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Introduction

1 Introduction

1.1 Ironin living organisms

As a transition element, iron (Fe) possesses two major aqueous oxidation states,
ferrous (Fe*) and ferric (Fe*") ions which are able to form six-coordinate
complexes with various ligands like oxygen, nitrogen and sulfur (Marschner,
1995). These physiochemical properties enable Fe to be considered as an
indispensable element for living organisms as it is involved in fundamental
biochemical reactions in particular those involving electron transport. In plants, Fe-
dependent processes include photosynthesis, respiration, nitrogen fixation,
chlorophyll and DNA synthesis. Paradoxically, free Fe can generate hydroxyl
radicals which posses a huge potential as oxidizing agents via Fenton/Haber

Weiss reaction:

Toxicity of iron caused by generation of oxidizing agents

.0, + Fe® = 0, + Fe**
H,O, + Fe?" = Fe*" + OH +HO- Fenton reaction

-0, + H,O, =05 + OH + HO- Haber Weiss reaction

(modified from Guerinot and Yi, 1994)

These Reactive Oxygen Species (ROS) are highly reactive and toxic for living
organisms causing protein oxidation, lipid peroxidation and DNA mutations, and
finally leading to cell death (Briat, 2002). In order to avoid the generation of toxic
ROS and balance Fe homeostasis, free Fe in living organisms is tightly controlled
by binding it into various proteins/chelators during transport and storage (Ratledge
and Dover, 2000; Arosio and Levi, 2002). The Fe chelator nicotianamine (NA) for
example functions in protecting plants from oxidative damage, since once
complexed by NA, Fe becomes Fenton-inactive (von Wirén et al., 1999). Excess
Fe can also be inactivated by binding to Fe storage proteins, in particular to
ferritin, a 24-subunit plastidic protein which is able to store up to 4500 Fe"" ions
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and has pivotal significance in protecting plants from oxidative stress (Ravet et al.,
2009; Briat et al., 2010). These metabolic principles in Fe homeostasis are also
valid in fungi, where mycoferritin has been found in zygomycetes and was
detected in some ascomycetes (Seckback, 1982; Vakdevi and Deshpande, 2009).
For Fe acquisition in filamentous fungi, siderophores play a major role as iron
scavengers (Haas et al., 2008) and ROS protectors (Eisendle et al., 2006; Oide et
al., 2007).

1.2 Fe nutrition of higher plants

1.2.1 Fe uptake from soil

Although Fe is the fourth most abundant element in the Earth crust, its solubility is
extremely low with only 10" M Fe(lll) at pH 7 in an oxygenated medium (Lindsay
and Schwab, 1982). In contrast, the required Fe concentration for a plant in order
to complete its life cycle ranges from 10° to 10® M (Guerinot and Yi, 1994). In
order to overcome the discrepancy between available and required Fe, plants
have evolved mechanisms to control Fe acquisition, internal distribution and
storage to ensure a best possible growth by preventing both, Fe deficiency and
toxicity (Colangelo and Guerinot, 2006). Based on their Fe acquisition
mechanisms, plants have been grouped into two classes, Strategy | and Strategy
[l (Marschner and Romheld, 1994).

Strategy | Strategy Il

Phenolics = pp7) s Phenclics MAS s TN

HY m= Hf  —

I. _ Fe(lll)-

FRO chelate
Chelate o _—
- . Fe | Fe |
)= Fe* o .

Felllll-MAs Fe{lll}-MAs

Insoluble
Fe(lll)

Fel*

Cell wall t Cell wall

Fig. 1. Fe acquisition strategies in higher plants. Strategy | in nongraminaceous plants and
Strategy Il in graminaceous plants. DMAS, deoxymugineic acid synthase; FRO, ferric-chelate
reductase oxidase; HA, H'-ATPase; IRT, iron-regulated transporter; MAs, mugineic acid family
phytosiderophores; NA, nicotianamine; NAAT, nicotianamine aminotransferase; NAS,
nicotianamine synthase; PEZ, phenolics exporter; SAM, S-adenosyl-methionine; TOM1, transporter
of mugineic acid family phytosiderophores 1; YS1/YSL, yellow stripe 1/yellow stripe 1-like (modified
from Kobayashi et al. 2012).
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Strategy | (Fig. 1) relies on the reduction of insoluble ferric Fe to soluble ferrous
Fe. Dicots and non-graminaceous monocots such as Arabidopsis, tomato and
tobacco belong to this group. The major processes of the Fe deficiency response
take place at the plasma membrane of outer root cells and include: a) activation of
a plasmalemma P-Type H'-ATPase to acidify the surrounding medium, b) an
enhanced reduction capacity of Fe(lll) by induction of ferric-chelate reductase
oxidase (FRO), and c) an increased uptake capacity for Fe?" via the iron-regulated
transporter (IRT) (Schmidt, 2003). In addition, releasing phenolic compounds
(Olsen et al., 1981; Jin et al., 2007) and phenylpropanoids (Schmid et al., 2014)
can improve Fe mobilization by reduction and/or chelation. Many transcriptional
factors have been reported in the regulation of Fe deficiency-induced genes. While
FIT (FER-like iron deficiency—induced transcription factor) positively regulates
various Fe deficiency—inducible genes like FRO and IRT in the rhizodermis and
cortex (Colangelo and Guerinot, 2004; Bauer et al., 2007), the bHLH transcription
factor POPEYE (PYE) negatively regulates Fe homeostasis-related genes in the
stele (Long et al., 2010).

In contrast, graminaceous plants including important crop plants such as maize,
wheat, barley and rice have developed another strategy (strategy Il) (Fig. 1) based
on Fe(lll) chelation (Romheld and Marschner, 1986). The chelating agents, which
are synthesized and secreted by graminaceous roots, are so-called
phytosiderophores (PS). PSs represent different forms of mugineic acids (MAS)
which are hexadentate ligands that coordinate ferric Fe with their amino and
hydroxyl groups (Mino et al., 1983; Takagi et al., 1984; von Wirén et al., 2000).
The biosynthesis pathway of PSs (Fig. 1) starts from S-adenosyl-L-methionine
(SAM) (Shojima et al., 1990; Bashir et al., 2006, Ueno et al., 2007). Three
sequential enzymes are included in this pathway: nicotianamine synthase (NAS),
nicotianamine aminotransferase (NAAT), and deoxymugineic acid synthase
(DMAS) (Higuchi et al., 1999; Takahashi et al., 1999; Bashir et al., 2006). The
transporter of mugineic acid family phytosiderophores 1 (TOM1) as the
responsible MAs efflux transporter has also been characterized (Nozoye et al.,
2011). After mobilization and chelation, Fe(lll)-MA complexes can be taken up via
Yellow Stripe 1/Yellow Stripe 1-Like (YS1/YSL) transporters into root cells (Curie
et al., 2001; Murata et al., 2006; Inoue et al., 2009). Two transcriptional factors,

IDE-binding factor 1 (IDEF1) and IDEF2, have been identified in graminaceous
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plants (Kobayashi et al., 2007; Ogo et al.,, 2008). IDEF1 and IDEF2 bind
specifically to the cis-acting Iron Deficiency-responsive Element 1 (IDE1l) and
IDE2, respectively, which were the first identified elements related to micronutrient
deficiencies in plants (Kobayashi et al., 2003). However, both IDEF1 and IDEF2
are constitutively expressed in vegetative and reproductive tissues without

induction by Fe deficiency (Kobayashi and Nishizawa, 2012).

Due to the lower sensitivity of phytosiderophore-mediated Fe mobilization by
elevated pH, strategy Il can be considered more efficient than strategy | and thus
allows graminaceous plants to cope with Fe acquisition also in calcareous and
alkaline soils (Mori, 1999).

1.2.2 Fe translocation and subcellular compartmentalization

Due to the poor solubility and high reactivity of Fe, Fe trafficking in plants as well
as its subcellular compartmentalization and remobilization must be associated with
suitable chelating molecules and a proper control of redox states between the
ferrous and ferric forms (Marschner, 1995; Hell and Stephan, 2003). Among some
principal chelators indicated by physiological and molecular studies, nicotianamine
(NA) seems to have a privileged role. It is present in all tissues of both strategy |
and strategy Il plants and is able to complex Fe at both oxidative states (Scholz et
al., 1992). The Fe(ll)-NA complex is kinetically stable and Fenton inactive (von
Wirén et al., 1999). Citrate has long been thought to play a dominant role in the
chelating and trafficking of Fe(lll) in the xylem where the pH is usually between 5.5
and 6 (Brown and Chaney, 1971). Moreover, the occurrence of phytosiderophores
(PSs) in the xylem sap of graminaceous plants suggested that PSs participate in

the long-distance Fe translocation from roots to shoots (Kawei et al., 2001).

Since the xylem and phloem consist of dead and living cells, respectively, xylem
loading therefore is assumed to require efflux transporters, whereas phloem
loading needs Fe influx transporters. To date, many transporters have been
identified to be involved either in xylem loading, such as Ferric Reductase
Defective 3 (FRD3) (Rogers and Guerinot, 2002), YSL2 (DiDonato et at., 2004),
and PEZ1 (Ishimaru et al., 2011), or in phloem loading, such as YSL3 (Gendre et
al., 2007).
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Apoplastic Fe pool

/

Symplastic Fe pool

Fe’ (@) FROs
y
Fe”* -
O ZIPs
Fe2+ Nramps

Mitochondria

Fe-S

Fe?*
\ Vacuole
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Fig. 2. Subcellular iron trafficking in plant cells. At the plasma membrane, Fe is taken up into
the cytosol via reducatses (FROs) and transporters of the ZIP and NRAMP families. PIC1 and
FRO7 have been reported to be involved in chloroplast Fe uptake. MIT1 is the mitochondrial Fe
importer and STA1 exports Fe-S clusters out of mitochondria. In the vacuole, Fe is taken up by
VIT1 and is exported by NRAMP3 and NRAMP4 (modified from Jeong and Guerinot, 2009).

Once Fe enters a leaf cell (Fig. 2), while considerable amounts can remain in the
apoplast (Nicolic and Romheld, 2002; 2003), approximately 80% - 90% is
delivered to the chloroplasts (Marschner, 1995) to fulfill the high demand of Fe for
photosynthetic electron transport, chlorophyll biosynthesis, Fe-S cluster assembly,
and heme biosynthesis (Briat et al., 2007). Arabidopsis Permease In Chloroplasts
1 (PIC1) has been proposed to transport Fe into the chloroplast (Duy et al., 2007).
A study with Arabidopsis ferric-chelate reductase fro7 loss-of-function mutants
suggested the implication of this reductase in Fe import into chloroplasts (Jeong et
al., 2008). The other dominant Fe-requiring site inside a cell is the mitochondrion,
where Fe is used as a cofactor in the respiratory electron transport chain and
where Fe-S clusters are assembled like in chloroplasts (Briat et al., 2007). As soon
as Fe is transported into these organelles, a part of it will be stored. Ferritins serve
as major Fe storage proteins and buffer Fe inside plastids and mitochondria
(Hintze and Theil, 2006). The vacuole generally serves as another pool and

storage compartment for sequestration within plant cells. Vacuolar Iron
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Transporter 1 (VIT1) transports Fe from the cytosol into vacuole (Kim et al., 2006),
whereas two metal transporters of the Natural Resistance-Associated Macrophage
Protein (NRAMP) family, NRAMP3 and NRAMP4, function counteractively to efflux

Fe from the vacuole into the cytosol (Lanquar et al., 2005).

1.3 Fe acquisition in pathogenic fungi

To successfully complete their life cycle, most microorganisms need Fe
concentrations in the range of 107’ - 107° M Fe (Schaible and Kaufmann, 2004),
which means at even higher levels than plants do (10 - 10® M). Compared to the
soluble pool of Fe found in oxygenated environments, the labile Fe pool in living
tissues is even much lower, since the majority of Fe is bound to proteinous (Fe-S-,
haem-, or Fe-proteins) and non-proteinous molecules (organic acids,
nicotianamine, phytosiderophores etc.). Whereas the concentration of free Fe in
human serum is around 10%* M (Miethke and Marahiel, 2007), it is supposed to be
ten times lower in plants (Expert, 1999). This situation forces pathogenic fungi to
develop Fe sequestration strategies in order to overcome the limitation of Fe in
host plants. Thus, they have evolved two high-affinity Fe acquisition strategies,
reductive iron assimilation (RIA) and siderophore-mediated iron acquisition (SIA),
which implement similar principles as strategy | and Il, respectively, in planta.
However, unlike plants are divided into two groups, fungi mostly posses both

strategies, RIA and SIA, at same time (Fig. 3).
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Fig. 3. Fe acquisition strategies in pathogenic fungi. Fre, ferric reductase; Fet, ferroxidase; Ftr,
permease; Sit, siderophore uptake transporter; PM, plasma membrane.

1.3.1 The reductive Fe assimilation (RIA) pathway

The RIA strategy has been well documented in the eukaryotic model yeast
Saccharomyces cerevisiae (Askwith et al., 1994; Stearman et al., 1996; Van Ho et
al., 2002; Wang et al., 2003; Kwok et al., 2006). The pathway entails a two-step
process that begins with the reduction of insoluble ferric Fe to soluble ferrous Fe
by ferric reductase (Frel/2) at the plasma membrane followed by the uptake of
ferrous Fe by a high-affinity, ferrous-specific transporter complex, consisting of a
multicopper ferroxidase (Fet3) and a permease (Ftrl) (Fig. 3). Since ferric Fe is
not a substrate for the oxidation/permease (Fet3/Ftrl) complex, it must be first
oxidized by Fet3 before being transferred into the cytosol as ferric Fe (Eide, 1997;
Shi et al., 2003; Wang et al., 2003; Philpott, 2006). It has been reported that RIA is
essential for full virulence of many animal and plant pathogenic fungi. For
instance, in the dimorphic human pathogen Candida albicans, the ftrl mutants
exhibited severe growth defects in Fe-deficient medium and were unable to
establish systemic infection in mice (Ramanan and Wang, 2000). The importance
of this Fe acquisition pathway was also demonstrated in the biotrophic corn smut
fungus Ustilago maydis by studies of two components of this system, i.e. the Fe

multicopper oxidase Ferl and the high-affinity Fe permease Fer2 (Eichhorn et al.,
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2006). Both, ferl as well as fer2 deletion mutants were strongly affected in

virulence.

1.3.2 The siderophore-mediated Fe acquisition (SIA) pathway

Most fungi synthesize and secrete siderophores, which are small organic
molecules with tremendous affinity and specificity to ferric Fe (Hider, 1984,
Neilands, 1995). Depending on the Fe-binding moieties, siderophores can be
classified into three different groups: catecholates, hydroxamates and
carboxylates (Boukhalfa and Crumbliss, 2002). Most siderophores from
pathogenic fungi characterized so far are of the hydroxamate type (Haas et al.,
2008). The biosynthetic pathway of hydroxamate siderophore begins with the
hydroxylation of the amino acid ornithine to N°-hydroxy-ornithine by ornithine N°-
oxygenase, which was initially characterized as the product of Sidl in U. maydis
(Mei et al., 1993; Philpott, 2006). After the formation of the hydroxamate group
which is accomplished by acylation of the N°-hydroxyornithine, the hydroxamates
are finally linked by nonribosomal peptide synthetases to form a variety of

siderophore types.

The principle of the SIA system is presented in Fig. 3. Little is known regarding the
mechanism of siderophore excretion. The uptake of siderophore-Fe(lll) complexes
is mediated by the plasma membrane-located transporter Sit (Pao et al., 1998),
which is able to take up also Fe(lll)-siderophores secreted by other species of
fungi or bacteria (Philpott, 2006), even including phytosiderophores (Albarouki and
Deising, 2013). Pathogenic siderophores are among the strongest Fe(lll)-binding
agents known, with Fe binding constants of > 10°° M (Neilands, 1995), ensuring
an effective competition with Fe-binding ligands of the host. Defects in the SIA
pathway usually cause a strong decrease in growth under Fe deficiency and
reduction of infection indicating that the SIA pathway is indispensible for vegetative
growth and full virulence of many pathogenic fungi (Mei et al., 1993; Oide et al.,
2006; Greenshields et al., 2007; Schrettl et al., 2007; Haas et al., 2008; Hof, 2009;
Albarouki et al., 2014).
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1.4 Fein plant-pathogen interaction

Due to the two problematic properties of Fe, i.e. low availability of insoluble ferric
Fe and toxicity of excess free Fe, control over Fe homeostasis is of central
importance in host—pathogen interactions (Nairz et al., 2010). Since both
opponents compete for this micronutrient, the outcome of this competition might
decide over the success of a pathogenic infection or the pathogen resistance of a
host. Thus, one effective strategy for host plants to suppress a pathogen infection
iIs to reduce Fe availability to pathogens. This Fe-withholding strategy is well
documented in animal-pathogen (Weinberg and Miklossy, 2008) but also in plant-
pathogen interactions. For instance, it has been shown that plant-produced
polyphenols reduce the availability of Fe to pathogens (Mila et al.,, 1996).
Alternatively, the infection of potato leaves by the late blight pathogen
Phytophthora infestans was drastically reduced by adding desferrioxamine (DFO),
a bacterial Fe(lll) chelator (Mata et al., 2001). In the same study, the expression of
a ferritin-encoding gene was upregulated in the infected host plant, and induction
of ferritin was also detected during infection of Arabidopsis by Erwinia
chrysanthemi (Dellagi et al., 2005), suggesting the involvement of Fe
sequestration by ferritin in the basal defense of plants. In line with this view, it has
been shown that transgenic tobacco plants ectopically expressing alfalfa ferritin

had a higher tolerance to viral and fungal infections (Deak et al., 1999).

While an Fe-deficient nutritional status may hinder pathogen infection of hosts, Fe
is also required for various innate host defense mechanisms (Schaible and
Kaufmann, 2004). In animals, Fe serves as a cofactor for the enzymatic
generation of antimicrobial oxygen radicals by neutrophils and macrophages and
is essential for the clonal expansion of T-cells (Nairz et al., 2010). Treatment of
Salmonella-infected mice with the Fe chelator DFO dramatically exacerbated the
infection by inhibiting the host NADPH oxidase-dependent respiratory burst due to
a decreased availability of reactive Fe (Collins et al., 2002). A similar role of Fe
may hold true for plants, where the sensitivity of bean to Fusarium solani (Guerra
and Anderson, 1985) or of tomato to Verticilium dahlia (Macur et al., 1991) was
enhanced when plants were Fe deficient, indicating a requirement for Fe in plant
defense responses. A direct involvement of Fe in the defense response was
observed in Arabidopsis (Segond et al., 2009; Chen et al., 2014) and wheat (Liu et
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al., 2007) by a cellular relocalization of Fe to infection sites which coincided with
local ROS production (relocating strategy). These two studies have suggested a
working model that plants can redistribute Fe to the apoplast by pathogen attack
where an oxidative burst takes place and leads to Fe deficiency in the cytosol of
attacked cells. This further stimulates a reprogramming of Fe homeostasis in the

cells involving Fe storage, internal Fe allocation and Fe uptake.

However, it remains so far unclear how plants regulate these two antagonistic
strategies in their defense responses, which role Fe plays in ROS production in
response to certain pathogens and to what extent ROS formation depends on the

plant Fe nutritional status.

1.5 Plant-pathogen systems with Colletotrichum

Colletotrichum is one of the most common and important genera of plant
pathogenic fungi and has been classified as one of the 10 top fungal pathogens in
agricultural plant production (Dean et al., 2012). C. graminicola and C.
higginsianum belong to this genus and show different host specificities. As model
for the study of hemibiotrophic fungal lifestyles, the genomes of both fungi have

been already sequenced (O'Connell et al., 2012).

1.5.1 The maize-Colletotrichum graminicola pathosystem

C. graminicola is the causing agent of maize anthracnose leaf blight and stock rot
(Fig. 4A). The infection process of the fungus starts with germination of conidia
(Fig. 4B, C). After forming a melanized appressorium, this fungus invades the
plant cell and forms a biotrophic infection vesicle and primary hyphae. This stage
of infection is referred to as the biotrophic growth stage, since the host cell
remains viable (Bergstrom and Nicholson, 1999). Following biotrophic growth, the
fungus differentiates thin, fast-growing secondary hyphae actively killing the host
cells by secreting toxins or generating ROS (Perpetua et al., 1996; Howlett, 2006),
thus entering the necrotrophic growth stage (Bergstrom and Nicholson, 1999;
Wharton et al., 2001; Mims and Vaillancourt, 2002). Through the proliferation of
the fungus in the plant tissue, first symptoms are to be recognized as chlorotic
spots. In further development, necrotic spots occur, in which the pathogen forms
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acervuli and conidia for disease spreading (Fig. 4C) (Bergstrom and Nicholson,
1999).
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Fig. 4. Biology of Colletotrichum graminicola. (A) Anthracnose leaf blight and stalk rot. (B) Life
cycle of C. graminicola (see text). (C) Infection structures formed on a maize leaf. ¢, conidium; ap,
appressorium; iv, infection vesicle; ph, primary hypha; sh, secondary hypha; ac, acervulus. (A and
B were modified from Bergstrom and Nicholson (1999), C is an artwork by D. Deising).

The maize-C. graminicola pathosystem has been widely used as model system to
study hemibiotrophic fungal lifestyles (Bergstrom and Nicholson, 1999; Mims and
Vaillancourt, 2002; Munch et al., 2008; Bechinger et al., 1999). Recently, the
functions of two Fe acquisition pathways (RIA and SIA) of C. graminicola have
been studied in this pathosystem. Two ferroxidase genes, FET3-1 and FET3-2,
were identified (Albarouki and Deising, 2013). The fet3-1 and the double mutant
fet3-1/2 showed increased sensitivity to ROS and reduced virulence, but not the
fet3-2 mutant. Interestingly, FET3-1 is expressed in infection structures specifically
formed during fungal development on the cuticle and during biotrophic
development on the leaf tissue, indicating that the RIA pathway is required for
appressorial penetration, biotrophic development, and full virulence of fungus. In
contrast, the study of the two siderophore biosynthesis genes SID1 and NPS6
(non-ribosomal peptide synthetase) revealed that siderophore biosynthesis in C.
graminicola is biotrophy-specifically downregulated for modulation of defense

responses of maize (Albarouki et al., 2014). Both sid1 and nps6 mutants were not
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affected in biotrophic development, but spreading of necrotrophic hyphae was

impaired resulting in a reduced virulence.

1.5.2 The Arabidopsis-Colletotrichum higginsianum pathosystem

Like many other Colletotrichum species, C. higginsianum invades host plants
using a typical multi-stage hemibiotrophic infection process (Fig. 5B), which starts
with biotrophic growth on living host cells, before switching to necrotrophic growth
on dead cells (O'Connell et al., 2004; Shimada et al., 2006; Sun and Zhang, 2009).
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Fig. 5. Arabidopsis-Colletotrichum higginsianum pathosystem. (A) Symptoms of fungal
infection on an Arabidopisis plant. (B) Infection process of C. higginsianum (Ch). SP, spore; AP,
appressorium; PH, biotrophic primary hyphae; SH, necrotrophic secondary hyphae (modified from
O'Connell et al., 2004; 2012).

C. higginsianum has a wide host range, attacking many cultivated forms of
Brassica and Raphanus as well as wild Brassicaceae (Narusaka et al., 2004). The
Arabidopsis-C. higginsianum pathosystem (Fig. 5) was first described by
O’Connell et al., (2004), and soon became an attractive model for the study of
plant-pathogen interactions, as it not only offers the advantage to use the genetic
resources available for the host, but also the experimental advantages of the

pathogen.

1.6 Aims of this study

Whereas fungal and host mechanisms of iron acquisition in mammalian-microbial

interactions have already been intensively studied, the roles of iron in the immune
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system of the plant and in its defense against pathogens are still far away from
known. In particular the role of Fe during different stages of the fungal lifestyle is
not yet clear. Therefore, the overall aims of this work were i) to investigate the role
of Fe during different phases of the fungal infection process, and ii) to identify Fe
homeostasis-related genes that contribute to resistance against Colletotrichum
pathogens. Such knowledge may ultimately allow to develop strategies for
enhanced pathogen resistance by plant breeding or improved nutritional

management.

Limiting Fe availability to pathogens is a successful strategy of hosts to defend
themselves. Fe homeostasis, determined by the Fe nutritional status of plant, is
therefore a central battle field controlled by plants and pathogens. To investigate
the influence of the plant Fe nutritional status in plant-pathogen interactions is of
significant interest. Thus, one approach in this thesis was to manipulate the Fe
nutritional status of maize or Arabidopsis plants and to examine their susceptibility
to the corresponding pathogens (chapters 2.2.1 and 3.2.1).

To overcome the limitation of Fe in host plants, fungal pathogens may employ
reduction- and siderophore-based Fe acquisition at same time. An open question
is which of these Fe acquisition strategies is required when plants are adequately
supplied with Fe or deficient of Fe. Therefore, fungal mutants defective in
individual components of RIA- or SIA-mediated Fe acquisition have been

employed to study the role of Fe during the infection process (chapter 2.2.7).

In order to protect themselves, plants have evolved different basal defense
responses, including ROS production, during pathogen infection. Limited Fe
availability in plant tissues may correspond to a ROS-generating power during
pathogen attack, which may increase the susceptibility of host cells. Therefore,
the Fe redistribution and ROS production in plants was investigated during
pathogen infection using established staining procedures for Fe and ROS (chapter
2.24,2.2.5and 3.2.4).

Furthermore, the Fe homeostasis in plant tissues is tightly controlled by a complex
network of homeostasis-related genes to avoid Fe deficiency or toxicity. Any
changes in this complex network may not only influence Fe balances in plant
tissues, but also the response of plant cells to pathogen infection and thereby host

susceptibility. Therefore, the present study used reverse genetic approaches
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(transgenic Arabidopsis lines) to investigate the potential contribution of plant Fe
homeostasis-related genes to the defense against fungal pathogens (chapter 3.2.3
and 3.2.4).
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2 Fein the maize-Colletotrichum graminicola interaction

2.1 Material and methods

2.1.1 Plant material and growth conditions

In this study the maize (Zea mays) inbred line UH002 was used as a reference line
(WT) together with the maize mutant ys1, which is defective in phytosiderophore
uptake by roots (von Wirén et al., 1994; Schaaf et al., 2004).

For hydroponic culture, seeds were dark-germinated in moistened filter paper. Two
days after germination, seedlings were transferred to half-strength nutrient
solution. After 3 days, full nutrient solution containing 2.0 mM Ca(NOs3), 0.7 mM
K,SO4, 0.5 mM MgSO4, 0.1 mM KCI, 0.1 mM KH,PO,, 1.0 pM H3BOs, 0.5 pM
MnSOy4, 0.5 UM ZnSOy4, 0.2 uM CuSOy,, and 0.01 pM (NH4)sM07024 was supplied.
Fe was supplied at the beginning as Fe(lll)-EDTA ranging in concentrations from
10 to 250 uM to vary the Fe nutritional status in plants. Nutrient solutions were
continuously aerated and changed every 2 to 3 days. Plants were grown in a
climate chamber under controlled environmental conditions in a 25°/20°C and
16/8h light/dark regime, a light intensity of 240 pmol photons m™? s and a relative
humidity of 60%.

For soil culture, ysl plants were grown in a peat-based substrate (Substrat 2,
Klasmann-Deilmann, Geeste, Germany) in a greenhouse at 60% relative humidity
in a 22°/20°C and 16/8h light/dark regime for 3 weeks. As Fe treatments, 10 or 20
mg Fe-EDDHA (6% Sequestrene 138 Fe-Granulat, Syngenta, Germany) were
directly supplied to the pots every two days and water was supplied as in the

control.

2.1.2 Fungal culture and plant inoculation

The wild-type (WT) strain CgM2 of Colletotrichum graminicola (Ces.) G. W. Wilson
(teleomorph Glomereella graminicola D. J. Politis) (Anderson and Nicholson, 1996;
Bergstrom and Nicholson, 1999) and all mutant strains used in this study were
obtained from Prof. H. B. Deising’s lab (Halle University, Germany).
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In order to collect conidia for infection assays, the WT strain was grown on oat
meal agar (OMA) (Werner et al., 2007), while the mutants deleted in one (Afet3-1)
or two (Afet3-1/2) ferroxidase genes or defective in siderophore biosynthesis
(Anps6 or Asidl) were grown on OMA medium supplemented with 100 uM Fe(lll)-
EDTA (Albarouki and Deising, 2013; Albarouki et al.,, 2014). Conidia were
collected from 2 to 4 week-old OMA plates by rinsing with 0.03% (v/v) Tween 20.
After 3 times of washing, conidia suspensions were adjusted to certain

concentrations with a hemocytometer (LO-Laboroptik, Friedrichsdorf, Germany).

Two week-old maize plants were used for infection assays. In general, the fourth
fully expanded leaf was used for determination of the Fe nutritional status and for
infection assays. Leaf segments (10 to 12 cm) were inoculated with 10 ul droplets
either containing 10° conidia ml™ or no conidia as mock treatment. Alternatively, a
sterile pipette tip was used to wound leaves immediately before inoculation. Leaf
segments were placed into square Petri dishes (23 x 23 cm, Corning Inc., Corning,
NY) containing two layers of moist filter paper and incubated in darkness at 25°C.

2.1.3 Infection assays

2.1.3.1 Determination of lesion areas

Symptoms on maize leaves were photographed at 4 days post inoculation (dpi)
and lesion areas were quantified using the ImageJ software
(http://rsbweb.nih.gov/ij/).

2.1.3.2 Quantification of fungal DNA

Quantitative PCR (gPCR) was employed for quantifying fungal mass as described
by Albarouki and Deising (2013). Briefly, infected areas were collected at 4 dpi
using a cork borer (diameter 0.8 cm). Samples were homogenized using a mixer
mill (MM400, Retsch, Haan, Germany) for 1 minute at 30 Hz. DNA was extracted
following the manufacturer’s protocol using the pegGOLD Fungal DNA Mini Kit
(PEQLAB Biotechnologie GmbH, Erlangen, Germany). Plasmid pUC18 (50 pg;
Fermentas, St. Leon-Rot, Germany) was added at the beginning of DNA isolation

as an external normalization reference. To determine the amount of fungal DNA,

22




Fe in the maize-Colletotrichum graminicola interaction

gPCR was performed with a Mastercycler realplex (Eppendorf, Hamburg,
Germany) and the iQ SYBR Green Supermix (Bio-Rad Laboratories, Hercules,
CA, USA) using the primers ITS2-gPCR-Fw and ITS2-qPCR-Rv specific to the
internal transcribed space region of rDNA of C. graminicola. The puUC18
concentration was measured using the primers M13-gPCR-Fw and M13-gPCR-

Rv. All primers used are listed in the supplemental Table 1 (page 98).

2.1.4 Histological staining and microscopy

2.1.4.1 Light microscopy

Light microscopy was performed using a Zeiss Axio Imager M2 microscope (Zeiss,
Oberkochen, Germany), equipped with a camera (Axio Cam MRC). After removing
chlorophyll with 96% ethanol, infected leaf segments were mounted and directly

observed under the microscope.

2.1.4.2 Prussian blue staining

For Fe staining, leaf segments were taken from sites where fungal suspensions
had been placed on. Prussian blue staining was modified from Cvitanich et al.
(2010). Briefly, after removing chlorophyll by extraction with methanol: chloroform:
acetic acid (6:3:1, v/v/v), samples were stained with 1 volume of 4% HCI mixed
with 1 volume of 8% (w/v) fresh potassium hexacyanoferrate (Il) trihydrate (Merck,
Darmstadt, Germany) at 28°C for 24 h. After washing several times with bidestilled

water, samples were mounted and observed under a light microscope.

2.1.4.3 DAB staining

To localize the occurrence of hydrogen peroxide, 3,3'-diaminobenzidine (DAB)
(Sigma-Aldrich, Steinheim, Germany) staining was conducted according to
Huckelhoven et al. (1999). After briefly dipping leaf samples in 0.1% (v/v) Tween
20, they were vacuum infiltrated with freshly prepared 0.1% (w/v) DAB solution
(pH 3.8, HCI) and incubated overnight in the dark at room temperature. After
removing chlorophyll with 96% ethanol, samples were mounted and observed

under a light microscope.
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2.1.4.4 Scanning electron microscopy (SEM)

Specimens in sizes of 8 x 16 mm were taken from the middle section of the fourth
youngest and fully expanded leaves of maize plants precultured under deficient (-
Fe) or sufficient (+Fe) Fe supply in hydroponic culture. After fixation with 2%
glutaraldehyde in 50 mM phosphate buffer (pH 7.0) for 2 h the leaf specimens
were washed with buffer and dehydrated in an ethanol series from 30% to 100%
for 15 min each. Then, samples were dried in a Bal-Tec critical point dryer (Bal-
Tec AG, Balzers, Switzerland). Dried specimens were attached onto carbon-
coated aluminium sample blocks and gold coated in an Edwards S150B sputter
coater (Edwards High Vacuum Inc., Crowley, West Sussex, UK). Samples were
examined in a Hitachi S4100 SEM (Hisco Europe, Ratingen, Germany) at 5 kV

acceleration voltages.

2.1.4.5 Transmission electron microscopy (TEM)

Sample preparation for TEM was as described by Gernand et al. (2006) with slight
modifications. Briefly, the specimens collected as described before in 2.1.4.4. were
chemically fixed with 2% glutaraldehyde and 2% formaldehyde in 50 mM
phosphate buffer (pH 7.0) for 2 h. After three 20 min washes with the same buffer,
the samples were fixed with 1% OsO, for 2 h, followed by three washes in distilled
water, dehydration in a graded ethanol series and subsequent embedding in
Spurr’s low viscosity resin. Ultrathin sections (75 nm) were made on a Reichert-
Jung Ultracut S (Leica, Vienna, Austria) and collected on 75 mesh hexagonal
grids. After staining with 2% uranyl acetate, samples were studied in a FEI Tecnai
20 electron microscope (Fei Company, Eindhoven, Netherlands) at 120 kV

acceleration voltages.

2.1.5 Gene expression analysis

The samples from either infected or non-infected leaves were collected and
homogenized as described in 2.1.3.2. Total RNA was extracted with Trizol® agent
(Life Technologies, Darmstadt, Germany) according to the manufacturer's
instructions. RNA concentrations were normalized and reverse transcribed using a
RevertAid First Strand cDNA Synthesis Kit (Fermentas, St. Leon-Rot, Germany).
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The cDNA samples were then used to investigate gene expression by quantitative
real-time PCR (qRT-PCR) with a Mastercycler ep realplex (Eppendorf, Hamburg,
Germany) and the iQ SYBR Green Supermix (Bio-Rad Laboratories, Hercules,
CA, USA). Specific primers were designed and used for the target genes. In
addition, the expression of the house-keeping genes ZmGAPDH (glyceraldehyde-
3-phosphate dehydrogenase, X07156.1) and ZmTUA4 (alpha tubulin 4,
AJ420856.1) was determined as reference. Relative expression was calculated
according to Pfaffl (2001). All primers used are listed in supplemented Table 1
(page 98).

2.1.6 Quantification of the plant Fe nutritional status

2.1.6.1 Determination of chlorophyll concentration

Chlorophyll concentrations in maize leaves were determined after extraction of
fresh leaf material grinded in liquid N2 with N,N-dimethylformamid (Sigma-Aldrich,
Steinheim, Germany) at 4°C for 48 h. The absorbance at 647 and 664 nm was
then measured in extracts according to Moran and Porath (1980) and Moran
(1982).

2.1.6.2 Determination of total Fe concentration

After homogenization by a mixer mill (2.1.3.2.), the samples were dried at 65°C for
3 days. The Fe concentrations were measured by Inductively-Coupled Plasma
Optic Emission Spectrometry (ICP-OES; iICAP, Thermo Scientific, Dreieich,
Germany) after wet digestion of grinded leaf material in HNO3 in a microwave
(Eggert and von Wirén, 2013).

2.1.7 Fe fractionation in maize leaves during C. graminicola infection

Infected leaf samples were collected (2.1.3.2.) in a time course from 0 to 72 hpi
during fungal infection. Deep-frozen samples were homogenized in liquid N, using
a mortar and pestle and extracted in bidestilled water according to Shi et al.
(2012). After centrifugation at 3500 g for 30 min at 4°C, the supernatant was
collected as the water-soluble fraction. The pellet, containing the water-insoluble
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fraction, was dried at 65°C for 3 days and wet-digested in the microwave. In both
fractions Fe was determined by Inductively Coupled Plasma Mass Spectrometry
(ICP-MS) (Elan 6000, Perkin Elmer, Boston, USA).
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2.2 Results

2.2.1 The influence of the iron nutritional status on the susceptibility of

maize plants to C. graminicola infection

2.2.1.1 Infection of WT UH002 with C. graminicola

In order to examine the overall influence of the Fe nutritional status on the
susceptibility of maize plants to C. graminicola, plants were precultured
hydroponically with the supply of 10 to 250 uM Fe(lll)-EDTA. After two weeks, Fe
deficiency symptoms as expressed by chlorosis in younger leaves appeared in
plants with Fe supplies from 10 to 50 uM, whereas no chlorosis was observed in
plants with higher Fe supplies (Fig. 6A). As expected, plants supplied with only 10
UM Fe appeared most chlorotic and showed lowest concentrations of chlorophyll
and total Fe in youngest and fully expanded leaves (Fig. 6B). With increasing Fe
supply, chlorophyll and total Fe concentrations increased steadily but reached
adequate levels only when= 100 yM Fe was provided. Compared to plants grown
at 100 uM Fe, the growth of plants supplied with 250 uM Fe was slightly inhibited,

most likely indicating an excess of Fe.

bc

1.2 a5

0.8 A

0.4 4

Fe concentration (ugg-' DW)

Chlorophyll concentration (mg g-! FW)

0.0 = -
10 25 50 100 250 10 25 50 100 250
Fe-EDTA (UM) Fe-EDTA (uM)

Fig. 6. Characterization of the Fe nutritional status in wild-type maize UH002. (A) Phenotype
of two week-old maize plants grown in hydroponic culture with supply of 10 to 250 uM Fe(lll)-
EDTA. (B) Chlorophyll and total Fe concentrations of youngest fully expanded leaves. Bars indicate
means + SD, n = 4, and significant differences are indicated by different letters.
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A subsequent infection assay was conducted on wounded and non-wounded leaf
segments. Wounding allows immediate infection and progression of the fungus
into the necrotrophic growth phase, while on non-wounded leaves a biotrophic
growth phase preceeds the necrotrophic growth phase (Horbach et al., 2009). On
non-wounded leaves, the most severe disease symptoms occurred on leaves
supplied with 10 uM Fe (Fig. 7A). This was accompanied by a large lesion area of
the infected tissue and a considerable amount of fungal DNA (Fig. 7B). As Fe
supply increased up to 100 uM, the lesion area and fungal DNA decreased by >
80% and 65%, respectively. Relative to adequately supplied plants (100 uM Fe),
leaves from plants with highest Fe supply showed a higher infection level.
Compared to non-wounded leaves, the infection was dramatically enhanced by
wounding, resulting in a higher fungal proliferation and corresponding DNA levels
(Fig. 7B). As indicated by the lesion area (Fig. 7A), severely Fe-deficient leaves
suffered most from the infection, while Fe supplies between 50 and 250 pM were
somewhat less affected. Taken together, this experiment showed that the Fe
nutritional status strongly affects the susceptibility of non-wounded maize leaf
segments to C. graminicola. Fe-deficient maize plants were more susceptible than
Fe-sufficient plants to this fungus, while excess Fe supplies tended to increase
susceptibility. This experiment also allowed choosing 100 and 10 uM Fe as the
two most contrasting Fe treatments for the subsequent experiments, from here on

referred to as Fe-sufficient (+Fe) and Fe-deficient (—Fe), respectively.

28




Fe in the maize-Colletotrichum graminicola interaction
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Fig. 7. Influence of the Fe nutritional status of maize UHO002 on its susceptibility to C.
graminicola. (A) Infection assay. Plants were grown in hydroponic culture with supply of 10 to 250
UM Fe(ll)-EDTA. Excised leaf blades were either wounded or not wounded and inoculated with 10
ul of C. graminicola suspension containing either 10° spores mI™* (CgM2) or no spores (Mock). (B)
Lesion area and relative fungal DNA amount. At 96 hpi lesion areas were measured by using
ImageJ software and fungal DNA was quantified by qPCR. Bars indicate means + SD, n = 4, and
significant differences at p < 0.001 for lesion areas and at p < 0.05 for fungal DNA analysis are
indicated by different letters. N.S., not significant.

2.2.1.2 Infection of the maize mutant ys1 with C. graminicola

In an alternative approach to investigate the influence of iron on the pathogen
response, the ysl mutant which is defective in uptake of phytosiderophores was
used for infection assays. Plants grown without Fe fertilization showed Fe-
deficiency symptoms in the form of chlorosis in younger leaves, whereas plants
supplied with 10 or 20 mg Fe-EDDHA showed no chlorosis (Fig. 8A). A non-
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deficient Fe nutritional status was also reflected by measurements of the

chlorophyll and total Fe concentrations in youngest fully expanded leaves (Fig.
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Fig. 8. Characterization of the Fe nutritional status in the maize mutant ys1. (A) Phenotype of
two week-old maize plants grown in soil with supply of 0, 10 or 20 mg Fe-EDDHA per pot. (B)
Chlorophyll and total Fe concentrations of youngest fully expanded leaves. Bars indicate means +
SD, n = 4, and significant differences are indicated by different letters.

Infection assays were conducted also with wounded and non-wounded leaves. On
non-wounded leaves, the severity of infection symptoms was lower when Fe-
EDDHA was supplied (Fig. 9A). There were no significant differences among Fe
treatments when leaves were wounded, as indicated by the quantitative analysis
of lesion area and fungal DNA (Fig. 9B). Thus, the results confirmed that Fe

deficiency increases the susceptibility of maize plants to C. graminicola infection.
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Fig. 9. Influence of the Fe nutritional status of the maize mutant ys1 on its susceptibility to
C. graminicola. (A) Infection assay. Plants were grown in soil with supply of 0, 10 or 20 mg Fe-
EDDHA per pot. Excised leaf blades were either wounded or not wounded and inoculated with 10
ul of C. graminicola suspension containing either 10° spores mI™ (CgM2) or no spores (Mock). (B)
Lesion area and fungal DNA amount. At 96 hpi lesion areas were measured by using ImageJ
software and fungal DNA was quantified by qPCR. Bars indicate means + SD, n = 4, and significant
differences are indicated by different letters. N.S., not significant.
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2.2.2 Iron resupply restores the tolerance of Fe-deficient maize plants to C.

graminicola

To verify whether there is also an immediate effect of the Fe nutritional status on
the susceptibility of maize plants to C. graminicola infection, exogenous Fe was
resupplied to Fe-deficient WT plants. Two days before the infection assay, Fe-
deficient plants were transferred either to 10 uM (-Fe) or to 100 uM Fe(lll)-EDTA (-
Fe 100), while control plants were continuously cultivated on 100 uM Fe (+Fe)
(Fig. 10A). As indicated by infection symptoms, the lesion area and fungal DNA
analysis, Fe-deficient leaves were more severely infected by the fungus than Fe-
sufficient leaves (Fig. 10B, C). Compared to Fe-deficient leaves, the leaves in
plants which were resupplied with 100 uM Fe (-Fe 100) were less infected (Fig.
10B, C). These observations suggested that the tolerance of Fe-deficient maize

plants can be restored by the resupply of Fe.
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Fig. 10. Fe resupply restores the tolerance of Fe-deficient plants to C. graminicola. (A)
Schematic view of the experimental design: maize plants were precultured with 100 uM Fe (Fe-
sufficient) or 10 uM Fe (—Fe) for two weeks. Two days before infection, nutrient solutions were
changed and -Fe plants were transferred either to 10 or to 100 uM Fe-EDTA (—Fe 100). (B)
Infection assay. Excised leaf blades were inoculated with 10 pl of C. graminicola suspension
containing either 10> spores ml* (CgM2) or no spores (Mock). (C) Lesion area and amount of
fungal DNA. At 96 hpi lesion areas were measured by using ImageJ software and fungal DNA was
quantified by using gPCR. Bars indicate means + SD, n = 4, and significant difference at p < 0.001
for lesion areas and at p < 0.05 for fungal DNA analysis are indicated by different letters.
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2.2.3 Fungal growth and development in dependence of the Fe nutritional

status of maize leaves

The different susceptibilities of Fe-sufficient and Fe-deficient maize leaves to C.
graminicola infection suggested that fungal development might vary on both maize
leaves. To examine the influence of the Fe nutritional status on fungal
development, the following five time points, as previously characterized by Vargas
et al. (2012), were chosen as they coincide with relevant changes in fungal
development and lifestyle: 12 hpi, germination and appressorial formation; 24 hpi,
penetration; 36 hpi, primary hyphae formation (biotrophic growth); 48 hpi,
secondary hyphae formation (switch from bio- to necrotrophic growth); 72 hpi,
necrotrophic growth. In this experiment, conidia germinated and formed
appressoria on both Fe-sufficient and Fe-deficient leaves at 12 hpi (Fig. 11A).
However, both germination and appressorial formation were significantly faster on
Fe-deficient leaves (Fig. 11B). At 24 hpi, fungal germination and appressorial
formation reached almost the same level on Fe-sufficient as on Fe-deficient
leaves. At this time point primary hyphae appeared on both, Fe-sufficient and Fe-
deficient leaves. However, on Fe-deficient leaves 14% of germinated conidia had
already formed primary hyphae while on Fe-sufficient leaves those were only 2.7%
(Fig. 11B). At 36 hpi the first secondary hyphae were found on Fe-deficient leaves,
while these structures were still absent from Fe-sufficient leaves. From 36 hpi
onwards, the rate of secondary hyphae formation on Fe-deficient leaves
progressed faster than on Fe-sufficient leaves (Fig. 11B). Thus, these results
showed that fungal growth and development, right away from germination and
appressorial formation is accelerated on maize leaves suffering from Fe

deficiency.
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Fig. 11. Development of infection structures by Colletotrichum graminicola on Fe-sufficient
and Fe-deficient maize leaves. (A) Microscopic analysis of C. graminicola development on Fe-
sufficient (+Fe) and Fe-deficient (—-Fe) maize leaves in a time course from 12 to 72 hpi. CO,
conidia; AP, appressoria; PH, primary hyphae; SH, secondary hyphae. Bars =10 um. (B) From 12
to 72 hpi the following measures were taken under the microscope and expressed in %: no. of
germinated spores per total no. of spores (GE), no. of appressoria per total no. of spores (AP),
primary hyphae per total no. of appressoria (PH), and no. of secondary hyphae per total no. of
appressoria (SH). Bars indicate means + SD from three biological replicates each with 100
analyzed infection sites; significant differences at p < 0.05 are indicated by *.
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2.2.4 Influence of the Fe nutritional status on Fe distribution in maize leaves

during C. graminicola infection

2.2.4.1 Fe accumulation at infection sites of C. graminicola

Prussian blue staining has been widely used to specifically visualize the cellular
and even intracellular localization of Fe in animal or plant tissues (Smith et al.,
1997; Liu et al., 2007; Roschzttardtz et al., 2009; Cvitanich et al., 2010). In order to
determine changes in cellular Fe distribution during fungal infection, Prussian blue
staining was performed on infected leaf tissue in the same time course as before.
While there was no particular difference in stained Fe between Fe-sufficient and
Fe-deficient leaves 12 hpi, blue staining accumulated on Fe-sufficient leaves 24
hpi around the appressoria of infection sites (Fig. 12A, indicated by arrows). In
contrast, on Fe-deficient leaves Fe staining events appeared only at 36 hpi. With
the progression of infection, Fe staining events increased at a similar rate on both
Fe-sufficient and Fe-deficient leaves up to 48 hpi (Fig. 12B). At 72 hpi, Fe-stained
appressoria declined in both treatments, but fungal hyphae, mostly likely
representing the thin, secondary hyphae, apparently contained more Fe than the
surrounding plant tissue. These data indicated that Fe is recruited to the
penetration sites subjacent to appressoria and that Fe accumulates earlier at the
infection sites on Fe-sufficient leaves, which are also more tolerant to C.

graminicola infection than Fe-deficient leaves.
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Fig. 12. Fe accumulation at infection sites of Fe-sufficient and Fe-deficient maize leaves
after Colletotrichum graminicola Infection. (A) Microscopic images of Prussian blue stained Fe-
sufficient (+Fe) and Fe-deficient (-Fe) maize leaves after C. graminicola infection. Arrows indicate
local Fe accumulation at infection sites. CO, conidia; AP, appressoria; PH, primary hyphae; SH,
secondary hyphae. Bars = 10 um. (B) Quantitative analysis of Prussian blue staining events. The
no. of Prussian blue-stained appressoria per 100 analyzed appressoria was counted from three
biological replicates of each treatment; n.d.: not detected. Bars indicate means + SD, and
significant differences at p < 0.05 are indicated by *.
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2.2.4.2 Analysis of different Fe fractions in maize leaves during C.

graminicola infection

The results from Prussian blue staining indicated that C. graminicola infection
causes a redistribution of Fe in maize leaves. In order to investigate dynamic
changes in the Fe distribution in maize leaves during fungal infection, three
different Fe fractions (total Fe, water-soluble and -insoluble Fe) were analyzed in a
time course from 0 to 72 hpi. As expected, the concentration of total Fe, water-
soluble and -insoluble Fe in Fe-sufficient leaves were significantly higher than in
Fe-deficient leaves, regardless of whether the leaves were infected or not (Fig.
13A, B, C). The water-soluble Fe concentrations were higher than the total Fe
concentrations (Fig. 13A, C). This might be due to the water-soluble Fe extraction
procedure which changed the biomass of samples. Surprisingly, the total Fe
concentrations in inoculated Fe-sufficient (+Fe CgM2) leaves at 48 and 72 hpi
were higher than in uninfected leaves, whereas no significant differences in total
leaf Fe were found during the entire infection period when plants were grown
under Fe deficiency (Fig. 13A). Unlike the total Fe, water-soluble Fe increased
significantly not only in inoculated Fe-sufficient (+Fe CgM2), but also in inoculated
Fe-deficient (-Fe CgM2) leaves during the late necrotrophic growth stages (72 hpi)
compared to mock treatments (Fig. 13B). In contrast, the water-insoluble Fe
concentrations in both, infected Fe-sufficient (+Fe CgM2) and Fe-deficient (-Fe
CgM2) leaves, remained relatively constant during the entire infection period and
showed no significant difference between infection and mock treatments (Fig.
13C). These results suggested that C. graminicola infection may cause changes

mainly in the water-soluble Fe fraction during the late necrotrophic growth phase.
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Fig. 13. Changes in Fe pools of Fe-sufficient and Fe-deficient maize leaves during
Colletotrichum graminicola infection. (A) Total Fe concentration in Fe-sufficient and Fe-deficient
leaves. (B) Water-soluble Fe concentration in maize leaves. (C) Water-insoluble Fe concentration
in Fe-sufficient and Fe-deficient leaves. Bars indicate means + SD, and significant differences at p
< 0.05 are indicated by an asterisc *.
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2.2.5 The Fe nutritional status of maize leaves affects H,O, production

during C. graminicola infection

The production of ROS is a common active plant defense response to pathogen
infection (Apel and Hirt, 2004; Trujillo et al., 2004; Jones and Dangl, 2006). H,0O,
has been reported as the major form of ROS produced in maize leaves infected
with C. graminicola (Vargas et al., 2012). In order to investigate how the Fe
nutritional status affects this plant defense response, H,O, production in Fe-
sufficient and Fe-deficient maize leaves at different time points after fungal
infection was visualized by staining with DAB (Thordal-Christensen et al., 1997).
Whereas DAB staining events, shown as brown-reddish rings surrounding
appressoria (Fig. 14A, arrows), were detected in Fe-sufficient leaves already at 24
hpi, they appeared only later, i.e. at 36 hpi, in Fe-deficient leaves. With the
progression of fungal infection, H,O, production increased in both, but although it
started earlier in Fe-sufficient leaves, DAB staining events increased less
dramatically than in Fe-deficient leaves. At the late necrotrophic growth phase (72
hpi) Fe-deficient leaves were more strongly affected by H,O, production than Fe-
sufficient leaves (Fig. 14B). Taken together, these results showed that i) Fe-
sufficient leaves responded earlier to fungal infection with H,O, formation, and ii)
H,O, production spread more quickly over Fe-deficient leaves when the

necrotrophic growth phase had set in.
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Fig. 14. H,0O, production in Fe-sufficient and Fe-deficient maize leaves after Colletotrichum
graminicola infection. (A) Microscopy analysis of 3,3'-diaminobenzidine (DAB)-stained Fe-
sufficient (+Fe) and Fe-deficient (-Fe) maize leaves after C. graminicola infection. Arrows indicate
local H,O, production at infection sites. CO, conidia; AP, appressoria; PH, primary hyphae; SH,
secondary hyphae. Bars = 10 um. (B) Quantitative analysis of DAB staining events. The no. of DAB
staining events per 100 analyzed appressoria was counted from three biological replicates of each
treatment. Bars indicate means + SD, and significant differences at p < 0.05 are indicated by *,
n.d.: not detected.
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2.2.6 The Fe nutritional status in maize influences Fe homeostasis-related

gene expression during C. graminicola infection

Many pathogenesis-related (PR) genes are induced upon pathogen attacks and
therefore are widely used as marker genes for defense responses in plant-
pathogen interactions. To examine the effects of the Fe nutritional status in maize
plants on defense responses to C. graminicola infection, the expression of ZmPR-
1, ZmPR-5, ZmPR-4b and ZmWind genes which have already been reported as
marker genes in the maize-C. graminicola pathosystem (Vargas et al., 2012), were
analyzed in a time course. In general, the expression of all PR genes increased
with the progression of infection. As expected, all four PR genes were induced in
both Fe-sufficient and Fe-deficient leaves already during the early biotrophic
growth phase at 12 or 24 hpi (Fig. 15). However, the expression levels of ZmPR-1
were higher in Fe-sufficient leaves during entire infection period, whereas the
levels of ZmPR-4b and ZmWind showed an opposite response and were higher in
Fe-deficient leaves. These data suggested that the Fe nutritional status may
differently influence the expression of PR genes during C. graminicola infection.
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Fig. 15. Influence of the Fe nutritional status of maize leaves on the expression of
pathogenesis-related (PR) genes during Colletotrichum graminicola infection. gRT-PCR
analysis of the defense markers PR-1, PR-5, PR-4b and Wind in Fe-sufficient and Fe-deficient
leaves during fungal infection. Bars indicate means + SD, n = 4.

Then, the relative expression levels of several Fe homeostasis-related genes
involved either in Fe acquisition (ZmYS1, ZmDMAS1 and ZmIDEF1), Fe storage
(ZmFER1, ZmFER2, ZmVIT1 and ZmNRAMP3) or in internal Fe allocation
(ZmNAS3) were determined in a time course during C. graminicola infection of Fe-
sufficient and -deficient leaves (Fig. 16). In general, changes in transcript
abundance during the infection process were low with the exception of ZmYS1
which increased > 3-fold in Fe-deficient leaves after 72 hpi. However, no striking
differences were found in gene expression in dependence of the Fe nutritional
status except for higher transcript levels of ZmVIT1 and ZmNASS3 in Fe-sufficient
leaves 36 and 48 hpi. Thus, there was no consistent response to Colletotrichum
infection in the transcriptional regulation of genes involved in Fe homeostasis,
suggesting that the fungal infection did not yet disturb Fe homeostasis at the

tissue level.
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Fig. 16. Influence of the Fe nutritional status of maize leaves on the expression of the Fe-
homeostasis related genes during Colletotrichum graminicola infection. gRT-PCR analysis of
the Fe homeostasis-related gens (ZmYS1, ZmDMAS1, ZmIDEF1, ZmFER1, ZmFER2, ZmVIT1,
ZMNRAMP3 and ZmNAS3) in Fe-sufficient and Fe-deficient leaves during fungal infection. The
values are the ratio of CgM2/Mock. Bars indicate means + SD, n = 4.
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2.2.7 Influence of the Fe nutritional status of maize plants on the infection

by fungal mutants defective in Fe acquisition

2.2.7.1 Infection assay with fungal mutants

C. graminicola mutants defective in either reductive Fe acquisition by deletion of
one (Afet3-1) or two (Afet3-1/2) ferroxidase genes or defective in siderophore
biosynthesis (Anps6 or Asidl) were previously employed to study the role of fungal
Fe acquisition pathways in pathogenesis (Albarouki and Deising, 2013; Albarouki
et al., 2014). In order to investigate the importance of the two fungal Fe acquisition
strategies for the infection of maize leaves, wounded or non-wounded leaves were
infected with a C. graminicola WT strain and the above-mentioned mutants. In
agreement with the previous experiments, non-wounded Fe-deficient maize leaves
were more severely infected by C. graminicola WT than Fe-sufficient leaves (Fig.
17A, B). As observed before (Fig. 17A, B), this difference largely disappeared
when leaves were wounded before infection. In agreement with previous studies
(Albarouki and Deising, 2013; Albarouki., 2014), C. graminicola mutants defective
in siderophore biosynthesis (Anps6 and Asidl) or in Fe reduction (Afet3-1 and
Afet3-1/2) were hampered in pathogenesis and led to less lesion symptoms and
fungal proliferation (Fig. 17A, B). This reduced infectiousness of the mutants held
true for Fe-sufficient as well as for Fe-deficient leaves, although Fe deficiency was
of advantage for fungal proliferation. However, when maize leaves were wounded
before, all C. graminicola mutants tested showed similar levels of infection
irrespective of whether leaves were Fe deficient or not. This observation
suggested that in particular the necrotrophic growth phase of C. graminicola is

largely independent of the Fe nutritional status of maize leaves.
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Fig. 17. Influence of the Fe nutritional status of maize leaves on the infection by
Colletotrichum graminicola mutants defective in Fe acquisition. (A) Infection assay of C.
graminicola WT and mutant strains defective either in reduction-based (Afet3-1 and Afet3-1/2) or
siderophore-based (Anps6 and Asidl) Fe acquisition. Excised leaf blades were either wounded or
not wounded and inoculated with 10 pl of C. graminicola suspension containing either 10> spores
ml™ or no spores. (B) At 96 hpi lesion areas were measured by using ImageJ software and fungal
DNA was quantified by gPCR. Bars indicate means + SD, n = 4, and significant differences
between Fe-sufficient and Fe-deficient at p < 0.05, 0.01 or 0.001 are indicated by *, ** or ***,
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2.2.7.2 Influence of the Fe nutritional status of maize leaves on the
development of Colletotrichum mutants with disabled Fe

acquisition

The development of fungal mutants on non-wounded Fe-sufficient and Fe-deficient
maize leaves was also investigated microscopically in a time course during
infection. Compared to the wild-type strain, all fungal mutants showed weaker
growth and delayed development at all critical time points (Fig. 18A-E). However,
similar to the wild type, all fungal mutants showed a faster development on Fe-
deficient leaves. There were no significant differences between mutants defective
in reduction-based (Afet3-1 and Afet3-1/2) or the siderophore-based pathway
(Anps6 and Asidl). Thus, a defect in either Fe acquisition pathway impaired fungal

development.
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Fig. 18. Quantitative analysis of infection structures of Colletotrichum graminicola wild-type
and mutant strains on Fe-sufficient and Fe-deficient maize leaves. From 12 to 72 hpi (A to E)
the following measures were taken under the microscope and expressed in (%): no. of germinated
spores per total no. of spores (GE), no. of appressoria per total no. of spores (AP), primary hyphae
per total no. of appressoria (PH), and no. of secondary hyphae per total no. of appressoria (SH).
n.d.: not detected. Bars indicate means + SD from three biological replicates each with 100
analyzed infection sites; significant differences at p < 0.05 or 0.001 are indicated by * or **.
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2.2.7.3 Influence of fungal Fe acquisition pathways on local Fe
accumulation at the infection site

Prussian blue staining was employed to investigate the influence of the Fe
nutritional status in maize leaves on Fe accumulation at the infection sites during
fungal infection. In general, Fe staining appeared first in Fe-supplied leaves
already at 24 hpi wild-type leaves showed a considerable number of staining
events while only in sid1l but not in the other mutants Fe could be stained at the
infection sites (Fig. 19). Also at later time points, Prussian blue staining events
appeared later or to a lower extent in particular in the Colletotrichum mutants
affected in reduction-based Fe acquisition (Afet3-1 and Afet3-1/2). These data
suggested that there was at least in tendency an influence of the fungal Fe
acquisition pathways on the Fe accumulation in infected maize leaves in a way
that reduction-based Fe acquisition of the fungus contributed to a local
accumulation of Fe around the infection sites.
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Fig. 19. Quantitative analysis of Prussian blue-stained appressoria of Colletotrichum
graminicola wild-type and mutant strains on Fe-sufficient and Fe-deficient maize leaves. The
no. of Prussian blue-stained appressoria per 100 analyzed appressoria was counted from three
biological replicates of each treatment; n.d.: not detected. Bars indicate means * SD, and
significant differences at p < 0.05 are indicated by *.
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2.2.7.4 Influence of fungal Fe acquisition pathways on local Fe

accumulation H»,O, formation at the infection site

To assess the influence of fungal Fe acquisition pathways on H,O, production of
maize leaves of different Fe nutritional status, DAB staining was performed after
maize leaves were infected with Colletotrichum wild-type and mutant strains
defective either in the reduction-based (Afet3-1 and Afet3-1/2) or the siderophore-
based pathway (Anps6 and Asidl). H,O, formation appeared first on Fe-sufficient
leaves infected with wild-type and Afet3-1 but was detected soon after also in the
leaves infected with the other mutants. With a delay of 12 h DAB-stained H,O,
also appeared in Fe-deficient leaves, but there increased to a higher level. In
general, H,O, staining tended to remain at higher levels in wild-type infected
leaves during the entire infection period (Fig. 20). However, there were no
significant differences in H,O, formation between the leaves infected by strains
disabled in reduction-based (Afet3-1 and Afet3-1/2) or siderophore-based (Anps6
and Asidl) Fe acquisition. These data indicated that H,O, formation is slightly
lower and delayed when maize leaves are infected by mutants with defective Fe

acquisition.
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Fig. 20. Quantitative analysis of DAB-stained appressoria of Colletotrichum graminicola
wild-type and mutant strains on Fe-sufficient and Fe-deficient maize leaves. The no. of DAB-
stained appressoria per 100 analyzed appressoria was counted from three biological replicates of
each treatment; n.d.: not detected. Bars indicate means + SD, and significant differences at p <
0.05 are indicated by *.
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2.2.8 Fe deficiency affects maize leaf structure

Fe deficiency induces not only physiological but also morphological changes in
plants (Fernandez et al., 2008; Eichert et al., 2010; Rellan-Alvarez et al., 2011),
some of which might subsequently influence the susceptibility to pathogen
infections. As shown in the previous experiment (3.2.3.) there was a delay in
germination and formation of appressoria by C. graminicola when conidia were
placed on Fe-sufficient maize leaves. This observation prompted to compare the
ultrastructure of the surface of Fe-sufficient and Fe-deficient maize leaves using
scanning electron microscopy (SEM) and transmission electron microscopy
(TEM). The SEM analysis showed that the adaxial surface of Fe-deficient leaves
appeared to have a thinner layer of epicuticular waxes as compared to Fe-
sufficient leaves (Fig. 21A, B). Further, ultrastructural changes in the adaxial
epidermal cell wall and cuticle were analyzed by TEM. The cell wall and the cuticle
of Fe-deficient epidermis cells were significantly thinner than those of Fe-sufficient
leaves (Fig. 21C, D). This was also reflected in a quantitative analysis measuring
the thickness of epidermal cell walls (Fig. 21E). Fe deficiency decreased the
thickness of the epidermal cell wall and cuticle approximately by 20% and 25%,
respectively. Taken together, these data suggested that Fe deficiency impairs the
ultrastructure of epidermal cells of maize leaves, which may contribute to a more
rapid germination and formation of appressoria and finally lead to a higher

susceptibility of maize plants to fungal infection.
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Fig. 21. Influence of the Fe nutritional status of maize on the ultrastructure of leaf epidermal
cells. (A, B) SEM micrographs of the adaxial leaf surface of a Fe-sufficient and Fe-deficient leaf.
Bars = 5 um. (C, D) TEM micrographs of the adaxial epidermal cell wall of a Fe-sufficient and Fe-
deficient leaf. CU, cuticle; CW, cell wall; PM, plasma membrane. Bars = 100 nm. (E) Thickness of
the adaxial epidermal cell wall and cuticle of Fe-sufficient and Fe-deficient maize leaves. Bars
indicate means + SD, and significant differences between both treatments at p< 0.001 are

indicated by ***,
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3 Fe in Arabidopsis-Colletotrichum  higginsianum

interaction

3.1 Material and methods

3.1.1 Plant material and growth conditions

In the present study, the Arabidopsis thaliana accession line Columbia-0 (Col-0)
was used as wild type. The following T-DNA insertion and mutant lines in the Col-0
genetic background were used: f6'hl-1 (At3g13610; SALK 132418C), ferl
(At5g01600; SALK 020482AZ), frd3 (manl) (Delhaize, 1996), myb72-1
(At1g56160; SAIL_713 G10 Syngenta), pyel (At3g47640; SALK_021217C), vitl-
1, vitl-1 x mtp8-1 (kindly provided by Prof. Dr. Edgar Peiter’'s lab (Plant Nutrition,
Halle University, Germany)), 35S:FER1 (Duc et al., 2009), 35S:FIT1 (Jakoby et al.,
2004), 35S:F6'H1 #3b, 35S:MYB72 (Van der Ent et al.,, 2008), 35S:NAS k8
(Pianelli et al., 2005).

3.1.1.1 Hydroponic culture

Arabidopsis seeds were placed on rockwool (Rockwool Mineralwool GmbH,
Gladbeck, Germany), which was put in Eppendorf tubes of which the bottom was
cut off. The tubes were placed on a polystyrene plate, floating on tap water in a 10
| basin. After one week, tap water was replaced by half-strength nutrient solution
containing 25 puM Fe-EDTA. Another week later full-strength nutrient solution
containing 25 pyM Fe-EDTA was supplied. Two weeks after full-strength nutrient
solution was supplied, seedlings were transferred in 5 | pots with aerated full-
strength nutrient solution containing 50 uM Fe-EDTA. The full-strength nutrient
solution contained 1 mM KH;PO4, 1 MM MgSQ4, 0.25 mM K;SO4, 1 mM Ca(NO3),,
50 pM Fe-EDTA, 50 pM KCI, 30 uM H3BOs, 5 pM MnSOy4, 1 pM ZnSOy4, 1 pM
CuSQy, 0.7 uM NaMoO, and the pH was adjusted to 5.8. Nutrient solutions were
changed every 4 days. Plants were precultured in a climate chamber under
controlled environmental conditions with a 22/18°C and 10/14 h light/dark regime,
a light intensity of 240 pmol photons m? s and at 70% relative humidity. Two
weeks after transfer, a part of the plants was exposed to 0 pM Fe-EDTA to
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provoke Fe deficiency (-Fe), while the other plants were continuously supplied with
50 uM Fe-EDTA and considered as Fe sufficient (+Fe). After 6 days youngest and
fully expanded leaves were excised for the determination of Fe, and infection
assays with C. higginsianum were conducted.

3.1.1.2 Soil culture

Plants were grown in a substrate (Substrat 1, Klasmann-Deilmann, Geeste,
Germany) in a climate chamber at 60% humidity and a light intensity of 250 umol
photons m? s* and a 9/15 hours (20/18°C) day-night regime for 25 days. The
youngest and fully expanded leaves were used for infection assays with C.

higginsianum.

3.1.2 Fungal culture and plant inoculation

Colletotrichum higginsianum wild type strain IMI 349063A was kindly provided by
O’Connell's lab (Max Planck-Institute for Plant Breeding Research, Cologne,
Germany). The fungus was cultured on Mathur's medium at room temperature.
The Mathur's medium contained (per 500 ml): glucose, 1.4 g, MgSO,, 0.61 g,
KH,PQO,, 1.36 g, oxoid mycological peptone, 1.09 g and 15 g agar (Mathur et al.,
1950). Fungal spores were harvested from a 2-4 week-old culture using sterile
water. After 3 times of washing, conidia suspensions were adjusted to desired

concentrations with a hemocytometer.

To infect plants grown with hydroponic culture, leaves were excised and placed on
Petri dishes (23 x 23 cm, Corning, NY, USA) containing two layers of moist filter
paper. Leaves were inoculated with 5 pl droplets either containing 10° spores ml™
(Ch) or no spores as mock control. Alternatively, a sterile pipette tip was used to
wound the leaves immediately before inoculation. The dishes were incubated in
darkness at 25°C. At 3, 4 and 5 dpi, symptoms were photographed for
determination of lesion areas. Infected areas were collected at 4 dpi using a cork

borer (diameter 0.4 cm) for fungal RNA analysis.

To infect the plants grown in substrate, intact leaves were inoculated with either 10
ul suspension containing 5 x 10> spores ml™* or no spores as mock control. After

inoculation, plants were placed in trays sealed in a plastic bag to maintain high
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humidity and incubated in the same growth chamber. Plastic bags were removed
after 24 hours. At 5 dpi, symptoms were either estimated along a disease score
(DS) or photographed for quantitative determination of lesion areas, and infected

areas were collected using a cork borer (diameter 0.5 cm) for fungal RNA analysis.

3.1.3 Infection assays

3.1.3.1 Determination of disease scores

Disease scores (DS) were estimated based on numerical ratings from 0 to 3 of the
extent of pathogen colonization on the host and the severity of host symptoms. DS
0 describes an intact plant with no symptoms or small pin-point brown flecks; DS 1
plants have mostly intact leaves with necrotic flecks or limited lesions. DS 2
referred to plants with partially collapsed leaves and with large brown necrotic
lesions, some tissue maceration and water-soaked regions on the inoculated
surface; partially, plants were collapsed. DS 3 indicates completely collapsed,

macerated and water-soaked tissue (Birker et al., 2008).

3.1.3.2 Determination of lesion areas

Symptoms were photographed and lesion areas were measured using the ImageJ

software (http://rsbweb.nih.gov/ij/).

3.1.3.3 Quantification of fungal RNA

Quantitative reverse transcription PCR (qRT-PCR) was employed for quantifying
fungal RNA mass as described by Narusaka et al. (2010). Briefly, samples were
homogenized using a mixer mill (MM400, Retsch, Haan, Germany) for 1 min at 30
Hz. The RNA was extracted with Trizol (Life Technologies, Darmstadt, Germany).
After removing genomic DNA, RNA samples were reverse transcribed to cDNA
with the RevertAid First Strand cDNA Synthesis Kit (Fermentas, St. Leon-Rot,
Germany). qPCR was performed with a Mastercycler realplex (Eppendorf,
Hamburg, Germany) and the 1Q SYBR Green Supermix (Bio-RAd Laboratories,
Hercules, CA, USA) using the specific primers for AtCBP20 (At5g44200, nuclear
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cap-binding protein subunit 20) and for ChACT (C. higginsianum actin;
supplemental Table 1, page 98).

3.1.4 Quantification of the plant Fe nutritional status in Arabidopsis plants

3.1.4.1 Determination of chlorophyll concentrations

Chlorophyll concentrations in Arabidopsis leaves were determined after extraction
of fresh leaf material grinded in liquid N, with N,N-dimethylformamid (Sigma-
Aldrich, Steinheim, Germany) at 4°C for 48 h. The absorbance at 647 and 664 nm
was then measured in extracts according to Moran and Porath (1980) and Moran
(1982).

3.1.4.2 Determination of total Fe concentration

After homogenization by a mixer mill (2.1.3.2.), the samples were dried at 65°C for
3 days. The Fe concentrations were measured by Inductively-Coupled Plasma
Optic Emission Spectrometry (ICP-OES; iICAP, Thermo Scientific, Dreieich,
Germany) after wet digestion of grinded leaf material in HNO3 in a microwave
(Eggert and von Wirén, 2013).

3.1.5 Histological staining and microscopy

3.1.5.1 Light microscopy

Light microscopy was performed using a Zeiss Axio Imager M2 microscope (Zeiss,
Oberkochen, Germany), equipped with a camera (Axio Cam MRC). After removing
chlorophyll with 96% ethanol, infected leaves were mounted and directly observed

under the microscope.

3.1.5.2 Prussian blue staining

For Fe staining, leaf segments were taken from sites where fungal suspensions
had been placed on. Prussian blue staining was modified from Cvitanich et al.
(2010). Briefly, after removing chlorophyll by extraction with methanol: chloroform:
acetic acid (6:3:1, v/v/v), samples were stained with 1 volume of 4% HCI mixed

with 1 volume of 8% (w/v) fresh potassium hexacyanoferrate (Il) trihydrate (Merck,
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Darmstadt, Germany) at 28°C for 24 h. After washing several times with bidestilled

water, samples were mounted and observed under a light microscope.

3.1.5.3 DAB staining

To localize the occurrence of hydrogen peroxide, 3,3'-diaminobenzidine (DAB)
(Sigma-Aldrich, Steinheim, Germany) staining was conducted according to
Huckelhoven et al. (1999). After briefly dipping leaf samples in 0.1% (v/v) Tween
20, they were vacuum infiltrated with freshly prepared 0.1% (w/v) DAB solution
(pH 3.8, HCIl) and incubated overnight in the dark at room temperature. After
removing chlorophyll with 96% ethanol, samples were mounted and observed

under a light microscope.
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3.2 Results

3.2.1 Influence of the iron nutritional status on the susceptibility of

Arabidopsis plants to C. higginsianum

To examine the influence of the Fe nutritional status on the susceptibility of
Arabidopsis plants to C. higginsianum, plants were first precultured hydroponically
for 6 weeks. Then, a part of the plants were exposed to O uM Fe-EDTA to achieve
Fe deficiency (-Fe), while the other plants were continuously supplied with 50 uM
Fe-EDTA and considered as Fe sufficient (+Fe). Six days after exposure to 0 uM
Fe, Fe-deficiency symptoms expressed as chlorosis in younger leaves, whereas
Fe-supplied plants did not show any chlorosis (Fig. 22A). As expected, Fe-
deficient plants showed significantly lower concentrations of chlorophyll and total
Fe in younger and fully expanded leaves compared to Fe-sufficient plants (Fig.
22B).
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Fig. 22. Iron nutritional status in Arabidopsis plants. (A) Phenotype of Fe-sufficient and Fe-
deficient Arabidopsis plants after transfer for 6 days to nutrient solution with (+Fe) or without (-Fe)
50 uM Fe. (B) Chlorophyll and total Fe concentrations of younger fully expanded leaves. Bars

indicate means = SD, n = 4, and significant differences at p < 0.05, 0.01 or 0.001 are indicated by *,
*% or ***.
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Subsequently, an infection assay was conducted on wounded and non-wounded
leaf segments, and symptoms were photographed 3, 4 and 5 dpi (Fig. 23A). With
increasing incubation time the severity of the infection increased on both Fe-
sufficient and Fe-deficient leaf segments. On non-wounded leaves, the severity of
disease symptoms was lower on Fe-sufficient than on Fe-deficient leaves, as
indicated by significantly larger lesion areas (Fig. 23B) and higher levels of fungal
RNA mass (Fig. 23C). In contrast, on wounded leaves the severity of disease
symptoms was similar in Fe-sufficient and Fe-deficient leaves suggesting that the
plant Fe nutritional status has no more impact on fungal infection and proliferation.
Taken together, this experiment showed that the Fe nutritional status strongly
affects the susceptibility of non-wounded Arabidopsis plants to C. higginsianum in
a way that Fe-deficient Arabidopsis plants are more susceptible than Fe-sufficient

plants.
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Fig. 23. Influence of the Fe nutritional status of Arabidopsis on C. higginsianum infection.
(A) Infection assay. Excised leaf blades were either wounded or not wounded and inoculated with 5
ul of C. higginsianum suspension containing either 10° spores/ml (Ch) or no spores (Mock). (B)
Lesion area measurement (3, 4 and 5 dpi) and fungal RNA quantification (4 dpi). Lesion areas
were measured using the ImageJ software and fungal RNA was quantified by gRT-PCR. Bars

indicate means * SD, n = 4, and significant differences between Fe treatments at p < 0.05, 0.01 or
0.001 are indicated by *, ** or ***,
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3.2.2 Fungal growth and development are accelerated on Fe-deficient

Arabidopsis leaves

The influence of the Fe nutritional status on fungal development was examined on
Fe-sufficient and Fe-deficient Arabidopsis leaves in a time course from 12 to 96
hpi which are characterized by the following fungal development. 12 hpi,
germination and appressorial formation; 24 to 36 hpi, penetration; 48 hpi, primary
hyphae formation (biotrophic growth); 72 hpi, secondary hyphae formation (switch
from bio- to necrotrophic growth); 96 hpi, necrotrophic growth. At 12 hpi, conidia
already germinated and formed appressoria on both Fe-sufficient and Fe-deficient
leaves (Fig. 24A). However, the germination rate and appressorium formation rate
was twofold higher on Fe-deficient leaves than on Fe-sufficient leaves (Fig. 24B).
At 36 hpi, the fungus already formed primary hyphae on Fe-deficient leaves
whereas this structure was still absent from Fe-sufficient leaves (Fig. 24A). From
this time point onwards, the rate of secondary hyphae formation on Fe-deficient
leaves progressed faster than on Fe-sufficient leaves, as indicated by quantitative
analysis of infection structures (Fig. 24B). These results showed that C.
higginsianum grows and develops faster on Fe-deficient Arabidopsis leaves than

on Fe-sufficient leaves.
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Fig. 24. Development of infection structures by Colletotrichum higginsianum on Fe-
sufficient and Fe-deficient Arabidopsis leaves. (A) Microscopic analysis of C. higginsianum
development on Fe-sufficient and Fe-deficient Arabidopsis leaves in a time course from 12 to 96
hpi. CO, conidia; AP, appressoria; PH, primary hyphae; SH, secondary hyphae. Bars =10 um. (B)
From 12 to 96 hpi the following measures were taken under the microscope and expressed in %:
no. of germinated spores per total no. of spores (GE), no. of appressoria per total no. of spores
(AP), primary hyphae per total no. of appressoria (PH), and no. of secondary hyphae per total no.
of appressoria (SH). Bars indicate means + SD from three biological replicates each with 100
analyzed infection sites; significant differences between Fe treatments at p < 0.05, 0.01 or 0.001
are indicated by *, ** or ***,
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3.2.3 Assessment of the sensitivity to C. higginsianum in Arabidopsis lines

affected in the expression of Fe homeostasis-related genes

To examine the influence of individual physiological processes on the susceptibility
of Arabidopsis plants to C. higginsianum, transgenic Arabidopsis lines with
modulated expression of Fe homeostasis-related genes were used. The genes of
these mutants are involved either in Fe acquisition (35S:FIT1, myb72-1,
35S:MYB72, f6'h1-1, 35S:F6'H1 #3b and frd3), in Fe storage (ferl, 35S:FER1,
vitl-1 and vitl-1 x mpt8-1), or in internal Fe allocation (35S:NAS k8 and pyel). At
4 dpi, symptoms were photographed and the severity of disease symptoms was
assessed by visual rating of the necrotic areas formed at the inoculation sites (Fig.
25A). As indicated by the disease score, 35S:FIT1, ferl and f6'h1-1 tended to be
less severely infected by the fungus compared to Col-0, whereas the rest of the
Arabidopsis lines were more severely infected (Fig. 25B). The disease scores of
pyel, 35S:F6°H1 #3b, vitl-1 and 35S:FER1 were significantly higher than that of
Col-0. On the other hand, fungal MRNA mass was significantly lower in 35S:FIT1,
and significantly higher in vitl-1, 35S:F6"H1 #3b, 35S:NAS k8 and 35S:FER1 than
in Col-0 (Fig. 25C). Together, these results suggested that certain Fe
homeostasis-related genes indeed influence the susceptibility of Arabidopsis
plants to C. higginsianum. In particular the lines 35S:FIT1, 35S:FER1, 35S:F6'H1
#3b, 35S:NAS k8 and vitl-1 were considered to modulate plant susceptibility to

the fungus and were thus selected for further experiments.
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Fig. 25. Sensitivity of different Arabidopsis lines to C. higginsianum infection. (A) Infection
assay. Excised leaf blades were inoculated with 5 pl of C. higginsianum suspension containing
either 10° spores ml™ (Ch) or no spores (Mock). (B) Disease score and fungal RNA quantification.
Disease scores were rated based on the severity of symptoms, and fungal RNA was quantified by
gRT-PCR. Bars indicate means + SD, n = 4, and significant differences at p < 0.05, 0.01 or 0.001
are indicated by *, ** or ***,
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3.2.4 Influence of the expression of Fe homeostasis-related genes on Fe
accumulation and H;O, production after infection with C.

higginsianum

3.2.4.1 Confirmation of disease susceptibility of the lines 35S:FIT1,
35S:FER1, 35S:F6'H1 #3b, 35S:NAS k8 and vitl-1

Five lines (35S:FIT1, 35S:FER1, 35S:F6"H1 #3b, 35S:NAS k8 and vitl-1) from the
previous screening experiment were selected for further investigation by using
Prussian blue and DAB staining. First, the infection assay of the selected
Arabidopsis lines was repeated to confirm the susceptibility of these lines to C.
higginsianum. At 4 dpi, symptoms were photographed for lesion area
measurements, and infected leaf tissues were collected for fungal RNA analysis
(Fig. 26A). According to lesion area analysis (Fig. 26B) and fungal RNA analysis
(Fig. 26C) 35S:FIT1 showed a lower susceptibility to C. higginsianum than Col-0,
whereas the other four lines, 35S:FER1, 35S:F6'H1 #3b, 35S:NAS k8 and vitl-1,
were more severely infected as shown by larger necrotic areas (Fig. 26A).
According to fungal RNA mass the extent of the susceptibility was slightly different
among these four lines when compared to the results of the previous experiment
(Fig. 25C). Nevertheless, this experiment confirmed that 35S:FIT1 plants are more
resistant to C. higginsianum whereas 35S:FER1, 35S:F6"H1 #3b, 35S:NAS k8 and

vitl-1 plants are more susceptible than WT plants.
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Fig. 26. Confirmation of the susceptibility to C. higginsianum in different Arabidopsis lines.
(A) Infection assay. Excised leaf blades were inoculated with 5 pl of C. higginsianum suspension
containing either 10° spores ml™* (Ch) or no spores (Mock). (B) Lesion area measurement and
fungal RNA quantification. Lesion areas were measured using the ImageJ software and fungal
RNA was quantified by qRT-PCR. Bars indicate means = SD, n = 4, and significant differences at p
< 0.05, 0.01 or 0.001 are indicated by *, ** or ***,
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3.2.4.2 Influence of the expression of Fe homeostasis-related genes on Fe

accumulation after infection with C. higginsianum

In order to investigate the influence of Fe homeostasis-related genes on Fe
accumulation at infection sites, Prussian blue staining was performed with infected
Arabidopsis leaves in a time course from 12 to 96 hpi after C. higginsianum
infection. At 24 hpi Prussian blue stained Fe only in conidia. While blue rings of
Prussian blue-stained Fe surrounding the infection sites appeared on wild-type
leaves not before 72 hpi, they were observed earlier in leaf tissues of 35S:FER1
and vitl-1 leaves, i.e. already at 48 hpi (Fig. 27A). At 72 hpi all the four lines
35S:FER1, vitl-1 35S:NAS k8 and 35S:F6'H1 #3b showed blue-stained fungal
structures under the epidermal surface, which appeared to be strongest on vitl-1
leaves. By contrast, on 35S:FIT1 leaves only conidia residing on the leaf surface
were stained, while Fe staining around hyphal structures appeared only at 96 hpi.
With progressing duration after the infection, Prussian blue-stained Fe increased
in all Arabidopsis leaves, which was confirmed by the quantitative analysis of Fe
staining events (Fig. 27B). At the final time point (96 hpi), the lines 35S:FER1,
35S:F6'H1 #3b, and vitl-1 showed a significantly higher number of Prussian blue
staining events than Col-0 (Fig. 27B), indicating that these lines favour Fe

accumulation at fungal infection sites.
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Fig. 27. Fe accumulation at infection sites of Colletotrichum higginsianum in different
Arabidopsis lines. (A) Microscopic images of Prussian blue-stained Arabidopsis leaves after C.
higginsianum infection. Arrows indicate local Fe accumulation at infection sites. CO, conidia; AP,
appressoria; PH, primary hyphae; SH, secondary hyphae. Bars = 10 um. (B) Quantitative analysis
of Prussian blue staining events. The no. of Prussian blue-stained appressoria per 100 analyzed
appressoria was counted from three biological replicates of each treatment; n.d.: not detected. Bars
indicate means * SD, and significant differences at p < 0.05 or 0.01 are indicated by * or **.
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3.2.4.3 Influence of the expression of Fe homeostasis-related genes on

H.O, production after infection with C. higginsianum

In parallel to the Prussian blue stating for Fe, DAB staining was performed with all
selected Arabidopsis lines in a time course after C. higginsianum infection to
assess the influence of the Fe homeostasis-related genes on H,O, production. Up
to 48 hpi, no DAB-stained cells were detected in any of the Arabidopsis lines (Fig.
28A). Only at 72 hpi DAB staining appeared as brown-reddish coloured spots
surrounding the appressoria, which increased in number with progressing
infection. As shown by the quantitative assessment of DAB staining events, there
was no significant difference between 35S:FIT1 and Col-0 during the entire
infection period. In contrast, the H,O, production levels of 35S:FER1, 35S:F6'H1
#3b, 35S:NAS k8 and vitl-1 were significantly lower than Col-0 at 96 hpi (Fig.
28B). These results suggested that FIT1 and VIT1-1 positively modulate H,O,
production, which contributes to defence response against C. higginsianum,

whereas FER1, NAS and F6’'H1 in contrast negatively modulate H,O, production.
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Fig. 28. H,O, production at infection sites of Colletotrichum higginsianum in different
Arabidopsis lines. (A) Microscopy analysis of 3,3'-diaminobenzidine (DAB)-stained Arabidopsis
leaves after C. higginsianum infection. Arrows indicate local H,O, production at infection sites. CO,
conidia; AP, appressoria. Bars = 10 um. (B) Quantitative analysis of DAB staining events. The no.
of DAB staining events per 100 analyzed appressoria was counted from three biological replicates
of each treatment. Bars indicate means + SD, and significant differences at p < 0.05 are indicated
by *, n.d.: not detected.
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4 Discussion

Among all plant nutrients, in particular Fe plays a key role in plant-pathogen
interactions, as it is required for defense responses protecting plant hosts from
bacterial or fungal infections. As the plant tissue provides the only Fe source for
leaf pathogens, plants have developed Fe-withholding strategies to exert control
over the development and proliferation of attacking pathogens. While there is
mounting evidence for Fe-withholding strategies to improve pathogen resistance
(Deak et al., 1999; Dellagi et al., 2005), there are contrasting reports on the role of
the Fe nutritional status of the host on disease resistance (Graham, 1983; Guerra
and Anderson, 1985; Macur et al., 1991). A direct involvement of Fe in the defense
response has been reported in Arabidopsis (Segond et al., 2009; Chen et al.,
2014) and wheat (Liu et al., 2007) by a cellular relocalization of Fe to infection
sites which coincided with local ROS production. However, the mechanisms how
plants are alter their Fe homeostasis and reprogramming their internal Fe
trafficking to counteract plant pathogens are still completely unknown.
Investigating the role of the plant Fe nutritional status in the maize-C. graminicola
and Arabidopsis-C. higginsianum pathosystems was a first approach to address
this question and led in the present study to conclude that i) an adequate Fe
nutritional status is required to delay and partially suppress the fungal infection
process and the biotrophic growth phase of C. graminicola, ii) the recruitment of
Fe to fungal infection sites coincides with an earlier onset of H,O, production.
Moreover, employing Arabidopsis mutants with modified expression of Fe
homeostasis-related genes further indicated that iii) individual physiological
processes of Fe homeostasis can increase or decrease the plant susceptibility to

the pathogen. In the following sections these aspects are elucidated in more detail.
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4.1 An adequate Fe nutritional status suppresses infection and

biotrophic growth of Colletotrichum

4.1.1 Fe-sufficient maize and Arabidopsis plants are more tolerant than Fe-
deficient plants to the hemibiotrophic pathogen Colletotrichum

To characterize the overall influence of the plant Fe nutritional status on resistance
against the hemibiotrophic pathogen Colletotrichum, disease markers were
compared in maize plants supplied with a gradient of Fe concentrations reflecting
the Fe nutritional status from Fe deficiency to slight Fe excess. Pathogen
resistance followed Fe nutrition in an optimum response curve with adequately Fe-
supplied plants being most resistant to C. graminicola while plants suffering from
Fe deficiency or Fe excess showed higher disease scores (Fig. 7). The tendency
of maize plants supplied with 250 uM Fe to be more susceptible to C. graminicola
fully agrees with a promotive function of surplus plant Fe for ROS production and
fungal infection (Deak et al., 1999; Liu et al., 2007). In an alternative approach, Fe
supply reduced the susceptibilty of ysl maize mutant, defective in
phytosiderophore uptake, to C. graminicola (Fig. 9) confirming the results that an
adequate Fe nutritional status suppresses fungal infection. In the alternative
Arabidopsis-C. higginsianum pathosystem, Fe-deficient Arabidopsis plants were
also more susceptible than Fe-sufficient plants (Fig. 23), confirming that an
adequate Fe nutritional status supports tolerance not only in strategy | but also in
strategy Il plants against Colletotrichum. At a first glance, an increasing
susceptibility of Fe-deficient maize and Arabidopsis to Colletotrichum may also not
be unexpected with regard to previous reports showing that bean or tomato plants
grown under low Fe supplies were more susceptible to Fusarium solani or
Verticillium dahlia, respectively (Guerra and Anderson, 1985; Macur et al., 1991).
Along the same line, additional foliar application of Fe increased the resistance of
apple and pear to Sphaeropsis malorum and of cabbage to Olpidium brassicae
(Graham, 1983). However, these results are in contradiction to those reported by
Kieu et al. (2012), who showed that Fe-deficient Arabidopsis plants exhibit
increased tolerance to the bacterium Dickeya dadantii or to the necrotrophic
fungus Botrytis cinerea. Such contradictory observations go beyond the general
view that a well-balanced nutritional status best protects plants from diseases
(Datnoff et al., 2007; Dordas 2008; Marschner, 2012; Gupta et al., 2013), but may
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be indicative for a differential effect of an individual nutrient depending on the
plant-pathosystem and the lifestyle of the pathogen. For instance, many studies
have shown that phosphorous application can reduce powdery mildew in apple,
pod and stem blight in soybean, yellow dwarf virus disease in barley, brown stripe
disease in sugarcane and blast disease in rice (Huber and Graham, 1999;
Kirkegaard et al., 1999; Reuveni et al., 1998; 2000), whereas in other studies
application of phosphorous increased the severity of diseases caused by
Sclerotinia in many garden plants, by Bremia in lettuce and by flag smut in wheat
(Huber, 1980). With regard to the role of the plant nutritional status, the lifestyle of
the pathogen plays an important role. When the disease was caused by biotrophic
fungi, e.g. Puccinia graminis (Howard et al., 1994) or Erysiphe graminis
(Bueschbell and Hoffmann, 1992), high nitrogen supply to winter wheat led to an
enhanced severity of the infection. However, when the disease was caused by
necrotrophic fungi, e.g. Fusarium oxysporum (Woltz and Engelhar, 1973), high
nitrogen supply to chrysanthemum decreased the severity of the disease. The
present observations lead to hypothesize that the tolerance of plants to biotrophy
is enhanced under an adequate Fe nutritional status of the host plant, whereas the
tolerance of plants to necrotrophy is enhanced by a low or deficient Fe nutritional
status. However, this far-reaching hypothesis needs to be confirmed by more

investigations in future.

4.1.2 The Fe nutritional status does not affect the severity of C. graminicola

infection in wounded leaves

Comparing the infection process of C. gramincola in non-wounded versus
wounded maize leaves provides the advantage that wounding allows the fungus
skipping the biotrophic growth phase and directly entering the necrotrophic growth
phase, which accelerates fungal growth and disease spreading (Horbach et al.,
2009). In agreement with a previous study by Albarouki and Deising (2013), C.
gramincola proliferated more rapidly on wounded leaves than on non-wounded
leaves irrespective of the supplied Fe level, as indicated by larger lesion areas and
higher fungal DNA mass (Fig. 7). This allowed hypothesizing that the Fe nutritional
status hardly impacts on necrotrophic fungal growth, but rather on the biotrophic
growth phase. However, wounding accelerated the growth of C. higginsianum only
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on Fe-sufficient Arabidopsis leaves (Fig. 23), while necrotic lesion areas were
similar in wounded and non-wounded leaves of Fe-deficient plants. By contrast,
the fungal RNA mass was even significantly reduced after wounding (Fig. 23B, C).
This was most likely the result of a shorter period for fungal proliferation before the
plant tissue collapsed and supports the notion that a biotrophic growth phase
allows the fungus to develop more vegetative and generative structures. This view
supports the general concept that pathogen infection is facilitated by wounding as
it provides immediate access to nutrients, allowing the pathogen to rapidly
colonize a small area of the host tissue. However, Chassot et al. (2008) reported
that wounding can transiently increase the resistance of Arabidopsis against
Botrytis infection, probably due to the fact that physical injury can counter-actively
induce plant defense responses, including the induction of defense-related genes
(Reymond et al., 2000) and the accumulation of anti-microbial proteins such as

proteinase inhibitors or chitinase (Ryan, 1990; Chang et al., 1995).

To verify the above conclusion that the Fe nutritional status hardly impacts on the
growth of necrotrophic fungi, but rather on the biotrophic growth phase of
hemibiotrophic fungi, a comparative microscopic analysis of infection structures of
Colletotrichum was conducted in non-wounded leaves of Fe-sufficient or -deficient
maize and Arabidopsis plants. On Fe-sufficient leaves, significantly lower rates of
germination and appressorial formation and of primary hyphae formation
apparently delayed the switch from biotrophic to necrotrophic growth of
Colletotrichum (Figs. 11, 24). Considering the higher rate of secondary hyphae
formation on Fe-deficient leaves as a consequence of the accelerated biotrophic
development at earlier stages (Figs. 11B, 24B) allowed concluding that in non-
wounded leaves Fe plays a protective role against fungal infection and biotrophic
growth, but does not impact the necrotrophic growth phase of the fungus. Such a
conclusion gains in importance with respect to the recent finding that C.
graminicola mainly relies on reduction-based Fe acquisition during infection and
biotrophic but not during necrotrophic growth (Albarouki and Deising, 2013). This
coincidence suggests that the Fe nutritional status of the plant is a determinant for
pathogenesis when the fungus acquires Fe(lll) by reduction, while it loses impact
whenever the fungus employs siderophores for Fe acquisition.
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4.1.3 The benefit of an adequate Fe nutritional status in maize leaves is

independent on the Fe acquisition pathways of C. graminicola

With regard to the outstanding importance of Fe acquisition strategies for the
pathogenesis of fungal pathogens (Eichhorn et al., 2006; Greenshields et al.,
2007a; Haas et al., 2008; Albarouki and Deising, 2013), C. graminicola mutants,
which are defective either in reduction-based (i.e.A fet3-1 and Afet3-1/2) or
siderophore-based (i.e.A nps6 and Asidl) Fe acquisition, were employed in an
alternative approach to examine the importance of the Fe nutritional status of
maize leaves on their susceptibility to C. graminicola. Irrespective of leaf wounding
all fungal mutants showed lower virulence than the wild type. In particular the
double mutant Afet3-1/2 showed a severe loss of virulence (Fig. 17) supporting
that the reduction-based Fe acquisition strategy is indispensable for fungal
development and full virulence (Albarouki and Deising, 2013). While the leaf Fe
nutritional status remained without influence on fungal infection on wounded
leaves, Fe deficiency in non-wounded leaves promoted fungal growth and
development (Fig. 17). A parallel microscopic analysis revealed that an adequate
Fe nutritional status suppressed fungal infection structures already during
biotrophic growth (Fig. 18). Thus, maize leaves profited from an adequate Fe
nutritional status independently of the fungal Fe acquisition mechanism, indicating
that Fe plays a more fundamental protective role in the defense response to

Colletotrichum.

4.1.4 The impact of Fe deficiency on the ultrastructure of maize leaves

The importance of nutrients is usually explained in terms of the biochemical
functions of these elements in plant metabolism. However, the level of nutrient
supply can affect the physiology and especially the structural integrity of cell walls
and membranes (Dordas, 2008). Several studies have reported that in particular
Fe deficiency can cause not only physiological but also morphological changes in
plant cells (Briat, 2007; Eichert et al.,, 2010; Rellan-Alvarez et al., 2011). For
instance, Fe deficiency can lead to a 90% reduction of suberin biosynthesis in
bean roots (Sijmons et al., 1985). Suberin is a waxy polymer, consisting of
polyaromatic and polyaliphatic chains, which are embedded in the cell walls
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(Bernards, 2002). Another study by Fernandez et al. (2008) found that Fe
deficiency reduced the amount of soluble cuticular lipids and the weight of the
abaxial cuticle in field-grown peach and pear leaves, respectively.

Plant cell walls covered with intact cuticles not only support the mechanical
structure to the plant body but also act as first physical barriers against pathogens
(Underwood, 2012; Serrano et al., 2014). The impairment of the structure or
chemical composition of cell walls usually causes increased susceptibility of plants
to pests and pathogens. Maize inbred lines containing lower total contents of cell
wall material in the pith, particularly of glucose, xylose and lignin, were more
susceptible to corn borers suggesting that cell wall thickness is an important
barrier that pathogens must overcome in order to gain access to cytoplasmic
nutrients (Barros-Rios et al., 2011). The analysis of mutants has revealed
correlations between altered cell wall compositions and an altered susceptibility to
pathogens. The Arabidopsis powdery mildew-resistant mutants pmr5 and pmr6
display a similar increase in pectin content and decrease in pectin methyl
esterification or O-acetylation (Vogel et al., 2002, 2004). With regard to these
observations, it is assumed that Fe deficiency-induced morphological changes in
leaf structure might subsequently influence the plant susceptibility to pathogen
infections. As shown in the previous experiment there was a delay in germination
and formation of Colletotrichum appressoria when conidia were placed on Fe-
sufficient maize (Fig. 11) or Arabidopsis (Fig. 24) leaves. This delay may have
been caused by differences in the structure or/and chemical composition of cell
walls in Fe-sufficient and Fe-deficient leaves. This assumption prompted to
compare the ultrastructure of leaves in dependence of Fe supply. The cell wall and
the cuticle of maize epidermis cells were significantly weaker under Fe deficiency
as they appeared much thinner than those of Fe-sufficient leaves (Fig. 21C, D).
Fe-deficient maize leaves displayed also a thinner layer of epicuticular waxes on
the adaxial surface than Fe-sufficient leaves (Fig. 21A, B), suggesting a difference
in the amount and/or composition of epicuticular waxes in these leaves. These
differences may determine germination rates of C. graminicola conidia and finally
the susceptibility of the maize leaf tissue to this fungus. Thus, it would be of
interest in future to compare the chemical composition of epicuticular waxes in Fe-

sufficient and Fe-deficient maize leaves.
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However, the cell wall functions not just as a passive barrier limiting the access of
pathogens, it is also actively remodeled and reinforced in response to pathogen
attacks, referred to as cell wall appositions (CWASs) or papillae, specifically at
infection sites of potentially pathogenic microbes (Schulze-Lefert, 2004; Luna et
al., 2011; Underwood, 2012). Rapid deposition of papillae is generally correlated
with resistance to fungal pathogens that attempt to penetrate plant cell walls for
the establishment of feeding structures. To date, there is no study reporting how
the Fe nutritional status in plants influences papillae formation under pathogen

attack, which therefore might also be of interest to be investigated in future.

4.2 A protective role of Fe against fungal infection by H,0O,

production

4.2.1 Fe accumulates at infection sites in maize or Arabidopsis leaves

infected by Colletotrichum

In plant and animal defense responses Fe has been reported to mediate ROS
production at the site of infection indicating a protective role of Fe against
pathogens (Collins et al., 2002; Liu et al.,, 2007; Nairz et al., 2010). Infection of
wheat leaves by the biotrophic fungus Blumeria graminis f. sp. tritici (Bgt) triggered
the recruitment of Fe to the infection sites which coincided with the local
production of ROS (Liu et al., 2007). Interestingly, the authors also found a similar
Fe accumulation at infected sites by Bgt in other strategy Il plants like barley,
maize, millet, oat and sorghum, but not in the strategy | plant Arabidopsis
(Greenshields et al.,, 2007) suggesting that such a kind of Fe recruitment for
defense responses may only exist in strategy II, but not in strategy | plants. In the
present study, Fe recruitment to the infection sites was visualized by Prussian blue
staining and not only observed in C. graminicola-infected maize leaves (Fig. 12A),
but also in Arabidopsis leaves infected by C. higginsanum (Fig. 27A). This Fe
accumulation at the infection site is reported for the first time here in a strategy |
plant, indicating that such kind of Fe recruitment may represent a more general
feature of plants attacked by pathogens. Interestingly, Fe accumulation in C.

graminicola-infected maize leaves was however only occurred in the biotrophic
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phase up to 48 hpi, but not in the necrotrophic growth phase (Fig. 12A). This
observation together with the other investigations with biotrophic fungi
(Greenshields et al., 2007; Liu et al., 2007) tempt to hypothesize that such kind of
defense response in form of Fe recruitment to the infection sites probably depends
on the lifestyle of the pathogen, i.e. being restricted to biotrophy but not to
necrotrophy. Therefore, it would be interesting in future to test this hypothesis with
plants infected by necrotrophic fungi.

The increased Fe accumulation at infection sites in wheat epidermis cells 24 hpi
after Bgt infection led to the assumption that this pathogen triggers Fe relocation at
the tissue level from the mesophyll towards the epidermis (Liu et al., 2007).
However, the authors did not find a decrease of Fe in mesophyll cells. In their
working model, they suggested that Fe recruitment to infection sites depended on
Fe retranslocation only at the cellular level, which lead to Fe depletion and
subsequently to Fe deficiency in the cytosol. Along the same lines, the
upregulation of vacuolar Fe export by NRAMP3 in Arabidopsis infected with
Erwinia chrysanthemi suggested that a pathogen invasion triggers Fe depletion in
the cytosol and induces the mobilization of vacuolar Fe stores by NRAMPS3
(Segond et al., 2009). In the present study, different Fe fractions were analyzed in
Fe-sufficient and Fe-deficient maize leaves during C. graminicola infection. In fact,
Fe concentrations particularly in Fe-sufficient and Colletotrichum-infected leaves
increased at later stages of the infection process. This was also reflected in a
larger pool of water-soluble Fe in infected than in control leaves. However, no
significant changes were found in any of the Fe fractions between infected and
non-infected leaves at early biotrophic growth, i.e. when Fe was recruited to the
infection sites (Fig. 13,). This suggested that there was no conversion from water-
insoluble to water-soluble Fe and all Fe recruited to the infection sites originally
came from the water-soluble fraction. Together, these data lead to the assumption
that the Fe recruitment caused an Fe relocation towards infection sites most likely
only in epidermal cells, where it subsequently mediates a ROS burst at the
infection sites. Interestingly, the Fe-deficiency marker genes IRT1 and FRO2 were
induced in roots of Erwinia chrysanthemi-infected Arabidopsis plants, suggesting
the existence of a shoot-to-root Fe-deficiency signaling pathway activated by

pathogen infection in the leaves (Segond et al., 2009). However, the mechanisms
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how Fe is transported from the cytosol to the infection sites at the cellular level,
and how the whole-plant signaling pathway is constituted still remains unknown

and requires further investigations in future.

4.2.2 The relation between Fe recruitment and H,O, production at pathogen

infection sites

In C. graminicola-infected maize leaves, the Fe relocation to the infection sites set
in later under Fe deficiency, i.e. at 36 hpi (Fig. 12), when secondary hyphae had
been formed and necrotrophic growth had begun (Fig. 11). This observation
prompted to investigate ROS production as an early component of the basal plant
defense response against pathogens (Jones and Dangl, 2006; He et al., 2007).
DAB staining revealed an earlier and stronger local H,O, production in Fe-
sufficient maize leaves at 24 hpi, i.e. during the biotrophic growth phase (Fig. 14).
At the same time, H,O, production in Fe-deficient leaves was still negligible,
although the formation of fungal infection structures was already more progressed
(Fig. 11B). The situation turned into the opposite 48 and 72 hpi, when DAB
staining indicated ROS production throughout the whole Fe-deficient leaf tissue
(Fig. 14A), which was most likely a consequence of vigorous necrotrophic growth
of C. graminicola. There was a strong temporal and spatial coincidence between
DAB staining and Prussian blue staining until the fungus switched to necrotrophic
growth 36 hpi (Figs. 12, 14), indicating that free Fe was involved in local H,O,
production at the infection sites (Liu et al., 2007). Likewise, a highly similar
coincidence in local Fe accumulation and H>O, production was found in a parallel
approach when examining C. graminicola mutants defective in Fe acquisition and
infectious to maize leaves to different degrees. Those mutants which were most
compromised in the formation of infection structures (Fig. 18) showed delayed Fe
and DAB staining during the biotrophic growth phase (Figs. 19, 20). Thus, these
observations lead to conclude that in Fe-deficient leaves the delayed and less
intense recruitment of Fe to the infection sites at early fungal growth stages was a
major cause for a weaker oxidative burst, and hence, allowed more rapid fungal
development and progression to the necrotrophic lifestyle. This scenario provides
an explanation for the beneficial role of an adequate Fe nutritional status in
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resistance to C. graminicola. Recently, it has been proposed that the switch from
biotrophic to necrotrophic growth of C. graminicola represents as escape strategy
of the fungus to avoid exposure to ROS-containing vesicles produced by plant
cells and delivered to the infection sites (Vargas et al., 2012). In present study with
maize, such vesicles were not observed so far. However, it may be of interest in
future to investigate whether Fe deficiency promotes the formation of ROS-

containing vesicles.

4.3 Fe homeostasis-related genes influence the susceptibility of
maize and Arabidopsis to Colletotrichum

Plant pathogens invade hosts to explore nutrients that sustain their growth and
proliferation. During the invasion, pathogens secrete a range of molecules (toxins,
enzymes, effectors) into extracellular and intracellular compartments in order to
induce cellular disintegration, to suppress host immunity or to manipulate host
cells such that nutrients are delivered to the pathogen (Faulkner and Robatzek,
2012). Such manipulation is usually coupled with a reprogramming of the
expression of nutrient-related genes in host cells and allows the pathogen to
modify nutrient homeostasis and metabolism in the host. For example, Botrytis
cinerea infection can enhance the expression of several genes involved in nutrient
recycling, proteolysis and sugar, amino acid, or nutrient uptake in Arabidopsis
(AbuQamar et al.,, 2006). Several fungal and bacterial pathogens induce the
expression of Arabidopsis SWEET genes encoding plant sugar exporters,
indicating that the SWEETs are probably targeted by pathogens for an efficient
assimilate transfer from the host to the pathogen (Chen et al.,, 2010). As an
indispensible element for growth and proliferation, pathogens have to acquire Fe
from the plant tissue. However, the bioavailability of Fe is very low in the plant
tissue. Thus, pathogens have developed two high-affinity Fe acquisition systems
based either on Fe(lll) reduction or Fe(lll) chelation by siderophores. Both
reduction-based and siderophore-based Fe acquisition strategies (Eichhorn et al.,
2006; Albarouki and Deising, 2013) have been proven capable of modulating the
oxidative stress response and the Fe homeostasis of the plant (Mei et al., 1993;
Dellagi et al., 2005; Greenshields et al., 2007; Haas et al., 2008; Calla et al., 2013,
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Albarouki et al., 2014). On the other hand, to resist to pathogen attacks, plants
have evolved besides their pre-formed mechanical defense structures (cell walls,
epidermal cuticles and bark) and basal defense responses (CWAs, ROS
production and pathogen-related (PR) gene expression), also defense responses
related to the reprogramming of their nutrient homeostasis in a way to either
reduce the availability of nutrients to the pathogen or to directly employ nutrients
for the restriction of pathogen growth (Datnoff et al., 2007; Fagard et al., 2014).

In planta, a balanced Fe homeostasis requires a tight coordination of many genes
involved in Fe uptake, storage and intracellular allocation. Any changes in the
expression of Fe homeostasis-related genes may therefore cause an imbalance in
Fe allocation or in cytosolic Fe pools and thereby influence the susceptibility to
pathogens. In order to systematically examine the influence of Fe homeostasis-
related genes on the plant susceptibility to Colletotrichum, studies either using
transgenic Arabidopsis lines with modulated expression of Fe homeostasis-related
genes or transcripts analyses in maize were conducted. Compared to Arabidopsis
wild-type plants, some mutants had a modulated expression of genes involved in
Fe acquisition (35S:FIT1 and 35S:F6'H1 #3b), in Fe storage (35S:FER1 and vitl-
1), or in internal Fe allocation (35S:NAS k8) and showed significant alterations in
their susceptibility to C. higginsianum (Figs. 25, 26), suggesting that individual
physiological processes of Fe homeostasis can influence the plant susceptibility to
pathogens. As discussed before, Fe bioavailability is a very important factor that
determines the susceptibility of hosts to certain pathogens. The lower susceptibility
of Fe-sufficient maize (Fig. 7) and Arabidopsis (Fig. 23) plants to Colletotrichum
infection suggested that a higher Fe bioavailability in the plant cell is correlated to
a higher production of H,O, (Fig. 14) and finally to a higher tolerance to
Colletotrichum. This assumption may imply that changes in the expression of
certain Fe homeostasis-related genes can increase of Fe bioavailability within
plant cells and may thereby contribute to a higher tolerance to pathogen infection.
This assumption is also supported by the studies from Liu et al. (2007) and
Segond et al. (2009) which suggested that plants can redistribute Fe to the
apoplast during pathogen attack, where an oxidative burst takes place. However,
Fe relocation to the apoplast causes Fe deficiency in the cytosol of infected cells

which provokes a reprogramming of Fe homeostasis involving Fe storage, internal
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Fe allocation and Fe uptake. In line with this view, DAB staining indicated higher
H,O, accumulation in the more resistant line 35S:FIT1 and lower H,O; levels in
the more susceptible lines 35S:FER1, 35S:NAS k8, 35S:F6'H1 #3b and vitl-1
during C . higginsianum infection (Fig. 28). Unexpectedly, the H,O, production in
those mutants did not coincide with Fe accumulation levels as indicated by
Prussian blue staining during fungal infection (Fig. 27). The biological cause for
this lacking coincidence between localized Fe and H,O, accumulation at the
infection sites across different Arabidopsis mutant and transgenic lines requires
further investigation. In contrast, in maize plants H,O, production coincided with a
higher Fe accumulation at infection sites and with a higher tolerance to C.
graminicola (Figs. 12, 14). However, no consistent response to C. graminicola
infection was found in the transcriptional regulation of genes involved in Fe

homeostasis in maize (Fig. 15).

Due to its high Fe-storage capacity (up to 4000 ions), ferritin plays an important
role in Fe storage and in buffering of Fe homeostasis in plants as well as in
animals. The upregulation of FER expression during infection mediated by the
bacterial or fungal siderophores suggested that plant ferritin functions as a good
competitor for Fe to siderophores and is able to reduce the Fe availability to the
pathogen (Dellagi et al., 2005; Segond et al., 2009; Djennane et al., 2011; Kieu et
al., 2012). Many studies have shown that over-expression of ferritin (Deak et al.,
1999) or mammalian lactoferrin (Zhang et al., 1998; Malnoy et al., 2003) in
different plant species confers resistance to viral, bacterial or necrotrophic fungal
pathogens. On the other hand, ferritin is also known to accumulate in response to
Fe overload (Gaymard et al., 1996) or to an excess of ROS (Petit et al., 2001,
Murgia et al., 2002). The over-expression of ferritin may thus counteract ROS
production and cause plant cells to become more susceptible to pathogen
infection. As shown in the present study, Arabidopsis plants over-expressing FER1
exhibited a low level of H,O, production during C. higginsianum infection (Fig. 28)
and were thus more susceptible to this fungus (Figs. 25, 26), although a high level
of Fe accumulated at the infection sites (Fig. 27). This suggested that Fe
accumulating at the infection sites might have been captured by ferritin and
therefore was inactive in ROS formation via the Fenton reaction. Interestingly, no

upregulation of FER genes in maize (Fig. 16) or wheat (Liu et al., 2007) was found
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during infection with the hemibiotrophic fungus C. graminicola or the biotrophic
fungus Bgt, respectively (Fig. 16), suggesting that ferritin might only be induced in
response to infection by necrotrophic pathogens.

Another gene involved in intracellular Fe storage in plants is the vacuolar iron
transporter 1 (VIT1), which functions as an Fe importer into vacuoles (Kim et al.,
2006). One may assume that defective expression of VIT1 might cause an
increase of Fe in cytosol. However, no differences in the Fe content of shoots
were determined between vitl-1 and wild-type Arabidopsis plants (Kim et al.,
2006). Interestingly, the vitl-1 mutant was more susceptible to the hemibiotrophic
fungus C. higginsianum (Figs. 25, 26) suggesting a role of vacuolar Fe in plant-
pathogen interactions. At the same line, the Arabidopsis mutant nramp3, which is
defective in vacuolar Fe export, showed an increased susceptibility to Erwinia
chrysanthemi infection, and the over expression of this gene inversely decreased
the susceptibility to this bacteria (Segond et al., 2009). Again, this differential role
of Fe in pathogen susceptibility may be due to the lifestyle of the pathogen.

The ligand nicotianamine (NA) is able to bind both Fe! and Fe". It functions in
intracellular and long-distance Fe trafficking (Briat et al., 2007) and in protecting
plants from oxidative damage (von Wirén et al., 1999). Over-expression of
nicotianamine synthase (NAS) in Arabidopsis conferred a higher accumulation of
NA and decreased the water-soluble Fe fraction in shoots (Cassin et al., 2009).
This suggested that the higher susceptibility of Arabidopsis plants over-expressing
NAS may have caused a higher NA accumulation which induced a lower Fe
availability than in wild-type plants (Figs. 25, 26). This assumption is supported by
the study that wheat TmMNAS1 was downregulated 24 hours after Bgt infection (Liu
et al., 2007). The present study is the first to show that NA is involved in plant-
pathogen interactions. However, the mechanism how NA accumulation in plant
influences the susceptibility to pathogens is still unknown und needs more
investigation. Interestingly, the Arabidopsis ysI3 mutant, defective in a putative
metal-NA transporter involved in Fe, Zn, and Cu translocation, exhibited a higher
susceptibility to Pseudomonas syringe, supporting a biological function of this

metal transporter in plant pathogen defense responses (Chen et al., 2014).
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In conclusion, the present work may be of agronomic significance as it improves
the understanding of the role of Fe nutritional status in plant-pathogen interactions.
This knowledge could eventually contribute to an improved management of Fe
nutrition in agricultural plant production to better control plant diseases. A deeper
analysis of the cause for improved Colletotrichum resistance by over-expression of
FIT might ultimately be even of interest for the breeding of lines with enhanced

resistance to hemibiotrophic fungal pathogens.
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5 Summary

The plant nutritional status is known to have a strong impact on a plant’s
resistance against pathogens. In particular Fe appears as a determinant of plant
resistance as both, the pathogen and the host compete for Fe during plant-
pathogen interactions. However, there have been contradictory reports on whether
a Fe-sufficient or Fe-deficient nutritional status of the plant is more beneficial for
plant resistance. To address this question, the present study investigated the role
of Fe in the defense response of plants against fungal pathogens in the maize-
Colletotrichum  graminicola and Arabidopsis-Colletotrichum  higginsianum
pathosystems.

First, maize and Arabidopsis plants with different Fe nutritional status were
assessed for the susceptibility to Colletotrichum. Fe-sufficient maize and
Arabidopsis plants were more tolerant to Colletotrichum infection than Fe-deficient
plants, indicating that Fe plays a positive role in the plant defense against these
pathogens. Microscopic studies showed that the development of Colletotrichum on
Fe-sufficient maize and Arabidopsis leaves was slower than on Fe-deficient leaves
from the beginning of fungal spore germination and appressorium formation, which
determined in the end the differences in the susceptibility between plants. One Fe-
dependent component contributing to enhanced resistance may lie in the leaf
surface ultrastructure. Using scanning electron microscopy and transmission
electron microscopy revealed that Fe-deficient leaves appeared to have less
cuticle wax on their surface than Fe-sufficient leaves, and that Fe-deficient leaves
had significantly thinner cell walls and cuticle layers compared to Fe-sufficient

leaves.

Iron recruitment to the infection site coincides with the local production of H,O,
and is one of the plant defense responses against pathogens. Therefore, Prussian
blue and DAB staining procedures were used to visualize the Fe recruitment and
H.O, production on both Fe-sufficient and -deficient maize leaves infected by C.
graminicola WT and mutant strains defective in Fe acquisition pathways. There
was a strong temporal and spatial coincidence between DAB staining and
Prussian blue staining until the fungus switched from biotrophic to necrotrophic
growth. Likewise, a highly similar coincidence in local Fe accumulation and H,O,

production was found when examining C. graminicola mutants. Those mutants
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which were most compromised in the formation of infection structures showed
delayed Fe and DAB staining during the biotrophic growth phase. It was therefore
concluded that in Fe-deficient leaves the delayed and less intense recruitment of
Fe to the infection sites at early fungal growth stages was a major cause for a
weaker oxidative burst, and hence, allowed more rapid fungal development and
progression to the necrotrophic growth phase. This scenario provides an
explanation for the beneficial role of an adequate Fe nutritional status in resistance

to Colletotrichum graminicola.

In order to systematically examine the influence of Fe homeostasis-related genes
on the susceptibility of Arabidopsis plants to Colletotrichum higginsianum, studies
using transgenic Arabidopsis lines with modulated expression of Fe homeostasis-
related genes were conducted. While only one line over-expressing the
transcription factor FIT showed an enhanced resistance, other Arabidopsis lines or
mutants involved either in Fe acquisition, storage or internal allocation showed a
significantly higher susceptibility to Colletotrichum higginsianum. Moreover, here
plant resistance again coincided with an earlier and higher accumulation of H,O,
but not with an earlier recruitment of Fe to the infection sites. These studies reveal
a strong involvement of the Fe nutritional status in lifestyle changes of
hemibiotrophic fungi and of Fe homeostasis-related genes in plant resistance

mechanisms against fungal pathogens.
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7 Supplementary data

Supplemental Table 1:

Primers used in this study are listed here.

Primer Sequence (5" 2 3)

ITS2-gPCR-Fw CGTCGTAGGCCCTTAAAGGTAG
ITS2-gPCR-Rv TTACGGCAAGAGTCCCTC
M13-gPCR-Fw GTAAAACGACGGCCAGTGC
M13-gPCR-Rv CACAGGAAACAGCTATGACC
At-CBP20-Fw CCTTGTGGCTTTTGTTTCGTC
At-CBP20-Rv ACACGAATAGGCCGGTCATC
Ch-ACT-Fw GATTCGGTCAAAGACAATCG
Ch-ACT-Rv CAGCGAGGATTGGAACCTA
ZmDMAS1-Fw CTCTTCGTCACGTCCAAGGT
ZmDMAS1-Rv TTCCATCTGGAGATTGCTGA
ZMmFER1-Fw CCTGAGAAAGGAGATGCTCTGTA
ZMmFER1-Rv GATGAAGTCTGTCAGCTGAGGAT
ZMmFER2-Fw GCAATGATCCTCAGCTGATAGAC
ZMmFER2-Rv CTGAAGCAGCATCTGATCAAAG
ZmIDEF1-Fw TACACCGTGTGGATGGAGAA
ZmIDEF1-Rv CATGCAATGCAGGACTCAAG
ZmNAS3-Fw GGTGATCAACTCCGTCATCAT
ZmNAS3-Rv CCTCCTCCATCTTCTGGTGA
ZMNRAMP3-Fw | ACGCTCGATTGCTTCATCTT
ZMNRAMP3-Rv | CCACCAAACCGATCAGAAGT
ZmPR-1-Fw ACTGCAAGCTGATCCACTCC
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ZmPR-1-Rv
ZmPR-4b-Fw
ZmPR-4b-Rv
ZmPR-5-Fw
ZmPR-5-Rv
ZmWind-Fw
ZmWind-Rv
ZmVIT1-Fw
ZmVIT1-Rv
ZmYS1-Fw

ZmYS1-Rv

CTGTTGGTGTCGTGGTCGTA
GAACAACTGGGACCTCAACG
TTGGTCACCAGGAGACACTG
GCAGCCAGGACTTCTACGAC
ACAGGCATGGGTCTTCATGT
ACTCGGGCAACAACAAGTTC
CACAGTACGTGAACCATGCAC
GCTGTTCAGGCGAGGTAGTT
AGATCCCGCGATTAACACTG
GAGAATGCGAGATACACTGAAGG

CATAGGTTGAACCCAACATGAC
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8 Abbreviations

35S
-Fe
+Fe
ALB
AP
ASR
Bgt
CO
Col-0
CgM2
Ch
CuU
Ccw
CWA
DAB
DS
dpi
DW
EDDHA
EDTA
Fe
FW
GE
hpi
ICP-MS
ICP-OES
MS
NA
n.d.
n.s.
PCR
PH

CaMV 35S promoter

iron deficient

iron sufficient

anthracnose leaf blight

appressorium

anthracnose stalk rot

Blumeria graminis f. sp. Tritici

conidia

Columbia-0, ecotype of Arabidopsis thaliana
Colletotrichum graminicola wild-type strain M2
Colletotrichum higginsianum

cuticle

cell wall

cell wall apposition

3,3'-diaminobenzidine

disease score

days post inoculation

dry weight
ethylenediamine-N,N'-bis(2-hydroxyphenylacetic acid)
ethylenediaminetetraacetic acid

iron (from Latin: ferrum)

fresh weight

germination

hour post inoculation

inductively coupled plasma-mass spectrometry
inductively coupled plasma-optic emission spectrometry
mugineic acid

nicotianamine

not detected

not significant

polymerase chain reaction

primary hyphae

100




Abbreviations

PM
PR
PS
Pst
gPCR
gRT-PCR
RIA
ROS
RT
SD
SEM
SIA
SH
SP
TEM
v/v
wiv
WT

plasma membrane
pathogenesis-related
phytosiderophore

Pseudomonas syringe pv. tomato
quantitative PCR

guantitative real-time PCR
reductive iron assimilation
reactive oxygen species

room temperature

standard deviation

scanning electron microscopy
siderophore-mediated iron assimilation
secondary hyphae

spore

transmission electron microscopy
volume-to-volume ratio
weight-to-volume ratio

wild type
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