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Streszczenie

Brassica napus należy do najważniejszych roślin oleistych na świecie. Jej uprawom

zagrażają liczne choroby roślin kapustowatych. Jedną z nich jest kiła kapusty, globalnie

odpowiedzialna za około dziesięcioprocentową utratę plonów. Kiła kapusty wywoływana jest

przez Plasmodiophora brassicae - obligatoryjnego endobiotrofa należącego do kladu

Rhizaria. Patogen ten stymuluje rozrost zainfekowanych korzeni, w rezultacie wywołując

charakterystyczne narośla. Porażone rośliny wykazują ogólnoustrojowe objawy, prowadzące

do nieoptymalnego kwitnienia i przedwczesnego starzenia.

Ze względu na długowieczność i trwałość przetrwalników P. brassicae, ochrona

upraw przed kiłą kapusty stanowi trudne wyzwanie. Jedną z najlepszych strategii

ograniczania szkód jest wyprowadzanie odmian odpornych, opierające się na uprzedniej

identyfikacji genetycznych czynników zaangażowanych w odpowiedź na infekcję.

W niniejszej pracy zmapowano locus odporności na kiłę kapusty w odmianie

B. napus 'Tosca' do fragmentu genomu obejmującego około 100 kpz. Następnie zbadano

miejscową zmienność sekwencji oraz różnice w ekspresji lokalnych genów, pomiędzy liniami

odpornymi, a podatnymi na porażenie kiłą kapusty. W wyniku analiz zidentyfikowano

wysoce polimorficzny, zduplikowany gen należący do rodziny TNL, który poddano analizie

funkcjonalnej. Ektopiczna ekspresja sekwencji kodujących w Arabidopsis thaliana mocno

wsparła hipotezę udziału zduplikowanego genu w odporności na chorobę.

Ponadto przeprowadzono analizę porównawczą struktury locus odporności wśród

szerszego panelu genomów roślin kapustowatych. Wyniki podkreślają wysoką dynamikę

ewolucyjną regionu, zwłaszcza w przypadku genu TNL.

Przeprowadzone badania dostarczyły cennych zasobów dla programów hodowli

odpornościowej oraz otworzyły wiele nowych możliwości dalszych badań podstawowych

i aplikacyjnych.
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Abstract

Brassica napus is one of the world's most important oil crops. Its cultivation faces

challenges from several significant Brassica diseases, including clubroot, which accounts for

an estimated 10% yield loss worldwide. Clubroot is caused by the soil-borne obligate

endobiothrophic rhizarian Plasmodiophora brassicae. This pathogen stimulates the

outgrowth of the infected roots, leading to the development of prominent galls. The affected

plants exhibit systemic symptoms, leading to non-optimal flowering and premature

senescence.

Due to the high longevity and durability of P. brassicae resting spores, controlling the

disease proves challenging. Consequently, breeding resistant varieties, which relies on the

identification of the genetic factors involved in the response to infection, remains one of the

most effective control strategies.

In this study, a clubroot resistance locus from B. napus cultivar 'Tosca' is mapped to a

genomic region encompassing approximately 100 kbp. The local sequence polymorphism

and differential gene expression patterns between clubroot-resistant and susceptible lines are

evaluated. Based on the results, the duplicated, highly polymorphic TNL-family gene is

designated for functional studies. The ectopic expression of the coding regions of the TNL

genes in Arabidopsis thaliana strongly supports the hypothesis of their involvement in

disease resistance.

Furthermore, a comparative analysis of the resistance locus structure among a broader

panel of Brassicaceae genomes is conducted. The results highlight the high evolutionary

dynamics of the region, particularly in the case of the TNL gene.

The results of this study provide valuable resources for direct incorporation into

resistance breeding schemes and open up many new possibilities for further basic and

applicational research.
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1. Introduction

1.1. Brassica napus - a young species of global importance

Brassicas are among the most economically significant plants, second only to cereals

(Dixon, 2014; Warwick, 2011). Since ancient times, they have been cultivated and selectively

bred for their edible leaves, flowers, roots, and seeds. Different parts are directly consumed,

used as fodder or forage, or processed further - for instance, seeds are used to produce edible

and technical oils. Diverse selection criteria resulted in a spectacular array of morphotypes

within the most prominent species. For example, Brassica oleracea L. has evolved into

cabbage, Brussels sprouts, cauliflower, broccoli, kohlrabi, and kale. Brassica rapa L. has

given rise to European turnips and Far Eastern leafy varieties, like Chinese cabbage, pak

choi, and mizuna (Dixon, 2017). Brassica nigra L. was cultivated for its leaves and spicy

seeds, which in addition to oil production, were used as a condiment mustard (Warwick,

2011).

Figure 1. The triangle of U, after U Nagaharu, 1935
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These three diploid Brassica species - B. rapa (n=10, A), B. nigra (n=8, B), and B.

oleracea (n=9, C) - can naturally hybridize. This phenomenon, first described by

Korean-Japanese botanist U Nagaharu, is commonly referred to as the 'Triangle of U' [Fig. 1]

(U, Nagaharu, 1935). The hybridization resulted in the emergence of three new allotetraploid

species: Brassica juncea L. (n=18, AB), Brassica carinata L. (n=17, BC), and Brassica

napus L. (n=19, AC).

Brassica napus, the youngest of the three species, originated relatively recently from

several independent hybridization events, most likely within the past 7,500 years (Chalhoub

et al., 2014; K. Lu et al., 2019; X. Song et al., 2021), although some estimates reach up to

50,000 years (J. Yang et al., 2016). The multiplication of genomic content that results from

hybridization is a recurrent feature in the evolutionary history of the Brassica lineage (Tang

et al., 2018). Ancestral cycles of polyploidization and subsequent diploidization, together

with recent allotetraploidization, have cumulatively multiplicated proto-angiosperm genomic

blocks present in B. napus by up to 72-fold (Chalhoub et al., 2014). At the time of its

sequencing, the B. napus genome was known to be the most duplicated plant genome,

containing the highest number of annotated genes (Chalhoub et al., 2014).

Due to its recent polyploidization, B. napus serves as an excellent model for studying

post-polyploidy genome evolution. In particular, it provides insight into the mechanisms that

stabilize a genome following the 'genomic shock' of polyploidization. These mechanisms

involve extensive genomic reorganization, including genetic and epigenetic changes,

resulting in widespread gene content and regulation alterations. The changes are often biased

towards one of the subgenomes, leading to gene fractionation and genome dominance

(Samans et al., 2018; Tang et al., 2018; Ziegler et al., 2023).

The extensive multiplication of genomic content facilitates the incidence of

homology-based exchange events between genomic regions, catalyzing significant

evolutionary dynamics. Notably, the extensive homology between progenitor subgenomes

provides a foundation for homoeologous exchanges. This results in widespread structural

variability conferring regulatory changes, variations in gene copy number, including

presence-absence variations, as well as gene conversion events (Hurgobin et al., 2018;

Samans et al., 2018). Collectively, these factors serve as key drivers of plants' adaptability
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and hold potential for crop improvement (Gabur et al., 2019, 2020; Schiessl et al., 2017; Stein

et al., 2017; Vollrath et al., 2021).

Aside from the duplications resulting from polyploidization, the B. napus genome is

characterized by a substantial proportion (48%) of repetitive elements. These elements further

contribute to the extensive structural variability observed in the genome (Waminal et al.,

2018).

Like its progenitors, B.napus has undergone diversifying selection, leading to the

emergence of two subspecies comprising several morphotypes. These include B. napus ssp.

napobrassica, embodying taproot-forming swedes or rutabagas, and B. napus ssp. napus,

which includes leafy fodder and kale-like varieties, along with morphologically distinct B.

napus ssp. napus var. pabularia, as well as oilseed rape. Within oilseed rape, two ecological

forms have emerged: winter and spring, which differ in their cold hardiness and the need for

vernalization (Friedt & Snowdon, 2010).

Oilseed rape has, in recent times, risen to global importance. It is the third most

important source of vegetable oil after palm and soybean, and the second most important

source of protein meal, following soybean, with its production expected to grow (USDA

Foreign Agricultural Service, 2023). Historically, rapeseed oil was primarily used as a lamp

oil and later as a technical lubricant. Due to its then-unpalatable taste, it was used for food

mainly in times of scarcity. Furthermore, it contained a high content of potentially cardiotoxic

erucic acid as well as glucosinolates, which make the protein-rich post-extraction rapeseed

meal unsuitable for monogastric animal feed (Daun, 2011; Piętka et al., 2014; Snowdon et al.,

2007). The advent of the modern food-grade oilseed rape occurred over the past few decades,

following two major advancements: the development of the low-erucic-acid German variety

'Liho' and the low-glucosinolate Polish variety 'Bronowski' (Krzymański, 1968; Stefansson &

Hougen, 1961). Those two traits were combined in Canada in 1974 in the first double-low

('00') variety 'Tower', marking the rise of the trademarked 'Canola'-quality oilseed rape (Friedt

& Snowdon, 2010; Stefansson & Kondra, 1975).

These introgressions constituted a major genetic bottleneck, reducing the already

limited genetic diversity of oilseed rape. In a natural setting, low genetic diversity can hinder

adaptability to changing environment. Similarly, in artificial selection, scarce genetic
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diversity can restrict the potential for improving traits such as yield quantity and quality, ease

of cultivation, or stress response. Numerous breeding efforts have been undertaken to expand

the gene pool by utilizing hybridization within the Triangle of U, and beyond (e.g., with

Sinapis or Raphanus), through both natural crossing and techniques like embryo rescue and

somatic hybridization (Katche et al., 2019). Such 'resynthesized' Brassica napus were the

foundation for the development of 'Mendel' and 'Tosca' varieties, which have been created to

address the lack of adequate clubroot resistance in '00' oilseed rape (Diederichsen et al., 2006;

Diederichsen & Sacristan, 1996; Friedt & Snowdon, 2010).

1.2. Clubroot disease

1.2.1. The pathogen

Clubroot is a disease caused by the infection of Plasmodiophora brassicae (Woronin,

1878). Plasmodiophorids are unicellular eukaryotes within Phytomyxea class of the Rhizaria

clade. As obligate biotrophs, they infect a wide range of organisms, including brown algae,

diatoms, and oomycetes (Neuhauser et al., 2014). However, their primary targets are plants,

encompassing several economically important species. P. brassicae specifically affects

members of the Brassicaceae family, including B. napus.

P. brassicae exhibits a complex life cycle consisting of a dormant phase and a

host-dependent infectious phase, which can be subdivided into an epidermal primary

infection and a cortical secondary infection (Kageyama & Asano, 2009; L. Liu, Qin, Zhou, et

al., 2020).

During dormancy, P. brassicae persists in the soil as chitin-encapsulated resting

spores. These spores are very resilient and long-lived, with a viability half-life of 3.6 years

(Wallenhammar, 1996). Under favorable conditions and in response to certain root exudates

(Rashid et al., 2013), these spores release biflagellate primary zoospores that invade root

hairs and epidermal cells of the elongation zone through a puncture in the cell wall (Aist &

Williams, 1971).

Once inside the root, the pathogen enters a primary infection phase, which,

intriguingly, is compatible with a broader range of non-host species beyond Brassicaceae
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(Dixon, 2014). During this phase, a series of acytokinetic mitoses occur, leading to the

development of coenocytic 'plasmodium'. This plasmodium undergoes cytokinesis, forming a

zoosporangium that subsequently releases uninucleate secondary zoospores into the lumen of

epithelial cells. Despite evidence of meiosis (Garber, 1979), the existence of a sexual stage in

P. brassicae life cycle has been debated (Dixon, 2014; Javed et al., 2023; Kageyama &

Asano, 2009). Current evidence suggests that secondary zoospores conjugate and undergo

karyogamy, leading to the formation of a zygote (L. Liu, Qin, Zhou, et al., 2020). This zygote

invades the plant's cortical cells, marking the onset of the secondary infection.

The secondary infection is generally specific to Brassicaceae, although some

exceptions have been reported (Ludwig-Müller et al., 1999). It largely parallels the primary

stage, with the sequential development of a coenocytic plasmodium and, following meiosis, a

sporangium. This phase concludes the cycle with the production of haploid resting spores.

Unlike the relatively brief primary infection, the vegetative phase of cortical infection

extends over a longer period, and during this phase, the characteristic symptoms of clubroot

disease develop.

1.2.2. The disease

The reproductive success of P. brassicae depends on its ability to acquire nutrients

from its host. During the cortical infection, the pathogen manipulates the host's signaling

pathways, effectively 'hijacking' certain metabolic modules. These alterations transform the

infection site into a carbohydrate sink and stimulate the growth of the subterranean parts of

the plant, leading to the development of large galls or 'clubs' [Fig. 2] (Ludwig-Müller et al.,

2009; Malinowski et al., 2019).
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Figure 2. Clubroot disease on 7-week-old B. napus plants. Healthy plant to the left. Affected plants exhibit
severely altered root systems.

Gall formation involves a coordinated reprogramming of multiple meristematic

tissues (Malinowski et al., 2012, 2019). It initiates with the stimulation of lateral root

formation, followed by increased cambial proliferation paired with suppressed differentiation.

Subsequent growth is predominantly driven by hormone-induced hypertrophy and

endocycling-induced polyploidization (Olszak et al., 2019). The cambial differentiation

patterns are also altered, with xylogenesis suppression and stimulation of phloem production

(Malinowski et al., 2019; Olszak et al., 2019). The sugar sink is established by modulating

specific aspects of carbohydrate logistics. In particular, the proteins that facilitate transport

and modulate solubility are impacted, with their expression changed in a way that channels

sugar toward the newly created environment, which provides a safe, nutrient-rich space for P.

brassicae to thrive (Walerowski et al., 2018).

Such drastic alteration of a plant's homeostasis can significantly impact its overall

fitness. The redirection of nutrient flow towards the infection site limits resources available

for the host. At the same time, structural changes to the roots, including gall formation and

reduced xylogenesis, hinder water uptake, causing significant water stress (Javed et al., 2023;

Malinowski et al., 2019). In the later stages of severe disease, galled roots disintegrate,

releasing spores into the soil. Affected plants exhibit wilting, chlorosis, and reddening of the

leaves. The growth is stunted; the plants flower earlier and produce fewer seeds of lower

16

https://paperpile.com/c/jhDTM7/Fmlm+3kc3
https://paperpile.com/c/jhDTM7/Qk4t
https://paperpile.com/c/jhDTM7/Qk4t+Fmlm
https://paperpile.com/c/jhDTM7/jxEx
https://paperpile.com/c/jhDTM7/Fmlm+v2NM
https://paperpile.com/c/jhDTM7/Fmlm+v2NM


quality (Dixon, 2009; Korbas et al., 2009). In severe cases, the plants prematurely die (Cao et

al., 2009).

1.2.3. Economic cost

Given the importance and widespread cultivation of Brassicaceae, and clubroot's

substantial impact on the plant's health, the economic implications of the disease are

significant. In oilseed rape production, it ranks among the most critical diseases, along with

Sclerotinia stem rot and Phoma stem canker (Zheng et al., 2020). Globally, the disease is

responsible for a 10-15% reduction in yield (Dixon, 2009), with local crop failures occurring

in heavily infested fields (Hwang et al., 2012).

Poland is one of the key European producers of Brassicaceae crops, ranking 4th in the

EU and 7th worldwide in oilseed rape production. Approximately 20% of all cultivated

vegetables in Poland are Brassicas, and 13% of arable land is dedicated to rapeseed. Recent

PCR screenings revealed the presence of clubroot in all 16 provinces of Poland, with the

highest prevalence in the southwestern and northern regions. The pathogen was detected in

62% of tested fields (Czubatka-Bieńkowska et al., 2020). This widespread prevalence of the

disease highlights its significant impact on the agricultural sector and food production,

emphasizing the need for exploring effective solutions.

1.2.4. Managing clubroot disease

Managing the disease is a very challenging task. Its prevention is arguably the most

effective strategy. Resting spores of P. brassicae are primarily dispersed by farm equipment,

transfer of infected soil or crops, and to a lesser extent, by water and wind (Cao et al., 2009;

Hwang et al., 2014; Rennie et al., 2015). Therefore, the implementation of robust agronomic

practices such as field monitoring and proper sanitation is commonly recommended (Hwang

et al., 2014; Jajor et al., 2017). However, once established, the disease is difficult to eradicate

from the field as viable resting spores can be detected in the soil even 15 years following the

last Brassica growth (Wallenhammar, 1996).
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Nevertheless, some strategies can help manage the disease (Donald & Porter, 2009;

Hwang et al., 2014). For instance, regular crop rotations can keep the pathogens population in

the soil low. However, the effectiveness of this approach might be limited by the presence of

common cruciferous weeds and volunteer plants (Zamani-Noor & Rodemann, 2018).

Furthermore, adjusting the seeding dates can mitigate the risk of infection by minimizing the

exposure of plants to pathogens during their vulnerable growth stages, taking advantage of P.

brassicae spores' optimal temperature and humidity ranges for germination (Hwang et al.,

2014).

Certain fungicides, calcium cyanamide, and lime application can be helpful, though

their effectiveness can be limited in heavily infested soils (Hwang et al., 2014). Additionally,

biocontrol measures, such as applying specific Bacillus and Trichoderma strains, have shown

some efficacy in limiting the disease severity (Ahmed et al., 2020). Moreover, given the

nonspecificity of the primary infection, using non-host bait plants can also be effective in

reducing the spore load. However, the disease-limiting efficiency of such an approach is

rather low (Hwang et al., 2014).

Unfortunately, many of the proposed solutions are impractical or not economically

viable, especially in the case of large-scale rapeseed cultivation (Hwang et al., 2014). Hence,

one of the best strategies to combat the disease is to utilize and augment plants' innate

defense mechanisms. Therefore, breeding and employment of resistant varieties, either alone

or integrated with some of the methods mentioned above, presents as a primary choice to

manage the disease effectively (Diederichsen et al., 2009; Hwang et al., 2014; Jajor et al.,

2017).

1.3. Plants' endogenous responses - PTI, ETI

Facing a continuous threat from a multitude of pathogens, plants have evolved a

diverse array of defense mechanisms. These include physical barriers such as cell walls,

waxes, trichomes, and regulated stomatal openings. Biochemical responses, including the

synthesis of phytoalexins and the release of reactive oxygen species, are also employed. In

some scenarios, plants resort to localized programmed cell death. Given that some of these

defenses are costly, they are deployed only as needed, in response to the activation of an
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elaborate danger recognition system composed of two layers - pattern-triggered immunity

(PTI) and effector-triggered immunity (ETI) (Ngou et al., 2022; Yu et al., 2017).

PTI serves as the 'first line' of plant immune response, recognizing and responding to

specific molecular patterns associated with pathogens or damage, known as PAMPs/MAMPs

(pathogen/microbe-associated molecular patterns) or DAMPs (damage-associated molecular

patterns). MAMPs encompass common, conserved molecules found in many pathogens, such

as chitin or flagellin, while DAMPs are endogenous molecules indicative of cellular damage,

such as extracellular ATP, oligosaccharides, or peptides (Boutrot & Zipfel, 2017). These

molecular patterns are recognized by the specific ectodomains of transmembrane pattern

recognition receptors (PRRs), often acting in association with co-receptors (Boutrot & Zipfel,

2017; Yu et al., 2017).

Upon ligand binding, PRRs initiate a cascade of downstream responses (Ngou et al.,

2022; Yu et al., 2017). These include the activation of mitogen-activated protein kinase

(MAPK) signaling pathways, calcium influx, reactive oxygen species (ROS) burst, and the

synthesis of stress hormones like salicylic acid, ethylene, and jasmonic acid. This signaling

results in the implementation of defensive measures, ranging from immediate reactions like

stomatal closure or ROS-mediated oxidative crosslinking of cell walls that prevent the

pathogen entry, to long-term transcriptional reprogramming, which activates defense-related

genes. These can lead to metabolic and structural changes, for example, by inducing the

synthesis of phytoalexins or callose deposition in cell walls. In addition to the localized

responses, PTI triggers a systemic response known as systemic acquired resistance (SAR),

which primes the entire plant for enhanced defense against future pathogen attacks (Vlot et

al., 2021).

While PTI provides plants with broad-spectrum defense against a wide range of

pathogens, many pathogens have evolved means to surpass this initial response. They secrete

proteins, and other molecules called 'effectors' that target and disable certain components of

the PTI (Ngou et al., 2022). A fascinating example of such a strategy is the secretion of

protein that contains the LysM domain - a chitin-binding module of PRRs. By binding

competitively, this protein effectively shields the chitin from recognition by plants' PRRs,

thereby suppressing the PTI response (de Jonge et al., 2010).
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The recognition and reaction to effectors is the premise of plants' second layer of

immunity, namely ETI (effector-triggered immunity) (Ngou et al., 2022). In general, ETI is

facilitated by cytoplasmic nucleotide-binding domain and leucine-rich repeat-containing

receptors (NLRs) that can be classified into three main types (depending on their N-terminal

domain): coiled-coil type (CNLs), Toll/interleukin-1 receptor (TIR)-type (TNLs) and

Resistance to powdery mildew 8-like domain type (RNLs) (Ngou et al., 2022). NLRs

recognize effectors directly or indirectly by monitoring the state of host proteins targeted by

effectors, so-called 'guardees' (Y. Lu & Tsuda, 2021; X. Zhang et al., 2017). Furthermore, in

addition to acting alone, some NLRs can act in pairs or more complex assemblies (Adachi et

al., 2019).

Although ETI and PTI have historically been regarded as somewhat parallel pathways

with overlapping downstream effects, it has since been discovered that ETI does not function

independently of PTI. Instead, ETI appears to potentiate the basal PTI response, often to the

point of inducing a localized programmed cell death called hypersensitive response (HR)

(Bjornson & Zipfel, 2021; Ngou et al., 2021; Yuan et al., 2021).

1.4. Arms race

Any mutation that allows a pathogen to evade recognition by the host or dampen its

defense response confers a significant fitness gain and would be likely to spread in the

pathogen population. While the MAMPs are relatively evolutionarily 'fixed', effectors are

generally disposable and can evolve more dynamically. Conversely, any new mutation that

allows for the recognition of an undetectable pathogen would spread among the host

population. This constant interplay between pathogen's effectors and plants' receptors drives a

case of the evolutionary arms race. As a result, NLRs are the largest, most diverse, and

fastest-evolving class of proteins in plants, and the landscape of NLRs has been shaped by

extensive copy number variation, structural variation, and gene conversion events (Barragan

& Weigel, 2021; Han, 2019; Michelmore et al., 2013). Consequently, although a single plant

must rely on its innate defenses, plants' immune system generally exhibits significant

adaptability in space and time.

20

https://paperpile.com/c/jhDTM7/ZkUC
https://paperpile.com/c/jhDTM7/ZkUC
https://paperpile.com/c/jhDTM7/7Cfd+liJY
https://paperpile.com/c/jhDTM7/4dbS
https://paperpile.com/c/jhDTM7/4dbS
https://paperpile.com/c/jhDTM7/WgBm+gLgN+d1Km
https://paperpile.com/c/jhDTM7/nThw+1CAt+anhg
https://paperpile.com/c/jhDTM7/nThw+1CAt+anhg


1.5. Pathotypes

From an agricultural perspective, the emergence or spread of strains pathogenic to

varieties so far regarded as resistant is of the greatest concern. Such resistance breakdowns

are a regular occurrence in various host-pathogen systems. For example, the breakdown of

resistance to P. brassicae infection in the B. napus 'Mendel' variety happened relatively

quickly after its introduction to the market (Diederichsen et al., 2014).

Genetically distinct strains of pathogens that can infect specific sets of ecotypes or

cultivars are referred to as races or pathotypes. In P. brassicae, several race classification

systems are used, such as Williams, European Clubroot Differential (ECD), and Somé

systems (Buczacki et al., 1975; Somé et al., 1996; Williams & Others, 1966). They involve

assessing an infection response of a panel of variably responsive hosts, with four, fifteen, and

three accessions, respectively. The geographic distribution of pathotypes is not uniform. For

example, in northern Poland, Somé pathotype P1 prevails while P3 is more common in the

south (Řičařová et al., 2016). This substantial variability has prompted the development of

more locally appropriate differential systems, like Canadian and Sinitic Clubroot Differentials

(Pang et al., 2020; Strelkov et al., 2018). Moreover, it necessitates local cultivation of

specific, genetically compatible varieties.

Given the high evolutionary dynamics of the host-pathogen interaction, the

identification of novel genetic sources of resistance is a key effort in breeding resistant

varieties.

1.6. Clubroot resistance

Several genetic sources of clubroot resistance have been found in Brassicaceae,

primarily in the genus Brassica, including B. oleracea, B. rapa, B. napus, B. nigra (Chang et

al., 2019; Lv et al., 2020; Neik et al., 2017), as well as in Raphanus sativus and Arabidopsis

thaliana (Fuchs, 1996; Gan et al., 2022; Ochoa et al., 2022). Most of the identified loci come

from Brassica oleracea and Brassica rapa, particularly European fodder turnip varieties (B.

rapa ssp. rapifera).
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1.6.1. Brassica oleracea - the source of quantitative resistance

Resistance in B. oleracea is predominantly quantitative, with broad-spectrum and

isolate-specific effects that often act in a recessive manner (Piao et al., 2009). The exact

mechanisms of this resistance remain unknown, as no functional studies of B. oleracea

resistance genes have been published to date. In general, quantitative resistance could arise

from adapting various aspects of morphology, metabolism, or basal defense (Pilet-Nayel et

al., 2017). For instance, in B. napus, C - genome-derived quantitative trait loci (QTLs) have

been linked to specific metabolic modules, and partial resistance was found to be associated

with higher glucosinolate gluconasturtiin and a decrease of citric acid content in roots

(Wagner et al., 2019). In A. thaliana, allelic substitutions within clubroot resistance QTLs

lead to the upregulation of camalexin synthesis, an important phytoalexin (Lemarié et al.,

2015), and increased ability to tolerate exogenous trehalose (Gravot et al., 2011), a key

component of successful infection that can reach phytotoxic concentrations in affected tissues

(Malinowski et al., 2019).

To date, the only major qualitative resistance gene found in Brassica oleracea is Rcr7,

which is believed to be introgressed from Brassica rapa (Dakouri et al., 2018).

1.6.2. The qualitative resistance of Brassica rapa

B. rapa exhibits a qualitative type of resistance determined by strong-effect,

race-specific genes. This source of resistance has been extensively utilized in breeding, both

intra- and interspecifically (Piao et al., 2009). The cloned and characterized clubroot R genes

from B. rapa belong to the TNL class, the receptive component of the ETI pathway

(Hatakeyama et al., 2013, 2017; Ueno et al., 2012; Z. Yang et al., 2022). While the complete

molecular mechanism of their action remains unclear, evidence suggests that the plant's

response prevents a secondary stage of infection, during which gall development occurs. For

resistant varieties 'ECD04' and 'ECD10', the microscopic appearance of the infection during

the primary phase is identical to susceptible infections. However, the cortical invasion and

subsequent development of secondary plasmodia are absent (L. Liu, Qin, Cheng, et al., 2020)
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1.6.3. Limited resistance in Brassica napus

Sources of resistance within the primary genetic pool of Brassica napus are known

from swede (B. napus ssp. napobrassica) varieties such as 'Wilhelmsburger', 'York', and

'Ditmars S2' (Ayers & Lelacheur, 1972). Further, the swede's have been enhanced by

incorporating resistance derived from 'ECD-04' through resynthesis and recurrent

backcrossing (Bradshaw et al., 1997). The swede resistance loci have been mapped in

'Brookfield'-derived 'Rutabaga-BF' (Hasan & Rahman, 2016) as well as 'Wilhelmsburger' and

resynthesis-derived 'Invitation' cultivars (Lüders, 2017).

The first clubroot-resistant oilseed rape varieties to reach the European market,

'Mendel' and 'Tosca', were also derived from resynthesis, with resistance introduced from the

ancestral species (Diederichsen et al., 2006).

The genetic basis of 'Tosca' resistance was not disclosed and is a main subject of this

work. In the case of 'Mendel', resistance was sourced from the turnip variety 'ECD-04'.

Although 'ECD-04' contains three dominant genes, only one was stably transferred to

'Mendel' (Diederichsen et al., 2006). This gene was subsequently mapped to the locus on

chromosome A03, which corresponds to the previously described and cloned gene CRa

(Fredua-Agyeman & Rahman, 2016). The Mendel variety was used as a source of resistance

for multiple oilseed rape breeding programs worldwide, but the breakdown of this resistance

prompted the development of a second generation of clubroot-resistant varieties, with

undisclosed genetic sources (Askarian et al., 2021; Diederichsen et al., 2014).

1.7. Use of qualitative and quantitative resistance in breeding

The exploitation of natural quantitative and qualitative resistance introduces unique

advantages and challenges. The polygenic nature of quantitative resistance makes its use in

breeding more complex, as to reach its full potential, it requires a coordinated transfer of

multiple QTLs into the receptive genetic background. However, this polygenic character can

enhance the durability of the resistance, as the selection pressure exerted by a single

small-effect locus might not be very high, particularly when multiple modalities are involved

(Pilet-Nayel et al., 2017). Furthermore, the quantitative effects are often non-specific,

conferring resistance to a broader range of pathotypes. Despite these properties, erosion of
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quantitative resistance has been observed in some systems (Caffier et al., 2016; Delmas et al.,

2016; Montarry et al., 2012; Pilet-Nayel et al., 2017).

In contrast, introducing qualitative resistance, particularly monogenic, is relatively

straightforward in simple marker-assisted selection scenarios. However, the risk of a rapid

breakdown of such resistance is a significant concern. It is noteworthy, though, that durable,

broad-spectrum qualitative resistances exist, as exemplified by the mlo gene that has been

used to control powdery mildew in barley for over 40 years, although its mode of action is

different than that of classical R genes (Büschges et al., 1997; Jørgensen, 1992).

An interesting and widely studied prospect is the 'pyramiding' of resistance genes,

involving the combination of quantitative resistance with qualitative resistance. The Rlm6

gene, which confers resistance to Leptosphaeria maculans in B. napus, serves as a

compelling example - when paired with a quantitatively resistant background, the durability

of the resistance increased by more than twofold, as compared to a susceptible background

(Brun et al., 2010; Delourme et al., 2014). A related strategy involves stacking multiple

race-specific major genes. This approach has been used in clubroot resistance breeding and

extended the range of pathotypic specificity and durability (Matsumoto et al., 2012; Tonu et

al., 2023). However, such schemes carry an inherent risk of the emergence and spread of

multi-resistant pathotypes, as exemplified in the case of L. maculans resistance (Balesdent et

al., 2022). Simulation studies have shown that the employment of spatial and temporal

rotations of resistant varieties (Djidjou-Demasse et al., 2017; Rimbaud et al., 2018) could

mitigate this risk.

Regardless of the mode of action and type of resistance, its implementation requires a

methodology for identifying the responsible genetic loci and transferring them into the

breeding material. The recent advancements in molecular biology techniques and genomics

have greatly expanded the possibilities for crop improvement and accelerated research.
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1.8. Genomic technologies bridge the gap between basic research and breeding

Agricultural breeding has significantly evolved in recent times, transitioning from

phenotypic selection to the use of advanced genomic technologies. Historically, breeding

involved intentional or inadvertent actions that promoted the relative fitness of plants with

desirable traits, like yield, taste, ease of cultivation, and resistance to pests or diseases. With

the advent of genetics in the early 20th century, more systematic approaches emerged, such as

population and pedigree breeding. This led to a vast expansion of high-yielding,

stress-tolerant crop varieties. Nevertheless, these approaches were constrained by a focus on

phenotypes, which take time to develop fully and often are intercorrelated and polygenic

(Breseghello & Coelho, 2013).

The development of molecular biology techniques transformed this landscape.

Notably, introducing restriction enzyme and PCR-based assays allowed for the identification

of sequence variants between individuals. This genotypic information was then used to create

the linkage maps of cosegregating markers, subsequently establishing the link between

phenotypic traits and specific polymorphisms in genetic sequences. These 'genetic markers'

could, in turn, be used to fix a trait of interest in breeding material with limited phenotyping

effort. Such marker-assisted selection (MAS) greatly accelerated the breeding process and

played a pivotal role in modern practices. Initially, the markers were sparse, and their

development was labor-intensive, which limited the throughput and resolution. However,

further advancements introduced technologies that enabled accessible genome-wide

genotyping of many individuals, leveraging the extensive genomic single nucleotide

variability. It was achieved primarily through the development of SNP chips and sequencing

technologies.

The first whole genome sequencing projects, based on Sanger's chain termination

method, had low throughput and were extremely costly. It limited their application to human

and model organisms, including, fortunately for the Brassica research, Arabidopsis thaliana.

The emergence of second-, or next-generation sequencing (NGS), based on a massive

simultaneous reading of short DNA fragments, revolutionized the field. Within three years of

its introduction, sequencing costs dropped by a factor of 1000 (and ten-fold more since then),

facilitating a rapid and broad emergence of genomic and transcriptomic projects (Kris A.

Wetterstrand, 2019). Brassica rapa was the first sequenced, assembled, and annotated
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Brassica genome (Brassica rapa Genome Sequencing Project Consortium, 2011), followed

by Brassica oleracea (S. Liu et al., 2014) and Brassica napus (Chalhoub et al., 2014).

Reference genomic sequences facilitated the examination of population variability through

resequencing and helped expand our knowledge of the coding and regulatory context of the

loci of interest. This, in turn, greatly facilitated functional research on genetic factors

impacting phenotypes.

The reference sequences led to the development of the Brassica 60k genotyping chip,

which spans approximately 50 thousand SNPs across A and C genomes (Clarke et al., 2016).

This development significantly reduced the genotyping cost per sample in relation to

resequencing. Although the sequencing cost can be significantly alleviated using reduced

representation techniques, such as skim sequencing or genotyping by sequencing (GBS)

(Deschamps et al., 2012; Golicz et al., 2015), working with sequencing data is not

standardized and requires expert knowledge and significant computational resources.

Employment of a fixed array of genotypic loci sacrificed genomic resolution but allowed

straightforward analysis for predefined sites, enabling the identification of single nucleotide,

and some structural variants (Mason et al., 2017). The brassica Brassica 60k, or its 15k

subset, was subsequently used to create high-density genetic maps and precisely map traits,

including clubroot resistance, within the crosses as well as genome-wide association studies

(GWAS) (Fredua-Agyeman et al., 2020; Li et al., 2016).

Apart from allowing precise mapping of sources of mono- and oligogenic traits for

use in marker-assisted selection and functional studies, the attainability of genome-wide

coverage of genotypic information allows its utilization as a selection criterion for improving

polygenic traits in genomic selection scenarios (Crossa et al., 2017). Such an approach could

potentially be used in the case of quantitative resistance breeding (Poland & Rutkoski, 2016).

1.8.1. Long reads help resolve structural variability

The short-read, second-generation sequencing technology faces inherent limitations.

The length of the Illumina-based sequence fragments leads to ambiguity in the case of

repeated sequences. It is especially problematic in highly repetitive plant genomes, including

B. napus (Chalhoub et al., 2014). The development of third-generation, long-read sequencing

technologies, such as PacBio and Oxford Nanopore Technologies (ONT), addresses this
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problem. They enabled more continuous and correct genome assemblies and better

assessment of sequence polymorphism. It is especially evident in the case of medium-sized

structural variation, which is widespread in B. napus and linked to trait variability but was

obscured by the length of NGS reads (Chawla et al., 2021). Currently, the relative ease of

obtaining high-quality long-read-based genomic assemblies leads to the pan-genomic era

(Bayer et al., 2020; Golicz et al., 2016; Hurgobin et al., 2018; J.-M. Song et al., 2020). The

graph-based representations of genomic variation within populations make it easier to dissect

extensive structural variability, especially prominent in the case of disease resistance genes

(Dolatabadian et al., 2020).

Another frontier in modern breeding is genetic engineering. Although traditional

breeding methods employed random mutational breeding, the real revolution came with the

development of CRISPR-Cas9 and its optimization for use in plants. This system allows for

precise, transgene-free mutagenesis and homology-driven gene transfer, significantly

reducing production time (Chen et al., 2019). Unfortunately, using CRISPR-based

transgenesis outside basic research is illegal in the European Union. However, cisgenesis is

currently under discussion; therefore, the regulatory landscape may change, enabling new

opportunities (EFSA Panel on Genetically Modified Organisms (GMO) et al., 2022).

All these developments are exciting and offer huge prospects for basic research as

well as the development of better genotypes. They are shaping the future of food production,

challenged by climate change and population growth. Many of the presented technologies

facilitated the research presented in this work.
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2. Aims of the thesis

This Ph.D. thesis was nested within the project funded by National Science Centre

grant 2016/22/M/NZ9/00604 led by Prof. Wojciech Karłowski - a joint effort of Adam

Mickiewicz University Poznań, The Plant Breeding and Acclimatization Institute - National

Research Institute Poznań, Institute of Plant Protection - National Research Institute Poznań

and Justus-Liebig-University Gießen. The focus of the project was to elucidate the genetic

bases of clubroot resistance in Brassica napus 'Tosca' with the aim to expand the

understanding of this host-pathogen system, as well as implement molecular markers to

facilitate the development of novel clubroot-resistant Brassica napus varieties.

The primary objective of this thesis was to identify the genetic loci associated with

clubroot resistance in the Brassica napus cultivar 'Tosca'. The results of this effort were

published in Frontiers in Plant Science (Kopec et al., 2021), and the article is included as a

third chapter of this thesis. Identifying the resistance locus created an opportunity for further

exploration and characterization of its gene content, as well as sequence and functional

differences between the resistant and susceptible genotypes. These analyses included the

identification of genetic polymorphism and clubroot-induced gene expression variability,

enabling the recognition of candidate resistance factors. The identification of a potential

resistance factor laid a solid foundation for the experimental evaluation of its role in clubroot

resistance. Finally, the striking structural and sequence polymorphism between the studied

genotypes, specifically concerning the potential resistance factor, prompted a broader

comparative analysis of the resistance locus composition across a larger panel of

Brassicaceae genomes.
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3. Identification and characterization of clubroot resistance locus in B. napus 'Tosca'

3.1. Local Duplication of TIR-NBS-LRR Gene Marks Clubroot Resistance in Brassica napus

cv. Tosca

Kopec PM, Mikolajczyk K, Jajor E, Perek A, Nowakowska J, Obermeier C, Chawla HS,

Korbas M, Bartkowiak-Broda I, Karlowski WM.

Frontiers in Plant Science 2021; doi: 10.3389/fpls.2021.639631

29



30



31



32



33



34



35



36



37



38



39



40



41



42



43



44



45



3.2. Supplementary figures

46



47



3.3. Author's contribution statement

48



3.4. Co-author's contribution statements

49



50



51



52



53



54



55



56



57



3.5. Comments to 'Local Duplication of TIR-NBS-LRR Gene Marks Clubroot Resistance in

Brassica napus cv. Tosca'

At the outset of this work, the genetic bases of resistance of B. napus 'Tosca' were not

publicly known. However, during the course of this study, the results of parallel work by the

Monsanto company were published as patent US10415101B2. In the patent documentation,

the resistance locus was mapped to a 4 cM region, which includes the 0.4 cM interval

determined in our study. Following the submission of our manuscript, another patent, by

BASF, was published under US20210017529A1. This document addressed functional aspects

of the genetic basis of 'Tosca'-derived resistance. The implications of this publication in

regard to this work are discussed in the next chapter.

Shortly after the publication of our manuscript, the results of a parallel Canadian

study were made publicly available, wherein the resistance locus was mapped to the 5 cM

region, consistent with our study (Fredua-Agyeman et al., 2021). Interestingly, due to the

susceptibility to the most common Canadian P. brassicae pathotypes, 'Tosca' was deemed

unsuitable as the sole source of resistance in local breeding programs. This underscores the

necessity of considering the pathogen's population structure in resistance breeding efforts.

Importantly, all of the studies agree on the genetic locus conferring the resistance, and

none of the published studies, apart from this work, acknowledged the existence of the

TNL-family gene duplication.

Furthermore, although not directly featuring 'Tosca', but relevant to this work, the

1 Mb resistance locus homologous to Crr3, has been identified in B. napus, with resistance

introgressed from the rutabaga variety 'Polycross'. The authors based their candidate gene

assessment solely on the results of differential expression analysis, suggesting that the

resistance might be a consequence of STP6 downregulation in resistant plants - an

observation consistent with our study. The TNL-family gene was stably expressed, with no

significant differences between mock and inoculated plants at both 7 and 14 DAI, in

susceptible and resistant plants (Z. Wang et al., 2022).
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4. Functional study of the duplicated TNL gene

4.1. Introduction

The identification of a tandemly duplicated TNL gene within a narrow locus

associated with clubroot resistance inspired further investigation into the functional role of

these genes. At this point, it was essential to determine whether the effect could be attributed

to any single paralog, both paralogs acting independently, or a synergistic interaction between

them.

For this purpose, transgenic Arabidopsis thaliana lines were developed, each

expressing a single copy or both copies simultaneously. These transformants were

subsequently inoculated with P. brassicae spores, and the severity of their responses was

measured. The A. thaliana Col-0 ecotype was selected for this study due to its susceptibility

to the P. brassicae isolate in question, as established in preliminary tests.

The close evolutionary relatedness between A. thaliana and Brassica species

facilitates the transferability of functional analyses. Moreover, this approach has proven

effective in previous studies, notably in the case of two cloned and characterized TNL-family

clubroot resistance genes, Crr1a and CRa/CRb, derived from B. rapa (Hatakeyama et al.,

2013, 2017). In these studies, gain-of-function Col-0 mutants exhibited a resistance with

similar pathotypic specificity to the donor cultivars. Therefore, the benefits of working with

A. thaliana, such as short generation time, abundant seed production, a lower degree of

genomic multiplication, and ease of transformation, can be leveraged without compromising

the validity of the results.

For my experiment, a synthetic CDS was used, circumventing the need to clone the

gene. Several factors influenced the choice of this strategy: cloning of genomic fragments

would require preserving the gene structure, and generating a single-insertion double

transformant could be constrained by the size of the construct. Although cDNA cloning could

resolve those issues, it relies on error-prone reverse transcriptase. Furthermore, the highly
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similar 5' ends of the paralogs and the ambiguous 3' structure of the genes, due to the adjacent

STP6-like fragment, were anticipated to pose additional challenges.

The synthetic CDS approach also facilitated the inclusion of a protein marker tag.

Monomeric fluorescent proteins (FPs): mNeonGreen and mScarlet were selected for this

purpose (Bindels et al., 2017; Shaner et al., 2013). To avoid potential disruption of protein

function - a common issue with traditional fusion proteins - the TNLs were separated from

the tags using a P2A element from the 2A family. This short sequence, derived from a

porcine teschovirus, prevents the formation of a single internal peptide while allowing for

downstream translation (Luke et al., 2015). Consequently, a fluorescence signal in the

C-tagged translation unit serves as an indicator of a successful production of the upstream

native protein.

To validate functional fluorescence, two additional transformant pools, expressing

only the FPs, were created. Since FPs constitute another xenogenic element with a potential,

albeit unlikely, effect on the infection process, they were included in the subsequent

phenotypic experiment.

While the functional analysis was being conducted, a parallel, independent study from

BASF, that assessed the genetic basis of 'Tosca'-derived resistance, was published under the

patent US20210017529A1. In light of these new findings, a comparative analysis and

synthesis of the relevant results was undertaken.

The results described in this and subsequent chapters have not yet been published in a

scientific literature.
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4.2. Materials and Methods

4.2.1. Nomenclature

The duplicated TNL gene is hereafter referred to as crT. The 'Tosca'-derived copies

are numbered in accordance with (Kopec et al., 2021), i.e., T1 becomes crT1, and T2

becomes crT2. Collectively the 'Tosca'-derived copies are referred to as crTn. To simplify the

description, the corresponding constructs and transformant plants are referred to as crT1,

crT1, crT1,2 (collectively crTn), and mS, mNG (collectively mFP) for FP controls, whenever

possible, as described in section 4.2.3.

4.2.2. CDS synthesis

The coding sequences of crT1 and crT2 genes were used as described in the

supplementary information of (Kopec et al., 2021). The synthesis of crT1-P2A-mNeonGreen

and crT2-P2A-mScarlet fragments and subcloning into the pUC57-Simple vector were

ordered from GenScript. The sequence was validated using Sanger sequencing by the service

provider.

4.2.3. Construct assembly and validation

For this experiment, five constructs were created (Fig 1), with expression driven by A.

thaliana ubiquitin 10 (AT4G05320) promoter (ubq) and terminated by Agrobacterium

tumefaciens nopaline synthase terminator (nos):

crTn:

crT1 ubq::crT1-P2A-mNeonGreen::nos, for the expression of crT1 gene with

codon-optimized mNeonGreen protein tag;

crT2 ubq::crT2-P2A-mScarlet::nos, for the expression of crT2 gene with

codon-optimized mScarlet protein tag;

crT1,2 ubq::crT1-P2A-mNeonGreen::Nos-ubq::crT2-P2A-mScarlet::nos, for

expression of both genes, with corresponding FP tags;

mFP:

mS ubq::mScarlet::nos, and

mNG ubq::mNeonGreen::nos as controls.
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All the cassettes were cloned into a pFGC5941-like binary vector (hereafter referred

to as pFGC). This vector carries kanamycin and glufosinate resistance genes, which enable

the selection of transformed bacteria and plants, respectively. The assembly of constructs

crT1 and crT2 was carried out using circular polymerase extension cloning (CPEC) (Quan &

Tian, 2009), while the remaining constructs were assembled via homology-based in vivo

assembly in Escherichia coli DH5α (García-Nafría et al., 2016). All fragments were

amplified with Phusion™ Plus high-fidelity polymerase (Thermo Scientific™), with the

specific primers listed in Table 1. The pFGC backbone and nos terminator were transferred

from pFGC-I2Cas9 plasmid (https://www.addgene.org/173158/), while the ubiquitin

promoter with the 5'UTR was amplified from A. thaliana Col-0 genomic DNA.

Following successful insert-flanking-PCR and restriction analysis, selected clones

were further validated with Sanger sequencing at the local Faculty of Biology, Adam

Mickiewicz University sequencing facility. The sequencing spaned plasmid-insert boundaries

in all cases, the nos-ubq junction in crT1,2, and almost the entire inserts for constructs

carrying individual TNLs.

Table 1. Primers used throughout the study

Name Sequence (5' →3') Use

EPL1B_R2 cacgccgaaataaacgacca Insert size
check, Sanger
sequencingM13F_47 cgccagggttttcccagtcacgac

pFGC_F ttactagatcgcatgggaattctgagatttttcaaatcagtg pFGC
backbone
amplificationpFGC_U_R actcgtcgacagcttggcactggccgtc

UBQ_R agagagccatctgttaatcagaaaaactcagat ubq promoter
amplification

UBQ_F gtgccaagctgtcgacgagtcagtaataaacg

NosT_R attcccatgcgatctagtaacatagatgacac nos terminator
amplification

NosT_T1_F ttataaataagatcgttcaaacatttgg

NosT_T2_F atacaagtaagatcgttcaaacatttgg
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T1_P2A_mNG_U_F tgattaacagatggctctctcattagcttc crTn_P2A_FP
fragments
amplificationT1_P2A_mNG_R ttgaacgatcttatttataaagctcatccatccc

T2_P2A_mS_R ttgaacgatcttacttgtataactcgtccatg

T2U_F gtcatctatgttactagatcgtcgacgagtcagtaataaac crT1,2
construct
assemblyT2U_R gtcatctatgttactagatcgcatgggaattctgagattt

T1U_R tttattactgactcgtcgacgatctagtaacatagatgacaccg

T1U_F gtcatctatgttactagatcgcatgggaattctgagattt

mNG_circ_F tgattaacagatggtcagcaaagggga mNG
construct
assemblymNG_circ_R tgctgaccatctgttaatcagaaaaactcagat

mS_circ_R tactgaccatctgttaatcagaaaaactcagat mS construct
assembly

mS_circ_F tgattaacagatggtcagcaagggtgag

ubq_seq1 ctgggtttgatcgttagatatcatc Sanger
Sequencing

Tsc_ss1 gtgatttctatctagatctggtg

Tsc_ss2 cgccaatgatgttttggataaac

Tsc_ss3 ggctgcacctgaaggttt

Tsc_ss4 cttcgactatttgcctcctaa

Tsc_ss5 ggtatctggatctctcggat

Tsc_ss6 gcaccgtactactggaac

Tsc_ss7 cttaagcaggcaggtgatg Sanger
Sequencing,
genotyping,
RT-PCR

mNGss1_R gggcaccaggatccaag

mSss1_R caagagaaagggagtggc

AM3_F gtcgctagcaagacacttaaga genotyping,
RT-PCR

AM3_R gtgtgccgagaaatatacgaac

Actin_F ccggtattgtgctggattct

Actin_R aatttcccgctctgctgttg
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Figure 1. Vector design for A. tumefaciens-mediated Arabidopsis transformation

4.2.4. Agrobacterium-mediated Arabidopsis transformation

Agrobacterium tumefaciens GV3101 was transformed with plasmids via the

freeze-thaw method (Weigel & Glazebrook, 2006), and transformants were then selected on

LB agar plates containing 20 ug/ml rifampicin, 50 ug/ml kanamycin, and 40 ug/ml

gentamicin. The presence and identity of the inserts were assessed through colony PCR with

backbone-specific EPL1B_R2 and M13F_47 primers flanking the insertion site.
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Subsequently, A. thaliana Col-0 plants were transformed using the floral-dip method

(Clough & Bent, 1998). The plants were grown until stage 6.00 (Boyes et al., 2001). The

primary bolt was trimmed to promote the growth of the auxiliary bolts. As the first flower

opened, the buds were immersed in a suspension of A. tumefaciens in 5% sucrose and 0.04%

Silwet Gold (UPL) and placed in a dark, humid box for 12 hours. After 6 and 12 days, newly

emerged inflorescences were gently bathed with fresh dipping suspension using a pipette,

following the protocol by (Narusaka et al., 2010), and the plants were subsequently subjected

to another period of dark, humid treatment.

4.2.5. Transformant selection

The transformant T1 seedlings were initially selected based on glufosinate resistance.

T0-derived seeds were sown onto coco-coir bedding. After germination, the seedlings were

sprayed with a Basta® (BASF) solution containing a final glufosinate-ammonium

concentration of 60 mg/l every 3-4 days. After two weeks, most of the plantlets had either

died or become chlorotic, exhibiting severely retarded growth. Randomly selected healthy

plantlets were transferred to soil for further propagation, and the presence of the transgenes

was confirmed through PCR using Phire™ Plant Direct PCR protocol (Thermo Scientific™),

with backbone-specific M13F_47 forward primer and reverse primer UBQ_R in the ubq

promoter, multiplexed with actin-specific primers serving as control (Actin_F, Actin_R).

4.2.6. Expression validation

Transformants were assessed for protein expression based on fluorescence under

Zeiss Axioskop 2 plus epifluorescence microscope illuminated with HBO100 100W Mercury

short-arc lamp, with appropriate filters for mScarlet and mNeonGreen emission detection.

mRNA expression was evaluated through RT-PCR. Total RNA was extracted from leaves and

roots using Norgen Total RNA Purification Kit, treated with TURBO DNAse, and

reverse-transcribed with Takara Superscript, using a mix of polyA and crTn-specific primer

Tsc_ss6. A 35-cycle PCR with Phire™ polymerase was performed, using primers spanning

the P2A-FP boundary, Tsc_ss7 forward and mNGss1_R or mSss1_R for crT1 and crT2,

respectively. Actin CDS primers (Actin_F, Actin_R) were used for positive RNA control, and

primers spanning intergenic region on chromosome 4 (AM3_F, AM3_R) were used to control

for genomic DNA contamination.
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4.2.7. Phenotype assessment

Seeds from glufosinate-selected transformants, alongside the wild-type controls, were

sown directly onto the soil and stratified for two days at 4°C. Following germination, the

plant density was adjusted to approx 30-40 plantlets per pot. The highly clubroot-susceptible

B. rapa pekinensis cv. 'Granaat' was included as an external control for positive infection.

Two-week-old seedlings were inoculated and grown under conditions similar to those

described in (Kopec et al., 2021). Eight weeks after inoculation, the plants were assessed for

disease symptoms on a 0-3 scale, with 0 representing no symptoms, 1 representing small

nodules on lateral roots, 2 representing larger galls on lateral roots, swollen main root and/or

hypocotyl, and 3 representing severely galled roots and hypocotyl. The phenotyping was

conducted in cooperation with dr Ewa Jajor from the Institute of Plant Protection - National

Research Institute in Poznań.
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4.3. Results

4.3.1. Validation of transformation

The initial selection of T1 seedlings based on glufosinate resistance was successful,

leading to severe stunting in most seedlings (Fig 2 A). Selected healthy seedlings were

genotyped for the transgene presence, with over 95% true-positive rate (Fig 2 B). Validated

transformants, along with a few glufosinate-selected lines, were chosen for further

propagation.

Figure 2. Transformant selection. A) Example result of glufosinate selection: healthy putative transformants are easily

distinguishable from stunted WT seedlings. B) PCR validation of transformants, with actin-specific primers included

for reaction control. A glufosinate-selected false positive is marked with an arrow. C - positive control (diluted crT1

plasmid carrying- E.coli colony)

4.3.2. Expression validation

The design of the cassettes included fluorescent protein tags, therefore the etiolated

T2 seedlings were screened for fluorescence under an epifluorescence microscope. The

control mS and mNG lines displayed a readily detectable signal throughout the entire plantlet

(Fig 3 A). Unfortunately, no fluorescence was detected in the crT1, crT2, and crT1,2 plants,

making direct confirmation of protein production unfeasible. To verify whether the

transgenes were being expressed, an RT-PCR was performed (Fig 3 B). All tested plants

exhibited an expected band pattern, indicating a successful transgene transcription.

67



Figure 3. Transgene expression validation. A) Fluorescence assessment in stems of etiolated seedlings. No

apparent signal is seen in crTn plants, as compared to FP controls. B) RT-PCR expression validation. C -

gDNA contamination control reaction, with primers flanking the intergenic region. Positive reaction run on

genomic DNA described as GC, with expected 453 bp product; A - actin mRNA, 179 bp; T1, T2 - common

forward and crT1 or crT2-specific reverse primers; expected products lengths 237 bp and 218 bp,

respectively.
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4.3.3. Phenotyping of transgenic plants

The preliminary phenotyping experiment was set up prior to the validation of

transformation and expression, using glufosinate-selected lines. The results of this experiment

support the hypothesis that crT plays a significant role in clubroot resistance [Fig 4]. The

majority of the crTn plants showed no signs of the disease, in contrast to control

transformants, and, to a lesser extent, wild-type plants. The effect did not depend on the crTn

combinations - both single and double transformants demonstrated high resistance. ANOVA

determined significant between-group differences with F = 11.32 and FDR adj. P-value <

6.21e-09, and the post hoc Tukey test showed significant differences between all crT-carrying

pools, and mS and mNG controls. It is worth mentioning that the offspring of single

transformants is expected to revert back to WT in ¼ of cases; however, the affected crTn

plants were not genotyped to investigate this possibility. No statistically significant

differences between WT and either pool were observed.

Figure 4. Preliminary experiment phenotyping results. A) Phenotype distributions across tested samples.

Samples with significantly different means (Tukey test with FDR adjustment) are linked above, ** P<0.001,

*** P<0.0001. B) Example healthy and C) affected root systems from test and control transformants. The

white bar marks 1 cm.
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4.3.4. Comparison with the results of the independent functional study

Concurrently with this functional study, an independent patent publication confirmed

the function of the 'Tosca'-derived resistance allele, referred to as CRT, through transgenic

expression in the susceptible B. napus background (US20210017529A1). The disclosed

protein sequence of CRT shares a 90.2% pairwise identity with crT1. The only source of

disparity is the C-terminal part of the proteins. Up to the 1089th position, the sequences are

identical, then they diverge at eight positions terminal to crT1, and the CRT sequence extends

for additional 110 AAs (Fig 5).

Figure 5. Alignment of the C-terminal ends of the CRT and crT1 protein sequences, highlighting the
divergence between these two sequences. The remaining parts of the sequences are identical.

Unfortunately, the coding sequence of the CRT was not disclosed. Therefore, the

available genomic and protein sequences were aligned to the previously assembled 'Tosca'

resistance locus sequence and examined using the IGV [Fig 6]. The CRT genomic sequence

closely matches the genomic crT1, with just 12 mismatches (compared to 477 for crT2).
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Interestingly, the C-terminal difference might be a consequence of alternative splicing

near the 3' end. The CRT C-terminal AA sequence can be traced and assembled based on the

given genomic sequence, but it requires a splicing pattern not supported by any of our

RNA-seq reads, which were sourced from roots and leaves of both infected and control

plants. However, it is plausible, as the putative CRT splice sites do follow a canonical GT-AG

pattern in a manner consistent with the disclosed AA sequence. Furthermore, it is important

to remember that the genes were expressed in different Brassica napus background genotypes

- a 'Tosca' x 'BRH-1' derived DH line in the case of crT1, and an undisclosed line in the case

of CRT.

Figure 6. Illustration of the comparison of the C-terminal-coding crT1 genomic sequence with the CRT
sequences disclosed in the patent US20210017529A1. The data are aligned in reference to the fragment of
assembled resistance locus from 'Tosca'. The tracks depict the following:

1. 'Tosca' Illumina RNA-seq: Presents alignment of RNA-seq reads from a DH line carrying a
resistant allele. Black vertical lines guide the observed splice sites into the subsequent tracks.

2. 'Tosca' Nanopore WGS: Depicts the alignment of Nanopore sequencing data from 'Tosca', which
was used as the base for assembly.

3. CRT genomic: This shows the alignment of the patent CRT genomic sequence. Dark arrows
indicate a cluster of SNVs, evident also in RNA-seq data. These SNVs, as well as other variants
within the coding region, were considered during the CDS design process. Variants beyond the crT1
stop codon are indicated by red arrows.

4. crT1 protein and CRT protein: Depict the protein alignments of crT1 from this study and the
patent CRT to the genomic sequence.

Black boxes at the bottom enlarge the sequence context of the protein alignment, with the coding phase
marked with an arrow. GT donor sites that align with RNA-seq data are marked with pink boxes, while
putative alternative sites, consistent with published CRT AA sequence, are marked with blue boxes.
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Significantly, the patent publication does not mention duplication. It does, however,

provide genomic and AA sequences of experimentally validated susceptible alleles, none of

which share a high identity with crT2 (82.2 and 73.5% on the protein level, scattered

throughout the sequence), and the genomic sequence of one of them is identical to B. napus

'Express 617' A03 orthologue.

4.4. Discussion

In light of the results achieved in this study, and those published in patent

US20210017529A1, it can be concluded that the expression of specific variants of the crT

gene present in the Crr3Tsc locus confers resistance to clubroot. This discovery enriches our

repertoire of functionally confirmed TNL-family clubroot resistance genes.

Contrary to the patent publication, our study acknowledges the existence of two

paralogous copies of the TNL gene present at the locus, directly stemming from the results of

our previous research. Therefore, our results not only agree with but also extend upon the

published patent by expanding the spectrum of known resistance alleles.

Significantly, the resistance effect is observed regardless of the transgene

configuration, and both duplicates appear functional. This contrasts with the previously

described clubroot resistance locus CRa/CRb, where only one of the locally clustered TNL

genes conferred resistance (Hatakeyama et al., 2017).

This apparent functional redundancy prompts intriguing questions regarding the role

of duplication. Is there a specific advantage associated with possessing two copies, and if so,

what is it? Duplications can alleviate the selective pressure on a single copy, paving the way

for neofunctionalization or subfunctionalization. One possibility is that each allele, alone or

in combination with the other, responds to different effectors, thereby expanding the

pathotypic specificity. Conversely, the response could be amplified if multiple avirulence

factors, recognized by different alleles, coexist in a single race. Dual TNL systems have been

described in plants (Eitas & Dangl, 2010). For example, RPS4 and RRS1 in A. thaliana

function as a dual system that confers resistance to three distinct pathogens (Narusaka et al.,

2009). Some evidence of functional synergy exists in the case of known clubroot resistance
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loci. For example, the joint presence of Crr1b and Crr2 is necessary for resistance to certain

pathotypes (Hatakeyama, 2015; Suwabe et al., 2003).

Another potential benefit of the duplication could be that a simple increase in the

receptor dosage might enhance the response. A dose-dependent efficacy was noted in the case

of transgenic expression of Crr1a in susceptible B. rapa background, and natively the gene is

incompletely dominant, suggesting either an additive effect or negative regulation by the

susceptible allele (Hatakeyama et al., 2013). Interestingly the effect was not seen in

transgenic A. thaliana, in which case the gene behaved in a clearly dominant way.

The question of dosage effect could likely be assessed with quantitatively inducible

promoters (Zuo et al., 2000). However, this would likely require some optimization, as

overexpression of NLRs can trigger autoimmunity (Freh et al., 2022). This phenomenon was

demonstrated in studies on, among others, RPS6 and VICTR (Ariga et al., 2017; Gloggnitzer

et al., 2014), the closest crT homologs in Arabidopsis thaliana. Indeed the expression levels

of NLRs are tightly regulated, and interfering with this regulation sometimes proves lethal

(Freh et al., 2022; Gloggnitzer et al., 2014; Lai & Eulgem, 2018; Lapin et al., 2022).

Nonetheless, the crTn expression in our experiment was driven by a moderately strong ubq

promoter, and no obvious signs of autoimmunity were noted, although it was not

systematically measured. Similarly, the CRT expression in patent publication was driven by a

strong 35S promoter, and the plants were at least viable.

The question arises whether the single-copy expression level is not already optimal to

bind the effector at a concentration low enough for the downstream defense response to be

sufficient. One observation that could support this idea is the absence of expression

upregulation of crTn during infection in our RNA-seq data, hinting that the high expression

level might not be a primary factor influencing the response. However, this measurement

was done quite late after the inoculation, with two copies present. A more focused

investigation is needed to address this matter appropriately.

Another tempting speculation is that an elevated dose could hypothetically be more

advantageous if the evolution of clubroot specificity were stepwise and the progenitor of the

current strong-effect alleles had lower or no affinity to clubroot-specific molecules. This

question could potentially be illuminated by examining the evolutionary history of the locus
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and functionally evaluating a broader range of alleles, preferably within a broader panel of

pathotypes.

However, it is also conceivable that the genes are truly redundant, with one copy

gradually losing function altogether due to random mutations and genetic drift. Nevertheless,

a relatively large non-synonymous sequence variability between the paralogs, without

evidence of nonfunctionalization, suggests this may not be the case here.

4.4.1. Signs of alternative splicing of TNL allele

The single allele validated in the patent US20210017529A1 is nearly identical to crT1

described in this study. The twelve mismatches observed between the genomic sequences are

artifacts of the assembly process that relied on error-prone Nanopore reads. The CRT

sequence in the patent is the correct one. However, for the crTn CDS design, Illumina-based

RNA-seq data was considered and used to carefully knit and correct the coding sequences - a

process that appears to have been successful, given the 100% identity in the overlapping part.

Protein sequences of crT1 and CRT differ in the C-terminus, with CRT being longer.

Although the patent publication does not define how the coding sequence was determined,

gathered evidence suggests that the observed difference might be due to alternative splicing

of the gene at the 3' end. There are known examples of functionally relevant alternative

splicing of TNL genes, such as A. thaliana RPS4, which requires the presence of both -

full-length and alternative transcripts for defense response (X.-C. Zhang & Gassmann, 2003).

Our analysis suggests that in this case, the resistance is conferred regardless of the isoform

present, at least within the respective backgrounds and pathotype combinations. However, a

more direct confirmation of this hypothesis would be necessary.

This result partially contrasts with the Crr1a, in which variability at the C-terminal

distinguishes resistant from susceptible versions. However, for this gene, these differences

stemmed from allelic sequence variability, not alternative splicing of a single allele

(Hatakeyama et al., 2022).
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4.4.2. Study limitations

Given that this study was conducted in a heterologous system, a degree of caution is

necessary for the interpretation of the results. It is notable that in previous studies on Crr1,

certain discrepancies, discussed earlier, were identified between the effects of the transgene in

A. thaliana gain of function and B. rapa complementation. Nonetheless, they did not affect

primary conclusions regarding conferring the resistance.

A more robust approach for such a study could involve the creation of two single and

double knockouts in 'Tosca', and two single and double allele substitutions in 'BRH-1'. It

would likely yield more definitive results and could potentially shed some light on the

putative quantitative aspect, regulatory interplay, and the possible existence of residual

resistance factors within the locus.

However, the implementation of this procedure would require a substantial

investment of time and financial resources to optimize the transformation protocols and

expression systems, with the added complication of the vernalization requirement in

winter-type genotypes. Given that functional analysis was not initially planned within the

scope of this work, the heterologous expression in A. thaliana, proved to be a sufficient

approach. It provided convincing and valuable results, particularly when considered

alongside published patent data generated in B. napus.

One puzzling aspect of the experiment was the low proportion of strongly affected

WT lines. It can be partially attributed to the fact that the phenotyping was conducted

considerably late after inoculation. As a result, many plants with disintegrated root systems,

which may represent the end-stage of the disease, were not scored at all. This could also

account for the relatively low proportion of mNG and mS plants with the highest disease

index. As the experiment was performed on the offspring of glufosinate-selected plants,

without additional transformation validation, a re-evaluation using confirmed lines and a

shorter growth period is currently underway.

Another issue encountered was the absence of detectable fluorescence. An important

question arises whether the fluorescence is nonexistent or just very weak. It is intriguing to

speculate if mechanisms responsible for controlling the TNL levels, such as RNA-mediated
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silencing, might be contributing to the apparent lack of fluorescence of the protein tag. These

mechanisms would naturally reduce the levels of co-expressed proteins. Another potential

problem might be P2A cleavage efficiency, which can be context-dependent (Luke et al.,

2015). The absence of fluorescence was not thoroughly investigated since it did not

undermine the main conclusions resulting from the experiment.

4.4.3. Future directions

Future studies could expand upon this research by examining the disease response of

each gene combination across a broader panel of P. brassicae pathotypes. Uncovering any

differential signals could pave the way for identifying specific avirulence factors.

The potential avirulence factors could also be identified in a two-hybrid screen of P.

brassicae transcriptome, or secretome, with crTn used as baits (Fields & Song, 1989).

Identification of specific avirulence factors could subsequently provide a basis for

researching the molecular mechanisms behind the response and facilitate uncovering of the

neglected pathogen-oriented side of the story.

In addition to the functional analysis of the current state of the locus, tracing back the

evolutionary history of Crr3Tsc could provide valuable insights and help elucidate different

scenarios regarding the role of its duplication in clubroot disease. The final chapter of this

work initiates a preliminary analysis in this regard.
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5. Comparative analysis of the Crr3Tsc homologous loci

5.1. Introduction

Among the genomes examined thus far, B. napus 'Tosca' is the only one in which a

duplication of the crT gene has been identified. Our previous findings established that the

expression of specific copies of the crT gene confers resistance to clubroot. Importantly, the

resistance effect is observed regardless of the transgene configuration, suggesting that both

versions are functional. This apparent functional redundancy provokes intriguing questions

about the role of duplication in resistance. Is it functionally relevant now, and if so, in what

context? If yes, is it due to the dosage, broader pathotypic specificity, or some other

mechanism? Or perhaps the duplication facilitated the evolution of the resistance? While

further functional studies may provide additional insights, a complementary approach

involves a comparative analysis of the locus across the Brassicaceae genomes. Such analysis

would allow us to answer the question of whether the duplication is specific to the 'Tosca' or

other clubroot-resistant genotypes. If the duplication is specific only to clubroot-resistant

lineage, this would hint at its relevance in the emergence or maintenance of the resistance. In

such a case, identification of the genome carrying the most closely related singular allele

would provide a good candidate for experimental studies on the emergence of clubroot

resistance. On the other hand, identification of clubroot-susceptible genotypes hosting the

duplication could pave the way for determining the molecular bases of the resistance by

comparison of closely related but functionally divergent alleles of the crT.

Intriguingly, a preliminary examination of the genomic fragment homologous to the

Crr3Tsc resistance locus in A. thaliana, reveals an absence of the crT gene [Fig 1]. This

observation at the very onset of the exploration hints at a complex evolutionary history of the

locus that may extend beyond a duplication event. Therefore, a broader comparative analysis

could provide additional insight into the evolution of resistance and highlight further

directions for experimental evaluation.
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Figure 1. Comparison of synteny between a segment of the B. napus Darmor-bzh A03 locus homologous to
Crr3Tsc and a corresponding region on A. thaliana Col-0 chromosome 3, conducted in Ensembl. The crT gene
is highlighted in yellow, situated between STP6 and related STP6-like fragments.

In this chapter, a brief exploratory, comparative analysis of the locus, with a focus on

the resistance-conferring crT gene is conducted. Firstly, syntenic genomic blocks in a

selection of Brassicaceae genomes are identified, and their ancestry is traced back in relation

to the Brassica lineage polyploidization events. The genic content of the blocks is then

assessed, and an analysis of gene presence-absence dynamics is undertaken, with particular

attention given to the copy number variation of the crT gene.
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5.2. Methods

5.2.1. Genomes considered

Table 1 below lists the assemblies considered in the analyses. The last three columns

describe which part of the analysis included the particular assembly.

Table 1. List of assemblies used for the analysis. PAV - gene presence-absence variation
analysis; TNL CNV - analysis of the copy number variation of crT; Phylo - species
phylogenetic analysis.

Species Genotype Assembly PAV TNL CNV Phylo

Arabidopsis thaliana Col-0 GCA_000001735.1
(TAIR10)

yes NA yes

Arabidopsis lyrata MN47 GCA_000004255.1 yes NA yes

Arabis alpina Pajares GCA_000733195.1 no NA yes

Thlaspi arvense MN106-Ref GCA_911865555.2
https://doi.org/10.1111/
pbi.13775

yes NA yes

Raphanus sativus WK10039 GCA_000801105.3
10.1007/s00122-016-2
708-0

yes NA yes

Brassica nigra NI100 https://doi.org/10.1038/
s41477-020-0735-y

yes NA yes

Brassica oleracea TO1000 GCF_000695525.1 yes yes yes

OX-heart_923 GCA_018177695.1 no yes no

HDEM GCA_900416815.2
https://www.nature.co
m/articles/s41477-018-
0289-4

yes yes yes

Brassica rapa Chiifu-401-42 GCF_000309985.2 yes yes yes

Z1 GCA_900412535.3 yes yes yes

PC-fu GCA_025215035.1 no yes no

79



SCU_BraROA GCA_017639395.1 no yes no

CT001 GCA_008629595.1 no yes no

FPsc GCA_003434825.1 yes yes yes

ECD04 https://doi.org/10.1111/
pbi.13827

no yes no

Brassica napus Da-Ae GCF_020379485.1 yes yes yes

Zs11 GCF_000686985.2 no yes no

GH06 GCA_026770255.1 no yes no

Zy821 GCA_026770265.1 no yes no

Darmor-bzh https://doi.org/10.1093/
gigascience/giaa137

yes yes yes

Zs11 https://doi.org/10.1038/
s41477-019-0577-7

no yes yes

Zheyou73 no yes yes

Westar no yes yes

Tapidor no yes yes

Shengli no yes yes

QuintaA no yes yes

No2127 no yes yes

GanganF73 no yes yes

5.2.2. Detection of syntenic genomic blocks

Genomic and CDS sequences of Crr3Tsc locus gene models based on B. napus

Darmor-bzh 4.1 assembly, as defined in Kopec et al. 2021, were used as queries for blastn

and tblastx searches, respectively, against studied genomes (Camacho et al., 2009). Hits were

then filtered based on a minimal aligned length of 100 and an E-value of less than 0.001. The

results were screened for blocks of hits ordered collinearly with the reference gene order.
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5.2.3. Comparison with Ancestral Brassica Karyotype

Chromosome coloring by ancestry was done in reference to TAIR10 gene order on

Ancestral Brassica Karyotype (ABK) map by (Murat et al., 2015). This process involved

identifying the orthologs of TAIR10 genes included in the ABK among the annotated protein

sequences of the genomes being studied, using Orthofinder (Emms & Kelly, 2019). The

chromosomal positions of these orthologs were subsequently marked and colored according

to the ABK chromosomal affiliation of the corresponding Arabidopsis ortholog that uniquely

mapped to it, using the ggplot2 R package. The map was manually refined with Inkscape

(Inkscape Project. (2020); https://inkscape.org) to enhance visual clarity.

5.2.4. Analysis of gene content and presence-absence variation

The term 'gene' used in the analysis encompasses both genes and annotated

pseudogenes. For the selected, annotated genomes, the proteins and annotated pseudogenes

from each syntenic block were examined for the best blastp or blastx hit against the A.

thaliana reference proteome. The regions considered were flanked by orthologs of

AT3G06035 and AT3G05900. Flanking orthologs were classified as absent only if the

subsequent reference ortholog (beyond AT3G06035 or AT3G05900) was found further up or

downstream. Genes present in one genome only were omitted from the analysis. Similarly,

any additional structural variation, such as inversions or duplications, was disregarded at this

stage.

The resulting binary presence-absence matrix was a foundation of further analysis in

the R environment. The genomic blocks were clustered using a complete-linkage method

based on Jaccard distance, using the 'dist' and 'hclust' functions from the R stats package. The

matrix was subsequently visualized, using the ggplot2 package. The gene (column) order

was based on a consensus gene order among the blocks, while the order of the blocks (rows)

was based on the results of the clustering.

5.2.5. TNL copy number variation

In all B. napus, B. oleracea, and B. rapa accessions, blocks located on chromosomes

A03 and C03 were visually inspected for signs of TNL duplication, using blast results and

Integrative Genomics Viewer (IGV) (Robinson et al., 2011).
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5.2.6. Phylogenetic analysis

A phylogenetic tree was constructed based on annotated protein sequences using the

OrthoFinder package. The tree was subsequently visualized with the online tool ITOL

(itol.embl.de).

5.2.7. Sequence comparison of B. napus 'Tosca' and B. rapa ssp. chinensis 'PC-fu' TNL

duplication

Orthologous genomic sequences flanked by specific sequence markers were extracted

from the genome of B. rapa ssp. chinensis 'PC-fu', and assembled region from B. napus

'Tosca'. Sequences were globally aligned using the modified Needleman-Wunsch algorithm

as implemented in Emboss Stretcher (Madeira et al., 2022), using default parameters. The

number of gaps and mismatches, which respectively represent indel and SNV variability, was

averaged in a rolling window of length 1000 and step 50 using a custom R function.

Resistance locus genes, sourced from Darmor-bzh v4.1 annotation, were aligned with tblastx,

to mark the gene positions. The alignment and phylogeny of the protein sequences were

performed with Emboss Clustal Omega (Madeira et al., 2022) using the Brassica rapa

(Brapa_1.0) reference A03 ortholog Bra001175 as an outgroup. The alignment was

visualized in ggplot2. The dot-plot was done in Emboss Dotmatcher, with window 1000 and

threshold 500, and adjusted visually in Inkscape.
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5.3. Results

￼

Figure 2. Comparative analysis of Crr3Tsc-like genomic blocks across selected Brassicaceae chromosomes. A) The

presence (yellow) - absence (aubergine) matrix of genes organized in columns. The location of crT gene is highlighted

with the blue box. The blocks (rows) are arranged according to the hierarchical clustering based on genic content, as

depicted on the dendrogram to the right. Block identities on the tree correspond to the names of the chromosomes

hosting them. In the case of B. nigra and R. sativus, where two blocks are present on a single chromosome, the block

IDs are suffixed as .1 or .2. Three distinct lineages, likely corresponding to the subgenomes involved in the

whole-genome triplication (WGT) event, are indicated on the left side of the matrix. They are annotated with markers

corresponding to the chromosomal positions in panel B. The crT gene is present only in the L3 lineage, but absent in R.
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sativus and B. nigra. Consequently, within this genic context, the gene can only be found on chromosomes A03, and

most of C03, although it is absent in some genotypes, as illustrated by B.napus 'Darmor-bzh' and B. oleracea 'HDEM'.

B) Representative chromosomes hosting the Crr3Tsc-like blocks among the Brassicaceae. Chromosomal regions are

colored by ancestry, in reference to the Ancestral Brassica Karyotype (ABK, depicted in the inset). All Crr3Tsc-like

blocks are parts of larger segments that descend from ABK chromosome 3, marked in yellow. C) The phylogenetic tree

of assessed genomes, with a black dot indicating the approximate WGT event, and a blue dot marking the most likely

branch for the crT insertion.

To study the evolutionary history of the Crr3Tsc resistance locus, selected Brassicaceae

genomes were examined for syntenic genomic blocks [Fig 2 A]. Single genomic blocks were

found on chromosome 3 for A. thaliana, A. lyrata, and T. arvense. All other considered

species had three well-preserved blocks within their genomes. While additional, fragmented

signals of synteny were detected, they were too divergent to be useful for this analysis.

The genic content of these blocks displayed widespread presence-absence variability,

with only one gene, GLP8, consistently found in all blocks. When these blocks were

clustered based on a gene presence-absence matrix, three distinct lineages emerged, each

containing at most one block per genome. The lineages are subsequently referred to as L5,

L1, and L3, after the names of C and A chromosomes hosting blocks belonging to the

lineages. The origin of these blocks can be traced back to chromosome 3 of the Ancestral

Brassica Karyotype [Fig 2 B].

Interestingly, the crT gene appears to be present only in the L3 lineage, but absent in

B. nigra and R. sativus. Not all C03 chromosomes harbor the insertion. Among studied

genomes, it is absent in B. oleracea 'HDEM' and 'OX-heart_923', as well as B. napus

Darmor-bzh, making a reference B. napus genome a rather unique example. On the other

hand, the presence of the insertion seems to be universal on chromosome A03.
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Figure 3. Uncertain annotation of a region homologous to crT. IGV tracks represent: RE - repetitive
elements, including transposons; blastn - regions homologous to crT genes, based on Darmor-bzh v4 gene
models. Regions of homology to STP6 are in green, TNL in yellow.
Top: An example from the Tapidor A03 chromosome, where the gene is not annotated.
Bottom: An illustration of a questionable annotation from the Shengli C03 chromosome. Exons are annotated
in the TNL-flanking regions homologous to STP6, while the entire region homologous to the TNL is spanned
by a putative intron. This annotation could potentially be explained by the mapping of RNA-seq reads
derived from the STP6-like fragments, coupled with relatively lax constraints on insert and intron size,
particularly in the case of absent TNL expression.
Similar occurrences are commonplace throughout the studied annotation and may potentially be a
consequence of pseudogenization. As a result, these instances warrant careful evaluation.

Among the studied A03 and C03 chromosomes harboring the insertion, the gene (or a

homologous region), was nearly universally present in a single copy. In multiple B. napus

genomes, the gene was either not annotated, despite the presence of the insertion, or the

quality of the annotated gene structure was questionable [Fig 3]. Interestingly, another

genome, B. rapa ssp. chinensis (Pak Choi) cultivar 'PC-fu' was found to carry the duplicated

crT.
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Pairwise alignment of the 'Tosca' and 'PC-fu' regions harboring the duplication

revealed a very similar structure and high sequence identity, with the most pronounced

differences consisting of several larger indels [Fig 4 A, B]. The region located between the

crT copies seems to be quite conserved in comparison to the genes themselves, which exhibit

significant differences. The majority of polymorphic sites within the orthologous TNLs are

located towards the 3' end, hosting the LRR domain, and towards the STP6-like fragment.

Interestingly, multiple sequence alignment of homologous crT protein sequences

revealed that the in-paralogous sequences within the genomes bear a higher similarity than

the orthologous sequences between them [Fig 4 C].

Figure 4. Comparison of crT duplication regions in B. napus 'Tosca' and B. rapa ssp. chinensis 'PC-fu'.
A) Dot plot alignment, showing high structural similarity between the sequences, with few indels and
substitutions. crT duplication and STP6-like fragment triplication are clearly visible. B) Pairwise alignment
mismatches due to indel (dotted) and single nucleotide variation (solid) averaged in a 1 kb window with a 50
bp step. The positions of genes based on Darmor-bzh v4.1 annotated proteins are included, with the crT gene
colored brown. C) Protein-sequence-based phylogeny of crT homologs, with ortholog from B. rapa
'Chiifu-401-42' included as an outgroup. Intriguingly, the in-paralogs appear less divergent than orthologs.
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5.4. Discussion

5.4.1. Dynamic gene composition of the Crr3Tsc-like genomic blocks

The comparative analysis of the Crr3Tsc clubroot resistance locus reveals traces of a

remarkably complex history. Genomic blocks, syntenic to the resistance locus, exhibit

dynamic composition across the Brassicaceae species studied. The presence of three distinct

lineages within the Brassica clade aligns with the whole genome triplication event that

occurred between 13 and 17 million years ago (S. Liu et al., 2014; X. Wang et al., 2011).

These lineages likely correspond to ohnologous regions originating from the amalgamated

subgenomes. The differences observed between the lineages reflect the post-ploidy

fractionation of the genomes, which include extensive gene losses and divergence of retained

paralogues (S. Liu et al., 2014). Intriguingly, the GLP8 gene is invariably present across the

lineages. This hints at a selective advantage of copy retention, marking it an interesting target

for future studies.

5.4.2. TNL gene is a relatively new element within the locus

The TNL-family gene, crT, is found exclusively in blocks from the L3 clade, and only

in species derived from the C-genome. This indicates that the gene was inserted into the locus

after the WGT event and after R.sativus - B.oleracea split around 6.5 million years ago, but

before the divergence of the A-genome clade, including B. rapa, around 5 million years ago

[Fig 2 C] (Cheng et al., 2017; S. Liu et al., 2014). Given the limited number of genomes

analyzed, these timing-related results require careful interpretation. More definitive

conclusions would benefit from expanding the analysis with more data.

The absence of the insertion on certain C03, but not A03 chromosomes, implies that

the insertion was present in a lineage that gave rise to the A clade but was not universally

fixed on the C03. Alternatively, the C03 insertion could have been secondarily lost.

Consequently, the C genomes without the TNL on C03, along with the Raphanus and B.

nigra clades, appear as promising candidates for identifying the ancestral locus of the gene.

Tracing back the lineage of crT to before the insertion could allow us to assess whether the

gene is associated with any other known clubroot resistance loci and therefore hint at the

timing of the emergence of the resistance. Previous studies have shown that both of the

functionally characterized resistance genes, CRa and Crr1, likely descend from the same
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pre-WGT locus, suggesting that the clubroot specificity of that gene predates the loci (Z.

Yang et al., 2022).

5.4.3. The potential mechanism of insertion

Transposon activity offers a plausible explanation for the insertion and the subsequent

emergence of the novel resistance locus. The genomic fragment hosting the TNL, along with

the adjacent STP6-like fragment, is annotated as a Helitron family transposable element in

certain B. napus assemblies, as seen in Figure 3. Helitrons are a class of DNA transposons

utilizing an unusual mode of transposition involving rolling-circle replication. They are

known for their tendency to capture host genes or their fragments during relocation

(Kapitonov & Jurka, 2007). Moreover, the STP6-like fragment alone is scattered throughout

the genomes, in some cases forming clusters of proximally multiplicated copies, and is

consistently annotated as a transposable element. Similar observations can be made regarding

a fragment of the TNL gene. Although the fascinating possibility of transposon involvement

warrants further investigation, it provides a plausible explanation for various features of the

locus, such as the identity of STP6-like fragment, the insertion mechanism, and the peculiar

arrangement with homologous STP6 regions flanking the gene, which in turn could have

paved the way for duplication via unequal crossing over.

The involvement of the transposons in the emergence of the novel resistance locus

would complement the history of the loci harboring CRa and Crr1, for which prevalent

nonfunctional alleles are speculated to be a consequence of transposon-driven loss of function

(Z. Yang et al., 2022).

5.4.4. Hypothetical role of the insertion in clubroot resistance

An intriguing point of speculation is whether the insertion event itself could catalyze

the enhancement or emergence of clubroot resistance. The insertion took place in immense

proximity to STP6, which in our study and the results of (Z. Wang et al., 2022), showed

significant upregulation in the roots of clubroot-challenged, susceptible plants. It prompts an

intriguing question: Could this upregulation influence the expression of the TNL gene as

well? Some indications suggest this could be the case. For instance, in Brassica rapa R-o-18

(Ensembl SCU_BraROA_2.3), the STP6 and crT genes are annotated together as a chimeric

gene A03p036470.1_BraROA, with STP6 located at the 5' end. Such configuration could, in

principle, allow for direct induction of crT expression by P. brassicae infection.
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While the upregulation of TNLs is not necessarily required to confer the resistance, it

is likely that it could trigger it. Previous studies have demonstrated that upregulation of TNLs

can lead to their auto-activation, and there is compelling evidence that the downstream

response mirrors signaling triggered by an actual effector (Freh et al., 2022; Heidrich et al.,

2013). While continuous overexpression can result in autoimmunity, in this hypothetical

scenario, the TNL activation would depend on pathogen-triggered STP6 induction.

Consequently, this situation could allow the functional TNL to be evolutionarily preserved,

facilitating the subsequent emergence of allelic specificity. This hypothesis is very

speculative, and further studies are necessary to illuminate it.

5.4.5. The duplicated crT allele is uncommon among studied Brassica genomes

Within the C and A genome species that carry the crT insertion, the gene is present in

a single copy in nearly all cases. This observation calls for a more careful reexamination of

the assemblies along the source reads, as the tandemly duplicated regions might have

collapsed during the assembly process. However, a preliminary inspection suggests this was

not the case for the B. napus genomes included in the analysis. Furthermore, a possibility that

requires further exploration is that some single-copy loci may have resulted from secondary

deletion. Nevertheless, the relative underrepresentation of the duplicated allele underscores

the possibility that the duplication is indeed specific to the clubroot-resistant lineage.

Unfortunately, the availability of genomic sequences of clubroot-resistant varieties is

currently limited. To my knowledge, the only genotype with qualitative resistance included in

the analysis, besides 'Tosca', is the turnip variety 'ECD04', whose resistance depends on

different genetic determinants. Sequencing more clubroot-resistant varieties, in particular the

remaining known clubroot-resistant turnips, would certainly clarify this issue.

The only studied genome with duplicated crT, besides 'Tosca', was Brassica rapa

'PC-fu'. An essential question is whether the duplication in 'PC-fu' is associated with clubroot

resistance. Unfortunately, the data reviewed thus far are insufficient to provide an answer. To

the best of my knowledge, no published study has assessed the clubroot susceptibility of

'PC-fu'. However, a recent study explored the clubroot susceptibility of a large panel of 121

B. rapa ssp. chinensis accessions, showing a diverse range of disease severity, providing an

opportunity to get some insight on that matter (Miao et al., 2023). While the study seems to

use internal accession names, the availability of Illumina sequencing data for all lines
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provides an opportunity to identify 'PC-fu', or closely related genotypes, if they are included

in the set.

5.4.6. Homologous exchanges are involved in the evolution of crT paralogs

The proximal duplication in 'PC-fu' has a very similar structure to that of 'Tosca', with

a nearly identical linker sequence, suggesting that observed states descend from the same

event, rather than independent duplications. Remarkably, the in-paralogs share more

similarities than orthologues, which is not expected in classical duplication followed by

divergence scenarios. Such a phenomenon is a known occurrence within TNL clusters and

can be a consequence of gene conversion or unequal crossing-over events.

Gene conversions are an important component of R gene evolution, which shuffle the

LRR domains, potentially changing their binding specificity but at the same time

homogenizing them within the genomes (Kuang et al., 2004). An intriguing question to be

answered is whether the gene conversion within this particular locus is an ongoing process or

an instance of concerted evolution - a consequence of a selective sweep following the

homogenization towards an advantageous allele.

5.4.7. Potential widespread pseudogenization of crT

Examination of B. napus crT insertions revealed a large proportion of unannotated or

uncertainly annotated alleles. If these alleles do not code canonically functional TNL i.e.

underwent pseudogenization or encode fragmented proteins, it would introduce another layer

of variability. Nonfunctionalisation might be a consequence of a 'fitness cost' involved with

the presence of functional TNLs in the absence of a compatible pathogen (Barragan &

Weigel, 2021; Tian et al., 2003). Apart from being functionally absent, TNL pseudogenes are

thought to serve as a potential reservoir of useful variation for the generation of

recombination-driven diversity in a similar manner to antibodies (Barragan & Weigel, 2021;

Michelmore & Meyers, 1998). Moreover, truncated NLRs have been shown to be involved in

pathogen recognition (Nishimura et al., 2017). Whether such processes apply in this case

remains to be determined.
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Another possibility is that these observations can be attributed to technical issues

encountered during the automated annotation of this complex region. To interpret these

results, an in-depth inspection of the sequencing, in particular transcriptomic data, is required,

and the available gene models will need to be assessed and possibly manually corrected.

In conclusion, despite its relatively recent emergence, the resistance locus shows

interesting evolutionary properties, further supporting the necessity of looking at the genomes

from a 'pan-perspective'. In general, the crT evolutionary dynamics align with the birth and

death model of R gene evolution, which encompasses copy number variation and functional

diversification driven by random point mutations and homologous recombination under

varying selection pressures (Michelmore & Meyers, 1998), which lead to rapid turnover of

the genes. Similar evolutionary dynamics can be seen in other adaptive classes of genes, like

mammalian olfactory receptors, immunoglobulins, or MHC genes (Nei & Rooney, 2005).

5.4.8. Conclusions and future directions

The comparative analysis revealed that the crT duplication is not widespread

throughout the Brassica lineage; however, it does not provide answers regarding the role of

the duplication in clubroot resistance. While our experimental results show that the

present-day 'Tosca' alleles are dispensable in conferring resistance to the studied pathotype,

the questions regarding their pathotypic specificity spectra and the potential role of

duplication in the emergence of the resistance remain open.

The results of the analysis set the firm ground for further studies. Expanding the

analysis with a broader set of A03 and C03 haplotypes would undoubtedly provide valuable

insights into the evolutionary dynamics of this resistance locus and provide a panel of alleles

for further functional studies. Although the availability of long-read assemblies is limited, not

all of them were included in the analysis, and their number will undoubtedly grow. Moreover,

the volume of accessible short-read genomic data for B. napus and its progenitors is quite

large, and while the length of the reads might cloud the precise structure of the locus, the

presence of the duplication could be assessed by leveraging mapping depth and variant

frequency information.
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Considering the 'A'-genome source of 'Tosca' resistance and the presence of

duplicated alleles in 'PC-fu', the B. rapa clade seems like a promising space for exploration.

Especially good targets for investigation are genotypes carrying the Crr3 resistance locus,

like B. rapa ssp. rapifera 'Milan White'. When this accession was tested with the

allele-determining marker described in Kopec et al. (2021, Fig 5), it yielded a double

product, consistent with the presence of duplication. Other valuable candidates are sources of

resistance mapped to the region corresponding to Crr3, such as B. rapa ssp. rapifera 'Debra',

a donor of CRk, and B. rapa ssp. pekinensis line '85-74' carrying CRd. CRk has not been

fine-mapped, however, due to its different background and varying pathotypic specificity, it

was considered distinct from Crr3 (Sakamoto et al., 2008). Similarly, CRd was determined to

possess a pathotypic specificity different from Crr3. CRd was postulated to be physically

distinct from Crr3, to which it is directly adjacent, although no data were shown to support

this claim. On the other hand, the Bra001175, an orthologue of crT, while located outside of

the CRd, was proposed as one of the candidate genes (Pang et al., 2018). Therefore, it seems

important to determine if any of the genes are actually equivalent and ascertain whether the

pathotypic variability is not predominantly due to allelic variation.

Besides the duplicated allele, identifying singular alleles sharing a high proportion of

genetic information with uncovered duplicates could be very valuable. This task might be

complicated by the significant evolutionary dynamics of TNLs. Nonetheless, more known

examples could provide an answer as to whether the clubroot resistance emerged before or

after insertion and before or after the duplication, and provide additional insights into the

evolution of resistance. Moreover, this could potentially enable us to discover novel

resistance alleles, or closely related susceptible alleles, which could prove very beneficial for

determining molecular bases of recognition specificity or other aspects of the response.
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6. Conclusions

In this work, the genetic bases of resistance to Plasmodiophora brassicae infection in

Brassica napus 'Tosca' have been elucidated. The results of this study provide valuable

resources for direct incorporation into resistance breeding schemes and open up many new

possibilities for further basic and applicational research.

The primary goal of the study, the identification of the locus harboring the resistance

factor, was achieved. The evaluation of sequence polymorphism within the Crr3Tsc locus

between clubroot-resistant and susceptible lines facilitated the development of molecular

markers applicable to the breeding of resistant varieties. Analysis of local gene content,

sequence and structural variability, and differential gene expression patterns allowed for the

identification of a candidate resistance gene, crT.

This gene belongs to the classic R gene TNL family and is proximally duplicated in

'Tosca' accession, while only one copy is present in the susceptible line. Both 'Tosca' copies

are highly polymorphic in the pattern-recognizing LRR domain compared to their

susceptible-line counterpart. We have demonstrated that the ectopic expression of either of

the 'Tosca'-derived crT copies is sufficient to confer resistance in Arabidopsis thaliana. This

discovery broadens the spectrum of functionally confirmed TNL family resistance genes

linked to a specific pathogen, thereby opening up vast possibilities for further research.

Notably, the apparent functional redundancy hints at the prospect of variable pathotypic

specificity of the copies.

Finally, a comparative analysis of the Crr3Tsc locus structure among a broader panel of

Brassicaceae genomes has indicated the high evolutionary dynamics of the region,

particularly concerning the crT gene. Remarkably, the analysis uncovered that the gene is a

relatively new element in this genetic neighborhood, and its appearance is likely linked to

transposon activity. Moreover, evidence of widespread pseudogenization and copy number

variation extending beyond 'Tosca', prompts further research into the evolution of this

resistance factor and the functional relevance of its discovered variability.
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