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Summary

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 gametagigtegether
complete double fertilizationThe path of the pollen tube towards the female gametes is
guided by different types dafignallingmolecules, among them adefensin andlefensinlike

(DEFL) cysteinerich peptides.Although A. thaliana has more than 300 genescoding
DEFLs, several ofwhich are involved in plant immunity ancell-to-cell communication

during fertilization the roles of moshembers of this familgre unknown.

The main aim of this project was &ystematically identify DEFL genes expressedAin
thaliana during double fertilization particularly during pollenbe guidance as well as in
response to fungal infectiofhis was accomplished lanalysis ofA. thalianatranscriptomes

of pistils selfed,treatedwith A. lyrata or A. halleri pollen or infected wih F. graminearum.
Candidate DEFLs exclusively expressed in pistils were selected to carry out a detailed
characterization of their expressionplanta The second objective of this project wasgain

insight into the molecular basis AfabidopsisFusarium interaction based on the expression
patterns of DEFLSA. thalianais an appropriate translational model for investigating how
DEFLs counteracE. graminearuminfection because the immune responsé ofhalianais

very well documented.

Analysis ofpistil transcriptome data showed that a total of 72 DEFL genes were differentially
expressed i\. thalianapistils. Detailed studies of&FP localizatiorof 25 DEFL candidate

genes showed 11of themwere expressed before pollination in specific cellshef mature
female gametophytevhile four candidatesvere expressed in mature pollen graimgt not in
growing pollen tubesPostfertilization, most genes expressed in the central cell of the ovule
were expressed in the developing seed endosperm. Kelysrbéamting at the possibility of

DEFL involvement in different biological processes are the expression in roots of several
candidates detected in the gametophytes and the upregulatitfR&1.1in infected pistis,
suggesting thiknown pollen tube atctant mightalso participate in the immune respanse
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 onesxpressed in the synergids, suggestingegulated 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 spd€Ric g&nes
may be part of the first line of defence Fo graminearumvia PAMP-triggered immunity
(PTI). Some of these DEFL genes are regulatedecondary messengers of ROS production
andalso in the downstream process of MABi§naling cascade. Furtherne, the patterns of
differential expression of five DEFL geneP¥F1.2ac, PDF1.4, PDF1.3)hint they are
possibly regulated by th#A/ET defencesignaling pathwayduring the necrotrophic phase of

Fusariuminfection.

In this context, e detrimentalinfluence ofF. graminearuminfection in reproduction was
investigated through analysis of seed development and seed set. This work suggests
unfertilized ovules are more prone Fousariuminfection and itsnecrotrophic phase has a
major detrimentalinfluence in seed developmenturthermore, the reduction in seed set
observed duringFusarium infection was caused by programmed cell death (PCD) of
unfertilized ovule as documented by observation of ovule micromorphologyanker line
AtCEPZeGFPand analysis of RNAseq data. Specifically, the upregulation of genes encoding
proteases involved in PCD in the infected pistil transcriptome suggestschanism where
necrotrophid=usariumobtains nutrients by manipulating the immune response of its host

Our findings suggest that DEFL genes which are specifically expressed in reprodusiies tis
might play a role in defemcand some of them, like LURE1.1 also possess dual function in
reproduction. We hypothesize that DEFL genes initially had a rgheoitecting reproductive
tissues and later on some of thermacquiredadditional 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 tmmune response, identify interesting candidate
genes to address the molecular basis of reproductive isolatioto ael/elop strategies to
counteractrusariumhead blight, a major crop disease affecting yield and jeopardizing food

and feed safety worldde.



Zusammenfassung
2. Zusammenfassung

Im Gegensatz zu Tieren und niederen Pflanzen sind ménnliche Gameten von Angiospermen
unbeweglich und erfordern einen aktiven Transport zu den weiblichen Gameten Uber die
Pollenschlauchzelle.Der Weg des Pollenschlauchs zu den weiblichen Gameten wird von
verschiedenen Arten von Signalmolektlen geleitet; Darunter kommt defensindhnliche (DEFL)
cysteinreiche Peptiden eine besondere BedeutungAzuthaliana hat mehr als 300
DEFL-Gene, die sowohl an der Pflanzenimmunitat als auch an dez&eliKommunikation
beteiligt sind, jedoch sind die Rollen der meisten DE¥dne inA. thalianaweitgehend

unbekannt.

In diesem Projekt wurde die Analyse von mehreren Plistihskriptomen zusystematischen
Identifizierung von DEFLGene herangezogen. Zu diesem Zweck wudrdthalianamit sich
selbst, gekreuzt und mit den nahestehenden A&telyrata und A. halleri. Um die DEFL
Gene zu identifizieren, die wahrend der Abwehrreaktion exprimiartden, wurden
Infektionsstudien mit F. graminearum durchgefiihrt. Kandidaten DEFLs, die ausschlieRlich in
Pistillen exprimiert wurden, wurden ausgewahlt, um eine detaillierte Charakterisierung ihrer
Expression in der Pflanze einschlie3lich Stempel und Wfurziirchzufihren. Diese
Informationen wurden verwendet, um ihre moglichen Rolle bei der Befruchtung und

Infektion zu untersuchen.

Ein Ziel dieses Projekts war es, einen Einblick in die molekulare Basi&rddidopsis
FusariumWechselwirkung zu gewinnenpasierend auf den Expressionsmustern der
DEFLs.Die Ergebnisse dieser Analyse sind relevant fur die Entwicklung von Strategien zur
Bekampfung der Fusarinopffaule, einer groBen Erntekrankheit, die den Ertrag

beeintrachtigt und die Nahrungsmittehd Futermittelsicherheit weltweit gefahrdet.

Die Transkriptomdaten zeigten, dass insgesamt 72 DEFL Gene differentiell exprimiert
wurden. Unter diesen wurde LURE1L.1, von infiziertem Pistil differentiell exprimiert, was
nahelegt, dass dieses Peptid mehrere Fomdti haben konnte. Detaillierte GFP
Lokalisierungsstudien in 25 Kandidaten zeigten, dass 11 BE#re vor der Bestdubung in
spezifischen Zellen des reifen weiblichen Gametophyten exprimiert wurden, wohingegen vier
DEFL-Gene in reifen Pollenkérnern Expremsizeigten. Zusatzlich konnte gezeigt werden,

dass 6 von 15 DEFLs auch in Wurzeln exprimierten.

Eine weitere statistische Analyse der Kandiddd&tL-Genexpressionsdaten zeigte eine
hohe Korrelation zwischen der Transkription der ausgepragten zentraleruzeljenen, die

in den Synergiden exprimiert wurden, was darauf hindeutet, dasesgolerte DEFLs eine
3
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Rolle bei der Handhabung des PollRdhrchens vor der Befruchtung und wahrend der Zeit
spielen Polytubeylock nach der Befruchtumer Einfluss der Fgraminearuminfektion bei

der Reproduktion wurde durch Analyse des Samenkérner je Schote dokumentiert. Hierbei
zeigte sich, dass die nekrotrophische Phase von F. graminearum einen grof3en Einfluss auf die
Samenentwicklung hat und dass die unbefruchteteellEi anfalliger fir eine
Fusariuminfektion war, als die umliegenden Zellen. Die Wirkung der Fusarieninfektion auf
die unbefruchtete Eizelle wurde auch durch die Entwicklungsstudien unterstitzt. Die
unbefruchtete Eizelle unterzog PCD wahrend Begraminaruminfektion, die durch die
PCD-Markerlinie AtCEP1: eGFP beobachtet wurde. Dies wurde durch die Hochregulation der
Endopeptidase CEP1 und des$}VakuokVerarbeitungsenzyms U¢PE) in den
Transkriptomdaten des infizierten Pistils unterstiitzt. Somit erdchgsinaheliegend, dass F.
graminearum Toxine die Eizelle manipulieren, um VPE und andere Proteasen zu produzieren,
welche PCD nach sich ziehen, um Nahrstoffe wéahrend der nekrotrophischen Phase zu

erhalten.

Schliel3lich kann die Analyse des infizierten PiStianskriptoms und der Literaturanalyse zu
dem Ergebnis, dass spezifische DEBGene Teil der ersten Verteidigungslinie zu F.
graminearum Uber PAMBetriggerte Immunitat (PTI) sein kénnen. Einige dieser DEehe
werden als sekundare Botenstoffe der R@&Iuktion und auch im nachgeschalteten Prozess
der MAPK-Signalkaskade reguliert. Dartiber hinaus deuten die Muster der differentiellen
Expression von finf DEFGenen (PDF1.2a, PDF1.4, PDF1.3) darauf hin, dass sie
maoglicherweise durch den JA / EBbwehrSignalweg wahrend der nekrotrophischen Phase

der Fusariurdnfektion reguliert werden.

A. thaliana verwendet DEFLs als einen der Abwehrmechanismen gegen F. graminearum, die
in die nahrstoffreichen Gewebe der Stempel eindringen. Zusammenfassend bestétigen diese

Ergebnisse die Rolle der DEFLs bei der Pflanzenimmunit&rabidopsisPistil.

Die gezeigten Ergebnisse deuten darauf hin, dass HEdfie, die spezifisch im

Fortpflanzungsgewebe exprimiert werden, eine Rolle bei der Verteidigung spielen kbnnen.
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3. Introduction
3.1 Doublefertilization

Double fertilizationis the defining feature aingiosperms and was discovetgdNawaghin

in 1898 (Nawaschin 1898)Double fertilization involves fusion divo sperm cells with the
egg and central cetb form both embryo and endosperaspectively(Berger et al. 2008)
The embryo gives rise to the next plant generation which is nourished by thespaim
during its developmen{Bleckmann et al. 2014)Signalling events wring pollenpistil
interactionsare highly orchestratedwhich enables plant species to avoid inbreeding and
encourages outcrossinghe amount and total mass of seed producedlgyven speciesire
closely linked tosuccessfuteproductionand thus we can consider double fertilization as one
of the important agronomical traitOur daily nutrition is highly dependergither directly or

indirectly on reproductive success of flowering pgant

In angiosperms such adrabidopsis thaliana (A. thaliana), immotile sperm cells are
transported by the pollen tulierough the transmitting tratdwardsthe femalegametophytic
cells (Dresselhaus et al. 2013Jhe femalegametophytegmbryosac) consists of sevarells

and four cell typesthree antipodal cellgwo synergid cells, an egg Iltand a central cell

(Sundaresan et al. 2010)

Sexual reproduction iA. thalianarequires a great deal of coordinatioetweengametic cells
of male and female reproductive orgaiere is an active crosstalk betwekapollen tube
and pisil during double fertilizationDresselhaus et al. 2013)he pollen grais releasedyy
theanthers are attached the papilla cels of the stigma by physical adhesi@resselhaus et
al. 2013) This adhesion is called pollen capture dhesporopollenin which makes up the
exine of the pollen coaplays an important role irthat this step takes place inspecies
preferentialmanner(Swanson et al. 2004)he following stage is the pollestigma cross
linking where proteins, lipidsand carbohydrates die stigma and pollemembraneanteract
for the first time (Swanson et al. 2004)Subsequentlypollen hydration is regulated by
plasmamembrandocalized stigmatic proteinalong with pollen coat lipid¢Dresselhaus et
al. 2013) Following germination pollen tubs penetrée the stigmatic tissues bgecreting
digestive enzymes androw throughthe transmitting tract ofstyle towards the ovule
(Swanson et al. 2004Puring pollen tube growththe pollen tube is guided by various
chemoattractantspresentin the pistil extracellular matrix(Dresselhaus et al. 2013)
Specifically,pollen tube guidanctowardsthe ovule is controlled bywo processeknown as

ovular guidancendmicropylar guidanc€Takeuchi et al. 2012PDvularguidance is mediated
5
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by signals from sporophytic cellsvhereas micropylar guidancgepends orthe female
gametophytic cell¢Berger et al. 2008)

The pollen tubes guided by cysteine rich peptide LURE which are secreted by the synergid
towards the ovule (Figure {Ipresselhaus et al. 2016he pollen tubentersthe embryo sac
through thethick synergid cell wall known adiform apparatusat the micropylar endFigure

1) (Eckardt 2007)Whenthe pollen tube&omesin contact withone of thereceptive synergid
the pollen tube ceases to gramdthe receptive synergid undergoes cell death. Ppbken
tube discharges two sperm cells into tiyéoplasm of thelegeneratingynergidin an event
known as fpol(Dresselhausuel al. 201@Figwd ). The pollen tubeburst
occurs within20 seconds after entering the female gametopiDyws et al. 2011)After the
pollen tube bursts, the two sperm cells movehalazal region of the degenerated receptive
synergid cell withina few secondgFigure 1) The two sperm cellsemain inan immobile
statein that regiorfor approximately seven minut@sigure 1) This is followedby the fusion

of one sperm cell with the egg cétl form the embryoand the other sperm cell fuses with

central cellto formtheendospernfHamamura et al. 2012; Dresselhaus et al. 2016)

A) Pollen tube attraction B) Two gamete fusion events

Synergids Persistent synergid

Sperm cells
LURESs

Egg cell Egg cell

ﬁ”ollen

tube

Figure 1: Double fertilization in Arabidopsis thaliana

(A)The mllen tubeis guided by LURE peptides which is secreted by the syner(@jsThe pollen tubesntes
the ovule throughthe micropylar opening int@ receptive synergisvhereit bursts Two sperm cells arecleased
and remainmmobile forafew minutesafterwhich one of them fusewith the egg célto formanembryq while
the other sperm cellfuseswith the central cell to formthe endospernRicture modified from (Sprunck et al.
2015)
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3.2The role of cysteinerich peptidesin reproduction

Cysteinerich peptides(CRP) is a class of small peptides that constitute around 2% of all
expressed genes in some plant spe(8lverstein et al. 2007)All CRPshave common
featuressuch asconserved Nerminal region C-terminal containing4i 16 ¢ysteine residues
and a size ofess than 160 amino acid residudarshall et al. 2011)CRPs are categorized
by their primary sequencéhe position and number of cysteine residues #mallocation
where dasulfide bridgesform conserved3D structureqSilverstein et al. 2007)t has been
reported thatseveral CRPs play a vital role in pollenpistil interactons during plant

reproduction(Marshall et al. 2011)

Many species of flowering plants have developed a mechanism to prevefartdedhtion
during pollenstigma interactiopwhich is known as selhcompatibility (SI).Among the first
CRPs where a role in reproduction was described are those involvedSh d&dterminants
found in pollen and stigma are programmed as a pair in order to contrabseiélf-pollen
recognition(Swanson et al. 2004An identicalinteraction betweeis-allele ligand receptor
activates S| downstream signalling that results in programmed cell @&a) (Thomas et

al. 2004) Sl is an important mechanism in plants which aids in maintaining genetic diversity
by preventing plant species from inbreedihgBrassicaceae, the male determinahSl is

the secalled S-locus cysteingich (SCR)/Slocus protein 11 (SP11yyhich is a CRP from
those first classified aslefensis. SCR isfound in the pollen coaand contains eight
conserved cysteine residudd@inding of SCR/SP11 to the female Sl determin&hlpcus
receptor kinase (SRKiph the stigmatriggerssignaling pathways that culminate infmllen
rejection throughblocking of pollen hydration and inhibition of pollen tube germination
(Shiba 2001) In contrast in Papaver rhoeas the female S| determinantPapaver
rhoeasstigma Sdeterminant (PrsSgncodes a CRP containing four conserved cysteines
(Figure 2)(Wheeler et al. 2009During the incompatible pollen grain interactionPiapaver
rhoeas papillae cell secretes PrsS which bitdghe Papaverrhoeaspollen Sdeterminant
(PrpS) and results in PCD of the pollen t@¥éeeler et al. 2010)

CRPs are also involved ipollen tube growth and guidance tomato, pollerspecific
secreted proteillAT52 interacts withthe pollen receptor LePRKZ2or pollen germination
(Figure 2)(Zhang et al. 20085 TIG1 a CRPfrom the stigmaandstyle interacts with LePRK2
to promotepollen tube cell growth in the stigm@igure 2) (Tang et al. 2004)In the
stigma/styleof lily, the stigma/stylecysteinerich adhesin (SCAgalong with pectin isnvolved

in adhesion of pollen tube and growth through transmitting tract (Figure 2).
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Peptides
, SCR/SP11
Pollen
N Z PrsS
Stigma
h LAT52
Siyle STIG1
Transmitting tract ——
SCAILTP5
Ovary
Ovule
ZmES4
Embryo sac "
LUREs
Funiculus

Figure 2:Schematic diagram showing CRPs involved in communication during plant
reproduction

(A) Schematicepresentation of polletube guidance in Angiosperm@) Schematic imageepresentinghe
CRPs SP11, PrsS, SCA, LAT52 and STIGdvolved during polleri stigma interactions leading tpollen
adhesion, hydratiorgermination angbollentube growth. C) CRPssuch as LURE ZmEAL1 is involved during
microphylarguidance prioto doublefertilization. Picturemodified from(Kanaoka et al. 2015)

LTP5s is sected from the pollen tube tip iorder to matain the pollen tube polarity
(Dresselhaus et al. 201@RFs have also been reported to act ahortrange micropylar
attractantsfor pollen tubes. Specificallydefensinssuch asLURES are secreted by the
synagid cells for pollen tube guidance towards @/figure 2) (Takeuch et al. 2012) After
the pollen tube enterghe micropyle Zea mays defensinsZmES4 secreted by synergid
ensurs pollen tube growth arrest and participatepallen tube burstingAmien et al. 2010)
(Figure 2) ZmES4interactswith thepollen tubepotassiunchannel KZM leading taninflux
of K* which results in uptake of water and subsequently leads to pollen tube b(Astiren

et al. 2010)

3.3Role of DEFLs in speciespreferential manner during r eproduction

Some of the dmale gametophyteegesthat are involved in the guidance andeception of
pollen tubemay havespeciegreferentialinteractions and theeby contribute toestablishing
prezygotic reproductie isolation (EscobaiRestrepo et al. 2007; Takeuchi et al. 2012)

Interspecific crossemostly yield none or a reduced number of seddsto the failure of

8
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pollen tube growth arrest and failgdllen tubeburst reminiscent of thder (feronia)like
phenotype(EscobaiRestrepo et al. 2007)The fer-like phenotypes in some interspecific
crosses strongly suggest tiseciespreferentialsignal between the pollen tube amdules
mediates pollen tube growth arrest and burst. Prezygotic reprodistiaéion takes place
when this signal is missing in interspecific crosses

As mentioned in the previous sectioefehsins andefensinlike proteirs (DEFL) are one of
the subgrougs of CRPs. DEFLs are involved in pollepistil interactiors in a species
preferentialmanner. SCR/SP1as the firsDEFL gene shown t@act in species preferential
manner during Sdluring pollenstigma interactiorfBoggs et al. 2009PEFL peptides such as
LUREs and ZmES4 are involved in pollen tube guidance,goollube reception and are
responsible foithe failure of double fertilization eventsy acting in a specigsreferential
manner during interspecific crosses(Amien et al. 2010; Takeuchi et al. 201Z)he
consequences of this preferentialigethat LUREs and ZmES4 peptides secreted by female
gametophyte constitute a mechami 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 repoiited in
fournieri. A. thdiana LURE peptide was transformed in fournieri andT. fournieri ovule

was able to recognizg. thalianapollen(Takeuchi et al. 2012)

3.3.1Arabidopsis speciesare anideal experimental model for studying reproductive
isolation

A. thaliana a selfing speciesind has strong prezygotic reproductive isolation mechanisms
triggered when crossed with other spe¢@sundt et al. 2006)Arabidopsis lyrata(A. lyrata)

and Arabidopsis halleri (A. halleri) are seHincompatible species that are related to
Arabidopsis thaliangClauss et al. 2006)

A. lyrata diverged approximately five million years ago frol thaliana andis a closly
relaied species t@\. thaliana A. lyratais a perennial herlwith distribution in the northern
hemisphereand centralEuropein restrictedhabitats(Scmickl et al. 201Q)A. halleri is a
heavy metal accumulating species whishdistributedin central Europeeastern Asia and
grows on acidic, neutral and oligotrophic soil8. halleri is mostly studiedfor its
characteristics irtolerance,accumulation of heavy metaland is an important model of
studying phytoremediatioifClauss et al. 2006)A. halleri and A. lyrata are outcrossing
diploids with genomess0% larger tharthe A. thaliana genome They are compatible as

shown by alopolyploid Arabidopsis kamchaticaa hybrid that originated from the

9
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interspecific cross oA. lyrataandA. halleri (ShimizuInatsugi et al. 2009A. thalianaalong

with self-incompatible A. lyrata and A. halleri are ecologically diverged, but occur in
geographically overlapping regiomaking theman ideal plant speciedor studying the
genetic basis of plaméproductive isolation.

In recent years,DEFLs in Arabidopsis species have been shown tanediate the
communication between male and female gametophytes in a species preferential manner, this
property makes it an ideal gene family for understanding reptiw@usolation.For example,

the transformation of SGRomplexes along with SRK fror&-locus of selincompatibleA.

lyrata to A. thalianawas sufficientto impart SI phenotypes in sd#rtile A. thaliana(Boggs

et al. 2009)

3.4 Role of defensinsin immunity

Although pants have physical barriets pathogen entriike the cuticle or barkthe size of
stomatal poresand alterationof cell walls(Zeng et al. 2010; War et al. 2012hey
fundamentallyrely on an innate immune systef@odds et al. 2010)Plant innatammune

responses can be represented usirigzag mode(Figure 3)
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Figure 3:Zigzag model of plant innate immunity

In phase 1, plants detect PAMPs via PRRs to trigger PTI and thilowed by pathogens delivieg effectors
thatwould interfere with PTlandresulting inETS. In phase 2effectoris recognizecither directly or indirectly
by an NBLRR protein,and therebyactivating ETI which often cause hypersensitive cell death (H&nhd
production of defence related gene. Picture was taken(frararbone et al. 2013)

In the first phasepathogerassociated molecular patter®sAMPSs) such as chitin, which is a
part offungal cell wall componentre recognized by pathogen recognition receptors (PRRS),
and resulting PAMRriggered immunity (PTI) stops pathogen groWfgure 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 NIBRR proteins, resulting in effectariggered
10
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immunity (ETI) (Figure 3)(Dodds et al. 2010) The molecular evea of ETI overlag with

those of PTI and specific immune responses for defefimnes et al. 2006)The plant
responds to pathogens witliverse defence strategies such as the expression of defence
related genes, oxidative bursts, increased production of hormongsogndmmed cell death

(Wu et al. 2014; Bigeard et al. 2015ignalling cascades such as the mitegetivaed

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 response®igeard et al. 2015)

DEFLs are reported to participate in different biological functions, such as the previously
describedtell-to-cell communication during fertilization and the immune response which will
be described in the following sectioAlant defensins with antimicrobial activigre a vital

part of the innate immune system of angiospef@ervalho et al. 2009Plant &fensinsare
induced as part of defence respotwsa broad spectrum of fungal plant pathogansl some
bacteria(Carvalho et al. 2009; Penninckx et al. 2003)ck 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 bafféoama et al. 2002)They

also inhibit thein vitro growth of human pathogenic fgn Candida albicansand

Saccharomyces cerevisi@ériens 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 batrrier,
especially in seeds and reproductive orgéidegedus et al. 2013Plant defensins are
categorized in morphogenic or ramorphogenic according to their effect e morphology

of fungal hyphaeWhile the inhibition of hyphal elongation by morphogenic defensins results

in hyphal hyperbranchingpon-morphogenic defensinsihibit 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 defend/nD1 from Vigna radiateseeds n hi b i t-amylasa,s e c t
leading to indigestibility of plant starch in the insect gut. Defensinghwhave antifungal
activity d-amylase activiyxahdivibei ver§aidmma et al. 2002; Carvalho et al.
2009) The sunflower defensin HAEF1 are also involved in the defence against parasitic
plant Orobanchecumana which causes severe yield losses on sunflogi¢ggedus et al.

2013)
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Defensins have several mecharsswhaction in order to carrgut thedefenceresponse. One

of the mechanissis by binding to fungaion channelgMarshall et al2011) Blocking of ion
channels by defensins leads to inhibition of fungal hyphal tip growth heaitd fungal
colonization For example, RsAFP2 defensins which were isolated from radish seeds
exhibited antimicrobial activity by affecting*and C&* ion transport channels in the fungal
membrane(Lacerdh et al. 2014) Defensins have developed other mechanism to combat
fungal invasionFor example, thehave cationic characistics andinteracts with negatively
charged plasma membrane components of fungi. During their interaction, defdtesirtise
fungal membrane by inducing the production of reactive oxygen species (R@§g¢dus et

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

oxidative damage iandida albican®y hyperproduction of RO8Hayes et al. 2013)

Transgenic plants expressing defengiage an increased resistance to fungal pathogens. For
example, WT1 from wasabi when oegpressed in rice, potato and orchid, resulted in
increased resistance agaimddagnaporthe griseaErwinia carotovoraand Botrytis cinerea
(Kanzaki et al. 2002; Lay et al. 2005; Stotz et al. 20089nsgenic tomato plants containing
defensin RSAFP2 decreased the activity of phytopathogenic fungi, includiitgrnaria
solani F. oxysporumPhytophthora infestansaandRhizoctonia solani(Lacerda et al. 2014)
Overexpression of RAFP2 in transgenic rice Qryza sativayeduce Magnaporthe
oryzaeandRhizoctonia solaninfection These two fungi aré¢he main causative agents for
rice blast and sheath blight diseases which leads to rice losses in agrigiltuet al. 2010)

Pea defensins enhanced resistance towards blackleg diseaBemssica napusvhich is

caused by eptosphaeria macular(8vang et al. 1999)

3.5 Other functional roles of defensins

Apart from immunity andintercellular communication during fertilization, plant defensins
have adopted different roleBor example AhPDF1.1from A. halleri has antifungal activity
andmediates zinc tolerance(Mith et al. 2015) Plantdefensins also play @le in regulating
growth and development of tissugpecifically, MsDefl, MtDef2, RsAFP2 arall capable of
inhibiting the growth ofplant rootsin vitro (Hegedus et al. 2013)'he tomatoDEF2 is
expressed during initial stages of flower development and pronno¢éssis. The tomato
DEF2 also influencepollen viability andis also involved in thegrowth of various organs
(Stotz et & 2009) In addition, plant defensins areduced in response to environmental
stressFor instancesoybean defensin gerighn8was inducedduring drought stresgLay et

al. 2005) NeThiol and NeThioZrom Nicotiana excelsiorare induced n response to salt
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stresqLay et al. 2005)Several defensgiare also upregulatad winter wheain responseo
cold induction, and potentiallgavea role in resistance towards freezing conditi@audet
et al. 2003)

3.6 Structure of Defensins

Defensins are structurally conserved imertebrates and invertebrateéscluding human
immune cellsTheyexistin all plant families, including thBrassicaceaeln the early 1990s,
defensinswere initially documented to haviewer membersin Arabidopsis the scenario
changedoverthe years withmorein-depth studiesvhich enabled irthe identificationof 324
DEFLsincluding 15 known defensingSilverstein et al. 2007)

Most of the defensinsgenes that have been identified are composed of two ettengirst

exon encodes forN-terminal signal peptidewhereas the second exon encodes tfar
cystene-rich region that forms aostively charged mature peptid€&igure4) (Silverstein et

al. 2007) Defensins are categorized into two groups based on precursor proteins. In the first
group, the precursor protein contaimsesndoplasmic reticulunfER) signal peptide sequence

and a mature defensin domdiray et al. 2014)The protein enterisito the secretory pathway
without any posttranslational modification or subcellular targetinbhe second group of
defensins comprises of precursor proteith an additional @erminal prodomairfLay et al.
2014)C-terminal prodomain functions in subcellular targeting eneémoved by proteolytic

enzymes while entering througfiie secretory pdway.
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Figure 4:Alignment of different DEFL clusters from Arabidopsis

Alignmentrepresents foudistinct cluster®f DEFLsin Arabidopsis. Identicah clustes are shaded black,
whereas grey represardimilar residuesSignalpeptidearebox labeledbelow the alignmenC or G designate
conserved Cyare boxabelled as C an@ly residuesare boxabelled withG. C S Udnéo-coreare shown
below the alignmentPicture taken froniSilverstein et al. 2005)
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Defensinpeptides areisuallybetween60 to120 amino aciddong and haveconserved six to

eight cysteingesidueswvhich form intramolecular disulpide bridgeqvan der Weerden et al.

2013) Intramoleculadisulphide bridgsare responsible for treructural and thermodynamic

stability of the defensingrotein The 3D structure of dfensins exhibga two motif (Figures

4 and 9. The first motifconsisting ofU -helix connectedo triple-stranded, antiparalldi -

sheet by three disulfide bonds formiogsteines t ab i | i z ¢ € S UFidurksdants) f

(van der Weerden et al. 201B)efensinshave a conservemcoremotif which consistsof two

ant i p asheetswitke Ibop fegion Positivelyc har ged ami no aecorels | oca
motif are importantfor the antimicrobial activityof defensingFigures 4 and 9 (Yount et al.

2004)

MtDef4

C-terminus

N-terminus C-terminds N _terminus

Figure 5:Three-dimensional structures of plant defensins MsDefl and MtDet4

MsDefl and MtDef4 share highconservechomologys e g u e -ooceemotifi® represented in orange color
which carriesnet positive chargeTheC S U-¢ofe motif is represented in pink colandfour disulfide bridges
are represented in yellow color which stabilizes the defensins. Picture takefSrgaram et al. 2011)

3.6.1Defensins under selection pressure

Plantdefenceand reproduction, are two highly consenmdcesses in the plants which are
dependent on the various environment factor and each of the processes have biotic influence.
The pathogetost and maldemalegametenteractions have strong selection pressuréhen
molecular evolution of geneflfakeuchi et al. 2012)Gene duplication eventalong with
diversifying selection was an important mechaniéon plants to evolve irthe arms race

between microbial attackeasd hosplants.

Defensinsare predicted to exhibit diversifying selection sirite primary function is to
mediate innate host defence and reproduc{itesfaye et al. 2013Defensinshave been
detected withdiversifying selectionin antsdue to selection pressure caused by microbial
pathogengViljakainen et al. 2008)The plant defensingnd to show characteristic molecular

evolution patterns ansklection pressure. These interactjomgarticular sexual reproduction,
14
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exertdiversifying selection in DEFLsvhich eventually leads to reproductive isolation from
other specie§Takeuchi et al. 2012)

Signal peptides ofhe defensinare conservedwhereas maturpeptides ofthe defensinare
possibly subjected tdiversifying selection which determines the specific function aspects of
these genes (Silverstein et al. 2005)DEFLs occurs both individu®§f and in clusters
throughout theA. thalianagenome.The gene duplication followed by successive rounds of
diversifying selectiomrmight have resulted in 100 subgroups of DEFL with different activities
in A. thaliana (Tesfaye et al. 2013; Sevstein et al. 2005)

3.7 Fusarium graminearum

Fusarium graminearunalso known by telemorph stagé&ibberella zeads a soil borne fungi
responsible foFusariumhead blight (FHB)adiseasdrom cereal crops which hasdramatic
effect on productivity and food safefiazan et al. 2012)Between 1990 and 200EHB
epidemicgesultedn aloss of$3 billion of wheat yield and qualityn the USA(Schmale et al.
2003)

F. graminearums a haploid hmothallic funguswhich hasa sexual and aasexual life cycle
(Schmale et al. 2003Both life cycle starts with-. graminearumoverwinteringon infected
crop residuesDuring the aexual life cycle,F. graminearumproducesmacroconidia in
chlamydosporeswhich enable itssurvival during unfavorable conditions(Figure §.
Macrocondiais dispersed to plants byain-splash andwind dispersakllowing to resume a

new cycle of infection.

During suitable temperature and humiditye tsexualteleomorph)stageof F. graminearum
develops on infested plant debridey formflask-like fruiting bodiescalled perithecian the
surface of infested residud&igure §. In perithecia, lhe sexual spores(ascosporespre
formedwithin sacs alled asciandforcibly dischargednto the air(Figure §. Ascospores are
dispersed to crops by wiraghdrain. Infection occurs when macrod¢dia or ascosporeland

on wheat heads and cause mycelium development in aerial parts of th@plargt al. 2004;
Sdmale et al. 2003)nfectedseeds mighgive rise to blighted seedlings if untreaf&agure

6). First symptoms of FHB are diseased spikelets demonstrating premature ble&ching.
graimearumgrows through diseased spikelet and spreads within the Regthminearums

also a vascularpathogenwhich can spreadrom the rachis of infected flowgto the other

parts of plantshrough vascular bundles of xylem and phlg@ansen et al. 2005)
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F. graminearumis hemibiotrophic pathogermeaning it has both biotrophic and a
necrotrophiclifestyle (Ding et al. 2011) The hotrophic lifestyle of F. graminearumis
characterized byntercellular hyphae graw and no intracellular hyphaeluring the initial
stages ofnfection of floral tissuegBrown et al. 201Q)This biotrophic phase is followed by a
necrotrophic lifestyle driven by nutrients obtainedibtyacellular colonizatiorand host ell
death.F. graminearumalso exhibits saprotrophic growth due to its enzymatic ability to
degradecrop residuesfor nutrients (Leplat et al. 2013; Khonga et al. 1988)hus, F.

graminearuncanadapt to differenénvironmentonditions.

grain
A maturation
colonization of
flowers, seeds

=S and stems/v
&, f airborne yan

harvest
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| splash
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from host

conidia
splash
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after harvest

d

defense of
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perlthema form on crop residue soil microbes

H
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Figure 6:Disease life cycle oF. graminearum

TheF. graminearurmoverwinters in infested crop residues. Macradanare produced in asexual phase from crop
residues anaredispersed by rain. During favourable conditions, perithacgéformed in crop residues in sexual
phase. Ascgporesareproduced from perithecia and dispersed in air. Macrialiar ascepores infect flower, seeds

and stems. Mycotoxins are present in itdelcseeddllustrationtaken from(Trail 2009)

Analysis ofthe proteome front. graminearumduring plant colonizationrevealedseveral
extracellular proteinghat facilitate diseasestablishment and spread the plantas well as
proteinsinvolved inacquiring nutrierg (Divon et al. 2007; Paper et al. ZQ0Taylor et al.
2008) Some ofthe proteins secreted bff. graminearumduring pathogenesis contained
putative secretion signaishich might function as effectors to initiate infectifaper et al.
2007) Along with this numerous proteins involved production ofreactive oxygen species
(ROS)which arelinked to pathogenesere secreted bly. graminearumWalter et al. 2010)
such ascell walli degrading enzymes (cellulases, hemicellulases, and pectinvasiel) are

16



Introduction

secreted in althe phases of diseasé@s order to manipulat@lants physiology for its own
benefit(Mary et al. 2002; Kikot et al. 2009Proteases such asbtilisinlike and trypsinlike

proteasesare another imporant groug of virulence factors that arenvolved in the
suppression of plardefenceby degrading pathogenesislated (PR) proteinflivieri et al.

2002; Pekkarinen et al. 2002)

F. graminearumproducesdeoxynivalenol (DON and nivalenol (NIV) mycotoxins that are
fundamentally responsible for the reduced grain quality, yield and toxiRibgha et al. 2005;
Walter et al. 2010)Mycotoxins even at very low concentrations have adverse toxic effects on
cattle and human@Rocha et al. 2005; Sobrova et al. 20I)e DON toxin determines the
aggressive nature of thE. graminearumto plant tissues and act as an inhibitafr
biosynthesis of defence related protgiRecha et al. 2005; Boenisch et al. 2011)

F. graminearumis capable oinfectingA. thalianaflowers primarily due to the abundance of
choline and glycine betaine in the anthers as well as the nutrigmipistils and developing
seeds(Strange et al. 1974Figure 7). In the infectedArabidopsistissue, superficial aerial
mycelium is observed which is influenced by the humidity le¢diban et al. 2002)it has
been reported that low concentrations of DON mycotoxin inhibit PCBAratidopsisduring
biotrophic phase to favor its grow(Biamond et al. 2013Meanwhile high concentration of

DON along with proteases induces cell death in order to facilitate the necrotrophic phase
(Diamond et al. 2013)

Figure 7:F.graminearumnfection of Arabidopsis thaliana
Fusarium graminearurinfecting (A)Arabidopsis thaliandloral and (B) silique tissuePicture modified from
(Brewer et al. 2015)
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Controlling of FHB in cereal crop mainlgelies 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 persisggardles®f currentcontrol measureand has a
drastic effect on crop productiorivestock and humans. This could be overcome by
investigating the moleculageneticinteraction thatcontrols F. graminearumpathogenicity

and plant resistancén general, plant defence towarefs graminearuminvolves defence
response such as salicylicidsignalling (SA), jasmonic acid mediated ethylene signalling

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

Defensinsinhibit F. graminearumgrowth for example, MtDef4.2Medicago trunculata
defensin reducesits virulence by decreasingsilique infection andlowering DON
accumulation(Kaur et al. 2012) The role of DEFLs in response o graminearumin floral
tissue has not been documented\mbidopsisthaliana. 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 doublefertilization have similar
characteristics. Fungal infection and pollen tube growth during reproduction mirror each other
with germination followed by invasioof nutrient rich tissuesArabidopsispistils are thusan
ideal system to investigate the molecular aspects sharddrngd hyphaecolonizationand

pollen tube growth duringollination

The primary objective of this project was to distinguishwhich defensin and defensiike
genes (DEFLshre associated to fertilization as opposed to those involved in the immune
responsgbased on their patterns of gene expression in the pistil,

DEFLs involved in both processes haleadybeen characterized, howevarA. thaliang it
has been reported that nearly 320 DEFL genes are prgsetite role of mosof themis
largely unknownln this project, aalysis of several ptil transcriptomesvill be employedto
systematicallyidentify DEFL genes expressed . thaliana during double fertilization
particularly during pollesiube guidanceFor this aim,A. thalianawill be selfed,andcrossed
with selfincompatible specied. lyrata and A. halleri. In order to identifyDEFL genes
expressedduring the defenceresponsg A. thaliana pistils will be infected with F.
graminearum.Additionally, DEFL genes expressed Inaaves will beidentified in order to

exclude those that are expressed both in pistilsramegetative tissusom our studies

Candidate DEFLs exclusively expressedha pistils will be selectedo carry out adetailed
characterization of their expressimnplantaincluding pistils androots This informationwill

further be employedto infer their possible roles in fertilization, infectioas well asto
investigatethe influence of fungal infection dertilization

The second objective of this projestill be to gaininsight into the molecular basis of
ArabidopsisFusariuminteraction based othe expression patterns DEFLs. A. thalianais
an appropriatéranslationalmodel forinvestigating howDEFLs counteract~. graminearum
infection becausethe immune response &. thalianaand its genetic basis are very well
documented.The results yielded by this analysis amdevant todevelop strategies to
counteractFusariumhead blight a majorcrop diseaseaffecting yield and jeopardizing food

and feed safetyworldwide
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4. Material and Methods
For all reactions and experiments, only molecular grade and gr@a.afalysi$ chemical

reagentwvereused. Molecular biologad work was mainly based guublishedprotocols(Green
et al. 2012)

4.1 Plant materials and growth conditions
4.1.1 Surface sterilization ofArabidopsisseeds
The seeds oArabidopsisspecieswere taken in 2 mlEppendorftube and suspended in 70%
ethanol for two minutes. Ethanelasdiscarded from the tubend50% volume ofbleachwas
added andeft for 510 minutes. The bleackasdiscarded and seedgere washed thoroughly
with a large amount of sterile distilled waté&/ater is discarded and the washing step is repeated
three times

4.1.2 Growth conditions ofArabidopsisspecies
Seeds of\. thalianaecotype Columbia were sown on soil griidcedat £C for three daysn the

dark to promote seed stratification. Seedlings were grown indaggconditions (16h at 2@
and 8h of 18C at 60% humidity) to induce flowering.

Seeds ofArabidopsis halleriecotype DE1-Heidelberg were surface sterilized and growwn
Murashige & SkoodMS) plates (10 g/L MS medium,10 g/L Bacto agarpH 5.8 stratified for
tendays at 4C. MS plate with seedsasmoved to long day conditienGerminated plants were
transferred to soil aftetwo weeks After two months, lte plantswith healthy rosettes are
transferredto a vernalization chambefor ten weeks at 4°C. They were removed from
vernalization chamber to induce floweringderlong day conditioa

Seeds ofArabidopsis lyrataecotypelyrata were surface sterilized. The s#® were kept in
horizontally placedl5 ml falcon tube filled with sterile distilled waterfor threeweeks at 2C.
Germinated plants were transferred to smild kept undetong day conditioa After two
months the plants with healthy rosetteveretransferred to vernalization chambjer tenweeks
at 4°C. Theywereremoved fromhe vernalization chamber to induce floweringderlong day

conditiors.

4.1.3 Arabidopsis thalianaroot germination in MS plates
Seeds oDEFLs marker linewere surfacesterilized and then transferred to MS plates. To make

sure that roots doot grow inside the gel, the plates were placedsitep angle. Seeds were left

to grow for 1620 days in normal growth conditions and followed by microscopy analysis.
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4.1.4Pollengrain germination and tube growth
In vitro Arabidopsispollen tube experiments were conducted as described previously by

(Boavida et al. 2007kxcept that thepollen germination medium(PGM) was slightly

modified (1 mM CaCl 2H20, 0.01% (w/v) HBOs, 1 mM CaCt, 1 mM MgSQ 7H:0, and

18% (wi/v)sucrose, 0.5 %, low melting agar pH 7.5). Thethalianaflowers were removed
with a pair of tweezers, and the pollen grain was ruldreBlGM in a Petri dishwhich was

keptfor 6 hoursg(hr) at room temperature for germination.

4.2 Pollination related work
4.2.1Emasculationof Arabidopsisspecies flowers
The Arabidopsisflower was fixed gently on double sided tape amicroscope slide and
placed under a 1R0 x magnification binocular. The flower bud was opened by inserting the
tip of a forceps between petals and sepals. Anthers along petatsremoved withthe
forceps from the flower bud. The emasculated pistls marked with a piece of thread

around its stem.

4.2.2Pollination experiments
Flowers ofthe Arabidopsisspecies at developmental stage 13myth et al. 1990yere

emasculated and lefbo recoverfor 24hr. Nonpollinatedemasculategbistils of Arabidopsis
specieswere collected after 24hand quickly frozen in liquid nitrogenSome of the
emasculated pistils were pollinated with pollen grainthefrespectiveArabidopsisspecies
Pistils were collected &ours after pollination (8HR) and immediately frozen induid
nitrogen. To minimize biological variationthree replicates were collected for each
experimentcontaining 60 pistils per replicate. A few of the pollinated pistils from each
experiment were collected and stained with aniline blue to visualize poblergrowth iside
the pistil

4.2.3 Aniline Hue staining of the pistils
The pistil was fixed with absolute ethanol/ glacial acetic acid (3:1)-®hdaurs. Fixed pistil

samples wre washed three times with sterile distilled water for five minutes followed by
bleaching with 8N NaOH overnight. Pistils wéedt in sterile distilled water fothreehours,
changing the water every howristils were stained with aniline blue (0.1% argliblue in
100 ml KPOy O.1M) for 3060 minutes. Stained pistils can be stored °&. #istils were

transferred to a slide and observed urad&rorescence microscope at 3800nm.
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4.3 Fusarium graminearum work
4.3.1Fusarium graminearumstrain
The F. graminearumstrain SG06 was providedby Prof. Ralph HtickelhovenTechnische
Universitdt MinchenThis Fusarium strain was used in infectingrabidopsistissue for
RNAseq. F. graminearumDsRed strain Fg8/1 was provided by Prof. Wilhelm Schaefer,
University of HamburgThis strain was useth Arabidopsispistils for g°PCR studieslealing

with infection and pollination

4.3.2F. graminearumculturing in potato dextrose agar (PDA)lates
F. graminearumstrain SGOO5were grown inYs PDA plates 9.75 g/Lof PDA) whereas-.

graminearumDsRed strain Fg8/were grown inYs PDA plates along with gneticin
antibiotic 60 eg/ml), and both strains were placed8&tC for 1014 days

4.3.3Preparation of F. graminearumculture for infection
5 ml of sterile distilledwate was poured on the surfacefafgraminearuncultured¥s PDA

plate and scrapped with scalpel or microscope slide. The mixture was filtered thaough
autoclaved cottogauze. Filtratevasadded to 50nl of wheat mediun10 g/L of wheatgrass
powde) or induction medium(l g/L bacto yeast extractd.5 g/L magnesium sulfate
heptahydrate 15 g/L carboxyl methyl cellulose 1 g/L ammonium nitrate 1 g/L
monopotassiunphosphate pH 6.5). The culture was incubated at°@3for 1014 daysin
dark The culture containing. graminearumwasfiltered through sterile spandex bandage.
The filtrate was centrifuged at 4C at 5000 rpm for20 minutes Supernatant liquidvas
discarakd without disturbing the conidia. Conidigere suspended in sterile distilled water
diluted to the concentration 8-9x10° spores/miand 1%Tween is addedBoth strains of.

graminearunculture for infection was preparedtime same way

4.3.41noculation of Arabidopsisspeciedor RNAseq
Flowers were emasculated and l&dtrecoverfor 24hr before infection. TheArabidopsis

plant was floral dipped into conidial suspension fe8 thinutes The plantswere covered

with a plastic bag sprayed with water to maintain the relative humi@Gisaye was taken to
ensure the plant roots are not waterlogged, which greatly affects normal flower development.
The plants were incubated in these conditions for T@hmfectionto develp underlong

day conditios. Similarly, Arabidopsisspecieswere treated with sterile distéd water asa

conrol (mock treatment). Infectedeaves and pistils were collected after 72hr and
immediately frozen in liquid nitrogen. Three replicates for eamindition was collectedA
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few infected leaves and pistils weoellected andvisualized by wheat germ agglutirin
tetramethylrhodammstaining (WGATMR) (Hoefle et al. 2011)

4.3.5 Chloral hydrate method for clearing infected tissue
The infected tissuesvere fixed overnight in the solution of (9:1) ethanol: acetic acith

fixative solution (750ml ethanol, 250nl chloroform,1.5 g trichloroacetic acid) for twadays.
The tissueswere washed with 90% Ethanol for 3060 minutes andollowed by washng
with 70% ethanol fodhr. This was followed by washing with distilledater.Chloral hydrate
solution (2.5 g of chloral hydrate addedto 1 ml of 30% glycerol) was added to wadh
tissue sampleand left overnightThis is followed byWGA-TMR staining

4.36 Wheat germ agglutinin-tetramethylrhodamine (WGA-TMR) staining of the pistil
For WGA-TMR staining,clearedtissue vaswashed with distilled £D and incubated for 20

minutesin 1x PBS buffer (8 NaCl, 2.8g N&HPQs. 2H20, 0.24g KH2PQy, and 0.2y KCI in

1L water, pH7.4) and transferred torl of WGA-TMR staining solution4900¢l 1x PBS,

50 eglel BSA, and 50el WGA-TMR). After vacuum infiltration of 20 miates leaves and
pistils were left in the staining solutidior at least 24h in the daik 4°C. Leaves and pissil
were viewed ina confocal laser scanning microscopy (CLSM; Leica 510; Leica
Microsystems) WGA TMR was excited by a 56hm laser line and the emissiomas
detected at 571 to 610 nm.

4.4 RNAseq related work
4.4.1Total RNA extraction of tissue samples
Frozen tissue samples were ground with sterile steel beads. Total RNA was extracted with the
RNeas{ Plant Mini Kit (Qiagen).450¢ | Buf fer RLC containing gu
was added to ground tissiRINA was isolated according to the protocol of the manufacturer
In order to remove genomic DNA, the samples were treated with the 180 DNase se:
(Qiagen) for 15 mintes at room temperature. 350 | of Buffer RW1 was
RNeasy spin column. RNeasy spin column was centrifuged for 15 seconds and the flow
through was discarded. 5@0] of B unvkeré aslded tB e RNeasy spin column and
centrifuged forl5 secondstdl3,000 rpm. The flowthrough 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 fareminutesto dry the membranghen theRNeasy spin
columnwas phcedin a new 1.5 ml collection tukend4 0 ¢ | -Red avateawereadded to

RNeasy spin column and centrifuged @ore minute at 13,000 rpm to elute the total RNA.
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The concentration of total RNA was determined with the Nanobiip- 1000, whereby the
qualty and integrity of RNA was measured on an Agilent 2100aiatyzer according to the

manufacturerodds protocol

4.4.2 Preparation of cDNA libraries for RNAsegand sequencing
All cDNA libraries were prepared using the TruSeq RNA sample preparation kinhifiky)

by the Kompetenzzentrum fir Fluoreszemgioanalytik (KFB)group Biopark,University of
Regensburg), starting from 500 ng of total RNA to purify pa&lycontaining mRNA
molecules using the TruSeq RNA sample preparation kit (lllumina). The libraees
guantified 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). Thagegu

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 yeld in
files, which are converted into fastq files with CASAVA 1.8.2 softwarbraries were
multiplexed in order to obtain between-60millions reads with a mean quality score of 37,

per biological replicate.

4.4.3RNAseq analysis and transcriptomic analysis of differential gene expression
The quality of the reads obtained wassessed 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 G@l TAIR10 version of théA. thalianagenomeor to version 2.0 of the

A. lyratagenome oto theversion 1.1 of thé\. halleri genomedownloaded fronphytozome
(phytozome.jgi.doe.gov) as followsiapping only to gene regiows thalianaor to genic and
inter-genic regionsA. halleri and A. lyratg, 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, insertiost=3, deletion
cost=3. Variation in the levels of expression between the biological replicates of each
condition was assessed via hawts and Principal Component Analysis. In order to maintain
similar levels of variation between the biological replisaialy 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 incorpoeat in the EdgeR packag&obinson et al. 2010)

implemented in the CLC Workbench. In this analysis read counts obtained from each

24



Results

developmental stage in the pollination and infection treatments previously described were
compared to the corresponding sampleamtpadlinated, emasculated pistils éf thaliana.
Differentially expressed genes are those that have andeDcted pvalue below 0.0005

and an expression f ol d-2ddowanreguiation) an@ whicugre e g u |
expressed with an RPKMO 1.

4.4 Bacteial related work
4.4.1Preparation of chemically competentEscherichia colicells
A single colony of anEscherichia coli(E. col) strainD H5 Was grown in LB medium
overnight at 37°C. Othefollowing day,the culture was diluted in 250 ml LB to abaolit100
dilutions The culture was grown at 18°C until an §adreaches 0.6. Afterward, the cultures
were cooled immediately in ice wateentrifugedat 4°C for ten minuteat 3000 rpm The
pellet wasresuspended in ieeold TB buffer(10 mM Pipes55 mM MnCI2, 15 mM CaCl2
250 mM KC) and kept on ice for ten minutes. Following an additiaceitrifuging the
pellet was gently resuspended in 20 ml-¢odd TB buffer. DMSO was added to a final
concentration of 7% (v/v). ThB H 5 ddmpetent cells were aliquoteiiozen immediately in
liquid nitrogen and stored &80 °C.

LB mediacomposition

weight
Tryptone 109
Yeast Extract 59
NacCl 10g

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

volume was made up td_Wwith distilled water.

4.4.2 Escherichia colitransformation of ligation reaction
E.coi DH5 U ¢ o mp e as¢hawted on écé foa faw minutes. 12 € | o ligatiotnh e

reaction was added to the competent cells and incubated imirB@eson ice. Competent

cells were heat shocked for 30 seconeéds at 4
minutes 500 ¢ | of L B nteedaacation amhaubated e dhéh kteo at 37 e (
1 hour. Transformants were then plated_@nplates with the appropriate antibiotics and then
incubated overnight at 37¢C.

4.4.3. Preparation of competentAgrobacterum cells
Agrobacterium tumefaciensstrairs listed belowwere incubated in LB media without

antibiotics overnight at 3 0 e Quereaddedeto 200 mMIl o wi n
LB media and incubated at 30°C until the OD reaches 0.7. Cells were harvested by
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centrifuging at 5000 rpm for 20 min at 4°C and waskéth cold TE buffer(10 mM
Tris/acetate, 1 mM EDTA, pH 8.0Subsequently, the cells were centrifuged at 5000 rpm for
20 mirutesat 4°C again and finally resuspended in 20 ml cold LB medium. The cells are
aliquoted, immediately frozen in liquid nitrogendastored at80°C.

Agrobacteriumnstrain Antibiotic Resistant
GV3101 Rifampcin, Gentarncin
GV3101:pSOUP Rifampcin, Gentaritin, Tetracyclire

4.4.4Agrobacterium tumefaciensransformation
Agrobacteriumtransformation was done withgrobacterium tumefaciersgrains GV3101 or

GV3101pSOUP. 2t g of the pl asmi d DRNglobastarisncangeleatd t o =2
cells andincubated for 30 muteson ice. Agrobacteriumcompetent cells @re frozen in

liquid nitrogen for one mmteand transferred to 37eC water |
were thawed. 1 ml of YEP medium was added to competent cells and incubatgthicer

for3 hrat 2Ah@acteriumcells were centrifuged for 1 mike at 5,000 rpm and the
supernatant wasigtarded. Theell pelletwas resuspended in 100¢l o]
and transformants were plated on YEP with the appropriate antibiotics. Plates were incubated

i n 2 8thréxdalsdaobserve the transformed colonies.

YEP mediacomposition

weight
Peptone 10g/L
Yeast Extract 10g/L
NacCl 5¢/L

pH was adjusted to 7.0, L Bactoagar was added in case to make YEP plateshand t
volume was made up to Madth distilled water.

4.4.5 Agrobacteriummediated transformation of Arabidopsis thaliana
TransformedAgrobacterium tumefaciensolony were selected argtown in 15ml of YEP

media with appropriat e aanshakeb at®@@0irmms 16boefer ni gh
miniculture wasadded t0200-250 ml of YEP media withthe appropriate antibioticend

grown overnight at same conditions. 00 o f t he cul ture was made
at-80eC) . Cell s wer e ha35006krpm for@0 nimesandehepeltet f u g at
was resuspendeid freshly prepared 200 ndf infiltration solution (0.44 g MS including

MES and vitamins40 €l Silwet L77, 10 g sucrose)A. thaliana plants were dipped into

infiltration solution forthreeminutesand were covered with plastic bags. Plastic bags were
removed the next day and transgenic plants were transgdteztendays tothe greenhouse.

When the seedlingdevelop 200 eg/ ¢l of BASTA was sprayed
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order to haveBASTA resistant transgenic plant8ach 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. Tlkey were vernalized for four daysd then transferrelhter to long day @nditions

The protocol was based @bhang et al. 2006)

4.5 Molecular biology work
45.11solation of Genomic DNA from plants using CTAB method
Plant genomic DNA was extracted using a modified CTAB method. Approximatgtyo?
cauline leaves ofA. thaliana were weighed and frozen in liquid nitrogen. Frozen leaf
materials were ground usirgnortar and pestle to a fine powdeith liquid nitrogen. The 15
ml/gr of freshly prepared 2X CTAB buff¢2% CTAB (w/v), 100 mM Tris (pH 8.0), 20 mM
EDTA (pH 8.0),1.4M NaCl 1% PVPi 10 g wereadded to the freshly ground leaf materials
and pl aced a tutesdri¢h€reafteo alwe@ t6 cooh at moom temperature for
few minutes An equal volume of chloroform was added to the mixture and mixed without
vortexing. The mixture was centrifuged at 5000 rpm for 10ube The supernatant was
transferred to a separaippendorftube andone volume of 100% isopropanol was added.
The mixture was allowed to precipitate for about 10 utés at room temperaturand
subsequentlycentrifuged at 5000 rpm for 30 mitesat 4 e C. The supernatar
andthe pellet was resuspended in 1 ofl TE buffer.3 ¢ | Nase (Fdmg/ml) wre added
and incubated for 40 mitesa t  3NAx¢ % volume of phenchnd¥2 volume of chloroform
were added to the mixture and mixedthoroughly without vortexing followed by
centrifugation at 13,000 rpm fdive minutes The agueous upper phase was transferred to
separateEppendorfwith one volume of chloroform and mixed well. The mixture was
centrifuged at 13,000 rpm for 5 nuites, thera volume of 1MSodium Acetatealong with
onevolume of 100% isopropanatereadded to the aqueous phase and incubated overnight at
20eC for D N A The overmightpmixtuee twaso aentrifuged for 30 mates at
13, 000 rtpprecipitae DMAe The pellet was collected by discarditing supernatant
and washed with one volwerof 70% ethanol. The sample was incubated fomitkutesand
centrifuged for 30 mimtesat 13, 000 rpm at 4eC. Supernatant
and pellet was dried for 30 mitesat room temperature. Finally, the dried pellet containing

genomicDNA was dissolved completelyin2@0l of steril e distilled
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45.2Primer design
All primers were designedsing the Vector NTI softwarealong with theonline website,

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

cloning,cDNA synthesisgPCR, genotyping allestedin the gpendixsection 91.

45.3Polymerase chain reaction (PCR)

4.5.3.1 Amplification of PCR products for cloning
The PCR amplificatiorwas done with KAPA HiFi PCR KitComponents of thd°CR

amplification reactioraredescribed below.

Component Volume [ul]
5X KAPA HiFi Buffer 0.5 ul
10 mM KAPA dNTP Mix 0.75 ul
10 uM Forward Primer 0.75 ul
10 yM Reverse Primer 0.75 pl

Genomic DNA 1l
KAPA HiFi 0.5 ul
PCRqgrade water Up to 25 pl

Settings used in thermocycler for gradient PCR amplification.

Step Cycles Temperature Time

1 1 95°C 3 min

2 98°C 20 seconds
3 32 60-75°C 30 seconds
4 72°C 30second&b
5 1 72°C 5 min

6 Pause 4°C b

45.3.2 Colony screening from LB plates
Tag DNA Polymerase kit was used to perform screening of colonies. An individual colony

from the plate was pickeffom transformantE. coli with a sterile pipette tip and +e
suspended in 28 | of  tmhseer nix@CBMponents for singlecreening reaction is
described below

Component Volume
10x Tag buffer 2.5 pl
dNTP 0.5 pl
10 uM Forward Primer 1l
10 uM Reverse Primer 1l
2.5 mM MgCI2 3 ul
Sterile dstilled water 16.8 ul
Tag DNA polymerase 0.2ul
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Settings use in thermocycler for screening

4.5.3.3 Genotyping of transgenic plants

Genotyping of

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 b
transgenic plants

was

Results

perform

Arabidopsis leaf samples aghe template. fAfter pipetting the KAPA3G Plant DNA

Polymerase, a leaf disc of approximateh 2nm in diameter was cut from the plant with

forceps and added to the tubéSpalvins, 2016). Components fora single genotyping

reactionaredescribed below

Component Volume
KAPA plant PCR buffer 12.5ul
10 uM Forward GFP Primer 0.75 ul
10 pyM Reverse GFP Primer 0.75ul
Sterile water 10.8 pl
KAPA3G Plant DNA Polymeraseg 0.2 pl
Template plant crude sample

Settings used in thermocycler for genotyping

Step Cycles Temperature Time

1 1 95 °C 10 min

2 step 2 to 440 95 °C 30 seconds
3 repeats 60 °C 30 seconds
4 72 °C 30seconds
5 72 °C 5 min

6 4°C b

4.5.4 Digestiorof the plasmid
To performsingle or double digestion dhe plasmid, several different restriction enzymes

were employed using the same basic reaction mixti#ach digestion reaction was

incubated at specific temperature amde specified by the manufacturer for each enzyme

(Spalvins, 2016)Following components were used for restriction enzyme digest resiction

Components Volume
DNA up to 1e¢g¢(
10X NE Buffer 2¢ |
Restriction Enzymes (HF) | 1¢ |
Nucleasefree water Made upto 20¢ |
Total 20¢ |
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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 conponents wereised for ligation reaction

Components Volume
Vector 25100ng
Insert 1:3 molar ratio

10X T4 DNA ligase buffer | 2¢ |
T4 DNA ligase enzyme 1 el

Nucleasefree water made up to 2@ |
Total 20¢ |
The |l igation mixtur e Ceearmghtiandnransf@med yncoliu b at ed

competent cells.

4.5.6 Agarose gel electrophoresis
0.7%-1.5% agarose gels wepeepared based on the size of the ampliégarose powder

(peqGOLD universalwas melted in 1X TB buffefl0.8g Tris-acetated ml 0.5M EDTA pH
8.0,5.5 g Boric acig and cooled down? ¢ lof Roti® safe gel stain (Rothyereadded to 100

ml of agarose gel and the gel was c8gil of 6x DNA loading dyewereadded to 2¢ | of
the respective samples and loaded in gel pockets. [b® the suitable DNAadder were
applied to the pockets and the agarose gel was run {60 4birutesat 125V. The gel was

photographed usingBioDoc Analyze Biometra Ti5 (Biometra).

45.7 Gel Elution
QIAquick® Gel Extraction Kit was used toiact thedesired DNA fragmestfrom agarose

gek. Desired product was cut from the agarose gel usitigan scalpel and the gel slice was
weighted. According to the gel weight, three volumes of bufferWggeadded and vortexed

at 50 e C dtes One Ydumerb100% 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 émeminute Flow-through was discarded fromn2
collection tube and depdimg on the volume of the samptentrifugation was repeated. 750

e | of Buf f er th€skin celansn, alodet eéodstartd at room temperaturévior
minutesand centrifuged at 13,00@m for one min. Centrifugation was repeated to remove
the exces of buffer and to dry the column. Spin column was placed onto a sterile 1.5 ml
Eppendorf tube. 25 | of steril e di s thespbih eldnmnardtwas setwa s &8
aside fortwo minutesfollowed by centrifugation foone minute After centrifugation,the

DNA-concentration waseasuredvith a NanoDrop® NDB1000.
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45.8 Miniculture of bacterial colony
A fraction ofthe bacteriatolony from the plate was taken wilpipette tip and added to-3

4 mL of LB-medium containing appropriate antibiotidinicultures were grown overnight

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

Ampicillin 100 e€g/ m
Kanamycin 50 &g/ ml
Spectinomycin 50 &g/ ml
Tetracyclire 5 €9/ ml
Gentanicin 40 &g/ ml
Rifampcin 10e g/ ml

459 Isolation of plasmid DNA
Plasmid DNA was isolated usinga high-speed plasmid mini kit from GENEAID.

Minicultures were harvested by centrifugation &0D0rpm for a miruteand the supernatant

was discarded. 209 | of PD1 buf fwereaddédstd tlerpellet ana mixed wel )

to completely dissolvé. 200¢ | of b wérdadded tdhb iixture and tubes were

inverted ten times to mix thoroughlwithout vortexing. The 1.5nl tube containing the

mixture was allowed to incubate fowo minutesat room temperature. 3G0| of PD3 buf
were added tothe mixture and mixed by inverting followed by centrifugation tbree

minutesat 13,000rpm. The supernatant was transfertedhe PD column provided in the kit

and centrifuged for 30 seconds &00rpm. The flowthrough was discarded. 480l 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 conteii t he DNA was waWhed wi
wash buffer with the ethanol peelded 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 Riblumn by the addition of 56 | steril e wat
centrifuged fortwo minutesat 13,000rpm. The PD column was left at room temperature for

two minutesto havea good yield of DNAand centrifuged for two minutes at 13,000 rpm

The amount of plasmid DNAIng / € | was measu®HDIO@si ng Nanodr

45.10Cloning strategies

45.10.1pENTR/D-TOPO cloning reaction
The entry vector with the desired DNA sequence was cloned with pENTR Directional

TOPO® cloning kit by Invitrogen. 56 L PCR reacti on was perfor me
for amplification of desiredNA sequence anthis is followed by elution oDNA sequence
from the gel using QIAGEN® QIAquick® gel extraction Kithe anount of DNA required
for pENTR-D/ TOPO entry vectorwas calculated for 1:1 molar ratio dONA product:
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volume was made t6 ¢ | using sterliclle odi sstailltl esdo |wiattieorn.
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mixture and incubated at roomemperature for 30 mutes The reaction mixture was

transforned onD H 5 ¢bmpetent cellsaind transformants were selected bB plates with

kanamycin.

45.102 LR reaction

PENTR-D/ TOPO entry vectorcontaining either imoter or coding sequence (CD$3

transferred to the destination vector (pB7FWG 2.0 / MB\8-3XGFP) to create the

expression clone using LR recombination reaction. The following components werm used

theLR reaction mixture:

Components

Volume

Entry clone

(50-150 ng)-1-7 ¢ |

Destination vectol 1 5 0

Alge/l € |

TE buffer,

pH 8.0

2¢l of LR c | oweeesdsed ltol the enixtarg amd incubated for 1hr at room

temperature. £ | of pr ot ei n ahemixtue fovt@rainaiing the IR rdadipn

andthe samplewas incubated for 10 minesa t

in D H 5 ddmpetent cellandcultured orLB plates with selective antibiotics

45.10.3 Cloningfor subcellular localization

37ecC.

The

react.i

on

The CDS of the gene of interest (Gl) was amplified fromcDNA pook (Arabidopsis

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

was amplified fromgenomicDNA information obtained fronTAIR10 version of theA.

thaliana genome in https://www.arabidopsis.oithe putative promoter was defined tag

mi

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

neighboring gene)After the amplification ofCDS from cDNA, the product was cloned into

PENTR-D/TOPO (Kanamycin resistantip aeate entry clonepENTR/D-TOPOGOI-CDS.
The LR reaction was performed wittihe entry vectorpENTR/D-TOPOGOI-CDS to

destination vector pB7FWG2.0t0 create an expression clonp35S::GOlgeGFP

(Spectinomycin resistant)flhe putative promoter of GQvas amplified from gDNA using

Sacl and Spel flanked primers The expression clone anputative promoter othe GOI

flanked by Sacl and Spel sites are digested withthe corresponding enzyme$he two

digested fragments aliggated which resuls in a final vectorpGOI::GOIgeGFP The final

vector was sequenced by external service provider (LGC genomicghe complete list of

cloned vector for subcellular localizatiomarc be seen in appendix sectior2.9The final
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vector pGOI::GOIlgeGFPwas transformed té\grobacterium tumefacierstrains GvV3101
(Rifampicin and gentamin resistant) andransformed intoA. thaliana as previously

described

4.5.10.4 Cloning for promoter analysis.
The size of the putative promoter was between 4@bhpepair)-2kb (kilo base)depending

on the GOI. All putative promoters were amplified with a forward primer containing CACC
on the 506 end for di r @0ROivectodhefragrhents includgingi nt o
the putative promoter of each gene were clonemto pENTR/D-TOPO entry vector
(kanamycin) to creatpENTR/D-TOPO-GOI promoter.The resultingplasmidpENTR/D-
TOP-GOI promotemwas digested to linearize the vector. The LR reaction was performed with
the linearized pENTR/BTOP-GOI promoterto destination gctor GW-NLS-3XeGFP to
create an expression clone pGOFNLS-3XeGFP (kanamycinresistant).The final vector

was sequenced bgxternal service provider (LGC genomic¥he complete list of cloned
vectors for promoter analysis is in Appendix sectib®. The final plasmid pGOFNLS-
3XeGFPwas transformedh Agrobacterium tumefacierstrain GV3101+8OUP (including
rifampicin, gentarcin and tetracyclia resistage) and transformed intdA. thaliana as

previously described

45.10.5 Cloning of transgenicRNAI lines
Two RNAI constructs were generated for targeting genes in two DEFL family CRP 500 and

CRP 670. CRP500 consists At3g43505and along withhighly similar DEFL paralogs
At3g61182, At3g20997, At5g47075, At5g470di@d CRP500 consists cAt5g38330along
with its highly similar DEFL paralogat4g30070and At4g30074 The specific sequences
were synthesized by Thermo Scientific GeneArt AG, Germdimg selected synthesized
sequences weramplified in sense orientatioand antisense orientationThe resulting
fragments werseparated by gel electrophoresis, purifdidested withrespective restriction
enzymes and cloned into the corresponding sites of th@Ubi-iF2 vector containing
spectinomycin resistece as well as aibiquitinmaize promoterto create pUbi-RNAI-
iF2 vector. This was followedy replacing thaibiquitin maize promoter with constitutivé.
thaliana Ubiquitin 10 promoter and central cell specific promoter DX36reate expression
vector pUbil0-RNAI-iF2 vector and pDD36-RNAI-iF2 vector respectively The expression
vectorwas digested witlsfil restriction enzyme and the fragment contairtimgpromoteras
well assense and antisense sequences were cloned into corresponding spliced sites of binary

vectorp7U to create the final vaor p7U-RNAI (spectinomycin resistant). The final vector
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was sequenced lan external service provider (Macroge@pmplete list of cloned vector for
RNAi can be seen in appendix secti@?2. This was followed byAgrobacterium
transformation withGV3101 strains andsubsequent transformationto A. thaliana as
previously described

4.6 qPCR related work

4.6.1Pistil collection for gPCR analysis

4.6.1.1 Pollination study
For pollination analysisA. thalianawild-type flower was emasculated and pollinated with

thaliana wild-type pollen graia The pollinated pisti were collected 8HAP, 24HAP,
32HAP, 48HAP, 80HAP, 96HAP and additionally, rpallinated pistil(NP) wascollected

For each conditio5 pistils wee collected. Two biological replicates were collected for this
studyand total RNA was isolated aseviously describeth section in 4.4.1

4.6.12 Pollination - infection study
Aln 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 wihgraminearunDsRed strain Fg84nd kept for

one day after infection (DAI), an8DAI in humid condition. Two controls were used in this
studiesi control and mock treatment. Control samples were emasculated, pollinated and
followed by no treatment fothe same time periogs treated sampld82HAP, 48HAP,
80HAP and 96HAP)Y (Spalvins,2016) Mock treatment samples were similar to infected
pistil except thathe pollinated pistis were treated with sterile distilled water. 45 pollinated
pistils were collectedor each condition antivo biological replicates were collected from

each conition. Total RNAwas isolateds previously describad 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 graminearunbsRed strain Fg8/1IMock treatment samples consisted of flowers
one day after emasculation whialeretreated with sterile distilled water, kept in a moisture
chamber for one day (1DAT) and 3 days (3DAT). The control for thedagedreated pistils
(1DAI,1DAT) were pistilstwo days after emasculation (2DAE), while the control for three
day treated pistils (3DAI and 3DAT) were pistils four days after emasculation (4DAE). For
each conditionthree biological replicateseach containing 4pistils were collectedTotal

RNA wasisolatedas previously described section 4.4.1
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4.6.2 cDNA synthesis
cDNA to be used in gPCRssaywvas synthesized with SuperScript Il RT kit starting from 1

pg of total RNA.Components focDNA pools synthesiare:

Component Amount Volume
RNA template 1ug variable
Primer ABO5 0.25 ug (50 pmol) |1yl
dNTP Mix 10 mM each 1l
dd Water add 14 pl

The mixture was incubated fdive minutesat 65°C, the samples were chilled on ice and
spun down.Subsequently6 ul of master mix (4ul 5x Buffer, 1ul 0.1 M DIT, 1ul
SuperScript Il reverse transcriptase) were added to each Thigereaction tubes were
incubated for 50 mutesat 50°C. The samples were heated for 15uteisat 70°C to stop
the reaction. The cDNA samples were synthesized by filersensincluding mewhich are

described irAppendix sectior®.14.

46.39PCR assag
qPCR assays were performed with KAPAE SYBRE

96- well plates. The gPCR plate layout corresponding to pollination, polliratfention and
infection assays is shown in appendix sect®8. Each 2@l reaction contained 10u
KAPA™ SYBR®P FAST gPCR MasterMix Universal (peglab), §isterile biopak water,
0.4ul of each forward and reverse primers (M) and 1ul of 1:5 diluted cDNA.
fiNegativeRT controls containing total RNA that was not reverse transcribed were added to
detect genomic DNA contamination. In addition, one-template control (NTC) as well as
one positive control containing the cDNA made from mRNA that was extracted from a mix
of pollinated, noremasculated, netreated flowers were added. Each total RNAgke was
represented by one cDNA pool and each cDNA pool by three gPCR technical replicates
(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
95 °C 10 seconds

2 40 Ta* 30 seconds
72 °C 8 seconds
95 °C 15 seconds

3 1 55°C 15 seconds
55°C-95°C 20 mirutes

4 1 95 °C 15 seconds

* Annealing temperature for each primein Appendixsection 9.1
fiThe Cq values were extracted from the Mastercycler® ep realplex software and imported
into the gbase+ software. The quality control settings require the Cq values from 2 out of 3
gPCR triplicates to differ less than 0.71 cycles. Normalization factors tivenecalculated
and applied to correct for internal variatiofhe resulting calibrated normalized relative
guantities (CNRQs) were then exported into Excel ang ti@psformed for further analysis

and calculation of fold change values and statistical anal{Smalvins, 2016).

4.7 Pollination studies usingGFP signal quantification

Theflowersof pAt3g070® NLS-(3x)eGFP,pAt4g09153NLS-(3x)eGFP,pAt2g42885 NLS-
(3x)eGFP andpAt2g20070NLS-(3x)eGFP marker lines were emasculated and pollinated
with sperm cells labeled with RFP from marker line HOERFP. The pollinated pistils were
collected 8HAP, 24HAP, 48HAP anderedissected to observe GFP signal in thgpeetve
cells from the ovuleSimilarly, GFP signals were observed from the ovule before pollination
and wvere considered as nepollinated pistil (NP). AStacked pictures of the single ovule
showing GFP signal were taken at 40x magnification using an xager 2 fluorescence

microscopé (Spalvins, 2016)The exposure time chosen for each marker lines is listed here:

DEFL gene | Exposure time
At3g07005 280 ms
At4909153 580 ms
At2942885 600 ms
At2920070 200 ms

GFP signals from ovules of marker lin@sre obtained in stacked image format and the GFP
signals from the image were further quantified using ImageJ software as follows:

1) In ImageJoftware the stack image & converted to hypersta¢kigure &).

2) The hyperstack image was projectedaim image ofhighest intensity by going to
Image/Stacks/Z Project and in Z projection windadwe settingswere left asfollows:
Projection type: Max Intensity. Example of image with maximum intensity projection is

shown infigure 8.
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3) In the maximum ir@nsity image, elliptical or polygon selection tool cirelas selected
and usedaround every nucleus that sheth\GFP signabnd measureds GFP measurements.
After thesingle GFPnucleuswas circledM key was tappedn order to measure the intensity
and T key was tappedn order to savehe selection in ROl manageithis process was
repeaed depending on the number of endosperm nuclei in the imagehedsackground
control, 107 20 same size circles were taken in regions nexthtoGFP nucleus as
backgound measurementAn example ofanimage with circles arounthe GFPnucleus and
background measuremeimsthemaximum intensity projectiormageis shown infigure 8C.

4) All the values were exported to Microsoft excel sheet. The average value of the GFP
measurements fronthe nucleuswas calculated and similarly the average value of the
background measurements vedsocalculated.

5) The average value of the backgrdumeasurement®&as subtractedrom the average
value of the GFP nucleus measuremémtsrderto acquire the signal intensity of the given

condition

Figure 8:Measurement of GFP signal from the ovules using ImageJ software.

Thisfigure was obtained fronMa s t Ehesis sf KrissSpalvins(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 projectiofC) Maximum intensity projection witlFP measuremenits endosperm

nuclei(green arrow) and background measuremardand the endosperm nuc{gellow arrow)

4.8 Experiments on effect of fungal infection on reproduction

4.8.1Developmental studies

Homozygous marker line of pAt1g60985:NLSx)eGFP line 1 was used for developmental
studiesbecausésFP expression was observed in endosperm nuclei until 96MAtRaliana
pistils were emasculated, pollinated for each time period (8a#d24HAP) and followed

by different treatments (infection/mock treatmefa) one and two days. Control samples
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were collected after 32HARIBHAP, 56HAP and 72HAP. Ten pistils from each condition
were collected and dissected. The pictures of different stafgegules were taken in 10x
magnificationwith an Axio Imager 2 fluorescence microscopehe ovules from pictures
were counted and categorized basedh@mumber of developing endosperm cell nuclhe
following stages of ovulesvere countedfor each caesponding conditiondegraded
OHAP/BHAP, 24HAP, 48HAP and 72HAP were recorded for each corresponding condition.
Becausenon-pdlinated ovulesand those8 HAP are undistinguishablan this stug they
were counted as singitage

4.8.2 Seed set experiment

4.8.2.1Seed set data of infection followed by pollination

Emasculated pistils were inoculated with different treatments (infection/mock treaftiorent)
one and three day3he infection was done witk. graminearumDs-Red as described in
section 4.3.3The infected pistils were pollinated with witglpe A. thaliana pollen. The
control samples were emasculation for two and four days followed by pollination without any
treatment.For each experimental condition, -105 pistls were taken for the study.he

siliques were collected after fifteen days for seed set data analysis

4.8.22 Seed set data of pbnation followed by infection

Emasculated pistils were pollinated for each time period (8HABR 24HAP) and were
inoculated with different treatments (infection/mock treatmésnt)one, two and three days.
The infection was done witk. graminearumDs-Red as described in section 4.3.Bhe
control samples were emasculation followed by pollinatiomaut any treatmentor each
experimental condition, QL5 pistils were taken for the studihe siliques were collected

for seed set data analysis

4.8.2.3 Seed set count

Siliques were collectetiventy days after pollinatioand bleached in 3:1 ethanol/ acetic acid
for two days. This was replaced with 70% ethafoola few days and siliques were placed in
slides with one drop of 1X PBSiPictures of the siligues were taken with the Stereo
Discovery V8 (Zeiss) microscope andetmumber of seeds was counted based on the

picture® (Spalvins, 2016)
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4.9 Microscopy

All microscopic studies were performed with either confocal micros¢bfW510 or SP§

or fluorescence microscopxio imager 2from Zeiss®. The pictures weranalyzed by the
software LSM I mager, LAS AF |lite and ZENE,
used excitation wavelengths, depending on the fluorescent protein.

Fluorescent proteir] Excitation wavelengtl  Emission filter

eGFP 488 nm 5007 550 nm
Ds Red 545 nm 5701 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 fertilizatign thaliana pistils were selfed,
crossed withA. lyrata and A. halleri pollen Similarly, in order to identify DEFL genes
expressed in selhcompatibleArabidopsisspeciesA. halleri pistil was selfedcrossed with

A. lyratapollen, andA. lyrata pistil were selfeqTablel). To identify DEFL gene expressed
during defence,pistil and leaves of threérabidopsis species wereinfected with F.
graminearum(Table ).

The major objective of these procedures was to set up the conditions for collecting tissue
samples for RNAseq which would enable usdentify DEFL genesexpressed (a) during
pollination and (b) during the responsd~tgsariuminfection

5.1.1 Aniline Hue staining of pistil

DEFL genes expressed between thefpralization and fertilization eventwas of interest

In order to find theappropriate timepoint to collect pistils after pollination, pollen tube
growth was followed byrline blue stainingVisualization 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 polletube 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
mostof the ovules in the pistil would have a chance of attracting the pollen tube (B)gure

No seeds were produced in interspecific pollinations involdngalianapistils.
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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 eth@y emasculated. thalianapistil. B) A. thalianapollen tube
advancing throughhe transmitting tractowards theovules when A. thalianais seltpollinated. C)A. halleri
pollen tube advancing throughe transmitting tract ii\. thalianapistil. D) A. lyrata pollen tubeadvancing
throughtransmitting tract inA. thalianapistil. E) Image shows aniline blue staining of eday emasculateA.
halleri pistil. F) A. halleri pollen tube advancing through transmitting trexwards theovulein A. halleri pistil.

G) A. lyrata pollen tube advancing through the transmitting tracfofialleri pistil. H) Image shows rline
blue staining of onelay emasculated. lyrata pistil. I) A. lyrata pollen tube advancing through transmitting
tracttowards theovulesin A. lyratapistil. Scale bar:50um.

41




























































































































































































































































































































































