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1 Introduction

Bread wheat (Triticum aestivum L.ssp. aestivum) is one of the most important cultivated crops of
the world. Together with maize and rice, wheat can be grown over a wide range of climatic and
soil condition. In 2013, 708.5 million tons of bread wheat and durum wheat (T. durum) were
produced in the world, of which 144.3 million tons were produced in the EU followed by China,
India and USA (FAO 2013). However recent agricultural practices like the reduction of soil
tillage and pesticides use raise the risk of re-emerging or new wheat diseases.

One of the most important fungal pathogens which frequently cause serious damages in small
grain cereals and maize belong to the genus Fusarium, assigned to the phylum ascomycota (Van
Eeuwijk et al., 1995; Ma LL et al., 2010). Fusarium diseases have a broad host spectrum and can
cause significant loss of grain yield and quality in crops such as wheat, maize, oat (Avena sativa
L.), barley (Hordeum vulgare L.) and rice (Oryza sativa L.) (Parry et al., 1995; Trail et al., 2003;
Pereyra & Dill-Macky, 2008). Fusarium graminearum Schwabe (teleomorph Gibberella zeae
[Schwein] Petch) is one of the main pathogens of wheat, causal agent of Fusarium head blight
(FHB), root and stem (also named culm or stalk in cereals) rot, especially under warm and humid
conditions. Moreover, F. graminearum produces mycotoxins which are harmful to human and
animal health. Recently, although there are possible tools to be adapted to control Fusarium
disease epidemic, to cultivate wheat varieties with significant Fusarium disease resistance is still
considered as the most economical and effective strategy. Therefore, Fusarium (FHB) resistance
is one of the main goals of wheat breeding as a basis for disease control.

Roots represent the hidden half of plants and thus, were not sufficiently explored for quite a long
time (Raaijmakers et al., 2009). Nowadays, much more attention is given to the roots, their
architecture, functioning and interactions which have promising features to enable a new green
revolution via increased and more stable yields without causing unacceptable environmental
damage (Den Herder et al., 2010). In fact, also root diseases are typically overlooked or
underestimated and basically a challenge for research, but nevertheless account for a large part of
the current yield reductions (Raaijmakers et al., 2009). Other than FHB, the knowledge on
Fusarium root rot (FRR) is still very limited. There are several reports on Fusarium soil-borne
infestations typically addressing the crown or stem rot disease caused by F. culmorum and F.
pseudograminearum, associated with relatively early visible symptoms at aboveground lower
stem internodes. However, possible soil-borne infestations by F. graminearum and the
emergence of Fusarium root diseases are usually underestimated. Therefore, it is urgently
necessary to investigate the agronomical important root-microbe interaction of F. graminearum

and wheat.



2 Background

2.1  The evolution of wheat: Challenges and current opportunities for wheat breeding
The origin of wheat breeding reaches far back into mankind’s history. Approximately 7,000 to
8,000 years ago people have started to select wheat plants for their own need. Therefore, wheat
became one of the first domesticated crops. Since wheat is essential for human nutrition, there
has always been a co-evolution of wheat together with man (Charmet, 2011).

Modern wheat cultivars usually belong to the hexaploid bread wheat (Triticum aestivum, 2n = 6x
=42, AuUAuBBDD) and the tetraploid durum wheat (T. durum, 2n = 4x = 28, AUAuBB) (Peng et
al., 2011). Bread wheat and durum wheat nowadays account for about 95% and 5% of world
wheat production, respectively. About 6.5 million years ago (mya), a common ancestor start to
evolve into the A and B genome lineages (Triticum and Aegilops). The evolutionary history of
modern wheat is summarized in Figure 1.

About 5,500,000 years ago the diploid ancestor of modern wheat, T. urartu (2n = 2x = 14,
2x = 14,

genome AuAu) hybridized with the B genome ancestor Aegilops speltoides (2n
genome SS) to generate the D genome Ae. tauschii (2n = 2x = 14, genome DD). Around 800,000
years ago, hybridization happened between a close relative (BB) of Ae. speltoides and T. urartu
(AA), produce the allotetraploid emmer wheat (T. turgidum; AABB) by polyploidization. Then
around 400,000 years ago, the emmer wheat (T. dicoccum, 2n = 4x = 28, genome AuAuBB)
hybridized with Ae. tauschii (2n = 2x = 14, genome DD) to generate the early hexaploid spelt
wheat (T. spelta, 2n = 6x = 42, genome AuUAuBBDD) (Marcussen T et al,. 2014). About 8,500
years ago free threshing ear types were selected in emmer and spelt wheat, finally leading to the
modern types of durum wheat (T. durum) and bread wheat (T. aestivum) (Peng et al., 2011).

The genome of bread wheat (T. aestivum) is hexaploid and consists of 42 chromosomes with an
estimated genome size of 17 Gbp which is 40 times larger than, for instance, the rice genome
(Paux et al., 2006). Approximately 80% of the genome consists of extensive repetitive elements
(Berkman et al., 2012). In fact, the high level of repetitive DNA together with the hexaploidy
basically challenges the development of genomic resources that can facilitate the necessary
improvements in wheat breeding (Belova et al. 2013). However, to address this issue, the
International Wheat Genome Sequencing Consortium (IWGSC) was founded to generate a
reference genome sequence of the cv. Chinese Spring 42 (Feuillet & Eversole, 2007). In 2012, a
first survey sequence was generated from Illumina high throughput paired end sequence data,
representing a >30-fold depth of wheat chromosome arms. 10.2 Gigabytes (Gb) of sequence was
assembled in contigs of more than 200 bp and assigned to individual chromosomes. A total of

133,090 high confidence gene models were defined using a combination of wheat RNASeq and
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Figure 1: The evolution of bread wheat. (The figure was modified from Peng et al., 2011
and Marcussen T et al., 2014).

full-length cDNA datasets, as well as reference gene sets from sequenced grass genomes. Recent
analyses at chromosomal and sub genome levels have revealed new insights on the intra-
chromosomal duplications, the genome evolution following polyploidisation and the
transcriptional activity of the genome. Finally, all publicly available sequence-based markers, for
instance SSR (simple sequence repeat) and SNP (Single Nucleotide Polymorphism) markers,
have been assigned to the sequence assemblies to provide integrated marker platform to breeders
and scientists for mapping in wheat (Brenchley et al., 2012; Raats et al. 2013; Spannagl et al.,
2013; The International Wheat Genome Sequencing Consortium.
[http://www.wheatgenome.org/]).

Such anchored genetic-physical maps represent a powerful tool for understanding the molecular
basis of complex traits such as Fusarium resistance as well as for accelerating gene cloning. In
fact, the localization of target genomic regions and candidate genes which influence the
phenotypic expression of a certain resistance is the basis for understanding the molecular cross-
talk between pathogen and host which, on the other hand, is the prerequisite for discovering
selective markers such as SNPs for high throughput marker-assisted selection in wheat
(resistance) breeding (Philippe et al., 2013). However, the increasing availability of tools such as
high density SNP genotyping platforms, integrated physical/genetic genome maps and
bioinformatics approaches including genomic selection and systems biology, turns phenotyping

to the most critical point for the research on complex traits.



Hitherto, limitations in genome-wide approaches and high-throughput phenotyping have
prevented a substantial progress in research and breeding of wheat towards improved resistance
against the floral FHB disease. In fact, FHB phenotyping is a demanding task, and the ability to
improve FHB resistance has long been complicated by difficulties in phenotyping (Van Sanford
et al. 2001). However, in case of resistance research advanced phenotyping refers not only to
innovations in the accuracy and rate of data generation, but also to improved knowledge on
relevant and critical events during host-pathogen interactions for a pinpoint application of

advanced genomic tools.

2.2  F.graminearum: Taxonomy, life cycle and virulence

Besides abiotic stress factors such as drought, heat and nutrient deficiency, biotic stressors
including pathogens like viruses, bacteria and fungi threaten wheat performance. Amongst the
most important fungi causing serious damage in small grain cereals and maize are Fusarium
species, belonging to the phylum of Ascomycota. Major diseases such as Fusarium head blight
(FHB), root and crown rot (FRR and FCR) are caused by fungal pathogens such as F.
graminearum, F. culmorum, F. pseudograminearum and F. sporotrichoides.

F. graminearum Schwabe [teleomorph Gibberella zeae (Schw.) Petch] is a haploid homothallic
fungus that has both a sexual and an asexual life cycle. In the asexual cycle, F. graminearum
produces spores known as macroconidia. Those conidia are slender, thick-walled, curved to
straight, tapered at both ends, with five to seven septa or partitions. They are produced in globose
chlamydospores which are thick-walled resting spores, but are also formed in myecelia.
Chlamydospores allow F. graminearum to survive unfavourable conditions and thus, allow the
fungus to over-winter in soil or on crop residues until suitable temperature and humidity
facilitate a new cycle of infections. In addition, chlamydospores are assumed to cause the
primary infections on common bean roots (Nash et al., 1961). Generally, while macroconidia
play an important role in the pathogen dissemination by wind, microconidia and chlamydospores
are essential for the infection of host tissues (Katan et al., 1997). Macroconidia can be
transported from soil or infected leaves to flowering spikes by rain-splash or wind dispersal, thus
causing FHB. In fact, this way F. graminearum can infect spike tissues from flowering to late
stages of kernel development (Del Ponte et al., 2007). A flower infection manifests initially
watersoaked lesions which later turn to a yellowish-red colour. Orange spots formed on the
surface of infected spikelet are called sporodochium and contain many macroconidia. Besides
the internal growth of mycelium in host tissues, dispersal of macroconidia can also be initiated

from other infections on the same plant or from neighbouring plants. Whether, macroconidia can



also infect wheat roots and hypocotyls which cause FRR was not known at the start of this study.
The sexual stage of F. graminearum starts from overwintered small bluish-black round bodies on
the crop debris called perithecia. Perithecia are reported to retain viability for up to 16 months,
and abundant in spring and warm moist weather conditions which are favourable for their
maturation (Markell & Francl, 2003) leading to the release of ascospores (Trail et al., 2002).
Ascospores are sexual spores dispersed by wind, rain or insects (Sutton, 1982; Parry et al., 1995)

and cause initial disease of aerial plant parts (Agrios, 2004).
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Figure 2: The life cycle of Fusarium graminearum Schwabe (teleomorph Gibberella zeae (Schwein)

Petch) in wheat.

It is still under discussion whether F. graminearum exhibits a biotrophic lifestyle during the
initial stages of infection of floral tissues (Trail, 2009; Brown et al., 2010). In fact, a recent
microscopic study of the F. graminearum infection process in wheat spikes did not find an
indication for necrotrophy at the initial stages of infection which was therefore, symptomless
(Brown et al., 2010). Generally, intercellular hyphae were found to grow through living host

cells in flower and rachis tissues. However, this colonization mode throughout the spike was



observed only for a short period and was exceptionalness followed by the onset of host cell
alterations. During biotrophic colonization no specialised feeding structures were observed and
no intracellular hyphae were found within living host cells. Therefore, it was assumed that the F.
graminearum hyphae were initially feeding from extracellular exudates in the apoplast (Brown et
al., 2010). However, once host cell death is initiated, this was found to be accompanied by
intracellular colonisation and necrotrophic feeding off dead host cells. The necrotrophic stage is
generally associated with an increased fungal colonization, subsequent cell death and necrosis.
Over the course of spike colonization and after successful invasion of the main spike parts, the
proportion of the fungal infection in association with living host cells gradually decreases, but
remains present. For instance, advancing F. graminearum hyphae were found to remain in the
intercellular spaces of wheat rachis and thus, during all phases of the spike infection process, F.
graminearum maintains a zone where the most advancing hyphae are surrounded by living host
cells (Brown et al., 2010). Moreover, one strategy of the Fusarium fungi to successfully establish
and spread within host tissues is to live epiphytically, non-parasitic, without causing symptoms
(Clement et al. 1998). Such asymptomatic colonisations of plant tissues by F. graminearum have
been observed for stalks of corn (Bushnell et al., 2003), or grass hosts (Farr et al., 1989; Inch &
Gilbert, 2003). Finally, F. graminearum could be classified as a hemibiotrophic pathogen, but
with the restriction or distinctiveness that F. graminearum probably displays a unique lifestyle
which is different from other described hemibiotrophic lifestyles (Kazan et al., 2012). In another
words, Brown et al. (2010) concluded that the uncovered mode of nutrition during FHB disease
does not resemble any of the three classical definitions, namely, biotroph, hemibiotroph or
necrotroph (Agrios, 2004).

F. graminearum has also the ability for a saprotrophic growth. Generally, the chemical
composition of crop biomass differs within a species and from other species as well as between
different plant parts. This influences the decomposition of the crop residues by microbial
colonisers and thereby, the saprotrophic survival of pathogens such as F. graminearum (Khonga
& Sutton, 1988; Nicolardot et al., 2007). In a study on the F. graminearum exoproteome has
been demonstrated that 30 xylanase-related genes were transcribed with different expression
patterns according to the respective plant material tested (Phalip et al., 2005). Therefore, it was
suggested that F. graminearum can firstly, adapt to a range of variations in its environment
(Hatsch et al., 2006) and secondly, can survive overwinter on crop residues due to its enzymatic

ability to degrade and use different residues as nutrients (Leplat et al., 2012).



F. graminearum has been well investigated for many years to understand the genetic basis of the
life cycle, pathogenicity, evolution, and population biology. Availability of the full genome
sequence (Cuomo et al., 2007; Ma et al., 2010) and efficient genetic transformation system of F.
graminearum has facilitated analyses of gene functions. Meanwhile, transcriptome (Stephens et
al., 2008; Hallen-Adams et al., 2011; Lysge et al., 2011), metabolome (Chen et al., 2011) and
proteome (Paper et al., 2007; Taylor et al., 2008) analyses have been conducted by using F.
graminearum or mutants of it to study infection processes in barley and wheat, the fungal sexual
development and conidial germination, the evolution of virulence and toxin biosynthesis as well
as the fungal defences against fungicides (Kazan et al., 2012).

The F. graminearum proteome during host colonization was found to be composed of several
extracellular proteins which probably are either involved in compromising the host to facilitate
disease establishment and spread, or in establishing nutrient acquisition (Divon & Fluhr, 2007).
Those proteins include degradative enzymes (hydrolases, oxidoreductases, esterases, and
proteases), small non-enzymatic and housekeeping proteins, as well as proteins of unknown or
predicted function. More than 50% of proteins secreted during pathogenesis contained putative
secretion signals and therefore, might function as effectors to promote virulence, commonly by
interacting with plant host proteins (Paper et al., 2007). In addition, numerous proteins involved
in iron uptake, sterol trafficking, nitrate transport, and reactive oxygen species (ROS) production
have been linked to pathogenesis (Walter et al., 2010). 42 protein kinase genes and 62
transcription factor genes were found to be required for wheat head infection (Son et al., 2011;
Wang C et al., 2011).

Particularly, F. graminearum is characterized by a large arsenal of virulence factors which are
secreted in all phases of diseases caused by this species and which aim at the manipulation of
plants” physiology for its own benefit (Walter et al., 2010). Among these virulence-factors plant
cell wall-degrading enzymes (cellulases, hemicellulases, and pectinases) represent an essential
and large group since they facilitate early flower infection as well as the rapid colonization of
wheat spikes (Wanjiru et al., 2002; Martinez et al., 2008; Kikot et al. 2009; King et al. 2011).
Moreover, cell-wall degrading enzymes might not only be relevant during the pathogenic part of
the F. graminearum life cycle, but also during its saprotrophic part of life cycle (Belien et al.
2006; Van den Brink & de Vries, 2011).

Another important group of virulence factors are hydrolytic enzymes (subtilisin-like and trypsin-
like proteases) which were found during almost the entire course of FHB disease. Such proteases
are supposed to be involved in the suppression of plant defence by degrading pathogenesis-

related (PR) proteins or defence-signalling compounds according to their property to cause



proteolytic protein digestion (Jackowiak et al., 2002; Olivieri et al., 2002; Pekkarinen et al.,
2007). For instance, in the spikes of the resistant wheat cv. Wangshuibai the down-regulation of
different housekeeping proteins was reported already 6 to 24 h after F. graminearum inoculation
as a consequence of fungal proteases and mycotoxins (Wang Y et al., 2005). In the transcriptome
of resistant wheat cv. Dream several serine proteases as well as serine protease inhibitors were
found to be exclusively enriched upon F. graminearum infection, indicating a complex crosstalk
between F. graminearum and wheat proteases and their inhibitors (Gottwald et al., 2012). Such
defence counter-defence mechanisms in which both, host and pathogen release specific sets of
proteases and protease inhibitors which mutually impair each other, have been reported for other
diseases (Xia, 2004; Tian et al., 2008).

Since 2003 the complete F. graminearum genome sequence is available and more than 11,600
genes were detected, indicating F. graminearum as one of the most gene-rich fungi (Goswami &
Kistler, 2004). Particular genes for the biosynthesis of secondary metabolites, including toxic
compounds were found to typically cluster in the F. graminearum genome at a single locus and
to be co-expressed. Estimations suggest that more than 190 gene clusters are present with a gene
density greater than 10 ORFs per 25 kb (Hammond-Kosack et al., 2004), indicating a common
mechanism of transcriptional co-regulation for associated genes (Postnikova et al., 2011). These
clusters include the mycotoxin producing TRI5-cluster on chromosome 2, together with several
clusters suggested to be responsible for the production of other secondary metabolites than
mycotoxins (Hammond-Kosack et al., 2004). It is still unknown whether or at which timepoint
during the general disease progression the pathogen produces toxic secondary metabolites, other
than the F. graminearum characteristic toxin deoxynivalenol (DON).

Trichothecene mycotoxins produced by F. graminearum are essentially responsible for the
severe economic damages caused by FHB and other Fusarium diseases since they significantly
reduce grain yield and quality (Maier et al., 2006; Walter et al. 2010). Those toxins are grouped
into four types: A, B, C, and D. F. graminearum isolates mainly produce the toxins
deoxynivalenol (DON), nivalenol (NIV) and zearalenone (ZEA) of which DON and NIV belong
to the type B trichothecenes (Bennett & Klich, 2003). The potential toxicity of NIV versus DON
toxin-producing F. graminearum isolates is still controversial (Puri & Zhong, 2010; Gale et al.,
2011). Mycotoxins are not only phytotoxic, but also cause serious toxic effects on farm animals
and humans even at very low concentrations (Pestka & Smolinski, 2005; Rocha et al., 2005).
Fusarium disease essential affects the aspect of food security and consequently, in the European
Union regulations exist which state the levels of maximum tolerable DON contents in nutritional

products: 1.25 mg/kg in unprocessed cereals except durum wheat; 1.75 mg/kg (ppm) in durum



wheat; and 0.75 mg/kg (ppm); in cereals’ flour and pasta and bread, 0.50 mg/kg (Anonymous
2007).

The DON toxin is commonly known as a potent inhibitor of eukaryotic protein biosynthesis and
considered as an essential virulence factor which determines the aggressiveness of the pathogens
in host tissues. A positive, significant correlation (r = 0.69, P < 0.01) between aggressiveness
and DON content was found in a field experiment with as many as 50 F. graminearum isolates
(Cumagun & Miedaner, 2004). DON was reported to be produced in the fungal infection
structures already during the initial penetration of floret tissues. The reason for this early
secretion is unknown, because the initial infection is symptomless and indistinguishable between
susceptible and resistant wheat cultivars. In addition, even trichothecene-deficient F.
graminearum mutants did not lose their ability to infect flower tissues (Bai et al., 2002; Maier et
al., 2006; Boenisch & Schafer, 2011). However, the DON secretion gains importance during
later disease stages in which the pathogen systemically colonizes infected tissues and/or spreads
into non-infected plant parts (Jansen et al., 2005). At these disease stages the role of DON
secretion can be explained by its assumed capability to suppress plant defence by inhibiting the
biosynthesis of defence proteins (Rocha et al., 2005; Boenisch & Schéfer, 2011).

Recently it has been reported that DON released by F. graminearum at low concentrations can
already inhibit the apoptosis-like programmed cell death (PCD) in Arabidopsis; PCD is a
common plant response to arrest pathogen growth. Therefore, it was assumed that the inhibition
of apoptosis-like PCD may be another important role of DON during the plant colonisation
process (Diamond et al., 2013). Finally, at high concentrations DON, together with proteases,
induces cell death probably to initiate and facilitate necrotrophic intracellular nutrition
(Pekkarinen & Jones, 2002; Boddu et al., 2006; Brown et al., 2010, 2011).

Recent studies indicate that farming practises, such as the use of resistant cereal cultivars and
fungicides, and environmental shifts, such as climate change, may affect the evolution of
virulence and toxin biosynthesis in F. graminearum. For example, a larger number of F.
graminearum isolates with higher aggressiveness and greater levels of grain DON content were
found among current isolates compared to those isolates collected between 1980 and 2000 in
North Dakota (Puri & Zhong, 2010). Another study examining F. graminearum isolates
throughout the USA has found that NIV-producing isolates have already established in small-
grain-growing regions of southern Louisiana (Gale et al., 2011), despite earlier reports showing

that such chemotypes were rare (e.g. Desjardins et al., 2008).
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2.3 Recent status of Fusarium head blight (FHB) research

Major FHB epidemics have occurred in the last two decades, resulting in billions of dollars of
wheat yield and quality loss in the USA during the 1990s and early 2000s (McMullen, 1997,
2003). For instance, from 1993 to 2001 the cumulative direct economic loss attributable to FHB
in wheat and barley for the entire period was US $2.491 billion, with $1.074 billion (43.1%) of
the total being lost between 1998 and 2001 (Nganje et al., 2004). In 2003, a regional epidemic
occurred that involved much of the soft red winter wheat grown in the United States, with a total
dollar loss estimated at $13.6 million (McMullen et al., 2012). In the period of 2007 to 2008
FHB damage occurred in several states causing US $13.3 and 57 million losses respectively.
FHB was at low level in 2010, but the impact in Kansas was still estimated at US $13 million.
Currently, several FHB-management approaches are applied for reducing the economic damage
and potential health hazards associated with this disease. Strategies have been developed to
target each of the three major components which are necessary for an outbreak: i) inoculum
source, ii) susceptible hosts, and iii) favourable environmental conditions. The inoculum source
of FHB is usually present in the form of soil-borne ascospores. Here, crop-rotation, tillage,
chemical or biological control, and the use of FHB resistant cultivars can contribute to reduce the
amount of inoculum from contaminated crops and/or crop debris (He et al., 2009; Petti et al.,
2010; Henkes et al., 2011). However, FHB outbreaks in the past decade demonstrate that the
currently available FHB-management approaches are still insufficient to avoid Fusarium
epidemics. Moreover, current agronomical farming practices are rather inclined to facilitate
further outbreaks in the future. In fact, reduced, non-plough or minimal tillage and cereal-based
crop rotations in regions of intensive agriculture constantly enrich the fungal inoculum in soils of
agricultural areas (Chakraborty et al., 2008; Luck et al., 2011). In addition, the climate change
which is accompanied by higher average temperatures and infection propagating environmental
conditions during sensitive wheat growth stages such as flowering (more rainfall during this
season), seedling and juvenile stages (milder temperatures during one or both seasons) propagate
rather a rise of infestation by allowing the pathogen to exploit their broad spectrum of infection
routes (Chakraborty & Newton, 2011).

Worldwide a significant increase in the risk of FHB epidemics is expected which may lead to
grain yields with mycotoxin levels above the permitted limit (cf. Chakraborty & Newton, 2011),
for instance in the United Kingdom around 2050 (Madgwick et al., 2010). Generally, the use of
cultivars with stable resistance is considered to be the most efficient strategy to avoid FHB
epidemics in wheat (Buerstmayr et al., 2008; Kazan et al., 2012; Yang F et al., 2013). However,
this strategy is still hampered by insufficient knowledge on the molecular basis of FHB
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resistance and hence, functional resistance genes were not cloned yet (Liu S et al., 2008). Wheat
resistance to Fusarium is a complex trait since it is controlled by many small effect genetic loci
(Massman et al., 2011) with a low heritability that changes depending on environment, location
and year (Buerstmayr et al., 2009; Miedaner et al., 2012; Massman et al., 2011). Such
circumstances, indeed, turn resistance research into a time consuming and moderately efficient
task (Balmer et al., 2013). In addition, besides a limited selection of registered cultivars with
decent FHB resistance, farmers preferentially select cultivars with good agronomics, which often
have insufficient resistance (Foroud & Eudes, 2009). A prominent example for this negative

correlation is the currently released high yielding German cv. Tobak (Table 1).

The known FHB resistances include active, passive and/or tolerance mechanisms. In wheat, five
resistance components or types are described, which rely on active resistance mechanisms: Type
1 - resistance against initial infection (Schroeder & Christensen, 1963); Type 2 - resistance to
pathogen spreading within infected tissue (Schroeder & Christensen, 1963); Type 3 - resistance
to kernel infection (Mesterhazy, 1996); Type 4 - tolerance against FHB (Mesterhazy, 1996); and
Type 5 - resistance to toxins (Miller et al., 1985).

Major reactions against FHB combine the Type 2 and Type 5 resistances. Quantitative trait loci
(QTL) for Type 2 resistance originate mainly from Chinese sources such as Sumai 3 and have
been located primarily on chromosomes 3B and 5A (Waldronet et al., 1999; Anderson et al.,
2001). Until today the most important QTL identified in the cultivars Sumai 3 and Ning 7840 is
Qfhs.ndsu-3BS (Waldron et al., 1999; McCartney et al., 2004), currently re-designated as Fhbl
(Liu et al., 2006). A second significant QTL was found on chromosome 6BS of cv. Sumai 3 and
was designated as Fhb2 (Waldron et al., 1999; Shen et al., 2003; Lin et al., 2004; Yang et al.,
2005b; Cuthbert et al., 2007; Haberle et al., 2007). Investigations on a Chinese Spring-Sumai 3
chromosome 7A disomic substitution line (CS-Sumai 3-7ADSL) have identified Fhb7AC as a
novel QTL near the centromere of chromosome 7A (Jayatilake et al., 2011).

The Chinese cv. Wangshuibai was used for QTL mapping and stable QTL were found on the
chromosomes 3B, 4B and 5A. Those were the resistance QTL Fhb4 (on chromosome 4B), the
QTL detected on chromosomes 3B which is assumed to be identical or allelic to Fhbl, and the
chromosome 5A QTL Qfhs.ifa-5A (McCartney et al., 2004; Lin et al., 2004; Zhang et al., 2004;
Zhou et al., 2004; Ma et al., 2006; Yu et al., 2008; Xue et al., 2011). Recently two further QTL
were identified on the chromosome arms 5AS (Qfhb.rwg-5A.1) and 5AL (Qfhb.rwg-5A.2) of the
FHB resistant Spanish wheat accession PI1277012. This line has a pedigree of ‘Extremo
Sur’/*Argelino’//T. timopheevii. Both QTL explain up to 20 and 32% of the variation in FHB
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severity, respectively and showed major effects on reducing the disease spread and DON
accumulation in seeds (Chu et al., 2011). In a ‘CM-82036 (resistant)/Remus (susceptible, Table
1) DH population two significant QTL were mapped to chromosomes 3BS (Fhbl) and 5A
(Qfhs.ifa-5A). Using spray inoculations, the effects of both QTL were indistinguishable, but after
single floret inoculation Fhbl showed a much stronger effect than Qfhs.ifa-5A leading to the
assumption that Qfhs.ifa-5A might contribute more towards type 1 resistance (Buerstmayr et al.,
2002, 2003). Recently, in a study on transcriptional differences in near-isogenic lines (NILS)
segregating either for Fhbl or Qfhs.ifa-5A or both QTL, a lipid transfer protein (LTP) was
identified as constitutively more abundant in relation to the resistant Qfhs.ifa-5A allele
(Schweiger et al., 2013).

Generally, the Type 1 resistance against initial infection (Schroeder & Christensen, 1963) has
only rarely been observed. The Brazilian cv. Frontana is one of the few genetic sources of a
moderate Type 1 resistance to initial fungal infection (Schroeder & Christensen, 1963;
Buerstmayr et al., 2009). In cv. Frontana the major QTL for type 1 resistance has been mapped
on chromosome 3AL and was found to mediate low FHB incidence and severity (Steiner et al.,
2004). Another, but minor effect QTL has been located on chromosome 7AS (Mardi et al.,
2006). Berzonsky et al. (2007) found that loci on the cv. Frontana chromosomes 3A, 6A and 4D
were responsible for significantly reducing symptoms of FHB. In a recent study it was found that
chromosome 3A likely carries a major gene responsible for expressing type 1 resistance. In
addition, also Frontana chromosome 4D was found to carry one gene or few genes involved in
type 1 resistance, although the effect was less than observed for chromosome 3A (Yabwalo et
al., 2011).

Since 1999 more than 200 QTL were identified in different wheat genotypes and were located on
all chromosomes, except chromosome 7D. However, only the QTL Fhbl, Qfhs.ifa-5A and Fhb2
which all originated from Chinese wheat were found to be stable by explaining 25-60% of the
variation in FHB resistance and by providing reliable resistances under different environmental
conditions (Buerstmayr et al., 2009). However, poor agronomic performance and the frequent
occurrence of genetic linkage drag make them less suitable donors of resistant genes (Lulin et al.,
2010).

To overcome knowledge gaps in Fusarium resistance research, several transcriptome studies
have been conducted to understand the molecular mechanisms behind FHB resistance and to
identify resistance related genes. Several genes were shown to be differentially expressed

between resistant and susceptible genotypes and therefore, might be involved in the F.
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graminearum- wheat interactions (Li & Yin, 2008; Jia et al., 2009; Ding et al., 2011; Gottwald et
al., 2012; Schweiger et al., 2013; Xiao et al., 2013).

Particularly the signalling pathways mediated by jasmonate (JA) and ethylene (ET) were
assumed to play essential roles for the control of FHB resistance in different wheat genotypes
with different levels of resistance and geographical origins (cv. Sumai 3: Li & Yin, 2008; cv.
Wangshuibai: Ding et al., 2011; cv. Dream: Gottwald et al., 2012). For instance, in the cv.
Wangshuibai both JA and ET defence-signalling pathways were supposed to mediate the early
basal defences at 12 to 24 h after F. graminearum infection. Generally, JA-mediated defense
seems to act especially against necrotrophic pathogens (Laluk et al., 2010). In a more recent
study of cv. Wangshuibai pathogenesis-related proteins such as PR-5, PR-14 (Table 2), ABC
transporter and the JA signaling pathway were found to be crucial for FHB resistance mediated
by Fhbl. The ET and ROS pathways, however, were not activated and thus, were considered as
less relevant (Xiao et al., 2013). An induction of the JA-responsive genes PR-2, PR-4 and PR-5
in cv. Sumai 3 after F. graminearum inoculation has also been observed in a comparison with
two FHB susceptible near-isogenic lines (Golkari et al., 2009).

Comparative analyses of F. graminearum interactions in wheat and barley revealed a large set of
conserved transcript accumulation patterns which besides ET- and JA-related proteins also
include genes that are likely associated with the DON detoxification (Walter et al., 2008; Jia et
al., 2009; Karlovsky et al., 2011; Gottwald et al., 2012). Previous studies indicated that the
highly DON-inducible barley gene HvUGT13248, encoding a glycosyltransferase (Table 2), has
the ability to convert DON into the less toxic compound DON-3-glucoside (Schweiger et al.,
2010). Also other UDP-glucosyltransferases such as TaUGT3 (Ma L et al., 2010) (Table 2), and
ABC transporter genes such as TaPDR1 (pleiotropic drug resistance 1) and TaMDR1 (MDR-like
ABC transporter gene Table 2) were reported to act as detoxification genes during wheat spike
infections by F. graminearum (Sasaki et al., 2002; Shang Y et al., 2009). In addition, different
cytochrome P450 genes were found to be involved in defences against fungal pathogens (Kong
et al., 2005; Walter et al., 2008). For example, the wheat P450 gene CYP709C1 (Table 2), which
was found to be induced by the stress hormone methyl jasmonate (MeJ), was in response to
Fusarium pathogens or trichothecene mycotoxins during FHB as well as during Fusarium
seedling blight (Li X et al., 2010).

The resistance to kernel infection (Type 2) expressed by Chinese QTL is assumed to be
associated with resistance against the accumulation of DON mycotoxin (Type 5), because a
suppression of this essential virulence factor would impair the spike colonization by the
pathogens (Parry et al., 1995; Bai et al., 2001; Nasri et al., 2006). In case of the gene behind the
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QTL Fhbl, different concepts have been discussed with regard to its functional role in FHB
resistance. First concept stated that Fhbl represents either a detoxification gene, for instance the
gene TaUGT3 (Ma L et al., 2010), or a major regulator of DON detoxification (Lemmens et al.,
2005). A different concept was suggested that the Fhbl resistance derived from the wheat
genotype Nyubai is mainly associated with cell wall thickening due to deposition of
hydroxycinnamic acid amides, phenolic glucosides and flavonoids, but not with the DON
detoxification (Gunnaiah et al., 2012). Finally, expression QTL mapping in a Sumai 3/Y1194-06
(susceptible) RIL population by using candidate resistance genes obtained from Sumai 3
transcriptomics (Li & Yen, 2008) has identified WFhb1_c1 (wheat Fhbl candidate gene 1, Table
2). This gene was both functionally and physically associated with Fhbl and its sequence was
found to be weakly similar to an encoding pectin methyl esterase inhibitor gene from
Arabidopsis (Zhuang et al., 2013). The expression pattern has been described as a relatively
slight increase associated with resistance, while susceptibility was associated with a sharp drop
of about 20-fold between 8 to 21 hours after flower inoculation (hai). Based on this expression
pattern it was stated that Fhbl could contribute to a delay of FHB spreading by reducing
susceptibility rather than increasing FHB resistance. However, studies in our lab on FHB
resistance have recently demonstrated that WFhbl c1 is in fact strongly up-regulated in cv.
Sumai 3, but not in the FHB susceptible cv. Florence-Aurore (Fig. A5). This induction was
present specifically at the timepoint 6 hai, a timepoint that has not been investigated by Zhuang
et al. (2013).

Finally, to understand the molecular pathogen-host interactions during the FHB pathogenesis is
still an indispensable task. Important support for the development of novel FHB management
strategies come also from histopathological examinations on the mode of spike infection and
colonization processes. These studies have uncovered important yielded relevant timepoints
associated with relevant changes in pathogen-host interactions as well as relevant tissues such as
rachis nodes which were found to be a critical obstacle in the disease spread towards the
infection of hitherto uninfected flowers (Jansen et al., 2005; Brown et al., 2010, 2011).
Moreover, the observation that during all phases of F. graminearum spike colonization the most
advancing hyphae are surrounded by living host cells (Brown et al., 2010) allows to consider
approaches in which these cells are enabled to continuously supply antifungal onto the
intercellular advancing hyphal tips.

Knowledge on the mode of disease progression allows to precisely direct investigations for
combining this knowledge with recent developed technologies such as systems biology

combining genomics with ‘omics’ platforms. For instance, studies have demonstrated that non-
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target metabolomics is a highly valuable tool to search for resistance- or pathogenesis-related
metabolites (Hamzehzarghania et al., 2005; Bollina et al., 2010; Gunnaiah et al., 2012) or

biomarkers (Hamzehzarghania et al., 2008).

2.4 Current research status of soil-borne Fusarium diseases

In contrast to the floral disease FHB which has been in the focus of Fusarium resistance research
in the past 40 years, soil-borne Fusarium diseases were much less explored. However, the
diseases root and crown rot (FRR and FCR) recently became more prevalent and are nowadays
considered to account for a substantial part of Fusarium infections in wheat (Backhouse et al.,
2004; Burgess et al., 2005; Smiley et al., 2005). For two main reasons soil-borne Fusarium
infections are of increasing importance nowadays also in the temperate agricultural regions of
Europe: First, maize growing has constantly increased, particularly within bioenergy crop
rotations. Infected stubble of maize, however, is a major source of FRR infestations on wheat
(Khonga & Sutton, 1988; Beccari et al., 2011). Second, Fusarium diseases in general and their
soil-borne diseases in particular can be seen as winners of global warming due to climate change
(Chakraborty & Newton, 2011). Particularly, F. culmorum and F. pseudograminearum were
referred to as the major agents for FCR and FRR in cereal crops, while F. graminearum was, so
far, only sporadically related to these diseases (Sutton, 1982; Paulitz et al., 2002, 2006).
Moreover, for a long time root rot has been seen as a dryland disease which mainly occurs in
areas with arid and/or mediterranean climate or with sub-optimal growing conditions (Chongo et
al., 2000; Backhouse et al., 2002). For example, in Australia yield losses due to FCR can be 25%
(Daniel & Simpfendorfer, 2008) and annual losses in wheat can reach $79 millionthis. In Pacific
Northwestern of the United States, yield losses of 35% have been documented (Smiley et al.,
2005), and global yield losses over 30% have been reported (Poole et al., 2012). In fact, soil-
borne fusariosis are meanwhile increasing in all regions of intensive agriculture in Europe,
America and in particular the more marginal cereal production areas of Western Asia, Northern
Africa, Australia and Canada.

Soil-borne Fusarium diseases have specific characteristics which convert common plant
protection into an ineffective instrument, and the cultivation of resistant varieties becomes the
most promising strategy. In case of root rot Fusarium attacks host plants via the infection and
colonization of seedling roots. Since roots are the ‘hidden half of plant’ at early disease stages
FRR severity remains typically invisible (Li X et al., 2010). Successful root infections lead to
rotten roots, diminished nutrient and water uptake, and finally reduced seedling vigour.

Consequently, root rot symptoms typically mimics symptoms of nutrient and/or deficiencies. A
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successive colonization of distal plant tissues is potentially associated with plant lodging,
damage to leaves, interference of water/nutrient translocation and reductions of grain yield and
quality, accompanied by the “whitehead” symptom (Strausbaugh et al., 2005; Mitter et al.,
2006). FRR is difficult to distinguish from FCR which attacks host plants via the hypocotyl.
However, for both diseases successful root colonization is a necessary stage prior to further plant
colonization, because roots provide an excellent nutrient supply (Beccari et al., 2011). Thus, in
the case of soil-borne Fusarium diseases, the roots have to be seen as the critical defense line to
prevent further plant colonization and toxin accumulation.

Similar to observations on FHB that DON production enables the fungus to spread from infected
florets into the wheat rachis in FHB (Bai GH et al., 2002; Jansen et al., 2005; Maier et al., 2006),
the DON toxin seems to be not essential for F. graminearum or F. pseudograminearum at early
infection stages during FCR, but gains in importance during later systemic stem colonization
(Mudge et al., 2006). Studies on FCR revealed that trichothecenes can be translocated in the
plant tissues in advance of fungal growth following F. culmorum infection (Covarelli et al.,
2012). In addition, in wheat spikes DON was detected in uninfected cells which are in advance
of the F. culmorum hyphae (Kang & Buchenauer, 2002). Although there is first evidence that
mycotoxins are translocated into wheat spikes, the magnitude and destruction potential of these
contaminations is still a matter of discussion (Mudge et al., 2006; Wang et al., 2006). In addition,
the translocation of fungal biomass in aerial plant parts is a matter of debates, too. In fact, FCR
was characterized by a relatively long symptomless period, followed by massive tissue necrosis
and a rapid increase of fungal biomass (Stephens et al., 2008). In a comprehensive study F.
culmorum and F. graminearum was isolated from flag leaf nodes and spike tissue after stem base
inoculations. Limited colonization of the vascular tissues occurred at the infection site as well as
in the vascular bundles of non-inoculated upper internodes (Mudge et al., 2006). Another study
reported that after stem base inoculation F. culmorum can extensively colonize stem tissues, but
not reach the spikes until plant maturity (Covarelli et al., 2012). Other studies, however,
concluded that none of the Fusarium species can colonize spikes by this route (Purss, 1971;
Burgess et al., 1975; Snijders, 1990; Clement & Parry, 1998; Geélisse et al., 2006). Differences in
environmental factors and the relative aggressiveness of the different Fusarium species and
strains are probably important reasons for the contrasting results (Diaz & Mercedes, 2012). FCR
disease development caused by F. graminearum involves three distinct phases of colonization
associated with well defined fungal gene expressions (Stephens et al., 2008). The initial infection
process showed sequentially penetration of stem base leaf sheaths, and then the fungal systemic

colonization by F. culmorum and/or F. graminearum occurred in distal parts of stem (Beccari et
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al., 2011). In comparison with FHB and FCR, only few researches refer to FRR which reveal
that F. culmorum invaded the rhizodermal layer and cortex but was not seen to colonize the stele
(Beccari et al., 2011). In a recent review it was stated that to the author’s knowledge no
microscopic investigation of root infection by F. graminearum has been reported (Kazan et al.,
2012).

Until today breeding for FRR/FCR resistance is restricted by limited insights into the Fusarium-
wheat root pathosystem (Mudge et al., 2006; Wang et al., 2006, Kazan et al., 2012). Particularly,
the F. graminearum-wheat root pathosystem represented a white spot in the research fields of
Fusarium diseases and wheat resistances. In addition, roots are the hidden half of a plant and
their diseases not only remain typically undetected, but also challenge their assessment and
research. Accordingly, only a limited number of wheat cultivars have been screened for their
responses to FCR and even fewer for responses to FRR. To date, only few QTL studies have
reported QTL conferring FCR resistance. A locus was identified on chromosome 4B near the
semi-dwarfing gene Rhtl (Wallwork et al., 2004). Two QTL, which located on chromosome
1DL and 1AL, were detected in breeding line ‘2-49” (Collard et al., 2005). The study on
genotype “‘W21MMT20’ showed several putative QTLsS, but none of them reached to significant
levels. The most tow significant QTLs were located on 5D and 2D (Bovill et al., 2006). Two
QTLs, designated as Qcrs.cpi-3B on the long arm of chromosome 3B and Qcsr.cpi-4B on
chromosome 4B were identified from genotype ‘CSCR6’ (Ma J et al., 2010). Significant QTL on
chromosome 3BL respectively in W21MMT70 and Ernie inherited from CSCR6 was reported
(Bovill et al., 2010; Li HB et al., 2010). A single significant QTL inherited from Sunco on
chromosome 2B (QCr.usg-2B.2) was identified (Bovill et al., 2010). All of these QTLs studies
conducted for FCR adopted either seedling assay (Collard et al., 2005, 2006; Bovill et al., 2006,
2010; Ma J et al., 2009; Li HB et al., 2010) or adult assay (Wallwork et al., 2004). Recent study
showed that QTLs for FCR at seedling stage and adult stage were different (Poole et al., 2012).
Moreover, quantitative trait loci (QTL) which attributed to FCR and FHB resistances were also
different (Wu AB et al., 2005; Tamburic-llincic et al., 2009; Li HB et al., 2010). So far, no
published researches focus on FRR resistance QTLs identification at seedling and adult stages or
comparative study between QTLs of FRR, FCR and FHB.
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3 Objectives

Until the presented study, to my knowledge no systematic examination of F. graminearum
growth patterns in wheat roots and the host-pathogen interaction had been reported. Therefore,
information on the Fusarium root rot (FRR) disease was sparse in comparison to the related soil-
borne disease crown rot (FCR) and especially head blight (FHB). Hence, the F. graminearum-
wheat root pathosystem represented a blank area in the field of Fusarium diseases of wheat. In
general, roots are the hidden half of a plant. Root diseases often remain undetected, and their
assessment and research is a challenge. Nowadays, F. graminearum has become subject of
intensive molecular research. Although molecular tools have been developed to enhance research
into virulence determinants of the pathogen, knowledge on mechanisms and strategies of the
infection and colonization is still rather limited (e.g. Rittenour & Harris, 2010). Such knowledge
is required to effectively apply the molecular tools that are currently available and help to
advance our knowledge on F. graminearum infection.

The main objective of the present study was a systematic examination on the F. graminearum-
wheat root interactions. The following tasks were addressed: (1) Establishment of a FRR
bioassay considering the specific requirements of a root disease. (2) Characterizing the pathogen
action and wheat reaction at seedling and post-seedling plant developmental stages. This task
comprised screenings and classification the response of a diverse set of wheat genotypes to FRR,
as well as investigations on the ability of F. graminearum to infect and colonize wheat roots. (3)
Histopathological studies on the mode of F. graminearum root infection and colonization. This
task also included examinations on fungal strategies in different aerial plant parts. (4) Studies on
the potential of F. graminearum to spread from the roots to the aerial plant tissues. (5) Analysis
of the molecular F. graminearum-wheat root interactions based on gene expression using known
FHB/DON resistance candidate genes.

Finally, an important task was to identify timepoints and tissues which are critical during the
FRR disease as targets for future applications of ‘omics’ technologies to uncover the molecular
and metabolic basis of FRR as well as targets for reliable phenotyping for genetics approaches

such as QTL mapping and genome wide association studies.
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4 Material and methods

4.1  Plant material

The analysed genotype set comprised a diversity set of 12 hexaploid spring and winter wheat
cultivars and pre-breeding lines (Table 1). The pedigree of the assembled wheat genotypes was
either obtained from the Wheat Pedigree database (http://genbank.vurv.cz/wheat/pedigree/), the
International Crop Information System (Icis version 5.4)
(http://www.icis.cgiar.org:8080/index.htm) or provided by the breeding company W. von Borries
Eckendorf GmbH & Co. KG, Leopoldshéhe, Germany (WvB). The genotype set represents
different geographical origins and the whole spectrum of wheat responses to the floral FHB
disease ranging from high resistance to high susceptibility. Information on the respective
responses to FHB was obtained from the literature (Badea et al., 2008; Buerstmayer et al., 2009)

and from the breeding company WvB. All seed material was kindly provided by WvB.

4.2  Fungal material

Macroconidia of F. graminearum isolate ‘IFA 65 (IFA, Department for Agrobiotechnology,
Tulln, Austria) was grown on synthetic nutrient agar medium ‘Spezieller Nahrstoffarmer Agar
(SNA)’ (Leslie et al., 2006) at 20 °C under cool-white and near-UV light illumination. After nine
days, macroconidia were collected by washing into 0.02% (v/v) Tween-20 solution. After a
filtration of the spore suspension through four layers of cheesecloth, the concentration of
macroconidia suspension was determined using a haemocytometer and was adjusted to 5*10*

macroconidia ml™.

4.3 Inoculation, plant cultivation and sampling

Inoculation: For root infections in the seedling stage (FRR seedling testing), wheat seeds were
sterilized in 6% sodium hypochlorite for 40 min on a magnetic stirrer and then washed 10 times
with distilled water. Subsequently, seeds were sown in autoclaved sand in the climate chamber
with a 16 h photoperiod of 22°C/18°C day/night and 60% humidity until the seedling growth
stage, i.e. 1% leaf unfolded, Zadoks scale (Z) 11 according to Zadoks et al. (1974). The seedling
roots were inoculated with F. graminearum spore suspension as described below. For studies on
the F. graminearum colonization of aerial plant parts (FRR spread testing) the same procedure

has been applied.


http://genbank.vurv.cz/wheat/pedigree/
http://www.icis.cgiar.org:8080/index.htm
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Table 1: Origin, pedigree, FHB reactions of spring and winter wheat accessions

Accession Origin Pedigree FHB reaction Type

) ) Funo/Taiwan-Xiaomai; ) ) )
Sumai 3 China ) ) highly resistant Spring
Jingzhou/Sumai2;

Ning 7840 China Avrora/Anhuill(F2)//Sumai3 highly resistant Spring
o ) LV-CHN; LV-Suyang; LV- ) ) )
Wangshuibai China ) highly resistant Spring
Jiangsu
Line 1105.16 Germany Hana/Estica highly resistant Winter
Frontana Brazil Fronteira/Mentana resistant Spring
ZE 90-2666/LW 862099- . . ]
Tabasco Germany intermediate Winter

09//CPB 93-27

Line 1105.13 Germany unknown, from Romania intermediate Winter
Line 172.11* Germany Qualibo/ Tommi// Tulsa intermediate Winter
Tobak Germany Ellvis/ Drifter// Koch susceptible Winter
Remus Germany Famos/Mexican //Sappo susceptible Spring
Florence- highly )
France Florence/Aurore ) Spring
Aurore susceptible
. . highly .
Line 162.11 Germany Tyberius/Opus ] Winter
susceptible

* since 2014 called Siegfried, under variety registration

For post-seedling root infections (FRR adult plant testing), wheat seeds were sterilized in 6%
sodium hypochlorite for 40 min on a magnetic stirrer and then washed 10 times with distilled
water. Seeds were sown in a mixture (1:2, v/v) of autoclaved sand and soil (Fruhstorfer Erde,
Hawita Gruppe GmbH, Germany) in a climate chamber with a 16h photoperiod of 22°C/18°C
day/night and 60% humidity until early stem elongation stage (2" detectable node, Z32). The
plant roots were inoculated with F. graminearum as described below.

Prior to inoculation, plants were carefully removed from the sand or sand/soil mixture to avoid
root injury. To guarantee root inoculation, stem parts above the seminal root system were
covered by a protective coating made of alufoil. For inoculation, plants were either placed into a
small flat tray for seedling roots or in a 250 ml plastic rectangular cup for adult roots (Wéchter &
Co. Germany), each with 5 ml or 15 ml (5 x 10* macroconidia mL™) inoculum and were gently

shaken for 2 h on a rotary shaker. For control plants mock inoculations were performed with
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0.02% (v/v) Tween-20 instead of fungal suspension. Plants were arranged in such a way that
only roots came into contact with the respective suspension.

Plant cultivation and sampling: (A) For FRR seedling testing, after root inoculation each five

seedlings were planted in a pot (7.5x7.5x8.0 cm) with autoclaved sand and grown in a cultivation
room at a 16/8 h day/night rhythm. For successful infection F. graminearum requires a
temperature in the range of 15-32°C (Sutton, 1982). Hence, the temperature in the culture room
was set to constant 20°C. All plants were watered once a week with 250 ml of water and thus,
drought stress was avoided. Control plants were grown in autoclaved sand at the same time.

The examined cultivation period comprised eight timepoints evenly distributed throughout the
seedling development between the stages first leaf unfolded (Z11) and early tillering (Z21). At
the timepoints 0.5, 1, 3, 5, 7, 10, 14 and 21 days after inoculation (dai), 15 plants each were
collected per treatment and genotype. The roots of each plant were washed in distilled water,
examined for visible symptoms, measured, frozen in liquid nitrogen and finally, stored in -80°C
until further use. Three pools of each five plants were sampled: (i) two samples were subjected to
DNA extractions and qPCR quantifications of fungal and root biomasses; and (ii) one sample
was used for RNA extraction and qPCR gene expression analysis.

(B) For FRR spread testing, after root inoculation each five seedlings were cultivated per pot

(11.5x11.5x12 cm) in a 1:2 (v/v) mixture of sterilized silica sand and soil (Fruhstorfer Erde). The
examined cultivation period comprised the plant development between seedling (Z13) and
flowering stage (Z60-64). Tissue sampling was done at four plant developmental stages: seedling
stage (Z13), tillering (Z21-22), stem elongation (Z32) and flowering (Z60-64). The respective
sampling strategy is shown in Figure 3. At each developmental stage 10 plants each were
collected per treatment and genotype. The respective wheat tissue samples were frozen in liquid
nitrogen and finally, stored in -80°C until further use. Roots were washed in distilled water,
examined for visible symptoms and prior to sampling. Two pools of each five plants were
sampled: (i) one sample was subjected to DNA extraction and gPCR quantification of fungal and
root biomass; and (i) one sample was used for quantifications of the mycotoxin deoxynivalenol
(DON).

(C) For FRR adult plant testing, after root inoculation a single plant was cultivated per pot

(11.5x11.5x12 cm) in a 1:2 (v/v) mixture of sterilized silica sand and soil (Fruhstorfer Erde). The
examined cultivation period comprised seven timepoints evenly distributed throughout the plant
development between early stem elongation (two nodes, Z32) and flowering (Z60-64). At the
timepoints 1, 3, 5, 7, 10, 14 and 21 dai, 15 plants each were collected per treatment and genotype.
Sampling at each timepoint was performed as described for FRR seedling testing (A).
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For studies which included adult plant developmental stages (B and C), care was taken to grow
wheat plants in the greenhouse under optimal conditions to avoid additional environment stress
and/or other plant diseases. In case of powdery mildew infestation fungicide applications (0.1-
0.2% vol.) with Corbel® (BASF, Limburgerhof, Germany) were done during adult plant stages.
The fungicide is not effective against Fusarium pathogens and care has been taken that
application was two weeks the latest in advance of tissue sampling. Fertilizer applications (1.0%
vol.) with Wuxal Super® (NPK 8-8-6; Wilhelm Haug GmbH & Co. KG, Duisseldorf, Germany)
were done regularly together with watering (each 250 ml) during the particularly sensitive

growth period between stem elongation and flowering.

Seedling (Z 13) | Tillermg (£ 21-22) Stem elongation (£ 32 Flowering (£ 60-64)

|

Figure 3: Diagram of wheat tissue selection in four growth stages after seedling root
inoculation with F. graminearum IFAG65. The tissue sampling was done at four plant
developmental stages: seedling (Z13), tillering (Z21-22), stem elongation (Z32) and flowering
stage (Z60-64). Numbers represent different target zones. 1) entire root; 2) stem base; 3) first to
second node & leaflet at first node; 4) second to third node & leaflet at second node; 5) third to
fourth node & leaflet at third node; 6) fourth to fifth node & leaflet at fourth node; 7) flag leaf &
spike.
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4.4  Plant and fungal gDNA extraction

For gPCR quantification of wheat DNA from inoculated and non-inoculated samples of root, leaf,
stem and spike tissues gDNA extraction was carried out according to the protocol described by
Doyle & Doyle (1990). The total DNA concentration was determined using the NanoDrop ND
1000 (Thermo Fisher Scientific Inc., Waltham, USA). The gDNA of all samples was diluted to a
50 ng/ul work solution. Leaves from young, mock-inoculated control plants were used to
produce gDNA as standards for wheat. For the Ubiquitin assay (wheat root DNA), the gDNA of
standard curve was diluted into 100, 50, 25, 6.25, 1.5625, 0.39 ng wheat gDNA/ul.

As DNA standard for absolute gPCR-based quantifications of fungal biomass, gDNA was
extracted from F. graminearum mycelium. Plates with 100 ml potato dextrose broth (PDB) agar
were inoculated with 2*10° macroconidia suspension of F. graminearum and incubated on a
rotary shaker at 28°C for 3 to 5 days. The harvested mycelium was used for fungal gDNA
isolation as described by Doyle & Doyle (1990). For establishing the standard curve the gDNA
of for the Fg16N assay (F. graminearum DNA) was diluted into 50, 10, 5, 1, 0.5, 0.1 ng F.
graminearum gDNA/ul.

4.5 Plant RNA extraction and cDNA synthesis

RNA extraction: Prior to RNA extractions root material was crushed under liquid nitrogen. The
RNA extraction from root material was conducted by using the guanidinium thiocyanate-phenol-
method (Chomczynski et al., 1987). RNA samples were purified according to Sambrook et al.,
(1989). Finally each RNA pellet was resuspended in 50 pl Milli-Q water and RNA concentration
was measured on NanoDrop ND 1000 (Thermo Fisher Scientific Inc.), and the RNA quality was
checked by using 1% agarose gel electrophoresis.

In order to remove DNA from the samples 'DNase | RNase free” from Fermentas (Fermentas
Life Sciences, Germany) was used. The samples were filled to a final volume of 60 ul with
Milli-Q water and 1ul DNase | and 6 pl 10 x buffers were added. Samples were incubated at
37°C for 30 minutes. Afterwards an aliquote was used for cDNA synthesis.

cDNA synthesis: The cDNA synthesis was done by using RevertAidTM H Minus First Strand
cDNA Synthesis Kit (Fermentas Life Sciences, Darmstadt Germany). Finally the prepared
cDNA was kept at -20°C until use.
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4.6  Fusarium root rot bioassay
4.6.1 Quantitative real time PCR (gPCR) for wheat root and F. graminearum biomass
guantifications
Primer selection and testing: The gPCR analyses were performed by using a 7500 Fast Real-
Time PCR System (Applied Biosystems, Darmstadt, USA). In this study the plant and fungal
external standard dilution series (chapter 4.3) were tested for the amplification efficiency of
primer Ubiquit and Fg1l6N (Table 2) as well as the correlation between Ct value and DNA
concentration. Each reaction mix contained 1 ul template gDNA, 5 ul Roche FastStart Universal
SYBR Green Master (Roche Diagnostics GmbH, Mannheim, Germany), 2 ul sterile water, and 1
ul forward and inverse primer (10 pmol/ul) each; reactions were run in triplicate. Melting curves
were analyzed using Dissociation Curves Software (Applied Biosystems) to ensure that only a
single product was amplified; 90%-110% amplification efficiency can be accepted by adjusting
the reaction system (Bustin & Nolan, 2009).
The PCR was performed according to the following cycling protocol. Initial denaturation was
done for 1.5 min at 95°C, followed by 35 cycles with 30 s at 94°C, 45 s at 64°C, and 45 s at
72°C. The final elongation was performed for 5 min at 72°C. Fluorescence was determined
during the annealing step of each cycle. After amplifications, the melting curves were acquired
by heating the samples to 95°C for 1 min, cooling to 55°C for 1 min and then slowly increasing
the temperature from 65°C to 95°C at the rate of 0.5°C 10 s, with continuous measurement of
the fluorescence.
Relative fungal biomass (RFB) assessment: The relative fungal biomass (RFB) in roots was
measured at each timepoint by gPCR analysis as the ratio between fungal DNA quantity and
wheat DNA quantity. To quantify the fungal DNA, the F. graminearum specific 280bp gDNA
fragment Fg16NF was used (Nicholson et al., 1998). An external standard calibration was
generated by analyzing dilution series (50, 10, 5, 1, 0.5, 0.1 ng F. graminearum DNA/uL) of
DNA from pure fungal cultures (chapter 4.3). The wheat ubiquitin gene was used for
quantification of wheat root DNA. An external standard calibration was generated by analyzing
dilution series (100, 50, 25, 6.25, 1.5625, 0.39 ng wheat DNA/uL) of DNA from wheat leaves.
gPCR was conducted according to the same cycling protocol as described above.
Based on the obtained Cy values the average amount of Fusarium and wheat root DNA was
calculated for each technical repetition. According to Brunner et al. (2006), the C+ values of the
standard dilution series were plotted against the natural logarithm of the DNA concentration.
With the gradient equation (f(x) = ax + b) of the standard curve the total amount of wheat

DNA and fungal DNA was calculated according to the following formula, in which Cr is the
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crossing threshold: DNA (ng) = 10"(CTT'b). The RFB was calculated according to the
following formula 1 (Brunner et al., 2009):
Fusarium DNA(ng)

Relative fungal biomass (RFB) = Total DNA(ng) * 100

where total DNA = Fusarium DNA+ wheat DNA. Finally, the infection percentage of the
cultivars for each timepoint was calculated as the average of the four values (two pools, each

repeated twice).

4.6.2 Root and shoot length assessments

At each measurement timepoint wheat plant responses to FRR were measured as relative
reductions in root length (RLR) and shoot length (SLR). Root and shoot length measurements
were performed for each 15 F. graminearum or mock inoculated plants per genotype and
timepoint. In order to remove the effect of genetic variation in seedling and root growth which
has to be expected in a diverse set of wheat genotypes, relative reductions were calculated as the
ratio between trait expression under FRR and trait expression in healthy plants. The same

approach was applied to the studies on FRR after seedling and adult root inoculations.

4.6.3 Visible symptom assessments

Visible symptom development was rated as root symptom index (RSI) and stem base symptom
index (SbSI), respectively. The RSI was used to rate symptom appearance on seminal roots and
the ShSI was used to rate symptom appearance on the seedling stem part between the root-stem-
junction and the first leaf node. Visible symptoms on roots and stem bases of 15 plants per
genotype were assessed at each timepoint using two parameters: browning and symptom
extension based on a five point scale.

The browning scale ranged from 0 to 4 (0, symptomless; 1, slightly necrotic; 2, moderately
necrotic; 3, severely necrotic; 4, completely necrotic). The extension (length of necrotic
discoloration) scale ranged from: 0, no lesions; 1, 1-24%; 2, 24-49%; 3, 50-75%; 4, >75% of
roots/stem bases. Finally, a genotype-timepoint-specific root and stem base symptom index (RSI
and SbSI) was calculated using the equation: RSI/SbSI = > B1:-*BN/N + > E1---EN/N; where
B and E each represent the parameter browning and extension index, and N the number of
assessed individuals (according to Piccinni et al., 2000). In this study, the stem base was referred

to sub-crown and first stem internode.
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4.7 Microscopic examinations

4.7.1 Sampling and tissue section preparation

To investigate the systematic colonization development of F. graminearum in wheat, primary
root, stem and leaf blades from infected and water control wheat plants were taken 0.5,1, 3, 5, 7,
10, 14, 21 and 28 dai for histopathological analysis.

Wheat seedling roots were incubated in a mixed chloroform, 96% ethanol and trichloroacetic
acid solution (1:4:0.15%) for fixation. If not used immediately, tissues were kept in the fixation
solution at 4°C until analysis. Root cross sections were prepared by hand-sectioning from root
tissues fixed in a polystyrene block. Subsequently, root sections were placed on glass slides
(VWR International, Darmstadt, Germany) with water and covered by a cover slide.

Fresh stem and leaf tissues were frozen in a metal mold with 4% (w/v) CMC (Carboxymethyl
cellulose sodium salt , Sigma Life Science, location, USA) solution by immerging the mold into
a coolant mixer (hexane and dry ice). The obtained CMC block was used to obtain cross sections
of 20 um thickness by using a cryrostat (HM 525 cryostat, Thermo Scientific, Dreieich,
Germany). The embedding material was carefully removed with a painting brush preventing the
distortion of tissue. Then the section was thaw mounted on a microscope glass slide. After
adding one-two drop/s of water the sample was covered with a cover slide. All glass slides were

stored in a plastic box at 4°C to keep humidity until analysis.

4.7.2 WGA Alexa Fluor 488® and Typan blue staining

To visualize internal hyphae, root and plant tissues were stained by using a WGA (Wheat Germ
Agglutinin) Alexa Fluor 488® conjugate (Invitrogen, Life technologies, Darmstadt, Germany)
solution in 1*PBS (pH 7.4) for 20 min at room temperature. Finally, tissues were washed twice
by using double distilled water.

To investigate external fungal structures on root surfaces, root tissues were stained with a 0.1%
(w/v) typan blue solution (Fluka analytical) in 10% (v/v) acetic acid for 20 min at room

temperature. Finally, tissues were washed twice by using double distilled water.

4.7.3 Bright-field and fluorescence microscopy

Bright-field and fluorescence microscope studies in inoculated vs. non-inoculated roots were
conducted in three biological replications, each with five different plants per treatment and
timepoint. Non-infected roots were used to test for the absence/presence of F. graminearum and
other possible fungal hyphae. Bright-field microscopy was done with transmitted light using a

‘Zeiss Axioplan 2 imaging and Axiophot 2’ microscope equipped with a Zeiss Apotome to



27

observe typan blue stained F. graminearum hyphae and infection structures. Fluorescence
microscopy was done by using the above mentioned microscope with the same equipment to
observe WGA Alexa Fluor® stained fungal hyphae and infection structures. A UV lamp HAL
100 served as UV light source. GFP was excited with 480 to 500 nm and detected at 510 to 530
nm wavelength. Images were taken with Zeiss Axio Cam MRm CCD camera. Images were
processed with Zeiss Axio Vision software (version 4.8.1).

4.7.4 Confocal laser scanning microscopy

Inoculated and non-inoculated plant tissues (roots, stem base, stem, leaf blades) were analyzed
under a Leica TCS SP2 microscope (Leica Microsystems, Heidelberg, Germany) after WGA
Alexa Fluor® 488 staining. WGA was excited by the 488-nm line of the argon/krypton laser
(Omnichrome, Chino, CA). For observation at the 510 nm wavelength and the autofluorescence
detection wavelength of 550-650 nm, a long pass filter was used. Digital images were processed
with Adobe Photoshop to optimize brightness, contrast, and colour and to enable an overlay of
the photomicrographs. The same procedure was also used for non-inoculated (control) roots.
[Spectral data were collected by excitation with 488 nm Argon lon Laser and by using a GFP
specific detection window (500-530 nm) and an autofluorescence detection wavelength of 550-
650 nm. Confocal image overlays of the two channels were obtained by using IMAGEJ version
1.410 (Collins, 2007).]

4.8  Deoxynivalenol (DON) quantifications in wheat tissues

Tissue was sampled at four plant developmental stages: seedling stage (Z13), tillering (Z21-22),
stem elongation (Z32) and flowering (Z60-64). The respective sampling strategy is shown in
Figure 3. Plant generation, sampling and tissue handling were as described in chapter 4.3.

No previous knowledge on possible DON accumulations in root tissues was available at the
beginning of this case study, Ridascreen Fast DON kit (R-Biopharm AG, Darmstadt, Germany)
was chosen with a relatively low limit of DON detection at < 0.2 mg/kg (ppm) and a maximum
limit at 6.0 mg/kg (ppm), defined by DON standard solutions. Only small quantities of seedling
root tissue samples were available, particularly from FRR infected seedling roots (< 5g), the
minimum sample amount recommended by the manufacturer. Therefore, the manufacturer's
protocol was modified and the following procedure was used. All samples were weighed, ground
in liquid nitrogen and then a solution of acetonitrile and water (86/14, v/v, and 15-fold sample
volume) was added. The mixtures were shaken for 1.5 h and then the extract was filtered.

Afterwards, samples were subjected to a vacuum centrifuge drying in a freeze dryer system
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(Thermo scientific, Darmstadt, Germany), and dissolved in distilled water (20-fold sample
weight). Each sample was present in three repeats per ELISA plate. The mycotoxin DON was
detected and quantified in the plant tissues samples on a Tecon Sunrize 96 well microplate reader
(Tecan GmbH, Crailsheim, Germany). Finally, the DON concentration (ppm) was calculated by
Rida Soft Win (R-Biopharm AG, Darmstadt, Germany).

4.9  Gene expression analyses

Primer selection and testing: gPCR was performed by using an ABI Step One Plus real-time
PCR system (Applied Biosystems). In this study FHB resistance related primers were used
which have been described earlier. The individual primers for the target and reference genes are
show in Table 2. The amplification efficiency of primer and the correlation between Ct value and
cDNA concentration were tested to quantify the of gene expression. From each genotype 7 dai
and 21 dai infected samples were diluted to 1:8, 1:80, 1:800 and 1:8000. For each primer pair g-
PCR was performed in an ABI Step One Plus real-time PCR system (Applied Biosystems). For
each reaction 1uL template cDNA was mixed with SulL Roche FastStart Universal SYBR Green
Master (Roche Diagnostics GmbH, Mannheim, Germany), 3ul sterile water, forward and inverse
primer 1ul (each 10pmol/ul). Each reaction was run in triplicate. Melting curves were analyzed
using Dissociation Curves Software (Applied Biosystems) to ensure that only a single product
was amplified. Ubiquitin was used as an endogenous reference; 90%-110% amplification
efficiency can be accepted by adjusting the reaction system (Bustin & Nolan, 2009).

PCR was performed according to the following cycling protocol. Initial denaturation for 10 min
at 94°C was followed by 44 cycles with 45 s at 94°C, 45 s at 60°C, and 45 s at 72°C. The final
elongation was executed for 5 min at 72°C. Fluorescence was determined during the annealing
step of each cycle. Following amplification, the melting curves were acquired by heating the
samples to 95°C for 15 sec, cooling to 60°C for 1 min and then slowly increasing the
temperature from 60°C to 95°C at a rate of 0.5°C 10 s, with continuous measurement of the
fluorescence, cooling to 60°C for 15 sec.

Gene expression analysis: Gene expression was measured by qPCR under the same conditions
described above. The cDNA working solutions consist of a 1:10 diluted stock solution. All
cDNA of infected and control plants for all investigated timpoints of each genotype were present
in triplicate on one gPCR plate. Moreover, data of the target and reference gene were collected
from the same gPCR run to avoid distortions. To compare the relative change in gene expression

between infected and control samples the 22, method was used (Livak & Schmittgen, 2001).
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4.10 Data analyses

The FRR disease index: As a benchmarking of wheat seedling and adult plant responses to F.
graminearum root infections a FRR disease index (FDI) has been developed that combines
information from different FRR severity traits. For the study on FRR after seedling root
inoculation FDI incorporated besides the relative fungal biomass (RFB), the relevant severity
traits root biomass (RBR), root length (RLR) and shoot length (SLR) reductions as well as root
symptom (RSI) severity.

All values were beforehand transferred into dimensionless susceptibility index (SI) values to
allow a direct comparison between different types of values (ratio and score values). Moreover,
Sl values also allow removing environment effects on variations in the scored traits coming from
different test environments during seedling/plant evaluations. Sl values were calculated using the
equation: SI = (XTx) / (Y); where X represents the parameters RFB, RBR, RLR, SLR, RSI, CSI
for each genotype and sampling timepoint (Tx) and Y the corresponding mean calculated over
all wheat germplasms and timepoints.

For the calculation of FDI only RBR, RLR and SLR data with statistically significant treatment
effects were considered and generally, all traits were handled with equal valence: FDI = ZRFBS',
RBR®, RLR®, SLR®, RSI°. In these terms lower FDI is considered synonymous with higher
resistance or tolerance against FRR. For the study on FRR after adult root inoculation, the FDI
was calculated in the same way, but with the difference that the trait RSI could not be
incorporated.

Statistical analyses: All statistical analyses were performed by using the software SPSS 20 for
Windows (IBM SPSS Statistics 20; IBM Corp., USA). All statistical tests mentioned in the
following were applied to FRR studies performed for seedling and adult plant developmental
stages.

Treatment effects were statistically tested by one-way ANOVA. As the homogeneity of variance
was not given for all data (Levene's test), the one-way ANOVA was complemented by the
Welch’s t-test and the Kruskal-Wallis one-way ANOVA. A significant difference was assumed
if confirmed by all three tests. Treatment effects were tested for each timepoint and genotype.
ANOVA statistics has been performed for the traits: wheat root biomass (quantified by g°PCR
and by dry and fresh weight), root length and shoot length.

Genotypic mean values for relative fungal biomass and FDI were tested for significant
differences by using the nonparametric Mann-Whitney U-test, which does not require the

assumption of normally distributed values. Genotype-specific RFB and FDI values measured at
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each of the eight timepoints were handled as independent samples and were each subjected to
pairwise comparisons to test for significant differences between the respective medians.

Since FRR examinations were performed as time-course studies and even an ANOVA analysis
of treatment effects at each time point does not make statistical comparisons among times, all
available FRR severity data were also subjected to repeated measures ANOVA (rANOVA). In
all used rANOVA models the following aspects were considered likewise. Since the Mauchly's
test for sphericity violated the equality assumption for most data, a Greenhouse-Geisser
correction was applied to adjust the degrees of freedom appropriately. For multiple comparisons
the Bonferroni adjustment (correction for Type | error) was applied for p-values and confidence
intervals. Where the rANOVA revealed significant ‘Time’ effects or ‘“Time x Genotype’
interactions, the respective pairwise comparisons tables of treatment group means were
considered for interpretation. The mean profile plots (estimated marginal means) were applied to
interpret significant time x treatment interactions for the developmental traits root biomass, root
length, and shoot length measured (inoculated vs. non-inoculated wheat seedlings). In case of
significant effects or interactions, the trend analysis table was considered to determine the degree
of change across examined timepoints, respectively whether the relationship between time and
measurement data (fungal biomass, reductions in root biomass, root and shoot length, visible
symptom developments) fits linear or non-linear trend. The rANOVA was performed by using
three different models:

(I) Two-way rANOVA has been performed to test for significant “Treatment’ and “Time’ effects
as well as for significant ‘Treatment x Time’ interactions in the measurment means of the
developmental traits root biomass, root length and shoot length. This design included all 12
wheat genotypes in case of seedling and the four genotypes in case of adult plants; the within-
subjects factors ‘Time’ [independent factor with eight (FRR seedling testing) and seven (FRR
adult plant testing) levels, respectively sampling timepoints], and ‘Treatment’ [independent
factor with two levels, FRR inoculated vs. non-inoculated]. For the traits root length and shoot
length each ‘Treatment’ level comprised measurements of 14 individual plants, and for the trait
root biomass each level comprises four repeated gPCR measurements, each sampling included
five individual plants. Thus, the assumption of equal sample level sizes was given for each trait.
(I1) Mixed rANOVA was performed to test for significant “Time’ effects and “Time x Genotype’
interactions in the FRR disease progression in terms of fungal growth, reduction in seedling root
and shoot biomass, and visible symptom development. This design considered all 12 wheat
genotypes in case of seedling and the four genotypes in case of adult plants; the within-subjects

factor ‘Time’ (as described for model I) and the between-subjects factor ‘Genotype’ (with 12
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(FRR seedling testings) and four (FRR adult plant testing) wheat genotypes). This design
allowed testing significant effects and interactions for the dependent variables RFB, RBR, RLR,
SLR, RSI and CSI. For the traits RBR, RLR, SLR, RSI and SbSI each ‘Treatment’ level
comprised measurements of 14 individual plants, and for the traits RFB and RBR each level
comprises four repeated qPCR measurements, each sampling included five individual plants.
Thus, the assumption of equal sample level sizes was given for each trait.

(111) One-way rANOVA was performed to test for significant ‘“Time’ effects and “trends (linear
or non-linear)’ in the FRR disease progression by taking into consideration three categories of
FRR severity (different responses to FRR): partial resistance (cv. Florence-Aurore; Line 162.11);
susceptibility (cv. Tabasco; cv. Wangshuibai; cv. Remus; Line 1105.13; Line 172.11), and high
susceptibility (cv. Frontana; cv. Tobak; cv. Ning 7840; Line 1105.11). The ‘category rANOVA’
was applied on mean disease ratings for wheat genotypes assembled to the three three categories
of FRR severity, and included the within-subjects factor ‘Time’ (as described for model I),
because genotype effects were anticipated by testing each category separately. In this design was
applied to the dependent variables RFB, RBR, RLR, SLR, RSI and SbSI.
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Table 2: Nucleotide sequences of the primers used for gRT-PCR.

Annotated functions GenBank ID Primers Reference
Ubiquitin Ta28553.1 F: CCCTGGAGGTGGAGTCATCTGA (Gottwald et
R: GCGGCCATCCTCAAGCTGCTTA al., 2012)
Fgl6N F: ACAGATGACAAGATTCAGGCACA (Nicholson et
R: TTCTTTGACATCTGTTCAACCCA Al., 2008)
Fusarium-induced detoxification
Cytochrome P450 AV641449 F:-TGGCATCAAAGTGACCGAAGG (Li etal.,
(CYP709C1) R:GGCCCACTGGAGAAAGACAAT 2010a)
UDP-glucosyltransferase F1036328 F: GTTCGAGGAGCGTGTCAAAG (Gottwald et
protein (TaUGT3) R: ACCTGCACAAGATGCCCTCTA al., 2012)
UDP-glucosyltransferase BO281752 F: TCTTGTGGGTATTCCGCATT (Gottwald et
(HVUGT13248) R: CCTTTTGCATCCACTTCACA al., 2012)
MDR-like ABCtransporter ABOS5077 F: CTTTCGCTACCCTGCAAGAC (Gottwald et
(TaMDR1) R: GCCGATCTTCCCTCTTATCC al., 2012)
JA-mediated defence
. F: CCAGAGTGCCATAGTCCTTG (Zhuang et al.,
Lipoxygenase (Lox-2) CK152466
R: TCTCCCTTGTCCTCTCCTTG 2013)
Coronatine Insensitivel Unigene F: CCTTTGGCAAGAACCGTATC (Xiao J et al.,
(Coly) 29682 R: ATCAAAGCACGGAGCAACTT 2013)
MYC2 TaAffx.65732. F:TAACCTTTGGACGGCTATATGACC (Gottwald et
1.A1_at” R:TGCAGGAAGAGGAAGGATATATGTG al., 2012)
Jasmonate ZIM domain Unigene F:CCGTAGCACGGTCTTACCAT (Xiao J et al.,
(JAZ) 51573 R:ATATGAGGCGAGCAACTTGG 2013)
Vacuolar defense F: AAGATCAACTGGGACCTCAAC (Zhuang et al.,
Proteins (PR-4) CAB92789 R: GCCAGGCGTACGACATG 2013)
non-specific lipid transfer Unigene F: AGCGGCGTTAGGAGTCTAGC (Xiao J et al.,
proteins (PR-14) 17832 R: TGCTCGATCAGCGAATCTTA 2013)
Miscellaneous
C2H2 zinc finger protein D16416 F: ACCCAAGCAACCACACTC (Zhuang et al.,
(WZF-1) R: CATGGCAGTCACAAACGAAG 2013)
F: AGGAGGCGCTGTCTGAATCTAT (Zhuang et al.,
WFhb1-C1 CAB640991
R: GCCCCAGCATACAGTTGAAAC 2013)

U Affymetrix ID
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5 Results
5.1 Examinations of root rot severity and F. graminearum-wheat seedling root
interactions
5.1.1 Assessment of relative fungal biomass accumulations in wheat seedling roots
The progression of F. graminearum biomass accumulation in the roots of wheat seedlings is a
critical aspect since it allows fundamental insides into the hidden pathogen-plant interactions by
uncovering (i) the general capability of the pathogen to infect seedling roots and its
aggressiveness during root invasion, as well as (ii) the spectrum and degree of wheat responses
to pathogen infection and accumulation. RFB was referred to as the quantity of a seedling root
that is affected by the disease and has been assessed in a time-course study comprising eight
timepoints evenly distributed throughout the seedling stage.
For all 12 wheat genotypes the established gPCR assay revealed a successful F. graminearum
root infection and invasion already at the early evaluation between 0.5 to 1 dai (Fig. 4a-c, 5a-c).
The exceptionalness presence of the pathogen in the root tissues confirms both, the general
capacity of F. graminearum to penetrate seedling roots and the absence of wheat resistance to
initial root infection. The further progression of fungal hyphae accumulation, however,
uncovered differences between the wheat genotypes which indicates differential F.
graminearum-wheat interactions in response to successful root infection (Fig. 4a-c, 5a-c).
The repeated measures ANOVA (rANOVA) was applied in a mixed design on the F.
graminearum development which included the within-subjects factor ‘Time’ (mean RFB levels
of 12 wheat genotypes for each of the eight timpoints) and the between-subjects factor
‘Genotype’. A strong, significant effect of “Time’ (p < 0.001) has been observed for the fungal
growth in seedling roots (Table 3) which confirms the observed developmental changes over
time (Fig. 4a-c, 5a-c). However, the pathogen did not develop with the same level and time
pattern in all tested genotypes which is demonstrated by the significant ‘Time x Genotype’
interaction (Table 3). Since the significance of this interaction (p < 0.001) shows that the factor
genotype had an influence on the fungal development during the examined time-course, it was
reasonable to assume the presence of a genotypic variation in the F. gramiearum-wheat root
interactions within the tested wheat set. The post-hoc pairwise comparisons provided by
rANOVA indicated a genotype variation that was characterized by three groups defined by
Florence-Aurore and Line 162.11 with minim, and Tobak, Ning 7840 and Line 1105.16 with
maximum mean accumulations in roots.
To further dissect this variation and to allow a direct comparison of fungal biomass

accumulations between the 12 wheat genotypes, the respective mean RFB values across all
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Figure 4: Time-course assessment of F. graminearum-wheat root interaction in seedlings of cv.
Florence-Aurore, pre-breeding line 162.11, cv. Tabasco, cv. Wangshuibai, cv. Remus and pre-breeding
line 172.11. (a-c) Relative fungal biomass (RFB) measured by quantitative g°PCR. The RFB was estimated as
ratio between fungal and wheat root DNA. (d-f) FRR impact on root and plant biomass. Relative reduction of
root biomass (RBR), root length (RLR) and shoot length (SLR) was estimated as respective ratio between
trait expression under FRR and under healthy conditions. Treatment differences were tested for significance
per genotype and timepoint using one-way ANOVA complemented by a Welch’s t-test and the Kruskal-
Wallis one-way ANOVA. In the case of significant differences the levels are given as symbols above the bar
graphs: inverted triangle, p < 0.05; rhombus, p < 0.01; hourglass, p < 0.001). (g-i) Visible symptom
developments on roots (RS) and crowns (CS). Symptoms were rated using a four point scale each for a
browning and the symptom extension index, finally allowing a disease rating between 0 (no symptom) and 8
(severe necrosis on >75% of root/crown). In each diagram the error indicator represents the average standard
error of the mean (SEM).

timepoints were ranked in an ascending order (Fig. 6). This benchmarking revealed a spectrum
of mean RFB values ranching from 17.3% to 0.45% fungal biomass accumulation in wheat
seedling roots. The genotypes Florence-Aurore and Line 162.11 showed the lowest RFB values,
while cv. Ning 7840 and pre-breeding Line 1105. 16 had the highest ranks.

To test whether the obtained RFB ranking yield differential groups of wheat responses which
could serve as first characterization of pathogen-host interactions, the nonparametric Mann-
Whitney U-test has been applied. Based on these statistics, the wheat genotypes were assigned
into three groups (a, b, c) which are illustrated by the different coloured bars in Figure 6.

No significant differences in the fungal accumulation were found between the cv. Florence-
Aurore and Line 162.11, both characterized by minimum RFB values with an average of 0.5%
(group a). In this group the amplitude of RFB values remained nearly constant over time with a
maximum at 1.27% fungal biomass observed for cv. Florence-Aurore at 10 dai (Fig. 4a),
indicating a significantly impaired fungal accumulation in the roots of these genotypes. The
genotypes Tobak, Ning 7840 and Line 1105.16 (group c) were representing the opposite end of
the ranking with the average of 10.2% fungal accumulation in roots (Fig. 6). With 36.7% the
highest inoculum load was obtained in this group, measured in the roots of pre-breeding Line
1105.16 at the timepoint 21 dai (Fig. 5c). The seven remaining genotypes (group b) had
intermediate RFB values with an average of 2.2% (Fig. 6). Typical representatives of group b are
cv. Sumai 3 (mean RFB 1.4%) and cv. Remus (mean RFB 3.7%).

Considering that partial resistance is mainly characterized by a quantitative limitation of
pathogen growth, the terms relative partial resistance (group a) and relative high susceptibility

(group c) were used to denote the opposite ends of the RFB ranking scale. Different levels of
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Figure 5: Time-course assessment of F. graminearum-wheat root interaction in seedlings of pre-
breeding line 1105.13, cv. Sumai 3, cv. Frontana, cv. Tobak, cv. Ning 7840 and pre-breeding line
1105.16. (a-c) Relative fungal biomass (RFB) estimated by quantitative gPCR. RFB was estimated as ratio
between fungal and wheat root DNA. (d-f) FRR impact on root and plant biomass. Relative reduction of root
biomass (RBR), root length (RLR) and shoot length (SLR) was estimated as respective ratio between trait
expression under FRR and under healthy conditions, respectively. Treatment differences were tested for
significance per genotype and timepoint using one-way ANOVA complemented by a Welch’s t-test and the
Kruskal-Wallis one-way ANOVA. In the case of significant differences the levels are given as symbols
above the bar graphs: inverted triangle, p < 0.05; rhombus, p < 0.01; hourglass, p < 0.001). (g-i) Visible
symptom developments on roots (RS) and crowns (CS). Symptoms were rated using a four point scale each
for a browning and the symptom extension index, finally allowing a disease rating between 0 (no symptom)
and 8 (severe necrosis on >75% of root/crown). In each diagram the error indicator represents the average
standard error of the mean (SEM).
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Figure 6: Fusarium root rot severity ranking based on increasing relative fungal biomass (RFB) values
per genotype. Wheat genotypes are ranked according to mean values of RFB (ratio between fungal DNA
and wheat root DNA) over a time period between 0.5 to 21 days after root inoculation. The observed FRR
measures show a range of severity from partial resistance to high susceptibility. The significant grouping of
wheat genotypes into the severity categories I-111 is displayed by different bar colours. Grouping is based on
pairwise comparisons of mean RFB values by using the Mann-Whitney-U-Test. Details on the RFB

progressions over the time-course are given in the Figures 4 and 5.
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susceptibility were assembled in the intermediate group b. Although, genotype classifications
were at this point relative in terms of RFB ranking, for reasons of brevity the terms “partially
resistant”, “susceptible” and “highly susceptible” will be used hereafter to denote the three
groups. That this three groups, in fact, not only represent different pattern of F. graminearum
development, but also different pattern in the severity and progression of FRR disease will be
demonstrated subsequently in the chapter 5.1.4. In summary, the achieved sensitivity of the
established gPCR assay enabled to demonstrate the capability of F. graminearum to infect wheat
seedling roots and to uncover variation among the wheat responses over time. Therefore, the
gPCR diagnosis proved to be a sensitive, non-subjective guantitative method for measuring
disease severity in terms of pathogen growth in addition to more subjective methods that are

based on disease symptoms as indirect measurements of fungal growth.

5.1.2 Phenotypic evaluation of wheat seedling responses to root rot

Since the RFB quantifications displayed the pathogen develop progression in the roots of
different wheat genotypes, phenotypic evaluations were conducted to assess the wheat seedling
reaction after successful root invasions by F. graminearum. FRR severity respectively was
evaluated by monitoring developmental traits such as root biomass (RBR), root (RLR) and shoot
length (SLR) reduction as well as visible symptom development on roots (RSI) and stem bases
(CSI). In this study the reduction of plant biomass was considered a quantitative measure of FRR
impact on the seedling performance. Symptom development, however, was considered as
indicator of disease stages associated with corresponding root cell damage visible as necrotic
lesions and, in the case of stem bases, also as indication for a disease spread into distal plant

parts.

5121 Evaluation of reductions in root biomass, root and shoot length

The evaluation of developmental traits demonstrated that a successful root invasion by F.
graminearum was always accompanied by a quantifiable adverse impact on the root and seedling
growth (Fig. 4g-i; Fig. 5g-i). For all three developmental traits (RFB, RLR and SLR) genotype
and treatment effects on the gPCR quantifications and length measurements were tested for each
of the eight sampling timepoints and 12 wheat genotypes by using the ANOVA. As the
homogeneity of variance was not given for all data (Levene's test), the one-way ANOVA was
complemented by the Welch’s t-test and the Kruskal-Wallis one-way ANOVA. A significant
difference was assumed if confirmed by all three tests. For reasons of brevity this package of
statistical tests will be hereinafter named ‘one-way ANOVA’. The results of the statistical tests

are displayed in the Figures 4 (g-i) and 5 (g-i).
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Table 3: Repeated measures ANOVA results

Relative fungal biomass Root biomass Root length

F-value  p-value Effect | F-value p-value Effect | F-value p-value Effect
Treatment ¥ - - - 120.24 .000 *** 0.84 297.28 .000 *** 0.64
Time ¥ - - - 32.96 .000 *** 0.60 532.33 .000 *** 0.76
Treat. X Time - - - 21.31 .000 *** 0.50 50.94 .000 *** 0.24
Time ? 110.15 .000 *** 0.75 33.47 .000 *** 0.74 10.00 .000 *** 0.60
Time x Genotype 2 24.14 .000 *** 0.88 4.26 .000 *** 0.80 2.15 .000 *** 0.13
Cat. | (partial resistance) ¥
Time 12.88 211 ns. - | 19.59 .005 ** 0.87 ‘ 3.59 .004 ** 0.12
Cat. 11 (susceptibility)
Time 9.79 .000 *** 0.30 | 8.46 001 ** 0.44 ‘ 1491 .000 *** 0.15
Cat. 111 (high susceptibility) ¥
Time 7.83 .007 ** 0.34 | 5.82 013 ~* 0.45 ‘ 24.00 .000 *** 0.30

* Significant at level p< 0.05; ** significant at level p< 0.01; *** significant at level p<0.001; n.s. non-significant. In all
rANOVA analyses no sphericity could be assumed (P < 0.05, Mauchly’s test), results were therefore corrected based on the
Greenhouse-Geisser F-test. The F-value indicates that differences between timepoints are greater than would be expected by
chance or by error. The effect size gives the strength of associations between effect (main effect or interaction) and dependent
variable (measurement).

Y Two-way rANOVA on root and shoot development in infected and uninfected seedlings. 2 Mixed rANOVA on disease
progression in terms of fungal growth, reduction in seedling root and shoot biomass, and visible symptom development,
including data of all 12 wheat genotypes. ® One-way rANOVA on disease progression, each preformed for three different
responses to FRR: partial resistance (cv. Florence-Aurore; Line 162.11); susceptibility (cv. Tabasco; cv. Wangshuibai; cv.
Remus; Line 1105.13; Line 172.11); and high susceptibility (cv. Frontana; cv. Tobak; cv. Ning 7840; Line 1105.11).

Table 4: Repeated measures ANOVA results

Shoot length Root symptoms Crown symptoms
F-value p-value Effect F-value p-value Effect F-value p-value Effect
Treatment V 240.72 000 ***  0.60 - - - - - -
Time V 989.40 .000 ***  0.86 - - - - - -
Treat. x Time ! 4241 000 *** 020 - - - - - -
Time ? 20.73  .000 *** 0.12 611.99 .000 *** 0.80 348.41 .000 *** 0.69
Time x Genotype ? 2.81 .000 F** 0.17 44,01 .000 *** 0.76 1425 .000 *** 0.50

Cat. | (partial resistance) ¥

Time 477 001 015 |5385 000 v 067 [27.04 000 *** 050
Cat. Il (susceptibility) ¥

Time 726 000 *** 008 | 10007 000 *** 055 |19298 000 *** 070
Cat. 111 (high susceptibility) ®

Time 1485 000 *** 021 | 10563 000 ** 066 |10450 000 *** 066

* Significant at level p< 0.05; ** significant at level p< 0.01; *** significant at level p<0.001; n.s. non-significant. In all
rANOVA analyses no sphericity could be assumed (P < 0.05, Mauchly’s test), results were therefore corrected based on the
Greenhouse-Geisser F-test. The F-value indicates that differences between timepoints are greater than would be expected by
chance or by error. The effect size gives the strength of associations between effect (main effect or interaction) and dependent
variable (measurement).

D Two-way rANOVA on root and shoot development in infected and uninfected seedlings. 2 Mixed rANOVA on disease
progression in terms of fungal growth, reduction in seedling root and shoot biomass, and visible symptom development,
including data of all 12 wheat genotypes. © One-way rANOVA on disease progression, each preformed for three different
responses to FRR: partial resistance (cv. Florence-Aurore; Line 162.11); susceptibility (cv. Tabasco; cv. Wangshuibai; cv.
Remus; Line 1105.13; Line 172.11); and high susceptibility (cv. Frontana; cv. Tobak; cv. Ning 7840; Line 1105.11).
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The differences in root and shoot biomass between inoculated and non-inoculated seedlings-
varied with time. Non-significance was typically observed for low values of biomass reduction
(smaller than 10%) at early timepoints which might result from only low impact of FRR
infection on seedlings. As a result, differences in the root biomass between inoculated and
control plants were typically significant from 1 dai on, p < 0.05 (Fig. 4g-i, 5g-i). In fact, at this
timepoint a successful root invasion by F. graminearum was also determined by gPCR (Fig. 4
and 5) and microscopy (Fig. 12d). In contrast, significant differences in root and shoot length
became generally apparent at later timepoints, finally impacting the shoots (Fig. 4g-i, Fig. 5g-i).
Exceptions from general trends were represented by the genotypes Tabasco (Fig. 4e), Remus
(Fig. 4f) and Line 1105.13 (Fig. 5d), due to usually delayed or absent FRR effects on root and
shoot length. Finally, the observed time sequences of significant treatment effects indicated
biological reasons for non-significant differences rather than technical reasons, e.g. measurement
errors and/or different experimental conditions. For instance, the observation that FRR finally
impacts seedling shoot length was in accordance with the a priori expectation that FRR impact
on the seedling development result from previously impaired root development and growth.
However, the ‘one-way ANOVA’ analysis of treatment effects at each timepoint does not allow
a statistical comparison between timepoints.

The ‘rANOVA’ has been applied to the measurement data of root biomass, root and shoot length
in a two-way design to test treatment effects in a time-course manner. The two-way design
included the within-subjects factors ‘Time’ (with eight sampling timepoints) and ‘Treatment’
(inoculated vs. control). The two-way rANOVA confirmed strong, significant ‘Treatment’ (p <
0.001) and ‘Time’ effects (p < 0.001) for all three developmental traits, demonstrating root and
shoot developments that changed over time, but at levels that differed between inoculated and
uninoculated seedlings (Table 3 and 4). The significant treatment x time interactions (p < 0.001)
indicate that roots and shoots not only developed at different rates, but also that these differences
changed over time. Based on the mean profile plots provided by the rANOVA to display these
interactions (Fig. 10) it became evident that from 3 dai and 7 dai on root and shoot growth
increasingly diverged between both treatments due to increasingly lower growth rates of
diseased tissues. To test for ‘Time x Genotype’ interactions, the rANOVA was additionally
applied in a mixed model on the general FRR progression (across all 12 genotypes) in terms of
reductions in root biomaas, root and shoot length. The significant interactions (p < 0.001)
obtained for all three severity traits show that FRR does not progress equal for all genotypes with
regard to the seedling development, demonstrating a genotypic variation in the Fg-wheat root

interactions as stated above for the relative fungal biomass development.
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To display this genotypic variation for all three developmental traits (RBR, RLR and SLR) the
respective mean reduction values across all timepoints were ranked in an ascending order (Fig.
7a, b, ¢). The ranking demonstrates a large variation of developmental responses ranging from
35.0 to 75.0%, 0.0 to 38.0% and 0.0 to 27.0% for mean reduction of root biomass, primary root
and shoot length, respectively. The comparison between rankings illustrated two essential
aspects: (1) the mean reduction rates of root biomass were considerably greater than those of root
and shoot length, in decreasing order (Fig. 7a, b, c); this order was consistent with the observed
time sequence of significant treatment effects obtained by ‘one-way ANOVA’. (2) For all FRR
developmental traits differences between partially resistant and susceptible wheat genotypes was
observed corresponding to the significant groups obtain from relative fungal biomass ranking
(Fig. 6). The relative partial resistance of seedlings from cv. Florence-Aurore and Line 162.11
were reliably ranked as low disease severity phenotypes while the relatively highly susceptible
genotypes Tobak, Ning 7840 and Line 1105.16 were reliably ranked as high disease severity
phenotypes (Fig. 7a, b, ¢).

5.1.2.2 Evaluation of visible symptoms

Ratings of visible disease symptoms, i.e. necrotic lesions on the roots and on the developing
stem-bases indicating FRR severity, were conducted using a symptom index (RSI and SbhSI)
(Fig. 4 and 5). Both ratings included (i) the browning of tissues (light to dark brown) as an
indicator for the level of necrosis, and (ii) the symptom spread. For both parameters a general
dependence on the disease phase and severity was expected. Hence, a high symptom index
indicates both severe necrosis (dark brown) and lesion spread (covering >75% of root area) and
thus, an unrestricted propagation of FRR. Examples of such heavy symptoms are the stem basis
of cv. Sumai 3 (Fig. 8n and 0) and stem basis as well as roots of cv. Tobak (Fig. 8s and t).

On the roots and stem bases of susceptible genotypes symptoms typically showed a transition
from initially local, light (amber) brown discolorations to more distributed dark brown lesions at
later timepoints (for example, Fig. 8g-t). Stem base necrosis typically covered about half of the
stem base of initially few individuals and continued until nearly the entire stem base was affected
for more or less all individual plants. In contrast, on the roots and stem bases of partially resistant
genotypes lesions did not became dark brown in the examined period. Particularly root
symptoms appeared more locally and showed a trend to a recovery (Fig. 8a-e). Disease lesions
on the roots of susceptible and highly susceptible wheat seedlings were present already at 1 dai
(Fig. 4h, i and Fig. 5g-i), while they did not appear on roots of partially resistant genotypes
before 5 dai (Fig. 49).
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Figure 7: Wheat genotypes ranked by increasing FRR impact on seedling growth and the visible
symptom development. (a) Mean root biomass reduction (%); (b) mean root length reduction (%); and (c)
mean shoot length reduction (%). All reduction values were measured as biomass/length ratios between
infected and uninfected plants and mean values were calculated over a time period between 0.5 to 21 dai.
Detailed data from the time-course experiments are given in Fig. 4 and 5. (d) Mean root symptom rating
(RSI). (e) Mean stem base symptom rating (SbhSI). Root and crown symptoms were rated using a four point
scale each for a browning and the symptom extension index, finally allowing a disease rating between 0 (no
symptom) and 8 (severe necrosis on >75% of root/crown). All mean values were calculated over a time

period between 0.5 to 21 dai. Detailed data are given in Fig. 4 and 5.

For partially resistant genotypes a strong relation between RFB progression (Fig. 4a) and
symptom development (Fig. 4g) was found since cv. Florence-Aurore and Line 162.11 showed a

reduced symptom appearance. Here, at maximum moderate root necroses were observed not
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exceeding a scale of 3.0. Moreover, at the last two timepoints roots of both genotypes were
found to recover since only low or even no disease symptoms were present then (Fig. 4g).

In contrast to root symptoms, stem base symptoms appeared always later and did not become
visible before 5 dai in susceptible plants (Fig. 4h and i, Fig. 5g) and not before 7 dai in partially
resistant genotypes (Fig. 4g). These observations indicate that at 5 to 7 dai the pathogen has
initiated its systemic colonization of aerial plant tissue. However, for cv. Florence-Aurore and
Line 162.11 the invasion of stem base tissues was found to be delayed or at least less severe
since symptoms did not become marked before 10 dai and already decreased again at the
following timepoint (Fig. 4g).

The mixed rANOVA applied to the time-course data of root and stem base symptoms
demonstrated significant ‘Time’ (p < 0.001) as well as significant ‘Time x Genotype’
interactions (p < 0.001) for both symptom assessments (Table 4). Therefore, it was demonstrated
that both symptom developments feature time pattern that differ between the wheat genotypes.
To display the genotypic variation suggested by rANOVA for both symptom ratings, genotype
rakings were done as previously described for the developmental traits (Fig. 7d, e). In fact, for
both symptoms the lowest disease ratings were obtained for genotypes grouped as partially
resistant (cv. Florence-Aurore and Line 162.11), resulting in a clear distinction between partial
resistance and different levels of susceptibility (Fig. 7d, e). On the other side, the expected highly
susceptible genotypes Tobak, Ning 7840 and Line 1105.16 showed accordingly high disease
ratings. At the lower ranks mean RSI and SbSI ratings form a plateau since genotypic differences
were not detectable (Fig. 7d, e). The cv. Tabasco showed relatively low symptoms, supporting
the relatively low impact of FRR on root and shoot development observed for this cultivar.
Finally, the lower mean values for stem base symptoms illustrate the generally later appearance

of the disease in this tissue.

5.1.2.3 Concluding remarks on the phenotypic evaluation of wheat-Fusarium
interaction
Both the rANOVA statisitcs and the genotype rankings demonstrated for the phenotypic
evaluations of wheat seedling responses to FRR a genotypic variation in the observed F.
graminearum-wheat root interactions which were in general accordance the genotypic variation
that was obtained for fungal biomass accumulations (Fig. 6 and 7). Moreover, as demonstrated
for the pathogen development, also the wheat responses to successful root infections were
characterized by time effects, separating the respective pathogen-host interactions into periods of

constant and changing disease progression (Table 3 and 4).
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Figure 8: Time-course of visible symptom development on the roots and stem bases of the partially
FRR resistant genotype Line 162.11, the susceptible genotypes Line 172.11 and Sumai 3, and the highly
susceptible cultivar Tobak.
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Generally, FRR impacts on the seedling development and necrotic lesions proved to be the
substantially smaller threat for genotypes categorized as partially resistant. Hitherto, genotypic
evaluations for soil and/or seed-borne Fusarium infestations were based on symptom ratings,
while detailed examinations on seedling biomass reduction had not been conducted. Now, the
present study demonstrates that besides root and stem base necrosis, FRR is coming along with
serious threats to the generally already sensitive seedling growth and development (Fig. 7a, b, c).
Especially, root biomass reductions were found to be the most immediate and severe affect of
FRR on seedling development even in genotypes with relatively low fungal biomass loads in
their roots. The negative association between F. graminearum root colonization and root/shoot
development is clearly demonstrated in the susceptible cv. Remus where the fungal accumulation
and seedling biomass reductions in parallel, up to highly increased values at the last timepoints
(Fig. 4c, ). A similar accordance between RFB development and seedling development was also
observed for the highly FRR susceptible genotypes Ning 7840 and Line 1105.11 (Fig. 5c, ).

The examinations of root and stem base symptoms revealed a time effect which confirmed the
priori assumption that the successful root colonization is a necessary prerequisite for the further
invasion into aerial plant parts (Fig. 4). This was clearly demonstrated by the appearance of stem
base symptoms observed for partially resistant seedlings which indicated that reduced fungal
root colonization not only leads to reduced necrosis, but also to a delayed and reduced fungal
spread to aerial plant parts (Fig. 4a, g). Here, F. graminearum-wheat root interactions were
indicating disease responses which are able to suppress the pathogen spread in roots and stem
base accompanied by a much lower degree of cell death. In contrast, for susceptible genotypes
the visible symptoms revealed developmental patterns (‘trend pattern’ and ‘curve pattern’ of
change) similar to the fungal biomass developments (Fig. 4h, i and Fig. 5g, h, i). The visual
diagnoses of root disease correlated with gPCR fungal biomass measurements during the entire
examination period. These results also confirm that the visual assessment of disease symptoms is
very well suited to estimate the extent of tissue colonization by the pathogen and thereby
confirms the validity of visual assessments for disease rating and screening of breeding
materials. It can be concluded that the application of different quantification and measurement
procedures for the estimation of FRR disease severity and progression, essentially led to the
same results. In fact, the genotype rankings of fungal accumulation (Fig. 6) were clearly related
to the extent of negative effects on seedling performance (Fig. 7).
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5.1.3 Genotype ranking based on FRR disease index

The FRR screenings in 12 wheat genotypes based on six different FRR severity parameters
yielded genotype diversity in response to FRR. Thus, for a comprehensive benchmarking of
genotype performances, FRR disease index (FDI) has been established (Fig. 9), more detail
concerning the FDI of 12 genotypes was shown by Figure Al. All traits were considered with
equal valence. Data on the stem base symptom development were not included since emphasis
was given to the seedling root performance after F. graminearum infection. A lower FDI
indicates a higher relative resistance against FRR, while a higher FDI is equal to a higher relative
susceptibility.

It is interesting that the genotypes cv. Florence-Aurore and Line 162.11 showing partial FRR
resistance in the seedling stage are highly susceptible to the head blight disease (Fig. 9). In
contrast, among the highly susceptible genotypes three out of four, i.e. Ning 7840, Frontana and
Line 1105.11, are described as resistant to FHB (Fig. 9). Similarly, except cv. Remus all wheat
genotypes categorized as susceptible are known to react either resistant or intermediate to FHB
(Fig. 8). Moreover, the cultivars Ning 7840 and Sumai 3 exhibited significantly different RFB
levels, disease progression patterns and seedling performances (Fig. 4 and 5) although they both
carry the stable FHB resistance QTL Fhbl. Consequently, the FDI ranking clearly reveals that
major resistances to FHB do not necessarily protect against FRR, at least in the seedling stage of
wheat.

As for the RFB ranking, the non-parametric Mann Whitney U test has been used to test the
obtained ranking with regard to grouping significantly different genotypes. Figure 9
demonstrates the overall grouping of all 12 wheat genotypes into three main groups and two
subgroups based on significant or non-significant differences between the respective medians
The cultivars Tabasco and Wangshuibai were representing a linkage between the ‘group a’ and
‘group b’ which could be explained by the tolerant response to FRR associated with
intermediate. RFB values in case of cv. Tabasco and by the moderate RFB values and
intermediate FRR impacts on seedling in case of cv. Wangshuibai (Fig 6 and 7). Therefore, both
genotypes were assigned to ‘group b’. The second subgroup was linking ‘group b’ and “group c’,
due to the high fungal biomass accumulations (Fig. 6) associated with strongly negative seedling
reaction to FRR infection obsevered for cv. Frontana, Tobak and Ning 7840 (Fig. 7). Therefore
these genotypes were assigned to ‘group c’. The cultivar Sumai 3, however, represented a special
case by having an intermediate RFB level, but unexpected high levels of seedling biomass
reductions and symptom developments. This response indicates rather sensitivity to FRR than

susceptibility.
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Figure 9: Wheat genotype ranking according to FRR disease index (FDI). The FDI is calculated based
on susceptibility indices (SI) for (i) relative fungal biomass RFB; (ii) root biomass (RB); root length (RL)
and shoot length (SL) reductions; and (iii) root symptoms (RS) [FDI= RFB® + RB"®' + RL®' + SL®' +
RS®']. For calculations of RB®', RL®' and SL®*' values only reductions were considered that showed
significant treatment differences at p< 0.05 (one-way ANOVA complemented by a Welch’s t-test and the
Kruskal-Wallis one-way ANOVA). The observed FDI values show a range from partial resistance to high
susceptibility. The significant assignment of wheat genotypes to three severity groups is displayed by
different bar colours. Grouping is based on pairwise comparisons of mean RFB values using the Mann-
Whitney-U-Test. The star in the bar of cv. Sumai 3 indicates that for this genotype rather sensitivity to FRR
was observed than susceptibility. This became evident by a direct comparison with the landrace Wangshuibai
which at similar moderate fungal biomass levels was accordingly FDI ranked as relative moderate
susceptible genotype while Sumai 3 was ranked as a genotype with high susceptibility. For all genotypes the
known reactions to FHB are listed: HR, highly resistant; R, resistant; |, intermediate; MS, moderately

susceptible; S, susceptible; HS, highly susceptible.

Nevertheless, in the final ranking cv. Florence-Aurore and Line 162.11 remained to be the best
performing genotypes which did not show any significance with the medians of‘group b’
genotypes (Fig. 9). Based on the FDI value, the obtained grouping allows defining three
categories of FRR severity. The term category refers to a specific scenario of Fg-wheat root
interactions with Florence-Aurore and Line 162.11 as most resistant genotypes (category 1), and



48

two groups each representing different levels of susceptibility(category 11 and I1). Those three
categories represent a genotypic variation in FRR responses which was, indeed, found to be
associated with characteristic variations in the FRR progression as will be described in the

follwing chapter.

5.1.4 The dynamics of F. graminearum-wheat root interaction

The ranking of different wheat responses already showed many aspects of the FRR disease and
indicated complex interactions between F. graminearum and wheat roots. However, to
understand the full spectrum of this disease, the dynamics in the pathogen action and in the host
reaction, i.e. the temporal changes in the progression of FRR, have to be taken into account.

For the general fungal biomass development (over all timepoints and genotypes) the mixed
rANOVA demonstrated significant effects of ‘Time’ explaining the F. graminearum growth in
roots measured by qPCR (Table 3). The mixed rANOVA suggested a change in the general
fungal progression at one or more timepoints. Therefore the pairwise comparisons tab provided
by the Bonferroni post-hoc test was applied to identify significant differences in the mean RFB
values between the timepoints. The pairwise comparisons showed significant changes in the
mean fungal growth between 1 to 3 dai and 7 to 10 dai, while no significant differences in the
mean quantities were found in the interim periods.

Thus, the F. graminearum development generally proceeded in three distinct phases, typically
with an initial latent period which was followed by an accelerated growth at 3 to 5 dai that
proceeded during the third phase from 10 to 21 dai as shown in the mean profile plot (estimated
marginal means) provided by one-way rANOVA in Figure 10d. For the disease impacts on
seedling development, the congruence between the general fungal growth pattern and the general
pattern of disease severity could be illustrated by the mean profile plots (estimated marginal
means) provided by the two-way rANOVA (Fig. 10a-c). Those plots visualize the ‘Treatment’
effect and explain the significant ‘Treatment x Time’ interactions observed for all three traits
(Table 3 and 4). For all three traits F. graminearum treated plants development clearly divergent
from the control plants during timepoints 3 to 7 dai for root biomass and length (Fig. 10a and b),
and at 7 to 10 dai for shoot length (Fig. 10c). This might be explained by the simultaneous strong
increase in fungal biomass during the second period 3 to 7 dai (Fig. 10d). Finally, it became
obvious that phase 11 (~3 to ~10 dai) is critical within the FRR disease progression.

The statistics on FDI ranking suggested a genotypic variation in the wheat responses to FRR
within the tested wheat set which was assigned to three categories (Fig. 9). In fact, those three

categories were found to represent characteristic variations in the FRR progression, representing
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different scenarios of F. graminearum-wheat root interacations. For clarification, these variations
were displayed as category-specific mean profile plots for each severity trait (Fig. 11a-f), and the
mean values of each category were subjected to one-way rANOVA (hereafter denoted as
‘category rANOVA”) to examine the time effects on the category-specific disease progression
(Table 3 and 4). The average disease ratings were tested for wheat genotypes assembled to the
categories partial resistance (cv. Florence-Aurore; Line 162.11); susceptibility (cv. Tabasco; cv.
Wangshuibai; cv. Remus; Line 1105.13; Line 172.11); and high susceptibility (cv. Frontana; cv.
Tobak; cv. Ning 7840; Line 1105.11). The ‘category rANOVA’ included only the within-
subjects factor ‘Time’ since genotype effects were anticipated by testing each category
separately.

The ‘category rANOVA’ demonstrated for pathogen development that the three-phase model
was only explained by the susceptible genotypes since the factor time did not reach the level of
statistical significance in case of cv. Florence-Aurore and Line 162.11 (Table 3; Fig 11a). The
plots in Figure 11 illustrate that relative resistance (category I) was characterized by an almost
unchanged fungal growth at low levels associated with a below-average disease severity.
Relative susceptibility was either associated with avearage fungal accumulations and above-
average severity levels (category Il); or with an accelerated fungal growth and increasing disease
severity, both at above-average levels (category Ill). Figure 8 summarizes the phenotypic
spectrum and development of root rot.

In addition, characteristic differences in the degree of change and in the trends of disesase
progressions were suggested by ‘category rANOVA’ which are indicated in Figure 11. For
resistant reactions the severity measurements over time reasonable (significant) trends were
typically non-linear trends as present in the relationship between ‘Time’ and measured impacts
caused by FRR. Quadratic trend components were suggested for root symptoms (F-value 319.46,
p-value 0.000) and root biomass reduction (F-value 18.52, p-value 0.023) which display
concavity with a single downward bend, demonstrating reduced disease impacts at the last
timepoints (Fig. 11b and d). A cubic trend component was suggested for stem base symptoms (F-
value 172.72, p-value 0.000). Thus, a curve with two reversals (second with upward bend)
describes the development of necrotic lesions on stem bases of cv. Florence-Aurore; Line 162.11
(Fig. 11c). Simply SMA (simple moving average) trend components were suggested for the
relationships between ‘Time’ and reductions in root (F-value 14.92, p-value 0.001) and shoot (F-
value 16.81, p-value 0.000) length which can be described as a sequence of peaks and valleys
(Fig. 11e and f). All trends were peaking at 7 to 10 dai and thereafter, root symptoms (Fig 11b)

and root biomass reductions (Fig 11d) were declining (Fig 11b and d). Stem base symptoms (Fig.
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11c) and shoot reductions (Fig. 11f), however, showed an increasing trend at the last timepoint,
indicating an ongoing disease impact on stem bases and shoot growth.

In contrast, severity and relative fungal biomass development associated with susceptible
reactions was fitting exceptionless positive linear trends which demonstrated increasing impacts
on the seedling growth during the second and third disease phase (Fig 1la-c), although
indications for a negative trend during the second phase were found for intermediate susceptible
reactions (Fig. 11b-e). Generally, while the curves for susceptible interactions suggest a plateau
in fungal biomass and root symtpom development at 21 dai (Fig. 12a, b), stem base symptoms
retained an increasing trend. This indicates a proceeding disease spread into distal plant parts
(Fig. 11c), wherase a quantitative limitation of pathogen growth was associated with delayed and
reduced visible symptom developments (Fig. 11c). For the resistant genotypes stem bases lesions
were not apparent before 10 dai and thus, about 5 days later than on susceptible stem bases. This
time difference together with the considerable lower symptom rates demonstrated for the
investigated time-course a delayed and reduced disease spread into above-ground plant parts.
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Figure 10: The mean profile plots displaying ‘Treatment x Time’ interactions. The mean profile plots
(12 wheat genotypes) show the general trends of change present in the developments of (a) root biomass
(M9g); (b) root length (cm); and (c) shoot length (cm) for inoculated and non-inoculated seedlings (two-way
rANOVA). (d) The graph for RFB (%) was obtained from one-way rANOVA. The black boxes in the plots
of developmental traits highlight periods of non-parallel curve progressions which explain the significant
‘Treatment x Time’ interactions observed for these traits (Table 3 and 4) by demonstrating a marked
reduction in the biomass development of infected seedlings. The black boxe in the plot of RFB demonstrates
the strong increase in the fungal biomass development coincident with increasing reductions in the mean root

development. Phase | to Il are the three phaseses of disease progression as suggested by mixed rANOVA.
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Figure 11: Fusarium root rot proceeds differentially in partially resistant, susceptible and highly
susceptible wheat seedlings. Disease ratings for six severity traits (a-f) are plotted as mean curves of
genotype groups (a, b, ¢) obtained from FDI ranking (Fig. 9). Each group represents different responses to
FRR: relative partial resistance (cv. Florence-Aurore; Line 162.11); relative susceptibility (cv. Tabasco; cv.
Wangshuibai; cv. Remus; Line 1105.13; Line 172.11); and relative high susceptibility (cv. Frontana; cv.
Tobak; cv. Ning 7840; Line 1105.11). Black arrows on the right side represent the respective overall
measurement means (over 8 timepoints and 12 genotypes) for each severity trait. Information obtained from
rANOVA are given as (i) stars within graphs showing significant time effects (pairwise comparisons of
measurement means), explaining the disease progression in terms of fungal growth, impacts on seedling
biomass and symptom development; (ii) letters on the right side representing outcomes of the trend analysis
on significant time effects, reasonable (significant) pattern in means are: L, linear trend; Q, quadratic; C,
cubic; and S, simple moving average as non-linear trends; and (iii) coloured lines below the graphs showing
the three phases in general F. graminearum development (pairwise comparisons of relative fungal biomass
means over 8 timepoints and 12 genotypes).
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5.2  Comparative histopathological examinations on the Fusarium root rot-wheat
pathosystem
Hitherto, the mode of F. graminearum-wheat colonization upon root invasion has not been
described to my knowledge. The phytopathological examinations on the F. graminearum-wheat
root pathosystem reported above have led to a statistically significant three-category model of
FRR severity in which wheat seedling responses range from relative partial resistance to relative
high susceptibility including different levels of susceptibility. In addition, the conducted time-
course studies have disclosed a statistically significant three-phase model of FRR disease
development by subdividing the examined period into phases I (0.5 to 1 dai), Il (3 to 7 dai) and
I11 (10 to 21 dai). Generally, both models were characterized by specific events in the pathogen
proliferation accompanied by respective adverse effects on the wheat seedlings. Especially, the
phase Il was found to be a critical period since it was associated with substantial fungal
accumulations, macroscopic root symptoms, losses of seedling biomass and the beginning of the
pathogenic spread into aerial plant parts.
Light and fluorescence as well as confocal microscopic observations were performed (i) to
further characterize the three distinct phases of disease progression by uncovering
histopathological aspects of F. graminearum-wheat root interactions; (ii) to investigate the
supposed differences between a partial resistant and a high susceptible seedling reaction therein;
and (iii) to further determine the mode and extent of F. graminearum colonization in different
plant tissues including aerial plant parts. For all microscopic investigations the genotypes
Florence-Aurore and Line 1105.16 were used as the respective representatives for a partially
resistant and highly susceptible wheat seedling response to Fusarium root infection (Fig. 9).

5.2.1 The mode of F. graminearum development on seedling roots

To investigate the early disease phase, particularly functional hyphal structures formed on the
root surface during penetration and infection processes, light and fluorescence microscope
studies were conducted on the timepoints 0.5 to 7 dai by using the Zeiss Axiophot 2 microscope.
Light and fluorescence microscope studies were done in three biological replications, each with
five different plants per timepoint. For all examinations non-infected roots shown to be free from
F. graminearum and other possible fungal hyphae were used. Three stages of F. graminearum
root invasion could discriminate, covering processes such as pathogen establishment at the root
surface, root infection and colonization. These phases were referred to as early infection, main

infection and root colonization as described subsequently.
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Early infection stage: Root tissue investigated at 0.5 dai showed characteristically germinating

fungal macroconidia (Fig. 12a), while those roots investigated at 1 dai already showed an
apparent hyphae spread onthe root surface. Here, hyphae growth had resulted in the formation of
dense networks which entirely surrounded the seedling roots (Fig. 12b). This phenomenon was
generally observed for both cv. Florence-Aurore and Line 1105.16. Otherwise, this phase was
symptomless since necrosis was not visible at this stage neither micro-nor macroscopically.
However, investigating root surface and root cross sections of Line 1105.16 at 1 dai already
showed successful pathogen invasion into the root tissue. At this stage the simple penetration
structures (hyphopodia) of root-infecting fungi formed by swellings hyphal were evident at
infection sites associated with infection pegs (Fig. 12c). Moreover, both an extra- and
intracellular hyphal growth was also found at this stage (Fig. 12d). This stage of FRR disease
actually corresponds to phase I (0.5 to 1 dai) which was generally characterized by relatively low

fungal biomass accumulation in the roots of all 12 tested wheat genotypes (Fig. 4 and 5).

Figure 12: Infection structures of F. graminearum wild type isolate IFA65 on wheat roots.(a-d)
Fluorescence microscopy images of infected root after WGA® Alexa Fluor 488 staining. (a) Germinating
macroconidiaon the root surface at 0.5 dai. (b) Hyphae networkon the root surface at 1 dai. (C) Putative
hyphopodia and infection pegsat 1 dai. (D) Extracellular and intracellular infection of root cortex at 1 dai.
Abbreviations: E, extracellular hyphae; H, hyphae; HY, hyphopodia; I, intercellular hyphae; IP, infection peg;

M, macroconidia. Bars: 25um.



55

Main infection stage: Exclusively, the roots of Line 1105.16 at 3 dai for the first time exhibited

necrotic cells on the root surface (Fig. 13a). Typically, those cells were found to be surrounded
by runner hyphae and other typical fungal morphologic structures, such as foot structure (Fig.
13b) and infection cushion (Fig. 13c). In contrast, on the roots of cv. Florence-Aurore necrotic
cells on the root surface were not observed.

In contrast to the previous stage, the main infection stage was characterized by remarkable
symptom appearance on the roots of Line 1105.16 which, therefore, were examined micro- as
well as macroscopically. However, since qgPCR quantification had verified still relatively
moderate fungal biomass accumulations in general, in spite of an increase in some genotypes
(Fig. 5a, b), this stage was referred to as main infection stage. In term of disease progress this
stage represents the transition from phase | to phase 1.

Root colonization stage: For roots of Line 1105.11 investigated 5 and 7 dai the abundant

presence of conidiogenous cells such as sporangium, macroconidia (Fig. 13e) and
chlamydospores (Fig. 13f) at the surface was characteristic. The presence of such structures
indicates both prior successful systemic root colonization and the beginning of fungal
propagation into other uninfected regions of the root system. In accordance with observations
made during the previous examinations, the roots of cv. Florence-Aurore appeared much
healthier and necrotic cells on the surface were found only sporadically. Thus, light and
fluorescence microscopic studies in the susceptible Line 1105.16 allowed to determine the period
around 5 to 7 dai as colonization stage corresponding to phase Il (Fig. 4 and 5). The observed
differences between both wheat genotypes concerning the status of F. graminearum
development supported the assumption of an impaired pathogenic root invasion caused by partial

FRR resistance. This question is further addressed in the following chapter.

5.2.2 The mode of F. graminearum colonization in root, stem and leaf tissues

The confocal microscope studies were applied on cross sections of wheat seedling roots
harvested7.0 to 21 dai, and on cross sections of stem bases, different stem parts and leaf blades
collected 7.0 to 28 dai. Root cross sections were taken from the maturation zone (root hair zone)
of seminal roots which allowed obtaining high quality sections with an average of 0.5 mm
diameter. The generally high fragility of wheat roots was found to be increased after F.
graminearum infection. Further, a diameter of <0.5 mm limited the preparation of suitable cross
sections from the lower elongation zone of seminal roots or from nodal roots (adventitious or
crown roots). For comparative analysis, the stem base region was separated into three zones: (i)

stem base 1 (Sbl) i.e. the stem base part right above the soil surface; (ii) stem base 2 (Sb2), the
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Figure 13: Infection structures of F. graminearum wild type isolate IFA65 on wheat roots. (a-f) Bright field
microscopy images of infected root after trypan blue staining. (a) Necrotic root cell. (b) Foot structure arising
from runner hyphae. (c) Magnification of trypan blue stained infection cushion. (d) Sporodochia with infection
cushion. (e) Macroconidia. (f) Chlamydospores. Abbreviations: CH, chlamydospores; FS, foot structures; IC,
infection cushion; M macroconidia; N, necroses; RH, runner hyphae; S sporodochia. Bars: 25um.

area right above Sb1; and (iii)Stem base 3 (Sb3) i.e. the consecutive area below the first leaf. The
anlayzed stem apex referred to a section of respective stem tip at each timepoint, containing the
undeveloped stem (bud). From the first seedling leaf horizontal and cross sections of leaf blades
were prepared and analyzed. Confocal microscope studies were done in three biological
replications, each with five different plants, and for each tissue part 2-3 sections were analyzed.
Generally, in control plants neither symptoms nor fungal hyphae were detected in the analyzed
Cross sections.

When studying infection processes it is important to consider the structure of the investigated
tissue. The wheat seedling root (Fig. 14a) is characterized by the epidermis (rhizodermis), a
single outermost cell layer which directly borders the cortex layer (parenchyma cells). The
prominent cortex function is the transport and storage of nutrients/water. The central root column
(stele) containing the central metaxylem and vascular bundles (xylem and phloem) is separated
by the endodermis, a single cell layer. The transverse and radial endodermal cell walls include a
waxy layer, the Casparian strip which regulates the water and mineral flow into the stele. The

Casparian strip is visible as sharp black line inside the endodermis shown in Figure 13a. In the
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maturation zone many epidermal cells have developed root hairs to absorb soil water and mineral
nutrients which are transported across the cortex into the stele.

In all of the investigated root cross sections of the highly susceptible Line 1105.16 taken at 7 dai
mycelium growth was detectable in the entire cortex layer (Fig. 14c). The picture detail
illustrates the intercellular and intracellular fungal presence in the cortex parenchyma cells (Fig.
14d). All investigated cross sections showed an equal inter- and intracellular cortex colonization.
In addition, hyphae growing from cell to cell via the symplastic pathway through the cytoplasm
were clearly observable as non-stained hyphae in Figures 14c and d. These hyphae appear non-
stained in the transmission images since they are located in focal planes (non confocal layer)
below those in which hyphae are located that are detected by green fluorescence signals
(confocal layer). Equal intense cortex invasion has been found for cross sections of Line 1105.16
roots at 10, 14 and 21 dai. In fact, concerning the magnitude of cortex invasion no differences
were observed between sections obtained from necrotic and health appearing root regions.

In contrast, all investigated root cross sections from the partially resistant cv. Florence-Aurore
showed a remarkably limited root invasion at 7 dai. Here, fungal hyphae were only present in or
even outside the rhizodermis layer (Fig. 14e). This stage of fungal invasion was still observed for
cross sections collected at the timepoint 14 dai. On the contrary, first cortex colonisations by F.
graminearumin roots of cv. Florence-Aurore were only observed from timepoint 21 dai on. At
this timepoint, inter- and intracellular cortex colonization was observed, although the hyphae
presence in cortex parenchyma cells was still less pronounced than in cross sections of Line
1105.16. Of course, such microscopic analysis does not allow an exact quantification of hyphal
growth. But, in both investigated genotypes fungal hyphae were not found inside the stele as
shown, for instance, in Figure 13c. In addition, Figure 13e shows the general situation of the root
infection process and visualizes that hyphae were found in front and within the epidermis, but

were not observed in the root hairs in this work.

Confocal microscopic analyses of stem base and stem sections were conducted to investigate the
magnitude and mode of F. graminearum migration into distal plant parts following successful
root colonization. Figure 14b shows young wheat tissue enwrapped by three leaf sheaths (L1, L2
and L3). In leaf sheaths the vascular bundles are visible as dark inclusions at the epidermis. The
tissue of the wheat stem is build of the outer epidermis as a single cell layer, the cortex
(parenchyma cells), and the endodermis separating the vascular bundles (xylem and phloem)

visible as circular arranged dark inclusions.
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The stem bases of the susceptible Line 1105.16 were found to be colonized by a penetration
route via the stem base leaf sheaths (Fig. 14g). At timepoint 7 dai, predominantly the outer leaf
sheath (L1) was colonized, while only few hyphae were found in the second leaf sheath (L2) and
in the stem (Fig. 14g). At 10 dai, the colonization of L2 and stem was found to be completed.
From the beginning of stem base invasion on, all investigated cross sections uncovered the
presence of hyphae inside the vascular tissues. Figure 14f shows a vascular bundle of a young
stem base at 14 dai demonstrating the presence of F. graminearum in the sclerenchym cells as
well as in the phloem and xylem cells.

Migration of fungal hyphae into the lower and upper stem parts was observed in cross sections
from Line 1105.16 at timepoint 14 dai. As observed for the stem base, in all stem parts fungal
invasions of leaf sheath and stem vascular bundles were predominant. The Figure 14n shows a
leaf crown of Line 1105.16 which is located at the stem apex and does not contain a stem.
Generally, from the timepoint 28 dai on, hyphae were observed in sections prepared from the
stem apex and also here, vascular bundles were predominant targets for pathogen invasion (Fig.
140).

In contrast, the investigated stem bases and lower stem parts of cv. Florence-Aurore were still
almost pathogen-free at the timepoint 14 dai. Only a few hyphae were observed in leaf sheath
tissues (Fig. 14i). Instead, particularly the stem vascular bundles were found to be heavily
surrounded by green fluorescence signals (Fig. 14h, i). Moreover, identical observations were
made in sections obtained from the lower and upper stem parts. Signal separation from
individual channel of laser scanning microscope indicated that the signal did not radiate from the
fungus and therefore, they rather originated from the plant cells surrounding the stem vascular
bundles. Since such a green fluorescence was neither observed in non-stained nor in uninfected
cross sections, autofluorescence as a possible reason could be excluded. On the contrary, in none
of the analyzed cross sections from Line 1105.16 a comparable situation has been observed.
However, the upper stem parts of cv. Florence-Aurore were found to be colonized at timepoint
28 dai (Fig. 14p, q). This observation was made 14 days later than in upper stem sections of Line
1105.16, but at that moment fungal invasion appeared equally to the susceptible genotype (Fig.
14n, q), including predominant hyphal growth in vascular tissues. However, at that timepoint F.

graminearum had not yet reached the stem apex of cv. Florence-Aurore.

To investigate the mode of F. graminearum colonization in the first leaf blades of wheat,
horizontal and cross sections were prepared. The leaf blade anatomy comprises the upper and

lower epidermis, the palisade layer right below the upper epidermis which is build of
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parenchyma tissue with chloroplasts (Fig. 14j, I). The central body of a leaf blade consists of
mesophyll cells which bear the vascular bundles, commonly known as leaf veins. Some
epidermal cells produce hairs (trichome) and bear guard cells which define natural openings, the
stomata, placed at the lower leaf side.

From 10 dai on and until 28 dai, the final investigation timepoint, fungal hyphae were observed
in leaf blade sections from Line 1105.16 (Fig. 14j, k). From 14 dai on, hyphae were also found in
the leaf blades of cv. Florence-Aurore (Fig. 141, m). However, while leaves of Line 1105.16
always showed hyphae, half of the analysed leaves from cv. Florence-Aurore were free from
hyphae. This situation remained until the timepoint 28 dai.

Concerning the mode of leaf blade colonization no considerable differences were found in the
analyzed sections of both genotypes: hyphae were exclusively observed in the leaf blades either
(i) in the palisade and/or epidermal cells beneath the trichome or in trichome cells themselves, or
(it) in substomatal chambers of lower epidermis. Therefore, trichome and stomata seem to be the
preferential targets for F. graminearum leaf blade colonization, because hyphae were not

observed in the vascular bundles or in the mesophyll cells in any of the investigated sections.

5.2.3 Concluding remarks on the comparative histopathological examinations

By the histopathological studies four distinct stages which constituted the course of FRR disease
could be discriminated. They are characterized as (i) early and (ii) main infection stages;
followed by (iii) root tissue colonization and (iv) plant tissue colonization stages (Fig. 15).
Consequently, these studies support and help to further characterize the three phases of disease
progression previously described on the basis of phytopathological examinations complemented
by rANOVA statistics. While phase | (~0.5 to ~1 dai) is seen as early, symptomless infection
stage which is identical in both analysed wheat genotypes, phase Il (~3 to ~10 dai) is the main
infection and root colonization stage defined on the basis of root analysis of Line 1105.16 at 5 to
7 dai. For the root colonization stage, the microscope studies demonstrated a fungal propagation
on root surface and root cortex colonization (Fig. 12, 13 and 14). The consecutive phase 111 (~14
to ~21 dai) was then characterized as a stage in which F. graminearum systemically colonizes
aerial plant parts. At 28 dai, seedlings of Line 1105.16 were entirely invaded by the pathogen.
Based on these observations which were consistent with the previous assessments of stem base
symptoms (Fig. 4 and 5), this stage was denoted as plant colonization stage. Infected roots and
stem bases of Line 1105.16 displayed first necrotic lesions between 5 to 7 dai, consistent with
the previous assessment of visible symptoms (Fig. 4 and 5). At 10 dai infected stem bases of

Line 1105.16 showed a level of fragility which challenged the preparation of cross sections, and
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at 14 and 21 dai about half of the 15 test plants were already wilting. In contrast, cv. Florence-
Aurore plants appeared generally much healthier and strong necrotic lesions were not observed.
However, visible symptoms such aschlorosis on leaf blades or main stem parts were not
observed.

The course of FRR disease was principally similar in both investigated wheat genotypes
representing two contrasting responses to FRR. However, for cv. Florence-Aurore a delayed
invasion of root and aerial plant tissues was confirmed by the microscopic investigations in
accordance with the phytopathological observations. In fact, characteristics of partial resistance
stated for cv. Florence-Aurore could be confirmed by microscopy. These include an initially
suppressed root cortex invasion and later suppressed stem colonization or invasion of stem
vascular bundles, respectively. Of course, the partial resistance of cv. Florence-Aurore does not
provide full protection against later systemic colonizations of root, stem and leaf tissues. Here,
the timepoint 21 dai was found to be critical. This coincided with the tillering stage (Z21),
typically seen as the end of seedling stage in wheat development. Finally, the histopathological
study has uncovered tissue-specific modes of host colonization which give rise to tissue-specific
pathogen-host interactions. Here, the finding that F. graminearum strictly acts as a vascular

pathogen in wheat stems is considered as particularly relevant.
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Figure 14: Comparative analyses of F. graminearum infection and colonization in the roots and distal
plant parts of partial resistant and highly susceptible genotypes. (a-j) Confocal laser scanning
microscopy of root, stem and leaf cross-section after WGA Alexa Fluor 488® staining. (a) Untreated root of
Line 1105.16. (b) Untreated stem base of cv.Florence-Aurore. (c) Root cross section of Line 1105.16 with
extra- and intercellular F. graminearum colonization (white arrow) in the cortex at 7 dai. (d) Detailed image
of extra- and intercellular F. graminearum colonization (white arrow) (e) Root cross sections of cv.Florence-
Aurore with F. graminearum hyphae (green signal) at and inside epidermis. (f) Magnification image of
infected vascular bundle in stem base of Line 1105.16 at 14 dai; fungal hyphae colonization (green signal) in
whole vascular bundle. (g) Detailed image showing fungal colonization (green signal) in stem base leaf
sheath 1 and 2. (h) Magnification image of stem base of cv.Florence-Aurore at 14 dai with strong (non-
pathogen) fluorescence signals in parenchyma cells surrounding the vascular bundles. (i) Image detail low
colonization by the pathogen (white arrow) in the external leaf sheath 1 and non-pathogenic signals
surrounding vascular bundles. (j-m) Leaf blade cross sections with fungal signals (white arrow). (n) Stem
apex showing leaf crown of Line 1105.16 with fungal colonization of vascular bundles (green signals) at 28
dai. (o) Detail image of (n) showing invaded vascular bundle. (p) Serious fungal colonization (green signals)
in vascular bundles of stem apex optained from cv. Florence-Aurore at 28 dai. (q) Detailed image of (p)
showing invaded vascular bundle. Abbreviations: Co, cortex; Cs, casparian stripe; Ep, epidermis; En,
endodermis; Hy, hyphae; L1, leaf sheath 1; L2, leaf sheath 2; L3, leaf sheath 3; P, phloem; Rh, root hair; S

stem; Sc, sclerenchyma; St, stele; Sto, stomata; T, trichomes; Vb, vascullar bundle; X, xylem.
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Figure 15: Summary showing the main characteristics of different FRR disease stages (right side) and
timeline showing the differet disese progression in partial resistant genotype Florence-Aurore and

highly susceptible genotype Line 1105.16 (left side).
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5.3  F.graminearum colonization progress in distal plant parts of wheat

Since histopathological and comparative microscopic studies have demonstrated that F.
graminearum begins systemic colonization of distal plant parts already 5 to 7 dai, the following
experiments were designed to address agronomically relevant questions concerning the systemic
plant colonization upon a successful seedling root infection. For this study the wheat genotypes
Florence-Aurore, Sumai 3, Frontana and Ning 7840 were selected from the entire set of 12
genotypes since they represent the three FRR severity categories, the whole spectrum of FHB
responses (Fig. 9).

To investigate the disease spread during the development of wheat plants four major growth
stages representing important developmental phases have been defined as possible critical stages
during the FRR progression:1) the ‘seedling stage’ (Z13, three unfolded leaves) at >10 dai
associated with successful root colonization and beginning of disease spread in susceptible
interactions; 2) the “tillering stage’ (Z21-22) as switch from the seedling to the adult plant stage
which is assumed to be an important switch in the pathogenesis of FRR; 3) the ‘stem elongation
stage’ (Z32) in which the plant gains in length, associated with the important question whether
the vascular pathogen has the potential to follow plant elongation; and 4) the ‘flowering stage’
(Z60-64), usually beginning about three days after head emergence and representing a very
critical stage for FHB infection. In fact, the presence of F. graminearum at this developmental
stage could lead to negative severe impact on the fertilization and subsequent grain development
as an important yield parameter.

At each growth stage the wheat plant has been separated in defined zones from which respective
tissues samples were collected and screened for fungal presence (Fig. 3). Each growth stage was
characterized by specific plant tissues (e.g. leaf number or stem internode number) to test
whether the pathogen had reached the newly developed plant parts. In addition, lower tissues

(e.g. roots or stem base) were analyzed for the presence/absence of the pathogen as well.

5.3.1 F. graminearum colonization progress in wheat distal plant parts

This study showed a general mode of spread in which F. graminearum was able to follow the
plant development, because at each growth stage fungal biomasses was always detected in newly
developed plant parts (stem and leaf blade). Finally, the pathogen could be detected in the flag
leaves and spikes of all wheat genotypes in the “flowering stage’ (Fig. 16a, 17b).
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Figure 16: General mode of F. graminearum colonization and DON accumulation in different
wheattissues at different growth stages. (a) Relative fungal biomass in the roots, stem base, distal plant and
head of wheat at four growth stages (Fig. 3). The average relative fungal biomass of cultivars Florence-
Aurore, Sumai 3, Frontana and Ning 7840 was used to describe the F. graminearum colonization progression
in wheat after seedling root inoculation. (b) DON accumulation level in the roots, stem base, youngest leaves
and head of wheat measured at four growth stages (Fig. 3). The average DON level of four cultivars
(Florence-Aurore, Sumai 3, Frontana and Ning 7840) was used to describe the DON accumulation after
seedling root inoculation. Growth stages according to the Zadok’s scale.

In addition to the finding that F. graminearum can systemically reach the wheat spikes after
seedling root inoculation, four other observations were remarkable: 1) the colonization of wheat
roots and stem bases was consistent throughout the ‘tillering and stem elongation stage’.
However, fungal biomass was no more detectable in the roots at the ‘flowering stage’ of all four
genotypes (Fig. 16a). Thus, from the ‘stem elongation stage’ on, it seemed as if the roots were
less attractive for the pathogen. 2) In contrast to the roots, the stem base was found to be a site of
constantly increasing fungal accumulation until a peak of the fungal biomass (RFB) while the
full flowering stage (Fig. 16a). In contrast to the seedling stage, at ‘tillering” RFB showed an
increase in the stem bases of partially resistant genotypes (Fig. 17a), even to a higher level than
mean calculated for susceptible genotypes. This might be explained by the inversion of plant
resposes to FRR between the seedling and adult plant stages which seems to occur around the
‘tillering stage’. 3) From the ‘tillering stage’ on the pathogenic invasion of above-ground plant
parts in the tested genotypes was not distinguishable (Fig. 17b). 4) While visible symptoms on
the stem bases were detectable insusceptible genotypes, the upper stem internodes were

symptomless since neither necrotic nor chlorotic lesions were detectable.
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5.3.2 Deoxynivalenol accumulation in wheat plants

In this part of the work it was studied whether the mycotoxin deoxynivalenol (DON) is
associated with or necessary for the disease spread and to which plant tissues DON might be
transported or released. The DON measurements were performed in a similar manner as the
analyses of colonization progress by testing five individual plants per genotype for each wheat
growth stage and plant part. At each growth stage roots and stem bases were sampled; from the
‘tillering stage’ on the uppermost leaves were collected; and at the ‘flowering stage’ the spikes
were sampled. It was considered that the detection of DON in the youngest plant tissues would
indicate that DON might also be present in all tissues below. In this study, 6 ppm was the
maximum concentration that could be measured with the applied ELISA-kit (implemented
standard curve).The DON toxin was found in all Fusarium-inoculated plant tissues during the
entire period of plant development (Fig. 16b; Fig. 17c and d). Similar to fungal biomass after
succesful stem base colonization none of the tested cultivars was able to suppress DON release
by the fungus and/or DON transmission. During the time-course fungal biomass decreased in the
roots (Fig. 16a), but DON was increasing at the same time (Fig. 16b). Threfore, the rising DON
accumulation in roots might be due to toxin transmission from upper stem base. In all tested apex
tissues, DON showed relative high concentration (Fig. 17d) as compared to the relatively low
fungal biomass (Fig. 17b), which indicates that DON may even be distributed in advance of
fungal spread. Finally, since this is prelimary data from first experiments, repetition is needed to

confirm these results.

5.4  Examinations on the Fusarium-wheat root pathosystem during adult plant stages

This study was performed to to investigate (i) whether F. graminearum has the capability to
infect wheat roots at the post-seedling (adult) stages; and in case of a successful fungal root
infection, (ii) whether the FRR disease progresses similar or different in seedlings and adult
plants. Results on the fungal accumulation and the FRR disease index ranking in the seedling
and adult plant roots are presented as direct comparisons between the two developmental stages.
For this study four spring wheat cultivars were selected based on their seedling responses to FRR
and their adult plant responses to FHB. The wheat set comprised the partially FRR resistant cv.
Florence-Aurore (susceptible to FHB), the highly susceptible genotypes Frontana and Ning 7840
(resistant to FHB) as well as the FRR susceptible cv. Sumai 3 (resistant to FHB) which
represents a specific case due to its high sensitivity to relatively intermediate fungal biomass

accumulations. All genotypes were subjected to the FRR bioassay and analysed in a time-course
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comprising seven timepoints evenly distributed throughout the plant development between early

stem elongation (two nodes, Z32) and Flowering (Z60-64).
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Figure 17: F. graminearum colonization and DON accumulation in partially resistant and susceptible
interactions at different plant growth stage. (a) Relative fungal biomass in stem base. (b) Relative fungal
biomass in distal plant. (c) DON accumulation level in stem base. (d) DON accumulation level in apex tissue.
Relative fungal biomass and DON levels are compared between two groups of wheat genotpyes: cv.
Florence-Aurore with seedling partial resistance (left) and cultivars Sumai 3, Frontana and Ning 7840 with

seedling susceptibility (right). Growth stages are determined according to the Zadok’s scale.

5.4.1 Assessment of relative fungal biomass

The disease progression curves shown in Figure 16 reveal three relevant aspects. First, F.
graminearum was able to infect wheat roots even at the post-seedling, stem elongation stage.
Thus, resistance against initial infection was not observed in adult plant roots, equal to
observations made in the seedling stage. Second, the further pathogen progression showed
differential F. graminearum-wheat interactions in response to a successful root infection. Third,
these results demonstrate that F. graminearum is able to colonize wheat roots until the heading
stage, thus during the pre-flowering stages important for spikelet initiation and development,
processes that are also sensitive to abiotic stresses.

In adult roots of cv. Florence-Aurore, known for its partial seedling resistance to FRR, much
higher RFB values were found at all timepoints (Fig. 18a). A first peak of biomass accumulation
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was found at 3 and 5 dai, which was corresponding to the root colonization phase identified in
the previous study seedling stages. Interestingly, the pathogen biomass peaked again at 21 dai, a
phenomenon that was found to be characteristic for a high susceptibility at seedling stages. The
F. graminearum development in adult roots of cv. Sumai 3 was fitting a quadratic trend which
peaked at 5 dai (Fig. 18b) which was equal observations in seedling roots. However, the RFB
values were considerably higher than those from seedlings. The pathogen accumulation in adult
cv. Frontana roots (Fig. 18c) showed a positive linearity similar to observations in seedling roots
until the timepoints 14 and 21 dai. In adult roots the sudden increase of fungal biomass was
absent which was characteristic for the susceptibility at seedling stages. The phenomenon of an
interrupted fungal biomass increase was likewise observed for the cv. Ning 7840 (Fig. 18d)
which, however, showed generally much lower fungal accumulations in adult roots compared to
seedling roots.

The mixed rANOVA revealed significant ‘Time’ effect and ‘Time x Genotype’ interaction for
the trait RFB (Table 5) which confirmed the observed developmental changes in fungal growth
over time (Fig. 18a-d), and demonstrated that the factor genotype had an influence on the fungal
development. For the fungal development in adult roots the post-hoc pairwise comparisons
(Bonferroni) showed similar significant changes in the general fungal growth between 1 to 3 dai
and 10 to 14 dai. Hence, the model of a three-phase pathogen progression was also supported for
adult plant stages since no significant differences were found between the timepoints 0.5 and 1
dai (phase 1), between 3 to 10 dai (phase Il) and between the final timepoints 14 to 21 dai (phase
I11), respectively. A difference between both wheat growth periods was the slightly extended
disease phase Il in adult roots.

In addition, similar to the seedling stages it was reasonable to assume the presence of a genotypic
variation in the F. gramiearum-wheat root interactions also for the adult plant stages. To
illustrate this genotypic variation, the respective mean values of fungal load across all timepoints
were ranked in an ascending order (Fig. 19). This kind of benchmarking revealed a spectrum of
mean RFB values ranking from 2.45% (cv. Ning 7840) to 4.23% (cv. Florence-Aurore). In
contrast to the seedling stage, cv. Ning 7840 exhibited the lowest RFB ranking here, while cv.
Florence-Aurore in this study showed the highest RFB ranking. Consequently, at adult plant
stage the cv. Ning 7840 expressed a relative partial resistance to FRR, while the cv. Florence-
Aurore showed the relative highest level of susceptibility. However, the mean RFB values
observed for adult cv. Ning 7840 roots were, nevertheless, higher compared to those observed
for cv. Florence-Aurore at the seedling stage (Fig. 19). Also, the cv. Sumai 3 exhibited higher

RFB values compared to the seedling stage, and solely the cv. Frontana had a similar FRR
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Figure 18: Comparision of RFB development between the seedling and adult stages of four wheat
genotypes. qPCR based quantification of fungal biomass: Relative fungalbiomass is expressed as ratio
between F. graminearum DNA and wheat root DNA by using gene-based gPCR approach. In each diagram

the error indicator represents the average standard error of the mean (SEM).

Table 5: Results of the repeated measures ANOVA for relative fungal biomass (RFB) and
root biomass reduction (RBR)

Relative fungal biomass Root biomass

F-value p-value Effect Trend V F-value p-value Effect Trend V

Adult plant growth

Treatment ? - - - - 16.22 001 ** 0.52 Linear
Time ? 1.25 n.s. -

Time x Treat. ? - - - - 1.61 n.s. -

Time 5.26 .004 ** 0.31 Cubic 1.74 n.s. - -
Time x Genotype ¥ 3.14 .007 ** 0.44 Cubic 1.83 043 * 0.31 Linear

* Significant at level p< 0.05; ** significant at level p< 0.01; *** significant at level p<0.001; n.s. non-significant.
In all rANOVA analyses no sphericity could be assumed (P < 0.05, Mauchly’s test) and results were therefore
corrected based on the Greenhouse-Geisser F-test. The F-value indicates that differences between timepoints are
greater than would be expected by chance or by error. The effect size gives the strength of associations between
effect (main effect or interaction) and dependent variable (measurement).

Y Results of the trend analysis (test of inter-subjects contrast) on significant time effects, reasonable (significant)
pattern in means are: linear trend; quadratic; cubic; and SMA (simple moving average) as non-linear trends. 2 Two-
way rANOVA on root and shoot development in infected and uninfected seedlings. ¥ Mixed rANOVA on disease
progression in terms of fungal growth, reduction in seedling root and shoot biomass, and visible symptom
development, including data of all 12 wheat genotypes.
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Table 6: Results of the repeated measures ANOVA for relative fungal biomass (RFB) and
root biomass reduction (RBR)

Root length Shoot length

F-value  p-value  Effect Trend® F-value p-value Effect Trend

Adult plant growth

Treatment ? 26.69 001 ** 0.79 Linear 28.92 000 *** 043 Linear
Time ? 451 018 * 0.39 Linear 6.69 .000 *** 0.15 Cubic
Time x Treat. ? 5.75 048 * 0.45 Linear 5.10 .000 *** 0.12 Linear
Time ? 4.39 036 * 0.52 Linear 6.75 .000 *** 0.16 Linear
Time x Genotype ¥ 1.4 288 ns. - - 235 004 ** 016 SMA

* Significant at level p< 0.05; ** significant at level p< 0.01; *** significant at level p<0.001; n.s. non-significant.
In all rANOVA analyses no sphericity could be assumed (P < 0.05, Mauchly’s test) and results were therefore
corrected based on the Greenhouse-Geisser F-test. The F-value indicates that differences between timepoints are
greater than would be expected by chance or by error. The effect size gives the strength of associations between
effect (main effect or interaction) and dependent variable (measurement).

Y Results of the trend analysis (test of inter-subjects contrast) on significant time effects, reasonable (significant)
pattern in means are: linear trend; quadratic; cubic; and SMA (simple moving average) as non-linear trends. 2 Two-
way rANOVA on root and shoot development in infected and uninfected seedlings. ® Mixed rANOVA on disease
progression in terms of fungal growth, reduction in seedling root and shoot biomass, and visible symptom
development, including data of all 12 wheat genotypes.

response at both developmental plant stages. Nevertheless, for the adult plant stages an altered
response of wheat to F. graminearum root invasion was observed which obviously represents a
genotypic inversion in the responses, especially with regard to the opposite extremes of the

ranking scale.

5.4.2 Phenotypic evaluation of adult stage wheat root responses to FRR

In order to understand the interaction between wheat and F. graminearum during the adult wheat
development, developmental traits were monitored in terms of root biomass reduction (RBR),
root length reduction (RLR) and shoot length reduction (SLR) (Fig. 20).

Also, for adult wheat plants successful root invasions by F. graminearum were accompanied by
quantifiable adverse impacts on the root and plant growth (Fig. 20). Moreover, as previously
reported for seedlings, high RFB values were associated with higher levels of root biomass
reduction, while low RFB values were associated with lower impacts on root biomass. The root
biomass reduction observed for cv. Florence-Aurore showed an average of 61% and root length
reduction was on average 15%, while in the case of cv. Ning 7840 the corresponding average

reductions were 29% and 8%, respectively.
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Figure 19: Comparision of relative fungal biomass (RFB) values based Fusarium root rot severity
between seedling and adult stage. Wheat genotypes are ranked according to mean values of RFB (ratio
between fungal DNA and wheat root DNA) over the time period between 1 to 21 days after root inoculation.
The observed FRR measures show a range of severity from partial reisistance to high susceptibility. For all
genotypes the known reactions to Fusarium head blight (FHB) are indicated: HR, highly resistant; R,
resistant; HS, highly susceptible.

The two-way rANOVA demonstrated significant ‘treatment’ effects for all three developmental
traits (Table 5 and 6) and thus, the root infections by F. graminearum were confirmed as
causative for the observed developmental differences between inoculated and non-inoculated
plants. While the significant ‘time’ effects demonstrated changes in the general time trend of root
and shoot growth during the course of wheat developments, the significant ‘treatment x time’
interactions showed that FRR is not only characterized by significantly reduced wheat growth
rates, but also by a basically non-parallel disease dynamics between treated and control plants
(Fig. A2b, c). The biomass development of roots was the only exception from the non-parallel
dynamics since ‘time’ effects and ‘treatment x time’ interactions were non-significant (Table 5),
indicating a parallel trend across time in which root biomass levels of healthy and diseased plants
develop at different levels, but with a constant distance between them (Fig. A2a). The mean
profile plots demonstrated the begin of an increase in deviations in root and shoot length between
diseased and healthy plants at 7 (root length) and 10 dai (shoot length), respectively (Fig. A2b, c).
Thus, also during the interactions between F. graminearum and adult wheat roots, the phase Il in
fungal progression was found to critical by being associated with significantly increasing
impacts on the plant development. For root biomass the rANOVA made the assumption of a
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Figure 20: Time-course assessment of F. graminearum-wheat root interactions at adult stage of
cultivarsFlorence-Aurore, Frontana, Sumai3 and Ning 7840.Time-course reduction of root biomass
(gPCR based), reduction of root length and reduction of shoot length. The level of reduction is expressed as
the ratio ofthe average uninfected and and infected root biomasses, root length or shoot length, respectively.

Vertical bars represent the average standard error of mean (SEM).

significant ‘treatment x time’ interaction (F = 10.52; p = 0.005) under consideration of a simple
moving average (SMA) trend. Although such an assumption has to be considered with caution
due to the non-significance of ‘time’ and ‘treatment x time’ interaction, it was obvious that the
predicted trend of a sequence of peaks and valleys coincides with the root biomass profiles
observed for healthy as well as diseased plants (Fig. A2a). Finally, the results obtained by two-
way rANOVA statistics indicated for both inoculation experiments a disease dynamics which
was characterized by a sudden increase in the impacts on wheat plants, early for roots than for
shoots.

This dynamics was further elucidated by using a mixed rANOVA on the general FRR
progression (across all four genotypes) in terms of relative fungal growth (RFB) and reductions
in root and shoot growth (RBR, RLR, SLR). This analysis confirmed significant effects of time
showing that the FRR disease progression basically changed in seedling and adult plants at one
or more timepoints (Table 5 and 6). Also, for the trait adult root biomass reduction the tested
‘time” effect was not significant, demonstrating constant root reductions over time as could be

expected due to the non-significant ‘treatment x time’ interaction (Table 5). Significant ‘time X
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genotype’ interactions were obtained for all severity traits, except the root lenght reduction
(Table 5 and 6). This demonstrated that also for adult plants basically genotype effects on the
developments of fungal biomass and seedling performances can be assumed.

Finally, by the examination of FRR in adult plants it was not possible to obtain reliable results on
the visible symptom development on roots and stem bases. This may also be explained by
specifities of the adult root development which will be particularly discussed in chapter 6.2.2.
Nevertheless, the general progression and impact of FRR on the root and plant biomass were
consistent with previous observations on the root rot severity in wheat seedlings. The rANOVA
of RFB data even support the three-period pattern of pathogen progression already described for
the seedling stage. In addition, an inverse response to FFR between seedling and adult plant/root
developmental stages as reported for the RFB was supported by the data obtained for the impact
of FRR on adult plants.

5.4.3 Comparison of FRR disease index at seedling and adult stages

To illustrate the genotypic variation in the wheat root - F. graminearum interactions at adult
plant stages suggested by mixed rANOVA, all genotypes were ranked according to to the FRR
disease index (Fig. 21) as a comparative presentation of seedling and adult plant root inoculation
experiments. By combining the developmental traits (RBR®', RLR®', SLR®') with the relative
fungal biomass (RFB®"), a Fusarium disease index (FDI) was calculated for each cultivar. Finally,
the FDI from seedling and adult stage testing were compared (Fig. 21). A lower FDI is
considered equivalent with higher resistance against FRR, while a higher FDI is considered
synonymous with higher susceptibility. Compared to other cultivars at the adult stage, cv.
Florence-Aurore, partially resistant in the seedling stage, showed high FRR susceptibility in the
adult stage. On the other hand, cv. Ning7840, highly susceptible in the seedling stage expressed
partial resistance at the adult stage. The comparison of FDI ranking consequently indicated
inverse FRR reactions in the seedling and adult plant stages. To my knowledge, such an inverse
reaction was first time reported in this study. Morever, the adult-plant FRR reaction was similar
to the FHB reaction: cv. Ning 7840, partially FRR resistant in the adult stage shows high
resistance to FHB, but cv. Florence-Aurore, highly FRR susceptible in the adult stage shows
high susceptibility to FHB. The similarity reactions regarding both FRR and FHB reactions in
the adult stage gives hint that the FRR resistance mechanism in both cases may share common
features, and that the FRR resistance switch between FRR in seedlings and FRR or FHB in adult

plants may have similar mechanisms in these three “diseases”.
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Figure 21: Comparison of FRR disease index (FDI) at seedling and adult plant stage. The FDI is
calculated based on susceptibility indices (SI) for (i) relative fungal biomass (RFB), (ii) root biomass (RB);
root length (RL) and shoot length (SL) reduction; and (iii) root symptoms (RS) [FDI=
RFB%+RBR'+RLR®+SLR®"]. The observed FDI values show a range of severity form partial resistance to
high susceptibility. For all genotypes the known reactions to FHB were listed: HR highly resistant; R resistant;
HS highly susceptible, and the known reaction to FRR in the seedling stage were illustrated.

55  Gene expression analyses of FHB/DON resistance candidate genes in wheat
seedlings and adult roots

The differences and possible similarities of wheat defence against the floral disease FHB and the
soil-borne diseases FRR and FCR are currently discussed. In this context, the activity of different
resistance candidate genes involved in two main defence mechanisms (DON detoxification and
JA-triggered basal defence) as well as miscellaneous pathogenesis- or defence-related genes
were tested in this work - to my knowledge for the first time in wheat roots (Table 2). At the
seedling and adult stages, reverse reactions of wheat to the FRR and FRR diseases were
observed, and the fungal biomass level indicated that the resistance mechanism might be similar
between these two stages. Meanwhile, many FHB related genes were identified in extensive
research work. Such genes can be applied as candidate genes to study FRR adult resistance. Four
cultivars, Florence-Aurore, Sumai3, Frontana and Ning 7840 were selected from 0.5 to 21 dai to
detect the possible FRR resistance mechanism(s) based on genes involved in detoxification, the

JA pathway and other mechanisms: to study (i) whether these FHB related genes can be induced
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at seedling stage FRR; (ii) how does these genes react to seedling FRR; (iii) whether they are
associated to seedling FRR resistance; (iv) whether these FHB related genes can be induced in
adult stage FRR; (v) whether they are associated to adult FRR resistance; (vi) whether these
genes can also react inversely between the seedling and adult plant stage corresponding to the
inverse reaction in FDI ranking (Fig. 21); (vii) whether these genesare (equally) involved in
resistance mechanisms regarding seedling FRR, adult FRR and FHB.

5.5.1 Analyses of resistance candidate genes associated to the DON detoxification
mechanism

Detoxification is one of the main resistance mechanisms in wheat spikes against Fusarium
species. Therefore, the analysis of detoxification-related genes was also targeted at defense
mechanisms against the FRR disease, at both the seedling and adult stage. For this purpose,
genes associated with DON detoxification, i.e.TaUGT3 (UDP glucosyltransferase protein),
HvUGT13248, a homologue of the barley UDP-glucosyltransferase gene, CYP709C1l
(cytochrome P450 gene) and TaMDR1 (MDR-like ABC transporter) were analyzed.

In seedling roots, HYUGT13248 and TaUGT3 were induced early and peaked around 3 dai
during the early infection stage (Fig. 22a, c) in cv. Florence-Aurore (partial seedling resistant).
On the opposite, these two genes only showed slightly changed expression in three other
susceptible cultivars at the same timepoint (Fig. 22a, c¢), which is the main infection and
colonization stage. In adult roots, these two genes peaked around 1 dai during the early infection
stage in cv. Ning 7840 (adult partially resistant), but reacted late (around 5 dai) at main infection
and colonization stage in cv. Florence-Aurore, adult highly susceptible (Fig. 22b, d). Similarly,
in seedling roots, CYP709C1 showed a high expression change (55-fold at 0.5 dai, 350-fold at 5
dai and 60 fold change in 7 dai) in cv. Florence-Aurore (partially FRR seedling resistant) (Fig.
22¢). During the same time points, susceptible cultivars almost showed no expression at the main
infection and colonization stages until 7 dai (Fig. 22e). In adult roots, CYP709C1 was relatively
higher and constantly expressed as expected during the early infection stage in cv. Ning 7840
(partially FRR adult resistant), but relative low level and late change during the main infection
and colonization stages in the susceptible cv. Florence-Aurore (Fig. 22f). As compared to the
three genes above, TaMDR1 expression pattern is completely different. In seedling roots,
TaMDR1 peaked the main infection and colonization stages after 10 dai in cv. Florence-Aurore
(Fig. 22g). But in cv. Ning 7840, it peaked already at 5 to 7 dai (Fig. 22g). Such similar
expression pattern for both cultivars was also seen in adult roots (Fig. 22h). Thus, the gene

TaMDR1 may not be involved in seedling FRR resistance.
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Summarizing, at the seedling and adult stages the main defense candidate genes TaUGTS3,
HvUGT13248 and CYP709C1 possibly involved in the assumed wheat detoxification mechanism
showed exclusive expression during early infection stages in roots of partially resistant
genotypes. Their expression was associated with significantly impaired fungal accumulation, or
partial resistance to FRR, respectively. The expression of detoxification related genes suggests
that FHB induced detoxification genes also can be triggered by FRR disease, and were
associated to FRR resistance and FRR disease progression at both seedling and adult stages;
moreover, the inverse reaction of the three genes corresponded to the inverse resistance in

seedling and adult stages.

5.5.2 Analyses of resistance candidate genes associated to the Jasmonate-triggered
defence mechanism
The jasmonate (JA)-triggered defence mechanism includes: JA biosynthesis, JA signal
transduction and the expression of JA-response genes. In this work, Lox (lipoxygenase), which
respond to JA biosynthesis; COI1 (coronatine insensitivel), JAZ (jasmonate ZIM domain) and
MYC2, involved in JA signaling transduction; PR-4 (vacuolar defense proteins) and PR-14 (non-
specific lipid transfer proteins), regulated by the JA pathway, were tested in the roots of adult
and seedling stages to analyze whether the JA pathway is involved in the root-pathogen
interaction and associated with FRR resistance at the adult and/or seedling stages.
Lox-2 and COI1 were no differently expressed in partially resistant and susceptible cultivars at
the seedling and adult stages, in all cultivars (Fig. 23a-d). MYC2 was up-regulated in all other
cultivars at both seedling and adult stages, except cv. Frontana at the seedling stage and cv.
Sumai3 at the adult stage (Fig. 23e, f).
In seedling roots, JAZ was induced with early (0.5 dai) and 20-fold change vs control and peaked
in 5 dai (>250-fold), a period which covers the early infection stage in cv. Florence-Aurore (Fig.
24a). On the opposite, the highly susceptible cv. Ning 7840 showed a later expression (at 3 dai)
and peaked at 7 dai (Fig. 24a) i.e. at main colonization and the beginning of distal plant
colonization stages. In adult roots, the expression of JAZ was first induced in cv. Ning 7840 (1
dai) and Sumai3 (3 dai) in the early infection stage; whereas, the cv. Florence-Aurore showed
gene expression from 5 dai on (Fig. 24b). The expression pattern of JAZ in both seedling and
adult roots was consistent with its expression in spike (Fig. A3). In seedling roots, the PR-4 gene
peaked at the early infection stage (3 dai) of the partially resistant cv. Florence-Aurore However,
this gene peaked later at 5 dai in roots of the highly susceptible cv. Ning 7840 (Fig. 24c). In adult
roots, the cultivars Sumai 3 and Frontna showed an up-regulation of PR-4 gene at 1 dai and 5 dai,

respectively (Fig. 24d). But, the cultivars Ning 7840 and Florence-Aurore showed a late reaction
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at 10 dai. PR-14 showed an expression pattern similar to PR-4 in seedling roots (Fig. 24e). In
adult roots, PR-14 was expressed in the early period (0.5 to 1 dai) in the cultivars Sumai 3 and
Ning 7840, while PR-14 expression occurred in roots of cv. Frontana at 5 dai. Expression of PR-
4 in cv. Florence-Aurore was similar to PR-4 much later (at 10 dai) consistent with the cultivar’s
higher susceptibility at post-seedling developmental stages (Fig. 24f).

The expression patterns of JAZ, PR-4 and PR-14 gave some indication that JA-triggered defence
mechanism may be associated with FRR partial resistance in both seedling and adult stages,
similar to the detoxification related mechanism. In fact, such an involvement of JA-triggered
defense was demonstrated for FHB in a current study performed in our lab (Fig. A3, 4). JA-
defense was active much earlier during the first tissue infection compared to the DON resistance.
Moreover, very recent results from a gene expression study in seedling roots covering an earlier
period than presented here (2h after root inoculation and 3 dai), confirmed this assumption at

least for the seedling stages (Fig. A3).

5.5.3 Analyses of miscellaneous resistance candidate genes

Besides hormone-related and detoxification defense, there are other mechanisms and genes
involved in the wheat resistance to F. graminearum. In this study, WZF1 a zink finger
transcription factor and WFhb1-C1 a recent published candidate gene for the major resistance
QTL Fhb1 was tested (Table 2).

In seedling roots, WZF1 was constantly up-regulated from 0.5 dai on and peaked at 5 dai and
thus, expression covered the critical disease stages | to Ill during interactions between the
pathogen and cv. Florence-Aurore leding to partial resistance (Fig. 25a). In contrast, in roots of
highly susceptible cv. Ning 7840 the gene was up-regulated and peaked not before 7 dai (Fig.
25a) through the whole time course tested. In adult roots, the gene WZF1 showed an expression
pattern similar to seedling roots, but early up-regulated in the genotype cv. Ning 7840 and late
up-regulated in the cv. Florence-Aurore (Fig. 25b). Similar to WZF1, in seedling roots WFhb1-
C1 was not induced in susceptible genotypes Sumai3, Frontana and Ning 7840, while it showed
high and continued fold change (0.5 to 5 dai) during the early infection stage in partially resistant
cv. Florence-Aurore (Fig. 25c¢). In adult roots, WFhb1-C1 showed strong expressions in the
cultivars Ning 7840, Sumai3 and Frontana between 0.5 and 1 dai, while there was no fold-
change in the roots of highly susceptible cv. Florence-Aurore until 3 dai (Fig. 25d). Finally, the
reaction of these two genes indicated that WZF1 and WFhb1-C1 were all associated with FRR
partial resistance in both seedling and adult stages and also showed inverse reaction which was

consistent with wheat response to F. graminearum infection at the seedling and adult stages.
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Figure 22: qRT-PCR results of detoxification related genes in Florence-Aurore, Sumai 3, Frontana and

Ning 7840 in seedling and adult stage roots after inoculation with F. graminearum IFAG65. The

expression levels on the y-axis were relative to non-inoculated sample from each genotype after

normalization with the wheat Ubiquitin gene. The experiment was repeated twice, and data were presented as

average+-S.D with n=3. The color bar blow indicated disease progression of partially resistant and highly

susceptible genotypes. Green: root early infection; orange: root main infection and colonization; blue: root

and distal plant colonization.
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Figure 23: gRT-PCR result of the genes involved in the JA-signaling pathway in Florence-Aurore,
Sumai 3, Frontana and Ning 7840 in seedling and adult stage roots after inoculation with F.
graminearum IFA65. The expression levels on the y-axis were relative to non-inoculated sample from each
genotype after normalization with the wheat Ubiquitin gene. The experiment was repeated twice, and data
were presented as average+-S.D with n=3. The color bar blow indicated disease progression of partially
resistant and highly susceptible genotypes. Green: root early infection; orange: root main infection and
colonization; blue: root and distal plant colonization.
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Figure 24: gRT-PCR result of the JA pathway responsive genes in Florence-Aurore, Sumai 3, Frontana
and Ning 7840 in seedling and adult stage roots after inoculation with F. graminearum IFAG5. The
expression levels on the y-axis were relative to non-inoculated sample from each genotype after normalization
with the wheat Ubiquitin gene. The experiment was repeated twice, and data were presented as average+-S.D
with n=3. The color bar blow indicated disease progression of partially resistant and highly susceptible
genotypes. Green: root early infection; orange: root main infection and colonization; blue: root and distal plant
colonization.
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Figure 25: gRT-PCR result of plant defense related genes in Florence-Aurore, Sumai 3, Frontana and
Ning 7840 in seedling and adult stage roots after inoculation with F. graminearum IFA65. The expression
levels on the y-axis were relative to non-inoculated sample from each genotype after normalization with the
wheat Ubiquitin gene. The experiment was repeated twice, and data were presented as average+-S.D with n=3.
The color bar blow indicated disease progression of partially resistant and highly susceptible genotypes.
Green: root early infection; orange: root main infection and colonization; blue: root and distal plant

colonization.
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6 Discussion

6.1  ‘Sensitive’ and ‘Tolerant’ responses to FRR

The genotype ranking reflects the relationship between fungal accumulation (Fig. 6) and the
negative effects on the seedling (Fig. 7). However, concerning RLR (Fig. 7b) and SLR (Fig. 7c)
the partially resistant genotypes were not the best, and the highly susceptible genotypes were not
always the worst, even if exceptionless showing relative less impact on seedlings. For instance,
the cv. Sumai 3 demonstrated high negative effects on RLR (Fig. 7b), SLR (Fig. 7¢) and CSlI
(Fig. 7e), while cv. Tabasco showing low impacts on RLR (Fig. 7b) and SLR (Fig. 7c), although
the observed RFB levels for both genotypes suggested an opposite situation as well as an
intermediate ranking (Fig. 6).

To understand these alterations the terms tolerance and sensitivity were consulted. Indeed, these
terms have to be used with caution since they bring some subjectivity into the description of
disease severity. However, the conducted rankings allowed a precise definition for both terms. In
this study, the term relative “tolerance” was used and applied to a wheat genotype in which RFB
could be accumulated (Fig. 6) and symptom developed without causing (substantial) growth and
biomass reduction. In contrast, the term relative “sensitivity” was used for a genotype which
showed disease symptoms accompanied by significant growth reduction compared to relative
low RFB. The terms partial resistance and susceptibility refereed to genotypes which
demonstrated rates of RFB and FRR severity with consistent low or high levels.

A relative tolerance could be stated for the cv. Tabasco which, despite its location in the
susceptible category (Fig. 6), did not display significant reductions in root and seedling length
(Fig. 7b, c). Moreover, root biomass reductions were comparable moderate (Fig. 7a) and were
not significant before 10 dai (Fig. 4e). In contrast, the cv. Wangshuibai was displaying
considerable root and shoot length reductions (Fig. 4e). Interestingly, root biomass reductions
were similar for cultivars Tabasco and Wangshuibai, further supporting the observation that the
loss of root biomass is the most severe impact coming along with FRR. The relative better
performance of cv. Tabasco seedlings after F. graminearum root invasion was also displayed by
relatively low ratings of root and stem base symptoms which, however, were still higher than
those of the partially resistant genotypes (Fig. 7d, e). A relative sensitivity was stated for the
susceptible cv. Sumai 3 (Fig. 6) by exhibiting biomass reduction rates (Fig. 7a, b, ¢) and visible
symptoms (Fig. 7d, e) significantly exceeded the rates typically observed for other genotypes in
same category. In all rankings except for RFB, cv. Sumai 3 was the most susceptible genotype

(Fig. 6). The high sensitivity of Sumai 3 is also supported by a direct comparison with
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Wangshuibai which at similar fungal biomass levels (Fig. 6) was ranked better than Sumai3 (Fig.
7).

The cv. Remus was ranked very low for all developmental traits (Fig. 7a, b, ¢) which were
determined by an extraordinary pathogen-host interaction. This genotype-specific reaction was
characterized by a temporary suppression of the root rot disease and a sudden increase of disease
symptoms at 10 dai. In fact, FRR started gradually with intermediate RFB levels (1.38 -2.10%,
Fig. 4c) associated with a tolerant seedling reaction expressed as a low disease severity since no
significant RBR, RLR and SLR values were observed in Remus (Fig. 4f). However, from
timepoint 10 dai on the root invasion by F. graminearum began to increase considerably and
cumulated at 14 -21 dai with sharp RFB peaks from initially 3.60% to 8.80 and 9.24%,
respectively. In fact, this pattern of RFB progression in Remus fully agreed with the observed
response pattern of plant biomass (RBR) which, for example, reached a value of 79.0% at
timepoint 21 dai (Fig. 4c, f). Whereas the RBR and RLR values were statistically significant
before 14 dai, the values for SLR was not significant before 21 dai (Fig. 4f). While the pathogen
spread and the immediate impact on seedling development of cv. Remus were temporarily
suppressed, visible symptoms on the roots were already present at 3 dai indicating a severe
impact on the root tissue.

Although the cv. Remus demonstrated a ‘temporary disease suppression’, the early fungal
accumulation was still higher than observed in the roots of cv. Florence-Aurore and Line 162.11
(Fig. 4a, c). In addition, visible symptoms on the roots and stem bases of cv. Florence-Aurore
and Line 162.11 appeared generally later and weaker (Fig. 4g, i). Besides a remarkable
pathogen-host interaction, these observations also demonstrated a high level of accordance
between different FRR severity traits representing different assessment approaches such as qPCR
and size measurements as well as symptom ratings. Finally, differences between the RFB and
phenotypic rankings were clearly due to significant genotype-specific responses of wheat to FRR

rather than environmental effects.

6.2 The head blight pathogen F. graminearum undergoes developmental processes
typical of root-infecting fungi

One of the most important outcomes of this study was the disclosure of a new aspect of the F.

graminearum life cycle: The fungus can undergo a number of previously uncharacterized

programmed developmental events that are typical of root-infecting pathogens (chapter 6.2.1 and

6.2.2). Thereby, F. graminearum was found to exhibit a high variability in its mode of infection,

differentiation of infection structures and nutritional strategy. The observed developmental

events resemble the mechanisms and timing described for spike colonization which is not
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unexpected when considering the common aetiology between the different Fusarium diseases
concerning the spikes and the roots, repectively (chapter 6.2.3).

Plant-pathogen interaction studies were performed by combining gPCR quantification of relative
fungal biomass with bright-field and fluorescence as well as confocal laser scanning microscopy.
The microscopy confirmed observations and measurements made during the analysis of FRR
disease progression and could explain the causative fungal mechanisms of root infection and
colonization. To discuss the general mode and mechanism of root infection and colonization
emphasis was subsequently put on the susceptible interaction between the pathogen and Line
1105.16, while the specific characteristics which differentiate partial resistance from
susceptibility will be discussed in chapter 6.4.

Finally, the different disease stages are presented as successive events since each stage is
characterized and distinguishable from the others by specific fungal structures and disease
events. However, this does not mean that disease stages are temporally limited to the respective
timepoints of initial observation. In fact, developed hyphae structures were typically maintained
and appeared simultaneously with newly developed structures, especially during the early
disease stages. Nevertheless, the observed consecutive events characterise a programmed

sequence of root disease development.

6.2.1 F.graminearum shows complex infection morphology in early disease stages

Stage |: The early infection stage was symptomless as observed on WGA Alexa Fluor 488°
stained longitudinal root sections prepared at 0.5 and 1 dai. Stage | at 0.5 dai was characterized
by first hyphae developing at the root surfaces originating for germinating macroconidia (Fig.
12a). It is likely that macroconidia are also the major source of inoculum during natural root
infection. Macroconidia are produced already in the early stage of residue decomposition, while
perithecia (fruiting bodies with ascospores) are produced much later, more advanced and growth
conditions are less favourable.

At 1 dai roots were found to be completely enclosed by advanced hyphal networks (Fig. 12b)
indicating a successful pathogen establishment. The formation of such networks prior to the
initial host tissue penetration has been reported for different obligate soil-borne pathogens, for
example, Colletotrichum graminicola causing anthracnose of maize (Zea mays) (Sukno et al.,
2008), and Verticillium longisporum causing wilt diseases on many economically important
crops such as oilseed rape (Brassica napus), tomato (Solanum lycopersicum) and potato
(Solanum tuberosum) (Eynck et al., 2007). Interestingly, for both diseases the time lapse of
infection was similar to rot root caused by F. graminearum. At 1 to 2 dai an intense hyphae

colonization at the root surface was observable. These hyphae nets were commonly developed
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from hyphae that initially grew parallel to the longitudinal root axis; subsequently hyphae
branched and grew perpendicularly to the axis. At 2 to 3 dai, hyphae had already invaded the
epidermal cells without causing macroscopically visible disease symptoms (Eynck et al., 2007;
Sukno et al., 2008).

F. graminearum performs an equal strategy up to the initially symptomless penetration of root
epidermis. At 1 dai initial hyphae were observed in epidermal and cortex cells of Line 1105.16,
showing an inter- and intracellular growth (Fig. 12d). This corresponds to observations made for
F. culmorum infecting roots of the wheat cv. Genio (Beccari et al., 2011) and of Brachypodium
distachyon, a close wild relative of small grain cereals (Peraldi et al., 2011). Both studies
reported a simultaneous colonization of epidermis and first cortex layer by inter- and
intracellular growth at 1 dai. In accordance with observations by Beccari et al. (2011) and Peraldi
et al. (2011) in the presented study macroscopic symptoms were observable at 1 dai first on the
roots of a few susceptible and all highly susceptible genotypes (Fig. 5g-i) which developed
rapidly until necrosis of the whole root (Fig. 8).

Simultaneously with first root infections F. graminearum frequently developed hyphal structures
which are morphologically distinct from the net forming vegetative mycelium. Those were
characterized by an obvious hyphal swelling formed on specialized hyphal branches (Fig. 12c).
Additionally, from these hyphal swellings typically penetration pegs originated which had
entered the root epidermis (Fig 12c). Those penetration pegs were distinguishable due to their
much narrower structure compared to the normal hyphae in accordance with descriptions of
Eynck et al. (2007). Therefore, these hyphal structures were referred to as infection hyphae.
Short infection hyphae which developed during spike infections have been described for
different Fusarium species (Kang & Buchenauer, 2000; Wanjiru et al., 2002; Kang et al., 2005).
According to these reports infection hyphae originated from dense mycelia networks which were
formed at the surfaces of the glume, lemma, palea or ovary by 0.5 to 1.5 dai. The described
infection hyphae did not produce appressoria, but penetrated the epidermal cell wall directly with
penetration pegs.

However, the morphological characteristics of putative infection hyphae observed in the present
study were more similar to hyphal swellings which the leaf blast pathogens Magnaporthe grisea
and M. oryzae specifically develop on rice roots (Sesma & Osbourn, 2004; Marcel et al., 2010;
Tucker et al., 2010) than to those Fusarium infection hyphae observed during floret infection.
The infection hyphae developed by M. grisea and M. oryzae resembled simple penetration
structures of root-infecting fungi known as hyphopodia. Similar to the observations for F.

graminearum, hyphopodia on rice roots were typically associated with infection pegs. Moreover,
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also M. grisea and M. oryzae, originally described as leaf pathogens, were found to display a
high ability to infect roots (Sesma & Osbourn, 2004; Marcel et al., 2010; Tucker et al., 2010). In
addition, a high similarity was also visible to hyphopodia formed by the pathogen
Gaeumannomyces graminis, causal agent of the soil-borne cereal disease take-all (Sesma &
Osbourn, 2004), and to those formed at 3 dai by C. graminicola penetrating maize roots (Sukno
et al., 2008). Generally, hyphopodia refer to simple penetration structures developed by root-
infecting fungi at infection sites, often associated with infection pegs similar to those originatimg
from appressoria. However, in contrast to appressoria that develop from swellings at the tips of
conidial germ tubes originating from conidia, hyphopodia are structures that arise from mature
vegetative hyphae (Howard, 1997).

Finally, it is likely that F. graminearum forms hyphopodia or hyphopodia-like structures on
wheat roots for initial epidermis penetration which probably accounts for the observed early root
infection at 1 dai. The finding of hyphopodia or hyphopodia-like structures is an interesting
outcome of the present study since Fusarium has never been reported as a hyphopodiate fungal
pathogen such as G. graminis causing take-all in wheat seedling roots (Asher & Shipton, 1981).
However, systematic examinations of the Fusarium root infection process have not previously
been performed (Kazan et al., 2012). Further microscopic investigations on the early root
infection biology of F. graminearum will allow final confirmation of hyphopodia. In that case,
another interesting question would be whether F. graminearum also forms hyphopodia on
senescent tillers which are a severe result of fungal spread into distal plant parts. A similar
phenomenon has been observed for the pathogen C. graminicola which after successful root
colonization formed hyphopodia also on senescent leaves. Sukno et al. (2008) hypothesized that
these hyphopodia might also serve as survival structures and a source of inoculum for
subsequent fungal spread to adjacent plants during the same or even in the following growing
season.

The assumption of an active penetration mode causing root rot disease is also supported by the
observation that F. graminearum was found to enter root tissue exclusively via the epidermal
layer and not via the root hairs which would allow a passive migration of hyphae into the root
cortex (Fig. 14e). Generally, root hairs are particularly vulnerable to invasions by microbes
(Prieto et al., 2011). Among the fungal pathogens M. oryzae (Marcel et al., 2010) and V. dahliae
causing Verticillium wilt in Brassicaceae crops (Eynck et al., 2007) enter the plants via root
hairs in addition to epidermal penetration. Also, for some Fusarium pathogens root hairs are the

main sites of penetration, for example F. verticillioides in maize (Oren et al., 2003) or F.
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oxysporum in tomato (Solanum lycopersicum) (Lagopodi et al., 2002), and cotton (Gossypium
barbadense) (Rodriguez-Géalvez &Mendgen, 1995).

Moreover, many pathogens are reported to preferentially infect their hosts at specific root
regions, while others demonstrated an unlimited ability to penetrate roots (Gunawardena &
Hawes, 2002). The specificity for certain root regions may indicate a tissue-specific variation in
factors that determine susceptibility to a pathogen which are of general interest for the
development of resistance strategies (Sukno et al., 2008). While C. graminicola obviously has no
root infection site preference since the hyphae could colonize the surfaces of mature maize roots,
root caps, root elongation zones and root hairs, V. longisporum was never found to colonize the
root caps of oilseed rape by Eynck et al. (2007). In the present study dense hyphae networks of
F. graminearum were equally present in the maturation and elongation zone of seminal roots. At
the root caps hyphal masses were not observed, however a reduced mycelium growth was

nevertheless observable.

Stage II: The main infection stage was attested by investigating root sections prepared at 3 dai.
Here, trypan blue staining revealed first necrotic cells (Fig. 13a) surrounding infection cushions.
Generally, runner hyphae that branched to form foot structures (Fig. 13b), infection cushions
(Fig. 13c) and sporodochia (Fig. 13d) at the root surface were typical for this disease stage.
Consequently, at 3 dai a new level in the development of F. graminearum could be evidenced
which demonstrated that root penetration had reached a higher level of intensity.

Previous publications on the FHB disease had already provided first microscopic evidence for
complex infection structures formed by F. graminearum. Two different structures were
described as important for floret infection: coral-like hyphal mats (Pritsch, et al., 2000; Boddu et
al., 2006; Rittenour & Harris, 2010) and bulbous infection hyphae (Rittenour & Harris, 2010).
Boenisch & Schéfer (2011) suggested that the coral-like hyphal mats actually are infection
cushions, whereas the bulbous infection hyphae correlate to foot structures. Concerning the
infection cushions this suggestion is supported by the present study since the cushion observed at
the root surface appeared as coral-like hyphal mats (Fig. 13c). Besides the infection cushions,
also the foot structures observed at the root surface (Fig. 13b) were morphologically similar to
those observed by Boenisch & Schafer (2011). Thus, bulbous infection hyphae might be formed
at the root surface as well. In this context, necrotic root cells were apparent around infection
cushions consistent with observations from glumes infected by F. graminearum (Boenisch &
Schéfer, 2011).
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Using in vitro experiments on the infection-related morphogenesis of F. graminearum Rittenour
& Harris (2010) found bulbous infection hyphae that developed at 2 dai on wheat glumes. Those
hyphae were morphologically similar to previously reported intracellular hyphal structures such
as the dikaryotic hyphae in stem tissue (Guenther & Trail, 2005) and the wide hyphae in ovary
tissue of spikes (Jansen et al., 2005). Rittenour & Harris (2010) assumed that their bulbous
infection hyphae were, however, specific to initial host tissue infection. The development of
these hyphae was dependent on the fungal gene Gpmkl encoding a mitogen-activated protein
kinase (MAPK) which previously had been shown to be involved in F. graminearum
pathogenicity as regulator for the induction of specific enzymes’ secretion (Jenczmionka et al.,
2003; Urban et al., 2003). In the rice blast fungus M. oryzae, however, pmklis required for the
development of appressoria (Xu & Hamer, 1996; Lev et al., 1999). In addition, pmkl
homologues are needed for the pathogenicity of fungi that do not form appressoria, including F.
graminearum and F. oxysporum (Di Pietro et al., 2001; Mey et al., 2002; Jenczmionka et al.,
2003; Urban et al., 2003).

In addition, Boenisch & Schéfer (2011) identified hyphal structures similar to lobate appressoria
on caryopses, paleas, lemmas, and glumes of FHB susceptible and resistant wheat cultivars.
Lobate appressoria and infection cushions are two types of so called compound appressoria and
are described as multicellular types of appressoria, formed by irregularly shaped hyphae
(Emmett & Parbery, 1975). Boenisch & Schéfer, (2011) proposed that foot structures, lobate
appressoria, and infection cushions developed at stage Il of floret infection actually mirror
different developmental stages of infection cushion formation, similar to Rhizoctonia solani, a
soil-borne pathogen which attacks below ground as well as above ground plant parts
(Armentrout & Downer, 1987; Keijer& Sinclair, 1996). The development of lobate appressoria
into infection cushions was described for R. solani (Keijer & Sinclair, 1996), Sclerotinia
sclerotiorum causing root, crown, and stem rots on various plant hosts (Emmett & Parbery,
1975) and Botrytiscinerea (Tenberge, 2004). Lobate appressoria on roots were not observed in
the present study. However, a high level of accordance was found between FRR and FHB for the
early disease stages with regard to hyphal structures and timing of the infection process.
Particularly, the detection of infection cushions on roots suggests that at 3 dai lobate appressoria
was no longer present at high frequency and are instead further developed to infection cushions.
In contrast, the reports on C. graminicola (Sunko et al., 2008), M. oryzae (Wilson & Talbot,
2009) and M. grisea (Sesma & Osbourn, 2004) suggest that F. graminearum does not produce
lobate appressoria during root penetration but during floret penetration. Instead, hyphopodia or

hyphopodia-like structures are developed on the roots.
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For M. oryzae and M. grisea the authors assumed that the ability to use either hyphopodia or
appressoria permits the pathogen to adapt its penetration mechanisms to the properties of the
target organ (Sesma & Osbourn, 2004; Wilson & Talbot, 2009). The cAMP (cyclic 39,59-
adenosine monophosphate)-mediated signalling process which is essential for the formation of
functional appressoria on rice leaves (Mitchell et al., 1995; Xu et al., 1997) is not required for the
ability of M. grisea to form hyphopodia and to penetrate intact roots (Sesma & Osbourn, 2004).
Interestingly, it has recently been found that the same signalling process has an equal function
during F. graminearum spike infection (Bormann et al., 2014). Finally, Sesma & Osbourn
(2004) found indications for critical differences between the signal transduction pathways for
penetration of leaves and roots by M. grisea, a phenomenon that might apply likewise to floret
and root penetrations by F. graminearum.

At present it is unknown whether the infection hyphae of F. graminearum, observed during stage
| are involved in the development of infection cushions at stage Il similar to reports on lobate
appressoria (Keijer & Sinclair, 1996). It is, however, very likely that the increase in fungal
biomass in the period between 3 and 5 dai which was disclosed by the qPCR-based time-course
examinations on the FRR progression (Fig. 4 and 5) and by rANOVA statistics (Table 4 and 5) is
a result of the complex infection structures that were identified on F. graminearum inoculated
roots. In chapter 6.2.2 it will be discussed that the following disease stage is actually

characterised by heavy root cortex colonisations.

6.2.2 Stage I11 shows root colonization, disease dispersal and increasing necrosis

Stage I1l: By fluorescence microscopy of wheat roots harvested at 5 and 7 dai it was shown that
stage Il was characterized by the abundant presence of macroconidia (Fig. 13e) and
chlamydospores (Fig. 13f) on the root surface. Therefore, one important aspect of this stage is
the explicit formation of fungal structures that mainly serve for repeating the infection stages |
and Il with multiple subsurface infection sites and for further infestation of the soil and the
dispersal of disease by soil movement or transportation. F. graminearum produces ascospores
and macroconidia spores for the inoculum dispersal (Markell & Francl, 2003). Macroconidia and
chlamydospores (the long-term survival structures in soil) produced at the root surface represent
the inoculum for further infections since both can germinate on the roots (Sitton & Cook, 1981).
Against this background it is noteworthy that some susceptible and all highly susceptible
genotypes (including Line 1105.16) from 10 dai on showed a second phase of increasing fungal
accumulations in root samples in this work (Fig. 4c, 5a-c) which seems to be promoted by a

repetition of the infection stages via additional infection sites in the wheat root system. For
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example, for root rot on common bean (Phaseolus vulgaris L.) caused by F. solani it was found
that chlamydospores are the main source for infection of deep roots (Nash et al., 1961). This also
applies to sporodochia (Fig. 13d), asexual structures which were already found at stage Il (Mitter
et al., 2006). The presence of conidiophores and conidia by 5 dai has also been found for F.
culmorum and F. oxysporum on the epidermal root surface of wheat (Beccaria et al., 2011). In
contrast, V. longisporum never formed conidia outside the roots of rapeseed (Eynck et al., 2007).
Besides the formation of fungal structures for a disease dissemination and persistence, the
second important aspect associated with stage 11 is the transition to a systematic colonization of
root tissues at the site of infection (Fig. 4, 5, 16, and 18). The following aspects determine the
outstanding important of this phase: (i) the significant increases of fungal biomass accumulation
and visible root symptoms; (ii) the transition from a root disease to a disease that also affects
aerial plant parts around 7 dai; and (iii) the fact that this phase clearly separated the susceptible
wheat-Fusarium interaction from the partially resistant interaction.

The hypothesis that stage 11l represents the actual root colonization stage was visualized by
confocal laser scanning microscopy of root cross sections in a time-course between 7.0 to 21 dai.
Root sections of Line 1105.16 at 7 dai showed an entire cortex invasion (Fig. 14c). Thereby,
hyphae both used the intercellular pathway in extracellular spaces as well as the symplastic cell
to cell growth (Fig. 14d). This mode of cortex colonization has previously been documented for
F. culmorum in roots of Brachypodium (Peraldi et al., 2011), wheat (Beccari et al, 2011) and rye
(Secale cereale) (Jaroszuk-Scisel et al., 2008), as well as for F. oxysporum in tomato roots
(Lagopodi et al., 2002) and M. grisea in wheat roots (Sesma & Osbourn, 2004). Although the
entire cortex parenchyma cells were invaded, F. graminearum did not penetrate the endodermis,
was absent from the stele which contains the root vasculature. This was equally observed in roots
of Brachypodium (Peraldi et al., 2011) and wheat (Beccari et al., 2011) where F. culmorum was
never observed to enter the stele. This absence from root stele gives the impression that the
hyphae growth could be stopped in front of the Casparian strip, a waxy layer inside the root
endodermis which is chemically different from other layers of the cell wall and represents an
effective barrier for the passive flow of materials into the stele. Whether the Casparian strip stops
fungal migration cannot be answered yet.

However, it is more likely that F. graminearum uses tissue-adapted invasion strategies. First, it
was observed in rye that F. culmorum was able to colonize the entire root tissue from epidermis
to central vasculature (Jaroszuk-Scisel et al., 2008). In addition, hyphae of G. graminis were
found to spread through the wheat roots and to destroy the vascular tissue (McMillan et al.,

2011). Second, in all stem tissues, including leaf sheath of stem bases F. graminearum was
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found in this work to grow more or less as a vascular pathogen (Fig. 14f, n and p) while similar
to roots it was absent from the vasculature in leaf blades (Fig. 14j and I). Roots function as
supplier of water and nutrients via a route that goes from root hairs to stele for the supply of
aerial plant parts via the xylem vessels (Smith & De Smet, 2012). Another route is the transport
of photosynthate (sugars) from leaves to the roots via the phloem vessels for the allocation of
energy to growing root tissues. Moreover, the colonised parenchyma cells, referred to as the
"filler" tissue of cortex, are known to be storage sites for starch, protein, fats, oils and water
(Lemoine et al., 2013). Therefore, it is conceivable that the F. graminearum invasion is not
restricted, but rather that the pathogen limits it presence to the cortex can supply the pathogen
everything necessary for its survival and further development.

An important outcome of the present study was the finding that the reduction of root biomass is
the most immediate and severe impact on both wheat seedlings (Fig. 4 and 5) and adult plants
(Fig. 16 and 18). Such reductions were already significant during the early stage of root infection
1 to 3 dai. Root length reductions were in comparison less drastic suggesting that reduced root
branching essentially contributes to this phenomenon. However, both the reduced branching and
length growth might result from a substantially impaired carbohydrate energy supply to growing
root tissues during source to sink relationships. In fact, roots are highly plastic and respond
rapidly with developmental and physiological adaptations to changing environmental conditions
as well as to plant-microbe interactions (Shen et al., 2013). In addition, the probably impaired
uptake and supply of growing aerial plant parts could account for observations such as shoot
length reduction, delayed seedling and plant development as wells as seedling mortality. This
situation is likely reinforced by the later hyphae spread into the stem base and other aboveground
plant parts. The senescence of plant tillers was a common and drastic phenomenon at later
disease stages which besides a possible pathogen migration, as observed for F. graminearum and
F. pseudograminearum by Mudge et al. (2006), could also be a consequence of nutrient and
water shortage.

Besides a possible nutritional competition between pathogen and host, another problem
associated with several root pathogens is the premature cell death, either due to endogenous
programmed cell death (PCD) as a possible defence reaction or due to necrosis caused by the
pathogen (Greenberg, 1996; Roger & Lamb, 1997). In a previous study on FRR, root necrosis
was described as co-responsible for reductions of seedling vigour, root and crown functions,
plant stability, yield and grain quality (Mergoum et al., 1998).

As a consequence for F. graminearum root infection, brown discoloration was evident during the

advanced stages of root rot, especially on the roots of susceptible wheat genotypes (Fig. 8). Such
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root discolouration was likewise found on roots of Brachypodium (Peraldi et al., 2011) and bread
wheat (Beccari et al. 2011) colonized by F. culmorum. In both studies, similar to observations
made in the present research, from 2 dai on lesions became dark brown and symptoms spread in
both directions along the root until the whole root was necrotic between 4 and 5 dai (Peraldi et
al., 2011). Also for the take-all disease caused by G. graminis necrotic lesions on the roots are
typical symptoms which can spread to the stem base (McMillan et al., 2011) as well as for the
advanced stages of maize root colonization by C. graminicola (Sukno et al., 2008). Desmond et
al. (2008) and Boenisch & Schafer, (2011) found strong indications that DON is involved in the
development of necrotic lesions on the stem base and spikelet tissue and that the toxin is released
from infection cushions. In contrast, even an extensive intra- and intercellular growth of V.
longisporum hyphae in the root cortex of oilseed rape was not associated with any responses
such as discolouration or necrotic lesions, and invaded host cells still showed an intact structure
of the cytoplasm (Eynck et al., 2007; Floerl et al., 2008). A more detailed discussion on the
possible role of DON during F. graminearum-wheat root interactions is provided in chapter
6.3.2.

Besides the secretion of mycotoxins, the release of cell wall-degrading enzymes such as
proteinases by infection hyphae can also result in host cell death (Wanjiru et al., 2002; Martinez
et al., 2008; Kikot et al. 2009). F. graminearum is known to secrete a broad spectrum of
enzymes that can degrade the middle lamella and cell wall during infection of cereal crops
(Annis & Goodwin, 1997; Kang & Buchenauer, 2000). The genome of F. graminearum harbours
103 genes encoding cell wall-degrading enzymes (Horbach et al., 2011). For instance, Fusarium
lipases might play a central role in degrading long-chain fatty acids present in the plant
epidermis, because the knock-out of the F. graminearum lipase gene Fgl-1 was shown to reduce
the fungal virulence on both wheat and maize (\Voigt et al., 2005). The hemibiotrophic pathogens
M. grisea and M. oryzae practice a biotrophic phase (up to 8 dai) during rice leaf and root
infection which allows them to grow intra- and intercelluarly without damaging the plant cells.
The switch of infectious hyphae to a necrotrophic phase, however, results in cell death whereby
the release of hydrolytic, cell wall-degrading enzymes plays an important role (Wilson & Talbot,
2009; Marcel et al., 2010; Horbach et al., 2011).

Whether invaded cortex cells show senescence has not been specifically investigated during this
study. However, root and stem sections obtained from necrotic regions with heavy hyphae
enrichments showed a characteristic highly fragile structure which challenged the preparation of
tissue sections. This indicates a general loss of root cell integrity in consequence of fungal

accumulation. For example, in a study on FHB, intracellular hyphae were never seen within
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living host cells, but after host cell death numerous intracellular hyphae grew within the cell
lumen (Brown et al., 2010). Necrosis caused by C. graminicola was a consequence of maize root
cells that were densely packed with hyphae and acervuli; the asexual fruiting bodies (Sukno et
al., 2008).

The non-pathogenic, programmed root cortex cell death (RCD), a known feature of root aging in
wheat and barley is usually accompanied by progressive root browning similar to root diseases
caused by fungi and bacteria (Henry & Deacon, 1981). RCD is an interesting aspect in (wheat)
root development that likely affects the root rot disease. In fact, during the study on adult plant
FRR, the RCD phenomenon affected the disease assessment by complicating the rating of
macroscopic root symptoms. The early RCD probably have important implications for the root
microflora. For example, the avirulent fungal root parasite Phialophora radicieola colonises
cereal root cells only just before or just after their death (Henry & Deacon, 1981). The discovery
that F. graminearum colonizes adult plant roots similar to the seedling root rot raises the
question which strategy enables the pathogen to survive and progress in tissue that is also
characterized by a RCD in the maturation zone of seminal roots. Henry & Deacon (1981)
suggested that RCD to a certain extent provides an advantageous environment, especially for
microorganisms with a saprophytic mode of life. During the earliest stages of cortical
senescence, around early tillering (Z20-22), the resistance of the host cells is declining shortly
before their nutrients become available. In fact, F. graminearum is also a known saprophyte with
a good adaptability to changing environments (Hatsch et al., 2006). Therefore, after seedling and
adult root inoculations wheat roots could provide also an environment which enables the

pathogen to express both its parasitic and saprophytic way of life.

6.2.3 F. graminearum root colonisation is reminiscent of spike colonization

The common aetiology between Fusarium head blight and root rot raises the question whether
important commonalities between both diseases can be found which would have important
implications for the development of resistance strategies for a broad spectrum of Fusarium
disease. Moreover possible commonalities would uncover developmental processes that would
be critical for the pathogenicity of F. graminearum in both diseases. Stephens et al. (2008)
already have reported significant similarities in the fungal gene expression patterns at early
disease stages of FHB and FCR.

In FHB F. graminearum undergoes a series of well-defined developmental steps before and
during wheat spike infection. The floret infection is sub-divided into the processes surface

colonization, penetration and sporulation (Boenisch & Schafer, 2011). On wheat and barley
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spike tissues the initial Fusarium infection process (stage I) was observed during the first two
days after spike inoculation (Pritsch et al., 2000; Jansen et al., 2005). Generally, Fusarium spores
germinate on the abaxial surface of the glume and in the floral cavity within 0.5 dai (Pritsch et
al., 2000; Wanjiru et al., 2002). At 1 to 2 dai, immediately after conidia germination and prior to
epidermis penetration hyphae networks are formed on caryopses without causing symptoms
(Kang & Buchenauer, 2000; Bushnell et al., 2003; Goswami & Kistler, 2004; Boenisch &
Schéfer, 2011). During stage Il of F. graminearum spike infection runner hyphae begin to branch
at high frequency and form foot structures, lobate appressoria and infection cushions surrounded
by necrotic lesions. This was initially observed at 3 dai. In the further course the appearance of
necrosis follows the spread of homogenous hyphal networks over the entire floret and both
appear at 4-5 dai on paleas and at 6-7 dai on glumes and lemmas (Boenisch & Schafer, 2011).
The first minor tissue colonization was microscopically observed in the palea by 2 dai and was
limited to subepidermal and intercellular hyphal growth. At stage Ill the entire tissue of husks
was found to be necrotic, aerial hyphae and sporodochia were produced (Boenisch & Schéfer,
2011). Brown et al. (2010) reported that by 4-5 dai all cell-types of the palea were rapidly
colonized by F. graminearum resulting in a lost cell integrity of the non-lignified lower
parenchyma. The main colonization of spike tissues was characterized by inter- and intracellular
growth of F. culmorum (Kang & Buchenauer, 2000) and F. graminearum (Guenther & Trail,
2005). In addition, stage 111 was the junction towards the disease spread into non-colonized plant
parts. By 5 dai F. graminearum started to spread from initially infected and colonized spikelets
and the advancing fronts of hyphal infection were already located in the third rachis node
(Brown et al., 2010).

The direct comparison between different studies on the FHB disease establishment and
progression with corresponding observations made in the present study on FRR uncovered
common features which concern the infection structures developed and a remarkably high level
of analogy in the time courses of all phases of the infection process. This was hitherto unknown
since information about the fungal development on wheat root tissues and its penetration strategy
were very limited (Kazan et al., 2012), only recently examined extensively in spike tissues
(Boenisch & Schafer, 2011). All three disease stages comprising the events surface colonization,
penetration, sporulation, host tissue colonization, symptom development and spread into non-
infected plant parts show an almost equal chronology between both diseases, in spite of different
tissues and environments. This conformity essentially explains the high capability of F.
graminearum as a root pathogen since obviously no root and/or soil specific environmental

conditions seem to prevent the fungus from acting as a pathogen.
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However, there are also important aspects differentiating between FRR and FHB. Firstly, lobate
appressoria (Boenisch & Schéafer, 2011) were not observed (at least not yet), although foot
structures and infection cushions similarly developed on roots. Instead, strong indications for the
development of hyphopodia or hyphopodia-like infection structures were found in accordance
with previous reports on root pathogens including M. grisea and M. oryzae (Sesma & Osbourn,
2004; Marcel et al., 2010; Tucker et al., 2010), G. graminis (Asher & Shipton, 1981; Sesma &
Osbourn, 2004), and C. graminicola (Sukno et al., 2008).

Secondly, during floret infection F. graminearum and F. culmorum frequently use different
passive penetration strategies in which hyphae extend either into the apical floret mouth
(Bushnell, 2001; Lewandowski et al., 2006), into the stomata of a glume (Rittenour & Harris,
2010), or into crevices between lemma and palea (Lewandowski et al., 2006). Such a passive
route, for example via root hairs, could not be observed for root rot. F. graminearum root
infection was characterised by the absence of specific infection sites, such as the origin of
secondary roots, root tips, or wounded tissues.

Thirdly, during FHB the stages | to Il likewise occurred in the resistant wheat cv. Sumai 3, the
semi-resistant cv. Amaretto and the susceptible cv. Nandu (Boenisch & Schafer, 2011). In fact,
the major resistance of wheat against FHB represents Type Il which acts against the spread of
the infection within a spike, but does not prevent floret colonization at the infection sites. Type I
resistance against initial flower infection, however, occurs much more rarely and therefore, has
been less explored (Schweiger et al., 2013). During the FRR disease stages | to 11l important
differences were already found between the partial resistant cv. Florence-Aurore and the highly
susceptible Line 1105.156. The constantly reduced fungal biomass accumulation observed in
roots of Florence-Aurore (Fig. 4a) could finally be explained by an absent root cortex invasion
during stage Il1. This situation continued until the beginning of plant tillering (Z 21). Therefore,
partial FRR resistance shows characteristics of a defence that lowers the rate of root colonization
at initial infection sites (in fact, epidermal root layers of cv. Florence-Aurore showed
penetration, Fig. 14c) similar to the FHB Type | resistance. In fact, in case of cv. Florence-
Aurore the infection process during the stages | to Il was associated with an early induction of
known FHB resistance gene candidates from Jasmonate-mediate defence and DON
detoxification processes (Li et al., 2010a; Gottwald et al., 2012; Zhuang et al., 2013).

6.3  F. graminearum can spread from the roots to aerial plant tissues
Another major outcome of this study is the discovery that upon successful colonization of the

root system, F. graminearum can enter the vascular system of the stem and spread systemically
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to aerial plant parts without causing visible disease symptoms in the upper main stem and leaves.
This was a noticeable difference to the heavy symptom development on the root and lower stem
(stem base) tissues associated with FRR susceptibility and to the early senescence of tillers at
later disease stages. Taken together, the observations made in the present study in agreement
with previous work indicate two different colonization strategies used by the pathogen.
Moreover they show, in accordance with previous findings, that the ability to colonize host tissue
and the ability to cause disease seem to be separate traits with independent genetic control
(Jansen et al., 2005; Kogel et al., 2006; Sukno et al., 2008).

The combination of confocal laser scanning microscopy, gPCR-based fungal biomass detection
and ELISA-based DON quantification revealed (i) specific patterns of fungal colonization in the
stem and leaf blade that both differentiate from root colonization; (ii) the fungal ability to reach
wheat spikes at the onset of flowering after seedling and adult plant root inoculations; (iv) the
presence of DON in all plant parts from the roots to the spikes; (v) the importance of the stem
base as the main site of pathogen persistence during later disease stages, probably responsible for
steady hyphae and DON infestations; and (vi) a disease spread that is almost undifferentiated
between the investigated wheat genotypes, after the fungus has managed to migrate into upper

internode(s) of the main stem.

6.3.1 F. graminearum shows specific patterns of colonization in the stem and the leaf
blade

Confocal microscopic analyses of stem base and stem sections have been conducted to
investigate the magnitude and mode of F. graminearum migration into distal plant parts in
consequence of a successful root colonization. At 7 dai the wheat seedling stem base was found
to be composed of three leaf sheaths. In cross sections of Line 1105.16 sampled at 7 dai, F.
graminearum was found to be mainly present in the outer leaf sheath (L1) and to a lower extent
in the second sheath (L2), but was still absent from the central sheath (L3). Interestingly, in both
leaf sheaths fungal hyphae were observed to colonize in the vascular bundles. Especially, in L2
the migration into the vasculature was nearly exclusive since hyphae in the parenchyma were
rare. At 14 dai, except L1 and L2 F. graminearum was also present in the vascular tissues of
stem (Fig. 14f and g). From that timepoint on microscopic examinations showed that colonized
vascular bundles appear dark which indicates cell death or loss-of-function (not shown). A
collapse of vascular bundles after intracellular colonisation has also been reported for FHB
(Brown et al., 2010, 2011; Boenish & Schéfer, 2011).
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Previous studies on FCR caused by F. culmorum (Beccari et al., 2011; Covarell et al., 2012) and
F. graminearum (Stephens et al., 2008) have reported a colonization route via L1 to L3 after
stem base inoculation. Beccari et al. (2011) and Stephens et al. (2008) reported for both
pathogens a colonization of L1 by 2 to 3 dai at the point of inoculation. In both cases L1
infections were associated with small necrotic lesions, while the centre of stem base was not
colonized before 21 to 28 dai. Thus, for both Fusarium species a delayed progression of FCR
disease was reported between 2 to 21/28 dai. Such a delay in stem base colonization was not
observed in susceptible F. graminearum-wheat root interactions. Stephens et al. (2008)
explained the delayed FCR disease progression with air cavities between each layer of leaf
sheath which seem to represent a stratum of physical barriers restricting lateral shoot penetration
by F. graminearum. This effect will only be repealed by growing internode tissue during the
later stem elongation which permits more rapid colonization of stem parenchyma. The
reasonable possibility of such physical barriers for a lateral pathogen migration together with the
relatively fast stem base invasion support the assumption of an internal, systemic migration route
for FRR. Such an internal route into the stem base could take place via the root-stem junction at
the retained seed coat. For example, it is possible that hyphae migrate into the stem via the joint
epidermis cells and/or parenchyma cells of root and stem, respectively leaf sheath. Beccari et al.
(2011) have observed colonization of parenchyma by F. culmorum 5 dai at the contact point
between root and retained seed. In addition, for FHB Brown et al. (2010) reported that after
floral invasion, the advancing hyphae infected the spike rachis solely via the junctions of
neighbouring parenchyma cells and not through the vasculature. Behind the advancing front of
infection, however, hyphae started to colonise also the vascular bundles. Therefore, a possible
scenario for the fungal migration into the stem base tissue might be that after initial stem base
infection the pathogen turns to an advanced colonisation of vascular tissues, more or less
simultaneously in L1 and L2. In contrast, the rice leaf blast pathogen M. grisea has shown
systemic spread through the vascular tissue from roots into to aerial plant parts (Sesma &
Osbourn, 2004). However, F. graminearum has not been found in the vasculature of roots in the
period between 7 and 28 dai.

Finally, an important finding of the present study was that, in contrast to the roots (Fig. 13c), F.
graminearum predominantly acts as a vascular pathogen in stem and leaf sheath tissues (Fig. 13f
and g), from the first discovery to later disease stages, and from the respective lower stem base to
the stem apex (Fig. 13n, o, p and Q).

The infection of seedling leaf blades probably route via junctions of colonised parenchyma cells

between leaf sheath and leaf blade. This would explain while leaf blade migrations occurred in
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accordance with first colonisations of the stem base. First leaf blade colonisations were observed
in Line 1105.16 at 7 dai. In addition, in all cross sections F. graminearum revealed a highly
specific colonization pattern by being exclusively present directly beneath or even inside the leaf
hairs (trichomes) and to a lower extent close to substomatal cavities. This pattern was maintained
during the entire examinations period until 28 dai (Fig. 13j, k, I and m). A fungal migration into
the leaf veins and vasculature has never been observed, neither for Line 1105.16 nor for cv.
Florence-Aurore. This indicates a colonization strategy in which trichome (at adaxial and abaxial
surface) and stomata are the preferential targets.

The specificity of F. graminearum for leaf hairs is interesting, because hyphae in root hairs have
never been observed. Moreover, studies on F. graminearum-Brachypodium interactions
demonstrated that the fungus has the ability for an endogenous growth in plant hairs since both
the lemma of florets and the leaf blades were infected via the respective macro-hairs (Peraldi et
al. 2011). In contrast, the latter authors have not found evidence for direct penetration via
stomata which corresponds to observations in the present study that hyphae at stomata were
much less frequent. After the penetration of leaves via their hairs, hyphae were observed within
the cells directly beneath the base of a macro-hair (Peraldi et al., 2011), the same position at
which hyphae were observed in the present study. The following process of leaf colonization was
not examined by Peraldi et al. (2011), but the authors assumed that from there on infection will
proceed, possibly via the globose structures that formed at the base of hairs. At least for FRR no
migration into other tissue such as mesophyll cells was observed in the investigated period. In
contrast to external leaf colonisation (Peraldi et al. 2011), the colonization from inside as a
consequence of FRR was symptomless. This was not unexpected since the pathogen did not
invade the ground tissue involved in regular physiological processes (for example,
photosynthesis or nitrate metabolism and storage).

It is reasonable to ask whether the observed pattern of leaf colonization, indeed, represents a
passage towards the leaf surface to enable the dispersal to neighbouring plants and/or to higher
plant parts such as spikes. After successful spike colonisation by F. graminearum Guenther &
Trail (2005) could demonstrate that by 10-12 dai the pathogen continued host colonization via
the rachis into the stem. Thereby, the fungus developed perithecia on wheat stems as well as on
leaf sheaths, exclusively associated with stomatal openings and silica cells. Moreover, while
perithecia were developed on leaf sheaths, they were not developed at leaf blade surfaces,
instead germinating conidia were observed here. Finally, in accordance with Guenther & Trail
(2005) in the investigated period between 7 to 28 dai no perithecia were observed on leaf blades.

Interestingly, at 28 dai stained hyphae at trichome tips outside the leaf were found indicating a
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possible excite from the leaf. Finally, whether the pattern of leaf colonization observed during
FRR aims at the production of macroconidia (and/or perithecia) at the leaf surface or rather at the
further migration into leaf tissues as suggested by Peraldi et al. (2011) still remains to be

answered.

6.3.2 F. graminearum uses a different strategy for aerial plant colonization than for root
and stem base colonization

Besides the histopathological examinations of stem colonisation during wheat seedling stages,
the potential of F. graminearum to colonize aboveground plant parts up to the developing
inflorescence has been investigated. This examination was accompanied by DON toxin
measurements in all relevant plant tissues and F. graminearum colonization of the stem, leaf and
spike by gPCR. The gPCR detection was preferred since this method is based on natural
amplification or growth, respectively, to detect the fungal presence and was successfully used by
Covarelli et al. (2012) and Mudge et al. (2006) for the same reason. So far, the number of studies
which address this issue is quite limited and contradictory results were reported even if the same
Fusarium species was examined. Moreover, most of the studies cover plant colonization and
DON accumulations that initiate from stem base infection by F. culmorum and F.
pseudograminearum but not from root infection with F. graminearum.

In the presented study only preliminar examinations could be carried out which initially had the
main objective to indentify tissues and timepoints with relevance for further detailed studies, in
case F. graminearum can colonize upper plant parts. However, results from the investigation of
after seedling root and adult plant root inoculations shown F. graminearum can spread from the
roots of wheat into the aboveground parts. Although the preformed fungal biomass and DON
measurements currently represent preliminary data they could already provide aspects of
agricultural relevance which justify a discussion.

The stem colonization as a consequence of root and stem base infection was symptomless and
undistinguishable between the four tested wheat genotypes, Florence-Aurore, Sumai 3, Frontana
and Ning 7840, irrespective of their response during root colonisations (partial resistance or
susceptibility). The reports on plant colonisations by Fusarium pathogens as a consequence of
FCR are similar. One of the most complete studies was conducted by Mudge et al. (2006) who
isolated F. graminearum and F. pseudograminearum from flag leaf nodes and spike tissues after
stem base inoculation of wheat plants at the seedling stage. This is in accordance with
observations made for FRR. Interestingly, as observed in the present study, the systemic

colonisation of aerial plant parts was not associated with visible symptoms apart from necrotic
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lesions at the stem base and lower nodes that are typical for crown rot (Mudge et al., 2006). In
this context, Mudge et al. (2006) suggested that the pathogen had colonised the upper areas of
the host plant as an endophyte or biotroph rather than as a necrotroph as observed at the infection
sites on stem base where necrosis was evident. However, in contrast to Mudge et al. (2006) who
did not observe spike symptoms such as “whitehead” the whitehead symptom was observed in
the present study. After seedling infection of 45 plants tested for each genotype, 21% of cv.
Florence-Aurore, 19% of cv. Sumai 3, 59% of cv. Frontana and 33% of cv. Ning 7840 displayed
this symptom. This was the case although the plants were well watered, a measure that Mudge et
al. (2006) applied to avoid premature plant death and whiteheads. Finally, the possibility that
aerial ascospores or macroconidia originating from the stem base were responsible for upper
plant infestations could be excluded by Mudge et al. (2006). In addition, Poels et al. (2006)
reported the migration of F. graminearum from the infected seeds up to the heads.

Other studies on plant colonization, however, reported that F. culmorum can extensively
colonize stem tissues, but not reach the head by the time of plant maturity (Covarelli et al.,
2012), or it was even concluded that none of the Fusarium species can colonize spikes via stem
colonization (Purss, 1971; Burgess et al., 1975; Snijders, 1990; Clement & Parry, 1998; Moretti
et al., 2014). Different environmental factors and the relative aggressiveness of the different
Fusarium species or strains are probably the reasons for these contrasting results (Diaz &
Mercedes, 2012).

In this context, there is also an ongoing discussion regarding the mode of stem colonization.
Previous papers on crown rot have reported non or only a sporadic colonization of vascular
bundles in the non-inoculated upper internodes by F. graminearum (Mudge et al., 2006) and F.
culmorum (Covarell et al., 2012). Instead, the fungus was microscopically observed in the pith
parenchyma and lumen of stems. Other studies, however, report Fusarium migration into the
vascular system of stem and spike tissues demonstrating that there is no principle limitation for
the pathogen to invade the vasculature. For the stem colonization from an inoculated spike
downwards both modes were observed, a spread via the pith parenchyma and lumen, as well as
via the vascular system (Guenther et al., 2005). In addition, Clement & Parry (1998) observed F.
culmorum hyphae in the vascular system at nodes distant from the point of inoculation. The
mode of fungal spread in wheat from floret to floret within spikelet and from spikelet to spikelet
is through the vascular bundles in the rachis and rachilla. In the vasculature of spike rachis, the
phloem was predominantly the first cell-type to be colonised, followed by the vascular
parenchyma and finally the xylem (Ribichich et al., 2000; Jansen et al., 2005; Brown et al.,
2010; 2011).
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In the present study a nearly exclusive colonization of vascular tissues was observed in leaf
sheath of young stem base through the stem apex at 28 dai. Hence, until the beginning stem
elongation stage (Z32) F. graminearum behaved demonstrably as a vascular pathogen and it is
unlikely that the fungus is changing its mode of spread at later plant developmental stages.
Concerning the absence of the pathogens from the vascular tissues Mudge et al. (2006) stated
that these tissues of wheat are surrounded by a layer of lignified parenchyma cells which could
be difficult to penetrate coming from the adjacent pith parenchyma. In contrast, the lumen would
provide a pathway for vertical growth that is free of host structural barriers and the surrounding
parenchyma cells provide a potential nutrient source, for example stored soluble carbohydrates
(Rae et al., 2005a; Mudge et al., 2006).

In fact, the vascular bundle provides the pathogen both with nutrients and serves as a pathway
for hyphae extension. Some pathogens have been shown to manipulate the sucrose transporter
SWEETSs localized in the plasma membrane of phloem and parenchyma cells for their own
purpose to release more sucrose for pathogen growth (Chen LQ et al., 2010, 2014). Generally, F.
graminearum present in the vasculature of the wheat stem is a competitor for nutrients,
especially during the critical flower development and grain filling phases. In fact, the stems are
the most important sources of carbon for grain filling in cereal crops. This is because water
soluble carbohydrates are mobilized from the stem during the grain filling (Ruuska et al., 2006;
Dreccer et al., 2009; Xue et al., 2013). Moreover, such reserves contribute as much as 70% to
the yield under severe stress (Goggin & Setter, 2004, Ehdaie et al., 2006, Rebetzke et al., 2008).
Therefore, the ability of F. graminearum to occupy and to destroy vascular bundles may be a
main reason for the “whitehead” symptom observed in the present study as a consequence of
FRR. In case of the take-all disease caused by G. graminis whiteheads are accompanied by
premature ripening of the crop. White heads are sterile or produce shrivelled kernels and can
significantly reduce grain yield and quality. Consequently, losses of up to 60% have been
reported in the UK (Sunko et al., 2008).

The role of the DON trichothecene toxin during Fusarium root and crown rot is also still unclear.
On the one hand, it was stated that DON production is not essential for the infection process of
F. graminearum or F. pseudograminearum causing FCR, while the toxin was found to play a
role during the colonization to suppress the produce of cell walls (Okubara et al., 2002; Mudget
et al., 2006; Diamond et al., 2013). For instance, the expression of the Tri5 gene which encodes
the first enzyme of trichothecene biosynthesis was only expressed in the stem and remained
stable between 3 and 28 dai (Mudge et al., 2006). Similar observations have been made for FHB.

Here, DON was found to be unnecessary for the initial infection, but was required for the disease
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spread in the spike rachis (Jansen et al., 2005; Boenisch & Schafer, 2011; Pasquet et al., 2014).
In the spike rachis DON is supposed to play a role in inhibiting plant defence to promote disease
spreading (Bai G et al., 2001; Cuzick et al., 2008; Brown et al., 2011).

On the other hand, in a study on FRR caused by F. culmorum the Tri5 gene was shown to be
consistently expressed in wheat roots at 1, 2 and 3 dai, demonstrating that trichothecenes were
already synthesized during the early stages of infection (Beccari et al., 2011). In co-operation
with the Institute of Inorganic and Analytical Chemistry (JLU Giessen) to establish liquid
chromatography mass spectrometry (LC-MS) as a tool for the rapid detection of the DON toxin
in low quantity plant tissue samples such as FRR infested seedling roots, the toxin presence
could be evidenced at 3 to 7 dai in infected roots of the highly FRR susceptible cultivars Ning
7840 and Tabasco (data not shown). Although this study was not applied to the genotypes used
for light and fluorescence microscopy and did not aim at DON quantification, this finding is
consistent with the observations of Beccari et al. (2011). Moreover, it is consistent with the
observed expression of genes form a recently described putative DON detoxification mechanism
(Gottwald et al., 2012) that were induced in association with partial FRR resistance (Fig. 21)
during the three stages of root infection and colonization. These genes peaked at the colonization
stage Ill. Therefore, the present study indicates that DON released by the fungus probably plays
a similar role for the virulence of F. graminearum to facilitate tissue colonization and
necrotrophic growth as reported for FHB (Boddu et al., 2006; Brown et al., 2010; Boenisch &
Schaefer, 2011). Similarly, the accumulation of DON in the necrotrophic stage Il of crown rot
was found to coincide with necrosis on wheat tissue and a significant increase in fungal biomass
(Desmond et al., 2008; Stephens et al., 2008).

The first ELISA measurements carried out in the present study during a period comprising the
seedling stage around 10 dai (Z 13, three unfolded leaves); early tillering (Z21-22); stem
elongation (Z32) and flowering (Z60-69) demonstrated the continuous presence of DON (Fig.
15b). The DON contamination followed the plant development and fungal spread, and finally
was measurable in roots, stem bases, uppers stems, leave and spike tissues (Fig. 15b). This
observation is consistent with reports from Mudge et al. (2006) and Beccari et al. (2011).
Moreover, similar to the present study, Beccari et al. (2011) detected DON even in those plant
tissues that did not exhibit any symptoms.

In the present study DON concentrations up to 6.0 ppm (the maximum content measurable with
current ELISA assay) were observed in the stem base and spike tissues, whereas they were
always <6.0 ppm in stem and leave samples (Fig. 17). Although the ELISA values in the present
study are are based on one repetition only and are limited by the detectable maximum of 6.0
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ppm, our observations are reminiscent to observations made by Covarelli et al. (2012) who
detected high levels of DON in treated stem bases in the range of 111.0 - 438.0 ppm, while the
levels of DON in the wheat spikes ranged from 1.0 to 11.0 ppm.

The observation of DON in stem, leave and spike tissues very distant from the initial infection
sites (stem bases or roots) raises questions related to the possible origin and role of DON in
higher plant parts, especially since the colonization of upper plant regions is symptomless.
Current observations suggest a double source for DON: first, due to a release from hyphae
(Beccari et al., 2011) and second, due to a transmission into non-infected tissues (Covarelli et al.,
2012).

In case DON is released by the pathogen the absence of visible symptoms associated with DON
could be explained by the relatively low level of DON production in stems as observed by
Stephens et al. (2008), Covarelli et al. (2012) and Moretti et al. (2014) as well as in the present
study (preliminary data). For example, during the movement in the spike rachis and for the
growth in un-infected florets via the rachis nodes trichothecene toxins are released at low levels
to inhibit wheat defence response (Jansen et al., 2005). For FCR, Covarelli et al. (2012)
suggested that DON may also have a role in fungal progression through the plant stem. DON
may be suppresses the production of host defense responses (Okubara et al., 2002; Mudget et al.,
2006; Diamond et al., 2013).

In case of a DON transmission in long distance from heavily colonized stem bases (Covarelli et
al., 2012), observations in the present study suggest transport together with water and nutrients
via the xylem in the vascular bundles. For example, DON was reported to appear in maize and
wheat heads prior to Fusarium hyphae (Young & Miller, 1985; Kang & Buchenauer, 2002;
Covarelli et al., 2012). Particularly, Kang & Buchenauer (1999) proved for FHB that toxins can

be transported in xylem and phloem of the rachis to distal uninfected florets.

6.4  Characteristics of partial wheat resistance against root rot
6.4.1 Systematic examination of pathogen growth patterns and observational studies of
the host-pathogen interaction

For the FCR disease only very few major wheat resistance sources are reported, and compared to
FHB only a limited number of genotypes have been screened since the FCR screening methods
are technically demanding (Wildermuth et al., 2001; Mitter et al., 2006; Li et al., 2008). One
important example is the wheat accession CSCR6 identified in a screening of 2,400 wheat
genotypes (Ma et al., 2010) which carries one of the most stable resistance QTL Qcrs.cpi-3B on

chromosome 3BL. Qcrs.cpi-3B accounts for up to 49% of the phenotypic variance for FCR
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reaction in different genetic backgrounds (Ma et al., 2012) which is similar to the Fhbl QTL of
the genotypes Sumai 3 and Ning 7840 providing FHB resistance (Buerstmayer et al., 2009). Also
similar to FHB, wheat resistance against FCR is partial and a typical quantitative trait (Wallwork
et al., 2004; Collard et al., 2005; Bovill et al., 2006).

Wheat genotypes with partial resistance to FRR have so far not been described and therefore, the
identification of two wheat genotypes (cv. Florence-Aurore and Line 162.11) which show
characteristics of partial resistance to root colonization was one of the major outcomes of this
study. This allowed comparative studies on the growth pattern of F. graminearum in roots of
genotypes with different responses to FRR. To the author’s knowledge, this is the first
comparative study of this kind.

Genotype rankings based on relative fungal biomass (Fig. 6), developmental traits evaluation
(Fig. 7) and the FRR disease index developed in this work (Fig. 8) have uncovered significant
differences between the 12 tested wheat genotypes concerning their respective performance
under FRR. These results were used to define three categories of FRR severity which were
characterized as relative partial resistance, susceptibility and high susceptibility. The respective
disease progression values obtained from a time course study (Fig. 4 and 5; Fig. 16 and 18) were
subjected to rANOVA” statistics to test for significant differences in the dynamics of the FRR
disease process, but also between the three FRR severity categories (Table 3 and 4; Fig. 11).
Finally, based on severity analyses partial resistance to FRR could be explained by relatively low
fungal accumulations in roots and low impacts on the seedling as well as by a specific dynamics
of interactions (Fig. 11a).

By using confocal laser scanning microscopy it was possible to confirm and characterize the
partial resistance in the cultivar Florence-Aurore. For these investigations the Line 1105.16 was
used as a respective highly susceptible genotype (Fig. 9). Combining observations from the study
on FRR severity and the histopathological study, the initial root colonization (phase Il in disease
progression and stage I11 of fungal development) was found to be particularly critical with regard
to the differentiation between partial resistance and susceptibility. While root cross sections of
the susceptible Line 1105.16 at 7 dai were completely colonized including epidermis and cortex,
cross sections of the partially resistant cv. Florence-Aurore showed a remarkably reduced root
invasion since hyphae invasion was restricted to the epidermal layer (Fig. 14e). Only from
timepoint 21 dai on first cortex colonisations by F. graminearum were observable in roots of cv.
Florence-Aurore. Thus, in first instance partial resistance to FRR was found to be characterized

by the un-ability of the pathogen to enter the root cortex layer.
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A similar delayed colonization has been observed for stem base tissues of Florence-Aurore in
accordance with observations made for macroscopic symptoms (Fig. 4g). For the susceptible
Line 1105.16 a successful pathogen migration into the stem base was observed at 7 dai, whereas
at the timepoint 14 dai the investigated stem bases and lower stem parts of Florence-Aurore still
remained almost un-colonized. Instead, at 14 dai green fluorescence signals of non-fungal origin
were detected in all investigated stem sections of partially resistant Florence-Aurore. These
signals were limited to the parenchyma cells in direct contact with the vascular bundles (Fig. 14h
and i). The WGA Alexa Fluor 488® conjugate can selectively bind to N-acetylglucosamine
(GIcNACc) and N-acetylneuraminic acid (sialic acid) residues and therefore, enables the specific
detection of chitin in fungal cell walls (Sahai & Manocha, 1993). However, previous studies
have demonstrated that WGA Alexa Fluor 488® can also label enriched hydroxyproline-rich
glycoproteins, single plant components located in secondary cell walls (Lannoo et al., 2006).
Such glycoproteins can indeed constitute a protective function by cell-wall strengthening
(Chazotte, 2011), and cell wall thickening or deposition of amorphous material within the
vascular bundles of wheat can slow the growth of F. graminearum (Ribichich et al., 2000).
Therefore, it is possible that the observed fluorescence signals represent a plant response to an
initial stem migration by F. graminearum as a plant reaction to specifically protect the vascular
system.

Beccari et al. (2011) observed a similar autofluorescence of cortical cells in seedling roots three
days after F. culmorum inoculation. This autofluorescence just in advance of the fungal hyphal
colonization front was interpreted as evidence for host response. However, hyphae were also
observed in these cells indicating that the autofluorescence did not inhibit penetration of cells.
Indeed, in contrast to cv. Florence-Aurore, the wheat genotype Genio used by Beccari et al.
(2011) was susceptible to FRR and FCR. Thus, in second instance partial resistance to FRR was
found to be characterized by the non-ability of the pathogen to enter the stem tissue and
particularly the stem vasculature.

Finally, three aspects were found to characterise partial FRR resistance: (1) no resistance to
initial epidermis penetration and invasion, but (2) resistance to the infection of cortical root cells
which is assumed to result in a delayed and reduced migration into the stem base, and (3) a
resistance to vascular bundle infection in stem tissues. These findings are in accordance with the
definition that partial resistance is first characterized by quantitative limitation of pathogen
growth (Vergne et al., 2010).

However, confocal laser scanning microscopy in this work has uncovered another aspect, that

partial FRR resistance in the seedling stage is limited. From the timepoint 21 dai typically
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corresponding to the subsequent beginning of tillering (Z21-22), roots and stem tissues of cv.
Florence-Aurore were colonized by F. graminearum (14p). Two explanations for this time-
limited presence of partial FRR resistance during the seedling stages are considered. First, the
fungus overcomes the molecular mechanisms behind partial resistance. Previous reports showed
that Fusarium spp. can release several virulence factors like toxins and extracellular enzymes
that can directly suppress defence mechanisms (Proctor et al., 1995, Kang & Budenauer, 1999,
2000, Phalip et al., 2005, Voigt et al., 2005). Second, the observed partial resistance is plant age
dependent, a scenario that has been suggested by Li X et al. (2010) for the Fusarium seedling
blight disease. The authors observed for the plant cytochrome P450 gene CYP709C1 (Table 2)
clearly association with the resistance reactions in both seedling and spike. The FHB-resistant
genotype Sumai 3 accumulated 7-fold more P450 transcripts than did the FHB-susceptible cv.
Annong 8455, while 84-fold more P450 transcripts were accumulated in the FSB-resistant cv.
Annong 8455 than the FSB-susceptible cv. Sumai 3. In addition, Wu et al. (2005) already
observed a consistent susceptible reaction at the seedling stage for the FHB resistant wheat
cultivars Sumai 3, Wangshuibai, and Fanshanxiaomai and proposed an adult plant resistance
(APR) for these cultivars, reminiscent of APR reported for resistance of wheat to leaf rust
(Seyfarth et al., 1999; Barcellos et al., 2000), stripe rust (Yang et al., 2001), or powdery mildew
(Liu et al., 2001). The hypothesis was supported by the finding that major FHB resistance genes
did not protect against FRR at the seedling stage in the present study (Fig. 9). In fact, for the
development of new resistance strategies it would be of high relevance to obtain more

information on this particular aspect.

6.4.2 Root invasion by F. graminearum is accompanied by plant age dependent activation
of defence responses known from FHB
The molecular responses to root infection by pathogens are largely unknown, as well as root
defence markers were not described (Marcel et al., 2010). To characterize wheat root invasion by
F. graminearum at the molecular level, well-established spike defence genes were analysed
(Table 2). A comprehensive analysis of Fusarium resistance candidate genes in root tissues has
not been performed so far. Generally, for the development of new resistance strategies it would
be necessary to analyze whether the common aetiology found for different Fusarium diseases

may involve the same defence mechanisms and key genes.
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6.4.2.1 Does DON detoxification play a role in partial FRR resistance?

Gene expression in correlation to partial FRR resistance and to the critical main infection and
first root colonization stages I-111 were observed for resistance candidate genes representing a
possible DON detoxification mechanism known from FHB resistance (Gottwald et al., 2012).
TaUGT3 and HvUGT13248 are two DON detoxification genes which encode
glucosyltransferases that can convert DON into the less virulent DON-3-glucosid (D3G) (Ma LL
et al., 2010; Schweiger et al., 2010). Particularly, HvUGT13248 has been identified as
remarkable DON resistance related gene in wheat and barley (Boddu et al., 2007; Walter et al.,
2008; Gardiner et al., 2010; Gottwald et al., 2012) with a proven DON detoxification ability
(Schweiger et al., 2010). Both glucosyltransferase genes were significantly induced in FRR
seedling and adult resistant cultivars around 1 to 5 dai (Fig. 22).

P450 cytochromes form a large protein family which catalyze most of the oxidation steps in the
plant secondary metabolism (Howe et al., 2002; Noordermeer et al., 2001; Weber et al., 2002);
they are also involved in signal transmission of plant defences against insects and pathogens
(Weber et al., 1999). Plant P450 cytochrome genes are known to be induced by the stress
hormone signal methyl jasmonate as well as by fungal pathogens (Kandel et al., 2005; Kong et
al., 2005; Walter et al., 2008). The P450 gene CYP709C1 was initially cloned from wheat and
described as being implicated in plant defense events, particularly with a possible function in
DON detoxification (Kandel et al., 2005). High level expression of CYP709C1 in the FSB
resistant cv. Annong 8455 already indicated a role in the defence against Fusarium pathogens (Li
X et al., 2010). Therefore, CYP709C1 was an interesting candidate to be tested in FRR treated
roots, also because the gene represents a link between the investigated detoxification and JA-
mediate defence mechanisms. In fact, in seedling roots of partially resistant cv. Florence-Aurore
CYP709C1 revealed high expressions with an increasing trend during the period 0.5 to 5 dai and
peaked by 5 dai, a critical timepoint for a successful root colonization (Fig. 22e). A similar
pattern has been observed in adult roots of cv. Ning 7840 which was the best performing
genotype during these plant development stages (Fig. 22f). The observed expression pattern of
CYP709C1 was also in accordance to observations from Li X et al. (2010) and thus, supports
their assumption of APR against Fusarium spp.

The MDR-like ABC transporter gene TaMDR1 was originally isolated from wheat roots as a
candidate gene for aluminum toxicity (Sasaki et al., 2002). TaMDR1 encodes a multidrug
resistance (MDR) protein which is known as a member of the ATP-binding cassette (ABC)
protein superfamily. TaMDR1 was found to be up-regulated in cv. Wangshuibai as induced by

DON and F. graminearum (Shang et al., 2009) and was likewise induced in the FHB resistant
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cultivars Dream and Sumai 3 (Gottwald et al., 2012). Therefore, TaMDR1 was an interesting
candidate to be tested in FRR treated roots. In seedling roots of cv. Florence-Aurore and in the
adult plant roots of Ning 7840 the expression of TaMDR1 peaked much later and only
temporarily compared to the other three genes (Fig. 22 g and h). However, such a later induction
was equally found during gene expression studies in FHB treated spikes of (partially) resistant
cultivars Dream and Sumai 3. ABC transporter genes where generally expressed later than
glucosyltransferase genes (Gottwald et al., 2012).

Three of the four tested genes were similarly expressed the critical stages of infection (stage |
and I, 1 to 5 dai), when in seedling roots of cv. Florence-Aurore the colonization of cortex
tissue was impaired as shown by microscopic examinations. Finally, these observations strongly
indicate that an early induction of a detoxification process essentially contribute to impaired low
fungal biomass accumulations at early disease stages. Second, for all four genes the observed
expression patterns strongly indicate a form of age-related resistance. Moreover, the gene
expressions in adult plant roots compared to seedling roots were more similar to those observed
for FHB (Gottwald et al., 2012). Third, the age-related change of gene expression also supports
the assumption that these detoxification genes play a role for the observed partial FRR resistance
and that the DON toxin is already present at the disease stages | to Ill. There are strong
indications that the FRR disease process is accompanied by the accumulation of trichothecene
mycotoxins such as deoxynivalenol (DON). As mentioned above, Beccari et al. (2011)
demonstrated continuous expression of the DON biosynthesis gene Tri5 in F. culmorum treated
wheat roots at 1, 2 and 3 dai. In addition, in the present study DON was detected from 5 dai on in
infected seedling roots (chapter 6.3.2). The presence of DON is also supported by the appearance
of necrotic lesions on the roots of infected plants. Finally, the activity of DON detoxification was
likewise demonstrated for CYP709CL1 in root and spike tissues by Li X et al. (2010).

It is interesting that in the case of FHB both the toxin release by F. graminearum and the DON
resistance by wheat are typically present during the pathogen spread within the rachis, but not
during the initial penetration of spike tissue (Jansen et al., 2005; Boenisch & Schéfer, 2011;
Pasquet et al., 2014). Moreover, since the genes were induced depending on age- but
independent from genotype and thus, even in the highly FHB susceptible cv. Florence-Aurore, it
is possible that the detoxification mechanism is mainly regulated indirectly via cellular signals
such as MeJA and/or directly via decreased levels of [Ca?*] (Desmond et al., 2008; Merifio-
Gergichevich et al., 2010) and not by the major Fhb1 QTL as stated by Lemmens et al. (2005).
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6.4.2.2 Jasmonate-mediate defence might play a role in partial FRR resistance

Jasmonic acid is a volatile fatty acid-derived compound that participates in response to pathogen
attack (Farmer et al., 1992), especially in the response against necrotrophic pathogens (Li et al.,
2008; Laluk et al., 2010; Ding et al., 2011). Recent reports confirm that the JA pathway is
important for FHB resistance (Li et al., 2008; Jia et al., 2009; Ding et al., 2011; Gottwald et al.,
2012; Xiao et al.,, 2013; Pasquet et al.,, 2014). This pathway includes three steps: 1) JA
biosynthesis; 2) JA signal transduction and finally 3) the expression of JA-responsive genes
(Fonseca et al., 2009). Representative genes for thsee steps were tested for their expression in
roots: The Lox-2 gene is known as a key enzyme in JA biosynthesis (Creelman et al., 1997,
Feussner & Wasternack, 2002; Schaller et al., 2004). The analysed Lox-2 gene was up-regulated
in association with FHB resistance in the cultivars Dream (Gottwald et al., 2012) and Sumai 3
(Zhuang et al., 2013). The genes JAZ, COI1 and MYC2 were identified as resistance associated
and up-regulated in Fusarium spp. treated spikes (Xiao et al., 2013; Zhuang et al., 2013) as well
as the pathogenesis-related proteins PR-4 (Bertini et al., 2003) and PR-14 (Gottwald et al., 2012).

It has been demonstrated that JA-signalling and responses depend on the key compounds COI1,
JAZ and MYC (Chini et al., 2007; Thines et al., 2007). The activation of JA-mediated responses
relies on JA-lle (JA conjugated with isoleucine) promoted protein-protein interaction between
COI1 and JAZ leading to the degradation of JAZ proteins (Devoto et al., 2002). In this way, the
COIl1-dependent removal of pre-existing JAZ proteins provides the liberation of MYC2 proteins
which finally allows transcriptional activation of jasmonate responses. The product of MYC2 is a
key transcriptional activator of JA-regulated gene expression (Lorenzo et al., 2004; Chico et al.,
2008; Katsir et al., 2008; Fernandez-Calvo et al., 2011; Kazan & Manners, 2013). In contrast, a
rapid synthesis of new JAZ proteins ensures the decrease of JA response (Thines et al., 2007),
because it is suggested that JAZ act as repressors of MYC2 (Chini et al., 2007). Moreover, MYC2
and JAZ proteins are associated in a negative feed-back regulatory loop in which MYC2 regulates
JAZ gene expression levels leading to slow down of JA-mediated gene expressions (Chini et al.,
2007; Fernandez-Calvo et al., 2011). Genes encoding PR proteins such as the PR-4 and PR-14
are known targets for JA signalling after fungal attack (Kunkel & Brooks, 2002; Caporale et al.,
2004). For instance, PR-4 can bind to the fungal chitin to “neutralize” the pathogen by inhibiting
Fusarium germination (Hejgaard et al., 1992; Ponstein et al., 1994). Zhuang et al. (2013)
observed that PR-4 is much higher expressed in the case of FHB resistance than susceptibility.

For the genes JAZ, PR-4 and PR-14 expression patterns could be associated to partial FRR
resistance at the seedling stage (Fig. 24a, c, e). However, the patterns were less clear compared
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to the patterns obtained from detoxification genes (Fig. 23). For all three genes infection-related
expressions in adult roots of cv. Florence-Aurore disappeared as observed for the DON
detoxification genes, whereas their expression in post-seedling roots of the genotypes Ning 7840,
Sumai 3 and Frontana was predominant corresponding to their resistance at adult plant stages. In
seedling roots, however, all three genes were induced at 3 dai and JAZ even peaked at 5 dai. The
observed JAZ expression indicates a down-regulation of JA-dependent defence responses, due to
the negative regulatory effect on the transcriptional activator MYC2 (Chini et al., 2007).

In seedling and post-seedling roots Lox-2, MYC2 and COI1 did not show expression patterns that
could be associated to partial resistance or susceptibility, respectively (Fig. 23). The similarly
expression of MYC2 (Fig. 23e and f) in all genotypes can be explained by its wide spectrum of
functional roles, including the natural root development (Grunewald et al., 2009; Sun J et al.,
2009; Chen Q et al., 2011;Yamada et al., 2011; De Geyter et al., 2012). For instance, MYC2 has
a greater effect on root growth in Arabidopsis compared to MYC3 or MYC4 (Fernandez-Calvo et
al., 2011). Therefore, the increased MYC2 activity in infected compared to control roots indicates
a stimulation of root growth and correspondingly enhanced defense response to F. graminearum
invasion in wheat roots.

Currently, the expressions of all six genes in spikes of the FHB resistant cv. Sumai 3 and the
highly susceptible Florence-Aurore is analysed in our lab to examine the possible role of JA-
mediated defence during early disease stages (Fig. A3). The results preliminary hypothesized a
model for resistant pathogen-floret interactions: It is here that the JA-mediated defense response
is activated already 4 h after single spikelet inoculation and remains active until the timepoint 2
dai from which on JAZ gene expression starts to rise until 4 dai. During this time between 4 hai
and 2 dai, expressions of the genes Lox-2, PR-4 and PR-14 were higher in F. graminearum
infected spikelets of Sumai 3 (Fig. A3, A4). In the susceptible genotype Florence-Aurore the
whole process was delayed by about 1 to 2 days and Lox-2 activity occurred at 16 hai that is
about 12 h later (Fig. A3b). The fact that susceptibility is characterized rather by a delayed
response to infection than by a complete absence of a response has previously been observed for
genes associated to DON detoxification, too (Gottwald. et al., 2012; Xiao et al., 2013). This
model tentatively supports the assumption that the JA-mediated defence might be active already
during the first stages of spikelet infection (Gottwald et al., 2012), while detoxification becomes
active during later disease stages (Jansen et al., 2005; Boenisch & Schéfer, 2011; Pasquet et al.,
2014).

Based on the observations made in the FHB study it was suggested that a FRR assay for gene

expression analyses covering a period between 2 hai to 3 dai might lead to clearer insights into



110

early gene activities. Very recently this analysis has been completed for seedling roots of the
genotypes Florence-Aurore, Ning 7840, Sumai 3 and Frontana (Fig. A3). First, relative fungal
biomass values measured at eight timepoints between 0.5 to 3 dai are in accordance with results
from the previous study on FRR severity (Fig. 4 and 5) and thus, the previous assignment of
genotypes to respective severity categories was confirmed. Second, the observed gene
expressions were in accordance with the model hypothesized for FHB. The gene expressions of
Lox-2, PR-4 and PR-14 peaked at 1 dai in roots of Florence-Aurore and remained until 3 dai
(Fig. A3a, A4). For PR-4 and PR-14 (Fig. Ada, c), this is consistent with observations made in
the previous FRR study (Fig. 24c and e). Interestingly, only for the timepoint 1 dai a sudden and
temporary peak was observed for Lox-2 and PR-4 in infected roots of cv. Sumai 3. However,
these inductions amounted at best half to 50% of Florence-Aurore. The strong induction in cv.
Sumai 3 is not unexpected since this variety was characterized as having relatively low RFB
values as shown by genotype ranking (Fig. 6), but with a comparatively high sensitivity to FRR
(see chapter 5.1.4). In Florence-Aurore roots of all three genes were suddenly expressed at 1 dai.
In contrast, the expression of the negative regulator gene JAZ peaked at 3 dai, indicating a two-
day-window until increased JAZ expressions seems to slow-down the JA activation of defence.

Similarly, an induction of several JA-triggered PR-genes was observed at 1 to 2 dai after F.
pseudograminearum inoculation related to partial FCR resistance (Desmond et al., 2006). In
addition, a methyl jasmonate treatment prior to fungal inoculation not only induces related
defence genes, but also significantly delays FCR-lesion development for two weeks in a
genotype-independent manner (Desmond et al., 2006). Moreover, the observed two-day-window
between Lox-2 and JAZ expression is in accordance with observations on FHB. This supports the
assumption of a time-limited activation of wheat defences against initial penetration by F.
graminearum via jasmonate signals. Generally, derivatives of the 13-LOX pathway to which the
Lox-2 gene belongs are precursors of plant defence compounds such as jasmonates (signalling),
thaumatin and phytoalexins (antimicrobial activity), commonly referred to as phyto-oxylipins
(Blée, 2002; Feussner & Wasternack, 2002; Prost et al., 2005). Plant oxylipins are produced
from cuticle-or cell membrane-associated fatty acids often derived via fungal degradation of
plant cuticles or cell membranes (Wasternack, 2007). In fact, changes in membrane lipids such
as phosphatidylcholines (PC) and LysoPCs occur at the site of fungal infection (Tayeh et al.,
2013) and both lipid classes are e.g. involved in the synthesis of jasmonates(van Loon et al.,
2006). The sudden induction of Lox-2 and both PR-genes coincides with first epidermal and
cortical penetrations by F. graminearum at 1 dai during stage | (Fig. 12c and d) and may

represent first, immediate reactions in the partial resistant wheat genotype. In the same way, the
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early induction of JA-mediated defence mechanisms supports the finding of an active root
penetration by infection hyphae. It is interesting to study the expression patterns of these genes
in roots that have been inoculated at an adult plant stage, an investigation that is currently in

progress.

6.4.2.3 Wheat zinc finger protein might be a candidate for a central regulator of
Fusarium resistance

The gene Wzfl is a member of the plant specific Q-type C2H2 zinc finger subfamily, and
contains an ERF-associated amphiphilic repressor (EAR) motif with a general repressor function
(Kam et al., 2008). Several previous studies have characterized zinc finger proteins (ZFPs) as
transcriptional repressors in association with tolerance against biotic or abiotic stresses (Ohta et
al., 2001; Sakamoto et al., 2004; OH et al., 2005; Uehara et al., 2005; Ciftci-Yilmaz et al., 2007).
The possible mechanism of EAR containing repressors is protecting cellular components from
self-inflicted permanent damage by modulating the action of defense and stress responses
(Kazan et al., 2006).

Wzfl was up-regulated after F. graminearum infection in the highly FHB-resistant cultivar
Sumai 3 (Li & Yen, 2008; Gottwald et al., 2012; Zhuang YB et al., 2013). At the seedling stage,
relatively high expression of Wzfl in partially FRR resistant cv. Florence-Aurore appeared
during the infection and colonization phase (0.5 to 5 dai) and peaked at 5 dai. In addition, in a
time-course study covering the period between 2 hai and 3 dai, similar expressions were found
for the timepoints 1 to 3 dai (data not shown). In adult plant roots the early Wzfl expression was
no longer observed in roots of Florence-Aurore, but in roots of Ning 7840 with an induction peak
at 5 dai. Generally, Wzf1 showed an expression pattern highly similar to genes from the DON
detoxification (Fig. 22), particularly with CYP709C (Fig. 23c). The activity of Wzfl on FRR
observed in the present study together with its frequent occurrence in studies on FHB provide
strong indication for this gene being an interesting candidate as a transcriptional regulator

involved in Fusarium resistance.

6.4.2.4 Activitiy of the Fhbl candidate resistance gene in wheat roots

The major FHB resistance QTL Fhbl was initially identified in the Chinese cv. Sumai 3
(Waldron et al., 1999; Bai G et al., 1999). Wheat genotypes carrying Fhbl typically have a high
ability to convert DON into DON-3-O-glycoside. Therefore, Fhbl was assumed to encode or
regulate a DON-specific glucosyltransferase (Lemmens et al., 2005). More recent efforts of fine

mapping were able to locate Fhbl to a 261kb genomic region in wheat which contains seven
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putative genes which, however, were found to be unfunctional (Liu S et al., 2008). In a combined
approach including transcriptome analysis, genetic studies, expression QTL (eQTL) mapping
and physical mapping, the functional gene WFhb1 c1 has been identified as co-segregating with
Fhbl and therefore, was assumed to be a strong candidate for the Fhbl locus (Li & Yen, 2008;
Basnet et al., 2012; Zhuang YB et al., 2013).

Further, Zhuang YB et al. (2013) assumed that the WFhb1_cl gene encodes a pectin methyl
esterase inhibitor (PMEI). Pectin methyl esterases (PME) can enhance the susceptibility to
fungal cell wall infections since they can hydrolyze pectin compounds in the middle lamella. In
their study WFhb1 c1 showed a non-significant up-regulation in cv. Sumai 3, but a down-
regulation in infected spikes of the FHB susceptible genotype Y1193.6. Therefore, the authors
assumed that down-regulate of WFhbl cl leading to an increased FHB susceptibility. If
WFhbl _cl encodes a PME-inhibitor its down-regulation by the fungus would promote fungal
cell wall infection. On the other hand, in the resistant genotype the gene is constitutively
expressed, but not induced in response to the disease (Zhuang YB et al., 2013). However, in
current work on FHB in our lab a sharp induction of WFhb1_c1 has exclusively been observed in
cv. Sumai 3 at 16 hai (Fig. A5), a timepoint was not included in the time-course expression study
by Zhuang et al. (2013). This observation demonstrates an involvement of WFhbl cl1 in FHB
resistance, not in the sense of a functional role as stated by Zhuang et al. (2013) In fact, the
sequence similarity between WFhb1_c1 and the PME-inhibitor gene from Arabidopsis was low
(Zhuang et al., 2013) and thus, WFhb1 _c1 is thought to be a gene that directly causes Fusarium
resistance, instead of indirectly reducing susceptibility by lack of expression.

This assumption is consistent with the FRR resistance-associated expression patterns in seedling
and post-seedling roots which show a gene activity from 0.5 dai on until 21 dai (Fig. 25c and d).
If the gene expression in consequence of FRR disease can be confirmed than it is questionable
whether WFhb1 c1 really represents the major gene behind the Fhbl resistance-QTL, because

the cultivars Florence-Aurore and Frontana both do not carry Fhbl.

6.4.2.5 Are resistances of wheat against FRR, FCR and FHB different?

Stephens et al. (2008) reported significant similarities in the F. graminearum gene expression
between early stages of FHB and FCR. Moreover, corresponding to the present study they found
that the early pathogen-wheat stem interactions are characterized by three distinct stages. Beyond
that they could demonstrate that each stage is associated with a specific fungal gene expression
program. During the stages | and Il F. graminearum was found to express a large number of

genes to facilitate host penetration and first establishment inside plant tissues (317 genes up-
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regulated), while already at stage Ill during the further tissue colonisation considerably fewer
genes were expressed (25 genes up-regulated). Generally, Stephens et al. (2008) concluded that
especially the stages I to 111 in the pathogen-host interaction are most critical for F. graminearum
since they determine whether the pathogen can successfully colonize the plant or not. Besides the
expression of pathogenesis-related plant genes, several fungal genes observed in planta seem to
have protective functions. Stephens et al. (2008) compared their expression data from stem base
tissues with published data on fungal gene expressions during the FHB disease in wheat and
barley. Particularly during the early disease stages high similarities between the respective
infection-related gene expression patterns were uncovered.

This observation initially leads to a hypothesis assumed in the present study. The pathogen
possibly expresses a similar set of genes for the invasion of different plant tissues, as stated by
Stephens et al. (2008). This is supported by observations in the present study (chapter 6.2.3)
demonstrating that a similar set of fungal developmental events is present during wheat root and
floret penetration. Therefore, it is reasonable to assume that comparable similarities should be
present regarding the molecular and cellular responses of different tissues.

In this context it was remarkable that all putative wheat resistance genes analysed in the present
study showed high activities between 1 to 5 dai, a period in which, on the other side, the
pathogen was found to express the majority of pathogenesis-related genes and which has been
described to be most critical for disease establishment (Stephens et al., 2008). An intense
molecular crosstalk seems to occur during this early disease stages in which the analysed wheat
genes was probably part of an immediate plant response to the arsenal of virulence factors
released by F. graminearum. However, this hypothesis needs further confirmation. In contrast, in
susceptible wheat responses gene activities occurred much later, typically around 10 to 21 dai.
This phase during the FRR disease development is accompanied by the systemic spread into
aerial plant parts in consequence of successful root colonisation. Nevertheless, strong indications
were found for a high similarity among Fusarium disease particularly during the early stages
which is an important finding also with respect to understanding wheat defences against early
FHB development. Such knowledge will help to finally propose effective strategies to breed
resistant varieties for a better control of devastating Fusarium diseases.

There is still an ongoing discussion whether resistances to FHB and FCR in wheat are
genetically related. The current status based on QTL studies is that despite a common aetiology,
different host genes are involved in the resistance against head blight and crown rot of wheat
(Xie et al., 2006; Li HB et al., 2010). In their study using the winter wheat cv. Ernie resistant
against FHB and FCR Li HB et al. (2010) found that QTL conferring resistance to the two
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diseases were located on different chromosomes (Li HB et al., 2010). In fact, published major
QTL against FCR (Zheng et al., 2014) and FHB (Buerstmayr et al., 2009) do not share the same
chromosomal locations. Miedaner et al. (1997) also reported a lack of association between
Fusarium root rot and head blight resistance in winter rye (Secale cereale). Corresponding
Fusarium-wheat root interactions have not been considered so far. Nevertheless, Li HB et al.
(2010) did not exclude that genes affecting both diseases may exist. In fact, similar resistance-
associated gene expressions in spike and stem base tissues (Li HB et al., 2010) demonstrated that
genes with putative defence functions can be found in different plant tissues infested by
Fusarium

In the present study the FRR and FHB reactions of wheat genotypes did not show a strong
correlation: major FHB resistances as present in the cultivars Sumai 3 and Ning 7840 did not
protect against FRR in seedling stages (Fig. 9). This observation initially supported the
assumption of a lack of genetic association between genes conferring resistance to these two
diseases and was in contrast to the hypothesis that both diseases may have similar resistant
mechanism. One explanation for the discrepancy between wheat responses to FRR and FHB
would be an age-dependent response of wheat against Fusarium spp. similar to an APR as
mentioned before. QTL studies on FCR were typically carried out with plants in the seedling
stage (Collard et al., 2005, 2006; Bovill et al., 2006, 2010; Ma et al., 2009; Li HB et al., 2010),
whereas FHB studies necessarily have to be performed at adult plant stages. Only a single FCR
study has been done on adult plants (Wallwork et al., 2004). Moreover, only a single QTL study
reports on FCR resistance in both seedlings and adult plants and, in fact, has demonstrated that
QTL for seedling and adult plant resistance were located in different genomic regions of bread
wheat (Poole et al., 2012). However, the respective genetic studies on seedlings and adult plants
were performed using different mapping populations and environmental conditions (greenhouse
vs. field). Already Mesterhazy (1987) suggested that discrepancies in resistances against
different Fusarium diseases could be explained by the fact that some genotypes may express
seedling and adult plant resistances simultaneously, while others may not.

To test whether the responses to FRR are vary between different developmental plant stages
wheat roots which were inoculated with F. graminearum. In fact, within the selected set of four
genotypes wheat responses were different at post seedling stage from FRR at seedlings.
Especially, the contrasting wheat responses - partial resistance versus high susceptibility - were
found to be reverse. Morever, between FHB and FRR a similar wheat responses could be
observed. This inversion of wheat responses to FRR was accompanied by different expression of

the putative resistance genes. Both findings support the assumption of an age-dependent wheat
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response against Fusarium spp. reminiscent of APR as described for several biotrophic fungal
diseases (Seyfarth et al., 1999; Barcellos et al., 2000; Liu et al., 2001; Yang et al., 2001). The
observed inversion can also explain the time limitation in the partial FRR resistance of Florence-
Aurore which seems to change around the beginning of plant tillering (Z21-22).

In fact, APR is typically initiated at the tillering stage, the transition from the seedling to adult
growth stage, and effective throughout the whole adult stages (Mallard et al., 2008; Ingala et al.,
2012). Another, specific type of resistance is the high-temperature, adult-plant resistance,
initiated at the tillering stage which is usually quantitatively inherited, as shown in stripe rust of
cereals (Line, 2002). Changes in disease resistance phenotypes associated with the plant
physiological age have also been reported for other fungal diseases. For instance, Mallard et al.
(2008) have reported for the resistance of wheat against the yellow rust pathogen Puccinia
striiformis that the resistant/susceptible cultivar seems to modify the expression of some
defence-related genes during its transition from the seedling to adult growth stages. Ingala et al.
(2012) reported that the wheat leaf rust resistance genes Lr27 and LrSV2 were detected each at
the seedling and at adult plant stage. The rice variety Wase Aikoku 3 is not resistant to the blight
pathogen Xanthomonas oryzae in the seedling stage, but shows resistance in the adult plant. Here,
Peng & Zhang (2009) found that most polymorphic loci have a higher level of methylation in
adult plants than in seedlings, which may contribute to adult plant resistance (APR) in rice plants.
Besides the methylation as a possible mechanism behind age-dependent transcriptional changes,
genetic factors could also account for such changes. For instance, the Arabidopsis gene NPR1
was found to cause inverse responses to FSB (susceptibility) and FHB (resistance) in the same
transgenic wheat line via the regulation of the respective resistance QTL (Gao CS et al., 2013).
In addition, common signal transduction pathways were found to activate defence genes against
seedling FCR and adult plant FHB such as the pathogeneses-related gene PR-1 (Gao CS et al.,
2013) and different P450 cytochrome genes (Li HB et al., 2010; Li X et al., 2010).

The hexaploidy of bread wheat allows asking whether and to which extent polyploidy
contributes to age-dependent gene expression. Polyploidy has extensive effects on gene
expression since duplicated genes/genomes typically diversify in function or undergo
subfunctionalization (Adams & Wendel, 2005). In fact, the expression of most genes depends on
regulatory networks, such as transcription factors that are organized in hierarchies. Polyploid
networks are much more complex than diploid networks due to possible (much) higher numbers
of alleles and regulators. Hence, the overall effects on the expression of genes at the ends of
regulatory cascades are difficult to predict, but in some cases, altered interactions could change

the developmental timing or tissue specificity of gene expression (Osborn et al., 2003; Adams &
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Wendel, 2005). Whether the polyploidy of bread wheat has an effect on the observed changes in
FRR phenotypes is a question that is currently addressed in our lab (data not shown).

Finally, the assumption of the present study that the changes in the wheat response to FRR
probably associated with the physiological plant age, respectively with transcriptional changes of
defence-related gene expressions is also supported by the observation that the expression
patterns of candidate resistance genes were similar to those previously observed for FHB. These
FHB related patterns were characterised by early-stage and steady-state inductions associated
with resistance, while transcript induction generally occurred later and temporarily in the
susceptible cultivars (Gottwald et al., 2012). To conclude, already Mesterhazy (1983) suggested
that breeding for Fusarium resistance in the seedling stage together with breeding for adult
resistance (FHB), may help to significantly enhance overall (wheat) crop resistance to Fusarium

damage on crowns, roots, or spikes.
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7 Summary

In the present study the F. graminearum-wheat root pathosystem has been systematically
examined. This pathosystem represents a complex of Fusarium diseases including root rot
(FRR), crown rot (FCR) and seedling blight (FSB). Several molecular tools are nowadays
available for investigating plant-host pathosystems including virulence determinants and
resistance research. The knowledge on the mechanisms of Fusarium pathogenesis is still
relatively sparse, particularly in case of soil-borne diseases. However, such knowledge is
required to exploit molecular tools and currently available ‘omics’ technologies to support
research towards the implementation of efficient and sustainable defense strategies.

A comprehensive bioassay has been established to study and elucidate the causes and features of
FRR, a hidden disease which affects below-ground plant parts. The bioassay combines different
phenotypic evaluations, such as qPCR-based quantification, size measurement and symptom
rating as well as statistics. The combined bioassay yielded consistent and significant results
which prove its usefulness for resistance research and wheat breeding.

The FRR bioassay combined with different microscopy techniques was applied for studies of
plant-pathogen interaction in a set of 12 diverse wheat genotypes. An important result of the
studies was the identification of different wheat responses ranging from partial resistance to high
susceptibility. Partial resistance was characterised by an impaired fungal accumulation in roots
accompanied by a delayed disease spread better plant performance (biomass production, yield,
etc.). This was confirmed by comparative confocal laser scanning microscopy of the partially
resistant cv. Florence-Aurore and the highly susceptible Line 1105.16. A reduction of root
biomass was the most severe effect on wheat caused by root rot, most probably responsible for
the negative effects on seedlings and plant fitness. Finally, the phytopathological and
histopathological examinations carried out in this study allowed the definition of three distinct
phases of FRR disease comprising i) root infection; ii) root colonization at infection sites; and iii)
progressive root colonization accompanied with a successful disease spread. The first two phases
were found to be critical for the disease establishment and therefore, provide targets for further
research and selective phenotyping in the course of genetic studies and/or wheat breeding.
Soil-borne inoculum and root infection were found to be significant components of the F.
graminearum life cycle, although the pathogen is usually regarded as affecting above-ground
plant parts. In addition, it was demonstrated that the life cycle of the pathogen shares common
features with other root-infecting fungi. This explains the observed high capability of F.

graminearum to infect wheat roots. In fact, microscopic examinations demonstrated the early
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formation of fungal structures on root surfaces which either serve for an active root penetration,
or for repeating infection stages and further soil contamination.

An important outcome of this study was the discovery that upon successful root colonization, F.
graminearum can enter the vascular system of the wheat stem and spread systemically to leaves
and spikes without causing visible disease symptoms. Tissue-adapted invasion strategies were
uncovered in which the root cortex cells, the vascular stem tissues and the leaf hairs are
preferential targets for colonization. At later disease stages the stem base was increasingly used
as storage for the pathogen and source for the dispersal of mycotoxins and hyphae into the
developing plant, probably contributing to the frequently observed senescence of tillers and
whitehead symptoms. Consequently, at later disease stages the DON mycotoxin was detected in
all plant parts. Thus, FRR has the potential to affect critical growth stages, especially since both
the pathogen and the toxin were detected in spikes at anthesis (flowering).

Major FHB resistance genes were shown not to protect against root rot at seedling stages since
even highly FHB resistant genotypes have shown a high susceptibility to FRR. Hence, there is a
high risk that new elite cultivars with enhanced FHB resistance are susceptible to FRR at
seedling stages. On the other side, besides features that are unique for root rot, other features of
the FRR pathogenesis were reminiscent of spike colonization. The hypothesis that such
similarities of the pathogens activities might be causal for similarities of wheat responses was
strongly supported by the finding that partial FRR resistance is accompanied by the activation of
different defence mechanisms (DON detoxification and jasmonate-triggered basal defence)
known from FHB, too. In roots the tested 12 FHB/DON resistance genes were up-regulated in
the FRR resistant genotype Florence-Aurore which is, however, highly susceptible to FHB.
Nevertheless, the respective expression patterns were basically similar to those in spikes by
covering all phases of main infection and early colonization, indicating perception of the
pathogen by the wheat root. In addition, a zinc finger transcription factor has been reported as an
interesting candidate gene possibly involved in the regulation of Fusarium resistance.

The hypothesis that resistance against Fusarium diseases including FRR and FHB is plant age
dependent has been tested in this study. This hypothesis is supported by the finding that the
transition from seedling to post-seedling stages is associated with changes in wheat responses to
FRR leading similar responses to FRR and FHB. In fact, upon adult root infection the early
resistance of cv. Florence-Aurore turned to FRR susceptibility correlated with absent defence
gene inductions. On the contrary, wheat genotypes susceptible during seedling stages showed
better performances and absence of defence gene inductions. This finding is especially

remarkable since it could also be demonstrate in this study that no fundamental differences exist
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in the course and severity of root rot after seedling and adult root infection, indicating that such
infections can be a major threat even after the seedling stage. These results strongly indicate that
resistance of wheat to different Fusarium diseases may not rely on the presence of different
genes, but rather on transcriptional modifications related to the physiological plant age,
reminiscent of adult plant resistance.

Although many open questions still exist, the results of this study allow the hypothesis that root
infection confers a selective advantage to F. graminearum and therefore, is likely more common
in the field than previously assumed. In fact, due to their saprotrophic life cycle Fusarium fungi
are an integral part of the rhizosphere community to which crop plants are exposed. It has
previously been stated that it would be unlikely that a fungus maintains such an ability if it were
not advantageous since successful root infection is associated with complex, specialized
structures and processes. This insight has major implications for the development of new
strategies for plant breeding and disease control. In fact, growing resistant varieties is the most
promising strategy to protect against FRR since chemical plant protection is ineffective here due
to the specific characteristics of this disease. Consequently, the present study provides new
insights into a long time underestimated threat to wheat production and can provide new
resistance strategies against a complex, multifaceted plant pathogen causing significant damage

to wheat and other cereals.
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8 Zusammenfassung

Gegenstand und Ziel dieser Arbeit war eine systematische Untersuchung des Pathosystems F.
graminearum-Weizen (Triticum aestivum). Dieses Pathosystem beinhaltet einen Komplex von
Fusarium-Krankheiten, die den Weizenbau erheblich beeintrachtigen kénnen; dazu gehdren die
Wurzelfaule (FRR), die Kronenfaule (FCR) und die Ahren-Fusariose (FHB). Unsere Kenntnis
der Mechanismen der Fusarium-Pathogenese ist nach wie vor relativ gering. Dies gilt
insbesondere fiir die bodenburtigen Krankheiten, insbesondere die Wechselwirkungen zwischen
F. graminearum und Weizenwurzeln waren zu Beginn dieser Studie nahezu unbekannt. Eine
umfangreichere Kenntnis ist jedoch Grundlage und Voraussetzung fur eine gezielte Nutzung
molekularer Werkzeuge inkl. ,,Omics“-Technologen zur Unterstitzung der Forschung
hinsichtlich einer Implementierung effizienterer und nachhaltiger Abwehrstrategien.

Ein notwendiger, erster Schritt war die Weiterentwicklung und Anwendung eines zuverlassigen
und praktikablen Bioassay fur die Fusarium-Wurzelfaule, die primdr unterirdische
Pflanzenorgane befallt und sich einer herkémmlichen, friihen Phé&notypisierung entzieht. Auf der
Basis der relativen Pilz-Biomasse (RFB) und verschiedener phanotypischer Parameter (RBR,
RLR, SLR, FSI) wurde ein Fusarium-Krankheitsindex (FDI) entwickelt und fur die
Differenzierung von 12 Weizen-Genotypen bezuglich Resistenz oder Anfélligkeit eingesetzt.
Dieser Index kann fir weiterfiihrende QTL-Analysen und Resistenzziichtung eingesetzt werden.
Diese Untersuchungen zeigten das FRR mit einem breiten Schadspektrum einhergeht, das
signifikante Beeintrachtigungen der Weizenentwicklung sowohl im S&mlings- als auch im
Erwachsenen-Stadium zur Folge hat. Insbesondere die Reduktion der Wurzelmasse erwies sich
als der gravierendste Negativ-Effekt den FRR bei Weizen verursacht. Ein wichtiges Ergebnis
war die Identifikation von zwei Genotypen mit partieller Resistenz gegen FRR. Ferner zeigen die
Untersuchungen zur Wurzelinfektion im S&mlings- und Erwachsenen-Stadium eine inverse
Reaktion des Weizens bezlglich der Wurzelfaule und Ahren-Fusariose. Zudem wurden
Hinweise auf altersbedingte Anderungen in Weizenreaktion auf Fusarium-Krankheiten gefunden,
die bisher in diesem Umfang noch nicht diskutiert wurden.

In einem vergleichenden Ansatz wurden die pilzlichen Strategien der Wurzel- und
Pflanzenbesiedlung in der partiell resistent Sorte Florence-Aurore und der anfalligen Line
1105.16 mittels konfokaler Laser-Scanning Mikroskopie untersucht. Diese Studie ermdoglichte
bisher unbekannte Einblicke in die unterschiedlichen, pflanzen-gewebespezifischen
Pilzstrategien, aber auch in den Charakter der Resistenz gegen FRR. Wahrend die anfangliche

Penetration der Wurzelepidermis noch bei beiden Genotypen beobachtet werden konnte, wurde
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die anschlielende Migration des Pathogens in den Cortex (Rindengewebe) vom resistenten
Genotyp deutlich vermindert.

Eine Resistenz des Weizens gegen die Wurzelinfektion wurde nicht beobachtet, weder im
Samlings- noch im Erwachsenen-Stadium. Tatsachlich zeigten die mikroskopischen
Untersuchungen zur Wourzelinfektion bei Samlingen, das F. graminearum, bisher als
Ahrenpathogen angesehen, tiber komplexe hyphale Strukturen zur Wurzelinfektion verfiigt. Es
wurde eine zwei-phasige Strategie beobachtet bestehend aus (1) Strukturen wie sie von anderen
Wurzelpathogenen bekannt sind, und (2) solchen wie sie von der Ahren-Fusariose bekannt sind.
Dies ist, meines Wissens, im Bereich der Pflanzenpathogene eine Besonderheit. Auch zeigten die
Untersuchungen Dbereits frih nach Inokulation Pilzstrukturen, die zur Vermehrung und
nachfolgende Kontamination des Bodens dienen.

Ein wichtiges Resultat der Arbeit ist die Erkenntnis, dass F. graminearum nach erfolgreicher
Wurzelkolonisierung das Gefalisystem des Weizenhalm besiedeln und sich ohne erkennbare
Symptome in periphére Organe ausbreiten kann. Wie bereits flr die Wurzeln berichtet, ist auch
die Ausbreitung in Halm und Bléatter im resistenten Genotyp deutlich verzdgert und reduziert.
Wahrend das Mycotoxin DON zunéchst nur in der Wurzel nachzuweisen ist, kann es spater in
allen Geweben bzw. Entwicklungsstadien von Weizenpflanzen gefunden werden. Sowohl das
Pathogen selbst als auch das Mykotoxin wurden schlieRlich zu Beginn der Blite auch in Ahren
detektiert. Flr das Pathogen wurde dieses Ausbreitungspotential auch nach Wurzelinokulationen
im Erwachsenen-Stadium beobachtet.

Die phytopathologischen und histopathologischen Untersuchungen im Zeitverlauf ermdglichten
die Definierung distinkter FRR-Stadien: i) frihe Infektion, i) Hauptinfektion, iii) Kolonisierung
der Wurzel und danach auch distaler Gewebe/Organe. Dieser skizzierte Krankheitsverlauf zeigt
Ahnlichkeit mit der FHB-Pathogenese.

Offenbar geht partielle FRR-Resistenz mit der Aktivierung von Abwehrmechanismen (DON-
Detoxifikation und Jasmonsaure (JA)-gesteuerte generelle Abwehr) einher, die schon von FHB
bekannt sind. In den Wurzeln waren FHB- bzw. DON-Resistenzgene in der FRR-resistenten
Sorte Florence-Aurore hochreguliert, obwohl diese gegen FHB hochanféllig ist und alle
getesteten Gene in den Ahren keine Induktion zeigten. In den Wurzeln der FHB resistenten
Kultivare Sumai 3 und Ning 7840 hingegen waren die getesteten Gene nicht induziert, bzw.
wesentlich spéter induziert. Unter den getesteten Genen erwies sich ein Zinkfinger-
Transkriptionsfaktor als interessantes Kandidatengen fir die Resistenzregulation. In einer
vergleichenden Zeitreihenstudie zwischen Wurzel und Ahren konnte gezeigt werden, dass

unterschiedliche Schlusselgene der JA-gesteuerte generellen Abwehr sowohl im Sdmlings- (FRR)
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als auch im Erwachsenen-Stadium (FHB) im Zusammenhang mit Resistenz induziert sind. Auch
fir diese Gene zeigten sich inverse Expressionsmuster hinsichtlich der Genotypen. Dies war
umso interessanter als die Expressionsmuster in Wurzeln grundsatzlich denen in Ahren
entsprachen: Resistenz assoziiert mit frihen und oft anhaltenden Expressionen, die
typischerweise wahrend kritischer Phasen im Krankheitsverlauf gipfeln; Anfélligkeit assoziiert
mit (wesentlich) spateren und oft kurzzeitigen Expressionen. Auch die Studie zu
Genexpressionen erbrachte Hinweise auf altersbedingte Anderungen in Weizenresistenz gegen
Fusarium-Krankheiten. Dazu konnte gezeigt werden, (1) dass die Resistenz gegen Fusarium-
Erkrankungen der unter- und oberirische Pflanzenorgane maoglicherweise hinsichtlich der
beteiligten Gene nicht so verschieden ist, wie bisher in der einschlédgigen Forschung
angenommen wird; und (2) dass sich eine quantitative Resistenz sich nicht notwendigerweise
durch das Spektrum induzierter Gene von einer Anfalligkeit unterscheidet, sondern vielmehr
durch den Zeitpunkt der Geninduktionen.

Sicherlich missen viele Fragen zur den Wechselwirkungen zwischen Weizenwurzeln und
F .graminearum (z.B. hinsichtlich der Resistenzmechanismen und der Epidemiologie im Feld) in
dieser Arbeit unbeantwortet bleiben. Dennoch gestatten die Ergebnisse die Hypothese, dass die
Wourzelinfektion fur F. graminearum einen selektiven Vorteil darstellt und daher im Feld
maoglicherweise weiter verbreitet ist, als bisher angenommen. Tatsachlich sind Fusarium-
Pathogene wegen ihrer primar saprophytischen Lebensweise in der Rhizosphére weit verbreitet
und stellen damit eine unmittelbare Gefahr fir kompatible Nutzpflanzen (Getreide) dar. Die
Befahigung zum Wurzelbefall, ein komplexer und aufwandiger Vorgang, ist ein starker Hinweis
auf den Nutzen dieser Strategie fir das Pathogen. Mithin muss hierauf bei der Entwicklung neuer
Zuchtungs- bzw. Pflanzenschutz-Strategien Ricksicht genommen werden. Tatséchlich ist die
Sortenresistenz die beste Strategie zur Bekampfung von Fusariosen, da chemischer
Pflanzenschutz hier nicht effektiv ist. Diese Tatsache unterstreicht die Bedeutung der
vorliegenden Arbeit: Das Verstandnis eine bisher wenig beachteten Krankheit als ernsthafte
Bedrohung fur die Weizenproduktion ermdglicht nunmehr die Implementierung neuer Strategien
fiir eine Resistenzzilchtung, die sich gegen ein Pflanzenpathogen richten muss, das in seinen

Madglichkeiten vielseitiger ist als bisher angenommen.
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Figure Al: Box plot showing the FDI values for 12 wheat genotypes. The box indicates 75% of the
distribution while the top and bottom box edges denote the first and third quartile. Medians are denoted by
solid black lines. It should be noted, that the grouping of FDI genotype rankings into FRR severity categories
by Mann Whitney U-Test is based on calculated medians (Fig. 9). Whiskers denote the maximum and
minimum values. The box plot helps to understand the grouping of FDI genotype rankings. It also illustrates
the variability inside the category susceptibility leading to two subgroups as well as the subgrouping in the
category high susceptibility. The separation of category partial resistance is explained by minimum median

as well as by relatively low maximum values.
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Figure A2: The mean profile plots displaying ‘Treatment x Time’ interactions during adult plant

stages. The mean profile plots (4 wheat genotypes) show the general trends of change present in the

developments of (a) root biomass; (b) root length; and (c) shoot length for inoculated and non-inoculated

seedlings (two-way rANOVA).
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Figure A3: gRT-PCR results of the genes involved in the JA-signaling pathway in spike and seedling
roots of Florence-Aurore, Sumai 3, Frontana and Ning 7840 after inoculation with F. graminearum
IFAG65. The expression levels on the y-axis were relative to non-inoculated sample from each genotype after
normalization with the wheat Ubiquitin gene. The experiment was repeated (2 replicates), and data were
presented as average+-S.D with n=3. The color bar indicated disease progression of resistant and susceptible

genotypes. Green: early infection; orange: root main infection and colonization.
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Figure A4: gRT-PCR results of JA responsive genes in spike and seedling roots of Florence-Aurore,
Sumai 3, Frontana and Ning 7840 after inoculation with F. graminearum IFA65. The expression levels
on the y-axis were relative to non-inoculated sample from each genotype after normalization with the wheat
Ubiquitin gene. The experiment was repeated (2 replicates), and data were presented as average+-S.D with
n=3. The color bar indicated disease progression of resistant and susceptible genotypes. Green: early

infection; orange: root main infection and colonization.
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Figure A5: gRT-PCR results of FHB candidate gene in spike of Florence-Aurore, Sumai 3 after
inoculation with F. graminearum IFAG65. The expression levels on the y-axis were relative to non-
inoculated sample from each genotype after normalization with the wheat Ubiquitin gene. The experiment

was repeated (2 replicates), and data were presented as average+-S.D with n=3.
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