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Streszczenie

Brassica napus nalezy do najwazniejszych roslin oleistych na §wiecie. Jej uprawom
zagrazaja liczne choroby roslin kapustowatych. Jedng z nich jest kita kapusty, globalnie
odpowiedzialna za okoto dziesigcioprocentowq utrate plonow. Kita kapusty wywotywana jest
przez Plasmodiophora brassicae - obligatoryjnego endobiotrofa nalezacego do kladu
Rhizaria. Patogen ten stymuluje rozrost zainfekowanych korzeni, w rezultacie wywotujac
charakterystyczne naros$la. Porazone rosliny wykazuja ogélnoustrojowe objawy, prowadzace

do nieoptymalnego kwitnienia i przedwczesnego starzenia.

Ze wzgledu na dlugowieczno$¢ i trwalo$¢ przetrwalnikoéw P. brassicae, ochrona
upraw przed kita kapusty stanowi trudne wyzwanie. Jedna z najlepszych strategii
ograniczania szkdd jest wyprowadzanie odmian odpornych, opierajace si¢ na uprzedniej

identyfikacji genetycznych czynnikéw zaangazowanych w odpowiedz na infekcje.

W niniejszej pracy zmapowano locus odpornosci na kite kapusty w odmianie
B. napus '"Tosca' do fragmentu genomu obejmujacego okoto 100 kpz. Nastepnie zbadano
miejscowg zmienno$¢ sekwencji oraz réznice w ekspresji lokalnych genow, pomiedzy liniami
odpornymi, a podatnymi na porazenie kit kapusty. W wyniku analiz zidentyfikowano
wysoce polimorficzny, zduplikowany gen nalezacy do rodziny TNL, ktory poddano analizie
funkcjonalnej. Ektopiczna ekspresja sekwencji kodujacych w Arabidopsis thaliana mocno

wsparta hipoteze udziatu zduplikowanego genu w odpornosci na chorobe.

Ponadto przeprowadzono analize poréwnawcza struktury locus odpornosci wsrod
szerszego panelu genomow roslin kapustowatych. Wyniki podkreslaja wysoka dynamike

ewolucyjng regionu, zwlaszcza w przypadku genu TNL.

Przeprowadzone badania dostarczyty cennych zasobow dla programoéw hodowli
odpornosciowej oraz otworzyly wiele nowych mozliwosci dalszych badan podstawowych

1 aplikacyjnych.



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.



List of scientific works included in the dissertation

This dissertation is a mixed-format thesis, comprising a published article and additional

unpublished results. The published work included in this dissertation is as follows:

Kopec PM, Mikolajczyk K, Jajor E, Perek A, Nowakowska J, Obermeier C, Chawla HS,
Korbas M, Bartkowiak-Broda I, Karlowski WM. Local Duplication of TIR-NBS-LRR Gene
Marks Clubroot Resistance in Brassica napus cv. Tosca. Front Plant Sci. 2021 Apr

8;12:639631. doi: 10.3389/1pls.2021.639631. PMID: 33936130; PMCID: PMC8082685.

Ministry points (MNiSW): 100
Impact factor (2021): 6.627



Funding

This work was supported by:

1.

The National Science Centre Grant HARMONIA 2016/22/M/NZ9/00604

awarded to Prof. Wojciech Kartowski

The National Science Centre Grant PRELUDIUM 2021/41/N/NZ2/03595

awarded to Piotr Kope¢

Passport to the future - Interdisciplinary doctoral studies at the Faculty of Biology,
Adam Mickiewicz University. POWR.03.02.00-00-1022/16.

Minigrant from 'Uniwersytet Jutra' POWR.03.05.00-00-Z303/17

awarded to Piotr Kope¢

Doctoral research grant 017/02/SNP/0024 from ID-UB awarded to Piotr Kope¢
International doctoral research grant 048/13/UAM/0034 from ID-UB

awarded to Piotr Kope¢



Abbreviations

ABK
CNV

DAI
DAMP
DH
ETI
FDR
FP
IGV
LRR
MAMP
MAS
NGS
NLR
ONT
PAMP
PAV
PRR
PTI
QTL

R gene
ROS
RT-PCR
SNP
STP6
TNL
WGT
WT

Ancestral Brassica karyotype

Copy number variation

Days after inoculation
Damage-associated molecular pattern
Doubled haploid

Effector-triggered immunity

False discovery rate

Fluorescent protein

Integrative Genomics Viewer
Leucine-rich repeats
Microbe-associated molecular pattern
Marker-assisted selection
Next-generation sequencing
Nucleotide-binding domain and leucine-rich repeat-containing receptor
Oxford Nanopore Technologies
Pathogen-associated molecular pattern
Presence-absence variability

Pattern recognition receptor
Pattern-triggered immunity
Quantitative trait locus

Major effect disease resistance gene
Reactive oxygen species

Reverse transcription PCR

Single nucleotide polymorphism
Sugar transport protein 6
Toll/interleukin-1 (TIR)-type NLR
Whole-genome triplication

Wild type

10



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).

Brassica nigra

n=238
, BB
7N
/N
Brassica juncea Brassica carinata
n=18 n=17
AABB BB
/ \
/ \

/ \
/ \
Brassica rapa Brassica napus Brassica oleracea
n=10 — n=19 n=9

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; Pigtka 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' (Krzymanski, 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-Miiller 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-Miiller 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
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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-Bienkowska 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.
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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 (Ri¢afova 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 Rer7,

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 (Liiders, 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 (Biischges et al., 1997; Jorgensen, 1992).

An interesting and widely studied prospect is the 'pyramiding' of resistance genes,
involving the combination of quantitative resistance with qualitative resistance. The R/mo6
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 Kartowski - a joint effort of Adam
Mickiewicz University Poznaf, The Plant Breeding and Acclimatization Institute - National
Research Institute Poznan, Institute of Plant Protection - National Research Institute Poznan
and Justus-Liebig-University Gieen. 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: 10.3389/1pls.2021.639631
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Local Duplication of TIR-NBS-LRR
Gene Marks Clubroot Resistance in
Brassica napus cv. Tosca

Piotr M. Kopec', Katarzyna Mikolajczyk?, Ewa Jajor?, Agnieszka Perek?,
Joanna Nowakowska2, Christian Obermeier?, Harmeet Singh Chawla*s, Marek Korbas3,
lwona Bartkowiak-Broda? and Wojciech M. Karlowski'*

" Department of Computational Biology, Institute of Molecular Biology and Biotechnology, Faculty of Biology, Adam
Mickiewicz University Poznan, Poznan, Poland, * Department of Genetics and Breeding of Oilseed Crops, Plant Breeding
and Acclimatization Institute-National Research Institute, Poznan, Poland, * Institute of Plant Protection - National Research
Institute, Poznan, Poland, * Department of Plant Breeding, Justus-Liebig-Universitaet Giessen, Giessen, Germany,

? Helmholtz Zentrum Munchen, German Research Center for Environmental Health, Neuherberg, Germany

Clubroot, caused by Plasmodiophora brassicae infection, is a disease of growing
importance in cruciferous crops, including ocilseed rape (Brassica napus). The affected
plants exhibit prominent galling of the roots that impairs their capacity for water and
nutrient uptake, which leads to growth retardation, wilting, premature ripening, or death.
Due to the scarcity of effective means of protection against the pathogen, breeding of
resistant varieties remains a crucial component of disease control measures. The key
aspect of the breeding process is the identification of genetic factors associated with
variable response to the pathogen exposure. Although numerous clubroot resistance
loci have been described in Brassica crops, continuous updates on the sources
of resistance are necessary. Many of the resistance genes are pathotype-specific,
moreover, resistance breakdowns have been reported. In this study, we characterize
the clubroot resistance locus in the winter oilseed rape cultivar “Tosca.” In a series of
greenhouse experiments, we evaluate the disease severity of P brassicae-challenged
“Tosca”-derived population of doubled haploids, which we genotype with Brassica 60 K
array and a selection of SSR/SCAR markers. We then construct a genetic map and
narrow down the resistance locus to the 0.4 cM fragment on the AO3 chromosome,
corresponding to the region previously described as Crr3. Using Oxford Nanopore long-
read genome resequencing and RNA-seq we review the composition of the locus and
describe a duplication of TIR-NBS-LRR gene. Further, we explore the transcriptomic
differences of the local genes between the clubroot resistant and susceptible, inoculated
and control DH lines. We conclude that the duplicated TNL gene is a promising
candidate for the resistance factor. This study provides valuable resources for clubroot
resistance breeding programs and lays a foundation for further functional studies on
clubroot resistance.

Keywords: Brassica napus, Plasmodiophora brassicae, Oxford Nanopore, TNL, RNA-Seq, QTL, resistance,
duplication
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INTRODUCTION

Plasmodiophora brassicae Wor., an obligate, soil-borne parasite
of crucifers (Brassicaceae), is an agent responsible for clubroot
disease. During the two-stage infection (Kageyama and Asano,
2009; Liu et al, 2020), the pathogen hijacks multiple nodes of
host metabolism and induces hyperplasia and hypertrophy of the
underground organs leading to a prominent galling. The galls
act as a major physiological sink that supports the proliferation
and development of the pathogen while reducing the fitness of
the host (Malinowski et al., 2019). Deformations of the root
system impair the plant’s capacity for water and nutrient uptake,
leading to growth retardation, wilting, and premature, non-
optimal flowering (Korbas et al., 2009). Many important crops
cultivated worldwide, including oilseed rape (Brassica napus),
belong to the Brassicaceae (Dixon, 2007). Clubroot disease has
been becoming a global problem of increasing economic impact
in cruciferous crops and has been ranked under the top 10
most significant worldwide threats to oilseed rape production
(Dixon, 2009; Zheng et al,, 2020). An infection of oilseed rape
was shown to cause up to 60% loss of yield at relatively low spore
densities, and total yield failure at a higher pathogen pressure
(Strehlow et al., 2015). Once introduced, P. brassicae is hard to
eradicate. Resting spores can live in the soil for up to 20 years
(Wallenhammar, 1996), and spread easily via, for example, dirt
on farm equipment (Cao et al., 2009). Many protective measures
against the pathogen, e.g., crop rotation or chemical control,
are of limited efficiency (Hwang et al, 2014). Therefore, the
breeding of resistant plant varieties remains a crucial component
of clubroot control efforts.

The key aspect of the breeding process is the identification
of genetic features associated with plant response to pathogen
exposure. Numerous clubroot resistance loci were described in
Brassica crops (Landry et al., 1992; Figdore et al., 1993; Voorrips
and Visser, 1993; Grandclément and Thomas, 1996; Voorrips
etal., 1997; Matsumoto et al., 1998; Moriguchi et al., 1999; Suwabe
et al., 2003, 2006; Hirai et al., 2004; Laurens and Thomas, 2004;
Piao et al., 2004; Rocherieux et al., 2004; Nomura et al., 2005; Saito
et al., 2006; Sakamoto et al., 2008; Nagaoka et al., 2010; Kato et al,,
2012; Chen et al,, 2013; Chu et al,, 2013, 2014; Hatakeyama et al,,
2013, 2017; Pang et al,, 2014, 2018; Zhang et al.,, 2014; Fredua-
Agyeman and Rahman, 2016; Lee et al,, 2016; Huang et al., 2017;
Yu et al., 2017; Dakouri et al., 2018; Hirani et al., 2018; Nguyen
et al., 2018; Peng et al., 2018; Laila et al., 2019; Choi et al., 2020;
Farid et al., 2020; Karim et al., 2020) and are reviewed in (Neik
etal., 2017; Lv et al., 2020).

Several genetic studies were performed in B. napus.
Manzanares-Dauleux et al. (2000) described a major resistance
gene Pb-Bnl on the A04 chromosome and two quantitative
loci on A04 and CO5 chromosomes. The resistance derived
from the DH ECD-04 line (selected from Brassica rapa subsp.
rapifera), which was utilized in many breeding programs for the
development of clubroot-resistant cultivars, including winter
oilseed rape “Mendel,” was mapped to the CRa/CRb region
on the A03 chromosome (Diederichsen and Sacristan, 1996;
Diederichsen et al., 2006; Fredua-Agyeman and Rahman, 2016;
Zhang et al,, 2016). Werner et al. (2008) mapped 19 QTLs spread

across 8 chromosomes. In addition, a couple of association
studies were conducted on the B. napus/P. brassicae pathogenic
model. Li et al. (2016) identified 9 loci, 7 of which were not
described previously. Hejna et al. (2019) identified 2 major and 7
minor loci, with the most prominent peak overlapping the CRa
region. Fredua-Agyeman et al. (2020) identified three genomic
hotspots corresponding to Crr3/CRk/CRd and CRa/CRb/CREX®
regions on A03 and Crrl region on A08 in a GWAS study of 124
rutabaga accessions from Nordic countries.

Additionally, two resistance genes were cloned thus far: CRa
(Ueno etal., 2012) and CrrI (Hatakeyama et al., 2013). Both genes
belong to the TIR-NBS-LRR (TNL; Toll/interleukin-1 receptor-
like - nucleotide-binding site — leucine-rich repeat) protein
domain family, reported as a key component of effector-triggered
immunity (DeYoung and Innes, 2006; McHale et al., 2006).

Despite a seemingly ample collection of resistance loci,
continuous updates on the sources of resistance are necessary.
P. brassicae shows pathogenic specialization, and the hosts
resistance genes often confer immunity to only subsets of
pathotypes. Moreover, the breakdown of clubroot resistance in
the case of some P. brassicae pathotypes has been repeatedly
reported (Diederichsen et al., 2014; Strelkov et al., 2016).

In this study, we map the resistance locus of the Swedish
resynthesis-derived winter-type oilseed rape cultivar “Tosca’
(Happstadius et al, 2003; Diederichsen et al., 2009) to a
small region on the A03 chromosome. Using the long-read
Oxford Nanopore (ON) sequencing technology, we review
the genomic structure of the locus in “Tosca” as well as in
susceptible “BRH-1" breeding line. In addition, we perform an
RNA-seq experiment to identify infection-induced differentially
expressed genes. These data are subsequently linked to the
genic composition of the resistance locus. Based on the results,
we attribute the “Tosca” resistance phenotype to a locus
constitutively expressing a duplicated TNL gene, located within
the Crr3 (Hirai et al, 2004) region, directly upstream of
the region homologous to the CRd (Pang et al, 2018). This
study provides valuable resources for clubroot-resistant rapeseed
breeding programs and lays a foundation for further functional
studies on clubroot resistance.

MATERIALS AND METHODS

Plant Material

A doubled haploid (DH) segregating population of 250 DH
lines was developed by Plant Breeding Strzelce Ltd. (IHAR-
PIB Group; division in Borowo) from a cross of a winter
oilseed rape (B. napus) clubroot resistant cultivar “T'osca” and
a susceptible BRH-1 breeding line, using isolated microspore
culture technique as described in (Cegielska-Taras et al., 2002;
Szala et al,, 2020).

Pathogen Source, Preparation, and Plant
Inoculation

Samples of B. napus root galls induced by P. brassicae
were collected from infested oilseed rape fields in Lower
Silesian Province in Poland. The inoculum for the greenhouse
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experiments was prepared by isolating resting spores from the
galls. The galls were blended, and the homogenate was filtered
through a layer of gauze and centrifuged for 5 min at 3,500 rpm
to obtain a clear suspension. Spore density was measured
using a 0.1 mm deep, improved Neubauer counting chamber
(Marienfeld-Superior) and a bright field microscope (Olympus
BX 50). The density was adjusted to 1 x 10% spores/ml. For
inoculation, each experimental pot containing five 1-week-old
seedlings was watered with the spore suspension. The same batch
of inoculum was used in all experiments. Additionally, to assess
the P. brassicae pathotype, galls from 25 DH lines were collected
and individually processed into a set of spore suspensions.
P. brassicae pathotype of every suspension was classified using the
Somé system (Some et al., 1996).

Experimental Design and Conditions

The greenhouse experiments were performed between April
2018 and August 2019 in the Research Centre of Quarantine,
Invasive and Genetically Modified Organisms - Institute of
Plant Protection National Research Institute. The experiment
followed the principle of augmented design. The plants were
grown in a series of 6 temporally successive blocks (batches).
Each of the batches included around 60 test DH lines, augmented
with 8 reference lines (“checks”™) - 6 phenotypically extreme
DH genotypes that were selected from the first experiment and
parental lines.

For every line, 15 plants were grown in 3 pots: 2 pots for
treated (inoculated) and 1 pot for untreated control, 5 plants
each. Pots were randomly distributed in 4 trays for treated and
2 trays for untreated control plants. Separate, fixed trays were
used for treated and untreated plants to avoid water or soil-
borne contamination. The soil pH value was 6.0. The temperature
(+0.5°C) was set to 18°C/16°C day/night regime for the first
2 weeks of cultivation, and then elevated to 20°C/18°C. The
photoperiod was set to a 14 h/10 h light/darkness scheme. The
air humidity (£3%) was 60%. Soil humidity was kept in the range
between 60 and 70%.

Despite the controlled experimental conditions, we observed
a significant batch effect — seasonal phenotypic variability among
the analyzed DH lines. Therefore, an additional experiment was
carried out including more lines in one, common batch (242,
including the checks) at the expense of the number of tested
plants per line (5 instead of 10). Additionally, to promote the
infection by P. brassicae, the temperature was elevated to 20°C
for the first 2 weeks and 24°C/20°C for the next five.

Phenotyping and Phenotypic Data

Analysis

After 7 weeks of growth (42 days after inoculation), the
plants were phenotyped for classical underground morphological
symptoms of clubroot disease. Each plant was removed from the
ground and washed with water. The degree of infection (DOI)
was evaluated on a 4-degree scale (Vigier et al,, 1989), where 0
indicates a healthy root system, 1 refers to 1-10% of root system
altered (small galls on lateral roots), 2 denotes 11-50% root
system altered, and 3 describes 51-100% root system altered. The

disease index (DI) for each genotype by batch was then calculated
by obtaining the arithmetic mean of the DOI and rescaling it to
the percent scale.

To obtain the DI over the entire experiment, adjusted for
the batch effect (phenotypic variability between the greenhouse
runs), the DOT data were fit into a linear mixed model using the
lme4 library (Bates et al., 2015) for R (R Core Team, 2020):

P,j:u+gi+Bj+(gb)U+e,j (1)
where Pj; stands for the phenotype of the ith genotype in the
jth batch, | is the general mean of the experiment, g; is the
random effect of the ith genotype, B; is the fixed effect of the
jth batch, (gb);; is the random effect of the interaction between
the ith genotype and jth batch, and e;; is the error term. Next,
the conditional mode (Best Linear Unbiased Prediction; BLUP)
of the genotype was obtained. The BLUP-DI values were used in
a subsequent QTL mapping.

Heritability Estimation
Broad sense heritability (H?) of the DOI was estimated after
(Stahl et al., 2019) following the concept of (Piepho and Méhring,
2007), with the equation:
2 oG

o + SE2 @
where cré is the genetic variance, derived from a full random
model (Eq. 3) and SE? is the squared standard error of the
difference between the means, derived from a mixed model
(Eq. 4). The analysis was conducted using the R packages
ImerTest (Kuznetsova et al., 2016), Ismeans (Lenth, 2016), and
Ime4 (Bates et al., 2015).

Pj=p+g+b+ (gb)lj+e,-j (3)
where Pj; stands for the phenotype of the ith genotype in the jth
batch, p is the general mean of the experiment, g; is the random
effect of the ith genotype, b; is the random effect of the jth batch,
(gb);j is the random effect of the interaction between the ith
genotype and jth batch, and e;; is the error term.

P,-j=u+G,-+B,-+(gb)g+efj (4)
where Pj; stands for the phenotype of the ith genotype in the
jth batch, p is the general mean of the experiment, G; is the
fixed effect of the ith genotype, B; is the fixed effect of the jth
batch, (gb);; is the random effect of the interaction between the
ith genotype and jth batch, and e;; is the error term.

To investigate the reliability of each of the batches, their
influence on the H* was assessed by recalculating the H? with a
leave-one-out approach.

Genotyping

The plants were genotyped using The Brassica 60 K Illumina
Infinium™ SNP array (Clarke et al, 2016) and a set of
SSR and SCAR markers of known clubroot resistance loci
(Supplementary Table 1). For Brassica 60 K genotyping, the plant
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material collected from young leaves was sent to the commercial
service provider TraitGenetics in Gatersleben (Germany) for
DNA isolation and further processing. For SSR/SCAR analysis,
the DNA was extracted from young leaves using a modified CTAB
method (Doyle and Doyle, 1990). PCR amplification products
were visualized on a 1.5% agarose gel (SCAR) and using the ABI
PRISM 3130 OXL capillary electrophoresis (SSR).

Filtering of Genotyping Data

To check for duplicates, the lines were clustered with complete
linkage based on Jaccard’s distance. Lines with <0.05 distance
were regarded as duplicates, and only one of them (randomly
selected) was used in further analyses. Lines with more than
0.02% of heterozygous calls were discarded. Homomorphic
(>95%) markers and markers with distorted segregation patterns
(1:3) were also removed from further analyses. Redundant
markers were binned.

Genetic Map Construction and QTL
Mapping

A genetic map was constructed using the R/qtl package (Broman
et al, 2003). For ordering the markers, the R/TSPmap program
was used (Monroe et al,, 2017). QTL Mapping was conducted
with Haley-Knott regression implemented in the scanl function
of the R/qtl2 (Broman et al., 2019) package. log10(p) significance
cutoff was determined using a permutation test with # = 1,000.

Genome Sequencing of Parental Lines
Genomic DNA from parental lines was sequenced using
ON technology. DNA from young leaves was extracted
following a protocol described by Chawla et al. (2020).
The libraries were prepared using the SQK-LSK109 kit,
following the manufacturer’s recommendations, and sequenced
on R9.4.1 Flow Cells.

Genome Sequencing Data Analysis

The B. napus reference genomes used for the study were: Darmor-
bzh v4.1 (Chalhoub et al., 2014), deposited on EnsemblPlants as
AST_PRJEB5043_v1; Express 617 assembly v1 (Lee et al., 2020);
reference pan-genome v0 (Song et al., 2020). Darmor-bzh genes
within the mapped resistance locus were functionally classified
using Pannzer2 (Torénen et al,, 2018).

Base calling from ON signals was performed using Guppy,
and raw reads were mapped to the reference genomes with
minimap2 (Li, 2018) with -x map-ont parameters, and filtered
for uniquely mapping reads with samtools (Li et al, 2009)
using -q 60 option. Local SNV calling was performed using
longshot (Edge and Bansal, 2019), with default parameters.
SV calling was executed using sniffles (Sedlazeck et al, 2017),
with -min_support 5 option. The potential effect of the variants
differing parental accessions was determined with the SnpEff
(Cingolani et al., 2012).

The reads overlapping the TNL gene on the Express 617
B. napus genome assembly were extracted from the raw sequence
file, assembled using Redbean (wtdbg2; Ruan and Li, 2020), and
polished once using the wtpoa-cns tool.

Transcriptome Sequencing

For transcriptomic experiments, one resistant and one
susceptible DH line were selected. The roots of two biological
replicates per line of infected and control plants were harvested
on the day of phenotyping (7 weeks after inoculation),
immediately frozen in liquid nitrogen, and stored at —80°C. The
tissue was blended in liquid nitrogen using a mortar and pestle.
The total RNA was extracted with the Qiagen Plant RNeasy
kit. TruSeq mRNA strand-specific libraries were prepared
and sequenced on Illumina NovaSeq600 in a 2 x 150 bp
paired-end layout. Library preparation and sequencing were
conducted by Macrogen.

Reconstruction of the TNL
Genes-Encoded Transcripts Using

RNA-Seq Reads

RNA-seq reads were pooled by DH line and mapped to
the Express 617 genomic sequence assembly supplemented
with the fragment containing the duplication as a
pseudochromosome using STAR (Dobin et al, 2013) with
the following parameters: -—outFilterMismatchNoverLmax
0.1 -outFilterMismatchNoverReadLmax 0.1 -alignIntronMax
2000 —alignIntronMin 15 —outSAMprimaryFlag AllBestScore.
Reads mapping to the pseudochromosome were then
assembled using Trinity (Grabherr et al, 2011) with -
genome_guided_bam  -genome_guided_max_intron 2000
options. Assembled transcripts were re-mapped to the Express
617 reference sequence supplemented with a pseudochromosome
with a minimap2 -x splice for validation. ORFs were predicted
and translated using NCBI's ORFfinder'. For sequence
comparison, the CDS and protein sequences were aligned
with EMBL-EBT’s Clustal Omega and EMBOSS Needle (Madeira
et al,, 2019). The sequence-based prediction of protein domains
was carried out with InterProScan (Jones et al., 2014).

Analysis of Differential Gene Expression

Raw RNA-seq reads were trimmed using Trimmomatic
(Bolger et al, 2014) with default options and mapped
to the reference genome using STAR with the following
parameters: -outFilterMismatchNoverLmax 0.1 -
outFilterMismatchNoverReadLmax 0.1 -alignIntronMax
2000 -alignIintronMin 15. The fragments were counted using
the featureCounts (Liao et al., 2014) program with -s 2 -p -M
flags. The differential expression analysis was performed using
limma (Ritchie et al., 2015; Law et al., 2016)/edgeR (Robinson
et al., 2010) R packages, following the procedure described by
Law et al. (2016). Raw counts were normalized via TMM, and
log-CPM values were used for the DE analysis. The fit was
processed with limma treat() with lfc = 1 parameter, thus genes
with fold-change significantly larger than 2 were deemed as
differentially expressed. Gene Ontology enrichment analysis was
conducted with g:Profiler (Raudvere et al., 2019). To assess the
expression of the “Tosca” TNL copies, the reads were mapped
to the reference with the fragment containing the duplication

! https://www.ncbinlm.nih.gov/orffinder/
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attached as a pseudochromosome, and TPM values of TMM
normalized counts were calculated.

Creation of Figures
All plots were generated with r/ggplot2 (Wickham, 2009). Figures
were assembled with Inkscape®.

RESULTS

Phenotyping of “Tosca” x “BRH-1” DH
Population

To identify the locus harboring resistance to clubroot disease in
the “Tosca” winter oilseed rape cultivar, a mapping population
of 250 DH lines was developed in a cross with a susceptible,
double-low line BRH-1. For phenotyping experiments, the
lines were divided into 7 groups and tested separately in
controlled environmental conditions. In addition to the tested
DH lines, each experimental batch contained a set of referential
“checks” - both parents and 6 DH lines used in all experiments
(Figure 1, colored lines). These 6 lines were identified in the
first experiment as showing contrasting phenotypes (resistant
or susceptible) and no visible developmental abnormalities. In
each of the experiments, 1-week-old seedlings were inoculated
with a suspension of P. brassicae spores prepared from the
pathotype-P3-dominant environmental sample. After a total of
7 weeks of growth, the plants were examined for infection-
induced morphological pathologies of roots and evaluated on a
4-step severity-dependent scale. For every line, a percent scale
DI was calculated.

Analysis of the first 6 batches clearly demonstrated that despite
random grouping of the lines the DI distribution was not equal
between the batches (Kruskal-Wallis test, p < 10-6), with mean
DI ranging from 13.13 to 46.86% (Figure 1A and Table 1).
Phenotypes of the 8 checks were shifting according to the batches’
trend, showing that the observed differences were independent

Harrington et al. http://www.inkscape.org/

TABLE 1 | Summary statistics of the DI of the seven batches and BLUP-DI.

Batch Min Max Mean Median Q4 Qg SD Hfoo AH?
1 0.00 9048 30.77 36.67 000 5556 2887 0.70 0.038
2 0.00 100.00 46.84 57.143 0.00 83.33 40.02 065 0.08
3 0.00 50.00 13.11 670 000 2670 1529 0.79 -0.03
4 0.00 6296 18.89 16.67 536 3056 1479 0.77 —0.04
5 0.00 9259 4423 5833 000 6667 3229 0.73 0.00
6 0.00 100.00 3859 40.00 000 7330 36.02 0.77 —0.02
i 0.00 100.00 63.84 100.00 13.30 100.00 43.97 052 0.21
BLUP-DI —6.45 77.22 37.15 46.87 11.71 5692 24.32

HZ o is the HE without given batch; AH? = H? — Hi g .

of the selection of the lines in each of the subsets (Figure 1A).
The differences are well explained by seasonal changes, with a
higher incidence observed in batches carried out during spring
and summer, despite that the plants were grown in controlled
greenhouse conditions.

Since the main goal of this experiment was to identify DH
lines with the strongest resistant phenotype, we decided to repeat
the tests using growing conditions that promote P. brassicae
infection. Therefore, in the last 7th batch (Figure 1B), we have
included most (240 out of 250) of the DH lines and increased
the temperature by 2°C (for details see section “Materials and
Methods”). In all 7 batches, the DI values followed a clear bimodal
distribution, suggesting that the majority of the phenotypic effect
is linked to a single locus. To adjust the DI for the batch effect for
QTL mapping, the phenotyping data were fit to a linear mixed
model and the BLUP of the genotypic effect (BLUP-DI) was
obtained (Figure 1C). The estimated broad-sense heritability of
the disease severity for the entire experiment was H> = 0.729.

Identification of the Resistance Locus by
Genetic Mapping

The mapping population was genotyped using the Brassica 60 k
SNP array (Clarke et al., 2016) and a set of SSR and SCAR
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FIGURE 1 | Distribution of the Disease Index (DI) in (A) a series of phenotyping experiments, (B) joint phenotyping of 240 lines in conditions promoting pathogenesis,
and (C) a cumulative estimation of the DI-BLUP. The color lines connect DI's of 8 checks tested in each experiment.
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markers linked to various clubroot resistance loci. Markers
showing segregation distortion or high heterozygosity were
discarded from further analysis. Segregating “Failed” SNP calls
were regarded as potential presence-absence variants (Gabur
et al, 2018) and kept in the analysis. The constructed genetic
map consisted of 1,406 bins of cosegregating markers distributed
among 19 linkage groups corresponding to the 19 chromosomes
of B. napus. The total length of the map was 1866.1 cM with
an average spacing of 1.3 ¢cM and a max spacing of 37.2 cM
(Supplementary Table 4).

QTL mapping on BLUP-DI data revealed a single locus
on the A03 chromosome (Supplementary Table 5). Bayes
Credible Interval (BCI) for the QTL spanned 0.4 ¢cM between
11.980 and 12.378 cM on the genetic map (Figure 2A and
Supplementary Table 5). The same region, although with a
larger BCI span, was detected in individual QTL mappings for
every phenotyping batch (Supplementary Table 6). No evidence
suggested the involvement of other loci affecting the trait. The
locus exhibited a large effect, with a 45.65 difference between
mean values of BLUP-DI for the bin of markers exhibiting the
strongest correlation with the phenotype (Figures 2B,C and
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FIGURE 2 | Results of genetic mapping. (A) LOD score for QTL presence along the
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Supplementary Table 5). Recombination events in the proximity
of the QTL were identified and compared with the phenotypes.
This analysis revealed that the state of a single bin of markers,
cosegregating with the representative Bn-A03-p15102212 marker
at 11.980 cM was sufficient to explain the phenotype (Figure 2D).

To physically anchor the resistance locus, either probe or
primer sequences (depending on the marker type) from within
the bin with the strongest correlation with the trait were aligned
to the Darmor-bzh 4.1 reference genome. The closest markers
flanking the bin spanned a region of 91,088 bp on supercontig
LK031800. However, three of the markers cosegregating with the
peak marker mapped to a supercontig LK033659, suggesting that
the reference genome has been misassembled.

To resolve this discrepancy, we have mapped both contigs
(LK031800 and LK033659) to the recently published B. napus
reference pangenome (Song et al, 2020) and Express 617
assemblies (Lee et al., 2020). As shown in Figure 3, both contigs
map to the same region in the newer long-read-based genomic
sequences. The LK031800 (2,713,116 bp) contig maps to two
distinct distant parts of the reference sequence that are separated
by region corresponding to LK033659 (51,625 bp) and a small
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A03 chromosome genetic map. Red lines span Bayes Credible Intervals.

(B) Effect of “BRH-1" (yellow) and “Tosca” (green) alleles along the AC3 chromosome genetic map. {C) Phenotype (BLUP-DI) distrioution of DH lines carrying
“BRH-1" yellow and “Tosca” green alleles at the peak marker. (D) Analysis of recombinants. The plot shows a genotype (white: “BRH-1"-inherited, gray:
“Tosca"-inherited) at markers surrounding the mapped locus. The phenotype for 18 DH lines recombining in the proximity of the locus is shown as a DI from one of
the 1-6 batches, and, if available, 7th, common batch, as well as BLUP-DI. A marker solely explaining the phenotype is highlighted in teal.
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FIGURE 3 | Physical localization of the resistance locus (black line) in different assemblies of the Brassica napus genome defined by the bin of cosegregating
markers at 11.98 cM. Colored bars represent Darmor-bzh 4.1 contigs. Gray color depicts sequences in the pangencme and Express 617 not covered by the

contig LK038676 of 4,535 bp in size. For further verification of the
Darmor-bzh being misassembled, a new set of 6 SCAR markers
was designed upstream, within, and downstream of the LK033659
(Tsc, Supplementary Table 2). The PCR results confirmed the
observed segregation pattern and were in perfect agreement with
the primers’ physical location. Summarizing, the locus defined
by the bin of markers (with the representative marker Bn-A03-
p15102212) is covered by both new reference B. napus assemblies
as well as two contigs from Darmor-bzh 4.1, but in the latter case,
one of the contigs (LK031800) is misassembled (Figure 3).

Concluding, the genetic factor of resistance to P. brassicae
infection is located in the region covering 124,463 bp on the
reference pangenome, 97,783 bp on the Express 617 assembly,
and 118,111 bp on the Darmor-bzh 4.1 assembly. Genetic and
physical evidence suggests that the mapped resistance locus
falls within the region homologous to the Crr3 locus (Hirai
et al, 2004), directly upstream of the region homologous
to the CRd (Pang et al, 2018; Figure 4). Accordingly, the
resistance locus identified in this study is hereafter referred to
as Crr3%¢, The Crr3% contains 25 annotated protein-coding
genes. The full list with functional descriptions is included in
Supplementary Table 7.

Structural Variation Within the
Resistance Locus Between “Tosca” and
“BRH-1”

To explore in detail the properties of the region covering
resistance in the “Tosca” genetic background, we have sequenced

the genomes of the parental lines with ON technology. The
reads mapped to the Express 617 reference genomic sequence
consistently overlapped the resistance locus genomic region
(97,783 bp) with an average read coverage of 16.24 for “Tosca’
and 28.50 for “BRH-1; with 93.6 and 91.9% of positions
covered with at least 5 reads, respectively (Figure 5A and
Supplementary Figure 1).

The long-read mapping results showed differences between
the “Tosca” and reference genome assembly. Interestingly, the
read coverage depth of the fragment overlapping a TNL gene
(BnaA03g29300D) was approximately doubled in comparison
to the surrounding sequences in “Tosca,” but not in “BRH-1"
(Figure 5A and Supplementary Figure 1). Moreover, neither
of the reads spanned the entire gene and both of its flanking
regions, and many of them mapped twice to the gene. To further
investigate these observations, we have de novo reassembled
this fragment using exclusively long reads mapping to the gene.
The new assembly, supported by 20x average coverage and
multiple span-through reads, revealed a 7 kb duplication in the
“Tosca’, but not “BRH-1" genome (including a full copy of
the TNL gene — described below; yellow box in Figure 5B and
Supplementary Figure 2).

The duplication identified in “Tosca” was further confirmed
using a pair of primers flanking the polymorphic site
(TDI_F1/TD1_R, Supplementary Table 2) that generate
different product lengths for “BRH-1,” both duplicated “Tosca”
TNL paralogs and their homeolog from the C genome in “T'osca”
and “BRH-1” (C genome homeologs are nearly identical in
both lines; Supplementary Figure 3). PCR reactions performed
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on the parents and 11 DH lines with varying degrees of
infection resistance revealed the expected pattern of bands,
with both “T'osca”specific alleles segregating with the resistance
phenotype (Figure 6).

The duplicated region covers the entire TNL gene and a
fragment homologous to STP6é Figure 5B and Supplementary
Figure 2. In Darmor-bzh, the STP6 fragment is annotated
as a distinct gene (BnaA03g29290D), while in Express 617
assembly, the TNL and STP genes are merged into a single
entity (A03p030030.1_BnaEXP). Neither the TNL nor the STP
fragment is annotated in the scaffold A03 of the pangenome.

Our RNA-seq data analysis suggests that in both copies the
TNL and STP fragment form a single transcription unit; however,
the CDS terminates before reaching the STP fragment. The
duplicates are separated by a 12 kbp spacer, containing two
~1.2 kbp transcribed, spliced regions. Blast search of genomic
and transcriptomic sequences of both transcribed fragments did
not provide any conclusive results. Transcript variants of the

transcribed regions contained fragmented ORFs (up to 117 aa in
length) with limited similarity to known proteins.

Additionally, the duplicated genes (including the STP
fragment) differ in their splicing structure, producing transcripts
with 8 and 9 exons, respectively. They share more than 90%
identity on the genomic sequence level, with most differences
situated downstream of the TNL encoding ORF. On the
transcript level, the similarity is 90.9% (4529/4982). The protein
sequences are identical in 94.9% (1051/1108) and similar in 96.3
(1067/1108). The alignment has 13 gaps (1.2%), with 10 located
at the very end.

Sequence Variation Within Resistance
Locus

The location and molecular effect of variants differing between
“Tosca” and “BRH-1" were assessed using SNPeff with reference
to the Express 617 assembly. The region covering resistance
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FIGURE 5 | (A) Simplified plot showing resistance locus coverage of ONT long reads aligned to the Express 617 reference genome. A sharp, flat peak (indicated by
an arrow) in “Tosca” genomic data marks the location of the fragment containing the TNL gene (vellow). Darker colors on the coverage plot represent insertions
larger than 10 bp. (B) Schematic overview of (i) depth of coverage of ON reads (DoC) and (i) within the duplicated “Tosca” region. Yellow — a fragment corresponding
to the BnaA03g29300D gene; green — homologous fragments of STP6 gene. (C) Pairwise alignment-based comparison of CDS sequence variability between TNL
homologs in “Tosca” (T1,T2) and “BRH-1." Synonymous substitutions are marked as empty circles below the axis, non-synonymous are indicated by filled circles

above.

to P. brassicae infection contains 1521 polymorphic sites: 1327
SNPs, 61 indels, 1 small duplication, and 132 mixed-type variants.
The large, duplicated region, covering the TNL gene found in
the “Tosca” genome, was omitted from the SNPeff analysis and
evaluated separately.

Most of the detected variants are located within intergenic
regions. Exonic and intronic polymorphisms account for
6.15 and 7% of the total sequence variability, respectively.
The non-synonymous/synonymous substitution ratio is 0.51.
The molecular effect, as defined by SNPeff, was high for
0.25%, moderate for 2.07%, and low for 4.62% of the variants.
The remaining differences were classified as modifiers. Both
genotypes showed the presence of insertions and deletions,
located mainly in introns and intergenic regions. Sequences
of insertions larger than 500 bp did not show similarity to
any annotated genes. A more detailed, gene-oriented analysis
of the SNP effect revealed that among protein-coding genes
with detectable expression in at least one of the studied lines,

only two genes, namely A03p030010.1_BnaEXP (Darmor-bzh
BnaA03g29270D) and A03p030120.1_BnaEXP/A03p030120.2_
BnaEXP (Darmor-bzh  BnaA03g57410D), contain high-
effect variants. A03p030120.1_BnaEXP/A03p030120.2_BnaEXP
encodes a metallochaperone and carries a splice donor
variant in the “Tosca” cultivar. Besides, this gene harbors
the highest variability, with 29 missense and 18 synonymous
differences between the lines. A03p030010.1_BnaEXP encodes a
chaperonin and contains a premature stop codon in the “BRH-1"
(Supplementary Table 8).

To reduce the effect of potential ambiguous mapping, the
coding sequences of the duplicated “Tosca” TNL genes were
compared based on a transcript assembly. The predicted CDS
contained a large number of variants between the “BRH-17
gene and both copies from “Tosca” (Figure 5C). Interestingly,
as noted before, the “Tosca” paralogs differ considerably at
the sequence and gene structure levels (Figure 5C, T1-T2;
Supplementary Figure 2).
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FIGURE 6 | Allele-discriminating PCR. The gel electropherogram (B) shows a result of PCR reaction designed as depicted on the schematic (A). B, T1, and T2
stand for BnaA03g29300D copies from “BRH-1" and “Tosca,” respectively. CO3 represents a homoeologous region on the CO3 chromosome, identical between the
parental lines. Expected products are color-coded according to the schematic, and juxtaposed with the gel. Gel lanes: M - size marker, T - “Tosca,” B - “BRH-1,”
W — water-containing control reaction, 266-56 — selected lines, recombining in the proximity of the resistance locus. Susceptible lines are underlined with red,
resistant with teal. Both “Tosca” alleles (fragments 224 bp and 577 bp) segregated with the resistance.

The C-terminal coding fragments have different lengths (60 bp
and 30 bp). The lack of 30 bp in the T1 gene results in
a frameshift(s) and, consequently, in a different amino acid
sequence at the C-end of the encoded protein. Apart from
the C-terminal variance, the sequences differ with regard to 6
synonymous, 36 non-synonymous substitutions, and 9 in-frame
deletions (6 and 3 bp long). 35 of the missense variants cluster
within and in close vicinity to the LRR domain coding sequence,
with the rest of the protein sequence differing only at one position
near the N-terminus (Figure 5C).

The “BRH-1” TNL homologous gene has the same C-terminal
composition as the “Tosca” paralog T2 (Figure 5C, T2-BRH). The
BRH and T2 genes differ with regard to 1 in-frame deletion (3 bp),
12 synonymous, and 63 non-synonymous substitutions. On the
other hand, the BRH and T1 genes, besides the C-terminus
variance, differ with regard to 15 synonymous and 59 non-
synonymous substitutions (Figure 5C, T1-BRH). Similar to the
T1-T2 comparison, nearly all differences between “BRH-1" and
“Tosca” gene copies are localized near the C-terminus and in
the LRR domain coding sequence. The cDNA, CDS, and protein
sequences of the “Tosca” and “BRH-1” genes are available in the
Supplementary Material.

Differential Gene Expression Analysis of

Resistant and Susceptible DH Lines
To further characterize the 25 genes located within the locus
harboring resistance to clubroot disease, we have examined the

differences in transcript levels between inoculated and non-
inoculated control roots from resistant and susceptible DH
lines in the context of the global pattern of differentially
expressed genes.

RNA-seq comparison of transcript accumulation between
non-inoculated control resistant versus susceptible plants showed
a differential signal for 1,247 genes, with only one located within
the resistance locus - the BnaA03g29270 gene (Supplementary
Tables 9,10). This gene shows a significantly higher (logFC = 1.9,
adjusted p-value < 0.0017) expression level in the resistant line.
The gene encodes for a homolog of an Arabidopsis thaliana
chaperone protein (CCT3).

Subsequently, we have explored differentially expressed genes
in roots 46 days after inoculation (DAI) with P. brassicae, using a
resistant and susceptible line from the mapping population.

In the case of the resistant line, we have identified
111 genes that showed differential transcript accumulation
after inoculation (91 up- and 20 down-regulated genes;
Supplementary Tables 9, 10). 53 of these genes were differentially
expressed only in the resistant line. Most of them fall into three
general Gene Ontology classes: chitin metabolism, regulation of
growth, and defense response (Supplementary Table 11). None
of the differentially expressed genes identified in the resistant
line was located within the resistance locus. The nearest gene
showing a differential expression pattern - BnaA03g28780D
(encoding Hevein-like preprotein, reported to be involved in the
defense response against fungi and bacteria) - is located 200 kbp
upstream from the locus.
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Analysis of the inoculated susceptible line revealed a
much high number (6821) of differentially expressed genes
(Supplementary Tables 9, 10). Among them, 2,778 were
up- and 4,043 were down-regulated. The Gene Ontology-
based assignment showed a much more diverse spectrum of
molecular functions, among others: oxidative stress response,
carbohydrate metabolism, lignin metabolism, chitin metabolism,
defense response, auxin signaling (Supplementary Table 12).
The KEGG pathway enrichment analysis yielded significant hits
for phenylpropanoid biosynthesis, biosynthesis of secondary
metabolites, glutathione metabolism, stilbenoid, diarylheptanoid
and gingerol biosynthesis, and flavonoid biosynthesis.

Four of the differentially expressed genes were located
within the resistance locus: down-regulated germin-like protein
(BnaA03g29240D - ortholog of AtGLP8, AT3G05930), up-
regulated Sugar Transporter Protein (BnaA03g29310D -
ortholog of AtSTP6, AT3G05960), down-regulated Fantastic
Four protein (BnaA03g57340D - ortholog of AtFAF4,
AT3G06020), up-regulated protein trichome birefringence-
like (BnaA03g57390D - ortholog of AtTBL10, AT3G06080).
None of them, however, were differentially expressed in the
resistant line. Moreover, their expression levels were similar in
resistant and susceptible control, non-inoculated plants.

The transcript levels of the TNL gene BnaA03g29300D
remained unchanged for “BRH-1" and both “Tosca” copies in
both lines after inoculation; however, the “BRH-1" and “Tosca”
copies were expressed at relatively high levels in the control and
the inoculated plants. The transcript levels of the two “Tosca”
copies detected in the resistant line added up to twice the amount
of the transcript level of one copy expressed in the susceptible line
(Supplementary Table 13).

DISCUSSION

Based on genetic mapping of a population of 250 DH plants,
we were able to identify a single locus conferring resistance
to clubroot disease in the winter oilseed rape cultivar “Tosca.”
The “Tosca” resistance has a different background than the
widely utilized “ECD-04,” introgressed into the “Mendel” cultivar
(Diederichsen and Sacristan, 1996; Diederichsen et al., 2006;
Fredua-Agyeman and Rahman, 2016), which makes the source
relevant in the B. napus breeding efforts.

The identified “Tosca” resistance locus, designated as Crr3Tse,
in B. napus is located on the A03 chromosome within a
previously described Crr3 locus described in B. rapa (Hirai
et al., 2004; Saito et al, 2006), which together with CRk
(Sakamoto et al, 2008; Matsumoto et al, 2012), and CRd
(Pang et al., 2018) forms a larger cluster of clubroot resistance
genetic factors. This cluster has been recently spotted in a
GWA study in a panel of B. napus ssp. napobrassica (rutabaga),
which, like “Tosca”, are of Nordic origin (Fredua-Agyeman
et al, 2020). The region of ~750 kbp identified in this
GWA study was associated with resistance to P. brassicae
pathotypes 2B and 8P (classified according to Canadian Clubroot
Differential Set), which are subsets of Somes P2 pathotype
(Strelkov et al., 2018). Here, we show that a region of

~120 kbp of the Crr3®¢ locus explains the resistance to field
isolates consisting of a mixture of pathotypes with the highest
prevalence of P3.

The locus was anchored based on a single bin of 11
marker sequences to a region of 97,783 bp of the B. napus
Express 617 genome assembly. Within the locus, we have
identified 25 protein-coding genes. 13 of them were found to
be constitutively expressed at the late stage of infection and 4
were found to be differentially expressed between contrasting
susceptible and resistant lines of the mapping population.
Some of these genes show a functional annotation that makes
them interesting candidates to be involved in various stages of
P. brassicae infection.

Resistance might be expressed constitutively or induced after
the initial infection with the pathogen. The non-inoculated
control plants showed significant differences in constitutive gene
expression patterns, but only 1 out of 1247 was located within
the mapped resistance locus. The differentially expressed gene
BnaA03g29270D, a homolog of Arabidopsis thaliana chaperone
protein CCT3, does not offer a direct and evident connection
to the mechanism of plant resistance and is unlikely to be
involved in resistance expression. The analysis of gene expression
affected by the interaction with the pathogen at the later stage
of infection provided more interesting candidates. For example,
BnaA03g29310D gene which is a homolog of AtSTP6. STPs
are monosaccharide/H + symporters that mediate the transport
of monosaccharides from the apoplast into the cells (Biittner,
2010). We have observed a significant upregulation of STP6
in infected roots of susceptible, but not of resistant plants.
STP family genes, namely STP8 and STP13, have previously
been reported to be up-regulated upon clubroot infection in
A. thaliana (Walerowski et al., 2018), while STP4, STP12, STP1
showed a differential expression pattern in an infected, clubroot-
susceptible Brassica oleracea cultivar CS-JF1 (Zhang et al., 2019).
However, as the expression was affected only in the susceptible
line, this gene might have been up-regulated in response to a
successful transformation of plant metabolism by the clubroot
pathogen during the invasion of the roots. Thus, a potential
resistance effect would have to be driven by the inhibition
of the expression induction. A similar phenomenon might be
responsible for the expression of the gene BnaA03g57390D,
harbored within the resistance locus, encoding a homolog of
Trichome Birefringence Like 10 (TBL10) protein. This gene
was up-regulated in the roots of susceptible, infected plants,
but remained constant in the resistant line. TBL proteins are
modifiers of the cell wall (Bischoff et al., 2010; Yuan et al,,
2016; Gao et al,, 2017) and AtTBL10 was found to be involved
in O-acetylation of pectin (Stranne et al, 2018). In many
reports, pectin hypoacetylation has been linked to increased
disease resistance (reviewed in Pauly and Ramirez, 2018), which
may explain the lack of TBLIO induction in clubroot defense
reaction. Another down-regulated gene from the resistance
locus, BnaA03g57340D, is a member of the FANTASTIC FOUR
(FAF) protein family. Its expression was down-regulated in
susceptible, but not in resistant plants. Overexpression of FAF
members was shown to inhibit root growth, which could
be rescued by exogenous sucrose (Wahl et al, 2010). Thus,
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FAF might perform a role in integrating auxin and sugar
signaling during infection progression, allowing the pathogen
to manipulate the physiological processes of susceptible plants
for more efficient infection progression. Another differentially
expressed gene from the resistance locus which has been
described to be involved in disease resistance expression is
BnaA03g29240D - a homolog of Germin-like protein 8 (GLPS8).
GLPs are well established as an important component of the
biotic stress response (Dunwell et al., 2008; Ilyas et al., 2016).
In B. napus, GLPs are involved in oxidative burst initiation
during Sclerotinia sclerotiorum infection (Rietz et al, 2012).
GLP5 was also found to have higher expression in a line of
B. rapa carrying the Rerl clubroot resistance gene (Song et al.,
2016). In our study, GLP8 expression was highly reduced in the
roots of susceptible plants, though it remained constant in the
resistant plants.

Because the expression analysis did not reveal a clear
dominant candidate gene located in the resistance locus that
could be responsible for the resistance in “Tosca” we have
further explored the properties of the mapped genomic fragment
by sequencing the parental cultivars with Oxford Nanopore
technology. Detailed analysis of the sequencing data showed a
high level of polymorphism on a single nucleotide as well as
a larger scale. Despite a large number of differences between
the parental lines, most of them were located within the
non-coding (genic and non-genic) regions. Additionally, the
biological impact of the majority of the polymorphisms was
predicted to be low in most of the 25 genes. However, the
mapping of the ON reads revealed one striking difference —
a large duplication in “Tosca” that covered a full copy of the
BnaA03g29300D gene. The duplicated gene contains TIR, NB-
ARC, and LRR domains, thus belonging to the TNL subclass of
NLR genes. Many of these genes are known to be involved directly
or indirectly in the recognition of pathogen effector molecules
and initiation of downstream defense responses (reviewed in:
Dubey and Singh, 2018; de Aragjo et al, 2019). As these
genes are known to be involved in the very early stages
of signaling cascades, they potentially could be differentially
expressed in the early stages of the infection process. The
identification of a recent copy of the TNL genes to some
extent conforms with this presumption. Assuming that recently
duplicated genes retain their original function, we may speculate
that the effect of enhanced resistance to pathogen infection
in “Tosca” is linked with cumulatively elevated expression (2
times) of two copies of the TNL genes. We cannot, however,
exclude an alternative possibility that the new copy of the
gene acquired new specificity toward the particular P. brassicae
pathotypes or that both copies are involved in a more complex
resistance initiation (see later). So far, two clubroot resistance
genes have been cloned, Crrla (Hatakeyama et al., 2013) and
Cra/CRb (Ueno et al, 2012; Hatakeyama et al, 2017), both
encoding TNL proteins.

The identification of the genomic fragment corresponding
to the region defined by the peak marker for the resistance
locus was not straightforward using the Darmor-bzh 4.1 genome
assembly. The coverage of the region was not complete and one
of the three contigs mapping to this fragment was misassembled.

The locus, however, was correctly placed on the long-read-
based reference pangenome and Express 617 assemblies. The
Darmor-bzh 4.1 reference assembly was constructed prior to the
advance of long-read sequencing technologies mainly based on
Numina short-read sequencing and is thus highly fragmented
(Lee et al., 2020). We have to note that between the submission
and publication of this article, an upgraded, Oxford Nanopore-
based version of Darmor-bzh genome (v10) was published, in
which the region in question is assembled in agreement with the
results of our study and other long-read assemblies (Rousseau-
Gueutin et al, 2020). Moreover, it has been shown that in
B. napus more than 50% of known RGA copies do not occur
in a single reference genotype assembly but require analysis
of pangenome assemblies for detection (Dolatabadian et al,
2020). Thus, our analysis represents a typical example of how
the use of long-read sequencing technology and pangenome
sequence assemblies allows more efficient dissection of plant
disease resistance loci.

Frequent duplications and clusterization of resistance-related
NLR genes are a well-established phenomenon (reviewed in de
Araujo et al., 2019; van Wersch and Li, 2019). BnaA03g29300D is
flanked by homologous STP6 sequences. This configuration may
have served as a foundation for homology-dependent duplication
events, for example, by unequal crossing-over. Remarkably,
both TNL gene copies seem to be functional, ie., neither
underwent pseudogenization. Both are constitutively expressed
in 7-week-old plants and the transcripts contain full-length
ORF’s. Importantly, the copies harbor a large proportion of
polymorphic, non-synonymous sites observed between “Tosca’
and “BRH-1 nearly all of which lay within the pattern-
recognizing LRR domain, implicating a strong positive selection
acting on this domain. Positive selection promoting rapid
sequence changes in the NLR genes, especially within LRR
domains has already been frequently reported (Bergelson et al.,
2001; Mondragén-Palomino et al., 2002; Yang et al., 2013;
Karasov et al., 2014; Gao et al, 2018; Han, 2019). LRR
domains are reported to be the major factors determining
recognition specificity (reviewed in Padmanabhan et al., 2009);
therefore, the apparent differences in the amino acid sequence
domain may be responsible for the capability of the “Tosca’
to sense the P. brassicae elicitors and induce the downstream
defense response. Remarkably, the two tandem paralogs in the
“Tosca” genome themselves differ significantly in the amino acid
sequence of their LRR domains. The differences may allow for
a broader range of elicitor recognition or the coordination of
a more complex response to infection. The TNL proteins are
known to engage in functional homo- and heterodimerization
(Williams et al,, 2014) and various modes of entanglement in
the defense response initiation, which often involves clustered
genes (reviewed in de Aratjo et al, 2019; van Wersch and Li,
2019). Nonetheless, in the case of previously described clubroot
resistance locus Cra/Crb/CRE*™, which consists of at least six
tandemly repeated NLR genes, a majority of the resistance effect
is attributed to a single gene, with residual, unexplained effect
(Hatakeyama et al., 2017).

Furthermore, the BnaA03g29300D gene is a homolog of
B. rapa Bra001175, which has been shown to have a higher
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level of expression in the clubroot-resistant, compared to
the susceptible genotype of the CRd-carrying line during
the early stages of the infection process, at day 13 after
inoculation (Pang et al., 2018). In our study, using RNA-seq
data, when each of the duplicated genes was tested separately,
we could not find statistical differences in BnaA03g29300D
expression between resistant and non-resistant inoculated lines
and no evidence of induction after inoculation. However,
both duplicated genes are expressed at a similar, relatively
high level in the roots of “Tosca’-background plants,
showing a cumulative 2-times higher transcript accumulation
before infection compared to the “BRH-17-derived, single
copy line.

In summary, the search for the genetic background of
resistance to P. brassicae infection in B. napus cv. Tosca revealed
a complex picture of genomic and transcriptomic changes. Based
on genetic mapping, structural genomics, expression analyses,
and functional annotation, we conclude that the TNL gene
(BnaA03g29300D) duplication is most likely to be involved in the
resistance. Certainly, further experimental tests, including a gene
knockout and functional complementation must be conducted
to confirm the role of this gene, and/or its duplication, in the
resistance against P. brassicae.
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3.2. Supplementary figures

Figure S1. IGV screenshot of clubroot resistance locus on Express 617 assembly. Genomic ONT reads of
Tosca and BRH-1 cultivars mapped to the reference and gene annotation track visible. TNL gene marked
with an arrow.
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Figure S2. Fragment of assembled Tosca region with TNL gene copies marked with red.
In tracks Illlumina RNA-seq reads from Tosca background DH line and ONT reads from Tosca.
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Figure S3. (A) Region covered by TD1_R TD1_F1 primers on chromosome A03 of Express 617 assembly.

ONT reads show differences between the BRH-1 and Tosca lines. In case of Tosca two clusters of reads,

corresponding to each gene copy are visible, with ~350bp insertion marked with an arrow.
(B) Homoeologous C03 region - no visible differences between Tosca and BRH-1.
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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 DAL 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 4. 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, Crrla 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

STPo6-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
BASEF, 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 cr7. The "Tosca'-derived copies
are numbered in accordance with (Kopec et al., 2021), i.e., T1 becomes cr71, and T2
becomes cr72. Collectively the '"Tosca'-derived copies are referred to as cr7Tn. To simplify the
description, the corresponding constructs and transformant plants are referred to as crTl,
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 crTl and crT2 genes were used as described in the
supplementary information of (Kopec et al., 2021). The synthesis of crT1-P2A-mNeonGreen
and cr72-P2A-mScarlet fragments and subcloning into the pUCS57-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 4.
thaliana ubiquitin 10 (AT4G05320) promoter (ubq) and terminated by Agrobacterium

tumefaciens nopaline synthase terminator (nos):

crTn:

crTl ubq::crT1-P2A-mNeonGreen::nos, for the expression of ¢TI gene with
codon-optimized mNeonGreen protein tag;

crT2 ubq::crT2-P2A-mScarlet::nos, for the expression of cr72 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;

mFEP:
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 DH5a (Garcia-Nafria 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-12Cas9 plasmid (https://www.addgene.org/173158/), while the ubiquitin
promoter with the S'UTR was amplified from 4. 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

EPL1IB R2 cacgccgaaataaacgacca Insert size
check, Sanger

MI13F 47 cgccagggttttcccagtcacgac sequencing

pFGC F ttactagatcgcatgggaattctgagatttttcaaatcagtg pFGC
backbone

pFGC U R actcgtcgacagcttggcactggccgtc amplification

UBQ R agagagccatctgttaatcagaaaaactcagat ubq promoter
amplification

UBQ F gtgccaagcetgtcgacgagtcagtaataaacg

NosT R attcccatgcgatctagtaacatagatgacac nos terminator
amplification

NosT TI1 F ttataaataagatcgttcaaacatttgg

NosT T2 F atacaagtaagatcgttcaaacatttgg
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T1 P2A mNG U F | tgattaacagatggctctctcattagette crTn_P2A FP
fragments

Tl P2A mNG R ttgaacgatcttatttataaagctcatccatcee amplification

T2 P2A mS R ttgaacgatcttacttgtataactcgtccatg

T2U F gtcatctatgttactagatcgtcgacgagtcagtaataaac crTl1,2
construct

T2U R gtcatctatgttactagatcgcatgggaattctgagattt assembly

TIU R tttattactgactcgtcgacgatctagtaacatagatgacaccg

TIU F gtcatctatgttactagatcgcatgggaattctgagattt

mNG circ F tgattaacagatggtcagcaaagggga mNG
construct

mNG circ R tgctgaccatctgttaatcagaaaaactcagat assembly

mS circ R tactgaccatctgttaatcagaaaaactcagat mS construct
assembly

mS_circ F tgattaacagatggtcagcaagggtgag

ubq_seql ctgggtttgatcgttagatatcatc Sanger
Sequencing

Tsc_ssl gtgatttctatctagatctggtg

Tsc_ss2 cgccaatgatgttttggataaac

Tsc_ss3 ggctgcacctgaaggttt

Tsc_ss4 cttcgactatttgcctcctaa

Tsc_ss5 ggtatctggatctctcggat

Tsc ss6 gcaccgtactactggaac

Tsc_ss7 cttaagcaggcaggtgatg Sanger
Sequencing,

mNGssl R gggcaccaggatccaag genotyping,
RT-PCR

mSssl R caagagaaagggagtggac

AM3 F gtcgctagcaagacacttaaga genotyping,
RT-PCR

AM3 R gtgteccgagaaatatacgaac

Actin_F ccggtattgtgctggattct

Actin R aatttcccgcetetgetgttg
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crT1 4960 bp

crf2 4975bp 4
crT1,2 9935 bp 4
mNG 1600 bp

AtUbg10 promoter
mS 1588 bp 52_51 térggnator

| ® ¢T2CDS
P2A
mScarlet CDS
RE T-DNA repeat mNeonGreen CDS

LB T-DNA repeat

BAR - glufosinate resistance
KanR - Kanamycin resistance

Figure 1. Vector design for 4. 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 4. 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.
TO-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 mNGssl R or mSssl R for ¢r7T1 and cr72,
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 Poznan.
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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.

1kb+ crT1 crT2 crT1,2

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.
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o 1 | crT2 crll; 2

B 1kb+ WT crTl cr72 crTl,?
GC C A T, C AT C AT, C AT T

gDNA 453 bp

crTl 237 bp
crT2 218 bp
actin 179 bp

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 crTl 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 % 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.

A Kk
3 e
é n=12 24 23 n=24 21
e 2 )
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%)
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a1
[0}
@
a e
WT crT1 crT2 crT1,2 mS mNG

B C

mScarlet

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 c¢rT1. 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 c¢#7'/, and the CRT sequence extends

for additional 110 AAs (Fig 5).
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Figure 5. Alignment of the C-terminal ends of the CRT and cr71 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 cr7T1, with just 12 mismatches (compared to 477 for cr72).
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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 ¢rT/, and an undisclosed line in the case

of CRT.
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Figure 6. Illustration of the comparison of the C-terminal-coding cr7/ 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 cr7T/

stop codon are indicated by red arrows.

4.

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.

crT1 protein and CRT protein: Depict the protein alignments of cr7/ from this study and the
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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 ¢#72 (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 Crr3™ 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 RRS! 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 Crrib 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 Crr/a 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 crTrn 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 c#Tn CDS design, [llumina-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 c¢r7T1 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 Crrla, 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 Crrl,
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 cr7n 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 Crr3™ 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 Crr3™ 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
Crr3™ 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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Brassica napus A03

Arabidopsis thaliana Chr3

Figure 1. Comparison of synteny between a segment of the B. napus Darmor-bzh A03 locus homologous to
Crr3® 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 cr7’ 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 c¢7T 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 ¢#T; Phylo - species

phylogenetic analysis.

Species Genotype Assembly PAV | TNL CNV | Phylo
Arabidopsis thaliana | Col-0 GCA_000001735.1 yes | NA yes
(TAIR10)
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 yes [ NA yes
https://doi.org/10.1111/
pbi.13775
Raphanus sativus WK10039 GCA_000801105.3 yes | NA yes
10.1007/s00122-016-2
708-0
Brassica nigra NI100 https://doi.org/10.1038/ [ yes | NA yes
s41477-020-0735-y
Brassica oleracea TO1000 GCF_000695525.1 yes | yes yes
OX-heart 923 | GCA_018177695.1 no yes no
HDEM GCA _900416815.2 yes | yes yes
https://www.nature.co
m/articles/s41477-018-
0289-4
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
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SCU_BraROA | GCA 017639395.1 no yes no
CTO001 GCA_008629595.1 no yes no
FPsc GCA _003434825.1 yes | yes yes
ECD04 https://doi.org/10.1111/ | no yes no
pbi.13827
Brassica napus Da-Ae GCF_020379485.1 yes | yes yes
Zsl11 GCF_000686985.2 no yes no
GHO6 GCA_026770255.1 no yes no
Zy821 GCA _026770265.1 no yes no
Darmor-bzh https://doi.org/10.1093/ [ yes | yes yes
gigascience/giaal37
Zsl1 https://doi.org/10.1038/ | no yes yes
s41477-019-0577-7
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 Crr3"™ 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 4.
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 CO03 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 AO03 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
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Figure 2. Comparative analysis of Crr3™-like genomic blocks across selected Brassicaceae chromosomes. A) The
presence (yellow) - absence (aubergine) matrix of genes organized in columns. The location of cr7T 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 c7T 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 Crr3™-like blocks among the Brassicaceae. Chromosomal regions are
colored by ancestry, in reference to the Ancestral Brassica Karyotype (ABK, depicted in the inset). All Crr3™-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 c¢rT insertion.

To study the evolutionary history of the Crr3™ 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, GLPS, 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 c¢rT. 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].
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Figure 4. Comparison of c7T 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. c¢rT 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-bzA 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 Crr3"-like genomic blocks

The comparative analysis of the Crr3™ 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 GLPS 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 CO03. Alternatively, the CO03 insertion could have been secondarily lost.
Consequently, the C genomes without the TNL on CO03, 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 cr7 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 Crrl, 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 S7TP6 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 Crrl, 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-0-18
(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 S7P6 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 cr7, 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 c¢rT 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 c¢r7T 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 Crr3™° 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 Crr3%“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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