to WT. 36 metabolites
increased more than 2-fold (22 of them being significantly
changed), while five metabolites decreased to half of WT level
(one of them changed significantly). On the other hand, the
metabolite levels in roots are generally down-regulated.
Overall, 26 metabolites decreased with less than 0.5-fold
change, 13 of these changes are significant, but only 13
metabolites increased with more than 2-fold in the root tissue
and only two of these increases were significant.

Specifically, 13 amino acid related compounds were
significantly affected in the mutant plants. In roots, a
decreased content (expressed as fold change mit-2/WT ratio)
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of several metabolites such as alanine, glycine, guanidine,
homoserine, was observed. Additionally, the concentration of
other metabolites such as citric acid was significantly
decreased in roots of the mutant plants as well as a decrease
in fructose and sucrose content.

By contrast, in mit-2 shoots a significant accumulation of
eight different metabolites was observed in comparison to WT
shoots, These comprised amino acid related metabolites
(ornithine and ethanolamine), organic acids such as fumaric
acid, pyruvic acid, ribonic acid, and some carbohydrates, such
as galactose, raffinose, mannose.
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metabolites Foot Shoot

mair-2WT ratio p-value mit-2WT ratic p-value
Amimo acids fand relared compounds)
Alanine 0.321=* 0.0002 1.053 o.o121
Arginine 0444 Q.3260 1.40% 1505
Aspartic acid hEes= a.orid D.527* oaFda
Butanoic acid. 2-amino- 0010 0087 1.395 @.3335
diethanolamine 0958 Q3535 0963 o379
ethanolamine 1.340 Qo743 1.752* O.a185F
Glatamic acid 1.120 o.02185 0.763 Q1481
glutamine 1000 a.e7e1 15.655 [y
glycine 0.479= 0.0065 0.763 00065
suzanidine 44T a.0065 2125 Q065
homoserine b414* a.eo0s 2.618 [l Lrped )
isolewcine 0,845 2.0807 1.193 Q.3858
leucine 1.423 QIF1Q 1.464 #2300
lencine. cyclo 0322 0.0023 0.544 05034
Iysine DEET= a.0208 0793 O.F559
ornithine 65.746 a.2300 4.418* O.a155F
octopamune 1.302 03048 0690 @106
Phenwlalanine .TOZ* a.0088 2125 o.Qeal
Pyroglutamic acid D.E60* D.0073 1.493 00073
Proline 0529 30903 1.427 oF000
Serme b.o0e* Qo441 1.172 OGG TS
Serme, C-acetyl 0.823 00717 2156 0. 1682
Threonine .458* Qo013 1.628 o.g0r3
tyrosine 1.12% Q2055 0.743 O.F265
Urea 0.472 Q.0854 0.000 Q3400
Wahne 0656 QI22G 1.228 Q. Fog9
Carbohydrares fand relared compounds)
Ghacose 0.921* [N st 1.081 O.FE50
Ghucose-S-phosphate 2074 Q4728 1.909* Q0430
Fructose 0. 495= o.oG3 0. 487 OS455F
Fructose-1-phosphate 1.000 2.0825 1.655 00752
Sucrose 0.563% [N s 0.837 O.F37r
Faffinose 1000 o.rooe 4.218% [Ty
Fhamnose 0.555 Q.0901 1.583 01355
Ribonic acid 1.315 o.4038 2.9T74* o.Q227
Ribose 0713 QaTEe 1.227 O.G5IT
Mannose 1.123 QX411 4.436% Q.007e
Arabinose n.9e7s [N R 1.313 [ g e
Melezitose 1.000 00610 1.435 00081
Fucose 1.417= Q331 1.290 G Feoo
Galactaric acid 1.113 o.F400 1 o.ooa
Galactinol 0676 Q.9045 1.466 Q1781
Galactosamine, M-acetwvl- 1.014 [ ek 0.813 o.2837
Galactose 0. 704* Q0248 2.247* 20078
Ghicoheptonic acid-1_4-lactone 1.091 0.0608 0.726 @177
Beta-galactopyranosyl-1_5-arabinoseD) 1000 044677 1.525 o1 sad
Drganic acids fand relared compounds)
Citrie acid D.309=* 0.0035 0.740 Q2404
Fumanec acid 1.022 Q.090s G.663% Q0250
Ghatarie acid, 2-oxo- 1.530 Q.O071G 1.887 Q0887
Makic acad 0590 0.0808 0.970 L0430
Malonic acid 0011 Qo941 0.998 @ eeam
Swuccinic acid 1.000 o1z 0.837 Q6528
Shikimic acid 0983 Q1482 1.180 Q.ooal
Pyruvic acad 1.758 Q.o1£0 3.149% Qo472
Phosphoric acid monomethvl ester 1.590# 0.0d6d 1.053 08558
Phosphoric acid 2198 05017 1.229 Q4007
Isocaproic acid, 2-oxo- 1000 01517 0_882 Q.3108
Cehers merabolires
Inositol, myyvo 0D.939= Q.0423 1.140 Q4260
Dhethyvlenglycol 0835 Q.0003 1.918 Qo748
Lyxonic acid-1_4-lactone D.781* Q.of2e 1.29% P.307F
Mannosamine, M-acetyl- 0949 00628 1.090 0. 7244
Sphingosine 0.esl Q.yo1e 1.307 02223

Table 1. Metabolite contents in roots and shoot tissues of mit-2 and
WT rice plants. Metabolite changes are expressed as fold changes (mit-
2/WT ratio). The metabolites in bold and followed by * changes
significantly in its content in mit-2 with respect to WT samples (p<0.05)
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Figure 4. Principal component analysis of metabolomic dataset of root
and leaf tissues of mit-2 and WT plants.

A) Scatterplot representing the modification of the plant metabolome as a
function of the tissue and the genotype. PCA results of metabolic profiles of
root and shoot rice tissues (five independent replicates). B) Loading plot of
all metabolites characterized by metabolomic  analysis. Metabolites
responsible for the PCA separation of the analysis are named in the graph.
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Discussion

Mitochondria were previously suggested to be involved in Fe
sensing and signaling pathways in plant cells (Vigani et al.,
2009). The characterization of mutant plants defective in
mitochondrial Fe importer therefore represents a useful tool to
investigate the specific involvement of impaired mitochondria
in the regulation of nuclear gene expression under Fe
deficiency. Indeed, recently the characterization of the rice
oligopeptide 7 mutant (opt7-1) showed that such mutant
plants display similar phenotype to that observed in mit-2
mutant plants: i) accumulation of Fe in plant tissues and ii)
symptoms of Fe deficiency (Bashir et al., 2015). However,
opt7-1 mutant plants showed different transcriptomic changes
compared to what was observed in mit-2 plant in the present
work, highlighting the specific changes with regard to
mitochondrial function. To investigate the effect of such
mutation on the expression of nuclear genes as well as overall
cellular metabolism, a transcriptomic and metabolomic
analysis of both root and leaf tissues was performed. Here we
show in mit-2 plants global changes in gene expression and
metabolite profiles in different metabolic pathways.

In mit-2 plants the affected mitochondrial functionality in
both root (as shown in this work) and shoot (Bashir et al.,
2011c), is associated to an impairment of the glycolytic
pathway.

Indeed, only genes encoding the fructose-2,6-bisphosphatase
(F2,6BPase) are strongly up-regulated when compared to WT
plants, while other genes belonging to the glycolytic pathway
are down-regulated. In Fe-deficient Strategy [ plants,
mitochondrial impairment was associated with an induction of
glycolytic flux as well as fermentative pathways (Vigani et al.,
2012). The increase in glucose-6 phosphate (G6P) and pyruvic
acid in the shoot of the mutant could be indicative for a
stimulation of fermentative pathways. Accordingly, the shoot
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transcript profiles also show a clear induction of transcripts
encoding genes involved in fermentation. However, a Fe
deficiency localized in mitochondria might also have led to a
glycolysis slowdown, as mitochondria may not be able to
metabolize pyruvate supplied by glycolysis. Indeed, despite
mit-2 plants were chlorotic, Fe content in shoot was higher
than in WT plants (Bashir et al., 2011c). Therefore, Fe supply
to the chloroplast does not seem be significantly affected by
MIT mutation and thereby chloroplasts would be working, and
consequently supplying energy to the mit-2 plants. Moreover,
genes belonging to secondary metabolism were generally
upregulated in shoots of mutant plants, which is in agreement
with phenylalanine accumulation occurring. By contrast, in
roots of mutant plants the down-regulation of genes belonging
to secondary metabolism suggests that knocking down MIT
determines a deficit in the energy supply to the cell, slowing
down cellular metabolism. Similar changes were observed at
the metabolite level. The majority of metabolites decreased
their content in roots, while the content of only few increased.
In shoots the response was the opposite: most of the
metabolites had increased levels and only few metabolites
showed a decrease. These findings suggest that the shoots can
compensate the impaired mitochondrial activity to some
extent by photosynthetic activity and possibly by additional
upregulation of fermentative pathways.

In mit-2 plants a significant decrease in citrate content was
observed in root tissues. Citrate is a Fe(lll) chelator and is
thought to play a relevant role in xylem Fe transport (Inoue et
al., 2004; Rellan-Alvarez et al., 2010; Yokosho et al., 2009). As
a higher concentration of Fe was observed in mit-2 shoots
(Bashir et al., 2011) we suggest that the partial loss of MIT
might channel more citrate to chelate Fe and translocate it to
the shoot. To enhance citrate synthesis TCA should operate at
high rate. Apart from glycolysis, one of the pathways feeding
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the TCA cycle is the aspartate-family pathway (Kirma et al.,
2012). Such pathway synthesizes, through several different
metabolic branches, five amino acids (lysine, threonine,
methionine, isoleucine and glycine); all of them can be
catabolised in the TCA cycle in order to contribute to cellular
energy supply (Kirma et al., 2012). In roots of mit-2 plant, a
decrease in energy supply to the cell by mitochondria, as well
as a decrease of glycolysis, occurred (Fig 1, 2), therefore a
need to supply substrates for the TCA cycle by alternative
pathways (i.e. aspartate-family pathway) should be expected
(Fig 5). Indeed, in mit-2 plants the content of aspartate
decreased in both roots and shoots, while the aspartate-
related compounds (lysine, homoserine, threonine, isoleucine)
decreased only in roots. The decreased content of aspartate in
shoot might be due to the concomitant accumulation of
ornithine: indeed, aspartate could generate ornithine through
the arginino-succinate lyase which converts arginino-
succinate to fumarate and arginine which in turn is converted
to ornithine (Fig 5). Ornithine is a non-protein amino acid
playing a central role in the polyamine (PA)-amino acid
biosynthetic pathway (Majumdar et al., 2013). Indeed, it has
been suggested that ornithine might be involved in monitoring
and/or signalling pathway for the biosynthesis of metabolites
such as proline, putrescine, GABA, and perhaps also arginine
(Majumdar et al., 2013). Interestingly, an additional product of
such biosynthetic pathway is nitric oxide (NO), whose role in
various developmental and physiological processes in plants is
well documented (Mur et al., 2013; Tanou et al., 2014; Tun et
al., 2006). The production of NO also increases under abiotic
stress conditions (Wimalasekera et al., 2011) such as Fe and
oxygen deficiency (Graziano and Lamattina, 2007; Murgia et
al., 2002). Therefore, considering the importance of such
pathway, the existence of a mechanism to control cellular
ornithine, has been proposed (Minocha et al., 2014). However,
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ornithine can also be synthesized, along with urea, from
arginine through the reaction catalysed by arginase which, in
plants, localizes in mitochondria (Taylor et al., 2010). A
significant accumulation of ornithine occurred in shoot of mit-
2 plants, suggesting that in this mutant, the arginase-
dependent pathway would be responsible for the ornithine
accumulation. Accordingly, a strong accumulation of fumarate
occurred in shoots. Fumarate is an intermediate of TCA cycle
and its accumulation might be due to TCA cycle impairment.
However it could be synthesized from the reaction catalysed
by arginino-succinate lyase which converts arginino-succinate
to arginine and fumarate (Fig 5). The slight accumulation of
arginine, together with

the significant accumulation of ornithine occurring at the
shoot level in mutant plants suggests that fumarate
accumulation might derive from such a pathway, although we
cannot sort out other possible sources (Fig 5).
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Figure 5. Schematic and synthetic representation of metabolite
changes in both shoot 13 (upper panel) and root (lower panel) mit-2
tissues. 14

Significant increase of metabolite content in mit-2 plant compared to WT is
shown in red 15 while significant decrease is shown in blue.
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Recently, a strong accumulation of ornithine, together with
arginine, in rice embryos germinated under anaerobic
condition has been observed, suggesting an enhanced amino
acid metabolism involving these compounds under anaerobic
conditions. Therefore, we might suggest that mit-2 mutation
induces accumulation of compounds related to the arginine
metabolism accordingly to what occurs in anaerobic-
germinated seeds of rice plants (Taylor et al., 2010). These
findings suggest that knocking down MIT expression might
mimic some hypoxia-induced responses in rice plants. Under
anaerobic condition NAD(P)H oxidation and ATP synthesis are
insensitive to rotenone, suggesting that complex I is not
working (Stoimenova et al., 2007). In fact, the activation of
alternative NAD(P) dehydrogenases (ND- DHs) mediates such
anaerobic NAD(P)H oxidation in mitochondria (Igamberdiev
and Hill, 2009). Here, NDB1 and NDA proteins, belonging to
the ND-DHs, accumulate in mit-2 purified mitochondria
compared to WT plants. It has been demonstrated that the
induction of ND-DHs activities is required to bypass a
decreased activity of complex I occurring in Fe-deficient
Strategy | plants (Higa et al., 2010; Vigani and Zocchi, 2010).
Therefore, such adaptation of the respiratory chain activity
occurring under Fe deficiency seems to be similar to what
occurs under hypoxia. In graminaceous plants, the responses
to Fe deficiency and hypoxia are intimately related: Fe
deficiency causes physiological hypoxia (Mori et al., 1991),
whereas submergence and hypoxia induce enzymes involved
in phytosiderophore and ethylene biosynthesis (Sauter et al.,
2005; Suzuki et al., 1998). The possible role of O2 as signal
molecule for Fe-responsive gene in rice has been recently
suggested (Kobayashi and Nishizawa, 2014). Furthermore,
knocking down MIT gene, a decline in ATP synthesis would be
expected as the respiratory chain activity is decreased
(compared to WT plants). Interestingly, several genes encoding
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enzymes of fermentative pathways were up-regulated in
shoots of mit-2 plants, suggesting that such mutation could
indeed simulate a hypoxia-induced response. This however
was not the case in roots.

Furthermore, changes in the leaf sugar concentration were
also observed in mit-2 plants.

Partial loss of MIT leads to the accumulation of some
oligosaccharides of the raffinose family (RFO) such as
galactose and raffinose. Interestingly, such changes have also
been observed in Fe-deficient Beta vulgaris plants (Rellan-
Alvarez et al., 2010). As raffinose has hydroxyl radical
scavenging activity similar to other soluble antioxidants such
as glutathione and ascorbic acid, it has been suggested that a
strong increase in the relative amounts of RFOs could play a
role in the antioxidant defence (Nishizawa et al., 2008; Rellan-
Alvarez et al., 2010; Van den Ende and Valluru, 2009).
Indeed, the increase in RFO concentration could help to
alleviate ROS damage produced under Fe deficiency (Rellan-
Alvarez et al., 2010). Furthermore, the increase in RFOs could
also act as a long distance Fe deficiency signal via phloem sap
transport.

Considering that RFOs accumulate in mit-2 plants, such
accumulation might depend on the Fe deficiency perception by
mitochondria (Fig 5).

All together these results suggest that i) localized Fe deficiency
perceived specifically in mitochondria affects genomic
responses in plants; ii) partial loss of MIT differentially
regulates root and shoot transcriptomes and in turn iii) it
differentially reprograms the whole metabolism in root and
shoot tissues. The metabolites significantly affected in their
content both in root and shoot of mit-2 plants mainly belong
to the aspartate-related pathways (aspartate, lysine and
threonine in roots; aspartate and ornithine in shoot) that are
strictly connected to TCA cycle. It has been suggested that the
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biological function of the connection between aspartate-family
pathways and TCA cycle might have a major role in the
physiological response of plants to various abiotic stresses
causing energy deprivation (Kirma et al., 2012).

Indeed, mit-2 deficiency led to changes in gene expression and
metabolite levels in shoots that resemble hypoxic responses in
plants.

Furthermore, the mitochondria-plastids cross-talk occurring
in the roots might differentially influence nuclear gene
expression with respect to the mitochondria-chloroplast cross-
talk occurring in the shoot. Such cross-talk might be
responsible for the accumulation in leaf of some metabolites
(for instance ornithine, and RFOs) which are considered as
signal molecules acting under various stress conditions.

In conclusion, this work provides in-planta evidence that Fe-
deficient mitochondria affect overall metabolism in plants.
Whether such changes are due to the impaired activity of Fe-S
cluster-containing enzymes in cell or to a still unknown
retrograde signaling pathway, it is to be elucidated. Therefore,
further work is required to decipher the role of mitochondria
in the regulation of Fe homeostasis in plants.
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General Conclusions
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One of the greatest challenges in modern agriculture is
increasing biomass production, while improving plant product
quality, in a sustainable way. This requires increasing
productivity and improving product quality within the
confines of a changing global climate with increasing average
CO2 concentrations and temperatures. Mineral nutrients are
major actors in this new scenario. They are essential both for
plant productivity and for the quality of their products, and
they can affect the environment through the application of
fertilizers. Among minerals, iron (Fe) plays a major role in this
process because it is essential for plant life and productivity,
and also for the quality of production. Clearly, the properties
of Fe are unique and irreplaceable, and cells spend a large
amount of energy to acquire Fe from the environment and
handle it safely inside the cell. Due to all these reasons Fe is
an essential element readily incorporated for use in biological
processes where Fe ions play a key role in metabolic pathways
such as DNA synthesis, nitrogen and hormone production. A
wide number of cellular enzymes depend also on Fe for their
biological function, (Curie and Briat, 2003; Briat et al., 2007).
(Thomine and Vert, 2013). Furthermore, Fe is required for the
proper functionality of the photosynthetic and the respiratory
chain, which are respectively located in chloroplasts and
mitochondria. These processes are responsible for the
energetic support of the cell and therefore of the whole plant
life. Despite its geologic abundance (it is the second most
abundant metal in the earth’s crust after aluminium) Fe is
often a growth-limiting factor in the environment (Quintero-
Gutiérrez et al., 2008). According to FAO 39% of rural land
areas are affected by mineral deficiency and low fertility that
constrain crop production (Cramer et al., 2011). Fe deficiency
is a problem in crop production worldwide but particularly in
plants grown on calcareous soils (Vose, 1982). Calcareous
soils represent almost the 30% of the earth land surface. Their
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total extent has been estimated by FAO at 800 million
hectares worldwide, 57 million of which in Europe. In the near
future to cope with the increasing demand of food caused by a
strong increase in world’s population (FAO estimates in 10
billion people by 2050), agriculture must be extended to
marginal areas, many of which include calcareous soils.

The data obtained and exposed in this doctorate thesis, in
agreement with what widely previously reported in literature,
allow us to state that the absence or the low Fe bioavailability
during the growth of the plants results in several alterations
more or less reversible at different levels of the overall
metabolic plant system. The observations reported in many
works regarding the influence of Fe deficiency on the general
metabolism of plants prompted us to perform various analysis
on the pathways more involved in the response processes to
Fe deficiency. In particular, in this thesis, we have focused our
attention on the possible induction of alterations in the
photorespiratory metabolism, investigating some alterations in
the metabolism of reactive oxygen species and on the
enzymatic activity in peroxisomes and mitochondria.

It is well acknowledged that under Fe deficiency leaves
generally have low photosynthetic activity due to several
reasons discussed in the introduction of this work, but they
absorb more light energy per chlorophyll molecule than
required for photosynthesis, especially under high radiation
(Abadia et al., 1999). This results in a high risk for photo-
inhibitory and photo-oxidative damages and may also cause a
reduction in CO; assimilation rate in Fe-deficient leaves,
leading to substantial agricultural losses and decreases in
nutritional quality of many crops of great economic interest. In
addition, under these conditions of supra-optimal light,
photoinibithion of photosynthesis occurs due to over-
excitation on chloroplast membranes, generation of reactive
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oxygen species (ROS) which may induce an alteration in the
cellular redox state with the onset of oxidative stress and
further damage of photosystem II (PSII) and sometimes
photosystem I (PSI) (Andersson and Aro, 2001).

In this, it was widely reported that the photorespiratory cycle
can be considered as an energy dissipating cycle, operating
between chloroplasts, peroxisomes, mitochondria and cytosol,
which helps to protect chloroplasts from photoinhibition and
plants from excessive accumulation of reactive oxygen species
(Tolbert 1985, Wingler et al. 2000). Photorespiration, as well,
might be an important protective mechanism to prevent
photoinhibition.

From the data obtained in our experiments, it appears clear
that Fe-deficiency strongly impairs the photosynthetic
machinery at different levels: the reaction centers of PS-II are
largely inactive. A general increase in non-photochemical
quenching (gNP) in chlorotic leaves was also observed,
indicating the activation of photoprotective mechanisms
which, however, are not sufficient to prevent photoinhibition,
as indicated by a significant reduction in the maximal PSII
photochemistry (Fv/Fm) and photochemical quenching (qp).
These findings are in agreement with previous researches
performed in other species, pear (Morales et al., 2000), tomato
(Donnini et al., 2003), peach (Molassiotis et al., 2006), and
pea (Jelali et al., 2011). Under Fe deficiency condition we
recorded an increase in the rate of CO2 assimilation rate in
many biological repetition (+29%), suggesting a possible
induction of photorespiratory metabolism. However, the
variation was not significative and so further analyses are
strictly required to reduce the variability among the
repetitions in order to get a more reliable result. In addition,
in these plants the reduction in stomatal aperture restricts the

entry of CO2. However, the increase in the level indicates that
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there was a mesophyll-reduced utilization of CO2. On the
other hand the Vcmax was significantly reduced, indicating a
reduced activity of this carboxylative enzyme (-70%).

Metabolite content analysis performed allowed us to suggest
that Fe deficiency strongly affected aa metabolism. Among all
aa variations, we focus our attention mainly on the changes
showed by Gly and Ser, due to their involvement in the
photorespiratory metabolism. In particular, the strong
accumulation of these two aa in leaves (+94% Ser and +160%
Gly) might suggest an alteration in the mitochondrial activity
of the Glycine decarboxylase complex-Serine
hydroxymethiltransferase cycle (GDC-SHMT1 cycle), that
converts glycine into serine within the mitochondria, with the
involvement of methylene tetrahydrofolate and complex I of
the respiratory chain, in a process uncoupled from the ATP
synthesis. Under Fe deficiency root and leaf showed some
important differences: the aa content in root decreased while
in leaf it increased. It has been proposed that it occurs by a
limited NR activity and by an increase in GS/GOGAT in both
root and leaf (Borlotti et al., 2012). Additionally, the different
aa distribution in Fe-deficient plants might be due the a major
translocation (together with other metabolites) via xylem from
root to leaf (Borlotti et al., 2012). Thus, under Fe deficiency,
root seems to respond more efficiently sustaining the whole
plant by furnishing metabolites (i.e. aa, organic acids) to the
leaves, in which the whole metabolism is inferred by the
decreased photosynthetic activity. The observed alterations in
the concentrations of metals suggest that Fe deficiency
induces a metabolic imbalance in which other divalent cations
are absorbed by (unspecific) transporters, due to their similar
characteristics to Fe, this can affect the metabolism of the
plant at different levels.
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We can also infer that the lack of iron can induce in the leaves
of cucumber plants imbalances in the metabolism of reactive
oxygen species, either attributable to an increase in the
activity of enzymes involved in the formation of these species,
or due to a simultaneous reduced activity of enzymes involved
in their detoxification. This overproduction of reactive oxygen
species, if not properly handled by the cell, could lead to an
imbalance in the cellular homeostasis of the ROS, resulting in
a onset of oxidative stress which, if not correctly managed,
can lead to further cell damage at different levels, also with
the involvement of the photosynthetic apparatus. In fact the
concentration of HxO2 in the leaves of Fe-deficient plants, was
significantly higher (+40%) with respect to the control, and
this is in accordance with the measured reduction of the
catalase activity in Fe-deficient plants, determined by
enzymatic activity assay (-35%) and activity staining on native
PAGE. Nevertheless, it is remarkable that this increase of
H>02 could be also triggered by rise in other enzymatic
activities, such as NAD(P)H oxidases (Romero-Puertas et al.
2004), pH-dependent PODs (Bestwick et al. 1998), as
previously suggested by Donnini et al. (2012). Hydrogen
peroxide might play an important role in the iron deficiency
response signalling processes, which should be further
investigated, also considering the increasingly important role
of this molecule as a messenger involved in the processes of
adjustment of cell expansion during leaf development (Lu et
al., 2014), which is effectively reduced in Fe-deficient plants.

We also observed a slight induction in the activity of Cu/Zn-
SOD isoform whereas, in the same experimental conditions,
we saw a reduction in Fe- and also in Mn-SOD isoform
activity. These findings are quite in accordance with studies
already performed on plants grown in Fe-deprived conditions,
which showed higher SOD activity, mainly due to increased
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Cu/Zn-SOD or Mn-SOD isoforms (Iturbe-Ormaexte et al.
1995, Molassiotis et al. 2006, Donnini et al., 2012).

Fe deficiency also induces alterations in peroxisomes,
indicating alterations in the photorespiratory metabolism at
different levels. Using a new purification method described by
Reumann et al., (2007, 2009, 2014) for leaf peroxisomes with
some modifications, we were able to isolate peroxisomes from
mature leaves in high purity in order to perform the
biochemical characterization of these organelles. The activity
of one of the principal enzymes of the peroxisomal
metabolism, catalase, results to be greatly compromised (-
35%) in condition of Fe deficiency: this is probably due to the
lack of the element in the tissues, since catalase uses it as a
cofactor (Fe is contained in the heme group). Recent studies
(Shibata et al., 2013; Sinclair et al., 2009) report that the
accumulation of inactive catalase in peroxisomes triggers an
aggregation process that mediate their subsequent
degradation through autophagy, in a process mediated by the
consequent accumulation of HoO2 which was observed in the
leaves of cucumber Fe-deficient plants. On the contrary, the
activity of Fe-independent enzyme glycolate oxidase does not
show significant changes in the various experimental
conditions tested, probably this was due to the great
variability inherent in the analytical method. No variation in
quantity of the protein was also observed in the western blot
analysis conducted. Furthermore, the hydroxypyruvate
reductase do not change its total activity, sharing its equally
distribution between the peroxisomal and the cytosolic
isoform under Fe-deficiency. This behaviour could be the
consequence of an alteration of the redox state of the
peroxisome caused by a slowdown in the reaction of malate
dehydrogenase, due to a reduction in the malic acid content,
which recycle NADH inside the peroxisome. NADH is the

236



intermediate required by hydroxypyruvate reductase in the
reduction reaction of hydroxypyruvate. The Fe-deficient plants
could then bypass this lack of reducing power by a major
activation of the cytosolic isoform to reduce hydroxypyruvate
present. Up to date, however, the membrane transporters
responsible for the movement of the photorespiratory
intermediate among the different cellular compartments
involved in photorespiration have not yet been identified and
characterized, so we can not exclude that this different
distribution of tasks between the two isoforms is attributable
to an increased activity of the transporter that moves the
hydroxypyruvate outside peroxisomes.

Moreover, the characterization of rice mutant plants defective
in mitochondrial Fe importer may represents a useful tool to
investigate their specific involvement in the regulation of
nuclear gene expression and the involvement of this organelle
in the photorespiratory metabolism during Fe deficiency, also
considering the previously suggested role of these organelle in
Fe sensing and signaling pathways in plant cells (Vigani et al.,
2009; 2013). The partial loss of function of MIT (mit-2) affects
the mitochondrial functionality by decreasing the respiratory
chain activity. Furthermore, the transcriptome and the
metabolome patterns strongly change in rice mutant plants, in
a different way (at a different extent) in root and shoot. In
particular, proteins belonging to the type II alternative
NAD(P)H dehydrogenases strongly accumulated in mit-2
plants, indicating that mit-2 mitochondria activate alternative
pathways to keep the respiratory chain working.

Analyzing the transcriptomic data of the mit-2 plants, a strong
alteration (up/down regulation) in the expression of genes
encoding enzymes of both primary and secondary metabolism
was found. In line with these changes, the metabolite profiles
significantly changed both in roots and shoots of mit-2 plants,
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e.g. leading to alterations in the levels of amino acids
belonging to the aspartate-related pathways (aspartate, lysine,
threonine in roots and aspartate, ornithine in shoots) that are
strictly connected to the Krebs cycle. Furthermore, some
metabolites (for instance pyruvate, fumarate, ornithine and
oligosaccarides of the raffinose family) accumulated only in
shoot of mit-2 plant, indicating possible hypoxic responses.
These findings suggest that the induction of local Fe deficiency
in mitochondrial compartment of mit-2 plants differentially
affects the transcriptome as well as the metabolite profile in
root and shoot tissues.
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APPENDIX A

Trascriptomic investigation data
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Introduction

One of the achievements of these three years doctorate course
was also the investigation of the transcriptomical changes
induced in the photorespiratory metabolism in plants under
different iron (Fe) bioavailability during their growth. However,
a research thorough specific literature allowed us to find
several information and data concerning these alterations. For
this reason, during the Ph.D. we gathered, crossed and
revised the data found in different papers to develop a series
of charts on transcriptomic changes induced by Fe deficiency.
We grouped the genes on the basis of their presumed
physiological function. The most interesting results are
illustrated in the graphs below.
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Results
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Figure A.1 Variation in the expression of transcription factors (TF)
involved in the response to Fe deficiency that vary in leaves (left) or roots
(right) of Fe-deficient Arabidopsis thaliana. (Yang et al., 2010; Schuler et
al. 2011; Rodriguez-Celma et al., 2013). bHLH100 basic helix-loop-helix
DNA-binding superfamily protein 100; bHLHO38 basic helix-loop-helix
DNA-binding superfamily protein 038; bHLHO039 basic helix-loop-helix
DNA-binding superfamily protein 039; bHLH101 basic helix-loop-helix
DNA-binding superfamily protein 101; BTS zinc-finger protein-related
BRUTUS; FIT FER-like regulator of Fe uptake. PYE basic helix-loop-helix
(bHLH) DNA-binding superfamily protein POPEYE.
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Figure A.2 Variation in the expression of mineral transporters involved in
the response to Fe deficiency that vary in leaves (left); variation in the roots
of the same transporter showed on the left sheets (center); variation of
transporters in the roots (right) of Fe-deficient Arabidopsis thaliana. (Yang
et al., 2010; Schuler et al. 2011; Rodriguez-Celma et al., 2013). IRT1; IRT3:
Iron-Regulated-Transporter, YSL1; YSL2 yellow-strip-like transporter. VIT
Vacuolar iron transporter family protein. NRT1.5 nitrate transporter;
COPT2 copper transporter; ZIP8 Zinc transporter precursor; ALMT1
Aluminium activated malate transporter family protein; NRT2.6 high
affinity nitrate transporter; HAKS high affinity potassium transporter;
TAP1 transporter associated with antigen processing protein 1; ZIPS zinc
transporter 5 precursor; MtN21 A; MtN21B; MtN21C nodulin MtN21
/EamA-like transporter family protein; SULTR3:5 sulfate transporter 3;5;
ZIP3 zinc transporter 3 precursor; BOR1 HCOgs- transporter family.
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Figure A.3 Variation in the expression of genes involved in the response to
oxidative stress that changes under Fe-deficient condition. Variation in the
leaves (left) or in the roots (right) of Arabidopsis thaliana (Yang et al., 2010;
Schuler et al. 2011; Rodriguez-Celma et al., 2013). SEN2 catalase 3; MEE6
ascorbate peroxidase 1; FSD1 Fe superoxide dismutase 1; SAPX stromal
ascorbate peroxidase; TL29 ascorbate peroxidase 4; 2CPB 2-cysteine
peroxiredoxin B; TPX1 thioredoxin-dependent peroxidase 1; CAT1 catalase
1; FROS3 ferric reduction oxidase; 3CZSOD2 Cu/Zn superoxide dismutase
2.
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Figure A.4 Variation in the expression of genes belonging to the
photosynthetic machinery that changes under Fe-deficient condition that
vary in leaves of Arabidopsis thaliana (Yang et al., 2010; Schuler et al.
2011; Rodriguez-Celma et al., 2013). LHCB1.3 chlorophyll A/B binding
protein 1; PSAF photosystem I subunit F; PSAN photosystem [ reaction
center subunit; PSI-N chloroplast, putative/ PSI-N, putative (PSAN);
LHCBSlight harvesting complex of photosystem II 5; CITB6F cytochrome
b6f complex subunit (petM), putative; LHCB6 light harvesting complex
photosystem II subunit 6; LHCA3photosystem 1 light harvesting complex
gene 3; LHCA2photosystem I light harvesting complex gene 2;
LHCB4.1light harvesting complex photosystem II; PSII-Qphotosystem II
subunit Q-2; PSBWphotosystem II reaction center W; PSAD-2photosystem
I subunit D-2; PSAO photosystem I subunit O; PSBO1PS II oxygen-
evolving complex 1; PSBTNphotosystem II subunit T ;PSAGphotosystem I
subunit G; PSBX photosystem II subunit X; PSAD-1photosystem I subunit
D-1; PSAK; photosystem I subunit K; PSBQAphotosystem II subunit QA;
PIISK Photosystem II 5 kD protein; EMA1Glutamyl-tRNA reductase family
protein; GUNS magnesium-chelatase subunit chlH, chloroplast, putative /

247



Mg-protoporphyrin IX chelatase, putative (CHLH); PGR1 photosynthetic
electron transfer C; CP29 chloroplast RNA-binding protein 29; PGRI1
photosynthetic electron transfer C; PSB27photosystem II family protein.
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Figure A.5 Variation of the expression of genes related to secondary and
cell wall metabolism in leaves (left) and roots (right) of Fe-deficient
Arabidopsis. (Yang et al., 2010; Schuler et al. 2011; Rodriguez-Celma et
al., 2013). ELP extensin-like protein; DXS Deoxyxylulose-5-phosphate
synthase; PMEIA Plant invertase/pectin methylesterase inhibitor
superfamily protein; EXPA1 expansin Al; PMEIB Plant invertase/pectin
methylesterase inhibitor superfamily; ATAGP12 arabinogalactan protein
12; ATAGP21 arabinogalactan protein 21; PME41 Plant invertase/pectin
methylesterase inhibitor superfamily.
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Figure A.6 Variation of the expression of genes related to secondary and
cell wall metabolism in leaves of Glycine max after 6h of Fe-deficiency.
(Moran-Lauter et al., 2014). Glymal5g18360 Xyloglucan
endotransglycosylase; Glyma05g04190 Pectinesterase; Glyma06g14850
Expansin 2 (Fragment); Glyma09g40420 Fasciclin-like arabinogalactan
protein; Glyma02g01910 Polygalacturonase, putative; Glymal9g28950
Arabinogalactan peptide 14; Glyma01g00771 Arabinogalactan peptide 20;
Glyma02g45620  Pectinesterase; Glyma06g45860, Glymal7g07280,
Glymal2gl10960, Glymal7g07250, Glymal3g01150, Glymal3g38040,
Glymal2g32390 Xyloglucan endotransglucosylase/hydrolase protein.
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Figure A.7 Variation of the expression of genes in leaves of Glycine max
after 1h (grey) or after 6h (red) of Fe-deficiency. (Moran-Lauter et al.,
2014). Glyma05g22180 Peroxidase2 Glymal5gl150254 Fe-4S ferredoxin,
iron-sulfur binding; Glymal4g34080 Photosystem II D1 protein;
Glymal3gl15560 Photosystem Q(B) protein; Glymal7gl8010 Ferrous ion
membrane transport protein; B2KNJO S-adenosylmethionine decarboxylase;
Glyma01g36780 Peroxidase (Fragment); Q8W3Y3 1-aminocyclopropane-1-
carboxylic acid oxidase; Glymal4g05390 1-aminocyclopropane-1-carboxylic acid
oxidase; Glymallgl7485 Photosystem II protein I; Glyma09g33480 Serine
hydroxymethyltransferase; Glymal4g34080 Photosystem II D1 protein (Fragment);
Glymal1g29878; PsbA (Fragment); Glymal3g15560 Photosystem Q(B) protein.
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