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  Summary 

1 
 

1. Summary 

 

In contrast to animals and lower plants, male gametes of angiosperms are immobile and 

require transportation via the pollen tube cell to reach the female gametophyte, and together 

complete double fertilization. The path of the pollen tube towards the female gametes is 

guided by different types of signalling molecules, among them are defensin and defensin-like 

(DEFL) cysteine-rich peptides. Although A. thaliana has more than 300 genes encoding 

DEFLs, several of which are involved in plant immunity and cell-to-cell communication 

during fertilization, the roles of most members of this family are unknown.  

 

The main aim of this project was to systematically identify DEFL genes expressed in A. 

thaliana during double fertilization particularly during pollen-tube guidance as well as in 

response to fungal infection. This was accomplished by analysis of A. thaliana transcriptomes 

of pistils selfed, treated with A. lyrata or A. halleri pollen or infected with F. graminearum. 

Candidate DEFLs exclusively expressed in pistils were selected to carry out a detailed 

characterization of their expression in planta. The second objective of this project was to gain 

insight into the molecular basis of Arabidopsis-Fusarium interaction based on the expression 

patterns of DEFLs. A. thaliana is an appropriate translational model for investigating how 

DEFLs counteract F. graminearum infection because the immune response of A. thaliana is 

very well documented.  

 

Analysis of pistil transcriptome data showed that a total of 72 DEFL genes were differentially 

expressed in A. thaliana pistils. Detailed studies of eGFP localization of 25 DEFL candidate 

genes, showed 11 of them were expressed before pollination in specific cells of the mature 

female gametophyte, while four candidates were expressed in mature pollen grains, but not in 

growing pollen tubes. Post-fertilization, most genes expressed in the central cell of the ovule 

were expressed in the developing seed endosperm. Key results hinting at the possibility of 

DEFL involvement in different biological processes are the expression in roots of several 

candidates detected in the gametophytes and the upregulation of LURE1.1 in infected pistils, 

suggesting this known pollen tube attractant might also participate in the immune response. 

Further statistical analysis of candidate DEFL gene expression data, showed there is a high 

correlation between the transcription of those expressed in the central cell of the embryo sac 

and the ones expressed in the synergids, suggesting co-regulated DEFLs play a role in 

guidance of the pollen tube before fertilization and during polytubey block after fertilization.  
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Analysis of the infected pistil transcriptome and the literature suggests specific DEFL genes 

may be part of the first line of defence to F. graminearum via PAMP-triggered immunity 

(PTI). Some of these DEFL genes are regulated as secondary messengers of ROS production 

and also in the downstream process of MAPK signalling cascade. Furthermore, the patterns of 

differential expression of five DEFL genes (PDF1.2a-c, PDF1.4, PDF1.3), hint they are 

possibly regulated by the JA/ET defence signalling pathway during the necrotrophic phase of 

Fusarium infection.  

 

In this context, the detrimental influence of F. graminearum infection in reproduction was 

investigated through analysis of seed development and seed set. This work suggests 

unfertilized ovules are more prone to Fusarium infection and its necrotrophic phase has a 

major detrimental influence in seed development. Furthermore, the reduction in seed set 

observed during Fusarium infection was caused by programmed cell death (PCD) of 

unfertilized ovules as documented by observation of ovule micromorphology in marker line 

AtCEP1-eGFP and analysis of RNAseq data. Specifically, the upregulation of genes encoding 

proteases involved in PCD in the infected pistil transcriptome suggests a mechanism where 

necrotrophic Fusarium obtains nutrients by manipulating the immune response of its host. 

 

Our findings suggest that DEFL genes which are specifically expressed in reproductive tissues 

might play a role in defence and some of them, like LURE1.1 also possess dual function in 

reproduction. We hypothesize that DEFL genes initially had a role in protecting reproductive 

tissues and later on some of them acquired additional roles in cell-to-cell communication 

during pollination. The results of this study are relevant to understand the similarities between 

the processes of double fertilization and the immune response, identify interesting candidate 

genes to address the molecular basis of reproductive isolation and to develop strategies to 

counteract Fusarium head blight, a major crop disease affecting yield and jeopardizing food 

and feed safety worldwide. 
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2. Zusammenfassung 

 

Im Gegensatz zu Tieren und niederen Pflanzen sind männliche Gameten von Angiospermen 

unbeweglich und erfordern einen aktiven Transport zu den weiblichen Gameten über die 

Pollenschlauchzelle.Der Weg des Pollenschlauchs zu den weiblichen Gameten wird von 

verschiedenen Arten von Signalmolekülen geleitet; Darunter kommt defensinähnliche (DEFL) 

cysteinreiche Peptiden eine besondere Bedeutung zu. A. thaliana hat mehr als 300 

DEFL-Gene, die sowohl an der Pflanzenimmunität als auch an der Zell-Zell-Kommunikation 

beteiligt sind,  jedoch sind die Rollen der meisten DEFL-Gene in A. thaliana weitgehend 

unbekannt. 

In diesem Projekt wurde die Analyse von mehreren Pistil-Transkriptomen zur systematischen 

Identifizierung von DEFL-Gene herangezogen. Zu diesem Zweck wurde A. thaliana mit sich 

selbst, gekreuzt und mit den nahestehenden Arten A. lyrata und A. halleri. Um die DEFL 

Gene zu identifizieren, die während der Abwehrreaktion exprimiert wurden, wurden 

Infektionsstudien mit F. graminearum durchgeführt. Kandidaten DEFLs, die ausschließlich in 

Pistillen exprimiert wurden, wurden ausgewählt, um eine detaillierte Charakterisierung ihrer 

Expression in der Pflanze einschließlich Stempel und Wurzeln durchzuführen. Diese 

Informationen wurden verwendet, um ihre möglichen Rolle bei der Befruchtung und  

Infektion zu untersuchen.  

Ein Ziel dieses Projekts war es, einen Einblick in die molekulare Basis der Arabidopsis-

Fusarium-Wechselwirkung zu gewinnen, basierend auf den Expressionsmustern der 

DEFLs.Die Ergebnisse dieser Analyse sind relevant für die Entwicklung von Strategien zur 

Bekämpfung der Fusarium-Kopffäule, einer großen Erntekrankheit, die den Ertrag 

beeinträchtigt und die Nahrungsmittel- und Futtermittelsicherheit weltweit gefährdet. 

Die Transkriptomdaten zeigten, dass insgesamt 72 DEFL Gene differentiell exprimiert 

wurden. Unter diesen wurde LURE1.1, von infiziertem Pistil differentiell exprimiert, was 

nahelegt, dass dieses Peptid mehrere Funktionen haben könnte. Detaillierte GFP-

Lokalisierungsstudien in 25 Kandidaten zeigten, dass 11 DEFL-Gene vor der Bestäubung in 

spezifischen Zellen des reifen weiblichen Gametophyten exprimiert wurden, wohingegen vier 

DEFL-Gene in reifen Pollenkörnern Expression zeigten. Zusätzlich konnte gezeigt werden, 

dass 6 von 15 DEFLs auch in Wurzeln exprimierten. 

Eine weitere statistische Analyse der Kandidaten-DEFL-Genexpressionsdaten zeigte eine 

hohe Korrelation zwischen der Transkription der ausgeprägten zentralen Zelle und jenen, die 

in den Synergiden exprimiert wurden, was darauf hindeutet, dass co-regulierte DEFLs eine 
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Rolle bei der Handhabung des Pollen-Röhrchens vor der Befruchtung und während der Zeit 

spielen Polytubey-Block nach der BefruchtungDer Einfluss der F. graminearum-Infektion bei 

der Reproduktion wurde durch Analyse des Samenkörner je Schote dokumentiert. Hierbei 

zeigte sich, dass die nekrotrophische Phase von F. graminearum einen großen Einfluss auf die 

Samenentwicklung hat und dass die unbefruchtete Eizelle anfälliger für eine 

Fusariuminfektion war, als die umliegenden Zellen. Die Wirkung der Fusarieninfektion auf 

die unbefruchtete Eizelle wurde auch durch die Entwicklungsstudien unterstützt. Die 

unbefruchtete Eizelle unterzog PCD während der F. graminearum-Infektion, die durch die 

PCD-Markerlinie AtCEP1: eGFP beobachtet wurde. Dies wurde durch die Hochregulation der 

Endopeptidase CEP1 und des Ŭ-Vakuol-Verarbeitungsenzyms (ŬVPE) in den 

Transkriptomdaten des infizierten Pistils unterstützt. Somit erscheint es naheliegend, dass F. 

graminearum Toxine die Eizelle manipulieren, um VPE und andere Proteasen zu produzieren, 

welche PCD nach sich ziehen, um Nährstoffe während der nekrotrophischen Phase zu 

erhalten. 

Schließlich kann die Analyse des infizierten Pistil-Transkriptoms und der Literaturanalyse zu 

dem Ergebnis, dass spezifische DEFL-Gene Teil der ersten Verteidigungslinie zu F. 

graminearum über PAMP-getriggerte Immunität (PTI) sein können. Einige dieser DEFL-Gene 

werden als sekundäre Botenstoffe der ROS-Produktion und auch im nachgeschalteten Prozess 

der MAPK-Signalkaskade reguliert. Darüber hinaus deuten die Muster der differentiellen 

Expression von fünf DEFL-Genen (PDF1.2a-c, PDF1.4, PDF1.3) darauf hin, dass sie 

möglicherweise durch den JA / ET-Abwehr-Signalweg während der nekrotrophischen Phase 

der Fusarium-Infektion reguliert werden. 

A. thaliana verwendet DEFLs als einen der Abwehrmechanismen gegen F. graminearum, die 

in die nährstoffreichen Gewebe der Stempel eindringen. Zusammenfassend bestätigen diese 

Ergebnisse die Rolle der DEFLs bei der Pflanzenimmunität im Arabidopsis Pistil. 

Die gezeigten Ergebnisse deuten darauf hin, dass DEFL-Gene, die spezifisch im 

Fortpflanzungsgewebe exprimiert werden, eine Rolle bei der Verteidigung spielen können.  
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3. Introduction 

3.1 Double fertilization  

Double fertilization is the defining feature of angiosperms and was discovered by Nawaschin 

in 1898 (Nawaschin 1898). Double fertilization involves fusion of two sperm cells with the 

egg and central cell to form both embryo and endosperm respectively (Berger et al. 2008). 

The embryo gives rise to the next plant generation which is nourished by the endosperm 

during its development (Bleckmann et al. 2014). Signalling events during pollen-pistil 

interactions are highly orchestrated, which enables plant species to avoid inbreeding and 

encourages outcrossing. The amount and total mass of seed produced by a given species are 

closely linked to successful reproduction, and thus we can consider double fertilization as one 

of the important agronomical traits. Our daily nutrition is highly dependent either directly or 

indirectly on reproductive success of flowering plants. 

 

In angiosperms such as Arabidopsis thaliana (A. thaliana), immotile sperm cells are 

transported by the pollen tube through the transmitting tract towards the female gametophytic 

cells (Dresselhaus et al. 2013). The female gametophyte (embryo sac) consists of seven cells 

and four cell types: three antipodal cells, two synergid cells, an egg cell and a central cell 

(Sundaresan et al. 2010).  

Sexual reproduction in A. thaliana requires a great deal of coordination between gametic cells 

of male and female reproductive organs. There is an active crosstalk between the pollen tube 

and pistil during double fertilization (Dresselhaus et al. 2013). The pollen grains released by 

the anthers are attached to the papilla cells of the stigma by physical adhesion (Dresselhaus et 

al. 2013). This adhesion is called pollen capture and the sporopollenin which makes up the 

exine of the pollen coat plays an important role in that this step takes place in a species-

preferential manner (Swanson et al. 2004). The following stage is the pollen-stigma cross-

linking where proteins, lipids, and carbohydrates of the stigma and pollen membrane interact 

for the first time (Swanson et al. 2004). Subsequently, pollen hydration is regulated by 

plasma-membrane-localized stigmatic proteins along with pollen coat lipids (Dresselhaus et 

al. 2013). Following germination, pollen tubes penetrate the stigmatic tissues by secreting 

digestive enzymes and grow through the transmitting tract of style towards the ovule 

(Swanson et al. 2004). During pollen tube growth, the pollen tube is guided by various 

chemo-attractants present in the pistil extracellular matrix (Dresselhaus et al. 2013). 

Specifically, pollen tube guidance towards the ovule is controlled by two processes known as 

ovular guidance and micropylar guidance (Takeuchi et al. 2012). Ovular guidance is mediated 
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by signals from sporophytic cells, whereas micropylar guidance depends on the female 

gametophytic cells (Berger et al. 2008).  

The pollen tube is guided by cysteine rich peptide LURE which are secreted by the synergid 

towards the ovule (Figure 1) (Dresselhaus et al. 2016). The pollen tube enters the embryo sac 

through the thick synergid cell wall known as filiform apparatus at the micropylar end (Figure 

1) (Eckardt 2007). When the pollen tube comes in contact with one of the receptive synergid, 

the pollen tube ceases to grow and the receptive synergid undergoes cell death. The pollen 

tube discharges  two sperm cells into the cytoplasm of the degenerating synergid in an event 

known as ñpollen tube burstò (Dresselhaus et al. 2016) (Figure 1). The pollen tube burst 

occurs within 20 seconds after entering the female gametophyte (Drews et al. 2011). After the 

pollen tube bursts, the two sperm cells move to chalazal region of the degenerated receptive 

synergid cell within a few seconds (Figure 1). The two sperm cells remain in an immobile 

state in that region for approximately seven minutes (Figure 1). This is followed by the fusion 

of one sperm cell with the egg cell to form the embryo and the other sperm cell fuses with 

central cell to form the endosperm (Hamamura et al. 2012; Dresselhaus et al. 2016).  

 

 

Figure 1: Double fertilization in Arabidopsis thaliana 
 (A)The pollen tube is guided by LURE peptides which is secreted by the synergids. (B)  The pollen tube enters 

the ovule through the micropylar opening into a receptive synergid where it bursts. Two sperm cells are released 

and remain immobile for a few minutes after which one of them fuses with the egg cell to form an embryo, while 

the other sperm cell fuses with the central cell to form the endosperm.Picture modified from (Sprunck et al. 

2015). 
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3.2 The role of cysteine-rich peptides in reproduction 

Cysteine-rich peptides (CRP) is a class of small peptides that constitute around 2% of all 

expressed genes in some plant species (Silverstein et al. 2007). All CRPs have common 

features such as conserved N-terminal region, C-terminal containing 4ï16 cysteine residues, 

and a size of less than 160 amino acid residues (Marshall et al. 2011). CRPs are categorized 

by their primary sequence, the position and number of cysteine residues and the location 

where disulfide bridges form conserved 3D structures (Silverstein et al. 2007). It has been 

reported that several CRPs play a vital role in pollen-pistil interactions during plant 

reproduction  (Marshall et al. 2011).  

Many species of flowering plants have developed a mechanism to prevent self-fertilization 

during pollen-stigma interaction, which is known as self-incompatibility (SI). Among the first 

CRPs where a role in reproduction was described are those involved in SI. SI determinants 

found in pollen and stigma are programmed as a pair in order to control self-non-self-pollen 

recognition (Swanson et al. 2004). An identical interaction between S-allele ligandïreceptor 

activates SI downstream signalling that results in programmed cell death (PCD) (Thomas et 

al. 2004). SI is an important mechanism in plants which aids in maintaining genetic diversity 

by preventing plant species from inbreeding. In Brassicaceae, the male determinant of SI is 

the so-called S-locus cysteine-rich (SCR)/S-locus protein 11 (SP11), which is a CRP from 

those first classified as defensins. SCR is found in the pollen coat and contains eight 

conserved cysteine residues. Binding of SCR/SP11 to the female SI determinant, S-locus 

receptor kinase (SRK) in the stigma triggers signalling pathways that culminate into pollen 

rejection through blocking of pollen hydration and inhibition of pollen tube germination 

(Shiba 2001). In contrast, in Papaver rhoeas, the female SI determinant Papaver 

rhoeas stigma S-determinant (PrsS) encodes a CRP containing four conserved cysteines 

(Figure 2) (Wheeler et al. 2009). During the incompatible pollen grain interaction in Papaver 

rhoeas, papillae cell secretes PrsS which binds to the Papaver rhoeas pollen S-determinant 

(PrpS) and results in PCD of the pollen tube (Wheeler et al. 2010).  

CRPs are also involved in pollen tube growth and guidance. In tomato, pollen-specific 

secreted protein LAT52 interacts with the pollen receptor LePRK2 for pollen germination 

(Figure 2) (Zhang et al. 2008). STIG1 a CRP from the stigma and style interacts with LePRK2 

to promote pollen tube cell growth in the stigma (Figure 2) (Tang et al. 2004). In the 

stigma/style of lily, the stigma/style cysteine-rich adhesin (SCA) along with pectin is involved 

in adhesion of pollen tube and growth through transmitting tract (Figure 2). 
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Figure 2:Schematic diagram showing CRPs involved in communication during plant 

reproduction  
(A) Schematic representation of pollen-tube guidance in Angiosperms. (B) Schematic image representing the 

CRPs SP11, PrsS, SCA, LAT52 and STIG1 involved during pollenïstigma interactions leading to pollen 

adhesion, hydration, germination and pollen tube growth. (C) CRPs such as LUREs, ZmEA1 is involved during 

microphylar guidance prior to double fertilization. Picture modified from (Kanaoka et al. 2015). 

 

LTP5s is secreted from the pollen tube tip in order to maintain the pollen tube polarity 

(Dresselhaus et al. 2013).CRPs have also been reported to act as short-range micropylar 

attractants for pollen tubes. Specifically, defensins such as LUREs are secreted by the 

synergid cells for pollen tube guidance towards ovule (Figure 2)  (Takeuchi et al. 2012). After 

the pollen tube enters the micropyle, Zea mays  defensins ZmES4 secreted by synergid 

ensures pollen tube growth arrest and participates in pollen tube bursting (Amien et al. 2010) 

(Figure 2). ZmES4 interacts with the pollen tube potassium channel KZM leading to an influx 

of K+ which results in uptake of water and subsequently leads to pollen tube bursting (Amien 

et al. 2010).  

3.3 Role of DEFLs in species -preferential manner during r eproduction  

Some of the female gametophyte genes that are involved in the guidance and reception of 

pollen tube may have species preferential interactions, and thereby contribute to establishing 

prezygotic reproductive isolation (Escobar-Restrepo et al. 2007; Takeuchi et al. 2012). 

Interspecific crosses mostly yield none or a reduced number of seeds due to the failure of 
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pollen tube growth arrest and failed pollen tube burst, reminiscent of the fer (feronia)-like 

phenotype (Escobar-Restrepo et al. 2007). The fer-like phenotypes in some interspecific 

crosses strongly suggest that species-preferential signal between the pollen tube and ovules 

mediates pollen tube growth arrest and burst. Prezygotic reproductive isolation takes place 

when this signal is missing in interspecific crosses.  

As mentioned in the previous section, defensins and defensin-like proteins (DEFL) are one of 

the subgroups of CRPs. DEFLs are involved in pollen-pistil interactions in a species-

preferential manner. SCR/SP11 was the first DEFL gene shown to act in species preferential 

manner during SI during pollen-stigma interaction (Boggs et al. 2009). DEFL peptides such as 

LUREs and ZmES4 are involved in pollen tube guidance, pollen tube reception and are 

responsible for the failure of double fertilization events by acting in a species-preferential 

manner during interspecific crosses  (Amien et al. 2010; Takeuchi et al. 2012). The 

consequences of this preferentiality are that LUREs and ZmES4 peptides secreted by female 

gametophyte constitute a mechanism of prezygotic reproductive barrier during interspecific 

crosses. Overcoming this prezygotic barrier would open up possibilities to improve crop 

productivity. Example of overcoming prezygotic reproductive barrier has been reported in T. 

fournieri. A. thaliana LURE peptide was transformed in T. fournieri and T. fournieri ovule 

was able to recognize A. thaliana pollen (Takeuchi et al. 2012).  

 

3.3.1 Arabidopsis species are an ideal experimental model for studying reproductive 

isolation 

 

A. thaliana a selfing species and has strong prezygotic reproductive isolation mechanisms 

triggered when crossed with other species (Grundt et al. 2006). Arabidopsis lyrata (A. lyrata) 

and Arabidopsis halleri (A. halleri) are self-incompatible species that are related to 

Arabidopsis thaliana (Clauss et al. 2006).  

A. lyrata diverged approximately five million years ago from A. thaliana and is a closely 

related species to A. thaliana. A. lyrata is a perennial herb with distribution in the northern 

hemisphere and central Europe in restricted habitats (Schmickl et al. 2010). A. halleri is a 

heavy metal accumulating species which is distributed in central Europe, eastern Asia and 

grows on acidic, neutral and oligotrophic soils. A. halleri is mostly studied for its 

characteristics in tolerance, accumulation of heavy metals, and is an important model of 

studying phytoremediation (Clauss et al. 2006). A. halleri and A. lyrata are outcrossing 

diploids with genomes 50% larger than the A. thaliana genome. They are compatible as 

shown by allopolyploid Arabidopsis kamchatica, a hybrid that originated from the 
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interspecific cross of A. lyrata and A. halleri (Shimizu-Inatsugi et al. 2009). A. thaliana along 

with self-incompatible A. lyrata and A. halleri are ecologically diverged, but occur in 

geographically overlapping region, making them an ideal plant species for studying the 

genetic basis of plant reproductive isolation.  

In recent years, DEFLs in Arabidopsis species have been shown to mediate the 

communication between male and female gametophytes in a species preferential manner, this 

property makes it an ideal gene family for understanding reproductive isolation. For example, 

the transformation of SCR-complexes along with SRK from S-locus of self-incompatible A. 

lyrata to A. thaliana was sufficient to impart SI phenotypes in self-fertile A. thaliana (Boggs 

et al. 2009). 

3.4 Role of defensins in immunity  

Although plants have physical barriers to pathogen entry like the cuticle or bark, the size of 

stomatal pores and alteration of cell walls(Zeng et al. 2010; War et al. 2012), they 

fundamentally rely on an innate immune system (Dodds et al. 2010). Plant innate immune 

responses can be represented using a zigzag model (Figure 3). 

 

Figure 3:Zigzag model of plant innate immunity 
In phase 1, plants detect PAMPs via PRRs to trigger PTI and this is followed by pathogens delivering effectors 

that would interfere with PTI and resulting in ETS. In phase 2, effector is recognized either directly or indirectly 

by an NB-LRR protein, and thereby activating ETI which often cause hypersensitive cell death (HR) and 

production of defence related gene. Picture was taken from (Incarbone et al. 2013) 

 

In the first phase, pathogen-associated molecular patterns (PAMPs) such as chitin, which is a 

part of fungal cell wall component, are recognized by pathogen recognition receptors (PRRs), 

and resulting PAMP-triggered immunity (PTI) stops pathogen growth (Figure 3) (Dodds et al. 

2010). In turn, pathogens deploy effectors which interfere with PTI and results in effector-

triggered susceptibility (ETS) (Figure 3). In the second phase of innate immunity, effectors 

are recognized either directly or indirectly by NB-LRR proteins, resulting in effector-triggered 
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immunity (ETI) (Figure 3) (Dodds et al. 2010).  The molecular events of ETI overlaps with 

those of PTI and specific immune responses for defence (Jones et al. 2006). The plant 

responds to pathogens with diverse defence strategies such as the expression of defence-

related genes, oxidative bursts, increased production of hormones and programmed cell death 

(Wu et al. 2014; Bigeard et al. 2015). Signalling cascades such as the mitogen-activated 

protein kinase (MAPK) pathway, are triggered during the defence response. These cascades of 

protein phosphorylation respond to extracellular biotic stress by activating a wide range of 

cellular responses (Bigeard et al. 2015). 

DEFLs are reported to participate in different biological functions, such as the previously 

described cell-to-cell communication during fertilization and the immune response which will 

be described in the following section. Plant defensins with antimicrobial activity are a vital 

part of the innate immune system of angiosperms (Carvalho et al. 2009). Plant defensins are 

induced as part of defence response to a broad spectrum of fungal plant pathogens and some 

bacteria (Carvalho et al. 2009; Penninckx et al. 2003). Lack of antibacterial activity of most 

plant defensins would possibly be due to the relatively larger infection pressure exhibited by 

fungal pathogens in comparison to the threat posed by bacteria (Thomma et al. 2002). They 

also inhibit the in vitro growth of human pathogenic fungi Candida albicans and 

Saccharomyces cerevisiae (Vriens et al. 2014; Aerts et al. 2011).  

 

Defensins and DEFLs are expressed in all plant tissues reflecting their potential role in the 

systemic response to fungal infection of vegetative tissues or as constitutive defence barrier, 

especially in seeds and reproductive organs (Hegedus et al. 2013). Plant defensins are 

categorized in morphogenic or non-morphogenic according to their effect on the morphology 

of fungal hyphae. While the inhibition of hyphal elongation by morphogenic defensins results 

in hyphal hyperbranching, non-morphogenic defensins inhibit hyphal growth without any 

distortions (Ramamoorthy et al. 2007; Thomma et al. 2002).   

 

Defensins might also counteract the effects of wounding by herbivore insects and parasitic 

plants. For example, the defensin VrD1 from Vigna radiate seeds inhibits insect Ŭ-amylase, 

leading to indigestibility of plant starch in the insect gut. Defensins which have antifungal 

activity do not exhibit Ŭ-amylase activity and vice versa (Thomma et al. 2002; Carvalho et al. 

2009). The sunflower defensin Ha-DEF1 are also involved in the defence against parasitic 

plant Orobanche cumana, which causes severe yield losses on sunflower (Hegedus et al. 

2013).  
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Defensins have several mechanisms of action in order to carry out the defence response. One 

of the mechanisms is by binding to fungal ion channels (Marshall et al. 2011). Blocking of ion 

channels by defensins leads to inhibition of fungal hyphal tip growth and halts fungal 

colonization. For example, RsAFP2 defensins which were isolated from radish seeds 

exhibited antimicrobial activity by affecting K+ and Ca2+ ion transport channels in the fungal 

membrane (Lacerda et al. 2014). Defensins have developed other mechanism to combat 

fungal invasion. For example, they have cationic characteristics and interacts with negatively 

charged plasma membrane components of fungi.  During their interaction, defensins alter the 

fungal membrane by inducing the production of reactive oxygen species (ROS) (Hegedus et 

al. 2013). For example, NaD1 defensin isolated from Nicotiana alata flowers induces 

oxidative damage in Candida albicans by hyperproduction of ROS (Hayes et al. 2013).  

 

Transgenic plants expressing defensins have an increased resistance to fungal pathogens. For 

example, WT1 from wasabi when overexpressed in rice, potato and orchid, resulted in 

increased resistance against Magnaporthe grisea, Erwinia carotovora and Botrytis cinerea 

(Kanzaki et al. 2002; Lay et al. 2005; Stotz et al. 2009). Transgenic tomato plants containing 

defensin Rs-AFP2 decreased the activity of phytopathogenic fungi, including Alternaria 

solani, F. oxysporum, Phytophthora infestans, and Rhizoctonia solani  (Lacerda et al. 2014). 

Overexpression of Rs-AFP2 in transgenic rice (Oryza sativa) reduce Magnaporthe 

oryzae and Rhizoctonia solani infection. These two fungi are the main causative agents for 

rice blast and sheath blight diseases which leads to rice losses in agriculture (Jha et al. 2010). 

Pea defensins enhanced resistance towards blackleg diseases in Brassica napus which is 

caused by Leptosphaeria maculans (Wang et al. 1999). 

3.5 Other functional roles of defensins 

Apart from immunity and intercellular communication during fertilization, plant defensins 

have adopted different roles. For example, AhPDF1.1 from A. halleri has antifungal activity 

and mediates zinc tolerance (Mith et al. 2015). Plant defensins also play a role in regulating 

growth and development of tissue. Specifically, MsDef1, MtDef2, RsAFP2 are all capable of 

inhibiting the growth of plant roots in vitro (Hegedus et al. 2013). The tomato DEF2 is 

expressed during initial stages of flower development and promotes meiosis. The tomato 

DEF2 also influences pollen viability and is also involved in the growth of various organs 

(Stotz et al. 2009). In addition, plant defensins are induced in response to environmental 

stress. For instance, soybean defensin gene Dhn8 was induced during drought stress (Lay et 

al. 2005), NeThio1 and NeThio2 from Nicotiana excelsior are induced in response to salt 
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stress (Lay et al. 2005). Several defensins are also upregulated in winter wheat in response to 

cold induction, and potentially have a role in resistance towards freezing conditions (Gaudet 

et al. 2003).  

3.6 Structure of Defensins  

Defensins are structurally conserved in vertebrates and invertebrates including human 

immune cells. They exist in all plant families, including the Brassicaceae. In the early 1990s, 

defensins were initially documented to have fewer members in Arabidopsis, the scenario 

changed over the years with more in-depth studies which enabled in the identification of 324 

DEFLs including 15 known defensins  (Silverstein et al. 2007).   

Most of the defensins genes that have been identified are composed of two exons: the first 

exon encodes for N-terminal signal peptide, whereas the second exon encodes for the 

cysteine-rich region that forms a positively charged mature peptide (Figure 4) (Silverstein et 

al. 2007). Defensins are categorized into two groups based on precursor proteins. In the first 

group, the precursor protein contains an endoplasmic reticulum (ER) signal peptide sequence 

and a mature defensin domain (Lay et al. 2014). The protein enters into the secretory pathway 

without any post-translational modification or subcellular targeting. The second group of 

defensins comprises of precursor protein with an additional C-terminal prodomain (Lay et al. 

2014).C-terminal prodomain functions in subcellular targeting and is removed by proteolytic 

enzymes while entering through the secretory pathway.   

 
Figure 4:Alignment of different DEFL clusters from Arabidopsis. 
Alignment represents four distinct clusters of DEFLs in Arabidopsis. Identical in clusters are shaded black, 

whereas grey represents similar residues. Signal peptide are box labeled below the alignment. C or G designate 

conserved Cys are box labelled as C and Gly residues are box labelled with G. CSŬ/ɓ and ɔ-core are shown 

below the alignment. Picture taken from (Silverstein et al. 2005). 
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Defensin peptides are usually between 60 to120 amino acids long and have conserved six to 

eight cysteine residues which form intramolecular disulphide bridges (van der Weerden et al. 

2013). Intramolecular disulphide bridges are responsible for the structural and thermodynamic 

stability of the defensins protein. The 3D structure of defensins exhibits a two motif (Figures 

4 and 5).  The first motif consisting of Ŭ -helix connected to triple-stranded, antiparallel ɓ -

sheet by three disulfide bonds forming cysteine-stabilized Ŭ/ɓ motif (CSŬ/ɓ) (Figures 4 and 5)  

(van der Weerden et al. 2013). Defensins have a conserved ɔ-core motif which consists of two 

antiparallel ɓ-sheets with loop region. Positively-charged amino acids located at the ɔ-core 

motif are important for the antimicrobial activity of defensins (Figures 4 and 5) (Yount et al. 

2004).  

 

Figure 5:Three-dimensional structures of plant defensins MsDef1 and MtDef4. 
 MsDef1 and MtDef4 share highly conserved homology sequence. ɔ-core motif is represented in orange color 

which carries net positive charge. The CSŬ/ɓ-core motif is represented in pink color and four disulfide bridges 

are represented in yellow color which stabilizes the defensins. Picture taken from (Sagaram et al. 2011) 

 

3.6.1 Defensins under selection pressure 

 

Plant defence and reproduction, are two highly conserved processes in the plants which are 

dependent on the various environment factor and each of the processes have biotic influence. 

The pathogen-host and male-female gamete interactions have strong selection pressure on the 

molecular evolution of genes (Takeuchi et al. 2012). Gene duplication events along with 

diversifying selection was an important mechanism for plants to evolve in the arms race 

between microbial attackers and host plants. 

Defensins are predicted to exhibit diversifying selection since its primary function is to 

mediate innate host defence and reproduction (Tesfaye et al. 2013). Defensins have been 

detected with diversifying selection in ants due to selection pressure caused by microbial 

pathogens (Viljakainen et al. 2008). The plant defensins tend to show characteristic molecular 

evolution patterns and selection pressure. These interactions, in particular sexual reproduction, 



  Introduction 

15 
 

exert diversifying selection in DEFLs which eventually leads to reproductive isolation from 

other species (Takeuchi et al. 2012).  

Signal peptides of the defensin are conserved, whereas mature peptides of the defensin are 

possibly subjected to diversifying selection which determines the specific function aspects of 

these genes (Silverstein et al. 2005). DEFLs occurs both individually and in clusters 

throughout the A. thaliana genome. The gene duplication followed by successive rounds of 

diversifying selection might have resulted in 100 subgroups of DEFL with different activities 

in A. thaliana  (Tesfaye et al. 2013; Silverstein et al. 2005).   

3.7 Fusarium graminearum 

Fusarium graminearum also known by teleomorph stage Gibberella zeae is a soil borne fungi 

responsible for Fusarium head blight (FHB), a disease from cereal crops which has a dramatic 

effect on productivity and food safety (Kazan et al. 2012). Between 1990 and 2002, FHB 

epidemics resulted in a loss of $3 billion of wheat yield and quality in the USA (Schmale et al. 

2003). 

F. graminearum is a haploid homothallic fungus which has a sexual and an asexual life cycle 

(Schmale et al. 2003). Both life cycle starts with F. graminearum overwintering on infected 

crop residues. During the asexual life cycle, F. graminearum produces macroconidia in 

chlamydospores which enable its survival during unfavorable conditions (Figure 6). 

Macrocondia is dispersed to plants by rain-splash, and wind dispersal allowing to resume a 

new cycle of infection.  

During suitable temperature and humidity, the sexual (teleomorph) stage of F. graminearum 

develops on infested plant debris. They form flask-like fruiting bodies called perithecia on the 

surface of infested residues (Figure 6). In perithecia, the sexual spores (ascospores) are 

formed within sacs called asci and forcibly discharged into the air (Figure 6). Ascospores are 

dispersed to crops by wind and rain. Infection occurs when macroconidia or ascospores land 

on wheat heads and cause mycelium development in aerial parts of the plant (Paul et al. 2004; 

Schmale et al. 2003). Infected seeds might give rise to blighted seedlings if untreated (Figure 

6).  First symptoms of FHB are diseased spikelets demonstrating premature bleaching. F. 

graimearum grows through diseased spikelet and spreads within the head. F. graminearum is 

also a vascular pathogen which can spread from the rachis of infected flowers to the other 

parts of plants through vascular bundles of xylem and phloem (Jansen et al. 2005).   
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F. graminearum is hemibiotrophic pathogen meaning it has both biotrophic and a 

necrotrophic lifestyle (Ding et al. 2011). The biotrophic lifestyle of F. graminearum is 

characterized by intercellular hyphae growth and no intracellular hyphae during the initial 

stages of infection of floral tissues (Brown et al. 2010). This biotrophic phase is followed by a 

necrotrophic lifestyle driven by nutrients obtained by intracellular colonization and host cell 

death. F. graminearum also exhibits saprotrophic growth due to its enzymatic ability to 

degrade crop residues for nutrients (Leplat et al. 2013; Khonga et al. 1988). Thus, F. 

graminearum can adapt to different environment conditions.   

  

Figure 6:Disease life cycle of F. graminearum. 
The F. graminearum overwinters in infested crop residues. Macroconidia are produced in asexual phase from crop 

residues and are dispersed by rain. During favourable conditions, perithecia are formed in crop residues in sexual 

phase. Ascospores are produced from perithecia and dispersed in air. Macroconidia / ascospores infect flower, seeds 

and stems. Mycotoxins are present in infected seeds. Illustration taken from (Trail 2009). 

 

Analysis of the proteome from F. graminearum during plant colonization revealed several 

extracellular proteins that facilitate disease establishment and spread in the plant as well as 

proteins involved in acquiring nutrients (Divon et al. 2007; Paper et al. 2007; Taylor et al. 

2008). Some of the proteins secreted by F. graminearum during pathogenesis contained 

putative secretion signals which might function as effectors to initiate infection (Paper et al. 

2007). Along with this, numerous proteins involved in production of reactive oxygen species 

(ROS) which are linked to pathogenesis are secreted by F. graminearum (Walter et al. 2010), 

such as cell wallïdegrading enzymes (cellulases, hemicellulases, and pectinases) which are 
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secreted in all the phases of diseases in order to manipulate plants physiology for its own 

benefit (Mary et al. 2002; Kikot et al. 2009). Proteases such as subtilisin-like and trypsin-like 

proteases are another important groups of virulence factors that are involved in the 

suppression of plant defence by degrading pathogenesis-related (PR) proteins (Olivieri et al. 

2002; Pekkarinen et al. 2002).  

 

F. graminearum produces deoxynivalenol (DON) and nivalenol (NIV) mycotoxins that are 

fundamentally responsible for the reduced grain quality, yield and toxicity  (Rocha et al. 2005; 

Walter et al. 2010). Mycotoxins even at very low concentrations have adverse toxic effects on 

cattle and humans (Rocha et al. 2005; Sobrova et al. 2010). The DON toxin determines the 

aggressive nature of the F. graminearum to plant tissues and act as an inhibitor of 

biosynthesis of defence related proteins (Rocha et al. 2005; Boenisch et al. 2011).  

 

 F. graminearum is capable of infecting A. thaliana flowers primarily due to the abundance of 

choline and glycine betaine in the anthers as well as the nutrient- rich pistils and developing 

seeds (Strange et al. 1974) (Figure 7). In the infected Arabidopsis tissue, superficial aerial 

mycelium is observed which is influenced by the humidity levels (Urban et al. 2002). It has 

been reported that low concentrations of DON mycotoxin inhibit PCD in Arabidopsis during 

biotrophic phase to favor its growth (Diamond et al. 2013). Meanwhile, high concentration of 

DON along with proteases induces cell death in order to facilitate the necrotrophic phase 

(Diamond et al. 2013).  

 

Figure 7:F.graminearum nfection of Arabidopsis thaliana  
Fusarium graminearum infecting (A)Arabidopsis thaliana floral and (B) silique tissue. Picture modified from 

(Brewer et al. 2015) 

 

BA 
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Controlling of FHB in cereal crop mainly relies on biological measures which includes 

cultivar choice and rotation of crop. Intensive plant breeding and chemical control have 

reduced FHB to an extent. FHB still persists regardless of current control measures and has a 

drastic effect on crop production, livestock and humans. This could be overcome by 

investigating the molecular-genetic interaction that controls F. graminearum pathogenicity 

and plant resistance. In general, plant defence towards F. graminearum involves defence-

response such as salicylic acid signalling (SA), jasmonic acid mediated ethylene signalling 

(JA/ET), ROS and production of defence related proteins. 

Defensins inhibit F. graminearum growth, for example, MtDef4.2, Medicago trunculata 

defensin reduces its virulence by decreasing silique infection and lowering DON 

accumulation (Kaur et al. 2012).  The role of DEFLs in response to F. graminearum in floral 

tissue has not been documented in Arabidopsis thaliana. Finding out which DEFL genes are 

behind resistance towards FHB is vital for genetically improving crop productivity. 
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3.8 Aims of the study 

The molecular mechanism behind the fungal infection and double fertilization have similar 

characteristics. Fungal infection and pollen tube growth during reproduction mirror each other 

with germination followed by invasion of nutrient rich tissues. Arabidopsis pistils are thus an 

ideal system to investigate the molecular aspects shared by fungal hyphae colonization and 

pollen tube growth during pollination.  

 

The primary objective of this project was to distinguish which defensin and defensin-like 

genes (DEFLs) are associated to fertilization as opposed to those involved in the immune 

response, based on their patterns of gene expression in the pistil, 

  

DEFLs involved in both processes have already been characterized, however in A. thaliana, it 

has been reported that nearly 320 DEFL genes are present, yet the role of most of them is 

largely unknown. In this project, analysis of several pistil transcriptomes will  be employed to 

systematically identify DEFL genes expressed in A. thaliana during double fertilization, 

particularly during pollen-tube guidance. For this aim, A. thaliana will  be selfed, and crossed 

with self-incompatible species A. lyrata and A. halleri. In order to identify DEFL genes 

expressed during the defence response, A. thaliana pistils will  be infected with F. 

graminearum. Additionally, DEFL genes expressed in leaves will be identified, in order to 

exclude those that are expressed both in pistils and in vegetative tissue from our studies.  

 

Candidate DEFLs exclusively expressed in the pistils will be selected to carry out a detailed 

characterization of their expression in planta including pistils and roots. This information will 

further be employed to infer their possible roles in fertilization, infection, as well as to 

investigate the influence of fungal infection on fertili zation. 

 

The second objective of this project will  be to gain insight into the molecular basis of 

Arabidopsis-Fusarium interaction based on the expression patterns of DEFLs. A. thaliana is 

an appropriate translational model for investigating how DEFLs counteract F. graminearum 

infection because the immune response of A. thaliana and its genetic basis are very well 

documented. The results yielded by this analysis are relevant to develop strategies to 

counteract Fusarium head blight, a major crop disease affecting yield and jeopardizing food 

and feed safety worldwide. 
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4. Material and Methods  

For all reactions and experiments, only molecular grade and p.a. (pro analysis) chemical 

reagents were used. Molecular biological work was mainly based on published protocols (Green 

et al. 2012). 

4.1 Plant materials and growth conditions  

4.1.1 Surface sterilization of Arabidopsis seeds 

The seeds of Arabidopsis species were taken in 2 ml Eppendorf tube and suspended in 70% 

ethanol for two minutes. Ethanol was discarded from the tube, and 50% volume of bleach was 

added and left for 5-10 minutes. The bleach was discarded and seeds were washed thoroughly 

with a large amount of sterile distilled water. Water is discarded and the washing step is repeated 

three times. 

 

4.1.2 Growth conditions of Arabidopsis species 

Seeds of A. thaliana ecotype Columbia were sown on soil and placed at 4oC for three days in the 

dark to promote seed stratification. Seedlings were grown in long-day conditions (16h at 24oC 

and 8h of 18oC at 60% humidity) to induce flowering.  

Seeds of Arabidopsis halleri ecotype DE-1-Heidelberg were surface sterilized and grown in 

Murashige & Skoog (MS) plates (10 g/L MS medium, 10 g/L Bacto agar, pH 5.8) stratified for 

ten days at 4oC. MS plate with seeds was moved to long day conditions. Germinated plants were 

transferred to soil after two weeks. After two months, the plants with healthy rosettes are 

transferred to a vernalization chamber for ten weeks at 4oC. They were removed from 

vernalization chamber to induce flowering under long day conditions.  

Seeds of Arabidopsis lyrata ecotype Lyrata were surface sterilized. The seeds were kept in 

horizontally placed 15 ml falcon tube filled with sterile distilled water for three weeks at 4oC. 

Germinated plants were transferred to soil and kept under long day conditions. After two 

months, the plants with healthy rosettes were transferred to vernalization chamber for ten weeks 

at 4oC. They were removed from the vernalization chamber to induce flowering under long day 

conditions. 

 

4.1.3 Arabidopsis thaliana root germination in MS plates 

Seeds of DEFLs marker line were surface sterilized and then transferred to MS plates. To make 

sure that roots do not grow inside the gel, the plates were placed at a steep angle. Seeds were left 

to grow for 10-20 days in normal growth conditions and followed by microscopy analysis. 
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4.1.4 Pollen grain germination and tube growth 

In vitro Arabidopsis pollen tube experiments were conducted as described previously by 

(Boavida et al. 2007) except that the pollen germination medium (PGM) was slightly 

modified (1 mM CaCl2 2H2O, 0.01% (w/v) H3BO3, 1 mM CaCl2, 1 mM MgSO4 7H2O, and 

18% (w/v) sucrose, 0.5 %, low melting agar pH 7.5). The A. thaliana flowers were removed 

with a pair of tweezers, and the pollen grain was rubbed on PGM in a Petri dish which was 

kept for 6 hours (hr) at room temperature for germination. 

4.2 Pollination related work 

4.2.1 Emasculation of Arabidopsis species flowers 

The Arabidopsis flower was fixed gently on double sided tape on a microscope slide and 

placed under a 10-20 x magnification binocular. The flower bud was opened by inserting the 

tip of a forceps between petals and sepals. Anthers along petals were removed with the 

forceps from the flower bud. The emasculated pistil was marked with a piece of thread 

around its stem. 

 

4.2.2 Pollination experiments  

Flowers of the Arabidopsis species at developmental stage 12c (Smyth et al. 1990) were 

emasculated and left to recover for 24hr. Non-pollinated emasculated pistils of Arabidopsis 

species were collected after 24hr and quickly frozen in liquid nitrogen. Some of the 

emasculated pistils were pollinated with pollen grains of the respective Arabidopsis species.      

Pistils were collected 8 hours after pollination (8HAP) and immediately frozen in liquid 

nitrogen. To minimize biological variation, three replicates were collected for each 

experiment containing 60 pistils per replicate. A few of the pollinated pistils from each 

experiment were collected and stained with aniline blue to visualize pollen tube growth inside 

the pistil.  

 

4.2.3 Aniline blue staining of the pistils 

The pistil was fixed with absolute ethanol/ glacial acetic acid (3:1) for 1-3 hours. Fixed pistil 

samples were washed three times with sterile distilled water for five minutes followed by 

bleaching with 8N NaOH overnight. Pistils were left in sterile distilled water for three hours, 

changing the water every hour. Pistils were stained with aniline blue (0.1% aniline blue in 

100 ml K3PO4 O.1M) for 30-60 minutes. Stained pistils can be stored at 4oC. Pistils were 

transferred to a slide and observed under a fluorescence microscope at 350-400nm. 
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4.3 Fusarium graminearum work  

4.3.1 Fusarium graminearum strain  

The F. graminearum strain SG005 was provided by Prof. Ralph Hückelhoven, Technische 

Universität München. This Fusarium strain was used in infecting Arabidopsis tissue for 

RNAseq. F. graminearum DsRed strain Fg8/1 was provided by Prof. Wilhelm Schaefer, 

University of Hamburg. This strain was used in Arabidopsis pistils for qPCR studies dealing 

with infection and pollination. 

 

4.3.2 F. graminearum culturing in  potato dextrose agar (PDA) plates 

F. graminearum strain SG005 were grown in ¼ PDA plates (9.75 g/L of PDA) whereas F. 

graminearum DsRed strain Fg8/1 were grown in ¼ PDA plates along with geneticin 

antibiotic (50 ɛg/ml), and both strains were placed at 28oC for 10-14 days.  

 

4.3.3 Preparation of F. graminearum culture for infection 

 5 ml of sterile distilled water was poured on the surface of F. graminearum cultured ¼ PDA 

plate and scrapped with scalpel or microscope slide. The mixture was filtered through an 

autoclaved cotton gauze. Filtrate was added to 50 ml of wheat medium (10 g/L of wheat grass 

powder) or induction medium (1 g/L bacto yeast extract, 0.5 g/L magnesium sulfate 

heptahydrate, 15 g/L carboxyl methyl cellulose, 1 g/L ammonium nitrate, 1 g/L 

monopotassium phosphate, pH 6.5). The culture was incubated at 28oC for 10-14 days in 

dark. The culture containing F. graminearum was filtered through sterile spandex bandage. 

The filtrate was centrifuged at 4oC at 5000 rpm for 20 minutes. Supernatant liquid was 

discarded without disturbing the conidia. Conidia were suspended in sterile distilled water, 

diluted to the concentration ~ 8-9x105 spores/ml and 1% Tween is added. Both strains of F. 

graminearum culture for infection was prepared in the same way. 

 

4.3.4 Inoculation of Arabidopsis species for RNAseq 

Flowers were emasculated and left to recover for 24hr before infection. The Arabidopsis 

plant was floral dipped into conidial suspension for 2-3 minutes. The plants were covered 

with a plastic bag sprayed with water to maintain the relative humidity. Care was taken to 

ensure the plant roots are not waterlogged, which greatly affects normal flower development. 

The plants were incubated in these conditions for 72hr for infection to develop under long 

day conditions. Similarly, Arabidopsis species were treated with sterile distilled water as a 

control (mock treatment). Infected leaves and pistils were collected after 72hr and 

immediately frozen in liquid nitrogen. Three replicates for each condition was collected. A 
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few infected leaves and pistils were collected and visualized by wheat germ agglutinin-

tetramethylrhodamine staining (WGA-TMR) (Hoefle et al. 2011).  

 

4.3.5 Chloral hydrate method for clearing infected tissue  

The infected tissues were fixed overnight in the solution of (9:1) ethanol: acetic acid or in 

fixative solution (750 ml ethanol, 250 ml chloroform, 1.5 g trichloroacetic acid) for two days. 

The tissues were washed with 90% Ethanol for 30 ï 60 minutes and followed by washing 

with 70% ethanol for 4hr. This was followed by washing with distilled water. Chloral hydrate 

solution (2.5 g of chloral hydrate is added to 1 ml of 30% glycerol) was added to washed 

tissue samples and left overnight. This is followed by WGA-TMR staining.  

 

4.3.6 Wheat germ agglutinin-tetramethylrhodamine (WGA-TMR) staining of the pistil 

For WGA-TMR staining, cleared tissue was washed with distilled H2O and incubated for 20 

minutes in 1x PBS buffer (8 g NaCl, 2.8 g Na2HPO4. 2H2O, 0.24 g KH2PO4, and 0.2 g KCl in 

1L water, pH 7.4) and transferred to 5 ml of WGA-TMR staining solution (4900 ɛl 1x PBS, 

50 ɛg/ɛl BSA, and 50 ɛl WGA-TMR). After vacuum infiltration of 20 minutes, leaves and 

pistils were left in the staining solution for at least 24h in the dark at 4oC. Leaves and pistils 

were viewed in a confocal laser scanning microscopy (CLSM; Leica 510; Leica 

Microsystems). WGA TMR was excited by a 561-nm laser line and the emission was 

detected at 571 to 610 nm. 

4.4 RNAseq related work 

4.4.1 Total RNA extraction of tissue samples 

Frozen tissue samples were ground with sterile steel beads. Total RNA was extracted with the 

RNeasy® Plant Mini Kit (Qiagen). 450 ɛl Buffer RLC containing guanidine hydrochloride 

was added to ground tissue. RNA was isolated according to the protocol of the manufacturer. 

In order to remove genomic DNA, the samples were treated with the 80 ɛl DNase set 

(Qiagen) for 15 minutes at room temperature. 350 ɛl of Buffer RW1 was added to the 

RNeasy spin column. RNeasy spin column was centrifuged for 15 seconds and the flow-

through was discarded. 500 ɛl of Buffer RPE were added to the RNeasy spin column and 

centrifuged for 15 seconds at 13,000 rpm. The flow-through was discarded and washing step 

with Buffer RPE was repeated. The RNeasy spin column was placed in a new 2 ml collection 

tube and centrifuge at full speed for one minutes to dry the membrane, then the RNeasy spin 

column was placed in a new 1.5 ml collection tube and 40ɛl RNase-free water were added to 

RNeasy spin column and centrifuged for one minute at 13,000 rpm to elute the total RNA. 
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The concentration of total RNA was determined with the NanoDrop® ND- 1000, whereby the 

quality and integrity of RNA was measured on an Agilent 2100 Bioanalyzer according to the 

manufacturerôs protocol. 

 

4.4.2 Preparation of cDNA libraries for RNAseq and sequencing 

All cDNA libraries were prepared using the TruSeq RNA sample preparation kit (Illumina) 

by the Kompetenzzentrum für Fluoreszente Bioanalytik (KFB) group (Biopark, University of 

Regensburg), starting from 500 ng of total RNA to purify poly-A containing mRNA 

molecules using the TruSeq RNA sample preparation kit (Illumina). The libraries were 

quantified using the KAPA SYBR FAST ABI Prism Library Quantification Kit (Kapa 

Biosystems, Inc., Woburn, MA, USA). Equimolar amounts of each library are pooled, and 

the pools used for cluster generation on the cBot (TruSeq PE Cluster Kit v3). The sequencing 

runs were performed on a HiSeq 1000 instrument using the indexed, 2x100 cycles paired end 

(PE) protocol and TruSeq SBS v3 Reagents. Image analysis and base calling yield in .bcl 

files, which are converted into fastq files with CASAVA 1.8.2 software. Libraries were 

multiplexed in order to obtain between 50-60millions reads with a mean quality score of 37, 

per biological replicate.  

 

4.4.3 RNAseq analysis and transcriptomic analysis of differential gene expression 

The quality of the reads obtained was assessed with FastQC (Babraham Institute 2011) and 

the results employed to trim the first and last 15 residues of every read. The trimmed reads 

were mapped with the CLC Genomics Workbench 7 (Qiagen) with the following parameters 

to the corresponding Col-0 TAIR10 version of the A. thaliana genome or to version 2.0 of the 

A. lyrata genome or to the version 1.1 of the A. halleri genome downloaded from phytozome 

(phytozome.jgi.doe.gov) as follows: mapping only to gene regions A. thaliana or to genic and 

inter-genic regions (A. halleri and A. lyrata), 10 maximum number of hits for a read, both 

strands, count paired reads as two, expression value as total counts, no global alignment, 

similarity fraction=0.8, length fraction=0.8, mismatch cost=2, insertion cost=3, deletion 

cost=3. Variation in the levels of expression between the biological replicates of each 

condition was assessed via box-plots and Principal Component Analysis. In order to maintain 

similar levels of variation between the biological replicates only the two most similar samples 

of each experimental and control conditions were further considered for the analysis of 

differential gene expression. Differential gene expression was investigated with the exact test 

for two-group comparisons incorporated in the EdgeR package (Robinson et al. 2010) 

implemented in the CLC Workbench. In this analysis read counts obtained from each 
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developmental stage in the pollination and infection treatments previously described were 

compared to the corresponding samples of non-pollinated, emasculated pistils of A. thaliana. 

Differentially expressed genes are those that have an FDR-corrected p-value below 0.0005 

and an expression fold change Ó 2 (upregulation) Ò -2 (downregulation) and which are 

expressed with an RPKMÓ 1. 

4.4 Bacterial related work   

4.4.1 Preparation of chemically competent Escherichia coli cells 

A single colony of an Escherichia coli (E. coli) strain DH5Ŭ was grown in LB medium 

overnight at 37°C. On the following day, the culture was diluted in 250 ml LB to about 1:100 

dilutions. The culture was grown at 18°C until an OD600 reaches 0.6. Afterward, the cultures 

were cooled immediately in ice water, centrifuged at 4°C for ten minutes at 3000 rpm. The 

pellet was resuspended in ice-cold TB buffer (10 mM Pipes, 55 mM MnCl2, 15 mM CaCl2, 

250 mM KCl) and kept on ice for ten minutes. Following an additional centrifuging, the 

pellet was gently resuspended in 20 ml ice-cold TB buffer. DMSO was added to a final 

concentration of 7% (v/v). The DH5Ŭ competent cells were aliquoted, frozen immediately in 

liquid nitrogen and stored at -80 °C. 

 

4.4.2 Escherichia coli transformation of ligation reaction 

E. coli DH5Ŭ competent cell was thawed on ice for a few minutes. 1-2 ɛl of the ligation 

reaction was added to the competent cells and incubated for 30 minutes on ice. Competent 

cells were heat shocked for 30 seconds at 42ęC and immediately transferred to ice for 3-4 

minutes. 500ɛl of LB medium was added to the reaction and incubated in a shaker at 37ęC for 

1 hour. Transformants were then plated on LB plates with the appropriate antibiotics and then 

incubated overnight at 37ęC.  

4.4.3. Preparation of competent Agrobacterium cells  

Agrobacterium tumefaciens strains listed below were incubated in LB media without 

antibiotics overnight at 30ęC. The following day, 2 ml of the culture were added to 200 ml 

LB media and incubated at 30°C until the OD reaches 0.7. Cells were harvested by 

LB media composition 

 weight 

Tryptone  10 g 

Yeast Extract 5 g  

NaCl 10 g  

pH was adjusted to 7.0, 15 g/L Bactoagar was added in case to make LB plates and the 

volume was made up to 1L with distilled water.  
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centrifuging at 5000 rpm for 20 min at 4°C and washed with cold TE buffer (10 mM 

Tris/acetate, 1 mM EDTA, pH 8.0). Subsequently, the cells were centrifuged at 5000 rpm for 

20 minutes at 4°C again and finally resuspended in 20 ml cold LB medium. The cells are 

aliquoted, immediately frozen in liquid nitrogen and stored at -80°C. 

Agrobacterium strain Antibiotic Resistant 

GV3101 Rifampicin, Gentamicin 

GV3101:pSOUP Rifampicin, Gentamicin, Tetracycline  

 

4.4.4 Agrobacterium tumefaciens transformation 

Agrobacterium transformation was done with Agrobacterium tumefaciens strains GV3101 or 

GV3101:pSOUP. 1 ɛg of the plasmid DNA was added to 200ɛl of Agrobacterium competent 

cells and incubated for 30 minutes on ice. Agrobacterium competent cells were frozen in 

liquid nitrogen for one minute and transferred to 37ęC water bath until the competent cells 

were thawed. 1 ml of YEP medium was added to competent cells and incubated in a shaker 

for 3 hr. at 28ęC. Agrobacterium cells were centrifuged for 1 minute at 5,000 rpm and the 

supernatant was discarded. The cell pellet was resuspended in 100ɛl of fresh YEP medium 

and transformants were plated on YEP with the appropriate antibiotics. Plates were incubated 

in 28ęC for three days to observe the transformed colonies. 

YEP media composition 

 weight 

Peptone 10 g/L 

Yeast Extract 10 g/L  

NaCl 5 g/L 

pH was adjusted to 7.0, 15 g/L Bactoagar was added in case to make YEP plates, and the 

volume was made up to 1L with distilled water.  

 

4.4.5 Agrobacterium mediated transformation of Arabidopsis thaliana  

Transformed Agrobacterium tumefaciens colony were selected and grown in 15 ml of YEP 

media with appropriate antibiotics overnight at 28ęC in a shaker at 200 rpm. 10 ml of 

miniculture was added to 200-250 ml of YEP media with the appropriate antibiotics and 

grown overnight at same conditions. 500 ɛl of the culture was made as glycerol stock (stored 

at -80ęC). Cells were harvested by centrifugation at 3,500 rpm for 20 minutes and the pellet 

was resuspended in freshly prepared 200 ml of infiltration solution (0.44 g MS including 

MES and vitamins, 40 ɛl Silwet L77, 10 g sucrose). A. thaliana plants were dipped into 

infiltration solution for three minutes and were covered with plastic bags. Plastic bags were 

removed the next day and transgenic plants were transferred after ten days to the greenhouse. 

When the seedlings develop, 200 ɛg/ɛl of BASTA was sprayed four times every four days in 



  Results 

27 
 

order to have BASTA resistant transgenic plants. Each BASTA resistant seedlings were 

transferred to individual separate pots. Transgenic plants were dried for two weeks and 

subsequently seeds were collected. Seeds from the transgenic lines were sown in separate 

pots. They were vernalized for four days and then transferred later to long day conditions. 

The protocol was based on (Zhang et al. 2006). 

4.5 Molecular biology work  

4.5.1 Isolation of Genomic DNA from plants using CTAB method  

Plant genomic DNA was extracted using a modified CTAB method. Approximately 2 gr of 

cauline leaves of A. thaliana were weighed and frozen in liquid nitrogen. Frozen leaf 

materials were ground using a mortar and pestle to a fine powder with liquid nitrogen. The 15 

ml/gr of freshly prepared 2X CTAB buffer (2% CTAB (w/v), 100 mM Tris (pH 8.0), 20 mM 

EDTA (pH 8.0), 1.4M NaCl, 1% PVP ï 10 g) were added to the freshly ground leaf materials 

and placed at 65ęC for 20 minutes and thereafter allowed to cool at room temperature for a 

few minutes. An equal volume of chloroform was added to the mixture and mixed without 

vortexing. The mixture was centrifuged at 5000 rpm for 10 minutes. The supernatant was 

transferred to a separate Eppendorf tube and one volume of 100% isopropanol was added. 

The mixture was allowed to precipitate for about 10 minutes at room temperature and 

subsequently centrifuged at 5000 rpm for 30 minutes at 4ęC. The supernatant was discarded 

and the pellet was resuspended in 1 ml of TE buffer. 3 ɛl of RNase (10mg/ml) were added 

and incubated for 40 minutes at 37ęC. Next ½ volume of phenol and ½ volume of chloroform 

were added to the mixture and mixed thoroughly without vortexing followed by 

centrifugation at 13,000 rpm for five minutes. The aqueous upper phase was transferred to a 

separate Eppendorf with one volume of chloroform and mixed well. The mixture was 

centrifuged at 13,000 rpm for 5 minutes, then ȧ volume of 1M Sodium Acetate along with 

one volume of 100% isopropanol were added to the aqueous phase and incubated overnight at 

-20ęC for DNA precipitation. The overnight mixture was centrifuged for 30 minutes at 

13,000 rpm at 4ęC to precipitate DNA. The pellet was collected by discarding the supernatant 

and washed with one volume of 70% ethanol. The sample was incubated for 15 minutes and 

centrifuged for 30 minutes at 13,000 rpm at 4ęC. Supernatant was discarded from the mixture 

and pellet was dried for 30 minutes at room temperature. Finally, the dried pellet containing 

genomic DNA was dissolved completely in 200 ɛl of sterile distilled water.  
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4.5.2 Primer design 

All primers were designed using the Vector NTI software along with the online website, 

www.oligoanalyzer.com, and ordered from Biomers (Ulm, Germany). The primers used in 

cloning, cDNA synthesis, qPCR, genotyping are listed in the appendix section 9.1. 

 

4.5.3 Polymerase chain reaction (PCR) 

 

4.5.3.1 Amplification of PCR products for cloning  

The PCR amplification was done with KAPA HiFi PCR Kit. Components of the PCR 

amplification reaction are described below. 

 

 

 

 

 

 

Settings used in thermocycler for gradient PCR amplification. 

Step Cycles Temperature Time 

1 1 95°C 3 min 

2  

32  

98°C 20 seconds 

3 60-75°C 30 seconds 

4 72°C 30 seconds/kb 

5 1 72°C 5 min 

6 Pause 4°C Ð 

4.5.3.2 Colony screening from LB plates 

Taq DNA Polymerase kit was used to perform screening of colonies. An individual colony 

from the plate was picked from transformant E. coli with a sterile pipette tip and re-

suspended in 25 ɛl of the PCR master mix. Components for single screening reaction is 

described below: 

Component Volume 

10x Tag buffer 2.5 µl 

dNTP 0.5 µl 

10 µM Forward Primer 1 µl 

10 µM Reverse Primer 1 µl 

2.5 mM MgCl2 3 µl 

Sterile distilled water 16.8 µl 

Tag DNA polymerase 0.2 µl 

 

 

Component Volume [µl] 

5X KAPA HiFi Buffer 0.5 µl 

10 mM KAPA dNTP Mix 0.75 µl 

10 µM Forward Primer 0.75 µl 

10 µM Reverse Primer 0.75 µl 

Genomic DNA 1 µl  

KAPA HiFi 0.5 µl 

PCR-grade water Up to 25 µl 
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Settings used in thermocycler for screening 

 

 

 

 

4.5.3.3 Genotyping of transgenic plants 

Genotyping of transgenic plants was performed with the KAPA3GÊ Plant PCR Kit using 

Arabidopsis leaf samples as the template. ñAfter pipetting the KAPA3G Plant DNA 

Polymerase, a leaf disc of approximately 2-3 mm in diameter was cut from the plant with 

forceps and added to the tubeò (Spalvins, 2016).  Components for a single genotyping 

reaction are described below: 

Component Volume 

KAPA plant PCR buffer 12.5 µl 

10 µM Forward GFP Primer 0.75 µl 

10 µM Reverse GFP Primer 0.75 µl 

Sterile water 10.8 µl 

KAPA3G Plant DNA Polymerase 0.2 µl 

Template plant crude sample  

 

Settings used in thermocycler for genotyping 

Step Cycles Temperature Time 

1 1 95 °C 10 min 

2 step 2 to 4 -40 

repeats 

95 °C 30 seconds 

3 60 °C 30 seconds 

4 72 °C 30 seconds 

5  72 °C 5 min 

6  4 °C Ð 

4.5.4 Digestion of the plasmid  

To perform single or double digestion on the plasmid, several different restriction enzymes 

were employed using the same basic reaction mixture. ñEach digestion reaction was 

incubated at specific temperature and time specified by the manufacturer for each enzymeò 

(Spalvins, 2016). Following components were used for restriction enzyme digest reactions: 

Components Volume 

DNA up to 1ɛg 

10X NE Buffer 2 ɛl 

Restriction Enzymes (HF) 1 ɛl  

Nuclease-free water Made up to 20 ɛl 

Total 20 ɛl 

 

Step Cycles Temperature Time 

1 1 95°C 3 min 

2 25 94°C 30 seconds 

3 Tm 30 seconds 

4 72°C 1 min 

5 Pause 4°C Ð 
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 4.5.5 DNA ligation of digested fragments 

Standard ligation protocol from New England BioLabs® was used. The amount of the insert 

needed in ng for the ligation reaction was calculated using the formula: ng of insert added = 

(kb of insert/kb of vector) x ng of vector.  

The following components were used for ligation reaction: 

Components Volume 

Vector 25-100 ng 

Insert 1:3 molar ratio 

10X T4 DNA ligase buffer 2 ɛl  

T4 DNA ligase enzyme 1 ɛl 

Nuclease-free water made up to 20 ɛl 

Total 20 ɛl 

The ligation mixture reaction was incubated at 16ęC overnight and transformed by E. coli 

competent cells.  

 4.5.6 Agarose gel electrophoresis 

0.7% -1.5% agarose gels were prepared based on the size of the amplicon. Agarose powder 

(peqGOLD universal) was melted in 1X TB buffer (10.8 g Tris-acetate,4 ml 0.5M EDTA pH 

8.0,5.5 g Boric acid) and cooled down. 7 ɛl of Roti® safe gel stain (Roth) were added to 100 

ml of agarose gel and the gel was cast. 3 µl of 6x DNA loading dye were added to 20 ɛl of 

the respective samples and loaded in gel pockets. 10 ɛl of the suitable DNA-ladder were 

applied to the pockets and the agarose gel was run for 45-60 minutes at 125V. The gel was 

photographed using a BioDoc Analyze Biometra Ti5 (Biometra). 

 

4.5.7 Gel Elution 

QIAquick® Gel Extraction Kit was used to extract the desired DNA fragments from agarose 

gels. Desired product was cut from the agarose gel using a clean scalpel and the gel slice was 

weighted. According to the gel weight, three volumes of buffer QG were added and vortexed 

at 50ęC for 10 minutes. One volume of 100% isopropanol was added to the dissolved gel 

sample and mixed thoroughly. The dissolved gel sample was transferred to the QIAquick spin 

column and centrifuged at 13,000 rpm for one minute. Flow-through was discarded from 2 ml 

collection tube and depending on the volume of the sample, centrifugation was repeated. 750 

ɛl of Buffer PE was added to the spin column, allowed to stand at room temperature for two 

minutes and centrifuged at 13,000 rpm for one min. Centrifugation was repeated to remove 

the excess of buffer and to dry the column. Spin column was placed onto a sterile 1.5 ml 

Eppendorf tube. 25 ɛl of sterile distilled water was added to the spin column and was set 

aside for two minutes followed by centrifugation for one minute. After centrifugation, the 

DNA-concentration was measured with a NanoDrop® ND-1000. 
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4.5.8 Miniculture  of bacterial colony 

A fraction of the bacterial colony from the plate was taken with a pipette tip and added to 3 - 

4 mL of LB-medium containing appropriate antibiotic. ñMinicultures were grown overnight 

at 37°Cò (Spalvins, 2016). Antibiotics were added to the following final concentrations:   

Ampicillin  100 ɛg/ml  

Kanamycin  50 ɛg/ml  

Spectinomycin 50 ɛg/ml  

Tetracycline 5 ɛg/ml 

Gentamicin 40 ɛg/ml 

Rifampicin 10 ɛg/ml 

4.5.9 Isolation of plasmid DNA 

 Plasmid DNA was isolated using a high-speed plasmid mini kit from GENEAID. 

Minicultures were harvested by centrifugation at 13,000 rpm for a minute and the supernatant 

was discarded. 200 ɛl of PD1 buffer (stored at 4ęC) were added to the pellet and mixed well 

to completely dissolve it. 200 ɛl of buffer PD2 were added to the mixture and tubes were 

inverted ten times to mix thoroughly, without vortexing. The 1.5 ml tube containing the 

mixture was allowed to incubate for two minutes at room temperature. 300 ɛl of PD3 buffer 

were added to the mixture and mixed by inverting followed by centrifugation for three 

minutes at 13,000 rpm. The supernatant was transferred to the PD column provided in the kit 

and centrifuged for 30 seconds at 13,000 rpm. The flow-through was discarded. 400 ɛl of W1 

buffer was added to the PD column and centrifuged for 30 seconds at 14,000g. The flow 

through was discarded and PD column containing the DNA was washed with 600ɛl of W2 

wash buffer with the ethanol pre-added to it. PD column was centrifuged for 30 seconds at 

13,000 rpm. Flow through was discarded and centrifugation was repeated to dry the column 

completely. DNA was eluted from the PD column by the addition of 50 ɛl sterile water and 

centrifuged for two minutes at 13,000 rpm. The PD column was left at room temperature for 

two minutes to have a good yield of DNA and centrifuged for two minutes at 13,000 rpm. 

The amount of plasmid DNA in ng/ɛl was measured using Nanodrop ® ND-1000. 

 

4.5.10 Cloning strategies 

 

4.5.10.1 pENTR/D-TOPO cloning reaction 

The entry vector with the desired DNA sequence was cloned with pENTR Directional 

TOPO® cloning kit by Invitrogen. 50 ɛL PCR reaction was performed with specific primers 

for amplification of desired DNA sequence and this is followed by elution of DNA sequence 

from the gel using QIAGEN® QIAquick® gel extraction kit. The amount of DNA required 

for pENTR-D/ TOPO entry vector was calculated for 1:1 molar ratio of DNA product: 
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TOPO® vector. The required amount of DNA was added to 1ɛl of TOPO-vector and the 

volume was made to 5 ɛl using sterile distilled water. 1 ɛl of salt solution was added to the 

mixture and incubated at room temperature for 30 minutes. The reaction mixture was 

transformed on DH5Ŭ competent cells and transformants were selected on LB plates with 

kanamycin. 

 

4.5.10.2 LR reaction  

pENTR-D/ TOPO entry vector containing either promoter or coding sequence (CDS) is 

transferred to the destination vector (pB7FWG 2.0 / NLS-GW-3XGFP) to create the 

expression clone using LR recombination reaction. The following components were used in 

the LR reaction mixture: 

Components Volume 

Entry clone  (50-150 ng) -1 -7ɛl 

Destination vector  150 ng/ɛl -1ɛl 

TE buffer, pH 8.0 to 8ɛl 

2 ɛl of LR clonase II enzyme were added to the mixture and incubated for 1hr at room 

temperature. 1 ɛl of proteinase K was added to the mixture for terminating the LR reaction, 

and the sample was incubated for 10 minutes at 37ęC. The reaction mixture was transformed 

in DH5Ŭ competent cells and cultured on LB plates with selective antibiotics 

 

4.5.10.3 Cloning for subcellular localization  

The CDS of the gene of interest (GOI) was amplified from cDNA pools (Arabidopsis 

thaliana fertilized with pollen from Arabidopsis halleri) and the putative promoter of GOI 

was amplified from genomic DNA information obtained from TAIR10 version of the A. 

thaliana genome in https://www.arabidopsis.org. The putative promoter was defined as the 

region of DNA sequence upstream of coding sequence of the gene (and does not include a 

neighboring gene). After the amplification of CDS from cDNA, the product was cloned into 

pENTR-D/TOPO (Kanamycin resistant) to create entry clones pENTR/D-TOPO-GOI-CDS. 

The LR reaction was performed with the entry vector pENTR/D-TOPO-GOI-CDS to 

destination vector pB7FWG2.0 to create an expression clone p35S::GOIg-eGFP 

(Spectinomycin resistant). The putative promoter of GOI was amplified from gDNA using 

SacI and SpeI flanked primers. The expression clone and putative promoter of the GOI 

flanked by SacI and SpeI sites are digested with the corresponding enzymes. The two 

digested fragments are ligated which results in a final vector pGOI::GOIg-eGFP. The final 

vector was sequenced by an external service provider (LGC genomics). The complete list of 

cloned vector for subcellular localization can be seen in appendix section 9.2. The final 
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vector pGOI::GOIg-eGFP was transformed to Agrobacterium tumefaciens strains GV3101 

(Rifampicin and gentamicin resistant) and transformed into A. thaliana as previously 

described. 

 

4.5.10.4 Cloning for promoter analysis.  

The size of the putative promoter was between 400bp (base pair)-2kb (kilo base) depending 

on the GOI. All putative promoters were amplified with a forward primer containing CACC 

on the 5ô end for directional cloning into pENTR/D-TOPO vector. The fragments including 

the putative promoter of each gene were cloned into pENTR/D-TOPO entry vector 

(kanamycin) to create pENTR/D-TOPO-GOI promoter. The resulting plasmid-pENTR/D-

TOP-GOI promoter was digested to linearize the vector. The LR reaction was performed with 

the linearized pENTR/D-TOP-GOI promoter to destination vector GW-NLS-3XeGFP to 

create an expression clone in pGOI-NLS-3XeGFP (kanamycin resistant). The final vector 

was sequenced by external service provider (LGC genomics). The complete list of cloned 

vectors for promoter analysis is in Appendix section 9.2. The final plasmid pGOI-NLS-

3XeGFP was transformed in Agrobacterium tumefaciens strain GV3101+pSOUP (including 

rifampicin, gentamicin and tetracycline resistance) and transformed into A. thaliana as 

previously described.  

 

4.5.10.5 Cloning of transgenic RNAi lines 

Two RNAi constructs were generated for targeting genes in two DEFL family CRP 500 and 

CRP 670. CRP500 consists of At3g43505 and along with highly similar DEFL paralogs 

At3g61182, At3g20997, At5g47075, At5g47077 and CRP500 consists of At5g38330 along 

with its highly similar DEFL paralogs At4g30070 and At4g30074. The specific sequences 

were synthesized by Thermo Scientific GeneArt AG, Germany. The selected synthesized 

sequences were amplified in sense orientation and antisense orientation. The resulting 

fragments were separated by gel electrophoresis, purified, digested with respective restriction 

enzymes and cloned into the corresponding sites of the pUbi-iF2 vector containing 

spectinomycin resistance as well as a ubiquitin maize promoter to create pUbi-RNAi-

iF2 vector. This was followed by replacing the ubiquitin maize promoter with constitutive A. 

thaliana Ubiquitin 10 promoter and central cell specific promoter DD36 to create expression 

vector pUbi10-RNAi-iF2 vector and pDD36-RNAi-iF2 vector respectively. The expression 

vector was digested with Sfi1 restriction enzyme and the fragment containing the promoter as 

well as sense and antisense sequences were cloned into corresponding spliced sites of binary 

vector p7U to create the final vector p7U-RNAi (spectinomycin resistant). The final vector 
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was sequenced by an external service provider (Macrogen). Complete list of cloned vector for 

RNAi can be seen in appendix section 9.2. This was followed by Agrobacterium 

transformation with GV3101 strains and subsequent transformation into A. thaliana as 

previously described. 

4.6 qPCR related work  

4.6.1 Pistil collection for qPCR analysis 

 

4.6.1.1 Pollination study 

For pollination analysis, A. thaliana wild-type flower was emasculated and pollinated with A. 

thaliana wild-type pollen grains. The pollinated pistils were collected 8HAP, 24HAP, 

32HAP, 48HAP, 80HAP, 96HAP and additionally, non-pollinated pistil (NP) was collected. 

For each condition, 45 pistils were collected. Two biological replicates were collected for this 

study and total RNA was isolated as previously described in section in 4.4.1.  

 

4.6.1.2 Pollination - infection study 

ñIn pollination - infection studies, A. thaliana wild type flowers were emasculated and 

pollinated in the same way as in pollination studies. After the specific time period (8HAP, 

24HAP) pollinated plants were infected with F. graminearum DsRed strain Fg8/1and kept for 

one day after infection (DAI), and 3DAI in humid condition. Two controls were used in this 

studies ï control and mock treatment. Control samples were emasculated, pollinated and 

followed by no treatment for the same time period as treated samples (32HAP, 48HAP, 

80HAP and 96HAP)ò (Spalvins, 2016). Mock treatment samples were similar to infected 

pistil except that the pollinated pistils were treated with sterile distilled water. 45 pollinated 

pistils were collected for each condition and two biological replicates were collected from 

each condition.  Total RNA was isolated as previously described in section in 4.4.1. 

 

4.6.1.3 Infection (aging) study 

Infected pistils were collected after one (1DAI) or three days (3DAI) of inoculation with the 

Fusarium graminearum DsRed strain Fg8/1. Mock treatment samples consisted of flowers 

one day after emasculation which were treated with sterile distilled water, kept in a moisture 

chamber for one day (1DAT) and 3 days (3DAT). The control for the one-day treated pistils 

(1DAI,1DAT) were pistils two days after emasculation (2DAE), while the control for three-

day treated pistils (3DAI and 3DAT) were pistils four days after emasculation (4DAE). For 

each condition, three biological replicates, each containing 45 pistils were collected. Total 

RNA was isolated as previously described in section 4.4.1.  
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4.6.2 cDNA synthesis 

cDNA to be used in qPCR assays was synthesized with SuperScript III RT kit starting from 1 

µg of total RNA. Components for cDNA pools synthesis are: 

Component Amount Volume 

RNA template 1 µg variable 

Primer AB05 0.25 µg (50 pmol) 1 µl 

dNTP Mix 10 mM each 1 µl 

dd Water  add 14 µl 

 

The mixture was incubated for five minutes at 65°C, the samples were chilled on ice and 

spun down. Subsequently, 6 µl of master mix (4 µl 5x Buffer, 1µl 0.1 M DTT, 1µl 

SuperScript III reverse transcriptase) were added to each tube. The reaction tubes were 

incubated for 50 minutes at 50°C. The samples were heated for 15 minutes at 70°C to stop 

the reaction. The cDNA samples were synthesized by three persons including me which are 

described in Appendix section 9.14.  

 

4.6.3 qPCR assays  

qPCR assays were performed with KAPAÊ SYBRÈ FAST qPCR MasterMix Universal in 

96- well plates. The qPCR plate layout corresponding to pollination, pollination-infection and 

infection assays is shown in appendix section 9.3. Each 20 µl reaction contained 10µl 

KAPATM SYBR® FAST qPCR MasterMix Universal (peqlab), 8.2 µl sterile biopak water, 

0.4 µl of each forward and reverse primers (10 µM)) and 1 µl of 1:5 diluted cDNA. 

ñNegative-RT controls containing total RNA that was not reverse transcribed were added to 

detect genomic DNA contamination. In addition, one non-template control (NTC) as well as 

one positive control containing the cDNA made from mRNA that was extracted from a mix 

of pollinated, non-emasculated, non-treated flowers were added. Each total RNA sample was 

represented by one cDNA pool and each cDNA pool by three qPCR technical replicatesò 

(Spalvins, 2016).  

Cycling program set up in the Mastercycler® ep realplex gradient S (Eppendorf). 
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Step Cycles Temperature Time 

1 1 95 °C 3 minutes 

 

2 

 

40 

95 °C 10 seconds 

Ta* 30 seconds 

72 °C 8 seconds 

 

3 

 

1 

95 °C 15 seconds 

55 °C 15 seconds 

55 °C - 95 °C 20 minutes 

4 1 95 °C 15 seconds 

            * Annealing temperature for each primer is in Appendix section 9.1. 

ñThe Cq values were extracted from the Mastercycler® ep realplex software and imported 

into the qbase+ software. The quality control settings require the Cq values from 2 out of 3 

qPCR triplicates to differ less than 0.71 cycles. Normalization factors were then calculated 

and applied to correct for internal variation. The resulting calibrated normalized relative 

quantities (CNRQs) were then exported into Excel and log2 transformed for further analysis 

and calculation of fold change values and statistical analysisò (Spalvins, 2016).  

4.7 Pollination studies using GFP signal quantification  

The flowers of pAt3g07005 NLS-(3x)eGFP, pAt4g09153 NLS-(3x)eGFP, pAt2g42885 NLS-

(3x)eGFP and pAt2g20070 NLS-(3x)eGFP marker lines were emasculated and pollinated 

with sperm cells labeled with RFP from marker line HTR10:RFP. The pollinated pistils were 

collected 8HAP, 24HAP, 48HAP and were dissected to observe GFP signal in the respective 

cells from the ovule. Similarly, GFP signals were observed from the ovule before pollination 

and were considered as non-pollinated pistil (NP). ñStacked pictures of the single ovule 

showing GFP signal were taken at 40x magnification using an Axio Imager 2 fluorescence 

microscopeò (Spalvins, 2016). The exposure time chosen for each marker lines is listed here:  

DEFL gene Exposure time 

At3g07005 280 ms 

At4g09153 580 ms 

At2g42885 600 ms 

At2g20070 200 ms 

 

GFP signals from ovules of marker lines were obtained in stacked image format and the GFP 

signals from the image were further quantified using ImageJ software as follows: 

1) In ImageJ software, the stack image was converted to hyperstack (Figure 8A).  

2) The hyperstack image was projected to an image of highest intensity by going to 

Image/Stacks/Z Project and in Z projection window, the settings were left as follows: 

Projection type: Max Intensity. Example of image with maximum intensity projection is 

shown in figure 8B. 
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3) In the maximum intensity image, elliptical or polygon selection tool circle was selected 

and used around every nucleus that showed GFP signal and measured as GFP measurements. 

After the single GFP nucleus was circled, M key was tapped in order to measure the intensity 

and T key was tapped in order to save the selection in ROI manager. This process was 

repeated depending on the number of endosperm nuclei in the image. As the background 

control, 10 ï 20 same size circles were taken in regions next to the GFP nucleus as 

background measurements. An example of an image with circles around the GFP nucleus and 

background measurements in the maximum intensity projection image is shown in figure 8C.  

4) All the values were exported to Microsoft excel sheet. The average value of the GFP 

measurements from the nucleus was calculated and similarly the average value of the 

background measurements was also calculated.   

5)  The average value of the background measurements was subtracted from the average 

value of the GFP nucleus measurements in order to acquire the signal intensity of the given 

condition.  

 
Figure 8:Measurement of GFP signal from the ovules using ImageJ software. 
This figure was obtained from Masterôs Thesis of Kriss Spalvins (Spalvins, 2016). (A) GFP signals from ovules 

of marker lines were obtained in stacked image and converted to hyperstacks, (B) Hyperstack image is projected 

to maximum intensity projection (C) Maximum intensity projection with GFP measurements in endosperm 

nuclei (green arrow) and background measurements around the endosperm nuclei (yellow arrow).  

4.8 Experiments on effect of fungal infection on reproduction 

4.8.1 Developmental studies 

Homozygous marker line of pAt1g60985:NLS-(3x)eGFP line 1 was used for developmental 

studies because GFP expression was observed in endosperm nuclei until 96HAP. A. thaliana 

pistils were emasculated, pollinated for each time period (8HAP and 24HAP) and followed 

by different treatments (infection/mock treatment) for one and two days. Control samples 
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were collected after 32HAP, 48HAP, 56HAP and 72HAP. Ten pistils from each condition 

were collected and dissected. The pictures of different stages of ovules were taken in 10x 

magnification with an Axio Imager 2 fluorescence microscope. The ovules from pictures 

were counted and categorized based on the number of developing endosperm cell nuclei. The 

following stages of ovules were counted for each corresponding condition: degraded, 

0HAP/8HAP, 24HAP, 48HAP and 72HAP were recorded for each corresponding condition. 

Because non-pollinated ovules and those 8 HAP are undistinguishable, in this study they 

were counted as single stage.  

 

4.8.2 Seed set experiment  

 

4.8.2.1 Seed set data of infection followed by pollination  

Emasculated pistils were inoculated with different treatments (infection/mock treatment) for 

one and three days. The infection was done with F. graminearum Ds-Red as described in 

section 4.3.3. The infected pistils were pollinated with wild-type A. thaliana pollen. The 

control samples were emasculation for two and four days followed by pollination without any 

treatment. For each experimental condition, 10- 15 pistils were taken for the study. The 

siliques were collected after fifteen days for seed set data analysis. 

 

4.8.2.2 Seed set data of pollination followed by infection 

Emasculated pistils were pollinated for each time period (8HAP and 24HAP) and were 

inoculated with different treatments (infection/mock treatment) for one, two and three days. 

The infection was done with F. graminearum Ds-Red as described in section 4.3.3. The 

control samples were emasculation followed by pollination without any treatment. For each 

experimental condition, 10- 15 pistils were taken for the study. The siliques were collected 

for seed set data analysis.   

 

4.8.2.3 Seed set count 

Siliques were collected twenty days after pollination and bleached in 3:1 ethanol/ acetic acid 

for two days. This was replaced with 70% ethanol for a few days and siliques were placed in 

slides with one drop of 1X PBS. ñPictures of the siliques were taken with the Stereo 

Discovery V8 (Zeiss) microscope and the number of seeds was counted based on the 

picturesò (Spalvins, 2016). 
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4.9 Microscopy  

All microscopic studies were performed with either confocal microscopy (LSM510 or SP8) 

or fluorescence microscopy (Axio imager 2 from Zeiss®). The pictures were analyzed by the 

software LSM Imager, LAS AF lite and ZENÊ, respectively. The following table shows the 

used excitation wavelengths, depending on the fluorescent protein. 

Fluorescent protein Excitation wavelength Emission filter 

eGFP  488 nm  500 ï 550 nm  

Ds Red 545 nm  570 ï 640 nm  
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5. Results  

5.1 Setting up of experimental conditions for collection of tissue 

To identify DEFL genes expressed during fertilization, A. thaliana pistils were selfed, 

crossed with A. lyrata and A. halleri pollen. Similarly, in order to identify DEFL genes 

expressed in self-incompatible Arabidopsis species, A. halleri pistil was selfed, crossed with 

A. lyrata pollen, and A. lyrata pistil were selfed (Table 1). To identify DEFL gene expressed 

during defence, pistil and leaves of three Arabidopsis species were infected with F. 

graminearum (Table 1).   

The major objective of these procedures was to set up the conditions for collecting tissue 

samples for RNAseq which would enable us to identify DEFL genes expressed (a) during 

pollination and (b) during the response to Fusarium infection.  

 

5.1.1 Aniline blue staining of pistil  

 

DEFL genes expressed between the pre-fertilization and fertilization events was of interest. 

In order to find the appropriate time point to collect pistils after pollination, pollen tube 

growth was followed by aniline blue staining. Visualization of the pollen tube inside the pistil 

is possible because aniline blue stains the callose found in the cell wall of the pollen tube. A 

time frame between six and eight hours after pollination (HAP) was the optimal point to 

observe the pollen tube advancing through the transmitting tract towards the ovules. This was 

also the ideal time frame to observe the pollen tube enter the ovule. For all further 

experiments, 8HAP was chosen as the time point for collecting the pistil samples, because 

most of the ovules in the pistil would have a chance of attracting the pollen tube (Figure 9). 

No seeds were produced in interspecific pollinations involving A. thaliana pistils.   
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Figure 9:Aniline blue staining of A. thaliana, A. halleri and A. lyrata pistils 8 hours after 

pollination. 
A) Image shows aniline blue staining of one-day emasculated A. thaliana pistil. B) A. thaliana pollen tubes 

advancing through the transmitting tract towards the ovules when A. thaliana is self-pollinated. C) A. halleri 

pollen tube advancing through the transmitting tract in A. thaliana pistil. D) A. lyrata pollen tube advancing 

through transmitting tract in A. thaliana pistil. E) Image shows aniline blue staining of one-day emasculated A. 

halleri pistil. F) A. halleri pollen tube advancing through transmitting tract towards the ovule in A. halleri pistil. 

G) A. lyrata pollen tube advancing through the transmitting tract of A. halleri pistil. H) Image shows aniline 

blue staining of one-day emasculated A. lyrata pistil. I) A. lyrata pollen tube advancing through transmitting 

tract towards the ovules in A. lyrata pistil. Scale bar:50µm. 








































































































































































































































