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Introduction

1 Introduction
1.1 The sugar beet crop

The domestication ofdetsbeganaround 8,000 BC in Mesopotamia. Ancestral forms were

mai nly selected for their | eaveferconsurhptomgh t he
(Biancardi et al. 2020]Even though beetroots have been known for their sweet juice for a

long time, the cultivation of sugar beets as we know them today only bad#® years ago

in German Silesiavhen the sugar obtained from beets was proven to be identical to the sugar

from sugarcane. The White Silesian Beet selected and used for the first sugar extractions in

1784 is believed to be the ancestor of all predegtsugar bee{&ischer 1989)The first

plant for sugar production from beets was establign@801(Hallmann et al. 2009Modern

sugar beetReta vulgarissubsp.vulgaris) is a biennial, diploid crop (2n = 18) of the

Amaranthaceae family Owi ng to the constant selection,
from 8% to almost 2@% in the past 200 yeafBiancardi et al. 2020Jpon harvest, sugar

beet contains 75% water. The remaining 25% dry matter cen$isb % sucrose, 186 marc

(insoluble cell wall components), and®nonsucrose substanc@doffmann et al. 2005)
Nowadays, 80 % of the worl ddés sugar is produ
comes from sugar beet, 50 % of which is produced in the European Union, making sugar beet

one of the most important crops in EurgpérectorateGeneral for Agriculture and Rural

Development 2024)n 2022, the top five sugéeetproducing countries were Russia,

France, the US, Germany, and TurkEpod and Agriculture Organization of the United

Nations 2024)The byproducts of sugar production are used for livestock éeetior

producing biofuelgMarzo et al. 2019)

Several sugars, among them sucrose, are the main products of photosynthesis. They are
produced in the leaves and transported to sink organs like flowers, seeds, and roots via the
phloem Early in the growing season, the cambium rings oftigar beetoot are formed
(Hoffmann 2010) The parenchymal tissue storing the sucrose is located between those rings
and the number of rings is directly correlated with the sucrose cdMifard 1976,

Hoffmann and KlugeSeverin 2011)Sucrose is involved in starch biosynthetig, regulation

of anthocyanin production, and plant developmental processes where it acts as a signal
molecule(Yoon et al. 2021)

As sugar beet is biennial, it grows vegetatively in the first year and switches to the
reproductive phase in the second year, after being exposed to an extended period of cold,
called vernalizatioriBiancardi et al. 2020Bolting and ultimately floweringeduceghe

storage root and hence the sugar yield. Therefagardeets are generally sown in spring
and the roots are harvested in auturefore the plantsan switch to the reproductive stage
(Hoffmann and Klugeseverin 2011Biancardi et al. 2020However, swing in autumrand
cultivating the plants over wintéias been investigateohd is even postulated to lead to a
yield increase of 30%. Winter beet cultivation is possible ing mild climateof the
Mediterranean countridsut notin northern EuropéHoffmann and KlugeSeverin 2011Loel
and Hoffmann 2014)

1.2 The genera Beta and Patellifolia

The relationship between cultivatBetaspecies and the cropaild relativeshas been
debated since the times of Hippocrateese and Fortdloyd 2020) A widely used
classification of beets wasdertakerby Kadereit et al(2006) Using internal transcribed
spacersthey subclassifiethe Betoideae Ulbr. subfamibyf the Amaranthaceae family into
theBeteae, including the sectioi@etaandCorollinae of the genu8eta andthe Hablitzieae,
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Introduction

comprised of the other four genékphanismaHablitzia, Oreobliton andPatellifolia. The
sixth genusAcroglochincould not be clearly positionddadereit et al. 2006 Newer analysis
usingnuclear ribosoma) andchloroplast DNA hasebutted the existence of the Ba and
Hablitzieae subclasses. Instead, the subfamily Betoideae is shown to be monophyletic,
consisting of five genera, excludidgroglochin(Romeiras et al. 2016)

The concept of gene pools states thatprimary gene pool (GP1) consists of species easily
crossable with each other, including both wild and cultivated species. The secondary gene
pool (GP2) includes species that can cross with GP1 species, even though crossing barriers
leading to sterilitymight exist. Gene transfer from species of the tertiary gene pool (GP3) to
GP1 species is only possible when using advanced biotechnological techniques to rescue the
sterile orsuldethal offspring generatggHarlan and Wet 1971)

Accordingly, e genuBetacan be subdivided into twsectionsor gene poolsvhich

diverged around 7.2 million years agoy@). SectionBetaresembles the first gene pool and
contains the Macaroneasi and Western Mediterranean spe@esnacrocarpaB. patulg B.
vulgarisssp.adanensisB. vulgarisssp.maritima andB. vulgarisssp.vulgaris(Tablel)
(Romeiras et al. 2016J he four cultivated beet types (sugar beet, fodder beet, garden beet,
and foliage beet) are included in the speBieta vulgarisssp.vulgaris (Ford-Lloyd and

Williams 1975 Frese and Fortlloyd 2020) Due to the geographical proximity of tBeta
speciesgene flow between the wild specRsvulgarisssp.maritimaand domesticated forms

of beet grown in the same an@as possiblentil beets started to wilturedoutside the areas
whereB. vulgaris ssp.maritimanaturally occurredMcGrath et al. 2011)rhat might be the
reason why there are different hypotheses about who the ancetstemadderrsugar beet
varietiesis. While the White Silesian beet has arisen from a fodder(besther 1989)the

"Beta Imperialis” grown by the German breeder Knauer and thoughtifeeb@other of

modern sugarbe@tis suggested to have originated from crosses between the Silesian beet and
B. vulgarisssp.maritima(Bosemark 1979)0thers, however, believe that the Silesian beet
itself was the result of spontaneoubybridization ofchard and fodder beetBosemark

1979 McGrath et al. 2011 ) view contradicted by Jung et @993)after DNA

Af i nger.jiscommoniyagreed thatadern sugar beghave a genetically narrow

gene pool, due to the Silesian beet as a single ancestor and continued selection to improve the
production and quality trait3 his bottleneck underpins the importance of crop wild relatives
like the sea bed. vulgarisssp.maritimaas a source for useful traits that can be introgressed
easily into the sugar beet germplasm by crosglugg et al. 1993anella et al. 2020)

The second section of the gergetais Corollinae It resembles the secondary gene pool and
comprises the Eastern Mediterranean and Southwestern Asian $heameglliflora, B.
intermedia B. lomatogonaB. macrorhizaB. nang andB. trigyna(Tablel) (Romeiras et al.
2016) B. nanahas formerly been placed in a third sectiNarjag, but recent analgs hare
placed it inthe £ctionCorollinae (Kadereit et al. 20Q6Sielemann et al. 2022)his section
contains species with frost tolerance, a trait not fouridesectionBetaor the genus
Patellifolia, and has high variability in ploidy leve|Sielemann et al. 2022pifferent
experiments have been conductedhtooduce traits from this section inB vulgarissubsp.
vulgaris (for better readability hereafter namBdvulgarig. Crosses wittB. corollifiora and

B. lomatogonded to partial or full sterility in the resulting hybridshile fertilehybrids

could be obtained from crosses wighmacrorhizaSzota 1995)Iin conclusionthere is
evidence that the species of this secondary gene pool can be used for trait introgression, even
thoughcrosses are complicated foy examplansufficient chromosome pairing, reduced
fertility, andarestricted seed s@trese and Fortlloyd 2020)

! as stated byBosemark 1979).
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Table 1: The taxa of the subfamily Betoideae, adapted fikadereit et al(2006)and Romeiras et a]2016)
Taxon | Gene pool

Betal.
sectionBeta

B. macrocarpa
B. patula
B. vulgarisssp.adanensis
B. vulgarisssp.maritima
B. vulgarisssp.vulgaris

sectionCorollinae

B. corolliflora
B. intermedia
B. lomatogona 2
B. macrorhiza
B. nana

B. trigyna
Patellifolia A.J.Scott, Forelloyd & J.T.Williams
P. patellaris
P. procumbens 3
P.webbiana

The genud$atellifolia wasformerly described aBetasectionProcumbentesilbr. butwas
revised to constitute a separate genus in the late sev@hitlkams et al. 1976Scott et al.

1977) It hasdivergedfrom the genuBetaaround 25.3nya (Romeiras et al. 2016 he
genusforms the third gene pool amomprises three specids, patellaris P. procumbens

andP. webbianaWhile the latter two species are endemic to the Macaronesian Idfands,
patellariscan also be found on the Iberian Peninsula, in Italy, and North AKedereit et

al. 2006) The final taxonomic classification of the thrieatellifolia species is not finally
settled.First doubts about the existenckthree separate species were expressed by Curtis
(1968) In experimentsP. patellariswas found to be sefertile, whileP. procumbenandP.
webbianadid not produce seeds after selfing. Rather, these two species were interfertile and
led to the generation of fertile offspring, while hybridizations Vtlpatellariswere not
successfulFurther,P. patellariswas differentiated fror®. procumben®. webbianay its

(leaf) morphology and the incomplete resistance to cyst nematodes, while those traits were
found to be identical in the other two sped@srtis 1968 Szota 1995)Using a limited set of
accessions, the similarities betwdbaisozyme patterns of these two species were compared
and found to be highly similar, reinforcing the idea of a single sp@alagner et al. 1989)
Another importandifferentiation characteristisetweerP. patellarisandP. procumben®.
webbianawas the ploidy levelP. patellarisis described to be tetraploid and the other two
speciesasdiploids (Curtis 1968 Kadereit et al. 2006 However P. patellarisfrom East
Andalusia was found to contain both diploid and tetraploid pl@i&nca et al. 2011pand

Frese et ali2017a)proved thaP. patellarisandP. procumbendid intercross when they €o
occurred in their natural habitats, leading tg thi- and tetraploid plant®eploying

microsatellite markers and plastome data, most recent studies conclude that three separate
species exist, even though they exhibit high morphological variation and the ability for
interspecific crosse$-urther,P. procumbenandP. webbianare considered closely related
and clearly separated frobfh patellaris(Frese et al. 201 ®Bielemann et al. 2022)

While cultivated beets have a narrow genetic makdgwild Patellifolia species are
genetically heterogeneous and repres@nimportansource ofesistancegainstdiverse
pathogens like the fungilymyxa betaand the beet cyst nematodeterodera schachtii
(Panella et al. 2020Therefore, the different species were employed extensively in crossing
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experiments with variouBetaspecies, but the lack of chromosome paiangd the often
sterile hybrids hinderethe use of th&atellifolia genetic resources until the first viable
hybrids could be generated in the 70s. From them, diploid monosomic addition lines that
functioned as bridges for the transfer of genetic traits could be proffbaeitsky 1975van
Geyt et al. 1990)

1.3 Plant-parasitic nematodes as important pests worldwide

Theword "'nematodeis derived from the Greek wordema” which mearttiread, indicating
themicroscopically smajlthreadlike appearance of thesamsegmented roundworms
Nematodes have a walbnserved basic body plan and generally undergo four molting stages
during their life cyclgDecraemer et al. 2013)heybelong to the ancient animal
superphylunEcdysozoawhich includes all molting invertebrates, uniting more than a million
described species. While insects constitute the most diverse metazoan pleyhatgdes are
the most abundant animals Barth(Telford et al. 2008Schratzberger et al. 201#bout

27,000 nematode species are describedlifferentestimatesange between 500,000 10
million existing speciegHugot et al. 2001Qing et al. 2023)Among the species described,
approx. 10,700 are classified as fteng and the remaining as parasitic to eithiertebrate
(~8,400), invertebrate-@3,500) or planthoss (~4,100)(Hugot et al. 2001)Nematodes are
found in a vast range of habitats from oceanic trenches to the peaks of mouwviianestiey

are present at differetrophic levels of the food webs in sediments and soils, contributing to
nutrient mineralization, the dispersal of microorganisms, and the recycling of nufFerris
201Q Schratzberger et al. 2019)

The first nematodes evolved in marine habitats of the early Cambrian ifiya25most likely
as insect parasites. After terrestrialization, they followed their hosts ontardrizegan
parasitizing land plant&RotaStabelli et al. 201,3Qing et al. 2023)The earliest evidenasf a
plantparasitic nematodeates back to the nematodalaeonema phyticurwhichwas found
in thestomatal chambers of tlearly Devonian (39énya) land planAglaophyton major
(Poinar 2015)

The coeevolution of plants and nematodes kaxeled tothe formation of diverse set of
speciesnowaday<lassified as plamparasitic nematodes (PPN$hey are known pests of
major crop planttike rice, wheatandpotato, causingnnual yield losses of over $30'3

billion (Nicol et al. 2011Elling 2013) The actual figure might be even higher, as nematode
infestations are oftenot easily distinguished from abiotic stresséss leads to extremely

high population densities in infested fieldssagable measures are not implemer{teides et

al. 2022) All PPNs are obligatbiotrophs anaven thouglhe different speciefeaturea

wide range of interactions with their hosts, they all display similar protrusible, hollow stylets
or mouth spears for host cell penetratibhe PPNs can be further grouped into eatwd
endoparasitesand forboth migratory and sedentary forms extsttoparasitic nematodes

never enter the roots but migrate through the soil. They use their stylet to feed on plant tissues
like root hairs, epidermis, cortex, or vascular tissumieile remaining orthe root surfaceAn
importantmigratoryectoparasite iXiphinema indexvhich mainly feeds on grapevinghe
sedentary ectoparasitic nematodes remain attached to a selected feeding location for several
days, but members of this group are of little economic import&wrarily, endoparasitic
nematodesompletely enter the host. The migratory endoparasiiesy the host and cause
severe damage by moving through the different cell laybie searching foa suitable cell

to feed onFinally, once the feeding is complete, teeding cell iddestryed Important

migratory genera andirschmanniella PratylenchusandRadopholusSedentary
endoparasitegose thanosteconomically important group and include ¥eloidogyne

species (roeknot nematodes) as well as the cyst nematode spedies géner&lobodera
andHeterodera Theyinduce a particular feeding structure in the hbetome sedentargnd
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feed solely from itvhile completingheir life cycle(Sijmons et al. 1994Jones et al. 2013
Holbein et al. 2016)

1.4 The beet cyst nematode Heterodera schachtii

Cyst nematodes belong to the most successful and specializedTPieNgduce a
nematodespecific permanent feeding sitehich supplies them throughout their life cycle

(Wyss 2002) ThegenusHeteroderacontains some of thost devastating cyst nematodes

the soybean cyst nematodéeferodera glycinds cerealcyst nematodedH avenaeH.

latipons andH. filipjevi), and the sugar beet cyst nematddegchachti). The economically
importantpotato cyst nematode&lpbodera pallideandG. rostochiensisbelong to the
genusGloboderafrom the same familyHeteroderidag (Subbotin 2013Perry et al. 2018)
TheHeteroderaspeciesexhibita wide geographical distribution and different crop
specializationsWhile certain species have a rather narrow host specificity, like the carrot cyst
nematodeH. carotaethat only infects carrot@Nicol et al. 2011)the beet cyst nematodt
schachtiiis distributedglobally, occurring preferably in temperate, Mediterranean, or sub
tropical climatesandcan attack 218 plant speci@s95 generdSteele 1965Daub 2021) It

was first described by the German botanist Hemfachacht in 185&ho observed small

white dots ortheroots of sugar beets shimg yield reductionsSoon thereafter, Julius Kiihn
demonstrated that ttetbservedi b e et weari nesso occurred due t
cyst nematodéBCN). Finally, the species was describedHaterodera schachtof the new
genusHeteroderaby Adolf Schmidt in 1871, who named it after its discovérallmann et

al. 2009) As statedabove H. schachtiihas a wide host range butréported to reproduce

mainly on crops of the Brassicaceae and Amaranthaceae fahdesy,H. schachtiican be

found in allbeetgrowingareasIn Europe 10-20 % of these are considered to be infested
regionalinfestation rates might even exceed 5@%ntensive sugar beet cultivation areas
(Perry et al. 201,8Daub 2021)As the main pathogen of sugar beets, BCNs lead to estimated
yield losses of $95 million in the European Union per ybAiler 1999) The mainabove
groundsymptoms arsvilting and stunted growth, resulting from water and nutrient
deficiencycaused by impaired root growth. Bekground, lateral roots are formed to
compensate for the damage, | eading to a fibea
reductiongFigurel). Further, interactions with other pathogens lead to enhanced infestations
with differentPythiumor Rhizoctoniaspecies, causing even higher yield decre@idas/eson

and Jackson 200®aub 2021)

A

Figure 1: Symptoms oH. schachtiiinfestation on sugar beets. (A) The sugar beets show puny growth in field
areaswith high nematode densities.)(Rlormalroot development is impaired and increased side root
development is observable under high infestation rates. The photos were taken by Dr. Matthias Daub (JKI,
Elsdorf, Germany) in June 2010.
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Thedevelopmental stages of the beet cyst nemdifadeycle (Figure2) and the
ultrastructure othe nematodénduced feeding site, calleyncytium,have been investigated
broadly in the translucent roots of the model pkaratbidopsisthalianausing a combination
of in vivovideo light microscopy and transmission electron microscopic andiss.
though etailed analyses of syncytia inducedHbyschachtiihave been conducted in
Arabidopsis syncytia analyzed in susceptible sugar beet show the same characteristics
(Bleve-Zacheo and Zacheo 1984oltmann et al. 2000)

N A
C~r

X

J2

S S

Figure 2: Schematioverview of thdife cycle of the beet cyst nematodeschachtii The cyst contains the

eggs, from which the J2 larvae hatch. They move towards the host root, induce the feeding site called syncytium,
become sedentary, antblt to the J3 stage. After molting to the J4 stage, males and females can be easily
differentiated. The males become mobile again and leave the root to fertilize a sedEmtning female. After

egg production, the females die, and the cell wall harded forms a durable cyst. Modified frdviiller and
Wyss(1981)

The cyst resembles the durable form of the nematode ara@botain up t00 egggSharma

1998) Inside the eggs, the larvae molt from the J1 to the J2 stage, mature cysts therefore
contain eggs witlnfective J2 larvagqFigure2). At this developmental stage, the larvae can
remain dormant until external stimuli like root exudates lead to their hatching. They perforate
the eggshell with their stylet, leave the cyst through the opening of the vulvajgnate

towards the host plant. Thervae penetrate and enter the ropteferably in the elongation

zone They move intracellularly by deploying their stylet to cut open cell walls until they

reach the pericycléMuller and Wyss 1981Perry et al. 2018Here, the destructive behavior
shown during migration through the root changes and becomes more exploratory and gentler.
The J2 carefullynsertsthe stylet into root cells to determine the initial syncytial cell (ISC) for
establishing theyncytium(Golinowski et al. 1997)Preferably, procambialr pericycliccells

are selected as ISGolinowski et al. 1996Sobczak et al. 199.7After the successful

initiation of the ISC, the J2 becomes sedentary and starts feeding from it in repeated cycles of
three distinct phaseBuring the firstphase, the nematode withdraws nutrients from the
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syncytiumthrough its inserted stylet. Then, two phases of rest and preparation follow, before
the cycle begins ane(Wyss and Zunke 1986Vyss 1992)At the site of stylet injection into

the host cell, a feeding plug covered with calibke material is formed at 124 h after

syncytial induction. After its establishment, the continuotisgertion of the stylet at each

new feeding cycleccursthrough the feeding plug exclusivdlgobczak et al. 1999For

feeding from the established syncytium, the nematode forms a feeding tube from secretions
injected into the host cytoplasm through its stylet. This feeding tube is formed anew in every
cycle The feeding tube is surrounded by a zone of orgafreléecytoplasn{Wyss and Zunke
1986) Sobczak et a(1999)observed the association of endoplasmic reticulum (ER)
membranes with the feeding tube walls, which is believed to promote the uptake of sterols
produced in the ER and essential to the nematgolat from facilitating food uptake, the
feeding tubemight alsoact as a filter, excluding molecules with a Stokes radius above 3.2 nm
(Bockenhoff and Grundler 1994)

Within three hours after the 32artsfeeding, increased cytoplasmic streaming can be
observed. The cytoplasm of adjacent cells shows increased activity and nuclear hypertrophy
within the first 12 h of feeding/Vyss 1992)The subsequent incorporation of cells adjacent to
the ISC leads to the formation of the muticleate syncytium. The firfilly developeccell

wall openingscan be observed six hours after the larvae start feetinay. are formed by the
stepwise widening of plasmodesmata. Consequently, the protoplasts of the neighboring cells
fuse and cytoplasmic continuity can be observed. Incorporation of cells at the terminal
syncytial ends occurs similarly. The mode of cell wigijradation changes in syncytia of later
stages. Here, ER membranes accumulate along the walls where the first lesionsTapgear
lesionsextend until only tB middle lamellaemains Once the middle lamella is dissolved,

the cytoplasm of both cells fuses, followed by a fusion of the ER sy$@msdler et al.

1998 Sobczak and Golinowski 20114n initial syncytiumincludingseveral neighboring

cells is formed 24 h after feeding has started. The syncytium then expands further in an
acropetal direction inside the vascular cylinatyss 1992)In the final stages, syncytia can
comprise up to 200 cells with cytoplasmic continBpbczak and Golinowski 201The

outer cell walls of developed syncytia are described to be thickenatbaad contain open
plasmodesmatgGrundler et al. 1998Dauvis et al(2012)have analyzed the composition of
syncytial cell walls. They found that secondary cell walls were absent in syncytia and the
walls exhibited an increased flexibilithykely to enable the syncytium to react to changes in
turgor pressure during feeding advithstand the high turgor presswéhin.

Syncytia exhibit a pronounced proliferation of the cytoplasm and hypertrophy of the syncytial
elements. The central vacuole is dissolaadnumerous small vacuoles are formedts
place(Sobczak and Golinowski 2011 the early stages of syncytium development, rough

ER dominates and is often arranged in parallel lines or concentric swirls. In developed
syncytia, smooth ER prevails, often in the form of circular cistef@aénowski et al. 1996
Sobczak et al. 1997The abundance of ER in the syncytia points to a highly active protein
synthesis. The number and size of plastids in syncytia increase. kseadysyncytia, they

also contain starch grains. Similar to the plastids, the number of mitochondria and
dictyosomes increases, although their structures are preg&oaczak and Golinowski

2011) The rucleiare highly active and contain wefisible nucleoli.ln syncytial cells, cell

wall ingrowths occur mainly along xylem vessels, though they have also been observed along
other syncytial cell walls. These protuberances are covered by the plasma membrane, leading
to an increased interface between the syncyinththe adjacent vessels. They are therefore
believed to improve thehortdistanceransport of water and nutrientaterestingly, the inner
xylem vessel surface often appears to be coaittdosmiophilicsubstances. Another
characteristic of syncytia are invaginations of the plasma membrane often associated with
paramural bodies or multivesicular bodies (MVBs). Paramural bodies can also be found in
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association with cell wall remnants, and, when they detach from the cell wall, they form

MVBs (Golinowski et al. 1996Sobczak etal. 1997y he wor d Oparamur al & m
to a cell walldéd and paramur al bodi es are des
apoplastic origir{Akita et al. 2017)They are formed by the deposition of cell material

between the cell wall and the invaginated plasma memlfvameg et al. 2018)

The larvae remain attached to their metabolically active syncytium and molt to the J3 and J4
stage(Figure?2). At this stage the differences between males and females become evident.
The female larvae continue withdrawing food from their syncytium and swell up to form
lemonshaped females. The male larvae abort their syncytium upon their fourth molt and
develop ino vermiformmales enclosed by the J3 skin. Using teaitet theJ4males leave

the J3 skin and migrate through the soil, attracted by sexual pheromones exuded by the
females. After fertilization, the males die and the females start producing eggs that remain

i nsi de t he Asdamgpas thesf@malbsai aligesthey remain white. Once egg
production is concluded, the females dreltheir skin hardens and turns brown, forming the
cyst Under favorable conditions, the larvae can hatch withina3® dnd penetrate new roots.
Usually, not allarvae hatch simultaneousiynstead, the J2 larvae camrvivein the cysts for
several year@Miuller and Wyss 1981)he syncytium induced in the roots collapease the
nematode finishes its life cycle and stops feeding. The process is marked by a decrease in
cytoplasmic density anithe degeneration of the ER structures. The vacuoles increase in size,
and the plasma membrane detaches from the cell wall and becomes lined with osmiophilic
granules, while the integrity of plastids and mitochondria is maintained I(@génowski et

al. 1996)

1.5 Plant-nematode interactions

Cyst nematodes hawdeveloped a unique advancement to sustain their parasitic sedentary life
stage. Due to their inability to move once the feeding site has been selected, they depend on
the nourishment provided by selected cell(s) at a single locatiorsyhlegtum induced by

the cyst nematode resembla newly formed plant organ, whose functionality is tightly linked
to the nematodeds survival and reproductive
exchange leading to the reprogramming of plant cells is the basisaytisiym induction and
maintenancé¢Juvale and Baum 2018)he mechanisms of heparasite interaction in cyst
nematodes have been studied broadly on roodsthialiana Thediploid plantcomes from

the Brassicaceae family, making it a close relative to important crops like rapeseed and
cabbage. Its smadjenome size of about 125 Mtompact growth typend rapid life cycle

have beelkey traits in establishing it as a model spe(Wgss and Grundler 1992

Arabidopsis Genome Initiative 200%/ang et al. 20225ijmons et al(1991)demonstrated

that Arabidopsis was a suitable host for different4marasitic nematodeSince then,
detaileddescriptions ofhe culturing conditions for nematode infection experimdrase

pawedthe way for using Arabidopsis as a model in nemajudet interaction studies

(Sijmons et al. 1991Bohlmann and Wieczorek 2015)

Years of ceevolution of hostand parasitehave led to themergencef acomplex network

of defenseandpathogenesiselated genes and pathwalptants have developed pattern

recognition receptors (PRRs) that can identify pathggeicrobial, or damageassociated

molecular pattern®PAMPs/MAMPsDAMPS) released biynvading pathogens @lamaged

plant cells. Upon detectiothe PAMRtriggered immunity (PTI) responses are activated

leading tothe activatiorof adownstream signalingascade. Ultimately, bursts of reactive

oxygen species (ROS) and calcium, protein kinase activation, cell wall reinforcement, and
reprogramming of the pl anrestricimgbathégen t r anscri pt
development and growtn the other hand, pathogens have evolved to overcome these

defense mechanisms. They secretealted effector proteins into the plant cells that interfere
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with PTFinduced responsesd lead to effectetriggered susceptibility (ETS).

Simultaneously, plants can perceive those effectors via intracellular nuclbwtitieg

leucinerich repeat receptor proteins, short NLRs. Their activation leads to a defense response
increased in strgyth and intensityeffectortriggered immunity (ETI), which often peaks in a
hypersensitive respongdR) reactioncausingorogrammed cell deaffHolbein et al. 2016)

The interaction of plants and pathogens like nematodes is highly cofapleaxample,
plant-parasitic nematodes possess a small family of pheromones called ascarosides that
resemble MAMPssthey can induce MAMRriggered immunity. Plants respond to very low
concentrations of the most abundant of these ascarosides, ascr#18, by activating conserved
immune responses. The early recognition of this parasite pheromone thereby leads to
enhanced plat resistancéManosalva et al. 2015)ntriguingly, Manohar et al2020)could

show that plants take up ascr#18 and convert it into smaller molgeties in turn can be
secreted by the plant to deter nematodes already in the rhizosphere.

To reach the vascular cylinder and establish the syncytium, cyst nematodes first have to move
intracellularlythrough the root cells. Thayse the mechanical force of their stylet thrusts and
a diverse set of secretions containing-ealll-degrading ormodifying enzymeso dissolve

the cell walls in their wayHolbein et al. 2016)One of these enzymespslygalacturonase
(PG), which has beeshownto be secretenhto the hosby theroot-knotnematode
Meloidogyne incognit&Jaubert et al. 2002Plants encode P{hhibiting proteing PGIP)that
block the action of PGven though no PGimilar sequences were yet detected in cyst
nematodest was demonstrated that the interactionHeterodera goettingianwith its host
plant peaRisum sativurnleads tahe upregulation of plantPGIP under nematode
infestation Contrarily, the repression of the plant PGIP in susceptible imbtdieved to

result from the successful establishment of the nematode in th@/eyotico et al. 2010)

Then e ma t iotcheelfular movement causes extensive tissue damagdyses showed

that plant cellseacted to the wounding with the deposition of calldszdepositions and
necrosigGrundler et al. 1997 urther, Ali et al(2013)demonstrated that an enhanced

callose deposition, along with the upregulation of jasmonict@sgdonsive genes, led an

improved resistance of Arabidopsis agaidsschachtii An example of how nematodes
hijack the plantsd def ense mewhictaconstsutesani s t he
important mechanism of plant basal defenghile anoxidative burst of ROS could be

detected in both susceptible and resistant tomato plants after infectidd vitbognitg the

most significant increase in ROS levels and a second oxidative burst, leading to a
hypersensitive response, was only observed in the incompatiblendaetween nematode

and plant. In the compatible reaction, ROS were produced during invasion but became
undetectable when the nematodes had established their feediiMedilie et al. 2006)

Recently, two NADPH oxidases involved in ROS production (RbohD and RbohF) were

shown to support the ISC establishment by leading to a local prevention of cell death. Upon
expansion of the syncytium, salicylic agitediated plant defense responses are then
suppressed by ROS signaling at the infection(Sitgdique et al. 2014J-ollowing up on this,

the auxin transporter WAT1 was identified as a downstream target of theifithaed ROS
cascade. It promotes the initiation and establishment of the syncytium by modulating the plant
indole metabolisnChopra et al. 2021Hewezi et al(2010)provided evidence that the

nematode effector molecule 10A06 interacts with the plant spermidine synthase 2 protein. The
resulting increase in spermidine and its enhanced degradation by the polyamine oxidase forms
the ROS HO., which acts as a signaling molecule inducing the production of antioxidants to
protect the growing syncytium from the plaggnerated ROS.

The initial syncytium can be observedt24fter the nematod®mmences$eeding(Wyss and
Zunke 1986)To establistthis multicellular feeding structurand overcome the plant defense
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responseghe nematode uses a wholalectionof effector proteins produced in the
nematodeob6s dorsal and s sebretedhmaughthdstyletistotipeh a g e a |
plant cellsfor largescale cellular reprogramming of the host cglisvale and Baum 2018)
Effectors aid the nematode parasitisnvarious waysln the early phases of syncytium

formation, heeffectorCBP (cellulosebinding protein is expressednd interactsvith the

pectin methylesterase protein 3 (PME3) of ArabidopEi® interaction leads to a reduction

of methylesterificatioain the cell wallswhich enables facilitated access to cell wall

polymers for further degradations and a rapid extension of the syndjdienvezi et al.

2008) Other effectors mimiplant proteins to restrict the ability of the plant immune system

to induce defense reactionsn Axampleis aneffector protein exhibiting a conserved C

terminal domain that mimics the domain found in plant CLAVATA3/ENDOSPERM
SURROUNDING REGIONrelated (CLE) proteinslhis CLE-like effector can bind to host
receptoflike kinases to activate signaling cascades necessary for pargbigsrazi 2015)

The CLElike effector has another remarkable feature: after being secreted by the nematode it
is translocated into the apoplaBhe effector harbors a translocation signal enabling it to use
thep | a BR se@etory pathwayhereby, itobtains a plarspecific glycosylation signal and

is most likely aiding in priming distantly located cells for incorporation into the syncytium
(Wang et al. 2021)

Another important pathway hijacked by nematode effectors is the auxin biosynitnesis.
phytohormoneuxinis involved in various plant developmental processekplays a crucial

role in syncytium inductiorAuxin-responsive elements were detected in the promoter
regions onematodeaesponsiveell wall degrading enzymes required in the early stages of
syncytium formation, highlighting the importance of this metabolite for nematode parasitism
(Goverse and Bird 2011)he auxin transporteggeneAUX1is induced in syncytithreedays
postinfection, indicating an activauxin influxupregulation by the nematod@dazarei et al.
2003 Grunewald et al. 2009byimultaneously, auxin efflux carriers are affected adversely.
PIN1andPIN7 are downregulated to avoid awefflux out of theearly syncytiumIn order

to provide the infection site with auxin, the phytohormone has to be transported acropetally
along the root, a process greatly mediated by PIN1. The inoculatpnloindpin7

knockout mutants revealed reductions in infection efficiencies of 40 % and 20 %,
respectivelyTwo other members of the PIN famiJN3 andPIN4, were shown tde
specifically upregulated in the syncytium. Strikingly, PIN3 localization changes in the feeding
site and leads to a distribution of auxin to the surrounding éelisoculation experiments
usingpin3 andpin4 mutants the nematodes could establish their feeding site normally but
only formed very small cystsdicating that an expansion of the syncytium was limited
(Grunewald et al. 2009a)

A recent study has shown another aspect of plantatode interactiomhe biosynthsis
pathway of vitamin B5 is conserved in plsnflthough animals requiratamin B5for the
metabolism of carbohydrates, proteins, and lipids, makiag éssential nutrient fehem, the
biosynthesis pathway is absenammals In syncytia, genes contributing to the B5 synthesis
are upregulated. Interestinglt. schachtiiencodes two genes for the last step of this
pathway.The plant homologs are tightly regulated by feedback loops and nerpatmtieced
proteinsare believed to function inside the nematode to complement the last step of the
biosynthesis pathway and guarantee a continuous vitamin B5 supply by avoiding those
feedback inhibitiongSiddique et al. 2022)

In the same studyhe authorshowedhattheH. schachtigenomecontains numerous
segmental duplications, leading to the identification of at least 209 effector genes in the
predicted proteome data ¢8iddique et al. 2022 ranscriptome analysis different J2
stages and the nematode glands led to the identification of 178 ptitasebachtiieffectors
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(Elashry et al. 2020More recently, the transcriptomic analysis of gland cells at B¢

life stages identified 717 effector gene loci, 448 of which were considered novel effectors
(Molloy et al. 2024)Due tothecurrerm dvances i n technology, the
parasitic nematodes will expanWith only a handful of effectors characterized to déely,

more effectors not only suppressing the host immune responses but also altering the
development and physiology of plants will be deteatettie future(Molloy et al. 2023)

As Arabidopsiss a suitable host fdfl. schachtiiand a weHestablished model plant, most
studies focus othe interaction of the nematode with this modhile differential expression
in sugar beet has been useddentify genes related th. schachtiiresistancéfor example
Samuelian et al. 2004¢udies using sugar beetabost planfor the identification ofarge
scalemolecular interactions arttie effectorsemployed in parasitis@re scarceGhaemi et al.
(2020)found expression changesbeet genes involved in metabolism, nutrition, hormone
pathways, signal transducticend defense responsesnfirming pathways (e.g. the jasmonic
acid signaling pathway as part of the defense reactiongféextors(e.g. cell wall degrading
enzymesknownto be important in parasitisirom Arabidopsis studie§ houghArabidopsis
and sugar beet belong to different orderthefilowering plantgCole et al. 2019)thehigh
conservation of genes wrariouspathways has been demonstrafied ¢xampleReeves et al.
2007 Xue et al. 2024 Similarly, it can be assumed that plar@matode interactions
identified in the Arabidopsis background can be transferred foatfasitism osugar beet.

1.6 Controlling the beet cyst nematode in the field

Different management strategies exat dontrolling BCNsn the field.Soon after the

discovery ofH. schachtij crop rotations were establishexreduce population densities.

Different reports from the #0century consider field rests of five to eight yearsugar beet

growth cyclegHallmann et al. 2009Nowadays, the cultivation of sugar beet every fourth

year in the same field is regarded as the best optldns€hachtiinfestations occufReuther

et al. 2016)The resulting crop rotation system uses-host crops like alfalfa, beans, corn

or small grains to reduce the nematode population thrangkurally occurring decline

(Harveson and Jackson 2008)ltivating catch crops like white mustgi$inapis albor

oilseed radislfRaphanus sativiisn between the sugar beet cycles increases this effect. The
plants stimulate the hatching of the larvae. However, after root invasion, the nematodes fail to
reproduce and the whole hatched generation is eraditdggdrthelessveed control remains
important as several weeds are suitable hostd.fschachtii(Perry et al. 2018 Rapeseed is
cultivated in rotation with sugar beéike Arabidopsis, rapeseed belongs to the Brassicaceae
family and is, therefore, a splendid hosHoschachtii The nematodes are described to be

able to reproduce on rapeseed roots even better than on sugar beétidalsalh et al. 2003;

Daub 2020)While the cultivation of rapeseed before the planting of sugar beet does not
increase BCN multiplication rates under field conditi@iRenter et al. 2014}the postharvest
emerging volunteer rapeseed has to be tightly contraBatiemerges atematodeavorable

soil temperatures and in high densitigslike sugar beet, rapeseed has a high tolerance for
BCN infestations and does not show vyield reductidhsis, the uncontrolled growth of

volunteer rapeseeghables the establishment of large nematode popuatidhe field

(Hallmann et al. 2009; Daub 2020, 2028arly plantingis claimed to reduce the damage

caused by the nematodes as they are less active at low soil temperatures and older plants can
withstand the attacks bett@iarveson and Jackson 200Byrther, agricultural means like

soil tilling, anaerobic soil disinfection, soil solarizatji@ndbiofumigation using plants high

in glucosinolates are employddematodes can also be controllednematicides buheyare

largely banned in the EWollowing the ban of chemical agents, the potential of biological
control agents, known since the 1930s, was rediscoyBezdy et al. 2018Biological

control agentgan suppress nematodes indirectly by enhancing the plant defenses through the
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provision of plaripromoting effects, like the rhizobacteriuacillus firmusthat colonizes
Arabidopsis roots and protects them against nematode sitteickrectly by antagonism in

the form of nematode parasitism or the production of tofiimes et al. 2022)

Even though an integrated management approach combining different measures shows good
results against BCN infestationsis complex and timeonsuming. Hence, the cultivation of
tolerant or resistant varieties is favored.

1.7 Resistance to the beet cyst nematode

Plants possedsasaland hostspecificdefense reaction3 he basal responses serve as a first
line of defense based oacognizingthe parasite (PAMP/MAMP/DAMP) and tliellow-up
hostspecificreactionsare based on effector recognition (4€8). Apart from physical and
chemical barriers as part of the defense reaction, plants have evolved to spat#alized
resistanceR) genesTo date, several nematedpecificR genes have been cloned from
plants. Two genes cloned from tomakdi{L andHero A confer resistance to different
species of roeknot or potato cyst nematodés contrastthe genes identified in potato
(Gpa2andGrol-4) exhibit highly specific pathogen recognition and confer resistance only to
certain field strains o&lobodera The four genes belong to the nucleotieding site
leucinerich repeat (NBS.RR) immune receptor class Bfgenes. While the first three

contain a coilegtoil (CC) domain at their Nerminus,Grol-4 exhibits an Nterminal tolt
interleukin receptolike (TIR) domain.Hostspecific resistance can be conferred either by
single dominanR genes or quantitative trait loci (QTIVilliamson and Kumar 2006

Goverse and Smant 2014)wo loci for soybean cyst nematode (SCN) resistance have been
identified. The resistance las Rhglcontains three genes contributing to sipecific
resistanceeaction, though the exact mode of action remains to be eluci@agkdss et al.
2019) In contrast, he resistance conferred by tRag4locus is based ogenetic
polymorphisms of the underlyirgerine hydroxymethyltransferagene(Liu et al. 2012)

However, he firstnematode resistance gene ever cloaed not showing apparent
similarities to theabovedescribeR geneswasHs1°* conferring resistance td. schachtii
It also contains LRR&yutthey are imperfect, and does not show apparent sequence
similarities to the abovdescribedR genegqCai et al. 1997)

Sugar beet is highly susceptiblettee BCN. The sea bed. vulgarisssp.maritimahas been
reported to exhibit polygenicpartial resistanct H. schachtiithat manifestasa strong

reduction of developing females on its ropfglierchio 196Q Heijbroek et al. 197.1.ange

et al. 1993)Yet, momplete resistance to the beet cyst nematode is only fouhd three

specieof the genudatellifolia (Stewart 1950Golden 1959Viglierchio 1960) The larvae

can invade th@atellifolia roots but cannot mature or reprodudevertheless, developing
females could occasionally be observedPaiellifolia plants, depending on the nematode
population use@Yu 1984 Lange et al. 1993Hybridizations betweeB. vulgarisand the
differentPatellifolia accessions were attempteelquently but the nonviability of the F1

hybrids due to a lack of root growth hampered advancements. After grafting onto sugar beet
stocks was introduced, viable hybrids were obtained occasionally, though they exhibited male
sterility. In 193, crosses between diploRl procumbenand tetraploid. vulgarisled to the
productionof viable offspring harboring one chromosome from the wild.b&ieer

backcrossing wittB. vulgaris four out of 6,750 plants showed nemdtoresistance and were
found to be monosomic additionarrying one resistandsearingPatellifolia chromosome
(Savitsky 1973)Upon kackcrossinga spontaneous hybridization betwd&rprocumbens

andB. vulgarisled to thetransfer of a segment of a resistabearingP. procumbens
chromosome to a sugar beet chromosome. For the first time, diploid sugar beet plants
containing the nematode resistance fi@atellifolia arose(Savitsky 1975)Subsequently,

several nmnosomic addition line@ALS) of the differentPatellifolia species have been
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produced Speckmann and Bock 1983eijbroek et al. 1983 _6ptien 1984 Jung et al. 1986
Jung and Wricke 198 ReamorRamos and Wricke 1992)

First isozyme analysis led to toenclusion that sever&latellifolia chromosomesontained
resistance gendgsdung et al. 1986)Jsing the monosomie. procumbenadditions lines,
Lange et al(1988)analyzed the phenotypes conferred by the single chromosomes. They
found that all MALs showed growth reductiosmsdgrew galtlike formations on the roots.
Including the isozyme analysis conducted by Van Geyt €1288) the characteristics of
each added chromosome were dedubBls containing chromosomes 1 6of P.
procumbenshowed nematode resistantle analysis oP. webbianaVALs highlighted the
presence of resistance genes on chromosomes 1, 7(Bedr@orRamos and Wricke 1992)
while resistance iR. patellarishas been reported to be located only on chromosome 1
(Lange et al. 1990Accordingly, theresistance geeswere namedHs], located on the
homologous chromosomes 1 of all thRegellifolia speciesHs2 from the homologous
chromosomes 7 &. procumbenandP. webbianaandHs3from P. webbianachromosome
8 (Thurau et al. 2010pifferent independent diploid translocation lines were generated from
the monosomic addition lingSavitsky 1975Jung and Wricke 198 @nd markers for
detectingthe translocatioswere designe{ung et al. 199QJung et al. 1992Heller et al.
(1996)mapped the resistance gehsP™?, Hs1¥eP1 andHs2"¢” in four nonrelated
translocation lines and fourtkat integrations into the sugar beet genome had occurred at the
same position at the end of chromosome 9, indicating a preferred point of integration.
Causativdor this hotspot are lmologous regions betwe&h vulgarischromosome 9 ani.
procumbenghromosome {Schmidt et al. 199XKleine et al. 1998)Recently P.
procumbenghromosome 1 has beeglabeled ta&ahromosome 9, due to its homology with
the according sugar beet chromosome (personal communication M. Arslan, P,Blased

on unpublished data from Dr. Kevin Dorn, US[Fort Collins, USA.

TheP. procumbenganslocation line A906001 contaitise smallest wild beet translocation
compared to other translocation lifdsing et al. 1992)t was used for thgeneratiorof a

yeast artificial chromosome (YAdiprary anda subsequengcreeimg with the pRK643

marker identified by Jung et 4L992) which wasshown to be closely linked to timematode
resistance genleine et al. 1995)Consequently, three clones could be seletdedst a

cDNA library made from A906001 roots infected with schachtii Among the resulting

three cDNA clones, thg.6 kb transcripbf clone 1832 proved to be present only in the
resistant plants. The expression of the 1832 cDNA in transformed wild type sugar beet roots
led to an incompatible reaction as observable in the resistant A906001 translocation line.
Hence, the first beet cysematode resistance gems{P?, for better readabilitpamedHs1
hereaftey was identified and clongCai et al. 1997)Originally, Hs1wasdescribed to

encode grotein of 282 amino acids, harboring an exdytoplasmic LRR domain that could
function as a receptor for elicitor recognition. Similarities to the protein structure Gf-the
resistance gene from tomato were also fo{@al et al. 1997)It was further shown to be
expressed specifically in syncytia and upregulated upon nematode(atiacau et al. 2003)
However, a fewyears laterdetailed analysis revealed different predicted plant proteins with
high similarity toHs1, among them aA. thalianahomologue encoding a 435 amino acid
proteinwith no function in nematode resistanBased on these homologie&08 additional
amino acids lacking at thfe. procumbensgisl N-terminus were identifigdncorporating large
stretches previously identified as promoter regi@anclusively Hsl encodes a protein of
490 amino acidéMcLean et al. 2007)Similar to the results from Cai et £1.997) McLean et
al. (2007)could not detect complete but only enhanced resistance after transforming soybean
with the fulFlengthHs1cDNA. A recent study has demonstrated pinesence ofunctional
Hsl-homologous resistance genes in other plant spdaipse Pinus massonianathe
homologPmHs P! recognizes an effector of the pine wood nematode and leads to the
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activation of resistance respongXte et al. 2024)

Soon afterHsl had been identifiedranslocation lines exhibiting nematode resistance but
lacking the identified resistance gene were desciiBaddal et al. 199Kleine et al. 1998
Schulte et al. 2006Dne of those was the liMeR363 derived fronthe translocation line
PROA4 Together with the A906006derived translocation line TR52@ntainng theHs1gene,
it has been used extensively for identifying the second resistancélg@m@003 Schulte et
al. 2006 Capistrano 20Qager 2012)Recently, the nematode resistance géséhas been
identified (Kumar et al. 2021 )which will behighlightedin more detail in chaptelr.7.3

Continued breeding efforts have led to the release of a broad spectrum of tolerant sugar beet
germplasms (for exampRichardson 201,8Todd et al. 2024 Sugar beet cultivars showing

either tolerance or resistance to BCN are available. Resistant cutiivaysg the complete

P. procumbengranslocationlike Nematainhibit the development of nematodes but show

yield penaltiesAs they are derived fromatellifolia translocation lines, they still contain

large regions of the wild beet genome, leading to yield reductions. Consequently, they are
only cultivated on a limited sca{@arlander et al. 20QReuther et al. 2017 olerant

cultivarsare still successfully infected By. schachtilarvae but show an increased yield
potential under infested conditions. Compared to susceptible cultivars they also exhibit lower
BCN reproduction rateReuther et al. 2017).ikely, dl moderntolerant cultivars originated

from afew accessions of the beet progenBowulgarisssp.maritimasampled at the Loire

Valley Estuary in France. Hence, the tolerant or partially resistant varieties based on the
resistance found iB. vulgarisssp.maritimamight be closely relateewellen and Pakish

2005 Panella et al. 2020)

Using the tolerant beet genotype U2Bv, the nematode tolerance locus from sea beet located on
sugar beet chromosome 5 was recently proven to camtduster ofjenes with high

similarity to A. thaliananodule inception protettike protein 7 (NLPY (Sielemann et al.

20233. They examined changes in the expression profiles ofBeNiLP7genes and found

the genedlILP7-T1andNLP7-T2to be significantly lower expressed in susceptible compared
to tolerant genotypes. Further, all four genes were upregulated after nematode infection, the
strongest upregulation could however be observed in the tolerant genotype. Based on their
findings trey concluded that nematode tolerance in the U2Bv genotype might be due to a
dosage effecEven though pyramiding of resistances frBnvulgaris ssp.maritimaand
Patellifolia has been suggest@icange and Bock 1994gultivars available comprise either of
theseresistance mechanisms.

1.7.1 Resistance in non-related plant species

As delineated abov@seel.5), the model planfrabidopsis is susceptible to BCM.the past
years,severalArabidopsissusceptibility genes were identified which couldelxploited for
enhancinghematode toleranaa related crop species. Among them BAP2.6 whose
overexpression leads to an expression increase in jasmonieaphsive genes and
enhanced callose depositighli et al. 2013) the TIRdomain containind\tPP2A3 and
AtPP2AS8, which contribute to susceptibility when overexpressed but rebHusehachtii
infections when mutate@Wojszko et al. 2023}he transcription factors bHLH25 and
bHLH27 aiding in nematode parasitigtin et al. 2011)and differentranscription factors
modulating the root system, thereby conferring nematode tolef@filtig et al. 2022 Willig
et al. 2024)Recently, a QTL affecting the sex ratio of developing nematodé\rabidopsis
has been describédnwer et al. 2018)The latest advances in higffiroughput screening of
large Arabidopsis sets will surely assist in the identification of naturally occurring differences
of nematode tolerances among Arabidopsis ecotfi@mse et al. 2022NVillig et al. 2023)
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Similarly, rapesed Brassica napusis susceptible to BCN infectiomsd the goodhost
qualitiesof the plant pose a problem in crop rotation systéfngenetic variation for BCN
resistance has been foundBnnapugLelivelt 1995 Nielsen et al. 2003)ut ertain

accessions of the two related species oil rad®stpflanus sativiiand white mustardSinapis
alba) were shown to be resistant to B(8teele et al. 1983 rossewith resistanRaphanus
andSinapisaccessions resulted in hybrid offspring exhibiting HB§IN resistance levels.
However, chromosomal instabilignd sterilityhavehampered their use in breedipgpgrams
(Lelivelt and Krens 1992 elivelt et al. 1993h)De Block(1989)established a first genotype
independenAgrobacteriuramediated transformation protocol for rapeseed using antibiotic or
herbicide resistance genes for selectidrey transformed hypocotyls and obtained
transformation rates of up to 30 % for the spiiyige cultivar WestarCardoza and Stewart
(2003)introduced preconditioning dranaltered cecultivation, and managed to improve the
rooting efficiency of shoots arising after Westar hypocotyl transformation. Similarly, Tang et
al. (2011)demonstrated that pirulturing of hypocotyl segments could increase regeneration
efficiencies from 13 % to 24 %ltilizing this protocol,Zhong et al(2019)transferedthe

two P. procumbengenessZR3andHsl to rapeseewhichresulted in the activation of plant
defenserelated genes and ultimatelyardecrease @dCN female numbes. Eventhough
cZR3has been shown to have originated fidnvulgaris(Jager 2012Kumar 2020)the
observed enhanced resistaimadicaiesthe transferability of nematode resistance genes
between plants from the Amaranthaceae and Brassicaceae fafutib®r, it demonstrated

the feasibility of rapeseed hypocotyl transformation for BCN resistance gene transfer
resistance genes froRatellifolia might therefore be exploited to generatggnatodeaesistant
rapeseed.

1.7.2 The ultrastructure of syncytia in resistant host plants

The development aksistant sugar bewainslocation line enabled the ultrastructural analysis
of syncytia during the resistance reaction. The first comprehensive comparison of syncytia in
regardgo BCN susceptibilitywas conducted by Holtmann et @000) Theyobserved the
same mode of root invasion and syncytium induction in getiotypesThe resistant

genotype did not show signs of an early hypersensitive response. The first prominent
differences arose two days pasbculation (dpi) when membrane aggregations (MA) formed
from ER membranes were observable in syncytia of the resistanygend®he MA differed

in size and could fill whole syncytial cells. On thater tubules of theselbosomes
accumulatedApart from the prevalence of rough ER in the resistant system, those syncytia
also contained fewer but larger vacuoleshim susceptible system, smooth ER dominated and
vacuoles were abundant and smalNgvertheless, syncytia exhibiting MA did not show
immediate degradation of cytoplasm or cetjanelles. The degeneration became evident at 4
dpi though and associated nematodes rarely reached the adulttagheless, some

female juveniles developed to advanced staayes their syncytia remained partially intact,
although MA could also be detected h@feltmann et al. 2000) o decipher if the

occurrence of MA resulted from the action of the previously described resistanddsjene

the genavas transformed into susceptible sugar beet hairy roots. HoweVeiA mould be
detected in syncytia induced in this backgrourite fact that the MA were formed
independently oHs1was further confirmed by amalysis of a population derived from the
translocation line P83, whereHs1lis absentSyncytia in this genotype showed the same
characteristics as those induced in the translocation line contélaihd\part from the

formation of MA,the occurrence of starch granules in plasitds a main difference to the
susceptible controlgHoltmann 2000)

Comparisons between resistant and susceptible genotypes were also condRapdthinus
Similar to the observations in sugar beet, syncytia could be induced isylstémsand
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displayed dense cytoplasm and an increase in organelle abundance. At 3 dpi, differences
between the two genotypes became appaféetvacuoles in the resistant roots became
larger than those in the susceptible oifékile smooth ER prevailed in the susceptible
background, syncytia in resistant plants contained mainly rougdmBRnhany free ribosomes
in the cytoplasmCell wall ingrowths could be observed in both genotypes but were much
more developed in the susceptible robtke in resistant sugar be¢he degeneration process
startedat4-5 dpi It was accompanied by the accumulation of granular matemaiganding
vacuoles and the occurrenceosimiophilic, lipidlike globules resulting in a restriction of
female develoment However, the degenerated syncytia were able to provide sufficient
nutrients for thelevelopment of maledVyss et al. 1984)

1.7.3 The resistance gene Hs4

After several attempts to identify the second nematode resistance gene located on the
Patellifolia translocation,lie genéHs4 could beidentifiedby Kumar et al(2021)through
comparative sequence analysis. Two resistant translocation lines with differently sized
translocations, TR520 and TR3&®3\d tle susceptible translocation line 859, produced by

t h erradiation of TR52Q were wholegenome sequenced and the comparison of the
sequences resulted in the identification of a critical region present in both resistant but absent
from the susceptible genotype. Within it, 33 gene models were identified, and after cross
validation wth expression data from TR520 roots after nematode infection, the rhotikeoid
proteasdHs4was identifiedlt encodes a protein of 210 amino acids and is predicteel to b
ER-bound.Interestingly homologs could be detectedsngar beet and spinacBdinacia

oleraceg. Theencodd polypeptideshowed60 % similarityto Hs4 TheB. vulgaris

homologhas 102 additional a mi-terminusEurthérKunzsatet t he po
al. (2021)found that Hs4 contaga leader sequence for the transport into the ER which is
lacking in the homolog in sugar beet. Differences in subcellular localization of the two
homologs are therefore highly likely.

Various poteases contributing to pladéfenseaesponses are know8everal of them

function in the apoplast, the cytoplasm, or vacuoles, but endomembrane proteases are also
described Thomas and van der Hoorn 201Bppainlike cysteine endopeptidases (CysEPS)
harbor a Germinal KDEL signalleadingto their retention at the ERtCEPL1lis a CysEP
expressed in Arabidopsis and found to be expressed in the ER after theugatttecked by

the fungusErysiphe cruciferarumThe protein accumulates specifically around the haustoria
induced ly the pathogen, contributing to controlled cell death to restrict the spread of the
pathoger(HOowing et al. 2014H0Owing et al. 2017)A CysEP directly involved in nematode
defense has been identifisdtomato The interaction of th&lobodera rostochiensisffector
Gr-VAP1 with theapoplastiqrotease Rcr3 results in structural perturbations of the prétease
active site This conformation change is detected by the immune recept®@@d leads to

the activation of defenseslated plant responsé@sozancTorres et al. 2012)

Among the proteases, three families can catalyze intramembrane proteolysis. One of them is
the family of homboid proteasg$Jrban and Dickey 2011 heywere first discovered in
Drosophilg where the ER membraaachored growth factor Spitz is cleaved by the
intramembrane serine protease Rhomigitbcalized in the Golgi apparatus, to enable its
secretion from the ce{Urban et al. 2001 Rhomboid proteases consist of eix in the case

of eukaryotegind hence plant®ften sevetransmembrane domains (TMD3hey are
characterized bg serine protease catalytic utiiatcleaves the substrateimside the
membraneRhomboid proteins can altack the catalytic residugsendering them inactive
proteasesand are then classified as iRhomR&iomboids can be found in all domains oélif

In animals, they enable cell signaling and contribute to mitochondrial fusion, mitophagy, and
apoptosigLemberg and Freeman 2QHreeman 20Q@rban and Dickey 2011The
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mammalian ERocated rhomboid protease RHBLD4 is activated upon ER stress and
participates in recognizing and cleaving anomalous membrane proteins as part of the ER
associated degradation pathway. Surprisingly, RHBLD4 can cleavenaotbranespanning
domans of membranéocated substratg&leig et al. 2012)In bacteria, thehomboid

proteases are involved populationdensitydependent gene expression alteratlon
eukaryotic, unicellular parasites, rhomb®ahable the cleavage aflhesins important for

host invasionin yeast Saccharomyces cerevisjathe rhomboid protease Pcpl located in the
mitochondria controls the fusion of mitochondria membranes by cleaving a GTRas=en

and twelve rhomboid proteases were found in Arabidopsis and rice, respedteralyerg

and Freeman 20QFreeman 2009Jrban and Dickey 2011 plants,Rhomboid1
homologuedocated in mitochondria and chloroplasts have been iden{Hietdec-

Wisniewska et al. 2008Recently, the involvement glantrhomboids in the hypoxia stress
reaction was describednderconditions ofoxygenand mitochondriastress, the ER
membranebound protease RHOMBOHIKE 2 (RBL2) mediates the release of the-ER
located transcription factor ANACO013 to enable the transcriptional activation of hypoxia core
genes in the nucleus Afabidopsis(EysholdtDerzsé et al. 2023)

Kumar et al(2021)knocked outHs4in hairy roots of the resistastigar beetariety Nemata
and obtained roots highly susceptibl¢toschachtii Reciprocally, when they overexpressed
Hs4in the susceptibl8. vulgarisbackground, they observed hairy roots highly resistant to
the BCN, dependg onthe gene expression level achievEdese analyses indicated th&4

is the second resistance gene located on the translocatioR fygnmcumbenshromosome 9.

1.8 Aims and Objectives

In the present study, | aimed to characterize the previously identified nematode resistance
geneHs4in different genomic backgroundBhe work is structured into four work packages.

In the first work package (Chapter, 2)dentified homologs oHs4 andBvHs4in different
Patellifolia andBetaspecies. Following sequencing of the homologs from various species, |
evaluated the gene and resulting protein structégsher, | determined local expression
differences between the two genes in a broad set of spgsiag.P. procumbenandB.

vulgaris| then compared the expression of the homologs over time in different tissues and
under nematode infestation.

In the second work package (Chapter &stablishedirabidopsisTs lines expressingis4

under the control of either a constitutive or inducible promoter. Using a subset of the lines
generated, | analyzed the resistance reaetionrding to théis4 expression levels in this
nonrelated species

In work package three (Chapter Bexamined the ultrastructure of syncytia in the roots of the
transgenic Arabidopsis. | compared the results to syncytia from typd roots as well as
norrinoculated control roots of the different genotypes.

In the final work package (Chapter, baspired to generate transgenic rapeseed plants
expressingHs4for furtheranalysis

The questions to answer during my study were:

1. Do homologs oHs4or BvHs4exist in othePatellifolia andBetaspecies?

2. Does the expression bifs4and itsBetahomolog differ between tissues, across time, or
upon nematode inoculation?

3. DoesHs4confer resistance in a ngalated species in an expressigpendent
manner?

4. Are structural differences between the syncytibledexpressing and wild type plants
detectable’™ so, do the differences correlate with nematode infestation?

5. Can transgenic rapeseed plants expredss#pe obtained?
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2 Homologs of the beet cyst nematode resistance gene Hs4 are
differentially expressed between Patellifolia and Beta species

2.1 Materials and Methods
2.1.1 Plant material and growth conditions

Plants ofdifferentBetaor Patellifolia speciesavailable fronthe Plant Breedingnstitute as

well as accessions ordered from the Leibngtitute of Plant Genetics and Crop Plant
Research (IPK; Gatersleben, Germany), the translocation lines TR363 and TR520 and the
TR520derived variety NematgSupplementary Tabl#) were grown in a greenhouse or a
climate chamber, respectively, under letey conditions (LD; 16 h light / 8 h dark). Plants
destined for further inoculation experiments were sown and germinated in germination trays
in a climate chamber under LD conditicersd repotted to sand tubes filled with quartz sand
(grain size 0.90.4 mm) once the plantlets were ca. 11 days old and further kept under the
same growing conditions.

2.1.2 DNA isolation, PCR, and Sanger sequencing

Samples of different plant tissues were takeseaerakime points, frozen in liquid nitrogen

and stored af70°C until further usage. Following the grinding of the tissues, genomic DNA

was isolated using the NucleoSpin Plant Il kit (Machedagel, Diren, Germany) following

the manufacturerds instructi on gDelmportatetee pl ant
1983) Before further usage, tlgenomic DNA was checked on a 1 % agarose gel (90V, 30

min or 80V, 12 min).

A nonsequenced (unresolveagion in the firsHs4intron was amplified fronthe variety
Nemata Supplementary Tabl®) with a Taq polymerase (Biozym Scientific GmbH, Hessisch
Oldendorf, Germany) using AK_F2/AS_RSuypplementary Tabl?).

A first PCR screen for the presence or absenétsdin Patellifolia and its homolog iBeta

was conducted using AS_F7/AS_RSupplementary Tabl2), whichamplifieda region of

1217 bp and 1499 bp, respectively. Amplification of the wiiddortheBet a homol ogd s
genomic regioawas done using either a Taq polymerase (Biozym Scientific GmbH) or

PhusionlM High-Fidelity polymerase (ThermoFisher Scientfiffc Waltham, MA, USA). For

specificHs4 amplification, the primer combination AK_F5/AK_RS&{pplementary Tabl?)

and fortheamplificationof otherBetahomolog AS_BvHs4 F1/AS BvHs4 RO

(Supplementary Tabl2) wereused. PCR results were verified on a 1 % agarose gel (90V, 30

40 min).

Using the CloeJET PCR Cloning Kit (ThermoFisher Scientiffy, double bands were

cloned into the pJET1.2/Dblunt cloning vector
transformed int@ompetenEscherichiacol{ st r ai n D H 5dhdck methaqFrogere h e a't
and Hall 2007)Following overnight incubation at 37 °C on LB plagepplemented with
ampicillin (50 Og/ ml), colonies were screene
colonies were cultured overnight in 5 ml LB with ampicillin on a shaResmids werghen

isolated using the Presto Mini Plasmid Kit (Geneblieyw Taipei City,Taiwan)or the

NucleoSpin Plasmid Mini Kit (Macherelagel)and used for PCR in a 1:1000 dilution.

Amplified gene fragments avhole genes were Sanger sequenced on an Applied Biosystems

3730xI DNA Analyzer (ThermoScientifit, via IKMB, Kiel University) using a set of
different primers $upplementary Tabl2).
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2.1.3 DNA and polypeptide sequence analysis

Sanger sequences were aligned to the reference sequsimgghe CLC Main Workbench
20 (Qiagen, Hilden, Germany). As referendes Hs4 sequence derived from TR520 by
Kumar et al(2021)was used for thPatellifolia sequences and the genomic RefBe&t2
(Dohm et al. 20143equence of the rhombelitke protein 11 from sugar beet (NCBI
Reference Sequence XM_010669575.1) was deployed fBetkequences. After
alignment, specifi¢is4 or Betahomolog sequences were generated for each accession
sequencedsingthe CLC Main WorkbenchUsing the CLGncorporated tool for protein
translationtherespectivegolypeptidesequences were generated. These were aligned using
the MUSCLE algorithnranda maximurlikelihood phylogenetic tree (500 bootstraps) was
generated from the alignmamingMEGAL1 (Tamura et al. 2021 Alignments were
visualized using pyBoxshade 1.2 (mdbaron42 2021)

For DNA sequence comparisons, the blastn g@itanacho et al. 2009f the National
Center for Biotechnology Informatidisayers et al. 2022yas deployed.

The localization andonformationof singlepolypeptidesvere predicted using DeeplLoc2.1
(@dum et al. 2024and DeepTMHMM(Hallgren et al. 2022)espectively.

2.1.4 Invivo nematode infection assay

TheH. schachtiistraindSchach @waspropagatean susceptible sugar beet or rapeseed
sandfilled tubes in a greenhouse under LD conditidr@svae ofH. schachtiiwere hatched

from cysts in 3 mM ZnGlin a Baermanfunnel aperture. The J2 larvae were concentrated to
the desired densityf 150 larvae peml and used fotheinoculation.

Plants ofB. vulgarisandP. procumbensgere grown as describgsee2.1.1). Circa two
weeksafterthetransferto sand tubes, the plants were inoculated with a 2 ml suspension
containing 300 J2 larvae f. schachtiiusing a Muto syringe. Developing females were
assessed four weeks later.

2.1.5 Expression analysis

In addition to the accessions used for the sequence anfilydisraccessions dp.

patellaris B. adanensisandB. vulgarisssp.martimawere includedAll plantswere grownn
the greenhousas described above (s24..1). For the initial expression tes¢a and root
samplesof three biological replicates per accessimre taken. &r the spatiotemporal
expression analysisamples of plant roots (Rhypocotyls (H), cotyledons (Cand leaves
(L) were taken after germination (R, H, C), upon the developmehedfst true leaves (R,
C, L), 21 days after germination (R, L), before inoculation (R, L) as wellthseeand 28
dpi (R, L). The samples were frozen in liquid nitrogen aoiltRNA was isolated using the
Uni versal RNA Kit (robokl on, Berl in, Ger many
instructions. The RNA quality was checked using a NanoDrop2000 spectrophotometer
(ThermoFisher Scientiff¢') and agarose gel electrophoreis gel, 100V, 12 min)

100 ng of RNA were incubated with 1 U DNase (ThermoFisher Sciéffjfat 37°C for 30

min. Subsequently, the DNase was inactivated by adding 1 ul EDTA (50 mM) followed by
incubation at 65°C for 10 min. Then, the cDNA was generated using the First Strand cDNA
Synthesis Kit (ThermoFisher Scientit) , f ol | owi ng t he manufactur
Using the GAPDH primer combination fBeta(BvGAPDH_F/BvGAPDH_R,

Supplementary Tabl®) or Patellifolia (AS_BvPp_GAPDH_F/AS_BvPp_GAPDH_R,

Supplementary Tabl®), respectively, the cDNA quality was assessed by PCR.
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Foll owing the manufacturerds instructions

transcription PCR (RTPCR) deploying the Platind SYBR™ Green gPCR SuperMix
UDG (Invitroged™, ThermoFisher Scientifl!). For gene expression normalizatitine
GAPDHgene was used. For detectiorHsi4 and itsBetahomolog the primer combination
AK_F7/AK_R5 andAS BvHs4 F1AS BvHs4 R7 Supplementary Tabl®), respectively
wasused The primer combination AS_Hs1 F/AS_Hs1 $upplementary Tabl®) was used
for detection oHs1 Employing the Pfaffl methofPfaffl 2001) the obtained Cvalues
(cycle thresholdyvere evaluated.

2.1.6 Statistical analysis

Normally distributed data were statistically analyzed by awae analysis of variance
(ANOVA) using Microsoft Excel(Microsoft Corporation, Redmond, WA, USA)he non-
normally distributedlata were statisticallgnalyzedoy the Kruskalallis rank sum test,
followed by a Hochbergorrected Dunn posdtoc test using the online calculator Astatsa
(Vasavada 201&nd the opessource statistical computing software R version 4R.Bore
Team 2024y si ng t he pack@ohert®BMCMRp!l us o

2.2 Results
2.2.1 Verifying the Hs4 gene structure

A first in silico analysis of théds4gene described the genomic region to cover 5786 bp
(Kumar 2020)r 5664 bp(Kumar et al. 2021 )ontaining five exons and five introns. The
cDNA of 633 bpencods aprotein of 210 amino acidkumar 2020 Kumar et al. 2021Due
to these variationg first verified thesedatabefore starting manalysis of théds4variation

in different accessions and across spedire. TR520basedHs4 sequencebtained from
Avneesh Kumaconsisted of 5857 bases i n ¢ | u -dai nndginBadislated Begions
(UTRs). The gene harbored six exons and five intrang of which five exons were protein
coding(Figure3). The sequence | obtained contained a large st(@&hbp)of unknown
nucleotidegNNN) in the first intronl used the primeAK_F2/AS_R5(Supplementary Table
2) for amplifying thel885 bp large region containing thesitetch from the translocation
derived hybrid variety Nemata. In the consequent agarose gel electrophoresisplified
PCRfragment was already smaller than expected with an approximate size of 1(@a@sbp
not shown) | sequenced the generated fragment uaikgF2, AS_R5AS F1 andAS_R6
(Supplementary Tabl®) and found thaall primershad an overlapping region. Consequently,
| could resolve the large-Btretch region to contain 107 dpereby reducing the genomic
region ofHs4to 4999bp. The composition of the cDNA and the resulting protein remained
unchanged.

-3000 -2000 -1000 0 1000 2000
I | | I | I
Ts$
HS4 i L) L I 1
1 2 3 4 5 6
-4000 -3000 -2000 -1000 0 1000 2000
I I I | | |
2 =D €
Hs4 y . : .
(from Kumar 2020) ' N-stretch .1 2I_I3I_I 4 5

Figure 3: Comparison oftheHs4 sequence verified in the current study and the pre\titsdsequence obtained
from Kumar(2020) The genomic region dfis4spans 4999 bp and contains six exons and five introns.
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Contrastingly Hs4 as annotated by Kum#2020)spans5857 bp and has five exarisalso harbors an
unidentified sequence region-@tretch) Colorsdifferentiate he proteincoding exons (green) from the UTR
containing exons or exgrarts(red). The exons are numbered witk6laccordinglyThe start (ATG) and stop
(Stop) codonand the transcription start site (TSB}the gene are indicatetihe figure was generated using the
lllustrator for Biological Sequences softwgtéu et al. 2015)

2.2.2 The distribution pattern of Hs4 homologs across Patellifolia and Beta
species

TheHs4gene waglonedfrom a translocation line (TR520) derived frormanosomic
addition line that arose aftbybridization betweeBeta vulgarisandPatellifolia
procumbensAs all Patellifolia species are describedresistant to the BCN,hypothesized
thatHs4was present in the three differdtdtellifolia speciesHence | investigated if
homologs oHs4 could be detected in different accessions of these spéddsgionally, as

B. vulgarishasa homologof Hs4 (hereafter nameBvHs4, | hypothesizedtat a similar
homolog might be present in otHeetaspecies as well. AccordinglyscreeredseveraBeta
species for homologous sequenceBibis4 Hence| designed a primgrair (AS_F7/AS_R7,
Supplementary Tabl®) that amplifesboth homologsn both general. chosea conserved
proteinregion betweels4andBvHs4(Supplementary Figur#A) to locate the primer set,
expecting a low variation at the sequence lesgll, amismatched nucleotideas bridged
with a wobble base in the reverse primeroés
(Supplementary Figur#B). The primer set is expected to amplify 1217 bjplsfiand 1499

bp of BvHs4(Figure4A). Homologs showing sequence similarities to any of the two genes
should therefore be amplified with the homology primers.

Usingthe homology primer s&S_F7/AS_R7] screened the genomic DNA tbfe different
Patellifolia accessiond.could detecHHs4homologsin all five P. procumbenssix P.
webbianaand thredP. patellarisaccessionanalyzed Figure4B). The homologs detected in
the differentPatellifolia species willaccordinglybe namedPpHs4from P. procumbens
PwHs4from P. webbianaandPpatHs4from P. patellarisfor simplicity reasonswhile Hs4
refers to the originadodinggene sequence identified by Kunedral.(2021) Additionally, |
screened the translocation lines TR363 and TR520 and the hybrid variety Nemata with the
same primer set. As the primers also himthe exons oBvHs4(Figure4A), double bands
could be observei the resistant sugar be€¢igure4B). While the lower band resemble
Hs4from theP. procumbengranslocation, the upper band at 1499 bp delindates4from
theB. vulgarisbackground.

The bands obtained for tiRatellifolia species were Sanger sequenced to see if they were
Hs4-homologous sequences. Indeed, the sequencing results revealed that all accessions
contained &s4homolog with a high sequence similarityHis4 (data not shown)
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Figure 4: (A) Gene structure dfis4and theBetahomolog BvHs4 open reading frames (OREihd the
accordingcodingsequencéCDS) derived from the genomic DNA. Exons are shown in grétsa)(and orange
(BvHs9, respectively. The start codon (ATG) as well as the stop codon are indicated. The positions of the
homology primers (AS_F7/AS_R7) used theamplification of both genes across the species are shown. (B
andC) Agarose gel electrophoresis (1 %, 90V, 40 min) of a PCR amplif§gdgand itsBetahomolog. Using

the same set of primers, a single band at 1217 bp was amplifiedPatellifolia species (B), while in mo&eta
samples a band at 1499 bp was gener@edSingleBetaspecies show a deviation in the form of double or

lower bands. The translocation lines (TR363 and TR520) and the resistant cultivar Nemata serve as controls,
containing bottHs4and itsBetahomolog and showing a clear douldland. M 1 kb ladder, Nnegative control.

The gene structures were generated using the Illustrator for Biological Sequences gbitwetral. 2015)

To determine if 8vHs4homolog was present in differeBetaspecies] used the specids.
vulgarisssp.adanensisB. corolliflora, B. macrocarpaB. macrorhizaB. vulgarisssp.
maritima, B. patulg andB. vulgaris(Supplementary Tabl®). As for thePatellifolia species,
| wanted to grow several accessions per speoigs.tothebad germination rates of several
accessiond, could only use single accessionBofcorolliflora, B. macrocarpaB.
macrorhiza andB. patulafor the followingsequence analysikalso aimed to obtain DNA
for B. nanga howeverthe seedsdid not germinate anithe material hatb be excluded from
further analysis.
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Using thehomologyprimers,| screenedhe differentBetaaccessiond could detecbands at
a similarsize aBvHs4(1499 bp)in elevenof thirteenaccessionsHigure4C). Following the
homolog designation of tHeatellifolia species, th8etahomologs will be nameBaHs4(B.
vulgarisssp.adanensiy BcHs4(B. corolliflora), BmcHs4(B. macrocarpd, BmrHs4(B.
macrorhizg, BmHs4(B. vulgarisssp.maritima), andBpHs4(B. patuld). For BcHs4(Figure
4C) a double band was obtained. While the upper beaslin the size range of tByHs4
geneobs e xthecdlawerdanhd veas smaller than Hedexpected siz€l217 bp)
whose size was represented by the lower bantteedfanslocation linessed as reference
ForoneB. vulgarisssp.maritimaaccession (seed cod®0649)a second band slightly above
BvHs4was detected. macrorhizaandB. patulashowed single bands located below the
expected sizef aBvHs4homolog However, he primer set usespans a huge intronic area,
where sequence deviations, including deletions leading to smaller bands, are likely.

The obtainesingle bandsvere sequencet see if their sequence was similar to that of
BvHs4 All single bands analyzed showeigh sequence similarity to the homolog fr&mn
vulgaris (data not shown)As only a fraction of the complete gene had been amplified and the
single bands were clear homologBaHs4 | did not analyze the double bands further.

2.2.3 Sequence variations between Hs4 and its homologs from Patellifolia and
Beta species

After it had been demonstratdtht allPatellifolia andBetaspeciesanalyzedcontained

homologs oHs4andBvHs4 respectively] investigated ilsequence variations among

existing homologs were presehselectedsingleaccessionsf each speciebased orthe

clarity of the first sequencing data amplify the whole genomic region from start to stop

codon Figure4A) using genespecific primers for both homologs separafslye2.1.2. This

region contains the proteroding exons 6 of Hs4which spans 2022 bi@xon lresembles

the56 untransl ated region sepaandexansl/ihr om t he
BvHs4 spanning 4342 bp

As Hs4was identified from a translocation line derived from a monosomic addition line that
arose after hybridization &. vulgarisandP. procumbend expected genes identified from

P. procumbengo exhibit the closest sequence similarity®4. Due to the close relatedness

of P. procumbenandP. webbiangseel.2), | hypothesized to find highly similar sequences
in the accessions of thosgo species whild®. patellarishomologs were expected to show
more deviations fronis4.

Based on the phylogeny of the gef3eta(seel.?), | expected to detect higdvHs4sequence
similarity in homologs found in the speci@smacrocarpaB. patulg B. vulgarisssp.
adanensisandB. vulgarisssp.maritima Higher sequence divergence was anticipated in the
homologs oB. corolliflora andB. macrorhizaas they belong to the genGsrollinae

2.2.3.1 Variations at the DNA level

As a first stepl analyed Hs4homologsfrom all Patellifolia accessions availabl&@he Hs4
gene from the translocation lines TRBBR520 and Nemata was also sequenced.
Additionally, | usedthefirst P. procumbendraft genome made availak{jgersonal
communication A. Kumar and K. Dorn, USDA, Fort Collins, US#)Hs4sequence
analysisThealignment of thalifferentHs4 sequencesevealed thats4and its homologs are
highly conserved across &lhtellifolia speciesandtheregions of theroteincodingexons 2

6 present irHs4 (Figure4A) could be transferred t®pHs4 PwHs4 andPpatHs4
Nevertheless, single nucleotide polymorphisms (SNPs) as wialesions/deletions

(InDels) were detectedqigure5A, Supplementary Figurg). Even though théls4homolog
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sequences differ from each other,Rditellifolia Hs4 genes examined are highly similar
(Table2). The reference sequence based orHb#sequence obtained frokumar et al.
(2021)(and derived from the translocation line TR520) was detewitdchigh sequence
similarity in three of the fivd®. procumbenaccession§95-99 %) the fiveP. webbiana
accession{99 %) theP. procumbensdraft genoméPpHs4rat; 99 %9, the translocation lines
(HS4rr363/TR520 100 %9, and Nemat@Hs4vemata 100 %). Among thePatellifolia species, the
highestHs4 similarity across all accessions analyzed was detectedviebbianawhile inP.
procumbenshe similarity values varied by 4 % between different accessi@idg?2). The
sequences dheP. patellarisaccessiongand twoP. procumbenaccessions3howeda
higher divergence frorhis4with a maximum oB5 % sequence identity. Further, they
exhibited 1% gaps and the gene sequence was extendeeBBybpdT able2). Accordingly,
the majority of SNPs detected were shared by these accessions.

Table 2: DNA sequencadentities of differentHs4 sequences comparéalthereferenceHs4 sequence of 2022
bp. SingleHs4homologs from the same species are demarcated by their seed code or other identifier.
Similarities were calculated with the blastn si@amacho et al. 2009)

Query sequence| Length | Identity [%] | Gaps [%0]
PpHs400s10 2051 95 1
PpHS400s20 2052 95 1
PpHS4 00821 2032 97 0
PpHS4pka19 2022 99 0
PpHSs4pkos1 2025 99 0
PwHSs4 00002 2022 99 0
PwHS4 00832 2024 99 0
PwHS4 00833 2022 99 0
PwHS4pks26 2025 99 0
PwHSs4pko27 2025 99 0

PpatHs4o00012 2052 95 1
PpatHs430065 2052 95 1
PpatHs4pk1o 2052 95 1
PpHS%rait 2025 99 0
Hs4rrse3 2022 100 0
Hs4rrs20 2022 100 0
HS4\]emata 2022 100 0
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Figure 5. Alignment of genomidds4 andBvHs4homologous sequences. (A) Comparison of the oriditsal

with theHs4homologs from théatellifolia species, th®. procumbendraft genome (ProcumbensDraft), the

translocation lines (TR363 and TR520), and the variety Nemata. (B) ComparisorBeHséhomologous

sequences from differeBetaspecies and accessions. All sequences were compaBetisdfrom the RefBeet

1.2 reference sequence. TBecorolliflora genes were cloned into pJET1.2 and isolated from diffé&eobli

colonies before sequencing. Hence, the two different genes encountered are distinguisied bya nThe i B 0

whole genomic region is shown as a black hné the exons are highlighted in green. Gaps in the genomic

region are represented by gaps in the alCogmsmeantatdmdc 0s
bar at the bottom. Numbers at the end give the whole sequence length from start to stopheodaaphic was

created using the CLC Main Workben2t
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Four of thelnDelsfoundarelocated in intronic regions, therefore not impacting the protein
derived from the sequen¢€able3). However, a 3 bp sertionat position 1302 in exon 5
leads tathe addition obne amino acido the protein(orange box irfBupplementary Figur@).
This integrationis present irfour P. procumbenaccessiongwo P. webbianaaccessionsall

P. patellarisaccessionanalyzedand the draft genoesequence dP. procumbengViost
interestingly, the integratiois absent frononeP. procumbenandthree P. webbiana
accessiongheHs4 sequencgthe translocation lines, amdematalorange box in
Supplementary Figurd).

Table 3: InDelsfound betweertds4 homologs in differenPatellifolia speciesThe positionis given in
Supplementary Figur2

Position | bp Grig(i):r]llc Geneswith insertion Geneswith deletion
PpHSs4pka19, PPHS4pKos1,
PpHs4o00s10 PPHS40082q PwWHS4 00002 PWHS400832
593 6 intron PpHs4o00s23 PpatHs4so065 PwWHS4 00833 PWHS4pks26,
PpatHs4o0012 PpatHs4eki0 | PWHS4pko27, PPHSratt, HS4,
HS4rr363 HS4rrR520 HSANemata
PpHS400s23 PpHS4pka19,
PpHS4 00810 PPHS400820 PpHSdpkoss, PWHSAoo00z
. PwWHS4 00832 PWHS4 00833
873 3 intron PpatHs430065
PpatHsdooois PpatHsdexio PwHSs4pks26, PWHS4pko27,
PpHs4ratt, Hs4, Hs4rr3es
Hs4rrs29 HSdvemata
PpHS4o00s810 PPHS4 00820 PpHs4pka19, PWHS4 00003
PpHSs400s23, PpHS4pkosy, PwWHS4 00833 PWHS4 00833
PwHSs4pks26, PWHS4pko27, Hs4, Hs4rraesz HS4rrs2q
1302 3 exon PpatHs4zo0065 HS4vemata
PpatHs400013
PpatHs4pki10, PPHS%rait
PpHS400823 PpHS4pka1g,
PpHs4 00810 PPHS 400820 PpHs4pkos1, PWHS4 00003
. PwWHS4 00832 PWHS4 00833
1387 8 intron PpatHs430065
PpatHsdooots Ppathisdexio PwWHs4pks26, PWHS4pko27,
PpHsratt, Hs4, Hs4rraes
Hs4rrs2q9 HSdvemata
PpHS400s23 PpHS4pka1g,
PpHs4 00810 PPHS 400820 PpHs4pkos1, PWHS4 00003
. PwWHS4 00832 PWHS4 00833
1461 6 intron PpatHs4z0065
PpatHsdooots Ppathisdexo PwWHs4pks26, PWHS4pko27,
PpHsSyratt, Hs4, HS4rr3e3
Hs4rrs2q HS4nemata

Next, | comparedhe BvHs4sequences fromneB. vulgarisssp.adanensig082678), ond3.
vulgarisssp.maritima (960078) and theB. patulg B. corolliflora, B. macrocarpaandB.
macrorhizaaccessions availabl€he BvHs4sequence from RefBeét2.(Dohm et al. 2014)
was usedisareferenceFurthermore| includedthe reference sequences availableBfor
vulgaris, EL10 2 (McGrath et al. 2022and W357B v1.qDorn 2022) for B. patulg Bpat
1.0 (Rodriguez deRio et al. 2019)andB. vulgarisssp.maritima, Bmarl.0(Rodriguez del
Rio et al. 2019)respectivelyFinally, | also included the genamsequence of aematode
tolerantbeetgenotype, U2BVONT v1.0, recentijeneratedSielemann et al. 2023a)
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When analyzing th®CR amplconsby gel electrophoresi8. corolliflora was the only
species showing a clear double band for the whole ger8wiis4region(Supplementary
Figure3A). The upper band hasizesimilar toBvHs4while the lower band at ~2.3 kb was
much smallerTo analyzeboth sequencescloned them into pJET1.2 asdquenced the
resulting plasmids after colony PCR and plasmid isolatfmwever, BLAST analysis
revealedthat he | ower b didndtonatcharg gnoven gene frddn vulgaris(data
not shown) Interestingly, when sequencing different plasmids containing the 1Boljts4
band,| obtainedvarioussequences. OrsequencéBcHs4) wasa perfect match tBvHs4
known from RefBeetll.2, while anothesequencéBcHs4) showed several SNPs, small
InDels, and a prominennsertionof 97 bpstarting dter position1,522 of the RefBeet
sequenceBlasting thes®7 bp at NCBIperfectly matchethe sequencef theBvHs4
homolog fromthe toleranB. vulgarisgenotype U2BvBoth theBcHs4 andBvHs4,2sy
sequences also show a matchidg Bp deletionstarting at the RefBeet position 2,713,
compared tahe BcHs4 sequencéSupplementary Figur@B). When comparing the genomic
sequence of thBvHs4homologs across seveiétaspecies| could detect th&7 bp
insertionalso inB. patulaandB. macrorhizaThose species also contained th& Bp
deletion.Further, the sequences of these species contained the sam@Brlaltompared to
the otheBetaspecies. Single SNPs weslearedby BpHs4 BcHs4, andBvHS4,28y but not
BmrHs4e0018 Occasionallythe small variations were shared BjnHs4(Supplementary
Figure4). A prominent shared insertion is the additional 3 bp at position 57 in exon 1
(Supplementary Figurg). However, all large sequence deviations detected lie in the intronic
region of the gene and do not affect the proteimposition Figure5B, Supplementary
Figure3B).

Overall, theBvHs4homologssequenced from the differeBetaspecieshowed high
similarity across the whole gesequencéTable4). The sequences having sequedesntity
values of 97 %@r belowwere thosdoundto contain th&7 bp insertion and12 bp deletion
The known exons dBvHs4were annotated analogously in the newly derived sequences.

Table 4: DNA sequence identiis of differentBvHs4homologsequences comparéalthereferenceBvHs4
sequence of 4342 ind theHs4 sequence of 2022 bp, respectivéalyhenrequired,individual BvHs4homologs
are demarcated by their seed code or the reference sequence they were retrie&ithilamities were
calculated with the blastn suif€amacho et al. 2009)

compared toBvHs4 compared toHs4

Query sequence| Length | Identity [%] Gaps [%] | Identity [%] | Gaps [%]
BaHs4 4341 99 0 77 4
BcHs4 4343 99 0 76 4
BcHs4 4168 97 0 77 4
BmHs4 4347 99 0 77 4
BmHS4mar1.0 4369 99 0 77 4
BmcHs4 4332 99 0 77 4
BmrHs4eo001s 4166 90 3 76 4
BpHs4 4166 97 0 77 4
BpHsS4pat1.0 4300 97 0 77 4
BvHs4L10 2 4334 99 0 77 4
BvHSs4u3s78 4342 100 0 76 4
BvHs428v 4165 97 0 77 4
Hs4 2022 76 4 - -

All BvHs4homologs analyzed were highly similarBeHs4and there was no evidence that
one of the genes fourithd more similarities tbis4thanBvHs4(Table4). In conclusion,
none of theBvHs4homologs seem to lieenesconferring resistance td. schachtibased on
thesequencingesults.
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2.2.3.2 Variations at the polypeptide level

Using theexonic regiongrom Patellifolia andBetaspeciesl generated the open reading
framesequence$or each gene separatePdditionally, | extracted the sequences of
rhomboidlike proteins of quinoaGhenopodium quingd.0C110702170 and

LOC110705623), mung beaxigna radiata LOC106763922), and spinacBpinacia

oleracea LOC110775063jrom the NCBI protein databasgSayers et al. 2022 T hey

showed high homologies ®vHs4and were used as outgroups for the following phylogenetic
analysisUtilizing the CLC Main Workbench topthe correspondingolypeptidesequences
weretranslated| alignedall polypeptidef the Patellifolia andBetaspeciesand thefour
outgrouys.

Thepolypeptidesrom thePatellifolia species showed high conservat{&upplementary
Figure6) even though had observed differences at DA sequence levéBupplementary
Figure2). Nevertheless, small amino acid substitutions were visivi®. substitutionsat
positions 9§ from argininein Hs4 tosering and 126 @rgininein Hs4 tothreoning were
present irfour P. procumbendwo P. webbianaandall P. patellarisaccessions and tlie
procumbensiraft genomesequencelhe substitution at position 124gininein Hs4 to

sering was present only in tee P. procumbenand allP. patellarisaccessionsSimilarly, the
substitution at position 16864 (asparaginén Hs4 toaspartic aciflwas present in those
accessions, with the exception of dhgrocumbenaccession that showed the same amino
acid as the Hs4 sequenatethis positionThe insertion of an additional amino acid after the
1329 position was present in various accessions of all thagellifolia species but absent
from threeP. webbianaccessions, the Hs4 sequence, the translocation lines, and Nemata.

Further, heamino acids e q u e 'RDRCPOBNO | ocated right before t|
acid and described as highis4-specific and absent in the sugar beet homagmar 2020)

was nothighly conserved across the differ@atellifolia species. The sequence described

could only be found in tiee P. webbianaaccession§100002, 100832, 100833)neP.
procumbensccessiorflPK419), the translocation lines, and Nemakhe other homologs
analyzed displayed eithedAlL RRT GRDQNG.Nn chs OtALES D
ami no a c i-ahdof thig sequdnee arg present ifPaliellifolia but absent from the

Betas ampl es, the highly conserved sequence can

The polypeptidesrom theBetaspecies were highly similar to each other and also to the
outgroup proteinsSupplementary Figur@). Interestingly stretches ofip to fifteenamino
acids(aa)were also conserved across the two genera. A prominent difference was the addition
of roughly 100aaat the Nterminus of the proteiim all Betaspeciesgiving rise to an
additional exon at the beginning BYHs4(Figure4A). Hs4, in turn,shows an integration of
9-10aa(position 123; R/® R/T CPDNKE+V)in theregion of exon pwhich is the
conserved region described abaoaeg a second one tfo aa(position163/164; VN/D) in
the exon 6 regiarUpon comparing thpolypeptidesequences, it became evident tBat
macrorhizashowed strong deviations from the remainBejaspecies, even though
exhibited high similarity at the coding sequence le8elpplementary Figurg). The small
sequence variations led to the formation of a putativelyfanationalpolypeptidewith
several premature stop codons and many amino acid exch@hgdsst stop codon
terminates th@olypeptideafter position 141Supplementary Figur@).
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Figure 6: Phylogenetic treef polypeptidesequences from differeRatellifolia andBetaspecies and
accessionsThe tree was constructedth MEGA11 (Tamura et al. 2021using the maximum likelihood
method. Bootstrapping was conducted with 500 replicasoa C. quinog, spinach §. olerace and mung

bean V. radiatg

were used as outgroups.
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| used thepolypeptidesequences generated to create a maximum likelihood tree in MEGA11
(Figure6). The BvHs4 homologs cluster closest to the outgroup protamdsthePatellifolia
polypeptides are grouped further away, indicating their distant relatiomstapestingly,
qguinoa groups as the furthest outgroup, dr@inung bearpolypeptide sequence hie
highest similarity to th@etaspecies. Th8etaspecies form a distinct clade supported by a
high bootstrap value of 90 at the point of divergence. How&venacrorhizawhich showed
strong deviations from BvHs4 at tpelypeptideevel, is an exception to thgetaclade.Due
to the differences found in BmrHsH groups apartfrom the otheBetaspecies. In th8eta
clade of the tree, thaolypeptidesobtained by sequenciri®) patulaandB. vulgarisssp.
maritima, respectivelygroup together with the BpHs4 and BmHsalypeptides derived from
the accordingeferencesequence The high similarity observed betweBnHs4 and U2Bv
could be verified in the phylogenetic tree, as they group togethepodlyyeeptidesf the
differentB. vulgarisreference genomeBmcHs4 BaHs4 andBcHs4 are part of a subclade
of the tree, whose node is supported by a high bootstrap value of 81.

The divergence point towards tRatellifolia polypeptidess supported by a very high
bootstrap value of 100, indicating that this clade is distinct frorB#t@and outgroup
proteins. Conclusively, theriginal Hs4 polypeptidegroups with the translocation lines and
Nemata, which are all derived from each other. Additionaltyg PpHs4 and thréavHs4
polypeptidesarepart of that subclade. Interestingly, the remaining PpHs4 and PwHs4
polypeptidesorm a distinct small subclade. Thelypeptidederived fom theP. procumbens
draft genome is rather distantly related to Hs4. UnexpectiulgeP. procumbenaccessions
group together with thB. patellarisaccessions.

Finally, | analyzedhe predicted localization and conformation of plodypeptidedHs4
(reference sequence), Pphigdiqg and BvHs4 from RefBeetl.Pused DeeplLoc2.{@dum et
al. 2024)to predict the subcellular localization as well as membrane associations for each
protein As described by Kumaat al.(2021) Hs4is predicted to be localized at the ER as a
transmembrane prote{ifable5). The conformation prediction using DeepTMHMM
(Hallgren et al. 2022)evealed thaHs4 constitutes a protein with six transmembrane domains
(Supplementary Tabl®). The addition of one amino acid in Pphigdiodoes not changés
subcellular localization. Contrarily, the probability of @R localizationincreased from

0.7973 for Hs4 to 0.8184 for PpHséeio(Tableb5). The additioml valine leadso a slight
conformation change. Fivaamino acidsissigned to a transmembrane domain beforehand are
now predicted to be part afloop located in the lumen ahdncethe proximatefourth
transmembrane domais slightly decreased in sif8upplementary Tablg). BvHs4, in turn,

is predicted to be plastidcalized with a high prediction value of 0.91G&bleb).
Nevertheless, it is also a transmembrane protein exhibiting six transmembrane déheins.
mainconformationdifference lies in its longytosolic Nstretch which is much shorter in

Hs4 and PpHsdos10(Supplementary Tablg). Interestingly,usingthe AlphaFoldProtein
Structure Databaq&/aradi et al. 2022Varadi et al. 2024) found thatArabidopsis contains
an Hs4homolog with 57 %and 71 %protein similarityto Hs4 and BvHs4, respectiveljhe
proteinis classified as rhomboilike protease 11AtRBL11, UniProt identifier: Q84MB5)
andlocated in theplastids like BvHs4.It also has six transmembrane domains
(Supplementary Tablg).
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Table 5: Probabilities ofpredicedlocalizationand membrane associatifor the P. procumbenslerived
polypeptidedHs4 andPpHs4i00s10 the lattewith an additional amino acid, BvH$#bm B. vulgarisandthe A.
thaliana AtRBL11. The probability values were calculatesingDeepLoc2.1(@dum et al. 2024)

Hs4 | PpHs4oosio | BvHs4 | AtRBL11
Localization Prediction probability
cytoplasm 0.0667 0.0695 0.0707 0.0796
nucleus 0.0761 0.0790 0.0566 0.0689
extracellular 0.1902 0.1712 0.0209 0.0218
cell membrane 0.1334 0.1330 0.0505 0.0623
mitochondrion 0.3080 0.2782 0.2748 0.3320
plastid 0.1721 0.2045 0.9158 0.9346
endoplasmic reticulum 0.7973 0.8184 0.2247 0.1656
lysosome/vacuole 0.4065 0.4335 0.0581 0.0521
Golgi apparatus 0.4089 0.4283 0.0673 0.0372
peroxisome 0.0274 0.0371 0.1004 0.1345
Membrane association
peripheral 0.1530 0.1580 0.2850 0.3000
transmembrane 0.9670 0.9680 0.9580 0.9610
lipid anchor 0.0740 0.0770 0.0590 0.0550
soluble 0.1430 0.1450 0.1220 0.1130

2.2.4 Expression patterns of Hs4 and its homologs across Beta and Patellifolia
species

Once it had been established tHa#tor a homolog was present in sevd?atellifolia and
Betaspeciesl wanted to see if they were differentially expressed between tissues in those
generaBased on the predicted protein localizations | expected to find spatial expression
differences.

In the Patellifolia species and thiganslocation linederivedB. vulgarisplants Hs4and its
homologswerealways strongest expressed in the r@gbigure7A). The highestifference
between expression in leaves and roots was obsertied iranslocation line TR520 with
26.6fold higher expression in roots compared to leaves. The variety Nemata derived from
this translocation line showed an 1-808d expression difference. Among tRatellifolia
speciesPpatHs4was expressed 142).3x,PwHs40.9-6.9x, andPpHs46.2-26.6x higher in
roots versus leaves, respectively. TR363 showed a 5.2x higher gene expression in roots.

Contrastinglythe BvHs4homologs showed the highest expression levels in leaaBeta
species analyzedrigure7B). These findings are in line with the subcellular localization
predictions.The leafto-root expression ratio was similar among the different species. The
highest upregulation in leaves was observddmiHs4with up to 6x higher expression. It was
followed byBmcHs4with 5.7x andBaHs4with up to 5.2x higher expression in leaves. The
remaining homologs showed between IBVHs4 to 3.2fold (BcHs4and TR363)
upregulation in leaves compared to roots.
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Figure 7: Bar plots showing thexpression levels dfis4and its homologin leaf (L) and root (R) tissues of
diversePatellifolia (A) andBeta(B) speciess determined by RGPCR(primer: AK_F7/AK_R5for

Patellifolia and BvHs4_F1/BvHs4_R7 f@etg reference gen&3APDH). (A) Expression oHs4in different

Patellifolia species. The different accessions within one species are given with their unique identifier (seed

code). In all samples, expression was higher in the root compared to leaf samples. (B) Expr&stisd of

homologsacross differenBetaspecies. The accessions within one species are differentiated by their seed code.

Due to a lack of biologidaeplicates, the expression data of two diffef@ninacrorhizaaccessions were pooled
inthisanalysisThe geneébés expression was proven to be continu:

Standard deviations are given as SEM.
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2.2.5 Nematode infection does not alter the expression of Hs4 and its homolog

The nematode resistance gétstshows a contrasting expression pattern to its homolog
from sugar beedcross leaf and root tissugee2.2.4). | wanted to analyze how the
expression patterns of both genes changed over time in different tissues and if nematode
inoculation had an effect on the geble e X p & Feoar sveeksmfter inoculatipthe number

of females developing on the roots of five replicates for both species were assessed. No
developing females were observedRarprocumbensOnB. vulgarisroots female numbers
ranged between a minimum of 54 and a maximum of 119 (mean: 83.4).

In P. procumbenanexpression pattenresemblinghe patterndiscoveredn a broad set of
Patellifolia speciegsee2.2.4 was observedicrossall sampling points the plants showed the
highestHs4 expression in rootg-igure8). While the expression level in roots was quite

stable over the first weeks it showed a slight increase in the older plants, even though this
increase was not statistically significant. The highest expression differences between leaves
and roots were obseryen the older plants'he norinoculated plants had a 16.1x higher
expression in roots compared to leaves upon female cowartdte inoculated plants

showed a similar value of 15.8x higher expression in réothe early plant developmental
phasestheexpression differensebetween leaves and roetsre very similar. Directly after
germinationroots had a 6.5x higher expression compared to the cotyledons. This value
slightly increasedh the first true leaves, whereots had 8.1x higher expressiiian the
cotyledons while it was 4.6x higher compared to leaVke.expression relative to the leaves
remained stable three weeks after germination and then dropped slightly to 3.1x before
inoculation. Three days pestoculation the difference had already slightly increased to 6.5x

in noninoculated and 6.8x in inoculated plants. Even though a trend of continuous expression
in leaves and an increasing expression level in roots is showing, a statistically significant
upregulatiorafter nematode inoculaticcould not be observdéigure8).

The nematode resistance géisd, which also comes froratellifolia, was found to be
upregulatecht four weeks after nematode inoculati@uai et al. 1997)Hence, kcreened the
P. procumbenaccession used féts4 expression analysis to test if | could detect an
upregulation oHslat 28 dpi in the inoculated compared to the-mmtulated sample3he
meanexpression of 7.43 in the nemoculated and 8&in the inoculated sample
(Supplementary Figuré) was not significantly different as determined by a-oas
ANOVA (F(1,4)=7.1, p = 0.79)

33



Chapter 2

Hs4
7 a
5°
a b
- ]
24
=&
23 —abc abe
b I abe abc I
%2 abc abc
51 I b
= at_)c abc c abc abc aIc be abc abc abc
ES _ = - - I - I
0
R HCR C LR L R L R LR LR L R L
nioni i i onioni 0 i
Y Y | | Y I
seedling first leaves 21d after ~ 1d before 3 dpi 28 dpi
leaves germination inoculation
BvHs4

25

2 b
ab 2 } ab
= abc abc I ]:
15
abc [ ]: abe abc
abc
abc
abc I I

normalized relative expression

abc
1 I t]):c I :[ I be o I
c ¢ I
0.5 I :[
[
0
R HCROC L RLRULR LR LR LRIL
nioni i 0onioni0 i
r B Y S S B Y a Y '
seedling first leaves 21d after  1d before 3 dpi 28 dpi

leaves germination inoculation

Figure 8: Bar plots showing th&T-gPCR results of the expression analysisisdin P. procumbengprimer:
AK_F7/AK_RS5; reference gen&APDH) and itsBetahomolog inB. vulgaris(primer:
AS_BvHs4_F1/AS_BvHs4_R reference gen&sAPDH) over time and under different treatmerits (
inoculated, ninoninoculated) in root (R), hypocotyl (H), cotyledon (@) leaf (L) tissues. (AA Kruskal

Wallis test (p < 0.05) was performéat theP. procumbensamplesand significant differences between groups
were calculated using the Hochbexgrrected Dunn postoc test (p < 0.05). Statistical significancetweerB.
vulgarissamplesvere calculated using a omeay ANOVA, followed by the Tukg HSD TestStandard
deviations are given as SEM.

In B. vulgaristhe higherBvHs4expression in leavesompared tgoots was not evident in the
very early sampled-{gure8). Contrarily, expression was higher in roots compared to leaves
directly after germination, where expression in cotyledons was 0.4x that of the root.
Interestingly, the ratio of cotyledeo-root expression remained the same upon the
development of the fitgrue leaves, whil8vHs4expression in leaves and roots was
balanced. Starting with the sampling point three weeks after germinAtibisdwas always
higher expressed in leavgmnroots. The largest difference could be seen directly before
inoculation where leaves showed 4.1x higher expression than fdotstatistically
significant differences were observed when comparing the inoculated amdocarated
samples at 3 and 28 days pwsiculation The ratio of leato-root expression also remained
stable withup toabout 2fold higher expression in leaves compared to rddésnatode
inoculationdid not lead to an increase BvHs4expression.
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3 The cyst nematode resistance gene Hs4 from a wild relative of
sugar beet confers resistance in a distantly related species

3.1 Materials and Methods
3.1.1 Vector construction

The vectos pBin35SReeHs4 (hereafter named 3586ts4) and pBin35SReg@Hs1:Hs4
(hereafter named HsHs4) containing théHs4 open reading frame from cDNA of the sugar
beet cultivar Nematavas usedLeineweber 2020Kumar et al. 2021)in the 35SHs4

plasmid theHs4 gene is under the transcriptional control of ¢bastitutive35S promoter
while it is expressed from the inducible Hs1 prom¢§témrau et al. 2003n Hs1:Hs4 The
pBin35SRed vectaiPidkowich et al. 2007¢ontains a constitutively expresdedRe@ gene
for plant selection.

The 35S:Hs4 plasmid wasntroduced intoAgrobacteriumtumefacienstrain GV3101

(Hellens et al. 2000jia a modified heashock metho@H6fgen and Willmitzer 1988)

Finally, 200 ul of the bacteria were plated on LB plates containing selective antibiotics (50
pg/ml kanamycin, 50 pg/ml gentamycin, 50 pg/ml rifampicin) and incubated at 28°C for two
days. Positiveolonieswere identified by colony PCR using the prinaembination
AK_F7/AK_R5 (Supplementary Tabl2).

Thetransformation ofA. tumefaciengstrain G/3101) with the Hs1Hs4 plasmidwas

conducted bylohanna Leineweb¢2020)

3.1.2 Arabidopsis transformation and selection of homozygous lines

The Agrobacteria containing the 33%s4 plasmid were used for floral dip transformation of
A. thalianaCol-0 (Supplementary Tabl®) as describe{lClough and Bent 1998The plants
werecultivated in a climate chamber unddd conditions (16 h light/8 h dark, 22°@)r 4-6
weeks A. tumefaciensarrying 35S#is4were grown as overnight cultures (28°C, 180 rpm)
and centrifuged at 4,000 rpm for 10 min. The bacterial pellets were resuspended in a 5 %
sucrose solution containing 0.01 % Silwett (Kurt Obermeier GmbH, Bad Berleburg,
Germany).The plant nflorescences were immersed in the bacterial suspension-8f 20
secondsThe plants were thdtept undeshortdayconditions §D; 8 h light/16 h dark, 24°C)
for one nightpeforethey were grown in a climate chamber under LD conditions (16 h light/8
h dark, 24°C) until Tseeds were harvested 6aveeks later.

Transgenic Tseeds displaying red fluorescence were identified under a Nikon SMZ25
microscope equipped with a Nikon IntensilighHGFI fluorescence unwith aNikon Texas

Red bandpass filter cul§e-excitation 560 nm;Nikon, Tokyo, Japan) using a 600 ms exposure

time. Pictures were takenith a DS-Fi3 cameramnounted onto the microscopsing the NIS
Elements BRsoftware bothNikon, Tokyo, Japan)n the following generations ¢J T3),

transgenic seeds were selected accordingly, and heterozygous and homozygous seed families
could be distinguisheds(pplementary Tablgand Supplementary Tablg).

TheA. thalianaplant materiatransformed with Hs1Hs4wasreceived as 3seeds from
Johanna Leineweb¢2020)

3.1.3 Nematode infection assays

Following surface sterilization with 2.6 % NaClO for 5 min and three washes with sterilized
water, theArabidopsisseeds were placed either in 9 cm Petri dishes omielbplates
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containing B5 medium. After stratification for 2 days at 4°C, the plants were grown for
approximately two weeks in a climate chamber (16 h light/8 h ddrlgchachtiistrain

@&chach 6(Muller and Klinke 1996%ysts were incubated in 3 mM ZnGbr 3-4 days to

induce hatching of the larvae. The J2 larvae were susi@ciized in 0.05 % HgGlfor 35

sec, followed by three washing steps in sterile tap water, and then resuspended in 0.6 %
gelrite (Duchefa, Haarlem, Netherlands). The nemasadpensionvas adjusted to a
concentration of 102 larvae in 10 pl and 24800 ul were applied to each plantlet using
Pasteur pipettes. Plants were further grown for ca. 3 weeks in a climate chamber under long
day conditions. Finally, the developing females werenteiiunder a Zeiss Stemi SV 11
stereomicroscope (Zeiss, Oberkochen, Germany).

Forin vivonematode infection assays, Arabidopsis plants were grown in large sand tubes
filled with a mixture of sieved soil and sand (volume ratio 75 %:25 %) under LD conditions
(16 h light/8 h dark, 24°C) for up to four weeK$iey were fertilized with Steiner solution
(Steiner 1968gvery weekH. schachtilarvae were harvested as described. The larvae were
concentrated and kept in sterile tap waserface sterilizatiomas omitted. Using pipette tips,
the plants were inoculated with a 2 ml solution containing=BDJ2 larvae. Developing
females were assessed four weeks-pustulation.

In vivonematode infection assays were also carried out wete¥sterile conditions. Here,

the sandsoil mixture (volume ratio 75 %:25 %) was heated to 80°C for ca. 5 h before being
filled into sand tubes rinsed with 80 % ethanol. Arabidopsis seeds were ssidalized and
transferred to the sand tubes using autoclaved pipette tips. The péaatgrawn for up to

four weeks under LD conditions (16 h light/8 h dark, 24°C) pmewviously ozongassed

climate chamber and watered with autoclaved tap wahay were fertilized every week

using a sterile Steiner solutiddsing autoclaved pipetteps, the plants were inoculated with

2 ml nematode suspension containing 250 sw$éeelized J2 larvam sterile tap water
Developing females were counted four weeks after inoculation.

3.1.4 Nucleic acid isolation, PCR, and RT-gPCR conditions

Leaf samples were frozen in liquid nitrogen. DNA was isolated with the NucleoSpin Plant I
mini kit (MachereyNagel, Diren, Germany) or as descrilfedllaporta et al. 1983)he
DNA quality was checked on a 1 % agarose gel (90V, 30 min) before further usage.

RNA was isolated from Arabidopsis roots using the Universal RNARGboklon, Berlin,
Germany), foll owi ng t hTeroos weareffistovashed eleadfeomi nst r
the agar using a sieve and then frozen in liquid nitrogleesamples were collected three

sampling pointgone daybefore inoculation, 8pi, and 21 dpi)The RNA quality was

assessed using agarose gel electrophoresis and a NanoDrop2000 spectrophotometer
(ThermoFisher Scientiff). 106300 ng RNA was incubated with 1 U DNase (ThermoFisher
Scientific™) for 30 min at 37°C. Therthe DNase was inactivated by adding 1 pl EDTA (50

mM) followed by incubation at 65°C for 10 min. Subsequently, the cDNA was synthesized

using the First Strand cDNA Synthesis Kit (ThermoFisher Scielfifiaccording to the
manufacturerds instructions.

The cDNA quality was assessed by PCR u§#d®°DH primers (B349/B350,Supplementary

Table2). Two pl cDNA were used for quantitative reverse transcription PCRQIRIR)

employing the Platinuf SYBR™ Green qPCR SuperMikiDG (Invitroger™,

ThermoFisher Scientiffy) according to the maGARDHgen¢é ur er 6 s
was used as a reference for gene expression normalization. For transgene detection, the primer
combination AK_F7/AK_R5%upplementary Tabl®) was utilized. The obtained ®alues

were evaluated using the Pfaffl meth@daffl 2001) The mean of the Cd) Ct valuedor
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GAPDHandHs4werettilized as a nottreated contro{for Hs4 expression the value was
artificially set to 40 cycles

3.1.5 Statistical analysis

Normally distributed data were statisticadigalyzedy a onesample ttest or a parametric

oneway analysis of variance (ANOVA) using thebldsed MVApp(Julkowska et al. 2019)

Significart differencesver e t hen cal cul ated based on Tukey
MVApp and the online calculator Astat®dasavada 2016)f the data were not normally

distributed, the Kruskaallis rank sum test was applied, followed by a Hochlmengected

Dunn posthoc test using Astatsa and the opeurce statistical computing software R

version 4.3.3R Core Team2024) si ng t he pack @goghert HKBMCMRp!| us o

3.2 Results
3.2.1 Generating Tz lines expressing the Hs4 gene

Two expression vectors containing tie4 cDNA under the control of the constitutive 35S
(35S:Hs4) and the inducible Hs1 (HsHs4) promoter, respectivelyereconstructed

(Leineweber 2020)The Arabidopsis transformation with the H§ls4 construct was

conducted by Johanna Leinewef2020)and Tz seeds of this plant material were received at

the beginning of the experimefito allow for better comparison, the number of transformed
plants and fluorescing seeds per generation were reevaluated in the context of this study. The
35S promoter was previously found to cause lethality when drivg#gexpression

(Leineweber 2020Kumar et al. 2021 However, | could detect transgenic seeds when |
repeated the plant transformation with freshly prepared compketémntnefaciens

After A. tumefaciensnediated transformation of 7 (3588s4) and 26 Hs1:Hs4) To plants,
respectively, Tseedswvere bulkharvested for each construct separa8lypplementary
Figure8). As theDsRe@ gene is integrated into the vector backbone as a selection marker,
the harvested seed®re screenednder a fl uorescence microscop
presence. From the seeds screened, 73 8&8:and 39 (Hs1Hs4) displayed red
fluorescenceJupplementary Tabl). For the 35SHs4 construct, 15 Tseeds and for
Hsl:Hs4all 39 T, seeds were selected and sown to generageddswhich wereharvested
separately andubjected to another red fluorescence selection cycle.fleeegscence could

be observed in 6 out of 8 358s4and 9 out of 12 HsIs4 T, families.For eachl 2 family
showing red fluorescencseven to nind s plantswere grown to produce the next generation
(Supplementary Tabl). Here, & seeds of 47 35Fis4 T» plants and 62 HsHs4 T, plants
could be harvested. AllzsIpopulations were screened for fluorescence. Six and eleven
populations, respectively, exhibited uniformly fluorescing red segasplementary Table
andSupplementary Tabl@). As DsRe@ andHs4 arecompletely linkega correlation

between fluorescence intensity adsd gene expression levels, depending on the integration
site of the transgenes, was expected. Similarly, homogeneous red fluorescence was
anticipated tgoint to homozygoubls4 expressionThus, Tz populations showing
homogeneous red fluorescengere designated homozygous lines and chosen for further
experiments.

The six 35SHs4 Tz lines were directly used for an initial infection tés¢e3.2.4. The

eleven Hs1Hs4 Tz lines were considered too many genotypes for laogde experiments.
An initial inoculation experimenit 9 cm Petri dishewas conducted with these eleven lines
and developing females were assessed three weekspositation.Eight of the eleven
transgenic linedisplayed lowefemale numberthan Col0 (Supplementary Tablé). Six
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lines witha highermean female number théme control were excluded from further analysis
and five lines with values below the control were selected for further (sed8.2.5.

3.2.2 Arabidopsis plants expressing Hs4 display an altered phenotype

The terms O6fluorescenced and O6col orationd ar
While6f |l uorescenced Iimplies the red f-luorescen
sti mul atekciogb 610 gnhm) ,( ¢ he word o6col orationd de:
observable under white light without any fluorescestieulating light (by naked eye).

The phenotypesf six 35S:Hs4and five Hs1#s4 T3 lines with homogeneous red
fluorescencavere assessd@upplementary Figur®. Upon screening thesBeeds it became
evident that theeed fluorescence levels varied acrosglitierent Tz lineswhile the intensity
was uniform within the individual lineFhe 35SHs4lines228934 and 228936 showed the
overallstrongest redeedfluorescencéSupplementary Figur®). Line 210637 exhibited the
strongest redeedfluorescence of the five HsHs4lines analyzedAmong koth genotypes
lineswith barely visible seed fluorescence lewskye detectabla.e. lines 228944 and
228956 of 35SHs4and line 210659 of HsHs4 (Supplementary Figur@).

The Tz lines werehen gown in Petri dishedAt all developmental stages, differences in
fluorescence intensities could be observetiveen but not within the lin€Bigure9). The
most prominentluorescence of leaf and root tissues was praadhelinesexhibiting the
strongest seed fluorescermeforesowing (228934, 228936, 210636, 2106Fgure9).
Additionally, saveral linesshowedpink colorationof root partsduring plant development
(Supplementary FigurgQ). This coloratiorwasmost dominantly visible in line 228934
which also showed the strongest red fluorescence sigimalcoloration was not uniformly
distributed,instead, theoints of lateratoot branchingshowed strong pink colarand the
pinkness was reduced towards the root (§rgoplementary Figurgl). Pink roots were never
observed irCol-0. Similar observations were made when the plants were grown in &sénd
mixture forin vivoresistance tests (s8e2.8. Here, the roots exhibited a stremngink
colorationthan undein vitro conditions Further, a red coloration could be observetha
leaves of the different genotypésowever, it was not uniformly distributeadmong plants of
single Tz lines. A correlation between inoculation and leaf reddening was also not
ascertainable. Furthehis discoloration was also visible in G@leaves. Leaf reddening can
thereforebe attributedo the plantstressn tissue culture

Arabidopsis lines with stronger red fluorescence andaoloration showed a lower
germination rate compared to lines with less red fluorescence an@cdooots Line 228934
exhibited the poorest germination efficiency with 8ZSapplementary Tabl@).
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35S::Hs4
228921 | 228924 228934 228936 228944 228956

Hs1::Hs4 wild type

210636 210637 210654 210659 _ 210678 Col-0

Figure 9: Exemplary pictures of planluorescence of 7-day-old seedlings of different transgenic Arabidopsis lines andQChlo differences within the lines were detectable.
Fluorescence was examinatb00 ms exposure tima&ith excitaion 560 Nm.Bars: 0.5 cm.
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When the plantsiere grown on soil, differences in flowering time could be observed. The
exact flowering times were not assessed, but the lines with the strongest red fluorescence
floweredca.two weekdaterthan those with lower red fluorescence intensities owitte

type They also formed more leaves compared tec@dline 210637 for example formed
between 2125 leaves before flowering, while GBlonly produced 1-21 leaves.

Taken togethetthe transgenic lines with the strongest red fluorescence signals showed the
most severe root coloratiomhey floweredater than the other lines witheakerfluorescence
signals and less discolored roots.

3.2.3 Optimizing Arabidopsis resistance tests

In the Plant Breeding Instituteaormaisized 9 cm Petri dishes have been used for resistance
tests of sugar beet hairy roots as well as Arabidopkir handling islaborious andime-

consumingas every plate has to be opened i ndivi

sealed again. Siwell plateson the other handncrease the handling efficiency by being able
to treat six plants at once. Therefore, | investigated if a switchwellgolates was affecting

the formation of females on the Arabidopsis roots. | useeDGuold hoculated seven

individual Petri dishes aneleven plants in-8vell plates with 200 J2 larvae. The developing
females were assessed three weeks later.

Table 6: Developing females 21 dpi on roots of @oplants grown either in & Petri dishes or-@ell plates.
Plants were inoculated wiD0H. schachtiiJ2 larvae.

Replicate# Petri dish 6-well plate
1 6 6
2 6 1
3 8 1
4 5 0
5 10 3
6 8 9
7 10 15
8 8
9 4
10 7
11 4
mean 7.57 5.27
SD 1.99 4.4

A t-test forindependent samples was conducted to compare the number of developing females

between the two culturing systenifiere was no statistically significant difference in female
number means between the two systai$) = 1.52, p = 0.15 (twtailed).As the female
numbers were similar but thevéell plates were much easier for handling large sample sets,
they were used faall further resistance tests.

3.2.4 Arabidopsis plants expressing 35S::Hs4 show nematode resistance in an
expression-dependent manner - Experiment |

In a first experiment, wanted b test whethea constitutive expression biis4 could confer
resistance tél. schachtiiin Arabidopsis. nalyed if the transgenic linegxpressing
35S:Hs4varied in theirexpressionevelsandif there was a correlation tbe level ofBCN
resistanceFor this purpose, thex 35S:Hs4 T3 lines showing homogeneous red fluorescence
were grown in énell plates and inoculated wigbOH. schachtiiJ2larvae. Developing
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females were counted at 21 dpi and whole root samples were taken beftmeeaddys after
inoculationfrom noninoculated and inoculated plattso ver i fy the transgen
under the constitutive promotdr.o d et e r mi generalishexprelssioneeek the data

over the different time points were pooled.

All transgenic lines tested showed significantly lower female numbers thab Egure10).

The different transgenic lines varismnificantlyin their female number meafisruskat

Wallis rank sum test, p = 1.81d). Line 228934 exhibited the lowest female numbers with a
mean of 6.5 females compared to 26.6 females on the @uts. Though the females

developing on the roots of the transgenic plants often appeared smaller than those observed on
Col-0, they were usally filled with eggs.

| analyzede a ¢ h elxpressemd per time point and treatmseparatelyand then combined

all the expression data to generate the ovelsdlexpression per lind.he housekeeping gene
GAPDHwas usedor normalizatiorand all samples were normalized against the mean Cq
values of the CeD samplesinterestingly, the transgene expression was not consistent in all
lines across the different time points and treatme3uplementary Figurg?). Lines

228921, 228924, 228934, and 228936 did not show statistically significant differences
(KruskalWallis rank sum test, p = 0.08@ between the expression measured in the non
inoculated and inoculated samples before and three days after the inoculation. Line 228944,
however, showed an increaseHa4 expression in the neimoculated samples from 0 to 3

dpi, and the gen&as more strongly expressiothe inoculated plants. In line 228956, the
norrinoculated samples showed an expression increase from 0 to 3 dpi, while there was no
difference between inoculated and sinoculated samples at 3 dpi

Whenpoolingthe expressiodataacross timepoints and treatmenise 228934 showed the
highest transgene expressiéigure10). It was also the line with the lowest number of
developing females.
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Figure 10: Bar plot showing theesults ofdifferent 35SHs4transgenic lines and GOltested in sterile -&vell
plates in experiment |. TheverallHs4expression leveds determined bRT-gPCR (primer: AK_F7/AK_R5;
reference gen&sAPDH) is shown agreybars (left yaxis). The number of developing femalesuntedat 21

dpi is indicated bylackbars(right y-axis). The expressiowas calculated based on pooled data from two
different sampling pointsofieday before inoculation and 3 dpi) and across treatments (inoculated and non
inoculated).The number of biological replicates is given at the bottom of eaclStadistical significances were
calculated using the Krusk®Vallis rank suntest at p < 0.05, followed by a Hochbeargrrected Dunn test
Error bars represent the SEM.
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3.2.5 Arabidopsis plants expressing Hs1::Hs4 show nematode resistance in
an expression-dependent manner i Experiment Il

In a second experimenhd five selectetHs1:Hs4lines (see8.2.1) were screened similarly to

the 35SHs4plantsto determine if an inducible expressiont#4 could also confer

resistance to BCNTheplantsweregrown in 6well plates and inoculated wi2b0H.

schachtiilarvae The developing females were counted at 21 dpi and whole root samples were
takenone daybefore,three and 21 days after inoculation. Again, expression levels obtained
from the different time points were pooled
rate

Two transgenic lines did not show significantly lower developing female numbers compared
to Col0 (KruskatWallis rank sum test, p 4.47el1; Figurell). The other three lines

showed a significant reduction in developing female numbers. Again, the females that
developed were filled with eggs.

| compared the individual expression levels across the different time points and treatments
(Supplementary Figurgd). All except line210636showed significant differences between
theindividual expression levels determined. Nevertheless, the differences did not occur
between treatments (i.e. inoculated and-matulated) butather across time points. In line
210637 the samples from 21 dpi showed higkstexpression than samples from 0 or 3 dpi.
Contrastingly, line 21065displayedhigher expression levels in the early time points and a
reduction at 21 dpi. Lines 210659 and 210678 showed no clear trend, itiséeaxiyression
levelswerelower or higheatindividual sampling poind. Upon analyzing the individual
expression levels, the large difference in ssaes(Supplementary Figurg3) became
apparent. Théls4expression was much higher in lines 210636, 210637, and 210654
compared to the other two.

This trend was verified when looking at the overall expression per line (Krskiiis rank

sum test, p = 1.9480). Lines 210636 and 2106&xhibitedthe highest transgene expression,
and accordingly the lowest numbers of developing females. Line 210654 showed Hd$dwer
expression and a slightly higher number of females. In comparison, lines 210659 and 210678
hadalmost no expression. They also exhibited femalabers comparable to G0l
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Figure 11: Bar plot showing theesults ofdifferent Hs1:Hs4-transgenic lines and Goltested in sterile-&vell
plates in experiment Il. TheverallHs4 expression leveds determined by RGPCR (primer: AK_F7/AK_RS5;
reference gen&SAPDH) is shown agreybars(left y-axis) The number of developing femalesuntedat 21

dpi isindicatedby blackbars(right y-axis). The expression was calculated based on pooled data from three
different sampling points (one day before inoculation, 3amil 21 dpi) and across treatments (inoculated and
noninoculated).The number of biological replicates is given at the bottom of eaclstadistical significances
were calculated usintpe KruskalWallis rank sum test at p < 0.05, followed by a Hochlmngected Dunn test
Error bars represent the SEM.

3.2.6 Comparison of the effect of different promoters on the Hs4 expression
and the resulting resistance reaction in Arabidopsis i Experiment III

In order to directly compare the results obtained irfiteetwo experimentand define if one
promoter construct outperformed the otHeselected the begierforminglines, i.e. those with
the highestransgene@xpression and lowest female numbé@m the previous experiments.
Hence Ichose lines 228934 and 228944 containime35S:Hs4 constructand lines 210636,
210637, and 210654 expressidgl: Hs4for athird experimentl expected to see highly
similar performances of each line in experiméhtdmpared to the previous experiments |
and II.

All lines were grown simultaneously inv@ell plates and inoculated with the sakhe
schachtiiinoculum(250 larvae) The developing females were couné@1 dpi and whole
roots were collectedne daybefore,three and 21 dpi for expression verificatiorhe overall
expression was determined by poolalgsamples per line.

All lines chosen for experiment Il showed statistically significantly lower female numbers in
experiments | and I, respectivelijhe direct comparisorevealedhat only three of the five

lines showed female numbers significantly different from@¢ruskalWallis rank sum

test, p = 2.744.1; Figure12), contradicing the significance levels calculated in experiments |
and Il.When comparing the results fraamperimentll to experiments and Il, differences in
female numbers can be observed. The female counts rely on the inoculum, which is different
in each experimenandthe maximum female numbers observed on@otsin experiment

[l (mean 16)were lower than irxperiments | and means 26.6 and 23.3, respectively)
Neverthelessthemean female numbers remained stable in the différ@nsgenic lines

across the differergxperimentsAccordingly, tre female means of the 3%S= 1) and Hsl
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(r = 0.99)lines respectivelyyere highly correlated between both experimesisiilar to the
results from experiments | and linés 228934, 210636, and 210637 outperformed lines
228944 and 210654.

When looking at the expression per time point and treatment, significant differences were
only present in the 35%Is4lines but not in the HsHs4lines Supplementary Figurgd).

The differences found in the 358s4lines did not occur between treatments from the same
sampling point but across time points. In both cases, the expression before inoculation was
significantly lower than the expression measured in the inoculated samples 21 dpi.

Similar to the results froraxperiments and Il, lines 210636, 210637, and 228%840

showed the highest overall transgene expressidns third experimentKruskalWallis rank

sum test, p = 0.524¢ Figurel12). Their strongHs4 expression was consistent with the

significant reduction in female numbelMevertheless, the low@xpressing Hsline 210654
showed lower female numbers than the-B68 228944 even though the latter had a higher
overalltransgene expression. Furthermore, line 228934 exhibited expression levels similar to
the highexpressing Hslines, but it still showed statistically significantly higher female
numbers than line 21063&cross the three experimentsetéxpression data can show

variation due to the calculation method used for normalizing the data. The expression values
measired are normalized against blalues determined individually in each experiment
which are therefore inconsistent. Nevertheless, the expression trends observed in experiments
| and llwerealsoevident inexperiment llland high correlations between the line means

across experiments were observed (r = 1 for 35S, r = 0.997 for Hsl).

Althoughthe 35S promotes expected téead toa constaniy high expressionevel, the
Hsl:Hs4transformed Arabidopsis plamerformed better in terms of expression rates and
developing female numbers.
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Figure 12 Bar plot showing theesults ofdifferent Hs1:Hs4transgenic (210636, 210637, 210654) and
35S:Hs4transgenic (228934, 228944) lines and-Goésted in sterile-6vell plates in experiment Ill. The

overallHs4 expression leveds determined by RGPCR (primer: AK_F7/AK_RS5; reference ge@APDH) is

shown agyreybars(left y-axis) The number of developing femalesunted at 21 dpi is indicated biackbars

(right y-axis). The expression was calculated based on pooled data from three different sampling points (one day
before inoculation, 3 dpand 21 dpi) and across treatments (inoculated andnomulated) The number of

biological replicates is given at the bottom of each 8atistical significances were calculated using the
KruskalWallis rank sum test at90.05, followed by a Hochbergorrected Dunn tesError bars represent the

SEM.
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3.2.7 Determining the number of transgenes integrated

The assumptiothat theTs plant material resembleiinesdwas based on the homogeneous
red seed fluorescence that was expected to correlate with a homogdaéenpression

level. However, in thén vitro tests | detected substantial expression variatiehseen
individuals of theransgenic Tlines. To test itruehomozygous Jlines were at hand, |
screenedour T families per construct for the presence offsd gene using the
AK_F7/AK_R5 primer combinatiofSupplementary Tabl2). | expecteda genotypic
segregation 08:1 (Hs4positiveHs4-negative in the case of a single transgene integration.

a population harbored two transgene integration sites, | expected a segregation ratio of 15:1.
Forty randomly selected seeds per family were sown and all arising plants were teldtetl for
presence. Segregation ratios of three 3&8tand two Hs1ks4families were not

statistically different from a 3:1 ratio, indicating a single insertion oHb#étransgene
(Supplementary Tabl®). The 35SHs4family 226883 a single seed afthich gave rise to

the Tz line 228934, had poor germination rates and could not be evaltatadio Hs1:Hs4
families (206178 and 20618th)e null hypothesis of &1 ratiocould be rejected. The
alternative null hypothesid %:1 segregation rafiavas not rejecte(Supplementary Tabl®),
indicating two transgene insertior&ingle seeds fronhbse families gave rise to the lines
210636, 210637, and 210634ence, he test revealethat several Flines harboredwo
transgene integrations.

In the case of a single integratjdhe Tz linesselectedare truly homozygous as no non
fluorescingTs seeds were detected and hence the transgene cannot have been in a
heterozygous state in the selectedded Table7).

Table 7: Segregation in thezland a heterozygous)lgeneratiorin the case of a single transgene integration

The transgene is indicated by 6T6 and the wild type a
T1 WTy
T1 TiT1 TIWTy
WTy WTiT1 WTIWTy

In the case of two transgene integratiahferent genotypeshowing the same phenotype

(red seed fluorescencade possibleThe segregation in the:§eneration is depicted iFable

8. The phenotypical selection can lead to the selection of eight different genotypes showing
the red seed fluorescence phenotyben T material heterozygous for both transgenes is
selectedcand propagatedhe resulting 3 seeds show a phenotypic segregation into

fluorescing and noffluorescingseedsHowever, thdhomozygou® | i nes d s &l ect ed
generation did not contain ndluorescing seedd.hereforejt can be assumed that Jeeds
homozygous for at least one transgene have been seladieatcase, the homozygous
transgene will always be inherited in a homozygous state and the second transgene can be
present in a homozygous or heterozygous state, or as homozygous watlélgpéike the
segregation ifable7). The selected seeds will, accordingly, always display red fluorescence,
though itmight be possibléhat differences in fluorescence intensity are observable
depending on theegregatiomf the second transgergifferences in fluorescence intensity

were not encountered between seeds of singt®pulationsTherefore, in material with one
homozygous transgene, the state of the second transgene could not be determined in the T
generationNevertheless, double homozygous material could also have been selected by
chance. The expression variations observed between individual plants of one sed code
however point to adifferently segregating second transgene.

Conclusively, even though some Arabidopsidines weremost likelysegregating

popul ations, the term o6l inesd vbilsthestropgl oy ed f
seed fluorescence detectedhe selectetines was correlatewith a strongHs4 expression
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level, as determined undar vitro conditions §ee3.2.4 3.2.5 and3.2.6. Further, the strong

expression was in accordance with the observed stroegjstance reaction té. schachtii

Table 8: Segregatiorin theT, generatiorin the case ofwo transgenéntegratiors. The transgene is indicated by

06T6 and the wild type allele by 6WT6 and the
T1T2 TIWT, WTiT, WTIWT,
TiT2 TiT1T2T2 TiTiToWT2 TIWT1T2T2 TIWT1ToWT>2
TIWT2 TiT1iToWT, TiTAIWTWT, TIWT1ToWT2 TIWT1IWTWT>
WTiT, TIWTiT2T2 TIWT1T.WT, WTIWT1T2T2 WT1WT1T2WT>2
WTIWT, | TIWTiT:WT2 | TIWTIWTWT2 | WTIWT1ToWT2 | WTIWTIWT2WT2

3.2.8 Testing the resistance reaction under in vivo conditions

To verify if the resistance reaction was also observable under moréikesltbnditions, |
conducted the inoculation experiments with the lines characterizedinnd&o conditions
underin vivo conditions in a sardoil mixture in a climate chamber.

t wo

di ff

In a preliminary experiment, it was determined that the germination rate of Arabidopsis seeds

on pure quartz sand was very low, but it was much improved when the sand was mixed with

soil (data not shown However, due to the fine structure of the Arabidopsis roots, a high
percentage of soil hindered the washing of the roots for a subsequent nematode female
number assessment. Hence, a mixture of 75 % sgattidg soil, with the largest particles
removed, and 25 % sand was considered the best option.

Comparison ofin vivo and in vitro

| started by testing one transgenic line under bothvo andin vitro conditions for
comparison of the two systems. | chose the Hisktline 210637 due to its good performance
underin vitro conditions and the seed availability.

The plants tested undir vivo conditions in a climate chamber were sown first because they
required more time to establish themselves on the-saihchixture. Two weeks later, the

vitro plants were sown under sterile conditioApproximately two weeks thereaftehet
sterilein vitro plants were inoculated first and the sasudacesterilizedinoculum was used
for inoculating then vivo plants the following dayConcurrently, | inoculated the plants in

both setups with 200, 300, or 40P larvaerespectively, to determine differences in the

resistance reaction under different larval concentratibims.number of developing females
was assessed at different time pointboth systemdJnderin vitro conditions, the females

can be easily distinguished three weeks after inoculation, while in thessdmalixture, it is

necessary to wait another week for the females to be properly attadhedootdo be able

to washthemclean from the substrate. | also took root samples beforéoandays after

inoculation as well as upon the counting of the females at 21 and 28 dpi, respectively.

Upon counting the females, the plant phenotypes were bas$igssedrhein vitro plants
looked like the ones observed bef@see3.2.2). The leaves showed either green or red
colorations, independent of the genotype or treatment (inoculated imowrated). The

roots of Col0 werewhitish-green, while the roots of 210637 exhibited pink coloratiémder

in vivoconditions, the canopy of both genotypes was darker green with hints of purple. The

Col-0 plants were already flowering properly upon counting, while the 210637 plants had just

started forming the first floral shoot. Thelor of the Col0 rootswassimilar to thein vitro

conditions. The roots of 210637, however, exhibited a much stronger pink coloration than
underin vitro conditions(data not shown)
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| assessed the number of developing females in both cultivation systens vitheplants
showed significantly lower female numbers at all three larval densities t&stestglWallis
rank sum test, p = 0.52& Figure13A). Thein vivotested plants, however, showed female
numbers similar to Ced (KruskatWallis rank sum test, p = 0.0Figure13B). | then

analyzed thexpressiorirom everysamplingpoint individually. Even though then vitro

plants showed the strongest expression at 4 dpi, regardless of the number of larvae used, the
differences were not significarSgpplementary Figurgs). The onlysignificant difference
between sampling points could be observed in theimaeulated plants whetds4

expression increased drastically between 0 and 4 dpiniheo plants did not show
significant differences in expression over time or between treatments. However, samples
taken at 28 dpi showed a higher expression than the earlier time Bipfgdmentary Figure
15). The samples were then pooled to generate the overall expression per time point and
treatment. Here, no statistically significant differences were observable between non
inoculated or differently inoculated plants neither initheitro (p = 0.76)nor thein vivo

plants p = 082; Figure13). Interestingly, he meanexpression irn vivo plants wasup to 27
times higher than undéar vitro conditions.
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and noninoculated (ni) samplegre indicatedThe number of biological replicates is indicated at the bottom of
the bars. Statistical significances were calculated using the Krwgddiik rank sum test at0.05, followed by
a Hochbergcorrected Dunn tesError bars represent the SEM.

A preliminary experiment under semtsterile in vivo conditions

As a resistance reaction could be observed under the steriteo but not the nossterilein

vivo conditions, | used the same line, 210637, feemisterilein vivotest.l expectedo see a
resistance reaction similar to the stemlevitro results, as any microbes enhancing or reducing
nematode fithess were exclud@&fore sowing, the climate chamber was gassed with ozone
to eliminate any residing pests, aheé sanesoil mixture was heated to 80°C fimur hours

before using it to filkand tubes washed in ethanol. The Arabidopsis seeds were also-surface
sterilized and sown wearing gloves anthgssterile pipette tips. The plants were watered

with autoclaved tap water. The inoculum was suriteeilized, as was the case in the prior
test. | counted the developing females four weeks after inoculation and could see a clear
resistance reaction. Gaverage, 14 females were developing on the roots of line 210637 and
the maximum was 24 females in the five replicé8sgplementary Tabl&0). On the control
roots, 49 females were developing on average and the maximum reached 70 females in the six
replicates analyzed.

Large-scalein vivo resistance tests undesemtsterile and nonsterile conditions

As a clear resistance reaction in line 210637 could be observedsemdiesterile conditions

in the sanesoil mixture, | tested the two 358s4and three Hs1Hs4lines characterized
underin vitro conditions in two simultaneouis vivo experiments. The first experiment was
conducted undesemisterile conditions as described above. The second experiment was
performed under nesterile conditions, using an inoculum that was not suraerlized.
Apart from the sterility, the plants were treated the s&uoeexample, they were watered
with the same tap watdsut autoclaved and not autoclavedspectivelyl expected to see the
results obtained with line 210637 verified in this larger setup, i.e. a resistance reaction under
semtsterile conditions and no or only a limited resistance reaction undestecie
conditions. As the differences between the trangglines were determinen vitro, |
hypothesized to observe the same differemcelerin vivo conditions.

As briefly described above, tmakedeyecoloration of the rootebserved upon female
countingwas more extreme under vivo conditions compared fio vitro conditions. The
strongest pink coloratioand the strongest fluorescence intensity vadagerved in the roots

of the Hs1:Hs4lines 210636 and 21063Figure14C-D), followed by the 35Sks4line

228934 Figurel14A). Lines 228944 and 210654 had roots of a lighter pink coidr

exhibited less strong fluorescen&ggure14B and E). The roots of Cdl were whitishgreen
(Figurel14F). Conclusively, CaD did not show any fluorescence while all transgenic roots
displayed red fluorescen€Eigure14). The differences in fluorescence intensity between the
transgenic lines matched previous observations3sed.
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Figure 14: Phenotypes of the 35%is4lines 228934 (A) and 228944 (B), the Hsls4lines 210636 (C),
210637 (D), and 210654 (E) and @b(F) grown in a sandoil mixture at 32 dpi. The roaind leafcoloration
(upper picturevas assessed under bright light and the fluorescence intéogigr picture)was analyzed at
600 ms exposure timendeexcitaion 560 Nm Bars: 0.5 cm.

The developing females were assess&? dpi in both setups&Jndersemisterilein vivo
conditions, only line 210636 had female numbers significantly lower than the ddt¢nale
15A). Even though the means of lines 210637 (38), 210654 (35.4), and 228934 (32.9) were
below the control mean of 53.8, the differences were not statistically signfficaiskat
Wallis rank sum test, p = 0.32%. Line 228944 was the only line exhibiting a mean female
value (54) even above the contidhder nomrsterile conditions, none of the lines exhibited
female numbers statistically different from &@b(KruskalWallis rank sum test, p = 0.02;
Figurel5B). The female numbeaneans of the HsHs4lines 210636 (17.2), 210637 (22.5),
and 210654 (21.7) were slightly below the mean female number observeddn(Z3o4). The
35S:Hs4lines 228934 (27.4) ar2k8944 (37.4) had mean values above the control. It is
noteworthy that the mean female numbers developing on the aolts differedoy thirty
femalesbetween thsemisterile and nossterile setup

49



Chapter 3

A 70
a a
60
[%]
a
g 50
U
b ab
£ ab
= 40 ab
[=]
o
>
5 30
G b
@
=]
£ 20
=}
z
10
7 10 10 10 10
0
210636 210637 210654 228934 228944 Col-0
B 45 3
40
g 35
E
g 320 ab
[:1s]
E ab ab ab
&5
3 b
520
“—
o
315
£
=1
= 10
5
10 10 10 10 10
0
210636 210637 210654 228934 228944 Col-0

Figure 15: Bar plots showing the number of developing females counted at 32 dpi on different Arabidopsis lines
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SEM.
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4 Ultrastructural analysis reveals differences between syncytia of
wild type and Hs4-expressing Arabidopsis

4.1 Materials and Methods
4.1.1 Plant material and nematode infection

A.thalianaCol-0 (Supplementary Tabl®) and theHs4-expressing ArabidopsissTines
228934 (35SHs4) and 210637 (Hsls4) generatedsee3.1.2 were grown on B5 medium

in 6-well plates in a climate chamber under laday conditions (16 h light/8 h dark, 22°C) as
describedn chapter3.1.3

Two weeks after sowinghe plants were inoculated wigh0 J2 larvae of thid. schachtii
s t r @chach 6¢Mller and Klinke 19963as specifiedn chapter3.1.3

4.1.2 Microscopic analysis

Inoculated Arabidopsis roots were sampled at 5, 8, 9, 11, and 26 dpi, respettiealyots

were observed daily under a light microscope and putsyineytia, identified by an attached
nematode, were markéaorkflow depicted irSupplementaryigurel16). The marked

putative syncytia and associated nematodes were monitored every day. Once | could be
certain that the nematode had indeed established a syncytium and would not detach from the
root again, | sampled the syncytium. The sterilgel plates wer@pened and, after the roots
were freed from the medium, the syncytial area was generously excised from trandbots
transferred to the fixation solutioAfterward, the plates were sealed again and kept for
observations on the following dagSupplementary Tabl&l).

Thesampledootsegmentsvere fixed in a 2.5 % glutaraldehyde/0.1 M phosphate buffer (pH
7; bothCarl Roth GmbH + Co. KXarlsruhe, Germanysolution for 22 h. At the beginning

of thefixation, vacuum was applied for 7 min, then released and applied for another 7 min.
Afterward, thesamples were kept at room temperature for the remaining incubatiormtime.
samples werghenkept in the fridge ir@ 0.5 %glutaraldehydeGA; Carl Roth) solutionuntil
further usage.

Samples were rinsed @0.1 M phosphate buffesolutionand contrasted wita 0.5 %
osmium tetroxidesolution(Carl Roth)for 2 h, followed by four washes in doukdestilled
water and overnight incubation &i % uranyl acetatéScience Services GmbH, Munich,
Germany)solution The samples were dehydrated using an acetone gradient of 50 %, 75 %,
and 99.7 % acetor(€arl Roth) The embedding medium was prepared using the Epoxy
Embedding Medium kit (SigmaAldrich, St. Louis, MO, USA). Ten milliliter epoxsesin was
mixed with 8 ml of the hardener DDSAddecenylsuccinic anhydrifland 4 ml of the
hardener MNA ihethyl nadic anhydrigeThen, 15 ul/ml of the accelerator BDMA
(benzyldimethylamingwere addedlhe samples were infiltrated with a 1:1 mixture of
embedding mediurand 99.7 % acetone on a rotator for 2 h. Further, the samples were
infiltrated overnight with purembedding mediuntinally, the infiltrated samples were
placed in molds of a block form filled wigmbedding mediurand polymerized for 48 h at
60°C.

Semithin (1 um) as well as ultrehin (80 nm) sections were prepared using a UC7

ultramicrotome (Leica, Wetzlar, Germany) equipped with a diamond knife -thensections
weretransferred to a glass slide. The slide was coweredt h  Ri ¢ h aandlkepgon@s st ai
heated plate (86°C) for one minute before the stain was rinsed off with distilled water.
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Ri chardsondés stain was prepared as a 1:1 mix
methylene blue (SigmAldrich) and 1 %di-sodium tetraboratéCarl Roth) with an aqueous

1 % Azure 1l (Carl Roth) solutiorfter drying, the sections werdbservedindera light

microscope (Primostar, Zeisgater, thesemithin sections werenounted undea cover glass

using embedding mediuand ghotagraphed witha DSRi2 camera mounted onto a Nikon

Eclipse Ni microscope using the NEBBements BR software (Nikon, Tokydapan).

Once a syncytium became visible in the sémm sections observed under the light
microscope, ultrdhin sections were prepardebllowing the standardized procedure from the
central microscopy, blocks were sectioned at different depths. After the firstrserand
ultra-thin sections, 20 um were removed from the top of the block, and the preparation of
semkithin and ultrathin sections was repeated at the new sitera-thin sections were
transferred to glowdischargedopperslot grids The slot gids (slot sizelmm x 2mm;

Science ServiceBmbH) were coated with a Formvar support film (1 % solution in
chloroform; Science Servic€mbH) and glowdischarged at 0.6 mbar vacuum and a current
of 10 mA for 20 sec in a CG010 compact coating unit to reduodds (Safematic, Zizers,
Switzerland). The slot grids containing the sections wergrasted witlsaturatediranyl
acetatdor 10 s, washed on water drops, and then transferred to Reynolds lead citrate
(Reynolds 1963jor 1 min, followed by another wash on water drofise sections were then
analyzed on a Philips CM10 (Philips/FElI, Hillsboro, OR, USA) or a FEI Tecnai G2 Spirit
BioTWIN (FEI/ThermoFisher Scientifi¢') transmission electron microscopgerated at 80

kV using the TEM User interface 4.2 and equipped with a LaB6 filamehhages were
recorded with a MegaView lll or MegaView Il G2 CCD camera using the iTEM v.

software @ll Olympus Soft Imaging Solutions, EMS@&mbH, Minster, GermafyPhotos

were merged with the opesource software Hugin Panorama photo stitthdrd6 Ange.l o 20 2

4.2 Results

I wanted to know if differences in the ultrastructure of syncytia betWed0 andHs4

expressing Arabidopsis plants could be observegpectedo seemore and smaller

vacuoles, smooth ERandhighercytoplasmic densityn syncytia induced in wild type roots

(seel.d). Contrarily, | expected to find more and larger vacuoles, rough ER, and less dense
cytoplasm in the transgenic plantsd syncyti a
aggregations in syncytia Hs4-expressing plant&seel.7.2.

The plants wergrown in 6well plates andnoculated withH. schachtiiJ2 larvagwo weeks

after sowing. 8mples ofyncytiainducedin Col-0 and transgenic rootsere taken at

different time pointsDirectly afterselectingthe ISC, the nematode starts its feeding cycle
with the preparation phaséhe earlystage syncytium, demarcated dsfl wall openingand
hence the incorporation of adjacent celldprsned 18h later(Grundler et al. 1998)

Holtmann et al(2000)started examining syncytia at 4 dpi. They also found main differences
between translocation line and wild type material at 8 dpi and 11 dpi. Therefore, | aimed to
examine syncytia sampled at similar time paiAdditionally, | examined established

syncytia at 26 dpiTheinoculatedplants werenspectedialy to detecsyncytia formation
(Supplementaryigure16). After samples had been taken, the plates weseaked for

further observations. Therefore, samples for 5, 8, and 11 dpi come from the same set of plants
(one plant was lost after the 5 dpi sampling pdsupplementary Tablgl), while the plants

for the 9 dpi and 26 dpi sampling point were grown and inoculated sepafdtebxcised
syncytial area was embegtitlandsemtithin (1 um)and ultrathin (80 nm)sectionf selected
blocks(Supplementary Tabl&l) weregenerated andnalyzed under gght or transmission
electron microscopeespectivelyl selected the blocksnder a light microscopeased on the
orientation of the root segment containing the syncytium, i.e., planarity to the sectioning
plane
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As ultrathin sections were prepared at different depths (dek.2), all blocks investigated

here, except the ones containing #eoculated samples, were examined at a minimum of two
sectioning depths. Sections from a second layer are only reported here if new findings were
observable, compared to the first sectbiiferences between syncytia induced in resistant
and susceptible plants are well characterizedistgnd1.7.2. As | was interested in

examining putative differences between syncytia induced in transgenic and wild type
Arabidopsisroots, | compared sections frahmse samples once a syncytium was
encountered and did not section deeper to
the nematode was often observable as a round black shape next to the rocthimsemi
sections (sefigurel?). As the embedding protocol was not optimized to infiltrate the
nematodes, their shape was not conserved inthitnssections and the nematodes detected
under the electron transmission microscope are therefore not shown here.

4.2.1 Comparative analysis of non-inoculated roots

First, | screened a nanoculated control root sampled 25 days after sowing (DAS; equivalent
to 11 dpi). The CeD Arabidopsis root was clearly separated ingmermis, cortex,

endoderm, and pericycl&he row of xylem vessels surrounded by procambial cells was
distinguishable in the middle of the rpbbth under the light microscopeigure16A) and

the transmission electron microscqpeure16B).

To see if the root morphology in the transgenic line 22&®4essing 35Fis4was

different from ColO, a norinoculated root sampled at 22 DAS (equivalent to 8 dpi) was
examined. The general structure of epidermis, cortex, endoderm, and pexiagaetected
(Figure1l6C-D). The xylem vessels, however, were arranged in a bundle instead of a row
(compareFigure16B and D) The cells contained larger plastids, as observaidenthe
electron microscop@-igure16D). Otherwise, no differences to the &btoot were detected.

Similarly, a norinoculated roobf the transgenic line 210637 expressing H#d4:sampled
at 25 DAS (equivalent to 11 dpi) was examined. Again, the normal root structure of
epidermis, cortex, endoderm, and pericyeds foundFigure16E-F). Similar to the root
from line 228934, the xylem vessels were arranged in a bundle instead of eoropare
Figurel6D and F) Furthermore, many cells contained pronounced pla@tigare 16F). No
otherdifferences to CeD were detected.
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Figure 16: Cross sections of neinoculated roots observedasséamh i n secti ons, dyed with
under the light microscope (A, C; Bar: 100 umor as ultrathin sections under the transmission electron

microscope (B, D, fbar: 5 pn), respectively. (AB) Non-inoculated Col0 root (25 DAS, equivalent to 11 dpi).

C: Cortex, E: epidermis, En: endodermis, P: pericycle, X: xylem elen{@) Non-inoculated root of the
35S:Hs4transgenic line 228934 (22 DAS, equivalent to 8 dpi). C: Cortex, E: episleEn: endodermis, P:

pericycle, X: xylem elementsrrows: plastidgE-F) Norrinoculated root of the HsHs4transgenic line

210637 (25 DASequivalent to 11 djpiC: Cortex, E: epidermis, En: endodermis, P: pericycle, X: xylem
elementsarrows: plastidsThetransmission electron microscopic pictures were generated by stitching 10, 35,

and 30 individual photgsespectively
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4.2.2 Syncytiainduced in Col-0

In Col-0, syncytiafrom 9 dpi and 26 dpivereanalyzedBefore preparing ultr#hin sections
for transmission electron microscopy, sehin sections of the roots were screened under a
light microscope to reliably identify theyncytia (Figurel7?).

Figure 17: Stained semihin crosssections ofCol-0 roots.(A) Cross section of an infected root 9 dgth a
syncytium ésterisk} distinguishableA nematodelf) is visible next to the rooBar: 100 pmE: epidermis En:
endodermisP: pericycle X: xylem elementqgB) Cross section of an infected root 26 dgie syncytium
consists of two large syncytial elements (asterisks) connected in anotheBEy£00 um.

Syncytum at 9 dpi

| analyzed one syncytiusampled 9 days after inoculatilmm Col0. Thesyncytumwas

already observable under the light microscdpigyre17A). Syncytial elements were

identifiable by their lightblue staining and the filled appearance. The syncytial cells were
much larger than the other root cells not integrated into the syncytiummodtmorphology
looked disruptedThe epidermis was no longer continuous, and the cells of cortex, endoderm
and pericycle seemed compressed compared to thmoomated control sampl&/hether

these morphological differences occurred during the sample preparation or due to the
infection with the nematode could not be determined. Next to the ronematodestained

dark bluecouldbe observed. The analysis of the embedded block showed that the nematode
was positioned with its head away from the front of the block, hence the sectioning started at
the nemat odeo Figuted7/B)l vi si bl e here (

Similar to the light microscopic observatiosgncytial cellsof the 9day-old syncytiumcould
easilybe differentiated from other root cells not incorporated into the syncytndar the
transmission electron microscoffégure18A). The syncytiunwaslocated between the
xylem vesselandexhibited dense cytoplasm and several cell wall openings. The central
vacuole had been degenerated, insteadous smaller vacuoles could be obser&aieral
nucleiand numerous mitochondnizere alsgresenthinting at the active stage of the
syncytium.Additionally, the syncytium contained plastids with large starch graarsniural
bodies budding off the cell walls could be identifi€igure18B-C). They form by the
deposition of cell material betwedme cell wall and plasma membrane (ded). Many small
endoplasmic reticulum (ER) vesicles were visible in the cytopl&guie18B), though
some rough ER could also be detected, with ribosomes on the surface of the membranes
(Figure18C).
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Figure 18 Transmission electron microscognalysis of a syncytiuftom Col0 sampledat 9 dpi (A) The
syncytial elements contain dense cytoplasm with numerous mitochondria and severaNuwicteel| wall
degradations are visiblédld arrow$. The picture was generated by stitchRigndividual photos. Bar: 2 um.
P: plastid,X: xylem. (B) The syncytium contains many smooth ER vesicles (arrows). Bar: C\rcell wall,
D: dictyosomesM: mitochondriaPB: paramural bog. (C) Apart from the smooth ERufowsg, rough ER with
single ribosomesafrow headscouldoccasionallybe observed. Bar: 500 ni@W: cell wall, M: mitochondria,
PB: paramural bog
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Syncytum at 26 dpi

Two syncytia sampled 26 dpi demarcated by a clearly swollen femattached to the
feeding siteyvere analyzed. Thewere weltdeveloped and distinct in their morphology
compared to noaimcorporated root cellandcouldalreadybeidentifiedunder the light
microscopgFigurel7B). Both s/ncytia were found between xylem vessels, though their
general appearance differed. In one syncytamalyzed single cells were still evident, though
they were joined by cell wall openingsigure19A). Here, strong cell wall ingrowths were
observed around the xylem elements, protruding far into the syncytialldedisylem

vessels were partly coated with osmiophslitostances or contained floccular matefiake
cytoplasm of this syncytium was dominated by vesicular ER. Seldomly, tubular ER structures
with ribosomes were detecteésleveral mitochondria were present, though they were not as
abundant as at thearlier time point. The plastids did not contain starch grains.

Thesecond syncytiuranalyzedappeareanuch larger compared to the fisgtncytium It did

not containany distinguishablsingle cells or cell wall opening$he surrounding cells were
very small.The syncytium had highly condensed cytoplasm with numerous small vacuoles
accumulating in the middlé={gure19B). Cell wall ingrowths could also be observed along
the xylem elements, though they were less prominently developed. The diferent
pronounced development cdll wall ingrowtls could, however, be caused by the different
lengths in shared cell walls between syncytium and xylem elements evident between those
two syncytia. The second syncytium displayed @afigw vesicular ER structures, but many
ER cisternaeRigure19C), and seldomly ribosomes. Interestingly, several small, electron
dense vesicles were observed, thakooalized with those ER cisternae or the cell wall
ingrowths.The mitochondria in this syncytiuappeaeddegeneratedased on their
translucent lumenThe plastids, many of them also founct@lls around the syncytium
(Figure19B), contained visible starch grains.

The structural differences between both syncytia from the same samplinghpghhhave

arisen from differentime points of syncytium inductioffhe second syncytium analyzed
appeared much more advanced, on the verge of being degraded, while gtid Bestmed

highly functional and active.
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Figure 19: Transmission electron microscopic analysis of syncytia at 26 dpi in the susceptible system. (A)
Overview of a syncytium witkevidentcell wall degradations (bold arrows) and cell wall ingrowtbgv()

starting around the xylem vessel§) (The syncytium containsumerous mitochondrid), many smooth ER
(SER) vesiclesandsomecirculatlly arranged tubulaBER(arrowg. The picture was generated by stitchirgy 2
individual photos. Bar: 5 unCW: cell walls, P: plastids. (B)A second syncytium from the same sampling point
contains no internal cell walls and several vesicles. Cell wall ingrowths starting at the xylem eléhargs (
visible. Bar: 20 um. (C) View of the cell wall ingrowth@\{/1) andSER cisternagarrowg found in thesecond
syncytium. Additionally electrondense, putative secretorgsicles ¢ircleg arepresentlose to the SER and the
cell wall ingrowths. Bar: 2 umM: mitochondria
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When comparing the earlier and later developmental time pduetgrowth of the syncytium
over time becomes evident. Structures present ir0@ghcytia at 9 dpi were also observed in
the later stages. The main finding is the smooth ER praséoth time pointsThe numerous
mitochondria supporting the active state of the syncytium were also persistent between the
two stagesalthough their degradation process seems to have started in the late€sliage

wall ingrowths flanking the adjacent xylem gets were only observed in more developed
syncytia. Additionally, the cell walls were thicker in lagtage syncytia.

4.2.3 Syncytiainduced in Hs4-transgenic plants

For comparison of syncytia in tlits4-expressing Arabidopsis plants, one happressing

line (see3.2.6 per promotegene combination was selected. Hence, syncytia of thelB&5::

line 228934 al 1l dpiand the Hs1Hs4line 210637at 5, 8,11,and 26 dpivere analyzed

Prior to the preparation aftra-thin sections for transmission electron microscopy, €ami
sections of the roots were screened under a light microscope to reliably identify the syncytia.

4.2.3.1 Line 228934 expressing 35S::Hs4

Upon sampling, syncytia in the 228934 line were hardly identifiable, considering an attached
nematode as a criterium. Therefore, only a limited number of sampleputatiivesyncytia

from two time poins were availabldseeSupplementary Tablgl). In the root sampled at 9

dpi, no syncytium could be detected in ultinan sections even though a nematode was

attached to the root (data not shown). Therefore, the block was excluded from further analysis
and two reliably identified syncytia from 11 dpere screened.

Syncytum at 11 dpi

Similar toCol-0, theelevenday-old syncytia couldalreadybe identifiedin the semithin
sectionaunder the light microscog&igure20). The syncytial cells were lightlue stained
and appearedpaque while the remaining root cells were translucé&ntithermore, cell wall
openings could be observed between the syncytial cells.

Figure 20: Stainedsemithin coss sectiosof two infected roas of the 35S s4transgenic line 228934t 11
dpi. In both rootssyncyta (asterisky arevisible. Bars: 100 um.C: cortex,E: epidermisX: xylem vessels.

The wo syncytia from 11 dpi were themalyzed under the electron microscope.
The first syncytiunwas positioned between the xylem elementscavered almost the
whole root arean that sectior{Figure20A, Figure21A). Its cells were easily distinguishable
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by their dense cytoplasand the degradation of single cell walls. The central vacuoles had
been degenerated and several smaller vacuoles were present. The syncytium contained
numerous mitochondriand some lastids though they did not contain starch grains as was
the case in Cel. Most strikingly, the whole syncytium was filled with sheets of membrane
structures that appeared tubutased orthe thin layer examine@Figure21B-C). These ER
sheets were devoid of ribosomes. They wegaly abundantn the cellsandother organelles
like nuclei or mitochondria were encircled by thérhe vesicular ER observed in the
susceptible syncytium was only rarébund hergblack arrows irFigure21B).
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Figure 21: Transmission electromicroscopic analysis @& syncytiumin the transgenic line 228934 at 11 dpi.
(A) Overview of the whole root. The syncytium contains dense cytoplasm with numerous mitochondria and
several cell wall opening®¢ld arrows. Interestinglyample ER shee{svhite arrowg running through all
syncytial cells can be observéthe picture was generated by stitching 31 individual photos. Bar: SNum.
nucld, X: xylemvessels(B and C) The membrane structurasr¢wg found in the transgenic syncytium stretch
throughall syncytialcells and encircle other organelles like nuchy or mitochondriai). Only individual
vesicular ER structurebl@ack arrow¥ are foundBars: 2 umCW: cell walls, L: lipid droplets,P: plastids.
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The second syncytiunvas alsaeasily separable frotme normal root cellsHigure20B,
Figure22A). It again displayed a highly dense cytoplasmd was multnucleate [Figure

22B). Further, it containethany small vacuolesnd numerous mitochondri@everal
multivesicular bodies enclosing vesicular structures could also be idenfifgrag23F). Cell

wall degradationsvere evidentSome cell walls were degradedaextent that only small

stubs remained wherecampletewall onceseparated the cells.sfhefore, he syncytiumwas
located between the xylem elemenitse cell wall ingrowths were not very pronounced
though i1 dentifi abl e alFourag3Al The manyiffeeente ®the ment s
other syncytium from 228934 was the absence of ER in the form of vesicles or sheets.
Instead, membrane aggregations of different sizes were de(Egac:22B, Figure23B-E).

Once identified, the membrane aggregations were already discernible in theckargeiew

of the whole rootKigure22A) as grey electronlense shapes. The largggregations

spanned over two or more former céfsgure22B), while the smallest onegere the size of

a mitochondrior{(Supplementary Figur&/B). The membranaggregationsvere formed by
ER-derived tubules, as ribosomes were localized on the outer tubidesg23E). While the
outer tubules could be identified precisely, showing a double membrane and an enclosed
lumen, the inner regions consisted of hundreds of membranes entangled and stacked over
each otherThe membrane aggregations were continuous between different layers analyzed.

To ascertain that the membrane aggregations were not just a local phenomenon in the
sectioning layer analyzed, a second section 30 um deeper into the syncytium was
investigatedThe largestnembrane aggregations detected in the first sectiatd also be
identified inthis secondayer (Supplementary Figurg7A). Further, he second layer
displayed a necrotic region alohgh e s y nborder(Suppheentary Figurg7A). Using
the continuous xylem elements between the two sections as a reference, | could trace the
location of the necrotic region back to the first section, where no signs of necrosis were
evident in that area. 30 pum further in, however, the bespokemnregis devoid of organelles
or any recognizable tissues. Instead, a black membranous substance filled the cell
(Supplementary Figurg7C). The cell walls were also in a state of degradation. The middle
lamella was no longer discernible and the walls looked porous and el&atnstucent.
Interestingly, the cell walls facing adjacent cells were intact as were the neighboring cells
themseles.
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Figure 22: Transmission electron microscopic analysis séaondsyncytium in line 228934 at 11 dpi. (A)
Overview of the whole root. The syncytial elemetds be easily distinguished from the surrounding non
incorporated root cellsy their denser cytoplasmBar: 20 umX: xylemvessels(B) Detailed overview of the
syncytium from (A) located between the xylem vessk)s Several cell wall openings are visible (bold arrows),
and partly the remaining cell wall stubs are hardly identifiable (empty bold arrows). The syncytium contains
several nucleiNu), numerous mitochadria, and plenty of lipid droplets . Membrane aggregations (asterisks)
of different sizes are present in the syncytial c@lte picture was generated by stitching 33 individual photos.
Bar: 5 pm.
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Figure 23: Details of the syncytium frorigure22. (A) Beginning cell wall ingrowthsGWI) can be found

along the xylem elementXJ. Bar: 2 um.CW: cell wall. (B-D) The membrane aggregatiofdA) are

differently sized, their tubular structure is well visible. On the outer membddities MA, ribosomes

(arrowheads) can be observed, while polyribosomes (empty arrowheads) are found in the cytoplasm. Bar: 1 um.
CW: cell wall, L: lipid droplet,M: mitochondria. (E) Detail of the outer tubules of the membrane aggregation

(MA) from (D), with the ribosomes (arrowheads) visible. Bar: 5001nripid droplet. (F) Multivesicular

bodies (arrow) filled with small vesicles are abundant in the syncytium. Bar: 2yinmitochondriaMA:

membrane aggregation

4.2.3.2 Line 210637 expressing Hs1::Hs4
Sampling in the HslHs4 expressing line 210637 was easier compared to line 228934. The

syncytia were more abundant and could be identified reliably at earlier stages. Accordingly, |
could analyze syncytia from 5, 8, 11, and 26(@uipplementary Tablel).
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Syncytum at 5 dpi

At the earliest timgoint, 5dpi, the syncytiunanalyzedwvas still rather small and harder to
identify in the semthin sectiongFigure24A). Even under the transmission electron
microscope the clear demarcation to the-mmorporated root cells was difficuligure
25A).

Figure 24: Stained sermthin crosssections of roots of the Hskts4transgenic line 210637A] An infected
root 5 dpi with a syncytiumaterisks Bar: 100 umC: cortex,E: epidermis X: xylem vessels.K) An infected
root at 11 dpi with a larggyncytium discernible between the xylem vessé)s Bar: 100 umE: epidermisC:
cortex. C) A root 26 dpi with a huge syncytium in its middle. Bar: 100 um.

The syncytiumwas located between the xylem vessels and the syncytiahezbenlarged
compared to the normal root cellghe central vacuoles were still presenparts ofthe
syncytium Eigure25B). Nevertheless, single syncytial cells also showed signs of
vacuolization with many small vesicles forming. Some multivesicular bodies, enclosing
former organelles, were also presdfig(re25F). No cell walldegradationsvere observable
in this first sectioning layeiThe cell wall exhibited aanomalous composition. Figure25C
theputativemiddle lamella can be seenadarker grey continuous strand and the cell wall
around it appears almost empty. Usually, cell walls havevan Jight-grey appearanagnder
the electron microscogeompareFigure18B-C) and the middle lamella sbservable aa
thin strandin its middle Here, however, the cell wall was much lighter and contained fibrous
structures Eigure25C) or everlargercalloselike depositionsigure25E). Along the
plasmalemmgelectronrdense granules accumulated. Most strikingly, adjacent cells not
incorporated into the syncytium still possessed a normaldjggyt appearing cell wall and a
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Figure 25: Transmission electron microscopic analysis of a syncytium itréinegenic line 210634t 5 dpi. (A)
Overview of the root and the barely distinguishable syncytium located between the xylem v@s&ss: (20
pum. (B) In the sectioning layer, reell wall degradationare evident. However, the syncytial cells show
abnormal celbrganization patterns with strong vacuolization in some cells and membrane structure
accumulations between the plasma membrane and maidkdlain others Membrane aggregations (asterisks)
are observable in different syncytial cells. The pietwas generated by stitching 10 individual photos. Bar: 5
pm. V: vacuoles X: xylem vessels(C) Electrondense vesicles between the plasma membrane and middle
lamella. Bar: 500 nm. C¥\¢ell wall. (D) The membrane aggregatdasterisk consist of ER tubules and carry
ribosomes (arrowheads) on their outer tubules. Bar: 500 nnM€E)rane aggregatiomsan havaifferent sizes
(asteriskshandribosomes (arrowheads) on the outer tubulé® cell wallooks enlargedempty arrow), and
depositions accumulate in tiédened spee. Bar: 500 nmCW: cell wall, L: lipid droplet. (F) Multivesicular
bodies (arrows) with different contents are present in the syncytium. Agateltheall appearenlarged
(empty arrow). Bar: 500 nn€W: cell wall.
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Figure 26: Transmission electron microscopic analysiseecond sectiod0 um deepeinto the syncytium
depicted inFigure25. (A) Severaimembrane aggregationasterisky can be seemAccumulations of electren
dense materialefnpty arrowsare observed. A few atypical cell wall degradatidysd arrow$ are present. The
picture was generated by stitching 6 individual photos. Bar: 54imylem vessels(B-C) Details of the
vacuolization and accumulation of electrdense material observed in the syncytium. Some vacud)esr ¢

filled with former cell organellesafrow). The electrordense material accumulates mainly along the cell walls
(empty arrowk Bars: 5 umCW: cell walls, L: lipid droplet,M: mitochondria,V: vacuoles X: xylemvessels
asterisksmembrane aggregations.
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discernible middle lamella (lower left cell Figure26C). The membrane aggregations

detected in syncytia dihe 228934 were also found in this syncytium. They were constituted

of various tubular membrane systems joined together to form the larger structures. Though
they were present in different sizes and shapes, they mainly adopted circular shapes. On the
outer tulules, ribosomes could be observEdy(re25D and E).

To clarify if the same abnormal cell wall structures and the accumulation of eldetnse
material were present in another layer of the syncytianalyzed a secorgkction made 60
pm deeperHere, some cell wall degradations (bold arrowsigure26A) were present. The
vacuolization only scarcely observed in the first layer was more evident here. It led to the
formation of both organeliélled vacuoles as well as membrane structures overlapping and
joining each otherHigure26B-C). Electrondense material accumulated along syncytial cell
walls, next to a cell wall opening as well as in adjacent cells (empty arrduigure26A-C).
Xylem elements adjacent to the accumulation sites of this material were partly lined with
osmiophilic matter and filled with flocculent material. Additionally, even more membrane
aggregations could be identified in this layer.

Syncytum at 8 dpi

Thesyncytium sampled at 8 dpould be identified precisely in the sethin sectiongy its
translucent natur@ata not shown)Jnder the electron microscopeshowed clear signs of
necrosis. Its emptgppearing cells could be easily distinguished from the functional, non
incorporated root cell@Figure27A). The syncytium had developed around the xylem vessels,
but unlike the wildype syncytium at a comparable time point, no cell wall ingrowths had
developed yet. Numerous cell wall openings could be obséfigare27B), indicating that

the syncytium was very large and many individual cells were incorpotattelad of being

filled with densecytoplasm, all syncytial cells showed a strong vacuolizatiortfand

formation of membrane structur@sgure27B-D). The organelles appeared degenerafbd
mitochondria looked degraded, based on their unstructured, translucent kigueaZ7C-

D). Only some plastids remained to look functiorf@gre27C). In the upper part of the
syncytium, the accumulation of electrdense, necrotic material could be obsenFagdure

27E). The plasma membrane was found to be detached from the cell wall at several locations
(Figure27F). Contrastingly, root cells not incorporated into the syncytium showed a dense
cytoplasm, functional nuclei, and normal organelles. They were separated from the disrupted
syncytium by thickened cell wall§igure27C). The plasma membrane detachment observed

in the syncytium wagsotfound in the normal root cell§igure27F).
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Figure 27: Transmission electron microscopic analysis of a degenerated synaytime 210637at 8 dpi.(A)
The syncytium can be clearly differentiated from the remaining, functional root cells by its translucent nature. It
is situated around the xylem vesse{3.(Bar: 20 um. (B)The syncytiunis filled with membranous structures
instead of dense cytoplas®everalkell wall openingsk{old arrow$ are visibleBar: 10 um.X: xylemvessels
(C) The necrotic syncytium contains sofa@ctionatappearinglastids P). The mitochondriaNl) look
degenerated. Several vacuolar or membranous structures/§ can be observed. The cell wall\W)
separating the syncytium from the functional root cells is enlarged. The adjacent root celt®sinaiwacuoles
(V) and nuclei lu). Bar: 5 um. (D) Detailed view of the membranous structures filling the syncylam5
pum. P: plastids,M: mitochondria. (E)The degenerated syncytium also contains a region of eledénose
materialentwined with membrandarrow). Not only the mitochondriaM) but also thewucleus(Nu) have
started degradind@ar: 5 um. (F) The plasma membrane has detached from the celemgity arrowk This
detachment is only observable in the syncytium, never in théneonpaated root cellsBar: 2 um.CW: cell
wall, M: mitochondron, Nu: nucleus
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Syncytum at 11 dpi

| analyzed twasyncytia from 11 dpiTheywere discernible in the setthiin sections by their
translucent appearance and the cell wall degradatxesnplary syncytium ifrigure24B).
Like the other syncytia analyzed, they were induced between the xylem (Eggaie28,
Figure29C). Under the electron microscopkettwo syncytia showed structures depicting a
intermediatestagebetweerthe 5 and the 8 dpi syncytium already investigated.fiféie
syncytium was distinguishabfeom the surrounding root cells by its translucent cytoplasm
and the apparent cell walegradationgFigure28A). The organelles appeared functional,
only the mitochondrigxhibitedatypical shapesnd lumen structures. Membrane
aggregations were observable in several syncytial cells.

In order to verify these observatiomsnalyzed a second section of the syncytium, appr. 30
pum deepefFigure28B). The cell wall opening&erecoherenbetween the two layers (the
second section is turned by 188greegelative tothe firstsection). Theanembrane

aggregations were also evidémtre, though they did not seem to be continuous between the
sectionsInstead, the second section contained fewer but partly {apgeraringnembrane
aggregationsAgain, the membrane aggregations consisted of ER tubules with ribosomes on
the outer tubulegHjgure29A-B). Often, lipid droplets were encountered in close vicinity to
the aggregations.

The second syncytium analyzed was more advanced in the degeneration process compared to
the first one [Figure29C). The syncytium was strongly necrotized and fillath numerous
membranes instead dénsecytoplasm The mitochondria looked degeneratEay(ire29D-

E). The membrane aggregations were also present in this syncytium. Interestingly; they co
localized with osmiophilic granule§&igure29D-E). These electredense granules had a

diffuse border, unlike the wetlefined plastoglobules found in plastids (arrowheadSgore

29D). The granules were also observed along the border of the plasma merkigares (

29F). Unlike the syncytium ifrigure25, the cell wall looked normal here, with the middle
lamella silhouetted against the grey even structure of the cell wall. As an enlargement of the
cell wall can therefore be excluded, the plasma membrane is assumed to have detached from
the wall at this stge of necrosis.
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Figure 28 Transmission electron microscopic analysisvad sectioning layers a syncytiumfrom the

transgenic line 210637 at 11 dpi) The syncytium lies between the xylem elemeK)isand hastranslucent
cytoplasm. Cell wall openingbgld arrow$ and several nucleNu) are evident. Membrane aggregations
(asterisk¥y can be encountered in various cells of the syncytium. The picture was generated by sBtching 2
individual photos. Bar: 5 um. (B) A second section appr. 30 um further into the syncytium. The positions of the
cell wall openingsifold arrows follow the previous sectidn (turned by 180 degrees). A large and some small
membrane aggregationasteriskyare present. Thiggure was generated by stitching thdividual photosBar:

5 um.Nu: nucle, X: xylem vessels.
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Figure 29: Transmission electron microscopic analysis of different syncytia at 11 dfi) Petails of the
differently-sized membrane aggregatioastérisky found in the syncytium shown Figure28. Ribosomes
(arrowheads) are present on the outer tub@ass: 1 um.CW: cell wall, L: lipid droplets,P: plastids. (C)The

second syncytium from 11 dpi analyzed is in an advanced degenerative stage. The huge syncytium located
between the xylem elemeni$)(has a translucent cytoplasm. Bar: 50 pmH)Drhe syncytium contains no
functional organelles. Instead, the syncytial cells are filled with vacuoles and membranes and the mitochondria
(M) seem degenerated. Membrane aggregataster{sk} can be found. Electredense, osmiophilic granules
(arrows)co-localize with these aggregations and the detached plasma menBaasiel um.CW: cell wall, P:

plastid, arrowheadplastoglobules

Syncytum at 26 dpi

| analyzed two syncytia from tHaterdevelopmentastage(26 dpj. Both syncytia were
sampled based on the visibly swollen root (where the syncytium is located) and the
attachment of a welleveloped female adhering to the feeding €ige syncytium

investigated appeared completely electdemse and no cell structures were discernible even
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though different layers were examined (data not shovapposed that the whole syncytium
was highly necrotic. Still, as | could not exclude the formation of artifacts due to bad
infiltration at that time point, the syncytium was not further analyzed.

Theothersyncytium examinetiad increased significantly in sjzsompared to earlier stage
syncytia,and was well visible in the sefthin sections, with obvious cell wall degradations
and a translucent cytoplasiigure24C). The cell wall openings could also be observed
under the electron microscodedure30A). At one position, a cell wall remnant, being
disconnected from all cell walls surrounding it, could be detected freely in the cytoplasm
(Figure30C). Even though the syncytium was located between xylem vessels, the cell wall
ingrowthsobservedFigure30A) were less pronounced than in €osyncytia at 26 dpiThe
syncytial cytoplasm was still fillednd appeared functional. It was mo&n advanced

necrotic stage as tlsyncytia fromearlier time poits. Numerous small vacuoles were present
in the syncytiumFigure30B). Several plastids and nuclei could also be found. The
mitochondria, however, showed signs of degeneralibey were very small and did not
contain normal cristae structur@dgure30F). The plastids still appeared functional and only
rarely contained starch granules. Interestingly, the plastids of root cells not incorporated into
the syncytium included many starch graiRgy(re30A). ER vesicles or cisternae were
almost completely absent in this syncytium, in contrast t€tté® syncytia from similar
developmental stagefhe membrane aggregations were present abundantly in several
syncytial cells Figure30A). They occurred in different sizésit were always more or less
spherical Figure30D). Again, they consisted of ER tubulésgure30E). Lipid droplets

could often be found in close vicinity to the aggregatidigure30C).
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Figure 30: Transmission electron microscopic analysis of a syncytium fime210637 at 26 dpiA) The

syncytial cells are enlarged, have several cell wall openings (bold arrows), and contain numerous membrane
aggregations (asterisks). Tfigure was generated by stitching 12 individual photat: 20 pm.X: xylem

vessels. (B) Aparfrom the membrane aggregations (asterisks), the syncytium contains many vacuoles and very
small mitochondriaBar: 10 um.Nu: nucleus. (C) Detailed view of cell wall degradations (bold arrows), leading

to a cell wall remnantGWR) not attached to the cell wall€V). Bar: 5 um.L: lipid droplets,Nu: nucleus,
asterisksmembrane aggregation®) Some poorly developed cell wall ingrowtt@WI1) can be observedar:

5 pm. CW: cell wall, L: lipid droplets,asterisksmembrane aggregations. (Ehe tubular structure of the

membrane aggregation (asterisks) is evident. Bar: 1 um. (F) The mitochondria in the syncytium appear
degenerated (arrows). Bar: 2 ym
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