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1 General introduction
1.1 The sugar beet crop

Sugar beet (Beta vulgaris ssp. vulgaris) is a biennial dicotyledonous plant and a member
of the family Chenopodiaceae (Enrico Biancardi, 2012; Enrico Biancardi, 2005). Sugar
beet is the sixth most cultivated crop in the world in terms of tonnage and stands eighth
among all the cultivated crops in terms of calories consumed (Ross-Ibarra et al., 2007).
Sugar beets are primarily cultivated for sugar production. At small but progressive scale,
sugar beet is also used in energy production (Maung and Gustafson, 2011; Rodriguez et
al., 2010). It is the second most important sugar crop, after sugarcane, and supplies about
20% of the world's sugar (Finkenstadt, 2014).

Sugar in the form of sucrose is produced in leaves and translocated to other plant tissues
(Ruan, 2014). In the first period of the sugar beet growing season, where the plants grow
vegetatively, the sugar produced in the leaves is stored in the roots. However, in the
second year of the growing season, as plants switch to the reproductive growth phase
after vernalization, the sugar stored in the roots is translocated to the reproductive organs,
causing a major reduction in sugar yields. Therefore, and to reduce losses in sugar yield,
the roots of sugar beet plants are harvested at the end of the first year that is the vegetative
phase of its cultivation period. Sugar beet roots constitute of ~75% water, ~25% soluble
solids (~75% as sucrose) and ~5% insoluble solids (Hoffmann, 2010; Hoffmann and
Marlander, 2005). The top five sugar beet-producing countries Russia, France, the United
States, Germany, and Turkey, accounted for approximately 167 Million tons of sugar beet
in the year 2019 (FAO 2019).

The cultivation of beets dates far back. Vegetative parts of beet plants, including roots
and leaves were majorly consumed as vegetables by the Romans and the Greeks. Sugar
beet is the most recent crop type among all the distinct cultivated lineages/crop types of
Beta vulgaris spp. vulgaris. Sugar beet originated in the middle of the eighteenth century
in German Silesia. All sugar beets present today originated from the “Weifle Schlesische
Riibe”. It is assumed that nowadays sugar beet, is a product of mass selection over time
from a cross between fodder beet and chard (Fischer, 1989).

1.2 Classification of the genus Beta and Patellifolia

Plant breeding is a deliberate manipulation of plant species to introduce superior
genotypes with desirable traits such as higher yields, higher homogeneity, and resistance
against biotic and abiotic stresses. Plant breeding has saved humans and animals from
major food crises so far. However, these deliberate actions of intensive breeding of many
years have unintentionally led to the narrowing of the genetic diversity in many crop
species. Wild species/relatives of crops still possess a broad genetic base as compared to
their respective cultivated species. Therefore, wild relatives of crops can serve as a
potential source of broadening the genetic pool. Intensive breeding in sugar beet for the
last 200 years has also led to a narrow genetic base in the cultivated lineages.

Species of genus Beta are distributed among four crop types: leaf beets (such as Swiss
chard), garden beets (such as beetroot), fodder beets (including mangolds), and sugar
beets. Evolutionary studies suggested that the Beta species had differentiated from its
close relatives around six million years ago (Romeiras et al., 2016). The genus Beta
comprises the sections: Beta and Corollinae. Section Beta is the most widely distributed
because it encompasses all the cultivated forms, in addition to its close wild relatives.
Most diverse naturally occurring species are centered in Europe and Western Asia,
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however wild forms extend as far as China to the east and California, the USA to the
west. Previously, the genus Beta included the section Procumbentes, which is now
classified as a separate genus, Patellifolia (Kadereit et al., 2006). The new classification
was based on the characterization of nuclear ribosomal DNA (rDNA) units, RAPD
(Random Amplification of Polymorphic DNA), and RFLP (Restriction Fragment Length
Polymorphism) markers (Mita et al., 1991; Santoni and Bervillé, 1992; Shen et al., 1998).
Strong evidence from in-situ hybridization of three repetitive DNA families, specific to
Procumbentes (Schmidt and Heslop-Harrison, 1996), suggested a distant relationship
between Procumbentes and Beta species. The difference in the phenotype of P.
procumbens and a commercial sugar beet hybrid can be seen in Figure 1. P. procumbens
is a herbaceous, annual, or perennial with an erect/procumbent growth habit. The leaf
blade is heart-shaped or hastate and is marked by a profusely fibrous root system. In
contrast, a robust single elongated taproot system rich in sugar content is characteristic of
sugar beet. The leaves are elongated, triangular in shape, and are arranged as spirals
originating from the crown (Enrico Biancardi, 2005).

Figure 1: Plant morphology of (A) sugar beet distant wild relative Patellifolia procumbens and (B) sugar
beet (Beta vulgaris spp. vulgaris).

Based on genetic relatedness, Harlan and de Wet (1971) categorized a genus into primary,
secondary and tertiary gene pools. Primary gene pools comprise all the cultivated forms
and closely related wild species. The species of primary gene pools are easy to cross and
produce fertile progenies. Secondary gene pools encompass the species that can be
crossed with primary gene pool members, but can lead to limited seed set, insufficient
chromosome pairing and partially fertile hybrids. Whereas, in tertiary gene pools the seed
set after crossing with the primary gene pool members is more or less possible, but
seedlings of the hybrids show a range of physiological abnormalities such as lack of root
formation.

The relatedness between the species of genus Beta and Patellifolia has been well studied.
Due to the weak reproductive barriers among the species of section Beta, which includes
Beta vulgaris ssp. vulgaris, ssp. maritima, ssp. adanensis, B. patula, and B. macrocarpa,
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were grouped into the primary gene pool (Kadereit et al., 2006). Moreover, the species of
the primary gene pool are genetically close to sugar beet, and thus homologous
recombination is possible. This close genetic relatedness made it possible for breeders to
successfully exploit the variation in the primary gene pool to improve sugar beet (Frese,
2010; Van Geyt et al., 1990). In fact, it is possible to find hybrids of cultivated beets and
wild forms, such as B. vulgaris spp. maritima, in the geographical areas where they grow
together (Arnaud et al., 2003; Bartsch et al., 1999).

Table 1: The species of genus Beta and Patellifolia (adapted from Kadereit et al. 2006).

Primary gene pool Genus Beta

l. Section Beta

B. vulgaris L.

ssp. vulgaris

Cultivar group Leaf beet
Cultivar group Garden beet
Cultivar group Fodder beet
Cultivar group Sugar beet

ssp. maritima (L.) Arcang.

ssp. adanensis (Pamuk) Ford-Lloyd & J.
T. Will.

B. macrocarpa Guss.
B. patula Ait.

Secondary gene pool l. Section Corollinae

Base species

B. corolliflora Zosimovich ex Buttler

B. macrorhiza Steven

B. lomatogona Fisch & Meyer

B. nana Boisier & Heldreich

Hybrid species
B. trigyna Waldst. & Kit.

Tertiary gene pool Genus Patellifolia

Patellifolia procumbens A. J. Scott et al.
P. patellaris (C. Sm.) A. J. Scott et al
P. webbiana (Moq) A. J. Scott et al

The species of section Corollinae, for instance, B. corolliflora, B. macrorhiza, and B.
lomatogona are placed in the secondary gene pool. After experimental crosses of species
of section Corollinae with sugar beet, limited seed set and few fertile hybrids with
insufficient chromosome pairing were observed (Dalke, 1977). High homology between
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the B. corolliflora-specific satellite sequences pBC1279 and pBC1944 with B. nana-
specific repeat sequence pRN1 was found (Gao et al., 2000). B. nana, a species that also
comes under section Corollinae, was, therefore, placed in the secondary gene pool
(Kadereit et al., 2006).

Studies have shown that the distant wild relatives of sugar beet, Patellifolia procumbens,
P. webbiana, and P. patellaris, come under the tertiary gene pool. RFLP markers (Mita et
al., 1991), DNA fingerprinting (Jung et al., 1993), and SSR markers (Nachtigall et al.,
2016) showed that P. webbiana composes a geographically isolated population of P.
procumbens adapted to a specific habitat. Despite the development and fertility
distortions that result from crossing sugar beet and Patellifolia species, the distantly
related wild species P. procumbens contributed economically important traits to the sugar
beet breeding pool, such as resistance against a range of biotic stresses, like beet cyst
nematodes (BCN), Polymyxa betae which carries the beet necrotic yellow vein virus and
partial resistance to Cercospora leaf spot (Enrico Biancardi, 2012). The species of genus
Beta and Patellifolia are summarized in Table 1.

1.3 Beta genetics and genomics

The sugar beet genome has been well studied even long before the next generation
sequencing (NGS) based genome assembly was introduced. For gene discovery and
positional cloning, several genetic and physical maps based on DNA molecular markers
have been constructed. For instance, Barzen et al. (1995) constructed an RFLP-based
linkage map of the nine chromosomes of sugar beet. The map was constructed using a
segregating population from a cross of two sugar beet plants. The plants were
heterozygous for several agronomically important traits such as rhizomania resistance,
monogermity, and hypocotyl color. Pillen et al. (1993) constructed a linkage map
encompassing 177 segregating markers (2 morphological traits, 7 isozymes, 168 RFLP
markers) on nine linkage groups. Using the RFLP-based linkage map Pillen et al. (1993)
mapped the restorer gene X that was terminally located on linkage group I11. The deviated
markers from the expected segregation ratios suggested that the distorted segregation was
due to linkage with four different lethal genes.

Hohmann et al. (2003) constructed a BAC library for sugar beet and a physical map of the
chromosomal region harboring the bolting gene B. The BAC libraries were later used to
develop molecular markers for the gene B (Gaafar et al., 2005). In the era of whole-
genome sequencing and assemblies, physical maps have proven to be of great value,
especially in the case of highly repetitive genomes such as that of sugar beet. The
developed physical maps were employed to assign scaffolds/contigs to their respective
chromosomes and to find the correct order of scaffolds in the genome assembly of sugar
beet (Dohm et al., 2014b).

Considering their frequency, even distribution, and ease of analysis, SNP (Single
nucleotide polymorphism) markers are highly favored for genotyping and genetic
diversity analyses. Based on the previously developed RFLP-based linkage maps,
candidate genes mapped earlier and ~10,000 unique sugar beet EST (Expressed Sequence
Tag) sequences. Schneider et al. (2007) developed an SNP-based map derived from 16 B.
vulgaris lines to identify polymorphisms from 315 EST- and 43 non-coding RFLP-
derived loci. To further delineate the genetic structure of sugar beet, Stevanato et al.
(2014) developed a panel of 192 SNPs that could effectively differentiate between
different sugar beet genotypes. The SNPs were developed based on marker array
technology, QuantStudio 12K Flex system. In a recent study, Galewski and McGrath
(2020) used SNP data from WGS to assess the shared genetic variation, demographic
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history, and crop type differentiation within the four cultivated lineages of B. vulgaris ssp.
vulgaris. The SNP data was generated from 23 different beet cultivars and breeding lines
with 25 individuals each. Galewski and McGrath (2020) showed that the studied crop
types displayed extensive shared genetic variation, which suggested a shared
demographic history within each crop type.

The sugar beet genome consists of 7 metacentric and 2 sub-centric mitotic chromosomes
with proper chromosome nomenclature (Schondelmaier and Jung, 1997). The average
physical chromosome length is 2.5 um. The estimated genome size of sugar beet is 758
Mb (Arumuganathan and Earle, 1991) with a repeat content of 63% (Flavell et al., 1974).
Repetitive sequences have been localized along sugar beet chromosomes using different
techniques, such as fluorescence in situ hybridization (FISH) (Dechyeva and Schmidt,
2006; Paesold et al., 2012), Southern blotting (Schmidt and Metzlaff, 1991), and
sequencing-based assay of PCR products (Dechyeva and Schmidt, 2006; Paesold et al.,
2012; Schmidt and Metzlaff, 1991; Staginnus et al., 2001). Telomeric sequences of A.
thaliana (TTTAGGG)n repeats were cloned by Richards and Ausubel (1988) and were
later localized at the ends of chromosome arms of sugar beet (Schmidt et al., 1998).

The first assembled sugar beet genome of the doubled haploid line KWS2320, comprised
567 Mb, of which 85% could be assigned to chromosomes. The genome contained 27,421
protein-coding genes (Dohm et al., 2014b). Recently, another sugar beet genome
assembly of the inbred line EL10 has been published (Funk et al., 2018; McGrath et al.,
2020). The EL10.1 genome assembly is 540 Mb in size with 24,255 gene models. EL10.1
genome assembly is reported to be more contiguous compared to the published sugar beet
reference genome, however, it is smaller and contains comparatively a smaller number of
gene models predicted.

Recently, the genomes of the two important wild beet species from section Beta, B.
patula and B. vulgaris ssp. maritima, have also been sequenced (Rodriguez del Rio et al.,
2019). The genomes of the two species were compared with that of their cultivated
relative sugar beet, and large syntenic regions between the three genomes were identified.
The genome of P. procumbens is not assembled yet, but genetic mapping of some
repetitive sequences has been performed. Sau3A satellites | and Il have been isolated and
physical mapping of the DNA families has been carried out using FISH (Schmidt and
Heslop-Harrison, 1996).

1.4 Plant parasitic nematodes

Plant-parasitic nematodes belong to the phylum Nematoda. The evolutionary history of
the members of phylum Nematoda goes back for an estimated one billion years, which
explains their enormous diversity (Wang et al., 1999). Through small subunit sequence
phylogeny analysis, it has been shown that nematodes evolved several times to parasitize
animals and plants (Blaxter et al., 1998). Nematodes are soft-bodied multicellular
organisms. Similar to insects, nematodes need to molt between several juvenile stages.
Generally, nematodes undergo four molting phases in their life cycle. Nematodes have
evolved to live in almost every conceivable place on earth (Yeates, 2010) and feed on
bacteria, fungi, other nematodes, animals, and plants (Blanc et al., 2006; Decraemer and
Hunt, 2006; Okada et al., 2005; Yeates et al., 1993). At least 15% of the described species
can manage to feed on plants. Today, plant-parasitic nematodes are recognized as one of
the major agricultural pathogens causing global losses of around USD 157 billion
annually (Abad et al., 2008). Plant-parasitic nematodes can be classified into different
categories depending on their feeding patterns. They can feed through lesions, lance,
needles, sting, and stunt (Kumar et al., 2020). Root-knot nematode (RKN) and cyst
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nematodes are the two most economically damaging nematodes. The most notable cyst
nematodes are the beet cyst nematode (BCN) (Heterodera schachtii), soybean cyst
nematode (Heterodera glycines), potato cyst nematodes (Globodera pallida and G.
rostochiensis), and cereal cyst nematodes (Heterodera avenae and H. filipjevi) (Jones et
al., 2013).

1.5 The beet cyst nematode

The beet cyst nematode (Heterodera schachtii Schmidt), is a main pest of sugar beet
(Beta vulgaris L.). It was first discovered in 1859 and was named by Schmidt (1871). It
has a broad host range, including more than 80% of species from different plant families,
such as Amaranthaceae and Brassicaceae. The BCN is present in all the sugar beet
growing areas in the world, therefore, it has high agronomical relevance (McCarter,
2009). Stunted growth and wilting of aerial parts of the sugar beet plants are the
characteristic symptoms that can be identified as big circular patches in an aerial view of
the field.

H. schachtii completes its life cycle in seven stages: an egg stage, four larval stages (J1,
J2,J3, and J4), and two adult stages (Figure 2). Until the J2 stage, there is no
differentiation between male and female nematodes. First stage juveniles (J1) develop
inside the eggshell, while J2 larvae hatch and actively search for the root tissue to feed
(Raski, 1950). Juvenile cyst nematodes enter the elongation zones of host plant roots after
emerging from soil-borne cysts (Sijmons et al., 1991). Larvae use thrusts of their stylet
and collection of cell wall degrading enzymes to hydrolyze the cellulose in root tissues
(Vanholme et al., 2009). Mechanisms and signals attracting J2 larvae to the host roots are
not fully resolved yet. Once in the roots, they migrate towards the vascular cylinder to
initiate the formation of a multinucleated cell, called initial syncytial cell (ISC) from a
procambial or pericycle cell (Grundler et al., 1997). Nematodes complete their life cycle
feeding at the same place (Hussey, 1989). J3 stage is where males and females are
distinguished and, thereafter, follow different life cycles. Sex determination is mainly
controlled by nutrient availability (Bockenhoff and Grundler, 2009). J3 males have longer
ingestion periods and consume less food when compared to J3 females. J3 males leave
the feeding site to mate females. Therefore, they do not cause severe damages to the root
tissue (Wyss et al., 1992). After completing their life cycle in the root, the females attach
to the roots and form cysts with several hundred eggs. Depending on environmental
factors, nematodes spend 30 days in the roots to complete their life cycle. Hatching can
be delayed until adequate environmental cues are present. This dormancy phase can last
up to ten years.
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Figure 2: Life cycle of the beet cyst nematode (BCN) Heterodera schachtii. The life cycle of BCN can be
divided into seven stages: egg stage, four larval stages, and two adult stages. The second stage juveniles (J2
larvae) are the infectious form. J2 larvae differentiate into J3 males or J3 females depending on the nutrition
uptake. Males feed and leave the root in search of females, as J4 males. J3 females continue to feed on
multinucleate cells, develop into J4 females, and get filled with eggs after copulation with males. A single
cyst can have up to 200 eggs and can survive in the soil for up to 10 years.

1.6 Plant-nematode interaction

Plant-parasitic nematodes manipulate the molecular machinery of the plant cell to induce
a feeding site inside the host plant (McK Bird, 1996). One of the very early hypotheses
was that auxin, a phytohormone that tightly regulates plant development and growth,
could be involved during nematode infection (Goverse et al., 2000). Goverse et al. (2000)
provided a line of evidence for the implication of auxin in nematode feeding site
formation in Arabidopsis. The study showed that auxin is locally accumulated in the
developing syncytia. In addition, auxin-insensitive tomato and Arabidopsis pinl mutants
showed significantly reduced nematode infection.

The formation of a multinucleate feeding cell requires the dissolution of cell walls and
fusion of protoplasts of neighboring cells (Golinowski et al., 1996; Sobczak et al., 1997).
Feeding sites are the sole nutrient source for nematodes; hence they need a continuous
flow of nutrients from neighboring cells (Siddique and Grundler, 2015). This flow of
nutrients into the feeding cell increases the pressure inside the feeding cell. To protect the
feeding cell from bursting, nematodes induce cell wall thickening of the feeding cell,
likely by inducing xyloglucan endo-transglycosylase/hydrolase (XTH) genes callose or
lignin deposition (Grundler et al., 1998). Niebel et al. (1996) showed that cell cycle
marker for division competence CDKA1(CYCLIN-DEPENDENT KINASE A-1) and cell
cycle marker for the G2-phase CYCB11(CYCLIN-B1-1) were transcriptionally activated
in the very early phase of ISC development (De Almeida Engler et al., 2004).

Transcriptome analysis of syncytia induced by BCN in Arabidopsis roots showed that the
syncytia are transcriptionally different from the roots and other organs of the Arabidopsis
plant (Szakasits et al., 2009). Studies have shown that polar auxin transporter genes PIN-
FORMED 1 (PIN1) were found to be expressed during syncytium initiation and
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expansion (Grunewald et al., 2009). PIN proteins are asymmetrically localized plasma-
membrane proteins. The movement of these proteins between the plasma membrane and
the endosomal parts of the plant cell allows dynamic changes in their localization and
redirects auxin to other parts of the cell (Geldner et al., 2001).

Using electron microscopy, comparative analysis of root histology, anatomy, and
ultrastructure of nematode-induced syncytia in roots of susceptible and resistant sugar
beet was performed. The analysis revealed pronounced structural and ultrastructural
differences of syncytia formed in roots of resistant plants that were smaller and less
hypertrophied than syncytia in susceptible plants. In addition, vacuoles in resistant plants
were larger but less in number, and only rough endoplasmic reticulum was prevalent in
syncytia as compared to susceptible plants (Holtmann et al., 2000). In another study by
Sobczak et al. (1997), the structural changes induced during the development of males of
the plant-parasitic nematode H. schachtii in Arabidopsis thaliana roots were analyzed at
anatomical and ultrastructural levels. The study showed that syncytia of males were
induced in the root pericycle. Proliferation and expansion of cambium and peridermal
tissues were triggered by expanding the syncytium in a manner similar to secondary
growth, which resulted in the formation of additional xylem and phloem elements in the
roots of the Arabidopsis plants. Moreover, the syncytia associated with males was less
hypertrophied and composed of more cells than syncytia associated with females
(Sobczak et al., 1997).

Several transcriptome studies have been carried out to analyze the BCN-host interaction.
The transcriptome studies were performed for both the host plant and the nematode. A
transcriptome study was recently carried out for the resistance sugar beet cultivar
‘Nemakill” to reveal the molecular insights of the compatible and incompatible
interactions between sugar beet and H. schachtii (Ghaemi et al., 2020). Ghaemi et al.
(2020) showed that most defense-related genes were induced at 4 days after infection
while suppressed 10 days after infection in the susceptible cultivar. Whereas the genes
involved in plant defense response were observed at both time points in the resistant
cultivar Nemakill. In addition, an exogenous application of Methyl Jasmonate on
susceptible plants revealed a significant reduction in plant susceptibility. The genes
involved in the phenylpropanoid pathway and genes encoding CYSTM domain-
containing proteins, F-box proteins, chitinase, galactono-1,4-lactone dehydrogenase, and
CASP-like protein were identified in the resistant Nemakill cultivar (Ghaemi et al., 2020).
In another study, cONA-AFLP technique was used to isolate genes that were up-regulated
upon infection (Samuelian et al., 2004). In this study out of 8000 transcript-derived
fragments (TDF), one TDF of interest was further examined. Upon overexpression of this
TDF in sugar beet hairy roots, 12 out of 15 clones showed significant reduction in number
of developing females.

In order to unravel the set of secretory proteins (effectors) secreted by the nematodes for
the induction and maintenance of their syncytial feeding sites in plant roots, a
transcriptome and parasitome analysis of the BCN H. schachtii was performed (Elashry et
al., 2020). A whole animal pre-infective J2-stage transcriptome together with pre- and
post-infective J2 gland cell transcriptome was sequenced using NGS. Out of the 200
putative effectors identified, expressions of six putative effectors were quantified using
gPCR. Functional analysis using RNAI of three putative effectors indicated that the level
of nematodes pathogenicity and/or the average female size was reduced in all tested
genes, indicating the role of these genes in the cyst nematode parasitism.
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R genes have been shown to be involved in plant defense mechanisms against cyst
nematodes (Table 2). In potato, the resistance gene, Gpa2, encodes a leucine-zipper-
Nucleotide Binding Site-Leucine Rich Repeats (NBS-LRR) that confers resistance
against the potato cyst nematode Globodera pallida (\Van Der VVossen et al., 2000).
Another potato R gene, Grol-4, encodes a Toll-interleukin 1 receptor-NBS-LRR protein
that confers resistance to the endoparasitic nematode G. rostochiensis pathotype Rol
(Paal et al., 2004). Grol-4 is expressed in most tissues of the potato plant, including non-
infected roots (Paal et al., 2004). In tomato (Solanum pimpinellifolium), the Hero gene is
an NBS-LRR gene shown to confer resistance to all pathotypes of G. rostochiensis and G.
pallida (Ernst et al., 2002). The extracellular immune receptor protein Cf-2 of the red
currant tomato (S. pimpinellifolium) has been shown to confer dual resistance against the
fungus Cladosporium fulvum and the root parasitic nematode G. rostochiensis (Lozano-
Torres et al., 2012). Cf-2 mediates resistance via sensing perturbations caused by binding
of the venom allergen-like effector protein Gr-VAP1 of G. rostochiensis to the active site
of a papain-like cysteine protease Rcr3. Nematode infection in tomato plants harboring
Cf-2 and Rcr3 induces defense related programmed cell death in the infected plant cells
(Lozano-Torres et al., 2012). Another NBS-LRR class of R genes, Mi genes, are among
the most important resistance genes. The gene Mi-1.2 was cloned from the Mi locus of
tomato that confers resistance to the most damaging species of root-knot nematodes
(Meloidogyne spp) (Milligan et al., 1998b). In addition to root-knot nematodes, the Mi-1.2
gene was shown to confer resistance to two major sucking type pests of tomato, whitefly,
and aphids, making it an essential source in integrated pest management programs
(Nombela et al., 2003). A homolog of Mi-1.2, Mi-9, was cloned from S. arcanum and was
shown to confer a heat-stable resistance to root-knot nematodes (Jablonska et al., 2007).
Another Mi homolog, CaMi, was isolated from a root-knot nematode-resistant pepper line
(Capsicum annuum L.) (Chen et al., 2007). CaMi was highly expressed in the roots,
leaves, and flowers of the resistant plants. RKN, susceptible tomato plants, expressing
CaMi gene, induced a hypersensitive response and necrotic cells around the nematode
instead of galls or root knots as in the wild type (Chen et al., 2007).

Apart from R genes, RESISTANCE TO HETERODERA GLYCINES 4 (Rhg4) gene, which
encodes a serine hydroxymethyl transferase enzyme, was shown to confer resistance
against the soybean cyst nematode H. glycines (Liu et al., 2012). Rhg4 was cloned by
map-based cloning from the soybean cyst nematode resistant soybean cultivar cv. Forrest.
In plants carrying the Rhg4 gene, the roots are penetrated by the nematodes but the
feeding site degenerates causing nematodes to die before reaching the adult stage.
Interaction between three prominent resistance proteins, effectors, and their role in plant-
defense pathway is illustrated in Figure 3.
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Figure 3: Schematic representation of different stages of plant defense response along with some well-
studied resistance genes. Recognition of effectors by RLK/RLP such as Cf-2, Gpa2, Hero-4. Signal
integration via salicylic acid (SA), jasmonic acid (JA), ethylene (ET), abscisic acid (ABA), reactive oxygen
species (ROS), reactive oxygen-nitrogen species (RONS) signaling. The last stage, defense response,
includes programmed cell death (PCD), cell wall modification, RNAI, ROS, Phytoalexins. NBS:
Nucleotide-binding site domain; TM: transmembrane domain; LRR: Leucine-rich repeat.
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Table 2: Cloned nematode resistance genes.

Gene Host species Nematode species Functional domain Reference
Hs1pro-t Patellifolia procumbens Heterodera schachtii N-terminal extra-cellular (Caietal., 1997)
LRR, TM
Mi-1.2 Solanum peruvianum Meloidogyne Incognita, CCc-NBSd- LRR (Milligan et al., 1998a)
M. javanica, M. arenaria
Gpa-2 Solanum tuberosum ssp. Globodera pallida CC-NBS-LRR (Van Der Vossen et al.,
Andigena 2000)
Hero A Solanum G. pallida, G. rostochiensis CC-NBS-LRR (Ernst et al., 2002)
pimpinellifolium
Rhg4 Glycine max H. glycines Serine hydroxymethyl (Liu et al., 2012)
transferase
Grol-4 Solanum spegazzinii G. rostochiensis TIR-NBS-LRR (Paal et al., 2004)
Rhgl locus Glycine max H. glycines multiple genes* (Cook et al., 2012)
Mi-9 Solanum arcanum M. incognita CC-NBS- LRR (Jablonska et al., 2007)
CaMi Capsicum annuum M. incognita CC-NBS- LRR (Chen et al., 2007)
Ma Prunus cerasifera M. incognita, M. arenaria, TIR-NBS-LRR (Claverie et al., 2011)
M. javanica

*Three genes are positioned in tandem within the Rhgl locus conferring resistance against H. glycines
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1.7 Genetic resources for beet cyst nematode resistance and tolerance

The sources of resistance against the BCN are mainly B. vulgaris spp. maritima, P.
procumbens, P. patellaris and P. webbiana (R. Viglierchio, 1960). The resistance genes
originating from P. procumbens and P. webbiana are located on chromosomes 1, 7, and 8
were named as Hs1P™!, Hs1"eb-1 Hspro-7 Hgweb-7 Hs3Pro-8 and Hs3"e8, Whereas, the
resistance gene from P. patellaris is located on chromosome 1 and was named as Hs1P3!
(Lange et al., 1993; Loptien, 1984a; Loptien, 1984b; Reamon-Ramos and Wricke, 1992).
Several attempts have been made to transfer resistance from these species to sugar beet
via conventional breeding (Coons, 1975; Heijbroek et al., 1988; Loptien, 1984b; Savitsky,
1975). However, in most of the attempts, the interspecific hybrids were not fertile,
therefore successful breeding for BCN resistance was never possible.

In a unique, ground-breaking attempt to transfer resistance from P. procumbens to B.
vulgaris, Savitsky (1975) crossed a tetraploid B. vulgaris with diploid P. procumbens
producing triploid offspring (2n=3x=18+9). Savitsky, then, backcrossed the triploid
offspring with diploid sugar beet. The progeny of these crosses, harboring one extra
chromosome from P. procumbens, termed as monosomic addition lines (MAL)
(2n=18+1) were produced. Out of 6,750 plants, Savitsky selected four nematode-resistant
trisomics. In a later study, Savitsky (1975) further backcrossed those resistant trisomics.
Out of 8,834 plants, two diploid plants were found to be resistant against BCN,
demonstrating that a P. procumbens chromosome segment carrying resistance was
transferred to B. vulgaris.

1.8 Mapping and characterization of the translocation segment from P.
procumbens to sugar beet

Further analysis of MALSs revealed that three chromosomes of P. procumbens and one
chromosome of P. patellaris bear resistance against BCN (Jung et al., 1986). Jung and
Wricke (1987) crossed resistant MAL with susceptible B. vulgaris. The study found that
21% of the resulting progenies were resistant. Thereby, three diploid-resistant sugar beet
plants, termed PRO1, PRO3, and PRO4, carrying a chromosomal segment from P.
procumbens, were selected. Later, it was shown that PRO1 and PRO4 carry a
translocation from chromosome 1 while PRO3 carries a translocation from P.
procumbens chromosome 7 (Jung and Wricke, 1987; Van Geyt et al., 1988). Heller et al.
(1996b) investigated the genetic locations of different translocation fragments originating
from the wild beet genome in translocation lines using a segregating F> population and
RFLP markers. Three resistance genes Hs1P™, Hs1"¢®1-and Hs2 “*7 in four different
translocation lines A906001, PRO4, WEB6, and WEB11 were analyzed (Heller et a.
1996). The results suggested that the translocation fragment was located at the end of
chromosome 9 in the translocation lines (Heller et al., 1996b). A yeast artificial
chromosome (YAC) library was developed to investigate the nematode resistance derived
from the wild beet P. procumbens in the sugar beet translocation line A906001 (Kleine et
al., 1995). The YAC library was later used to clone the nematode resistance gene Hs1P™-!
(Cai et al., 1997). The multi-color FISH technique was performed for the physical
mapping of two differentially labeled YACs and the nematode resistance gene Hs1P™-!
originating from the translocation (Desel et al., 2001). The results from the comparative
chromosomal mapping of the 684 bp Hs1P™ probe revealed that the translocation from
wild beet was conferring resistance against BCN to a monosomic addition line 950039,
the translocation line A906001 and P. procumbens. In addition, Desel et al. (2001)
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suggested that the P. procumbens chromosome fragment carrying the resistance gene was
translocated at the distal region of B. vulgaris chromosome 9 in the translocation lines.

Although cultivars carrying the translocations are commercially available, they are not
fully exploited in the sugar beet breeding programs because of a substantial yield penalty
which could be attributed to linkage drag of the genes within the translocation segment
(Schulte et al., 2006). Therefore, partial resistance originating from B. vulgaris spp.
maritima was exploited for breeding tolerant sugar beet varieties. Seven genetic loci were
observed to provide resistance against BCN in P. procumbens, P. patellaris, and P.
webbiana, as listed in Table 3. Out of these seven loci, only one gene, Hs1°!, was
successfully cloned (Cai et al., 1997).

Table 3: Wild beet chromosomes carrying genes for beet cyst nematode resistance or tolerance.

Species Chromosome Gene Resistance/Tolerance Reference

P. patellaris 1 Hs] patt Resistance (Loptien, 1984b)

P. webbiana 1 Hs1"eo-1 Resistance (Salentijn et al.,
1992)

P. webbiana 1 Hs1"eo-1 Resistance (Heller et al.,
1996b)

B. vulgaris ssp. HsBvm-1 Tolerance (Lange et al., 1993;

maritima 7 Stevanato et al.,

WB242* 2015)

P. procumbens 7 Hs2 Pro-7 Resistance (Lange et al., 1993)

P. procumbens 1 Hs1 Pro-l Resistance (Cai et al., 1997)

P. procumbens 8 Hs3 Pro-8 Resistance (Jung et al., 1998)

1.9 Resistance genes and candidate genes from the P. procumbens translocation

The first resistance gene to be cloned from the translocation line TR520 (A90600 ),
Hs1P! was believed to be the gene conferring complete resistance against BCN (Cai et
al., 1997). TR520 carries a translocation from P. procumbens chromosome 1. TR363 is an
independent translocation line that also carries a chromosomal segment from P.
procumbens chromosome 1 and is resistant to BCN (Jung and Wricke, 1987). Using
differential display technique, a putative cation transporter gene linked to Hs1P was
found and proposed to play a role in the defense response and/or signal transduction
(Oberschmidt et al., 2003). However, Schulte et al. (2006) showed that TR363 does not
carry the gene Hs1P™1, Therefore, it was concluded that Hs1P™ confers only partial
resistance and that chromosome 1 from P. procumbens carries another resistance gene
that was yet to be discovered. For simplicity, the second gene will be, thereafter, called
Hs4 (formerly known as Hs1-1 (Schulte et al., 2006) or Hs1-2 (Capistrano, 2010; Jaeger
et al., 2008)).
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Schulte et al. (2006) sequenced 5 BAC clones, BACs 57, 132, 137, 123, and 67, spanning
580 kb to cover the overlapping region between TR520 and TR363 translocation lines.
Schulte et al. (2006) showed that the left end of BAC57 and the right end of BAC67 were
missing on the TR363 translocation segment but were present in TR520. Moreover, she
suggested that the BAC67 was the candidate clone that spans the translocation
breakpoint. Schulte et al. (2006) claimed that TR363 was not the suitable line because of
the proximity of the new candidate gene Hs1-1 to the telomeric regions, thereby possibly
compromising the cloning process due to the presence of repetitive sequences towards the
distal end of the chromosome.

To fine map Hs4, the TR520 resistant translocation lines were gamma-irradiated (Hans
Harloff, personal communication) at IAEA, Seibersdorf, Austria. Two lines harboring
smaller translocations were selected and named TR659 and TR320. TR659 harbors longer
translocation than TR320. Infection tests demonstrated that both TR659 and TR320 are
susceptible to BCN (Hans Harloff, personal communication).

Studies comparing the two resistant lines, TR520 and TR363, to the two-gamma
irradiated susceptible lines directed the discovery of Hs4. For the several candidate genes
that have been proposed (Table 4), resistance genes analogs (RGA), i.e. NBS-LRR genes,
were the topmost candidates. Based on conserved motifs between previously cloned
NBS-LRR like genes from other crop species, such as Cre3, Mi, and Gpa2, degenerated
primers were designed and 12 expressed RGAs were identified by Tian et al. (2004). Full-
length sequences of four (cZR-1, cZR-3, cZR-7, cZR-9) out of those 12 RGAS were
determined. However, only cZR-3 and cZR-7 were proposed as the candidates for Hs4
because they were the only ones present in the translocation region and common between
TR520 and TR363. In the over-expression study, 35S-cZR-3-expressing hairy roots from
the susceptible diploid sugar beet, 093161, were observed to have a significantly fewer
number of cysts/females 4 weeks after inoculation of BCN, however, complete resistance
was not attained (Tian, 2003).

Capistrano (2010) proposed ORF702 encoding a [3-1,3-galactosyltransferase. ORF702
with putative function as Avr9 elicitor response like protein is present in the translocation
segments of TR520 as well as TR363. It was proposed as a candidate gene because of its
likely function and expression in both resistant translocation line TR520 as well as P.
procumbens. ORF702 was cloned and functionally characterized by (Jager, 2012).
However, sugar beet hairy root clones overexpressing ORF702 were not resistant against
BCN. Therefore, it was concluded that ORF702 is not the anticipated Hs4. Few other
genes were proposed by (Jager, 2012), ORF801, ORF802, ORF803, as best candidates for
Hs4. Further expression and functional analyses of ORF801, ORF802, and ORF803 were
carried out. In the expression analysis of the three candidate genes, it was observed that
ORF801 and ORF802 were also expressed in the susceptible line TR659, hence they were
excluded as the speculated Hs4. ORF803, encoding phosphatidylinositol kinase, was only
expressed in resistant lines and P. procumbens was chosen for further functional analysis.
ORF803 was knocked down using the RNAI technique (Fen Qiao, unpublished) Fen.
Transgenic hairy roots obtained from resistant plants were still resistant despite
expressing OR803-sRNA. Therefore, ORF803 was also disregarded as possible Hs4.
Three other candidates, ORF901 encoding cationic amino acid transporter, ORF902
encoding for calcineurin B-like protein (CBL), ORF906 encoding histone deacetylase 2,
were proposed as possible Hs4 gene, but the genes were not functionally characterized.
The list of all the proposed candidate genes/ORF as Hs4 is listed in Table 4.
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Table 4: List of proposed candidate genes/ORF’s from resistant sugar beet translocation line. RGA:
Resistance Gene Analogue; NBS-LRR: Nucleotide Binding Site-Leucine Rich Repeats; MAP3K: Mitogen
Activated Protein 3 kinase

Gene/ Putative Position on Functional
Annotation function translocation characterization
code verified*

cZR-1! RGA (NBS- No No significant reduction
LRR) in females

cZR-3! RGA (NBS- Yes Significant reduction in
LRR) females

cZR-7* RGA analogue Yes No significant reduction
(NBS-LRR) in females

cZR-9* RGA (NBS- No No significant reduction
LRR) in females

ORF702? R-1,3- Yes No significant reduction

i 2

Galactosyltransfe in females
rase

ORF8013 Serine/Threonine | No Not done
Kinase

ORF802° Phosphatidylinos | No Not done
itol kinase

ORF803® MAP3K Yes No significant reduction

in females

ORF901* Cationic amino Yes Not done
acid transporter

ORF902* Calcineurin B- Yes Not done
like protein

ORF906* Histone Yes Not done

deacetylase 2

! Tian et al. (2004)

2 Capistrano (2010)

3 Jager (2012)

4 (Fen Qiao, Unpublished data)
*As per the original study

1.10 Plant proteases and their role in plant defense mechanisms

Proteases are crucial enzymes that can perform protein catabolism by hydrolyzing the
peptide bonds of a protein and ultimately releasing simpler peptides or amino acids.
Therefore, proteases degrade proteins and terminate their functions. Proteases are
required in a variety of biological processes, including plant defense mechanisms
(Thomas and van der Hoorn, 2018). In plants, the space outside the plasma membrane,
known as an apoplast, acts as an important site of communication with its outer
environment. Early interactions between a pathogen(s) and plant occur in the apoplast.
The apoplast acts as the site for host colonization in many pathogens including bacteria,
fungi, oomycetes, and nematodes, where they secrete effector molecules. Plants
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constitutively or inducibly accumulate defense-related proteins including proteases in the
apoplast (Hou et al., 2018). Extracellular defense signaling starts immediately after the
recognition of the pathogen-effector molecules by the host proteins in the apoplast or
plasma membrane.

Plants have evolved different sophisticated ways to interact and respond to different
environmental stimuli. Plants can retain the signals/memory of the pathogenic attack, a
process known as priming. This retention of the memory of previous attacks enables the
plant to launch more rapid and amplified defense responses upon future attacks (Ramirez
et al., 2013). In Arabidopsis, it has been shown that the serine protease SBT3.3 (Subtilase
3.3), a subtilase member of the S8 family, regulates the defense priming. Arabidopsis
sbt3.3 mutants were found to be impaired in priming of both gene expression and
signaling activity and were hypersusceptible to both Pseudomonas syringae and the
oomycete Hyaloperonospora arabidopsidis. Moreover, the activity of mitogen-associated
protein kinase (MAPK) was enhanced upon the overexpression of SBT3.3 gene.
Interestingly, upon overexpression of SBT3.3, transcriptional activating epigenetic marks
at SA-regulated genes, including the promoters of WRKY transcription factors were also
increased (Meyer et al., 2016). Another study in Arabidopsis showed that an apoplastic
protease known as the papain-like cysteine protease Cathepsin B (CathB), a member of
the C1 family, acts as a positive regulator of hypersensitive response. In addition,
multiple CathB genes contribute redundantly to basal resistance (Gilroy et al., 2007). In a
close relative of tobacco, Nicotiana benthamiana, it was shown that CathB protein is
secreted into the plant apoplast, where it gets activated (Gilroy et al., 2007).

CDR1 (Constitutive Disease Resistance-1), another apoplastic protease of the Al family
in Arabidopsis, has been also shown to be implicated in local and systemic defense
signaling. Activation tagging of the CDRL1 gene resulted in the constitutive expression of
pathogenesis-related (PR) genes in a salicylic acid-dependent manner and enhanced
resistance to multiple P. syringae strains. An abolished PR gene expression was observed
in CDRL1 active site mutants. This indicated that CDR1 generates an extracellular mobile
signal capable of inducing defense responses (Xia et al., 2004). Similar apoplastic fluids
that induce systemic defenses, were induced by Oryza sativa CDR1 (OsCDR1) in A.
thaliana, which indicated that CDR1 activity might be conserved between species (Prasad
et al., 2009).

After the successful invasion of the apoplast, the pathogen is still not successful in
establishing itself in the plant cell. These responses include changes in gene regulation,
metabolite biosynthesis, and induction of PCD. Two antagonistically acting cytosolic
metacaspases, MC1(Metacaspase-1) and MC2(Metacaspase-2) belonging to family C14
showed the regulation of HR in Arabidopsis (Coll et al., 2010). Induction of HR cell
death induced by P. syringae carrying avrRPM1 has been shown to be positively
regulated by AtMCL1 (Coll et al., 2010).

Protein homeostasis, a regulatory network for controlling the amount and concentration of
different proteins is essentially controlled by the host plant proteome. Multiple subunits
forming heptameric rings constituting three catalytic  subunits with distinct proteolytic
activities composes the core particle of the proteome (Murata et al., 2009). The threonine
protease PBA1/B1 of the T1 family, one of the catalytic subunits has been studied in the
context of HR because of its caspase-3-like activity (Hatsugai et al., 2009). In tobacco, it
has been shown that PBAL expression is induced following treatment with the fungal
elicitor, cryptogein (Suty et al., 2003). Moreover, the PBA1-silenced plants showed a
reduced expression of the two other catalytic subunits, PBB and PBE. Suppression of HR
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upon the silencing of these subunits indicated a role of the proteasome in HR induction
(Hatsugai et al., 2009).

The third type of proteases identified so far in plants is vacuolar proteases. Rupturing of
the vacuole during HR results in the alteration of cytoplasm because of acidification, the
release of lytic enzymes, and potential cell-death mediators (Suty et al., 2003). The
vacuolar processing enzymes (VPEs/Asparaginyl endopeptidases/Legumains), members
of the C13 family, regulate the integrity of the tonoplast during PCD. C14 and
RD21(Response to Dehydration 21), the orthologous papain-like proteases from tomato
and Arabidopsis, respectively, have been detected in the vacuole. It has been shown that
in N. benthamiana, the silencing or overexpression of a C14 homolog causes an increase
or decrease in the susceptibility to P. infestans (Bozkurt et al., 2011). However,
Arabidopsis rd21 knock-out lines lost the susceptibility towards the oomycete H.
arabidopsidis. Nevertheless, these knock-out lines showed more susceptibility to Botrytis
cinerea when whole plants were infected (Shindo et al., 2012).

The two other main components of the plant cell, the endoplasmic reticulum, and the
Golgi network, play essential roles in the adaptability of the cell under stress. AtCEP1 is a
specific papain-like cysteine endopeptidase that belongs to the C1A family. A C-terminal
‘KDEL’ sequence sequesters the protease within ER-derived compartments. It has been
shown that the expression of AtCEP1 was induced upon the infection with the fungus
Erysiphe cruciferarum. In these plants, the cells undergo PCD upon penetration by fungal
haustoria. On the other hand, the Arabidopsis cepl mutants showed hyper-susceptibility
to E. cruciferarum with characteristically reduced PCD as compared to CEP1 functional
plants (Héwing et al., 2018).

All the above-mentioned proteases lack the knowledge of verified substrate or known
role/ function for their identified substrate. The Golgi-localized SBT6.1 belonging to the
S8 family presents a rare example of a protease with its known substrate in plant
immunity. The transmembrane malectin-like receptor kinase FERONIA extracellularly
perceives the rapid alkalinization factor 23 (RALF23), converted into a mature signaling
peptide via SBT6.1 (Srivastava et al., 2009). Upon recognition, RALF23 weakens the
immune signaling via inhibition of PRR complex formation, leading to the restriction of
excessive defense responses. It has been shown in Arabidopsis that the activity of SBT6.1
and RALF23 increases rapidly with the infection by P. syringae. It was suggested that the
regulation of SBT6.1 could be a mechanism to fine-tune the immune response by rapidly
controlling the abundance of mature RALF23 (Stegmann et al., 2017). Some of the
essential plant proteases with their role in plant defense mechanisms are listed in Table 5.
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Table 5: Plant proteases with known functions in plant defense response.

Gene Plant species Pathogen Protease Sub-cellular  Reference
family localization
SBT3-S1 S. lycopersicum  Manduca sexta Serine Apoplast (Meyer et al.,
protease 2016)
CathB N. benthamiana, Erwinia Cysteine Apoplast (Gilroy et al.,
A. thaliana amylovora protease 2007)
CDR1 A. thaliana Pseudomonas Aspartic Apoplast (Simd@es et al.,
syringae protease 2007)
Rcr3 S. lycopersicum  C. fulvum, Cysteine Apoplast (Kruger et al.,
Phytophthora protease 2002; Lozano-
. Torres et al.,
infestans, .
Globodera 2012; Rooney et
al., 2005)
rostochiensis
AtMC1, A. thaliana P. syringae Metalloprot ~ Apoplast (Coll et al.,
AtMC2 ease 2010)
PBA1 A. thaliana P. syringae DEVDase Cytosol and  (Hatsugai et al.,
nucleus 2009)
VPE N. benthamiana, P. syringae Cysteine Vacuole (Zhang et al.,
A. thaliana protease 2010)
CEP1 A. thaliana Erysiphe Cysteine Endoplasmic  (H6wing et al.,
cruciferarum protease reticulum 2014)
S1P A. thaliana Lepidoptera Serine Thick-walled (Coursol et al.,
protease sieve 2003)
elements
C14/RD S. lycopersicum, P. infestans, Cysteine Apoplast (Boex-
21 . Hyaloperonospora protease Fontvieille et
A. thaliana arabidopsidis al., 2015;
Pogorelko et al.,
2019a; Shindo
etal., 2012)
Mirl- Z. mays Spodoptera Cysteine - (Mohan et al.,
CP/Mirl frugiperda protease 2006; Pechan et
al., 2002)
PIP1 S. lycopersicum  C. fulvum, P. Cysteine Apoplast (llyas et al.,
infestans, P. protease 2015; Tian et
syringae al., 2007)
HvPap- H. vulgare Magnaporthe Cysteine - (Diaz-Mendoza
1C1A oryzae, protease etal., 2014)
Tetranychus
urticae
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1.11 Aims, expectations, and objectives

The beet cyst nematode H. schachtii causes severe losses in sugar beet production
worldwide. Sugar beet lines, TR520 and TR363, carrying a chromosomal translocation
segment from the wild relative P. procumbens are resistant to BCN. Gamma irradiation of
the resistance translocation line TR520 resulted in the lines TR659 and TR320 that are
susceptible to BCN. Therefore, | expected that the nematode resistance gene against the
sugar beet cyst nematode H. schachtii is located on the region shared by the resistant
translocation lines TR520 and TR363 while absent in the susceptible lines TR659 and
TR320.

The aims of my study are as follows:

1. to generate a complete sequence assembly of the translocation segment on the
translocation line TR520,

2. to identify the translocation breakpoint,

3. to identify and characterize the candidate genes found in the translocation regions
that are present in the resistance lines but absent in the susceptible lines (critical-
region),

4. to identify the candidate genes, analyze their structure and expression profiles, and
functionally characterize them through knockout and overexpression in the hairy
root system.
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2 Materials and Methods
2.1 Plant materials and growth conditions

The plant material used in this study is described in Table 6. Translocation line TR320
and TR659 were identified after a marker-based screening of 578 My offspring of 400 Gy
gamma-irradiated seeds of line 950631 are susceptible to the BCN (Hans Harloff,
personal communication). The resistant hybrid NEMATA and the sensitive line 093161
were used for CRISPR-Cas and overexpression experiments, respectively. For DNA
isolation, plants were grown in the greenhouse under long-day conditions (16h light/8h
dark) at 22°C.

Plant material used for all experiments including their seed codes and phenotypes are
shown in Table 6.

Table 6: Seed code information for all the seed material used in this project.

Name Seed code Species Phenotype® Source

. . Heijbroek et al.
TR520 100043 B. vulgaris Resistant (1988)

. . C. Jung & Wricke,
TR363 930363 B. vulgaris Resistant (1987)
TR659 121490 B. vulgaris Susceptible Hans Harloff

] . (personal
TR320 071320 B. vulgaris Susceptible communication)

Dieckmann GmbH

093161 930176 B. vulgaris Susceptible & Co. KG

P. procumbens 950056 P. procumbens Resistant Seed bank, IPK

Syngenta Seeds

NEMATA 180819 B. vulgaris Resistant GmbH

2 Resistance against BCN

2.2  Nematode resistance tests

The beet cyst nematodes were propagated in the greenhouse under non-sterile conditions
on susceptible sugar beet plants (093161). Fully developed brown cysts were harvested
from the roots onto 50um sieves. A 3 mM ZnCl; was used to stimulate the hatching of
juveniles under dark. Nematodes were examined under a binocular microscope. Only
suspensions with >90% mobile nematodes were taken as inoculum. For in vitro tests,
nematodes were surface sterilized by soaking them in 0.05% HgClI. solution for 30
seconds, followed by four times washing with sterile water and resuspension in 0.2%
(w/v) Gelrite (Duchefa Biochemie B.V., Harlem, Netherlands). Two hundred fifty sterile
nematodes were used to inoculate the roots.

For greenhouse resistance tests, plants were grown in 20 ml tubes filled with sterile sand
(grain size 0.1 - 1.5 mm), sterilized at 80°C for 3 hours. Six hundred freshly hatched
second-stage juveniles (J2-larvae) were added to each plant with a syringe. After 4 weeks,
plants were harvested and washed, and roots were examined under a binocular
microscope. For further analysis, root samples were collected 3, 6, 9, and 12-days after
inoculation, with three biological replicates per sample, and were stored at -80°C.
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For in-vitro resistance tests, hairy roots of size 1 cm in length were transferred to fresh
Petri-plates containing B5 media. Petri-plates with hairy roots were kept in the climate
chamber (22°C at dark). After two to three weeks of growth, the hairy roots were
inoculated with 250 sterilized H. schachtii Schach-0 J2 larvae. Cysts/L4-females were
counted under the stereomicroscope four weeks after inoculation.

2.3 DNA isolation

Genomic DNA was isolated from leaves and hairy roots using the CTAB extraction
method (Rogers and Bendich, 1985). Leaves and hairy root tissues were freeze-dried for
48hrs. Lyophilized tissues were ground using Geno/Grinder® (SPEX SamplePrep, New
Jersey, United States). 65°C 2X CTAB buffer was added to the ground tissues. After
incubation for 30 min at 65°C, an equal amount of chloroform/isoamy! alcohol (24:1) was
added. After centrifugation, the supernatant was transferred to a new tube and mixed with
an equal amount of isopropanol. After overnight incubation at -20°C, samples were
centrifuged at 11000g. DNA precipitation was followed by two washing steps. DNA was
resuspended in 100 pl ddH20 containing RNAse A.

2.4 RNA isolation

For RT-gPCR, RNA was isolated from root and leaf tissues, and hairy root clones were
generated in the over-expression experiment. Root samples were harvested from
inoculated plants 3, 6, and 9 days after inoculation (dpi) along with samples from non-
inoculated plants. Roots were briefly washed with water to remove sand. Samples from
RFP-positive hairy roots were collected before infection tests to measure relative gene
expression. Leaves, roots, and hairy roots were shock-frozen in liquid nitrogen and stored
at -70°C until further use. Frozen tissues were homogenized in four cycles for root tissues
and two cycles for leaf tissues (2 min each cycle) using a Geno/Grinder® (SPEX
SamplePrep, New Jersey, United States) according to the manufacturer’s instruction.
Samples were submerged into liquid nitrogen after each cycle to prevent them from
thawing. RNA isolation and DNase treatment were carried out according to the
instructions provided with the PeqGold Total RNA Kit (PEQLAB Biotechnologie GmbH,
Erlangen, Germany). The quality of the RNA was checked by agarose gel electrophoresis
and a NanoDrop2000 spectrophotometer (ThermoFisher Scientific, Waltham, United
States) was used to calculate the concentration of the isolated RNA.

2.5 PCRand RT-gPCR

For the analysis of the breakpoint sequence, primers H203 and H208 were used. For
subcloning of the AtU6-26-sgRNA cassette from pChimera to p201G vector, the primers
rbd_gRNA_F and rbd gRNA_R were used. PCR experiments were also carried out to
confirm the presence of the transgene in genomic DNA from hairy root clones. For the
CRISPR-Cas knock-out experiment, Casl_f and Casl r primers were used. For the
overexpression experiment, F_OEX and R_OEX primers were used. For genotyping of
CRISPR-Cas mutagenized hairy root clones, rbd_10F and rbd_10R primers flanking the
two target sites were used.

For RT-gPCR, one pg of RNA was used for cDNA synthesis using the First Strand
cDNA Kit (Thermo Fisher Scientific, Waltham, United States). cDNA was produced by
adding one pl of Oligo (dT)1sto the RNA. The mixture was centrifuged and incubated at
65 °C for 5 min. Then, 5X reaction buffer, RiboLock RNase inhibitor, ANTP mix,
RevertAid M-MuLV RT (reverse transcriptase) were added. The mixture was incubated
at 42 °C for 60 min. The reaction was terminated by heating at 70 °C for 5 min.
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RT-gqPCR was carried out using Platinum™ SYBR™ Green qPCR SuperMix
(ThermoFischer Scientific, Waltham, United States) using the primers hs4_F and hs4_R.
Expression levels were calculated with the comparative AACt method (Livak &
Schmittgen, 2001). Bv.GAPDH was used as endogenous controls to normalize gene
expression levels. Three biological replicates were taken for each sample.

The sequences of the primers used in addition to the annealing temperature are mentioned
in Supplementary Table 1.

2.6 DNA sequencing

DNA isolation for Sanger sequencing was done using CTAB extraction method (Rogers
and Bendich, 1985). Sanger sequencing was carried out for the breakpoint sequence
analysis, in addition to identification of CRISPR-Cas induced mutations. Sanger
sequencing was performed at Institute of Clinical Molecular Biology (IKMB, Kiel
University, Germany).

2.7 DNA sequence libraries

For this study, the following sequence libraries were available. Two paired-end (PE)
libraries, one mate-pair (MP) library and a RNA sequencing library for TR520, in
addition to two PE libraries for TR363 and one PE library for TR659 (J4ger, 2012). |
downloaded the whole genome sequencing (WGS) reads for the commercial sugar beet
line KWS2320 from NCBI-SRA (SRR869754). Read quality was assessed using the
quality control tool FastQC (version 0.11.5) (Andrews, 2010). The WGS data and
transcriptome data that were used in this study are listed in Table 7.

Table 7: Whole genome sequencing/transcriptome sequencing data used in this study. PE: Paired-end, MP:
Mate-pair, RNA-Seq: Transcriptome sequencing. The P. procumbens sequences were kindly provided by
Dr. Chris Richards, (ARS USDA, USA).

Genotype  Number Typeof Read Number Reference NCBI #

of NGS length of reads

sequence libraries (bp) (millions)

libraries
TR520 2 PE 101 214 (Jéger, 2012) -
TR520 1 MP 101 139.8 Unpublished -

(Jager, 2012)
TR520 1 RNA- 101 81.3 (Jager, 2012) -
Seq

TR363 2 PE 101 213 (Jéger, 2012) -
TR659 1 PE 101 178.5 Unpublished -
KWS2320 1 PE 101 20.9 (Jager, 2012) SRR869754
P. 2 PE 150 367.9 Chris Richards, -
procumbens (personal

communication)

22



Materials and Methods

2.8 Bioinformatic analysis

TR520 paired-end and mate-pair genomic DNA read libraries were de-novo assembled
using SOAPdenovo2 assembler (version 2.04) (Luo et al., 2012) on a hybrid NEC high
performance system at the Kiel University Computing Centre. The assembly was
performed using a computing node with 384 GB of RAM. KmerGenie was used to
predict the best k-mer length (Chikhi and Medvedev, 2013). Two de-novo assemblies,
one with k-mer size 91 (TR520v1) and another one with k-mer size 61 (TR520v2), were
generated. To fill the gaps within the scaffolds, the seed-and-extend local assembler
GapFiller was used, using default parameters (Boetzer and Pirovano, 2012).

RepeatModeler based repeat annotation workflow was followed, using NCBI BLASTDB
as input to the repeat modelling pipeline, to identify and classify the repetitive sequences
in the translocation line TR520 (http://www.repeatmasker.org). NCBI standalone blast+
(version 2.9.0) was used for sequence search and comparison (Camacho et al., 2009).
Prediction of protein coding gene structures was performed using the MAKER gene-
annotation pipeline (blast_type = ncbi+, est = 1, protein = 1, cpu = 32), with Illumina
RNA-seq reads as transcript evidence and published protein sequence from RefBeetv1.2.2
assembly as protein evidences (Holt and Yandell, 2011). Small and non-coding RNA
were identified based on homology searches. Functional annotation was done using de-
novo transcriptome assembly strategy based on Trinotate de-novo annotation pipeline
(Bryant et al., 2017).

Configuration files including the parameters used by SOAPdenovo2 de-novo assembler
and MAKER pipeline are available as supplementary data.

The subcellular localization was predicted using DeepLoc-1.0 webserver
(http://www.cbs.dtu.dk/services/DeepLoc-1.0/) (parameter = protein encoding profiles),
which uses convolutional neural network to predict the most probable sub-cellular
localization of a protein based on its amino acid sequence.

Sequence similarity of the protein sequence to entries from the peptidases database
MEROPS was assessed using the online BLASTP (default settings) service of EMBL-
EBI (https://www.ebi.ac.uk/Tools/sss/ncbiblast/). BLASTP hits from MEROPS database
were aligned using Clustal Omega (Madeira et al., 2019) (default parameters). The
multiple sequence alignment was used to construct the phylogenetic tree which was then
reformatted for better visibility using iTOL webserver (Letunic and Bork, 2019). Finally,
the multiple sequence alignment was visualized in the multiple sequence alignment and
analysis workbench Jalview (Waterhouse et al., 2009).

2.9 CRISPR-Cas mediated gene knockout and overexpression studies

For targeted (CRISPR-Cas) mutagenesis, two vectors, pChimera (Fauser et al., 2014) and
p201G (Jacobs et al., 2015), were used. | selected two 20-bp target sequences (T1 and T2)
located within the first exon of the ORF1 gene and next to a 5'-NGG PAM site. For
cloning into the pChimera vector, DNA oligonucleotides of the designed target sequences
were synthesized having overhangs of the Bbsl restriction site (Eurofins Genomics,
Ebersberg, Germany). To avoid using antibiotics, | used the p201G vector (Addgene,
Massachusetts, United States), containing the green fluorescence protein (GFP) encoding
gene under the transcriptional control of the enhanced CaMV35S promoter as a reporter
gene. The AtU6-26(P)-sgRNA cassette was amplified from the pChimera vector using the
rbd_gRNA_F and rbd_gRNA_R primers. The PCR product and the p201G vector were
digested with the I-Ppol restriction enzyme. Then, the digested PCR product was ligated
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into the p201G plasmid by incubating the digested plasmid and PCR product with T4
ligase at 22°C for 1 hour (Figure 4).

AtUG-26 (P)-sgRNA cassette

!
l

Cas9
I RB
} LB
p201G w= CalMV 35S promoter
eGFP

¥ 1Ppol
B AtUB-26 Promoter
B soRNA

Figure 4: Sub-cloning of AtU6-26(P)-sgRNA cassette into p201G vector. The p201G plasmid carries Cas9
and eGFP encoding genes, each driven by a 35SCaMV promoter and an I-Ppol restriction site to clone the
AtUB-26 (P)-sgRNA cassette. The cassette was amplified from the pChimera vector using rbd gRNA_F
and rbd_gRNA_R primers with 1-Ppol restriction site overhangs and ligated into the p201G vector.

For overexpression of the ORF1 coding sequence, the vector pBin35SRed was used
(Pidkowich et al., 2007). pBin35SRed carries the gene encoding Red Fluorescent Protein
(RFP) under the transcriptional control of the cassava vein mosaic virus (CsVMV)
promoter as a selectable marker. The coding sequence of the ORF1 gene was amplified
by PCR using primers F_OEX and R_OEX with Xbal and EcoRI restriction sites. The
PCR product and the pBin35SRed vector were digested with the EcoRI and Xbal
restriction enzyme. Then, the digested PCR product was ligated into the pBin35SRed
plasmid (Figure 5). The recombinant plasmids obtained (p201G-Cas-9-gRNA and
pBin35SRed-ORF1) were transformed into A. rhizogenes using heat-shock approach
(Quandt, 1993)

ORF1 cDNA

START
Exon1 Exon2 Exon3 Exon4 Exon5 \STOP

\' ) — — ' = ggRed

‘1B
NOS-Terminator
pBin35SRed ==) CsVMV promoter
==) Terminator
35S-Promoter
v EcoR1
Xba1

Figure 5: Cloning of ORF1 cDNA into the overexpression vector plasmid pBin35SRed. The ORF1 gene
was cloned into pBin35SRed plasmid carrying the RFP encoding gene driven by the CsVMV (Cassava vein
mosaic virus) promoter. ORF1 cDNA was amplified using F_OEX and R_OEX primers with EcoR1 and
Xbal restriction sites overhangs. The PCR amplicon was ligated to the pBin35SRed vector behind the 35S
promoter at the ECoR1/Xbal restriction sites.
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2.10 Agrobacterium mediated hairy root transformation

Agrobacterium transformation and hairy roots production were carried out according to
the protocol by Kifle et al. (1999). In brief, 1-2 cm leaf stalks from the resistant line
NEMATA were cut and co-cultivated with A. rhizogenes containing the recombinant vector
p201G-Cas-9-gRNA placed on B5 plates where they were kept in a climate chamber in
the dark at 22°C for 48 hours. Afterward, the leaf stalks were kept at 20°C under long-day
conditions until hairy roots were observed. Hairy roots 1-2 cm in size were cut from the
leaf stalks and placed on fresh B5 plates containing cefotaxime (40 mg/l) (Duchefa
Biochemie B.V., Harlem, Netherlands) and kept at 20°C under long-day conditions until
hairy roots were observed. Hairy roots 1-2 cm in size were cut from the leaf stalks and
placed on fresh B5 plates containing cefotaxime (100 mg/l). The same procedure was
carried out for the over-expression of ORF1, where leaf stalks from the susceptible line
093161 were transformed by A. rhizogenes carrying the recombinant vector pBin35SRed-
Hs4.

2.11 Microscopic studies

For fluorescence microscopy analyses, transgenic hairy root clones in sealed Petri plates
were observed under a fluorescence stereomicroscope (Nikon SMZ25, Nikon Instruments
Europe B.V., Netherlands). NIS-Elements BR microscope imaging software (Nikon
Instruments Europe B.V., Netherlands) was used to capture images. Nikon GFP-B
bandpass filter cube (A Excitation =470 nm) was used to detect hairy root clones
expressing GFP. Nikon Texas Red bandpass filter cube (A Excitation = 560 nm) was used
to detect hairy root clones expressing DsRed (RFP). Images were taken with a 100 and
900 ms exposure time for detecting GFP and RFP, respectively. Further processing of the
raw images was performed using the FIJI image processing package (Schindelin et al.,
2012).

25



3 A complete sequence of the P. procumbens translocation in
sugar beet

3.1 Genome assembly and translocation characterization

The genome of the translocation line TR520 was assembled using Illumina HiSeq2000
reads with depth of coverage around 110x and mate-pair reads library. The initial
assembly (TR520v0) was obtained using SOAPdenovo2 (Luo et al., 2012) assembler with
k-mer size of 91. To reduce the number of gaps, | further improved the assembly using
GapFiller (Boetzer & Pirovano, 2012b). The number of gaps was reduced from 510,137
to 192,258. A final assembly of 614 Mb with 87.82% non-gapped sequences was
obtained (TR520v1). Knowing that assembling with different k-mer sizes can help in
resolving different repetitive sequences, a second de-novo assembly (TR520v2) for the
translocation line TR520 (TR520v2) with k-mer size of 61 was generated. In addition to
WGS reads of TR520, high quality raw reads (mean phred score = 38 and average read
length = 101 bp) of the resistant line TR363 and the susceptible line TR659 were also
available (Jager, 2012).

To find the translocation-specific sequences, | followed three search strategies. First, to
find the initial set of translocation-specific sequences, | used previously published
translocation-specific molecular markers in addition to BAC and YAC sequences
(Schulte et al., 2006). Based on the presence of repetitive sequences that are specific to P.
procumbens (Dechyeva et al., 2003; Schmidt et al., 1990), I identified more translocation-
specific scaffolds. To further elucidate the translocation segment, WGS paired-end reads
from P. procumbens and KWS2320 sugar beet lines were mapped to TR520 assemblies,
and read mapping coverage for both mapping files was calculated using genomeCoverage
of Bedtools (Quinlan and Hall, 2010). Scaffolds on which reads from P. procumbens but
not from KWS2320 were mapping, were assigned as translocation-specific scaffolds.
Employing these strategies, 19 scaffolds from the first assembly TR520v1 and 42
scaffolds from the second assembly TR520v2 were identified. Using an all to all local
BLASTN (word size = 91) search, in addition to manual visualization of mate-pair read
mapping on IGV, both sets of scaffolds were then arranged, joined, or combined to get a
consensus translocation sequence. Finally, two super scaffolds for the whole
translocation, super-scaffoldl1, and super-scaffold2 of size 1.109 and 2.121 Mb,
respectively, were generated. There is still a gap between super-scaffold1 and super-
scaffold2. However, as indicated in the Desel et al. (2001) the translocation is at the very
end of the chromosome. It indicates that gap should not be very big. However due to
highly repetitive sequences either side of the gaps, it is not fasible to fill the gap using
only short read sequencing technique. Detailed summary statistics of the de-novo
assemblies are presented in Table 8.

To determine the position, size and characteristics of the translocation region, | used four
BAC and four YAC clone sequences published in Schulte et al. (2006) to select the initial
set of scaffolds that are specific for the translocation segment. Previously published P.
procumbens specific repetitive sequences, pTS4.1, pRK643, pAp4 and pAp22, were
localized onto 19 translocation specific sequences from TR520v1 using BLASTN
alignment with e-value < 7.0E-4 and word size = 30 (Figure 6). Except for the highly
repetitive regions of the translocation segments in TR363 and TR520, high sequence
homology (> 95%) between the two translocations was observed since the translocation in
both TR520 and TR363 originates from P. procumbens. The sequence analysis also
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showed that certain regions of the translocation segment are absent in TR363 compared to
TR520. This was expected as the two translocation lines originated from two independent
translocation events. | used mate-pair mapping data to determine the adjacent scaffolds.
Then, | manually curated and joined the translocation-specific scaffolds by inspecting the
mate-pair library mapping data in IGV. A final translocation region assembly of 3.2 Mb,
spanning 2 super scaffolds of 1,109 kb and 2,121 kb was generated (Figure 7A, Table 9).

Table 8: Whole genome assembly statistics for TR520.

Statistics de-novo Gap-filled
assembly k- assembly
mer size 91
Total bases 598,022 kbp 614,682 kbp
Total scaffolds/contigs | 24,288 24,288
Largest scaffold 820,831 bp 838,629 bp
N50 97,583 bp 99,863 bp
N’s 137,815,733 bp | 74,832,912
#Gaps 510,137 192,258
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Figure 6: Localization of previously published P. procumbens specific repetitive elements on translocation specific scaffolds. pTS4.1 (Sau3A I1) (red vertical bars),
pTS3 (Sau3A 111) (purple vertical bars), pAp4 (green vertical bars) and pAp22 (black vertical bars). Scale size is 50 kb. Each horizontal bar represents a scaffold.



A complete sequence of the P. procumbens translocation in sugar beet

CAU3136

CAU3133

CAU1832

TR320

TRE59

- tﬂ.ﬂbﬁ?ﬂ

TR363

TR520

YAC118

YAC128

YAC104

YACs

YACS8

BAC100

BACS2 DBAC132

BACs

BACS7

fdyrd
po1d
g

pdrd
L'rsld

pdrd

pdrd

frdwrd

fdyd

fdyrd
pdrd
L'ps1d

pdrd

frdrd

pdyd

Epayd
£penyd

P procumbens

repeats

09982150

| 2raze's

S7599 === g 15066

05852 5

6L6L'S

$12163

| sioees

| PELESOSO

5.11963

51723

5.8090

55217

9GLEL'S

— 99992'S

EL6L'S
6986E'S

| osziis

LIEY'S

| srezs

WGS

scaffolds

super scaffold 2

super scaffold 1

2,121kb

1,109 kb

W no_ﬁmw.“ﬂ

J uotoag

{

H uondes

ELMIEEF

T uons

3 uondR

[ wonAss

 Uo12aS:

o) E_ﬁom.ﬁ

q qoﬁuow."ﬁ

AR (JIREIN

[ uonsag

TR320

prrryrnninmerryy l"'""”l'"l

TRG659

centromere

||||||| CAU3737
||||||| CAU3611

CAU18T7

CAU361T

-—- - CAUIR66

CAU3415

||||| .—l Hsjprrol
CAU3G18
||||||| CAU3615
||||| _I CAU3608
||||| — - CAU3615

..... T GAmTE
---=-1- cauder

A ik
||||| 1. cavsem
- .l.._ - CAU3747

CAU3746

CAU3745

CAU3742
CAU3T4]
CAU3ZT40
CAUT38

CAD3619
CAU3602
CAU3618

CAU3595
CAU3601

CAU3133
CAU3596

CAU3137
|

- CAU3597

CAU3734
CAU3598

CAU3729

"

CAU3727
CAU3736

TR363

=]
B —ﬁ
o ___ _W
7] a
I'lﬂ ||||||| @ gl
= A
. o Ba

I | sss
BN [ —wa
I _ 3]
&
@
e &
o
I R SR
|, *8 " —_
B o EEEE T R i - - - 3
e A Ed
- IIIIIZC Bl =
u—ﬂ
— - - - - o - 4- -5
T SR 2
=
— - :._mu e pe-f”
g —A
— g fEEERETREN B
= 13
— el <
— e ] — 5- -
E
— o USRI B _ g o
= 51
I IR L _%
el oo ________
P
=
=)
Q &) &) Smm
o2 < OF
= ol o} =

826 kb

Super contig 2-3

683 kb

Super contig 1

Figure 7: Comparison of the physical map of the P. procumbens translocation based on (A) this study. and

(B) previous work of Jager (2012). (A) Physical map of the P. procumbens translocation from the resistant
sugar beet line TR520 based on WGS data, P. procumbens specific repetitive sequences and YAC and BAC

clones, in comparison to translocation lines TR363 (resistant), TR659 and TR320 (both susceptible). Green

bar depicts sugar beet, red depicts the P. procumbens translocation. The dotted lines depict the sequences

only present in resistant lines. Four sequences each for YAC and BAC clones are shown as black horizontal
bars. Blue labels are published P. procumbens specific repeats. Individual scaffolds originating from WGS
are shown as purple bars along with the name of each scaffold. The gaps between the red bars for TR320,
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TR659, and TR363 represent absent translocation regions. The breakpoint of the translocation is marked
with a black inverted triangle. Translocation line TR520 possesses a translocation segment of size 3.2 Mb
composed of two super scaffolds bearing sizes 1.109 kb and 2.121 kb. (B) A sequence-based physical map
of the P. procumbens translocation of line TR520. The map was aligned with molecular markers (CAU
numbers) derived from the bacterial artificial chromosome (BAC), and yeast artificial chromosome (YAC)
ends and scaffold sequences obtained by WGS sequencing (see Figure 1). A minimal tiling path of YACs
and BACs and the scaffolds from WGS sequencing are integrated into this map. ‘Sections’ denote
translocation-specific sequences present or absent on different translocation lines identified by marker
analysis. The term ‘super scaffold’ (SS) is used for assembled contigs and scaffolds of different genome
assemblies of P. procumbens and the translocation lines TR520 and TR363 of the WGS data. ‘Super
contigs’ are the largest types of sequence assemblies on the physical map and incorporate BACs and super
scaffolds of the WGS sequencing, whereas the contigs of the physical map presented by Capistrano (2009)
are named ‘BAC contigs’ in the following (compare Figure 1). Scaffold mapping is shown in Figure 14.
Shaded areas highlight the different sequence resources mapped to the translocation: YACs, BACs and
WGS scaffolds. Regions in common between both resistant translocations and absent from the susceptible
translocation are highlighted in yellow.
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Table 9: Scaffolds from the translocation region (TR520), their size and the number of genes/ORFs present
in each. The presence of a sequence was concluded based on the read mapping coverage.

WGS scaffold

Super

Present in (coverage)

# (TR520) contig 2 (®P)  TR659 TR363 P #ORFs
procumbens
1 Scaffold20345 1 27,744 100 0 100 0
2 Scaffold4317 1 29,534 100 0 100 0
3 Scaffold11250 1 31,664 100 0 100 0
4 Scaffold39869 1 17,587 100 100 100 1
5 Scaffold19738 1 148538 100 40 100 16
6 Scaffold26666 1 129,237 100 0 100 13
7 Scaffold5217 1 413137 100 55 100 34
8 Scaffold13756 1 115661 100 0 100 11
9 Scaffold8090 1 196,039 100 10 100 10
10 Scaffold1723 2 189,950 100 12 100 10
11 Scaffold11953 2 505473 10 33 100 29
12 C5063194 2 3,447 0 100 100 0
13 Scaffold33615 2 74133 0 46 100 8
14 Scaffold12163 2 472,883 60 67 100 30
15 Scaffold7599 2 341,655 100 100 100 26
16 Scaffold19719 2 109,697 100 100 100 5
17 Scaffold15066 2 302,074 100 100 100 29
18 Scaffold25850 2 75088 100 100 100 3
19 Scaffold32842 2 41221 100 100 100 4
Total: 3,230,762 229
3.2 ldentifying the translocation breakpoint at the end of super scaffold 2

To identify the translocation breakpoint, I had two possible scenerios. The first scenario

was that the breakpoint should lie within a scaffold whose one side shows high sequence
similarity to B. vulgaris chromosome while the other side shows high sequence similarity
to P. procumbens chromosome. The second scenario was that some mate-pair reads, will
have one read from the pair mapping to a translocation-specific scaffold and the second
read mapping to a sugar beet-specific scaffold. The first scenerio assumes that the DNA
fragment containing breakpoint was not lost during sequencing library preparation and
was not discarded during de-novo assembly. From a practical point of view, there are
plenty of reasons that the first hypothesis can fail. However, in the second scenerio, such
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limitations do not apply because the second scenerio doesn’t detect breakpoints directly
but instead identifies the regions near breakpoints.

After analyzing the mapping coverage of WGS reads from both P. procumbens and
KWS2320, none of the translocation-specific scaffolds of TR520 de novo assembly had
sequences matching to both P. procumbens and KWS2320. Therefore, | disregarded the
first hypothesis. The used mate-pair reads have an average distance of 5 kb; therefore,
the probability that the breakpoint lies between two mate-pair reads was high. In
principle, there can be a single read that includes the breakpoint, but it is almost
impossible to find such a single read due to very high computational requirements.
Therefore searching for such a read was not a feasible option. | then used the mate-pair
reads and identified the breakpoint by scaffold walking. In the process of finding adjacent
scaffolds, mate-pair scaffold joining pairs were identified by looking at both ends of the
scaffold in IGV. Certain mate-pair reads which mapped to the translocation specific
scaffold, super-scaffold2, had mates mapping to the contig C5128660. As no reads from
P. procumbens were mapped to contig C5128660 while reads from KWS2320 did, |
concluded that this scaffold does not belong to the translocation region and specific to
sugar beet. The fact that the translocation-specific super-scaffold2 joins the sugar beet-
specific contig C5128660, was the first indication that the genomic region joining these
two scaffolds harbors the translocation breakpoint. Therefore, PCR primers were
designed to amplify the region from position 2,117,983 bp on super-scaffold2 to 195 on
contig C5128660. | expected that the size of the PCR amplicon would be below 5 kb,
which is the average read-pair distance. The PCR was carried out using genomic DNA
from TR520, TR363, P. procumbens and sugar beet (093161). A band of 567 bp was
observed for TR520. While a smaller band of size ~500 bp was observed for TR363,
instead of expected band of size 567 bp. No band was observed for sugar beet nor for P.
procumbens (Figure 8). The PCR product from TR520 was sequenced by Sanger
sequencing. A BLASTN search showed that nucleotides 343 bp to 543 bp displayed
complete homology to sugar beet (Bvchr9_un.sca002) whereas 1 bp to 342 bp displayed
complete homology to super scaffold 2 from the translocation. This experiment showed
the exact position of the translocation breakpoint between super-scaffold2 and contig
C5128660 via Sanger sequencing PCR product at position 341 bp from forward primer
(Figure 9).

The sudden drop in mapping coverage of WGS reads from TR520 mapped to
RefBeetv1.2.2, at around 420 kb in Bvchr9 _un.sca002 (Supplementary Figure 1), further
confirmed that this was the translocation breakpoint. Interestingly the mapping coverage
did not drop to zero, but it was almost half of the initial coverage. It shows that half of the
genetic material of this region is still present in the genome represented by these reads.
Therefore, | concluded that the translocation is hemizygous.

From this experiment, | could locate the proximal end of the translocation segment.
However, it was not possible to resolve the assembly as | move towards the telomere.
Therefore, the current size of the translocation segment does not represent the complete
translocation. However, as shown by Desel et al. (2001), using FISH, the translocation is
present at the end of chromosome 9. Furthermore, it is well known that close to telomere
are highly repetitive sequences. Therefore it is safe to say that no genes are located close
to the telomere. For further experiments, | used the identified translocation sequence of
3.12 Mb.
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1000 bp 567 bp
500 bp — —*510 bp
250 bp —

Figure 8: Gel electrophoresis with PCR products using a primer combination flanking translocation
breakpoint. Genotyping the translocation breakpoint with two flanking markers (primer combination
H208/H203). The primers were tested in four different genotypes, P. procumbens, translocation line TR520,
translocation line TR363 and the sugar beet line 093161. A comparatively smaller band was observed in
TR363 and no amplification was observed in P. procumbens and 093161. 1 % gel, 30 min., 90 V.

| «
H?O?) 4____’__‘ ______ e H208

G}E:T TACAGCAGAGGTAGATCTAGTCGTGATAAAGGACCCGAATGAGTATGAACTATAACTCTATGAGGGATTGGGGGGGGGGGGGGGAGAG GC:AA
CTAATGTCGTCTCCATCTAGATCAGCACTATTTCCTGGGCTTACTCATACTTGATATTGAGATACTCCCTAACCCCCCCCCCCCCCCTCTCCGTT

AATGAAATCATGAAATCATATATCTTGCTTGGCTATAACTCTATGAGTATGAACTATAACTCTATGAGGGATTGGGGGGGGGGEGGGGAGAGGCAA
TTACTTTAGTACTTTAGTATATAGAACGAACCGATATTGAGATACTCATACTTGATATTGAGATACTCCCTAACCCCCCCCCCCCCCCTCTCCGTT

\ ” |
300 bp 341 bp 395 bp

Figure 9: Schematic representation of the translocation breakpoint in TR520. The dotted blue box depicts
the position of the breakpoint. Black arrow indicated the position of the translocation at the end of
chromosome 9 of translocation line TR520. Black arrow indicates the presence of translocation segment at
the end of one of the homologous chromosome 9 of sugar beet. Orange arrows indicate the position of
translocation breakpoint. Blue arrows indicate the positions of the primers used to amplify the region.
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4 Hs4 candidate gene identification
4.1 ldentification of the critical regions

| aimed to identify the critical regions, which are defined as parts of the translocation
segment present in both the resistant TR520 and TR363 lines but absent in the susceptible
TR659 line. To determine the positions of the critical regions, Illumina paired-end reads
from TR363 and TR659 were mapped to the TR520 genome assembly using BWA-
MEM, with a mapping quality >20 (Li, 2013). The number of reads per base was
calculated using genomeCoverage tool from Bedtools (Quinlan and Hall, 2010). As
TR520 carries the longest translocation, critical regions were considered where reads
originating from the gamma-irradiated TR659 did not map while reads from TR363
mapped, as shown by the blue dotted box in Figure 7A.

The average read-depth coverage of the TR659 and the TR363 libraries were 60x and
30x, respectively. However, in scaffold11953, at position ~105 kbp, the depth of
coverage per base for TR659 decreased from ~60x to Ox. As | further analysed the
coverage for TR659, | found that zero coverage for TR659 persisted throughout the next
contig C5128660 and scaffold33615 and over a segment of ~110 kbp in scaffold12163
(Figure 10). Zero coverage for TR659 indicated that these regions are missing in TR659. |
then analysed the read-depth coverage for TR363 in these regions and found that the
average read-depth is 30x. On scaffold11953 from 267,279 bp to 308,200 bp and from
456,657 bp to 512,869 bp, on contig C5063194 from 0 bp to 3,447 bp, on scaffold33615
from 0 bp to 36,121 bp and on scaffold12163 from 7,615 bp to 44,847 bp and 156,162 bp
to 185,888 bp, the coverage of TR363 was close to the average read-depth coverage.
Therefore, | concluded that these regions are present in TR363 (Figure 10). Based on the
coverage analysis from TR659 and TR363, | could identify the critical regions. | then
used karyoploteR (Gel and Serra, 2017) to create a linear scaffold representation of the
translocation region with the read-depth data of TR659 and TR363 (Figure 10). Usually,
de-novo assemblers insert gaps (long stretches of N’s) at unresolved places mainly due to
repetitive sequences. Therefore, | assumed that it is highly improbable that a gap harbors
a protein-encoding gene. Hence, gaps within assembled scaffolds were not considered as
critical regions. Based on the read-depth coverage analysis, | identified critical regions
encompassing a total size of 229 kb. | used the quality assessment tool for genome
assembly, QUAST, to evaluate the sequences in the critical regions. QUAST identified 91
gaps spanning 17,502 bp within the critical region, 7.6% of the critical regions.

Table 10: Scaffolds with high sequence homology between TR520 and TR363. These sequences were
named ‘critical regions’, because they were not present in susceptible TR659.

Scaffold ID Start-End (bp)  Size (bp) ﬁgﬂr‘]ﬁg‘; %)
Scaffold11953 260,621 - 307,644 40,921 99%
Scaffold11953 449,496 — 505473 56,212 98%
C5063194 03447 3,447 99%
Scaffold33615 0-36,504 36,121 99%
Scaffold12163 7,665 — 41,750 37,232 99%
Scaffold12163 153,194 — 186,220 29,726 99%

34



Hs4 candidate gene identification

TR0 (reas per bases)

scaffold8090

TRIED (reats per Dases)
scaffold13756
TRES (reacs per ases)
TRIED (s por s
scaffold5217
TRES (reacs per Dases)
TRIE) (reacs pir Dases)
scaffold39869
TREY (reats per tuses)
TRIE) (reats pir bases)

scaffold19738

- e W 1R E T ST W mm.__ s—.&k.ﬁ- T

T T P T W TN W~

TRID (reas per tases)

scaffold26666

scaffold4317

-
F I YR T ) .

4

RIS (reads per ases)
scaffold1723
TRESD (reacs par Dses)
TRIED (o por Dises)
scaffold11953
TRESD (reams por Dases)
TS (reads por bases)
C5063194
TRESH (reads par Dases)
TRIE) (reas pir Dases)
scaffold33615
TRES (reacs per bases)
TRIED (reacs par Dases)
scaffold12163
TRES (reas per Dases)
TRRSD (reacs per Dases)

scaffold7599

I..i..lll [T * TN TN AL.._.L aall. bl l .
ey

T . e R e e e

i ' a PRy ' . | ' ] g
[V YV Y ) TR Y T A‘.d. u‘ﬁﬂl I ud.luh Coidlall 0 L. Beeidbieentll s b b ek ) Nd_.u

o b M o - il 1~
e

i Jm .u...h.. b ocdae Gl Jaa h I.Jhﬂ—“uwﬁmiﬂim

TRIR) (reas per bases)

scaffold19719

oses)
TROR) (ream por tses)

scaffold15066

TR (reas por Dases)

TRIED roac por i) —
scaffold25850
—— 20 kb
TRIED (reads por Dases) ol is
scaffold32842 =—_—

Figure 10: Identification of the critical regions. The ideogram shows sequence coverage of reads from TR363 (red) and TR659 (blue) mapped to the translocation region
of TR520. The regions on scaffolds 11953, 33615, and 12163, where sequence reads from TR363 (red) are present while sequence reads from TR659 (blue) are absent,

were considered to be the regions of interest. Critical regions are the regions within the black lines, where there is continuous presence of solid red vertical bars but no
blue bars. Each horizontal bar represents one scaffold/contig of the translocation region. The green boxes within the bars represent the ORFs found in each scaffold.

Scale bar = 20 kb.
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4.2  Searching for ORFs within the critical regions

To find the genes in the critical region, | first annotated the whole translocation region.
For structural annotations, | used the MAKER gene annotation pipeline (Holt and
Yandell, 2011). RNA-seq reads were used by MAKER as transcript evidence and
published protein sequences from RefBeet-1.2.2 assembly as protein evidence. Functional
annotation was done using a de-novo transcriptome assembly strategy based on the
Trinotate de-novo annotation pipeline (Bryant et al., 2017) using UniProt protein
database, InterPro database, and Pfam database. In total, 229 protein-coding gene models
were annotated within the translocation region.

4.3 Candidate gene identification and characterization

Out of the 229 gene models annotated from the translocation region, 33 were present in
the critical regions, out of which 19 showed transcript evidence. None of the 33 genes
showed homology to resistance gene analogues with NBS-LRR type structure or to any
other known resistance gene. Genes present in the critical regions and have transcript
evidence along with their location are listed in Table 6. Unexpressed ORFs were not
considered as possible candidates. Putative functions were assigned based on sequence
homology search against the UniProt, InterPro, and Pfam databases. Interestingly, none of
the genes found in the critical regions were annotated as resistance gene analogues.
Therefore, | concluded that the Hs4 is not a resistance gene analogue.

Table 11: Genes present in the critical region. Gene ID is based on the most similar hit on the UniProt
database. UniProt description is the description of Gene ID on the UniProt database. ORF number is given
based on the position of ORF in the critical region. Previous ID, ID used in previous studies for the similar
ORF.

Gene UniProt InterPro Pfam ID | Locus ORF | Previous
ID description ID ID
rbi1l Rhomboid-like IPR022764 | PF01694 | scaffold12163:176733- | 1 -
protein 11 182590
rh2b Reticulocyte IPR012862 | PF00795 | scaffold12163:154933- | 2 -
binding protein 2 156686
homolog b
degp8 Protease Do-like | IPR001478 | PF13180 | scaffold12163:104167- | 3 -
8 IPRO09003 | PF13365 | 139066
anac094 | Putative NAC IPR003441 | PF02365 | scaffold12163:151358- | 4 -
domain- 152934
containing
protein 94
kabl Probable IPR023210 | PF00248 | scaffold12163:78663- | 5 -
voltage-gated 79887
potassium
channel subunit
beta
ddil DNA damage- IPR0O00626 | PF00240 | scaffold12163:93151- | 6 -
inducible protein 95009

IPR0O01995 | PF09668
IPR015940 | PF00627

1
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at1g097 | U2 small nuclear | IPR032675 | PF14580 | scaffold12163:58167- | 7 -
60 ribonucleoprotei 74947
nA'
topbpl | Topoisomerase IPRO01357 | PF12738 | scaffold12163:40881- | 8 -
(DNA) 11 45437
binding protein
- - - - scaffold12163:39378- | 9 -
39780
ddil DNA damage- IPRO00626 | PF00240 | scaffold12163:29298- | 10 -
|1ndu0|ble protein IPR001995 | PE09668 30342
IPR015940 | PF00627
metapl | - - - scaffold12163:21733- | 11 -
22102
fhy3 Protein FAR- IPR018289 | PF10551 | scaffold12163:5057- 12 -
RED Elongated 5798
hypocotyl 3
tah18 NADPH- IPR002048 | PF13202 | scaffold11953:488434- | 13 -
dependent 504646
diflavin IPR011992 | PF13499
oxidoreductase 1
b3galtl | Probable beta- IPR013057 | PFO1490 | scaffold11953:464428- | 14 ORF702
2 1,3- 474586 (PhD.
galactosyltransfe Thesis:
rase 12 Sarah
Jager)
irt3 Fe(2+) transport | IPR005162 | PF03732 | scaffold11953:450591- | 15 -
protein 3 456502
polx Retrovirus- IPR002659 | PF01762 | scaffold11953:483984- | 16 -
related Pol 484606
polyprotein from
transposon TNT
1-94
log8 Cytokinin IPR003689 | PF02535 | scaffold11953:298663- | 17 -
riboside 5'- 300030
monophosphate
phosphoribohydr
olase
slc38a6 | Probable - PF14223 | scaffold33615:30649- | 18 ORF901
sodium-coupled 32915 (Fen Qiao,
neutral amino Unpublish
acid transporter 6 ed data)
cbl10 Calcineurin B- IPRO31100 | PFO3641 | scaffold33615:15329- | 19 ORF902
like protein 10 23071 (Fen Qiao,
Unpublish
ed data)

Among the 19 expressed genes found in the critical regions, none of the genes were
shown to be involved in plant defense mechanisms. ORF14, earlier known as ORF702
(Capistrano, 2010), encoding beta-1,3-galactosyltransferase, was the only gene that was
shown to be involved in defense mechanisms in Vitis vinifera. However, it was already
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functionally characterized by Jager (2012) and found not to confer resistance against
BCN. Additionally, ORF803 speculated to be involved in BCN resistance was
functionally investigated by Fen Qiao (Unpublished data) but did not show any
phenotypic effect as per RNAI studies. Moreover, based on my work, | found that this
gene is absent in any critical regions and was present in the susceptible line TR659.

As none of the genes in the critical regions showed homology to a resistance gene
homologue, | carried out a careful literature survey to investigate whether any of the 19
OREFs are involved in plant defense mechanisms. Interestingly, proteases have been
shown to be involved in plant defense mechanisms in several species. For instance, a 33
kDa cysteine protease was shown to confer resistance against Lepidopterans in maize
(Pechan et al., 2000). In tomato, the papain like-cysteine protease Rcr3 was also shown to
be involved in Cf-2 mediated resistance against Globodera rostochiensis (Lozano-Torres
et al., 2012). In addition to the role of proteases in plant defense mechanisms, a serine
protease Sepl secreted by Bacillus fermus DS-1 has been shown to have a nematicidal
activity. Sepl could degrade multiple intestinal and cuticle-associated proteins in the
nematodes, thus inducing digestive toxicity (Geng et al., 2016).

Two genes encode serine protease according to the UniProt database search. However,
Protease Do-like8 (ORF3) was shown to be involved in the degradation of photo-
damaged photosystem |1 reaction in Arabidopsis (Sun et al., 2010). The other protease
was a rhomboid-like protease (ORF1). Rhomboid proteases are intramembrane serine
proteases that hydrolyze peptide bonds within a cell membrane (Urban and Dickey,
2011). Although rhomboid-like proteases have not been shown to be involved in plant
defense mechanisms, they are involved in developmental and innate immune responses in
animals. Moreover, in the nematode parasitic fungus Pochonia chlamydosporia,
rhomboid proteases have been expressed during the endophytic phase (Larriba et al.,
2014).

To find other homologs of ORF1, | performed a BLASTP search of the ORF1
polypeptide sequence against the UniProt database. The results showed the highest
similarity of 60.4% shared with two polypeptides. In addition, two proteins bearing
identities AOA0JBFQU9 and AOAOK9RQES were observed as Rhomboid domain-
containing proteins reported from Beta vulgaris (UniProt ID: BVRB_2g031850) and
Spinacia oleracea (UniProt ID: SOVF_040520), respectively (Figure 11).
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Figure 11: The unrooted phylogenetic tree of ORF1 with top nine BLASTP hits from UniProt database.
The two closest homologs (60% identity) to ORF1 are SOVF_040520, a rhomboid-domain encoding gene
from Spinacia oleracea (AOAOK9RQES), and BVRB_2g031850, which is a rhomboid-domain encoding
gene from Beta vulgaris subsp. vulgaris (AOA0JBFQUY). The phylogenetic tree was constructed using
Clustal Omega and edited in iTOL. Branch lengths, corresponding to the number of substitutions per site,
can be inferred by comparing to the given scale.

4.4 In-silico analysis of ORF1

According to the structural annotation by MAKER, the genomic sequence of ORF1 gene
covers 5786 bp, with 5 introns and 5 exons representing a coding sequence of 633 bp
(Figure 12A, B). The polypeptide encoded is 210 aa in length. It carries the Rhomboid
family domain between 112 bp to 582 bp (e-value = 1.63e-12) (Figure 12C). To predict
the protein features of ORF1, | used the fast and sensitive homology search webtool,
HMMER (Potter et al., 2018). HMMER predicted the protein domains by comparing
ORF1 protein to the Hidden Markov model (HMM) profile libraries. According to
HMMER the ORF1 protein encompasses five transmembrane domains, one signal
peptide, and two active sites (Figure 12C).

To further investigate the ORF1 protein in the context of other known proteases, |
performed a BLASTP search of the ORF1 protein sequence against the MEROPS
database. This database serves as an information resource for proteases and their
corresponding inhibitors (Rawlings et al., 2017). Top 20 hits based on ascending e-values
from MEROPS database search were used for multiple sequence alignment and
phylogenetic analyses (Rawlings et al., 2010). None of the hits were observed to be
involved in plant defense mechanisms. Using multiple sequence alignment, | identified a
nine amino acid sequence (LLRDRCPDN), from 122 to 130 aa, specific to ORF1 protein
(Supplementary Figure 2). Sequence alignment of ORF1 with its closest homologue in
sugar beet (UniProt ID: AOA0JBFQU9) was carried out (Figure 13). ORF1 is 210 aa long,
while AOA0JBFQU9 is 307 aa long. ORF1 protein and AOA0J8FQUY shared 60.4%
identity and shared the same active sites. The nine amino acid sequences that were shown
to be specific to ORF1 were also absent in AOA0JSFQU9.

39



Hs4 candidate gene identification

ATG TGA

(A) = i O o G s

il I I v Vo

Bonii Bon
®) ‘- >- - >- > 633bp
0 2(;0 4(;0 6(;0
$106 H181
(C) —— A B S AT —— 210 aa
: 5i) 10‘0 15=0 2(50

Figure 12: In-silico prediction of the ORF1 gene structure and protein domains. (A) Structural analysis of
ORF1. ORF1 contains 5-exons (grey boxes) and 5-introns (black line). The 5 and 3’-UTRs are depicted as
red boxes. ATG: Translation start site, TGA: Translation stop site. (B) ORF1 coding sequence. ORF1
coding sequence is a linear combination of 5 exons covering 633 bp. (C) ORF1 polypeptide sequence. The
signal peptide is represented by the blue box. Rhomboid family domain is represented by an orange box.
Five transmembrane domains are represented by black stripes, and two active sites of ORF1 protein are
shown by red bars (S106 and H181).

To predict the sub-cellular localization of ORF1 protein, | performed an in-silico analysis
of ORF1 using DeepLoc web server. The ORF1 protein sequence was used as a query.
DeepLoc predicted that the most probable sub-cellular location of ORF1 protein is the
endoplasmic reticulum (ER) membrane. The probability of ORF1 being a membrane-
bound protein was 0.99, whereas the probability of ORF1 being localized to ER was
0.5825 (Table 12). Unlike ORF1, according to DeepLoc AOA0JBFQUO is localized to the
plastid membrane. In addition, AOA0JBFQU9 has only four transmembrane domains
within the rhomboid family domain. The relatively low sequence homology and the
different sub-cellular localization and the difference in the number of transmembrane
domains suggested that ORF1 and the closest homolog in the sugar beet genome are
functionally different.

Table 12: Likelihood of ORF1 sub-cellular localization as calculated by DeepLoc. DeepLoc predicts the
subcellular localization of eukaryotic proteins.

Localization Likelihood
Endoplasmic reticulum 0.5825
Golgi apparatus 0.2871
Lysosome/Vacuole 0.0881
Cell membrane 0.0288
Plastid 0.0065
Mitochondrion 0.006
Extracellular 0.0006
Cytoplasm 0.0002
Peroxisome 0.0001
Nucleus 0.0001
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Figure 13: Sequence alignment of ORF1 protein with its closest homologue in the sugar beet genome
(AOA0JBFQU9). ORF1 is 210 aa long, while AOA0J8FQUQ is 307 aa long. Two active sites of ORF1
protein are shown by red asterisks (5106 and H181). The signal peptide is marked by the green line. The
rhomboid family domain is marked by the blue line. Brown line indicates the insertions

4.5 Transcriptional analysis of ORF1

Before | analyzed the quantitative expression via RT-gPCR in roots of NEMATA (3, 6, 9
and 12 dpi), | expected that ORFL1 is expressed only in response to nematode infection.
Despite the slight increase of the transcriptional activity at 9 dpi, no significant difference
was observed between infected and non-infected roots. This indicates that the ORF1 gene
activity is not altered upon nematode infection. Contrary to my expectations, | concluded
that ORF1 was stably expressed in roots before and after infection (Figure 14).
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Figure 14: Expression analysis of ORF1 gene in infected and non-infected roots. Quantitative expression
analysis of ORF1 gene in response to nematode infection in roots from the resistant translocation line 3, 6, 9
and 12 dpi. Gene expression was quantified relative to BvGAPDH. Error bars are defined by the SEM of
three biological replicates. No statistical significance was observed between the stages. Statistical
significance was analyzed applying ANOVA.
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To functionally characterize the gene activity of ORF1, | used two approaches: knock-out
and overexpression studies. After ORF1 was selected as the most promising candidate, |
aimed to produce ORF1 functional mutants by knockout via CRISPR-Cas induced
targeted mutagenesis.

5.1 ORF1 knockout mutants produced by CRISPR-Cas9 mutagenesis

To assure a complete knock-out of ORF1, | searched for target sites within the first exon
of ORFL1. | looked for sequences as per parameters described by Wang et al. (2019) to
enable the most optimum nucleotide composition for cleavage by Cas9 endonuclease. |
expected that hairy root clones generated from a resistant sugar beet line possessing a
non-functional ORF1 would be susceptible to BCN. The selected target sites, designated
T1 and T2, were 20bp long with the upstream protospacer adjacent motif (PAM) 5°-
‘NGG’-3’ (Figure 16A). Then, I looked for possible off-target binding sites using the
BLASTN search conducted against the TR520 genome and the RefBeet-1.2.2 genome.
The selected target sites were highly specific since no off-target hits were observed; with
the exception of T1 and T2 that were highly specific to the intended target region. Target
oligonucleotides T1 and T2 were first cloned into the pChimera vector, then the entire
SgRNA sequence and the U6 promoter were sub-cloned into the p201G vector. The
recombinant p201G, carrying the Cas9 encoding gene, SRNA-T1/T2 oligonucleotide
complex and GFP as a selectable marker, was used to transform a strain of
Agrobacterium carrying the root inducing plasmid (Ri). Agrobacterium transformed with
the final p201G vector was introduced to the BCN resistant sugar beet line NEMATA.

In total, 1,365 leaf stalks were transformed, out of which 64 stalks produced 184
independent hairy roots. On average, it took 3-4 weeks for the hairy roots to emerge from
either end of the excised leaf stalks. | expected that hairy roots integrated with the
CRISPR-Cas cassette should display a green fluorescence signal. Moreover, the
successful activity of the Cas9 endonuclease would subsequently result in the targeted
mutagenesis of ORF1.

Roots carried both T-DNA segments originating from the final Cas9 vector, and the Ri
plasmid were detected based on the fluorescence signal under a binocular fluorescence
microscope (Figure 15). The exposure time for image capture was calibrated to an extent
where the negative control displays no signals and the putatively transformed hairy root
clones showed a prominent signal. This enabled a reliable differentiation of genuine GFP
signals emanating from the transformed hairy root clones while reducing the chance of
false positives attributed to autofluorescence. An exposure time of 100 ms was optimum
for this. Out of 66 hairy root clones, 35.8% were GFP positive, indicating a possibly
stable expression of the Cas9 endonuclease (Table 13). The presence of the CRISPR-Cas
cassette was further confirmed by standard PCR using Cas9 gene-specific primers (casl_f
and casl_r) and gDNA from hairy root clones as a template.

For mutation screening, PCR using primers (rbd_10F and rbd_10R) flanking the target
regions in the first exon of ORF1 was carried out. The PCR products of all 66 roots were
Sanger sequenced. Four out of the 66 GFP-positive hairy roots showed three different
mutant alleles of ORF1, designated as hs4 1, hs4 2, hs4 3, and hs4_4. Allele hs4 1isa
9 bp deletion, thus not leading to a frame-shift mutation of ORF1. Two identical alleles,
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designated as hs4_2 and hs4_3, were single base pair insertions, and one allele designated
as hs4_4 carried a 5 bp deletion (Figure 16B).

(A)

(B)

Figure 15: Detection of GFP in hairy root clones under fluorescence microscope. (A) Bright field, dark
field and merged images of three weeks old hairy roots from control hairy root clone, showing no green
fluorescence (B) Bright field, dark field and merged images of three weeks old hairy roots from NEMATA
expressing the GFP gene from the p201G vector. Scale bar = 1000 um.
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Figure 16: Results from the knockout experiments. (A) The sequences and positions of the two target sites
in exon 1 of ORF1 are highlighted in orange. (B) Four independent CRISPR-Cas induced mutant alleles.
hs4_1isa 9 bp deletion. hs4_2 and hs4_3 are single base pair insertion. hs4_4 is a 5 bp deletion. Red letter
indicates insertions; Red hyphens indicate deletion.
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5.2 ORF1 overexpression mutants

| reasoned that ORF1 overexpression confers resistance against BCN. | hypothesized that
the transcriptional activity varies for different transgenic events. Therefore, | carried out
an overexpression experiment to study the effect of ORF1 expression in hairy root clones
derived from a susceptible sugar beet line. I first amplified the coding sequence of ORF1
from cDNA. The complete coding sequence covering all 633 bp of ORF1 was amplified
by PCR using primers F_OEX and R_OEX. The fragment was cloned into the EcoRI and
Xbal restriction sites of the overexpression vector pBin35SRed. The recombinant
pBin35SRed vector carrying the ORF1 coding sequence driven by a CsVMV (Cassava
vein mosaic virus) promoter and DSRED (RFP) as a selectable marker was cloned into
Agrobacterium rhizogenes strain ARqual. ORF1 overexpression cassette was introduced
into susceptible sugar beet line 093161 using Agrobacterium-mediated transformation.

In total, 547 leaf stalks were transformed, out of which 37 hairy roots were obtained. As a
result, 11 hairy roots were positive for RFP, indicating a double integration efficiency of
~30% (Table 13). The exposure time for image capture was carefully controlled to reduce
the chances of false observations originating as false positives attributed to
autofluorescence. An exposure time of 900 ms was found to be the most optimum.

To confirm the overexpression of ORF1, RNA was isolated from RFP-positive hairy
roots, and RT-gPCR was carried out. The expression level of ORF1 varied between the
different overexpression hairy roots obtained. For example, hairy root clone OEX3 did
not show any expression of ORF1, while OEX1 showed the highest expression level
(Figure 17).

Figure 17: Detection of RFP in hairy root clones under the fluorescence microscope. (A) Bright field, dark
field, and merged images of hairy roots from control hairy root clone, showing no red fluorescence (B)
Bright field, dark field and merged images of 12 days old hairy roots from the susceptible line 093161
expressing the DsRed gene and carrying the ORF1-overexpression cassette from the pBin35SRed vector.
Scale bar = 1000 pm.
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Table 13: Summary statistics of hairy roots obtained from knock-out and overexpression experiments.

Seed Experiment # Stalks Total # # Roots
code transformed number Fluorescing Edited expressing
of hairy roots roots Hs4
roots
180819 Hs4 1365 184 66 (35.8%) 4 -
knock-out
93161 Hs4 547 37 11 (29.7%) - 10

overexpression

5.3 Infection tests with transgenic hairy roots

An experiment was started to measure the infection rates in the different transgenic hairy
root clones generated. For infection tests, hairy root clones were transferred to the B5
media without antibiotics and were inoculated with 250 freshly hatched sterilized J2
larvae (Kifle et al., 1999). Inoculated roots were kept in the dark for four weeks;
afterward, females were counted under a binocular microscope.

For ORF1 knock-out hairy root clones, hairy root clones from the resistant line NEMATA
carrying wild ORF1 gene, and hairy root clones from susceptible sugar beet line 093161,
lacking ORF1, were used as controls. Each clone was represented by 5 sub-clones
(repeats). After four weeks of inoculation, females were counted in hs4_1, hs4 2, hs4 3,
and hs4_4 in addition to hairy root clones carrying the ORF1 wild genotype, and hairy
root clones from 093161. As expected, hairy root clones from NEMATA carrying the
ORF1 gene showed a complete resistance against BCN since no J4 females and cysts
filled with eggs were observed. As expected, hairy roots carrying the hs4_1 allele with a 9
bp deletion resulting in an in-frame mutation also showed complete resistance. The
number of cysts developing on hairy roots from 093161 ranged from 15 to 22, while the
number of cysts developing on hairy roots carrying hs4_2, hs4_3, and hs4_4 alleles
ranged from 34 to 51. This indicates that knock-out of ORF1 gene results in loss of
resistance against BCN in the otherwise resistant NEMATA (Figure 18)

To test the phenotypic effect of ORF1 overexpression, infection tests were carried out
with ten hairy roots that showed RFP signals and hairy roots from the susceptible 093161
as control. Four weeks after inoculation, I counted J4 females on all the infected hairy
roots. As expected, J4 females developed on hairy roots from 093161. Interestingly, a
relatively high number of J4 females (17 cysts) developed in OEX3 hairy roots, which
showed very low expression levels of ORF1. No J4 females were observed on OEX1,
OEX6, OEX7, OEX8, OEX9, and OEX10, which were the hairy roots that showed the
highest expression levels of ORF1 (3.7 to 1.46 relative to BvVGAPDH). Hairy root clones
OEX2, OEX4, and OEXS5, developed between 1 and 12 J4-females/petri dishes. In these
clones, the ORF1 relative expression ranged from 0.9 to 3.6 (Figure 19).

Taken together, these results demonstrate that putative knock-out of the Rhomboid-like
protease could be introduced via CRISPR-Cas mediated targeted mutagenesis. These
loss-of-function mutations resulted in a complete abolishment of the resistance
mechanism against BCN in ORF1 gene-edited hairy root clones. In contrast,
overexpression of the Rhomboid-like protease in susceptible hairy root clones was
successful in inducing a resistance mechanism against BCN.
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Figure 18: Infection tests of CRISPR-Cas mutated hairy root clones. Box-plot is showing the number of
cysts 4-weeks after infection in resistant (NEMATA), susceptible (093161), and 4 CRISPR-Cas mutated
hairy root clones (hs4_1, hs4_2, hs4_3, hs4_4). Each box shows an interquartile range; horizontal line
inside each box represents the median number of J4 females; vertical lines under the box show quartile 1;
vertical lines above the box show quartile 3. Each dot represents an individual number of J4 females in the
sample.
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Figure 19: Number of cysts is negatively correlated with expression levels of ORF1. A bar-plot showing
the expression levels of ORF1 (blue bars, left y-axis) in ten different overexpression hairy root clones, and
average number of cysts of five replicates 4-weeks after infection (yellow bars, right y-axis). Clone OEX3
showed no expression of ORF1 and showed the highest number of cysts among all RFP-positive hairy root
clones. Hairy root clones OEX1, OEX6, OEX7, and OEX10 had no developing J4 females. Error bars for
the relative expression represent SEM of three biological replicates, and error bars for infection tests
represent SEM of cysts in five replicates.
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6 Closing Discussion

Plant-parasitic nematodes are detrimental pests in crop production worldwide. Sugar beet
lines carrying a chromosomal translocation segment from the wild beet relative P.
procumbens are resistant to the beet cyst nematode Heterodera schachtii. The focus of
this work was to find and clone the beet cyst nematode resistance gene Hs4, from the
resistant translocation lines TR520 and TR363. The aim was achieved through a series of
milestones, which included identifying and characterization of the translocation segment,
identifying the translocation breakpoint, identifying the candidate gene, and finally,
functional characterization of the candidate gene by overexpression and CRISPR-Cas
mediated knock-out.

This study has uncovered the Hs4 gene, encoding a rhomboid-like protease and
conferring complete resistance to beet cyst nematodes. The knock-out of rhomboid-like
protease gene in sugar beet hairy roots generated from a resistant translocation line led to
the loss of resistance against BCN. In contrast, overexpression of the gene Hs4 in hairy
roots generated from a susceptible sugar beet line conferred complete resistance to BCN.
These results confirmed that a rhomboid-like protease is the long-sought Hs4. For the first
time, a rhomboid-like protease is shown to be involved in plant defense mechanisms.
Therefore, the results of this work could open new avenues for further understanding of
plant-pathogen interactions.

6.1 A complete sequence of the P. procumbens translocation

Translocation is a change in the chromosomal segment’s location. Interspecific
chromosomal translocation can lead to increase genetic diversity. The importance of
translocation in bringing essential genes from wild relatives has been shown in several
species including wheat (Song et al., 2013). For instance, a well-known wheat-rye 1B/1R
translocation line has been intensively utilized in breeding (Feldman and Levy, 2015; Ren
etal., 2017; Reynolds et al., 2021). This chromosomal translocation lead to the transfer of
important resistance genes of rye such as Yr9, Pm8, Lr26, and Sr31 from rye into wheat
(Mago et al., 2005; Ren et al., 2009). In addition to resistance, the 1B/1R translocation
harbors genes for abiotic stress tolerance, high yield potential and adaptation to different
environments (Lelley et al., 2004; McKendry et al., 1996; Villareal et al., 1991). Several
hundred wheat cultivars have been released globally, which originated from 1B/1R
translocation line (Ren et al., 2017). Similarly, a very useful chromosomal translocation
in sugar beet harboring the beet cyst nematode resistance locus has been used by
breeders. Earlier mapping studies have shown that the translocation from P. procumbens
is attached to the end of chromosome 9 of sugar beet (Heller et al., 1996a). Later, multi-
color in situ hybridizations of extended chromatin fibers had also demonstrated that the
translocation is present at the distal end of chromosome 9 of sugar beet (Desel et al.,
2001). Previously, the maximum size of the translocation was estimated to be around 1.5
Mb (Schulte et al., 2006) and was later extended to 2.22 Mb (Jager, 2012). At the
beginning of my work, | aimed to generate a complete annotated sequence of the P.
procumbens translocation segment on chromosome 9 of the resistant translocation line
TR520. As the translocation segment originated from P. procumbens, | hypothesized that
this segment contains repetitive sequences specific to P. procumbens and that WGS reads
originating from P. procumbens will map to this translocation segment, while WGS reads
originating from a sugar beet line will not. Following up on this hypothesis, | used WGS
data from P. procumbens and KWS2320 sugar beet line, P. procumbens specific
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repetitive sequences (Dechyeva et al., 2003; Schmidt and Heslop-Harrison, 1996), in
addition to previously developed translocation specific molecular markers, and BAC and
YAC sequences (Schulte et al., 2006). Sequence analysis and assembly resulted in 19
scaffolds. | then carried out a manual curation and arranged the identified scaffolds into
two super scaffolds of a final translocation size of 3.2 Mb.

Interestingly, as | carried out a manual curation of the scaffolds, certain regions of the
translocation segment had different positions than the previously published translocation
maps (Jager, 2012). According to my analysis, super-scaffold 2 represents the proximal
side of the translocation, while super-scaffold 1 represents the distal side of the
translocation, which is significantly different from the previously published translocation
map. Thus, the translocation regions, including the YAC clones YAC118 and YAC58
which were previously positioned at the distal side of the translocation segment, are now
positioned at the proximal end. In contrast, regions including YAC128, YAC104,
BAC62, BAC132, BAC57, and BAC100, which were positioned at the proximal side of
the translocation segment (Jager, 2012; Schulte et al., 2006) are now positioned at the
distal side of the translocation segment (Figure 7).

In this work, as well as in the previous work from Jager (2012), a similar hypothesis was
proposed: translocation-specific sequences are found in the P. procumbens genome but
are missing in the B. vulgaris genome. However, the approach followed in the previous
study was different than this study. In Jager (2012), the de-novo assembly of P.
procumbens, based on short Illumina reads, was used in blast search to find the
translocation-specific sequences. Knowing that the P. procumbens genome is highly
heterozygous and repetitive, using only short reads resulted in a very poor-quality
assembly that did not represent the whole P. procumbens genome. Therefore, a blast
search against such an assembly did not lead to the identification of all the translocation
specific sequences. In my study, | followed a different approach, where 1 first generated
an improved TR520 de-novo assembly, then mapped WGS reads from P. procumbens and
sugar beet (KWS2320) to the newly generated assembly. The strength of my strategy is
that WGS reads represent sequences from the complete genome, unlike a subpar de-novo
assembly such as of the P. procumbens genome assembly used by Jager (2012).

To determine the complete sequences of the translocation segment, | carried out another
experiment aiming to identify the proximal and distal ends of the translocation region.

6.2 Identification of the translocation breakpoint

Finding the translocation breakpoint is a critical step to understand how the translocation
might have occurred. Therefore, in the second experiment, | aimed to identify the
translocation breakpoint. Translocation, the movement of a chromosomal segment to a
different chromosome, is one of the major classes of chromosomal rearrangements. Other
major classes of chromosomal rearrangements include deletion, duplication, and
inversion. DNA breakage plays a significant role in all these events (Griffiths AJF, 1999).
The very first step in the generation of any chromosomal rearrangements is a double-
strand break. To mitigate the lethal effect of double-strand break, the cell DNA repair
mechanism repairs the double-stranded break by joining two broken ends. If by any
chance, two different breaks are joined, it leads to chromosomal rearrangements. Another
mechanism that can lead to chromosomal rearrangements is crossing over between
repetitive DNA segments, termed nonallelic homologous recombination (NAHR) (Mani
and Chinnaiyan, 2010; Shinohara and Shinohara, 2013).
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In simple terms, the translocation breakpoint is where the chromosomal segment from P.
procumbens got attached to the chromosome of the sugar beet genome. Therefore, |
assumed that the breakpoint would be represented by a set of mate-pair reads, where one
read mapped to translocation-specific scaffold and the second read mapped to a sugar
beet-specific scaffold. | visually analyzed the mate-pair reads mapping data in IGV and
found that in one of the mate-pair reads, one read mapped to superscaffold2 of the
translocation region while the other read mapped to contig C5128660, which belongs to
the sugar beet genome. Thereby, | concluded that the breakpoint lies between the end of
superscaffold2 and the beginning of the contig C5128660. As expected, the contig
C5128660 matched with the Bvchr9.unsca002 scaffold of sugar beet. Based on marker
map, Bvchr9.unsca002 is placed on chromosome 9 of sugar beet (Dohm et al., 2014a). As
| was inspecting the read mapping data of TR520 onto the sugar beet reference genome, |
noticed a sudden drop in coverage from ~150 to ~70 reads per base. Drop in coverage of
TR520 reads to half of the original coverage confirmed the translocation breakpoint at
this position on chromosome 9 and further indicated that the translocation in TR520 is
present in a hemizygous state.

To find the exact position of the translocation breakpoint, I performed a PCR followed by
Sanger sequencing. Therefore | could identify the precise position of chromosome 9 at
which the translocation took place. While I could locate and characterize the proximal
end of the translocation region to the precision of a single base pair, it became
cumbersome to resolve the genome assemblies as | progressed towards the telomeric
regions of the chromosome. Therefore, the distal end of the translocation remains elusive,
but it is of no great concern due to the presence of significantly fewer or no genes closer
to the telomeres. Based on my analysis, the tentative length of the translocation was found
to be ~3.2 Mb.

Contrary to my hypothesis, Jager (2012) assumed that one of the assembled scaffolds
harboured the translocation breakpoint. In Jager (2012), blast search of translocation
scaffolds to sugar beet and P. procumbens genome, with the expectation that one part of a
scaffold aligns to a sugar beet specific sequence while the other part aligns to a P.
procumbens specific sequence, did not assure the identification of translocation
breakpoint. Theoretically, such a strategy should have resulted in the identification of the
translocation breakpoint. However, in practice, not every genomic region is assembled
into a scaffold. Therefore, relying on such a strategy, Jager (2012) could not identify the
position of the breakpoint.

Sequence analysis of the translocation segment indicated that the translocation sequence
corresponded to a complete sequence from P. procumbens that was not interrupted by any
sugar beet sequences. In addition, only one set of the mate-pair libraries that mapped to
the end of super-scaffold 2 had pairs mapping to sugar beet-specific scaffolds. Moreover,
none of the assembled translocation-specific scaffolds showed homology to sugar beet
scaffolds, indicating only one translocation breakpoint that lies between super-scaffold 2
of the translocation and contig C5128660 of sugar beet. As the translocation segment is
not interrupted by any sugar beet genomic sequences, and as | could find only one
translocation breakpoint, | assume that the translocation occurred due to one
chromosomal recombination event. Looking at the read mapping from P. procumbens
outside the translocation region, | could infer that the two genomes are very distinct.
Therefore, this translocation could not have occurred due to homologous recombination
between chromosome 1 of P. procumbens and chromosome 9 of sugar beet.
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Consequently, the recombination event that led to this translocation was most likely due
to non-allelic homologous recombination between chromosome 9 of sugar beet and
chromosome 1 of P. procumbens. This non-allelic recombination event could be due to
microhomology between chromosomes 1 and 9 at the breakpoint site. Although | could
fine map the breakpoint on chromosome 9 of sugar beet, sequence information about
chromosome 1 from P. procumbens is still unknown. To fully understand how the
translocation might have occurred, the de-novo sequence assembly of the P. procumbens
genome must be generated and compared to the sugar beet genome to find micro-
homologous regions between the two genomes.

6.3 Identification of candidate genes

My quest for the candidate gene began from a simple expectation that the gene conferring
complete resistance against BCN is present in the resistant translocation lines but absent
in the susceptible ones. Using whole-genome mapping coverage analysis, | identified the
translocation regions present in the resistant lines TR520 and TR363 but absent in the
susceptible line TR659. | found three regions, encompassing a total of 229 kb, and
referred to them as “critical regions”. The next step was to identify the genes present in
these critical regions. After structural and functional annotation of the translocation
segment, | could identify 33 genes in the critical regions, out of which 19 had transcript
evidences. Interestingly, none of the genes found in the critical regions were annotated as
resistance gene analogues.

Before proposing my candidate gene, 1 first checked whether the previously proposed
candidate genes were present in the critical regions (Capistrano, 2010; Jager, 2012; Qiao,
2014; Tian, 2003). Tian (2003) proposed two genes, cZr-3 and cZR-7. Jager (2012)
analysed the sequences of the proposed genes, cZr-3 and cZR-7, and found that they
originated from the sugar beet genome. As a proof of concept, | again analysed these
genes and found that they match with 100% identity to regions on the sugar beet
reference genome RefBeet1.2.2. Therefore, | excluded them from any further analysis.
Capistrano (2010) proposed another gene, ORF702, that encodes a B-1,3-
galactosyltransferase. Jager (2012) showed that ORF702 is present in the resistant
translocation line TR520, while absent in the susceptible line TR659. However, further
functional analysis showed that the hairy roots overexpressing ORF702 were not resistant
against BCN. According to my analysis, ORF702 is indeed present in one of the critical
regions but based on the results of the functional analysis by Jager (2012), | excluded this
gene from any further analysis. Jager (2012) proposed three more genes, ORF801,
ORF802, and ORF803, and found that ORF801 and ORF802 were expressed in the
susceptible line TR659. Hence she excluded them as candidates for Hs4. Jager (2012)
performed an expression analysis of ORF803 and reported that it was only expressed in
resistant lines and P. procumbens. Fen Qiao (unpublished data) conducted RNAI-
mediated silencing of ORF803 and demonstrated that hairy roots with silenced ORF803
remained resistant against H. schachtii. In my analysis, | found that ORF803 belongs to
the translocation segment but is not present in any critical regions. I, therefore, excluded
this gene from the current study. Fen Qiao (unpublished data) had previously proposed
three other candidate genes - ORF901, ORF902, and ORF906, which according to my
analysis, are present in the critical regions, except ORF906. ORF901 encodes amino acid
transporter, ORF902 encodes calcineurin B-like protein, and ORF906 encodes histone
deacetylase (Fen Qiao, Unpublished data). ORF901 and ORF906 RNAi-mediated gene
silencing in hairy roots was conducted, however, due to poor regeneration of hairy roots,
the tests were terminated (Birgit Defant, personal communication). Nevertheless, all these
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three genes are coding for proteins involved in regulatory mechanism (Cho et al., 2016;
Ding et al., 2012; Yang et al., 2014).

With all these previous failed attempts to find the nematode resistance gene, it was
compelling to reassess the data and identify the gene that has not been studied so far and
shows direct relation with nematode resistance. As Wyss and Grundler (1992) have
explained, during the second stage of their lifecycle (J2 larvae), beet cyst nematodes use
their stylet to penetrate the epidermis of the plant cell. This invasive thrusting of the stylet
causes severe mechanical damage in the roots of a sugar beet plant. Hence, the initial
response used against BCN could be comparable to the plants' defense mechanisms
against pathogens, such as insects that cause mechanical damage in plant tissues. Maize
lines resistant against lepidopteran species carry a unique 33-kDa cysteine protease
(Pechan et al., 2000). Upon damage by Lepidopterans, the protease is mobilized to the
mid-whorl, the preferred caterpillar-feeding site, and disrupts caterpillar nutrient
utilization (Pechan et al., 2000). The red currant tomatoes (Solanum pimpinellifolium)
harbouring the extracellular plant immune receptor protein Cf-2 are resistant to the leaf
mold fungus Cladosporium fulvum and the plant-parasitic nematode Globodera.
rostochiensis. S. pimpinellifolium plants carry the apoplastic papain-like cysteine
proteases Rcr3. The venom allergen-like effector Gr-VAP1, secreted by G. rostochiensis
upon infection, binds to Rcr3. The binding of Gr-VAP1 to Rcr3 perturbs the active site of
Rcr3, which is detected by the Cf-2 immune receptor leading to an immune response
(Lozano-Torres et al. 2012). This is an example where proteases are involved in defence
mechanisms, specifically against nematodes.

In addition to the role of proteases in the defence mechanisms against insects, another
fascinating study showed that a serine protease, Sepl, secreted by Bacillus firmus DS-1
has a nematicidal activity (Geng et al., 2016). The study demonstrated that Sepl degrades
multiple intestinal and cuticle-associated proteins in the nematodes. In addition, in the
nematode parasitic fungus Pochonia chlamydosporia, rhomboid proteases are expressed
during the endophytic phase (Larriba et al., 2014).

Considering their role in plant defence mechanisms and their possible nematicidal
activity, I decided to focus my analysis on proteases. Hence, my first candidate gene was
ORF1 which encodes a Rhomboid-like protease.

In-silico analysis predicted that the endoplasmic reticulum membrane is the most
probable location of the ORF1 protein on a cellular level. This finding is supported by
other studies where rhomboid proteases are shown to perform intramenbrane proteolysis
by localizing themselves on membranes of different cellular organelles (Kuihnle et al.,
2019). It has been shown that during their third feeding stage, nematode gland secretions
are injected into the syncytium, where they form a feeding tube(Wyss and Grundler,
1992). One end of the feeding tube is attached to the cytoplasm of the host, while the
other end is attached to the nematode stylet (Sobczak et al., 1997). In the cytoplasm, the
outside surface of the feeding tube core has been connected to the endoplasmic
reticulum’s cisternae (Berg and Taylor, 2008). It has also been observed that nematodes
could ingest molecules with a maximum Stokes radius of 3.2 - 4 nm (Bdckenhoff and
Grundler, 2009). ORF1 protease comprises 210 aa with an approximate Stokes radius of
2.5 nm, which is well below the threshold of Stokes radius ingestible by the nematodes.

In plants such as Arabidopsis and rice, there are around 20 rhomboid-domain-containing
genes (Adamiec et al., 2017; Tripathi and Sowdhamini, 2006). In Arabidopsis, certain
rhomboid-like proteins (RBL8-10) are located in the chloroplast envelope and were found
to be involved in floral development (Knopf et al., 2012; Thompson et al., 2012). Other
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RBL proteins are involved in regulating several cellular functions via regulated
intramembrane proteolysis (Urban and Wolfe, 2005; Urban and Dickey, 2011). For
instance, it has been shown that RHOMBOID-LIKE 10 (RBL10) mutants exhibited
decreased fertility. RBL10 was also suggested to take part in response to cold and
photoprotective mechanisms (Thompson et al., 2012). Another RBL gene, RBL14 was
predicted to be involved in heat responses (Lee et al., 2014). However, the protein
sequence comparison of ORF1 to other rhomboid-like proteases showed that ORF1
shares only 60% similar with the closest homologue. Different rhomboid proteases can
have very different functions based on the substrate they interact with, which is decided
by the structure of the protease. As we know that ORF1 is only 60% similar to the
rhomboid-protease from sugar beet, it is highly likely that both rhomboid-proteases
interact with different substrates and hence attained different functions.

Considering the unique sequence of ORF1, its cellular localization, and the possibility
that it has a nematicidal activity, in addition to the role of proteases in defence
mechanisms, |, therefore, considered ORF1 as the best candidate gene for further
functional studies.

6.4 Functional analysis of the candidate gene

In this experiment, the main question was if ORF1, which encodes a rhomboid-like
protease confers resistance against the beet cyst nematode H. schachtii. I hypothesized
that hairy roots generated from a resistant translocation line carrying a non-functional
ORF1 are susceptible to BCN. In contrast, hairy roots generated from a susceptible sugar
beet line overexpressing ORF1 are resistant to BCN.

Unfortunately, transformation by A. tumefaciens to generate whole sugar beet plants was
not feasible. This is because most sugar beet genotypes are recalcitrant to Agrobacterium
transformation. Additionally, the available sugar beet transformation protocols are hard to
replicate or are solely available as proprietary technologies offered by private companies
and thus rather expensive (Jager, 2012). Therefore, | used hairy roots for the functional
analysis of ORFL1.

| chose the commercial BCN resistant variety NEMATA to induce mutations because it
was comparatively faster in generating hairy roots than translocation lines TR520 and
TR363. Using two target sites in the first exon of ORF1, I successfully induced mutations
within both target sites. Four CRISPR-Cas targeted mutagenized hairy root clones were
obtained, with a mutation efficiency of 6.25%. Infection tests showed that all the hairy
roots carrying frameshift mutations were susceptible to BCN, suggesting they lost the
resistance against BCN. In contrast, hairy root clones with a 9 bp deletion, thus conferring
no change in the reading frame of the ORF1, remained resistant. No change in phenotype
after 9 bp deletion was another indication that ORF1 confers resistance against BCN. |
then overexpressed ORF1 in the hairy roots of the susceptible 093161 sugar beet line.
Infection tests showed that the number of developed cysts was negatively correlated with
the expression level of ORF1. No cysts developed in the hairy root clones that showed the
highest expression levels of ORF1. Notably, a hairy root clone with a very low expression
level of ORF1 had a similar number of cysts as the susceptible control hairy roots. The
two experiments supported my hypothesis and indicated that ORF1 does confer resistance
against BCN.

The translocation lines TR520 and TR363 are completely resistant against BCN.
However, none of the candidate genes proposed in previous studies provided complete
resistance, not even Hs1P™! (Cai et al., 1997). Therefore, based on this study, ORF1
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knockout resulted in complete loss of resistance while overexpression caused resistance.
Collectively, results from this study confirmed our hypothesis that ORF1 is the long-
sought Hs4 gene conveying complete resistance to BCN. Further functional analyses are
needed to unravel the defence mechanism mediated by ORF1. ORF1-reporter gene fusion
studies are necessary to confirm the cellular localization of ORF1 protein. In addition,
overexpression of ORFL1 in other species that are also known to be susceptible to BCN,
such as Arabidopsis, is essential to verify whether ORF1 will preserve its functional
activity against BCN in a different species.

6.5 Possible mechanism of rhomboid-like protease-mediated resistance

Considering the possible nematicidal activity of serine proteases, one possibility could be
that Hs4 is being ingested by the nematodes and causing toxicity. The fact that the
feeding tube of nematodes is attached to the endoplasmic reticulum of the host plant cell,
which is the predicted cellular location of Hs4, makes this hypothesis plausible. To study
such a hypothesis, we first must study whether the J2 larvae are ingesting Hs4 during
infection. Fluorescence microscopy studies of nematodes feeding on hairy roots
overexpressing GFP-tagged Hs4 protein fusion proteins should be conducted.
Interestingly, a GFP-Hs4 fusion protein Stokes radius is 3.19 nm, which is still below the
maximum Stokes radius ingestible by the nematodes (Bdckenhoff and Grundler, 1994). In
addition, to study whether Hs4 leads to any damage in the digestive tract of nematodes,
nematode toxicity bioassays should be carried out. The possibility of such a mechanism
can also be studied in the model animal C. elegans. For instance, Geng et al. (2016)
studied the nematicidal activity of the serine protease Sepl through feeding nematodes
Sepl expressing E. coli. Studies can also be conducted to find whether Hs4 retains its
pathological activity in related species, such as in Arabidopsis. | also suggest testing the
activity of the Hs4 gene against other plant pathogenic nematodes.

It is known that BCN produces a feeding tube in front of its stylet through which it takes
up nutrients and secrets effectors. The feeding tube is attached to the cisternae of the ER
(Sobczak and Golinowski, 2011). The ER plays a central role in maintaining cell
homeostasis. It facilitates intra- and intercellular communication (Hawes et al., 2015).
One study showed that effectors secreted by a pathogen get attached to the ER membrane.
These effectors interact with certain transcription factors and prevent their translocation
to the host nuclei (McLellan et al., 2013). Another study has shown that effectors can
manipulate components of the UPR (unfolded protein response), thus ER homeostasis.
For example, it has been shown that Phytophthora sojae effector PsAvh262 directly
interacts with ER luminal binding immunoglobulin proteins, increasing their stability and
preventing ER stress-induced PCD (Fan et al., 2018). This is an example of how effectors
attached to ER membrane can compromise plant’s defence by disturbing its ER
homeostasis. Although we do not know whether BCN-secreted effectors are attached to
the ER of sugar beet plants, the localization of Hs4 in the ER membrane, in addition to
the attachment of the feeding tube to the ER, suggests that a similar mechanism is being
carried out in sugar beet. Therefore, Hs4 might be cleaving such membrane-bound
effectors in resistant sugar beet lines, thus preventing the disturbance of ER homeostasis.
In addition, syncytia from resistant plants showed ER membrane aggregates (Holtmann et
al., 2000), which aligns with the idea that ER stress is induced as a resistance mechanism
leading to plant cell death.

Post-translational modifications of proteins can determine protein localization,
interactions, and stability. Such modifications are crucial in plant immunity (Withers and
Dong, 2017). It has also been shown that post-translational modifications play a vital role

53



Closing Discussion

in the host-pathogen interface during ETI by activating PRRs (Roux et al., 2011). My
expression analysis experiment showed that Hs4 is constitutively expressed in roots,
which indicates that Hs4 activity might also be regulated post-transcriptionally. Upon
infection, specific effectors secreted by the nematodes might directly or indirectly interact
with Hs4 protein. As Hs4 protein becomes active after infection, it can cleave the
effectors, thus preventing them from stabilizing the ER. As a result, ER-stress induced
PCD can take place leading to the collapse of the syncytia, therefore, the death of
nematodes. Due to the possibility of such regulation of Hs4 activity, it would also be
interesting to understand the role of different motifs and active sites of Hs4.

As reported earlier, BCN H. schachtii effector Hs4E02 targets A. thaliana vacuolar
papain-like cysteine protease (Pogorelko et al., 2019b). Such an interaction might also be
possible between Hs4 and BCN effector, leading to defense response. To find if the Hs4
protein directly interacts with any of the effectors secreted by BCN upon infection. |
suggest a yeast-two-hybrid screening of Hs4 against a cDNA library of effectors from
BCN. In addition, | suggest performing an electron microscopic study at the infection site
of the resistant hairy roots overexpressing Hs4 in the early stage of syncytium
development to detect whether similar membrane aggregates are present as observed for
resistant sugar beet lines in an earlier study (Holtmann et al., 2000). Finally, to unravel
whether Hs4 interacts with any plant cell proteins, I suggest yeast two-hybrid screens, co-
immunoprecipitation, and pull-down assay of Hs4 protein before and after infection.

This study has shown that the nematode resistance gene Hs4 can provide complete
resistance against beet cyst nematode H. schachtii. Thus, Hs4 can become an essential
source for plant breeders breeding nematode-resistant varieties. However, P. procumbens
is genetically distant from sugar beet, and recombination between the translocation
segment and other parts of the sugar beet genome has never been observed. Therefore,
Hs4 cannot be introgressed into susceptible sugar beet lines by conventional breeding
methods. Instead, Hs4 can be introduced to susceptible varieties by transgenic
approaches. The transgenic varieties can be grown in countries like the USA and Canada,
which are major sugar beet-producing countries, and where a vast majority of cultivated
crops, such as soybean, cotton, and corn, are genetically engineered. In a similar fashion,
if Hs4 can provide resistance against other plant pathogenic nematodes, it can also be
used to protect other plant species against nematodes.
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7 Summary

Plant parasitic nematodes are important pests in crop production worldwide. Therefore,
breeding nematode resistant crops is an important aim nowadays. The beet cyst nematode
Heterodera schachtii causes severe losses in sugar beet production. The only source of
resistance are sugar beet wild relatives from the genus Patellifolia. Sugar beet lines
carrying a translocation stemming from chromosome 1 of P. procumbens are resistant to
beet cyst nematode. The aim of this study was to clone the beet cyst nematode resistance
gene Hs4.

In this study, | characterized the translocation segment in the resistant translocation line
TR520. | then identified the translocation breakpoint to the precision of a single base pair.
Finally, I identified a putative resistance gene. I functionally characterized my candidate
gene by two approaches, CRISPR-Cas mediated knock-out and overexpression studies.

To characterize the translocation segment, | first generated a de-novo assembly of the
resistant translocation line TR520. Then, using whole genome sequencing reads from P.
procumbens, I identified the translocation specific scaffolds. Finally, two super scaffolds
for the whole translocation segment, super scaffold 1 and super scaffold 2 were generated
which are 1.109 and 2.121 Mb in size, respectively. | identified the translocation
breakpoint in the following way. | inspected mate-pair read libraries for TR520 and found
a set of reads joining super scaffold 2 with a scaffold from chromosome 9 of the sugar
beet genome. Therefore, | concluded that the breakpoint lies between these two scaffolds.
I amplified the breakpoint by PCR, followed by Sanger sequencing, and I could identify
the exact nucleotide position at which the sequence of chromosome 9 from sugar beet
ended and the translocation sequence started.

To find the resistance gene, | used whole genome sequencing data from two resistant
translocation lines, TR520 and TR363, and one y-irradiated susceptible translocation line
TR659. | then identified the translocation regions that are present in the resistant lines but
absent in the susceptible line. I found three regions, encompassing a total of 229 kb, and
referred to them as “critical regions”. The next step was to identify the putative resistance
gene. Using transcriptome data from the roots of the resistant plant after infection, I could
narrow down the search to 19 gene-models within the critical regions. None of the genes
in the critical regions was annotated as resistance gene analogue. Considering the role of
proteases in plant-defence mechanisms, | chose a rhomboid-like protease encoding gene
as a putative Hs4, which is predicted to be bound to the endoplasmic reticulum.

To functionally characterize my candidate gene, | performed CRISPR-Cas mediated
knockout in hairy roots of a resistant translocation variety and overexpression study in
hairy roots of a susceptible sugar beet line. Knock-out of my candidate gene resulted in
complete loss of resistance, while overexpression led to complete resistance. This study
has revealed the Hs4 gene, encoding a rhomboid-like protease and conferring complete
resistance to beet cyst nematodes. This gene is the first protease which alone causes
resistance to a pest. Thus, it constitutes a previously unknown mechanism of plants to
fight plant parasitic nematodes.
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8 Zusammenfassung

Pflanzenparasitare Nematoden sind wichtige Schadlinge in der weltweiten
Pflanzenproduktion. Daher ist die Zuchtung von nematodenresistenten Kultursorten
heutzutage ein wichtiges Ziel. Der Ribenzystennematode Heterodera schachtii
verursacht schwere Verluste in der Zuckerriibenproduktion. Die einzige Quelle fur
Resistenz sind wilde Verwandte der Zuckerriibe aus der Gattung Patellifolia.
Zuckerrtbenlinien, die eine Translokation tragen, die aus dem Chromosom 1 von P.
procumbens stammt, sind resistent gegen Rilbenzystennematoden. Ziel dieser Studie war
es, das Riibenzysten-Nematodenresistenzgen Hs4 zu identifizieren.

In meiner Arbeit habe ich das Translokationssegment in der resistenten
Translokationslinie TR520 charakterisiert. Ich habe dann den Translokations-Bruchpunkt
bis auf ein einzelnes Basenpaar genau bestimmt. SchlieBlich identifizierte ich das
vermeintliche Resistenzgen. Ich charakterisierte mein Kandidatengen funktional durch
zwei Ansétze, CRISPR-Cas vermittelte knock-out- und Uberexpressionsstudien.

Um das Translokationssegment zu charakterisieren, habe ich zundchst eine de-novo-
Sequenzierung der widerstandsfahigen Translokationslinie TR520 vorgenommen. Danach
identifizierte ich die Translokations-spezifischen scaffolds mit Hilfe einer P. procumbens
Genom-Sequenz. Schliellich wurden zwei super-scaffolds fiir die gesamte Translokation
erzeugt, super-scaffold 1 und super-scaffold 2 mit 1109 bzw. 2121 Mbp Lénge. Ich habe
den Translokations-Bruchpunkt wie folgt identifiziert. Ich untersuchte mate-pair-read
Bibliotheken von TR520 und fand eine Reihe von reads, die super-scaffold 2 mit einem
scaffold aus Chromosom 9 der Zuckerriibe verbinden. So kam ich zu dem Schluss, dass
der Bruchpunkt zwischen diesen beiden scaffolds liegt. Ich analysierte den Bruchpunkt
im Detail, in dem ich die DNA mittel PCR amplifizierte und das PCR Produkt mittels
Sanger-Sequenzierung sequenzierte. So konnte ich die genaue Nukleotid-Position
identifizieren, an der die Sequenz des Chromosoms 9 aus Zuckerriiben endet und die
Translokationssequenz beginnt.

Um das Resistenzgen zu finden, habe ich die Genomsequenzen von zwei resistenten
Translokationslinien, TR520 und TR363, und einer y-bestrahlten anfalligen
Translokationslinie TR659 verwendet. Ich habe dann die Translokationsbereiche
identifiziert, die in den resistenten Linien vorhanden sind, aber in der anfélligen Linie
fehlen. Ich habe drei Regionen gefunden, die insgesamt 229 kb umfassen, und sie als
,Kritische Regionen* bezeichnet. Der nichste Schritt war, das vermeintliche Resistenzgen
zu identifizieren. Anhand von Transkriptomdaten aus infizierten Wurzeln einer
resistenten Pflanze konnte ich die Suche auf 19 Genmodelle innerhalb der kritischen
Regionen eingrenzen. Keines der Gene in den kritischen Regionen wurde als
Resistenzgen-Analog gefuhrt. In Anbetracht der Rolle von Proteasen bei pflanzlichen
Abwehrmechanismen wahlte ich ein Gen, welches flr eine Rhomboid-&hnliche Protease
kodiert, als vermeintliches Hs4 Gen aus. Diese Protease verfiigt Uber eine Bindedomane
flir das endoplasmatische Retikulum.

Um mein Kandidatengen funktionell zu charakterisieren, schaltete ich das Kandidatengen
mittels CRISPR-Cas vermittelter Mutagenese in hairy roots einer resistenten
Translokationslinie aus. Danach wurde das Gen in hairy roots einer anfalligen Zuckerriibe
uberexprimiert. Der knock-out meines Kandidaten-Gens flihrte zu einem vollstandigen
Verlust der Resistenz, wihrend die Uberexpression zu vollstandiger Resistenz fiihrte.
Diese Arbeit hat das Ziel vollstandig erreicht und das Hs4-Gen identifiziert, welches fiir
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eine Rhomboid-Protease kodiert und eine vollstdndige Resistenz gegen
Ribenzystennematoden verleiht. Dieses Gen ist die erste Protease, die alleine Resistenz
gegen einen Schadling verursacht. Somit stellt es einen bisher unbekannten Mechanismus
von Pflanzen dar, um parasitare Nematoden zu bekampfen.
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9 Appendix

Supplementary Table 1: Primer sequences used in this study.

Gene, map Primer Primer sequence Orientation Annealing
position name temperature
Q)
Translocation H203 AAGAACTGACCCGACCTGTT forward 59
breakpoint H208 TACATACGGTGGGGTTTGCT reverse 59
At-U6- rbd gRNA F ATATACTCTCTTAAGGTAGCCTTTTTTTCTTCTTCTTCGTTCA forward 64
SgRNA rbd gRNA R TGCTACTCTCTTAAGGTAGCCTAGAAAAAAAGCACCGACTC reverse 64
CRIPSR-Cas rbd_10F ACGCAATGTAGCATTTCTTAAAAC forward 60
genotyping rbd 10R GAGGCATGATAACCTGACCCT reverse 60
Hs4 hs4_F ATGGAGGCAGTATTCTGGAT forward 59
hs4d R GCAGAGGTCACAAATTGGTACC reverse 59
Hs4 coding F_OEX TAGCTGAATTCTTAAGAAGAAGATGGAGGCAGTA forward 62
sequence R_OEX TAGTTCTAGATCAGGGTGGCAAACAATTATTCA reverse 62
Hs1Pro- 1832_f CGAATAAGTGAGAGGATC forward 58
1832_r GGCACCATCCAAACTCGG reverse 58
BvGAPDH GAPDH_F GCTTTGAACGACCACTTCGC forward 60
GAPDH_R ACGCCGAGAGCAACTTGAAC reverse 60
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Supplementary Figure 1: Visualization of the breakpoint on IGV. Screenshot from Integrative Genomics Viewer (IGV) showing read alignment results in a 54 kb region of
Bvchr9_un.sca002:4,00,000-4,50,000 (track 1, top) around the translocation breakpoint (red arrow) on the sugar beet reference genome (RefBeetl.2). Track 2 is the coverage
track. Track 3 is an alignment track showing individual paired-end reads mapped to this region of TR520.
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Supplementary Figure 2: Multiple sequence alignment of the ORF1 protein sequence with top hits from the MEROPS database. The alignment shows extra 9 amino acids
and two other amino acids that are present only in ORF1.
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11 Supplementary data on CD/DVD

The following supplemental data are available on a DVD and can be distributed upon
request (contact: Prof. Dr. Christian Jung, c.jung@plantbreeding.uni-kiel.de).

scaffolds

scaffolds

File name Content Format
Hs4 sequences Hs4 annotated gene sequence clc
Hs4 protein H4 protein sequence with motifs .clc
Translocation Sequences of 19 translocation specific | .fasta

Translocation specific
gene-models

All gene models present on

translocation

Microsoft Excel file

Translocation specific
gene-models RPKM

RPKM expression value calculated

using transcriptome data

Microsoft Excel file

Repeat blast

P. procumbens specific repeat blast

Microsoft Excel file

novo assembler

search

SOAP config Configuration file for SOAP de novo xt
assembler

MAKER config Configuration file for MAKER de xt
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