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Abstract

The aim of this project was to better understand the molecular genetics and the
biochemical components involved in quantitative resistance against Pyrenopeziza
brassicae in Brassica napus. In addition, pathogenicity variations in P. brassicae
populations and isolates from Aberdeen, Scotland and Hertfordshire, England were
assessed to enhance knowledge about the regional sub-populations. Furthermore,
resistance of B. napus accessions against P. brassicae was phenotyped, quantitative
disease resistance (QDR) genes against P. brassicae were identified by gPCR and
potential biochemical components of resistance such as glucosinolates (GSL),
cuticular wax and cutin were quantified. To identify novel QDR genes, the resistance
phenotyping of 72 B. napus accessions done during this study helped to provide
complementary data to that from the original test panel, which included 195 B. napus
accessions. This is the first study which reveals the gene expression patterns of QDR
genes associated with resistance and/or susceptibility against P. brassicae in B.

napus.

The results from this study showed that there is a variation in pathogenicity between
Aberdeen and Hertfordshire P. brassicae populations/isolates. It will be beneficial to
analyse sequence variations between isolates from different regions to enhance the
current knowledge about the pathogenicity factors in P. brassicae. Furthermore, a
gene knockdown of the mating type genes of P. brassicae can reveal if they are

involved in spore size dimorphism and pathogenicity.

The current study helped to provide information about the QDR genes, their potential
signalling pathways and the proteins encoded to enhance resistance and or
susceptibility against P. brassicae in B. napus. An early induction of the vesicle
trafficking protein, B-adaptin and universal stress protein in resistant lines was seen to
potentially limit the germination and penetration of P. brassicae. Furthermore,
Pathogenesis related protein (PR1) and Cinnamate 4 hydroxylase genes were
upregulated to reduce branching and colonisation respectively. In addition, the
association of HXXXD-type acyl transferase with enhanced pathogenicity of P.

brassicae in susceptible lines of B. napus such as Cabriolet was shown in this study.



This research showed a significantly greater glucosinolate (GSL) concentration in
resistant B. napus lines/cultivars (Cubs Root, POSH and Dwarf Essex) than in
susceptible lines (Cabriolet, Sansibar and Laser). Additionally, concentrations of
aliphatic compounds (7-methyl sulfinyl heptyl: 7msh, 3-butenyl: 3but, 4-pentenyl:
4pent, 6-methyl sulfinyl hexyl: 6msh and 5 methylthio propyl:5mtp); indolic compounds
(4-methoxy-indolyl-3-methyl:  4moi3m, indolyl-3-methyl: i3m) and an aromatic
compound (2pe) were significantly greater in resistant B. napus lines/cultivars than in

susceptible lines/cultivars.

Epicuticular wax load, its components and their structural variation and cutin
monomers enhanced the host resistance against P. brassicae. The alkane forming
pathway of wax products is negatively correlated with LLS disease severity. This was
confirmed by alternate alcohol forming pathway product (1° alcohol) content remaining
constant in B. rapa and B. napus resistant lines/cultivars after inoculating with P.
brassicae. The results indicate a potential involvement of the minor component C30
aldehyde in the signalling defence response to limit the sporulation by the P.
brassicae. Furthermore, a possible association of cutin monomers with P. brassicae

pathogenicity was identified.

This study revealed many likely genetic resources in B. napus, such as lines POSH,
Laser, Moana, Dwarf Essex, SWU Chinese 1 and Cubs Root, which can be used to
breed B. napus cultivars resistant against P. brassicae. All these B. napus
lines/cultivars showed significantly less LLS disease severity with greater GSL
content/higher induction of QDR genes/higher wax and cutin contents. Furthermore,
this study confirms the possibility of enhancing the narrow genetic diversity of B. napus
available to breed for cultivars resistant against P. brassicae by introgressing

resistance from B. rapa.
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Chapter 1: General introduction

The global food security index is alarming as the global population is forecast to reach
9.1 bn by 2050 (The Economist Group, 2018). World-wide annual crop losses caused
by plant pathogens amount to 16% and, of this, 70 to 80% of losses are due to fungal
pathogens (Moore et al., 2011; Evans et al., 2010). To meet the food demand, crop
production must increase by more than 50% in the next 25 years (Second world seed
conference, 2009). Breeding for cultivar resistance to pathogens significantly

contributes to alleviate the problems of food security and world hunger.

Light leaf spot (LLS) caused by Pyrenopeziza brassicae is the most damaging
disease of oilseed rape (Brassica napus) in the UK. The disease accounts for up to
£160 M yield loss annually in England, despite expenditure of £20M on fungicides,
and the severity of the disease is much greater in Scotland (Karandeni Dewage et al.,
2018a; Ashby, 1997). In the UK, the disease has been increasing as a national
problem in recent decades rather than just being confined to Scotland and Northern

England.

LLS is currently controlled by a combination of cultivar resistance, fungicide
applications and cultural practices. However, resistance mechanisms of the oilseed
rape plant against P. brassicae are not understood well. Furthermore, fungicide
control is problematic as the pathogen has developed insensitivity to benzimidazole
and triazole fungicides (Carter et al., 2014). Carter et al. (2014) have reported
decreased azole fungicide sensitivity in UK P. brassicae isolates. This is concerning,
as 75% of the fungicides used contain triazoles. Moreover, in the UK 80% of the
oilseed rape crop area receives fungicide applications to control diseases. Thus, it is
necessary to understand pathogenicity factors of P. brassicae and host resistance of
Brassica napus to design an improved and durable control strategy against LLS.

1.1 Brassica napus: a significant part of UK and world agriculture

Oilseed rape is the third most important arable crop in the UK and second largest
source of vegetable oil in the world (Fitt et al., 2006). Rapeseed is currently grown in

the northern hemisphere in China, Canada, Europe and India and in the southern



hemisphere in Australia, South Africa and South America as a source of healthy

vegetable oil, protein, animal feed and biodiesel.

Rapeseed is one of the most profitable crops in the UK and is an important part of crop
rotation, mainly with cereals such as wheat and barley. Since rapeseed is not a host
to major cereal pathogens, e.g. Gaeumannomyces graminis (take-all), it is an excellent
choice for crop rotation. Furthermore, the roots of canola have a bio-fumigation effect
as they release biocidal glucosinolates, which is beneficial for the following cereal
crops (Norton et al., 1999). B. napus tissues contain glucosinolates. When tissues are
crushed, they are hydrolysed by the endogenous enzyme myrosinase to
oxazolidinethiones, nitriles, epithionitriles, isothiocyanates and various forms of
volatile isothiocyanates (Stotz et al., 2014). These products, especially
isothiocyanates, have broad insecticidal, nematicidal, fungicidal, antibiotic and
phytotoxic effects (Kirkegaard & Sarwar, 1998). Natural isothiocyanates act against
development and maturation of Pseudomonas aeruginosa biofilm (Kaiser et al., 2017).
Glucosinolate breakdown product isothiocyanates inhibit Arabidopsis growth
(Urbancsok et al., 2017).

Beneficial effects of rapeseed on soil structure and soil moisture infiltration contribute
to its important role in crop rotation (West et al., 2001). The large taproot aids in
increased water infiltration, whereas the extensive fine root system creates more

stable soil aggregates and therefore improves soil structure (Norton et al., 1999).

Rapeseed oil sale in the UK had increased by 24% in March 2017 compared to the
previous year (The Daily Telegraph, 2017). However, sales of other popular oils, such
as sunflower oil, vegetable oil and the extra virgin olive oil, have decreased by 3%,
12% and 8%, respectively. In addition, rapeseed oil has a lower saturated fat content
than any other cooking oil. The smoking point is high compared to olive oil and
therefore it is more suitable for frying and roasting. Furthermore, it is rich in vitamin E,
omega-3 and omega-6 fatty acids. All these factors contribute to the increasing
popularity and the demand for much cheaper and healthier rapeseed oil, in
comparison to the other oils such as olive oil. The Kantar World panel, a consumer

research group, also confirms the increasing demand for rapeseed oil.



The worldwide production of rapeseed has increased six-fold between 1975 and 2007.
Between 1994 and 2017, rapeseed area harvested and crop production increased
greatly in global agriculture (Figure 1.1). Europe is the second largest producer of
rapeseed (Figure 1.2) and it is an economically important crop in Germany, France,
the UK and Poland. (Figure 1.3) (FAOSTAT, 2019).

1.2 Light leaf spot: an economically important disease

Many studies indicate that wet, cold weather favours P. brassicae development
(Karandeni Dewage et al., 2018a; Figueroa et al., 1995; Fitt et al., 1998b; Gilles et al.,
2000). However, the Department for Environment, Food and Rural Affairs (Defra)
survey shows that the incidence and severity of LLS has increased progressively in
the UK (Figure 1.4) with a substantial yield loss (Figure 1.5), regardless of recent

global warming and increasing temperature in the UK and Europe.

P. brassicae is not only pathogenic to Brassica napus (oilseed rape) but also infects
Brassica juncea (Indian mustard), Brassica oleracea (Brussels sprouts), Brassica rapa
subsp. oleifera (turnip rape) and Brassica oleracea var. capitata (cabbage)
(www.plantwise.org). LLS can reduce oilseed rape yield by a third, i.e. 30% vyield loss
for 90% plants affected. Therefore, it is essential to understand the factors that favour

disease progression in order to control LLS efficiently.

1.3 Complex life cycle of Pyrenopeziza brassicae

P. brassicae is a heterothallic ascomycete with mating types MAT1 and MAT2 (Gilles
et al., 2001). Figure 1.6 shows a schematic representation of the P. brassicae
polycyclic life cycle. In the summer after harvest, the infected crop debris becomes the
source of primary inoculum for the disease epidemics. The pathogen, which survives
as a saprophyte on senesced debris, undergoes sexual reproduction to produce
ascospores from mature apothecia. The ascospores are dispersed by wind, land on
the leaves of B. napus in autumn and initiate polycyclic LLS epidemics. Germinated
ascospores enter the host directly through the cuticle (Gilles et al., 2001; Rawlinson
et al., 1978). The pathogen then enters a long asymptomatic phase during which it
proliferates and colonises subcuticular spaces between the cuticle and epidermal

cells.
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Figure 1.1: Rapeseed area harvested and yield globally between 1994 and 2017
(FAOSTAT, 2019).
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Figure 1.2: Proportion of worldwide rapeseed production by region between 1994 and 2017
(FAOSTAT, 2019).
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Figure 1.3: Top 10 rapeseed producing countries between 1994 and 2017 (FAOSTAT,
2019).
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Figure 1.4: Forecast of light leaf spot incidence (% of plants affected in a region) from 2013
until spring 2020 (West, 2021).
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Figure 1.5: Winter oilseed rape yield losses caused by major diseases in England (Phoma in
blue, Light leaf spot in red, Sclerotinia in green and Alternaria in yellow) between 2005 and
2018 in millions (£). From 2008 yield loss caused by LLS remains the greatest except for in
2011. CropMonitor; www.cropmaonitor.co.uk, oilseed rape pest and disease, The Monitor
information service, 2019.
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Figure 1.6 Life cycle of P. brassicae on winter oilseed rape in Europe (adapted from Cheah et al.,
1980; Karandeni Dewage et al., 2018a; Boys et al., 2007). (a) In summer after harvest, the
pathogen undergoes sexual reproduction (MAT 1 x MAT 2) on infected crop debris; (b) sexual
fruiting body apothecium; (c) asci bearing ascospores; (d) ascospores are released and dispersed
by wind; (e) germinated ascospores directly penetrate cuticle; (f) P. brassicae proliferates and
colonises between cuticle and epidermal cells; (g) leaves showing early symptoms such as green
island formation and leaf distortion in susceptible cultivar Cabriolet; (h) susceptible cultivar Eurol
with visible acervuli; (i) acervuli on susceptible cultivar Bristol near leaf petiole; (j) LLS infected
plants showing stunted growth on the right side uninfected comparison to control plants with
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In winter, when enough biomass has accumulated, the conidiomata rupture through
the cuticle and release asexual conidia from acervuli. The acervuli can be visible as
white spots arranged in circles, and therefore the anamorph is known as

Cylindrosporium concentricum.

Rain-splash dispersed conidia serve as secondary inoculum. Furthermore,
ascospores produced on infected leaves in spring also promote secondary infection
(Boys et al. 2007, 2012; Karandeni Dewage et al. 2018a). Early ascospore infections
in autumn and winter result mainly in leaf distortion, stunting, green island formation
and leaf spots (Ashby, 1997). In spring, secondary infection from conidia and
ascospores produces stem lesions, premature ripening and pod shattering, which
results in yield loss (Fitt et al. 1998b; Rawlinson et al., 1978). P. brassicae not only
infect B. napus but also affect B. oleracea, B. rapa and other related Brassica species
or subspecies. These include Brussels sprouts (B. oleracea var. gemmifera), cabbage
(B. oleracea var. capitata), cauliflower (B. oleracea var. botrytis), broccoli (B. oleracea
var. italica), kale (B. oleracea var. acephala), turnip (B. rapa ssp. rapa), swede (B. rapa
ssp. rapifera), Chinese cabbage (B. rapa ssp. pekinensis) and black mustard (B. nigra)
(Karandeni Dewage et al., 2018a)

1.4 Control measures and limitations

In the UK, the disease is mainly controlled by fungicide applications and host resistance
(Fitt et al., 1998a). Due to the subtle onset of the disease, it is extremely difficult to
optimise the fungicide treatment timing. A study done in 2017-2018, with aid from the
Agricultural Development and Advisory Service (ADAS) and the Association of
Independent Crop Consultants (AICC), showed that both growers and ADAS
identified LLS in 23% of samples. However, another 33% of the samples, which were
not initially identified by the growers, were later confirmed to have the disease
(Bayer, 2018).

Double fungicide treatment, once in late-autumn (November/December) followed by
second application at the beginning of stem extension (January-March), has been found
to give efficient control of LLS. However, there are many reports of fungicide insensitive
isolates of P. brassicae (Boys et al., 2007; Carter et al., 2013; Carter et al., 2014; Fitt
et al., 1998a; Gilles et al., 2000).
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The most effective and environmentally friendly way to control the disease is by
deploying resistance genes. Qualitative resistance can work mainly in a ‘boom and bust’
manner. Substantial increases in the cultivation of lines/cultivars with specific resistances
moulded pathogen populations to evolve and emerge as virulent. In addition, the
polycyclic P. brassicae life cycle, with sexual reproduction and a wide host-range,
increases the potential to produce genetic variation and virulent races quickly. Cultivar
resistance shifts have been observed in the past. For example, resistant Recital and
Bristol suddenly changed to susceptible; whereas cultivar Apex gradually lost its
resistance (Boys et al., 2007). In 2012-2014, the resistance of cultivar Cracker had
broken down in Scotland. Quantitative disease resistance (QDR) also known as minor
gene resistance is more durable than R gene-mediated resistances and exerts less
selection on pathogen. Therefore, exploiting QDR will be the way forward to efficiently

control the disease.

1.5 Quantitative and qualitative resistance in Brassica napus

Use of cultivar resistance is the most important and economical method to control LLS.
In B. napus, both multi-genic QDR and mono-genic qualitative resistance against P.
brassicae have been identified. Table 1.1 summarises the quantitative and qualitative
resistances identified so far. Pilet et al. (1998) identified six environmentally stable
guantitative trait loci (QTLS) in a doubled haploid (DH) population derived from the
cross between moderately resistant Darmor-bzh and susceptible Yudal lines.
Bradburne et al. (1999) reported two major resistance loci named as PBR1 and PBR2,
positioned on linkage groups A0l and CO6 respectively. The resistance was
introgressed into winter oilseed rape from wild accessions of B. oleracea and B. rapa.
PBR1 derived from B. rapa gave a phenotype with no apparent symptoms, while PBR2
from B. oleracea showed black necrotic flecking and reduced asexual sporulation.
Furthermore, Boys et al. (2012) characterized a major R gene-mediated resistance
phenotype against P. brassicae in a DH mapping population. Resistance from
Bradburne et al. (1999) materials was introgressed into the cultivar Imola and the
resistance further used to develop a DH population. This R gene (PBR1) mediated
resistance resulted in black flecking by 8 days post inoculation (dpi) and no asexual
sporulation. However, this did not prevent sexual reproduction once the leaves had

senesced. Karandeni Dewage et al. (2022) identified four QTLs involved in QDR of

11



Table 1.1: Known resistances against P. brassicae in Brassica napus

Resistances in B. napus

o Pilet et al. (1998) identified 6 QTLs involved in
field resistance to P. brassicae at linkage groups
A02, A06, AO7, A09 and CO04.

o Bradburne et al. (1999) identified 2 major
resistance loci on chromosomes A0O1 and CO06.

o Boys et al. (2012) characterised a major
resistance locus on chromosome AO1.

o Karandeni Dewage et al. (2022) identified 4 QTLs
at C01, C06, C09. Two of these QTLs were
identified on the same chromosome (CO06).

12



B. napus against P. brassicae where the CO1 QTL reduce the asexual sporulation of

the fungus significantly.

1.6 Pathogenicity factors in Pyrenopeziza brassicae

Li et al. (2003) demonstrated the involvement of P. brassicae Pbcl in cuticle
penetration and disease symptom development or pathogenicity. Batish et al. (2003)
showed the presence of an extracellular protease Pspl during the growth of P.
brassicae in B. napus. Pspl may promote pathogenicity by breaking down B. napus
intercellular matrices and thereby facilitating space for subcuticular growth. Other
potential roles of Pspl include degrading plant signalling proteins involved in
resistance responses or degrading host cell wall or cell membrane proteins to derive
nutrients from the apoplast. Ashby (1997) reported the possible involvement of
cytokinins as pathogenicity factors by providing nutrients to the pathogen by altering
host metabolism and diverting nutrients to the infection site. Furthermore, Ashby
(2000) showed rapid pathogen growth and premature cuticular rupture in hosts with
constitutive expression of iso-pentenyl transferase (ipt) in P. brassicae from
Agrobacterium, an enzyme involved in cytokinin synthesis. Potential pathogenicity

factors in P. brassicae are shown in Table 1.2.

1.7 Potential resistance mechanisms in B. napus against P.
brassicae

QDR may act during ascospore adhesion, germination or cuticular penetration. Since
this is the very first stage of the interaction between the host and the pathogen, QDR
may be related to pathogen associated molecular pattern triggered immunity (PTI).
Host cuticular wax composition may affect the germination and penetration of the
pathogen. P. brassicae does not induce a hypersensitive response in the host soon
after pathogen invasion (Stotz et al., 2014). During its subcuticular growth (between
cuticle and epidermal cells), major gene-mediated resistance/s or QDR may inhibit
hyphal proliferation. R gene-mediated resistance may act to prevent production of
acervuli or asexual reproduction. Finally, either quantitative and or qualitative
resistance may be able to inhibit or to reduce the sexual reproduction. Figure 1.7
illustrates the potential operation of quantitative and qualitative resistance in B. napus

during various stages of the P. brassicae life cycle.
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Table 1.2: Known pathogenicity factors in Pyrenopeziza brassicae operating against

brassicas.

Pathogenicity factors in P. brassicae

o Extracellular cutinase Pbcl
(Li et al., 2003).

o Extracellular protease Pspl (Batish et al., 2003).

o Cytokinin produced by P. brassicae to suppress
the host cell death (Ashby, 1997)

14



QDR? possible phytotoxins in cuticular wax inhibit P.
brassicae ascospore adhesion, germination and cuticle
penetration. Cutinase inhibitor expression inhibits cutinase
activity and cuticular penetration. Some individual lines from
Q doubled haploid mapping population have shown reduced
fungal sub-cuticular colonisation and growth, indicating

Ascospore adhesion, reduced penetration (Karandeni Dewage, 2018b).
germination and
cuticular penetration

QDR? Proteases/plant cytokinins (Ashby et al., 2000)
prevent growth of the pathogen.

B4

P. brassicae subcuticular growth

R? Possible major gene/s act to prevent asexual sporulation.
Cultivar Imola showed reduced asexual sporulation and
black flecking resistant phenotypes (Boys et al., 2012).

QDR? quantitative and/or qualitative resistance may be
involved in preventing sexual reproduction and ascospore
formation.

Sexual reproduction and
ascospore formation
(A) Asci and (S) ascospores

Figure 1.7: Operation of possible sources of quantitative (QDR) and qualitative (R gene)
resistance in B. napus against P. brassicae life cycle progression. Images adapted from
Boys et al. (2007) and Gilles et al. (2001).
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1.8 Aims and objectives

LLS is an economically important disease in Northern Europe. Yet little is known about
the genetic variation in the pathogen or the genetic basis of host resistance. This
project will benefit UK and European agriculture by decreasing risk of LLS epidemics
through improved understanding of resistance against P. brassicae. Breeders and
growers will be able to breed and select lines with efficient resistance against P.
brassicae. In addition, this project will enlighten other researchers about host
resistance mechanisms against apoplastic fungi. Thus, this project aims to improve
the current knowledge of crop resistance mechanisms against P. brassicae. This will
further benefit breeders, growers and ultimately the community through reduced use

of fungicides.
The specific objectives are:

1. To understand P. brassicae population and isolate variation between
Hertfordshire, England and Aberdeen, Scotland.

2. To better understand the genes involved in quantitative resistance operating
against P. brassicae in B. napus.

3. To study the role of the biochemical compounds such as glucosinolates and

cuticular wax/cutin in resistance of B. napus against P. brassicae.

16



Chapter 2. General materials and methods

2.1 Media preparation for P. brassicae germination and growth

All media were autoclaved at 121 °C for 15 min and prepared in a fume hood.

2.1.1 Malt extract agar (MEA)

7.5 g of malt extract (Oxoid LP0039, UK) and 15 g of agar powder (Oxoid LP0011)
were mixed in a glass bottle with a screw cap and autoclaved. When it had cooled
down to 50°C, streptomycin and penicillin (50 pg/mL or 500 uL each) were added, and
then poured into 9cm diameter labelled Petri-dishes.

2.1.2 Potato dextrose Agar (PDA)

39 g PDB (Sigma Aldrich 70139, UK) was mixed in 1L deionized water and autoclaved.
50 pg/mL each of streptomycin and penicillin were added once it had cooled down to
50°C.

2.2 Growing Brassica napus in a controlled environment for true
leaf inoculation experiments

2.2.1 B. napus seed germination

In a labelled Petri-dish Whatman filter paper was laid and soaked with deionized water.
The seeds were placed on filter paper by using an aseptic tweezer and incubated for
48 h in the dark at 20°C.

2.2.2 Planting of pre-germinated seeds into soil

A 50:50 ratio of Arthur Miracle-Gro and John Innes 3 composts (UK) was mixed and
clots were broken to make it smooth. A 40 well seed tray was filled with the compost
mixture and a small hole was made in each well with a small finger. Pre-germinated
seeds were sown and covered with vermiculite to increase soil aeration and porosity.
The wells were placed in an outer tray with soaked capillary sheets to maintain the

water content. Content labels showing the name, date and experiment were attached
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to the trays. Plants were incubated in a controlled environment cabinet (FITOCLIMA
D1200; ARALAB, Portugal) at 20°C in light for 18 h and 18°C in dark for 6 h. This long
daylight setting increased growth rate of the plants. Seedlings reached growth stage
1,0-1,1 (Sylvester-Bradley et al. 1984) and were transferred into 9 cm diameter pots
with the same compost mixture. They were incubated at the same temperature and
light settings until they reached growth stage 1,3-1,4 or 1,4-1,5 and were ready for

inoculation. Appendix 1 illustrates the key growth stages in oilseed rape.

2.3 Diseased leaf washing and P. brassicae population conidial
suspension preparation

B. napus leaves with light leaf spot symptoms were chosen, discarding leaves with
any other disease symptoms. To induce the sporulation, leaf samples were covered
in a wet tisue and then sealed in a labelled polyethylene bag and incubated at 4 °C for
3-6 days (Figure 2.1a). Visible conidia were washed into a 500 mL beaker by pipetting
1 mL (varied depending on amount of sporulation) of sterile distilled water. Spores
were collected, based on the location (Rothamsted, UK in 2019). Collected spore
suspensions were filtered using autoclaved Whatman filter paper (Figure 2.1b) and
the spores were counted using a Bright-Line haemocytometer under a
stereomicroscope (GX Microscopes, XTC-3A1) to determine concentration. Inoculum
was diluted to 10° spores/mL with sterile distilled water and stored at -20 °C as 10 mL

aliquots, until required. A few aliquots were stored at -20 °C with 20% sterile glycerol.

2.4 P. brassicae spray inoculation method

10° spores/mL conidial inoculum were used for spray inoculation. A surfactant Tween
80 (0.005%) was added to the suspension before spraying onto the leaves. Each plant
was sprayed with 1.2 mL suspension using a spray bottle until the leaves were covered
(Figure 2.2a). Sprayed plants were covered with transparent polyethylene sheets
(Figure 2.2b) and incubated for 48 h to enhance humidity to facilitate P. brassicae
infection. Plants were incubated at 16 °C for 12 h in daylight and 14 °C for 12 h in the
dark. Furthermore, to check the germination rate, 100 yL and 200 pL of 10° spores/mL
conidial suspension were spread onto MEA plates and incubated at 15 °C in the dark.

18



Figure 2.1: Conidial inoculum preparation. (a) Harvested leaf samples covered in
wet tissue to induce asexual sporulation and incubated at 4 °C for 3-6 days. (b)
Sterile Whatman filter paper fitted into autoclaved funnel to filter conidial suspension
prepared from diseased leaf wash

19



Figure 2.2: Spray inoculation with P. brassicae conidial suspension (a) B. napus lines spray
inoculated with 10° spores/mL P. brassicae conidial inoculum (b) Spray inoculated plants
covered with transparent polyethylene sheets for 48 h to increase humidity to facilitate P.
brassicae conidial germination and infection.

20



2.5 Spore counting

After 21 dpi, infected leaves were selected and incubated at 4 °C for 3-6 days to induce
sporulation. Conidia produced on leaves were washed by adding 1 mL sterile distilled
water. Spore suspensions were filtered through sterile Miracloth (Merck Millipore,
Watford, UK) and the concentration of each spore suspension was measured using a

Bright-Line haemocytometer.

2.6 Spot inoculation

A 10° spores/mL conidial suspension was prepared (section 2.3). Sterile Whatman
filter paper was cut into squares of 0.8 mm x 0.8 mm and they were immersed in the
conidial suspension using a sterile tweezer. These were placed onto the marked
spaces of third or fourth B. napus true leaves. Plants were covered with polyethylene

sheets to increase the humidity.

2.7 Growing Arabidopsis thaliana in a controlled environment
and spray inoculation with P. brassicae

A. thaliana ecotypes were transferred into small pots with a 50:50 ratio of Arthur
Miracle-Gro and John Innes 3 compost mix using a P20 pipette. Water was pipetted
onto each seed, which was kept in a glass bowl! (Figure 2.3 a, Figure 2.3 b). Seed
trays with wet capillary matting to facilitate watering were incubated at 4 °C for 4 days
or until germinated (Figure 2.3c). Plants were grown in a controlled environment
cabinet (FITOCLIMA D1200; ARALAB) for 21 days (Figure 2.4 a) and spray
inoculated. Inoculated plants were covered with tray covers sprayed with water to
increase humidity for 48 h (Figure 2.4 b) and incubated at 16 °C for 12 h in the daylight
and 14 °C for 12 h in the dark for analysis.

2.8 Trypan blue staining

An ethanol and chloroform mixture (3:1, v/v) was added to labelled 55mm diameter
Petri dishes. Spot inoculated B. napus leaf discs or whole spray inoculated
Arabidopsis thaliana leaves were put into the Petri dishes (Figure 2.5a) and left for 16

h to remove chlorophyll. Figure 2.5b shows the leaves after removal of the pigments.
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Leaves or leaf discs were removed using forceps, washed with sterile water (Figure
2.5¢), dried with Whatman filter paper (Figure 2.5d) and immersed in 0.025% trypan
blue solution in 55mm diameter Petri dishes for 4 h (Figure 2.5e). Stained leaves were
washed, dried, mounted on a labelled glas slide with 70% droplet of glycerol and

covered with a cover slip (Figure 2.5f).

2.9 DNA extraction for regular PCR and qPCR assays

Infected leaf samples freeze-dried in liquid nitrogen were ground into fine powder
using a mortar and pestle. Genomic DNA (gDNA) was extracted from 20 mg powdered
sample using a DNA extraction kit (DNAMITE plant kit, Microzone Ltd., UK). An extra
step was added to the manufacture’s protocol at the beginning (1 mL cell lysis
solution/solution LA and three metal beads of 3 mm diameter each were added into
the leaf samples, vortexed and procesed in a FastPrep machine (MP Biomedicals,
UK) at speed level 4 for 30 s). Based on the DNA pellet size, samples were re-
suspended in 40-80 pL of sterile nuclease free water (Promega). The DNA
concentration was calculated using a Nanodrop ND-1000 spectrophotometer (Labtech
International, UK) and samples were diluted to a final concentration of 50 ng pL with

sterile distilled water and and stored at -20 °C for further gPCR analysis.

2.10 gPCR to quantify pathogen DNA

To quantify P. brassicae DNA from infected plants, 50 ng of DNA from each leaf
sample and PbITSF and PbITSR primers (Karolewski et al., 2006) were used. A
reaction mixture of 20 uL was prepared (Table 2.1). To plot a standard curve, five P.
brassicae DNA dilutions, ranging from 1pg to 10000pg, were included as standards.
Sterile distilled water was used as negative control instead of DNA template and as a
positive control 1ng P. brassicae DNA was used. Well plates were covered with cap
strips and centrifuged for 1 min before running in a Mx3005 gPCR instrument (Agilent

technologies, UK). PCR conditions were as follows:
Segment 1: An initial denaturation temperature for 2 min at 95°C.

Segment 2: 50 cycles each of 15 s at 95°C, 45 s at 58°C, 45 s at 72°C and a data
collection step of 15 s at 84°C.

Segment 3: Final extension step at 95°C for 1 min, 58°C for 30 s and 95°C for 30 s.
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Internal transcribed space region primer sequences with an expected amplicon size

of 461 bp are given below (Karolewski et al., 2006).
PbITS (F): 5'-ttg aac ctc tcg aag aag ttc agt ct-3'

PbITS (R): 5'-aga ttt ggg ggt tgt tgg cta a-3'

2.11 Scanning electron microscopy (SEM)

Sample preparation: For low temperature investigation, samples were prepared by

using a 2100 Galton Alto cryo preparation system according to the manufacturer’s

protocol (Gatan, UK). From the spot inoculated area, 0.5-1 cm? discs were dissected
out using a sterile blade and mounted with a 1:1 mixture of colloidal graphite (TAAB)
and Tissue Tek (Sakura) onto a SEM stub. The samples were freeze-dried using liquid
nitrogen and transferred into the preparation chamber using a vacuum transfer device.
Samples were fixed at -90°C for two min and coated with gold for one min.

SEM imaging: A JEOL 6360 Low Vacuum Scanning Electron Microscope at 10kV
accelerating voltage, spot size of 38, and a working distance of 15mm and signal
detected with a sary electron detector was used to image the samples. Digital

micrographs were produced using JEOLSEM Control User Interface Version 6.04.

2.12 Plant RNA extraction and cDNA synthesis for gPCR
assessments

Leaf samples were freeze-dried in liquid nitrogen and ground into powder by shaking
for 1 min at 27.5 frequency in a FastPrep crushing machine (MP Biomedicals, UK)
with three sterile metal beads (3 mm diameter). E.Z.N.A.® Plant RNA kit from Omega
Bio-tek was used to extract total RNA from inoculated leaves following manufacturer’s
instructions. RNA samples were treated with RNase-free DNase set (Omega Bio-tek,
UK) to avoid DNA contamination and concentration was determined using a nanodrop.

cDNA synthesis was done using a gPCR Bio cDNA synthesis kit (PCR biosystems).
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2.13 Agarose gel electrophoresis

2% agarose gel was prepared in 1XxTE buffer and 10 pl of each sample (PCR
products), 5 uL of the 100 bp DNA ladder (Sigma Aldrich) and a negative control were
loaded into each well. Gel was run for 90 min at 75 V and the Gel Red Nucleic acid
gel stain (Agilent) was added before visualising under UV light.
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Figure 2.3: Sowing Arabidopsis thaliana into compost. (a) A. thaliana seeds. (b) A.
thaliana seeds in a glass bowl to prevent sticking, water and pipette to aid transferring
seeds into compost. (c) Germinated A. thaliana ecotypes after 4 days.
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Figure 2.4: Spray inoculation of Arabidopsis thaliana (a) A. thaliana ecotypes (Ws-0, Nd-1
and Col) ready for spray inoculation (b) Spray inoculated Arabidopsis thaliana plants
covered with tray cover to increase humidity.
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Figure 2.5: Trypan blue staining (a) A. thaliana leaves immersed in an ethanol-chloroform
mixture to remove the chlorophyll (b) A. thaliana leaves after removal of chlorophyll using
an ethanol-chloroform mixture. (c) leaves with pigment removed were washed using sterile
water and (d) dried on Whatman filter paper (e) A. thaliana leaves in trypan blue stain
(0.025%) to stain P. brassicae hyphae (f) Trypan blue stained A. thaliana leaves mounted
onto glass slides with a drop of 70% sterile glycerol for analysis under a microscope.
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Table 2.1: P. brassicae DNA gPCR, amounts of gPCR reagents added in each 96 well
plate to quantify P. brassicae DNA from plant gDNA (final reaction mixture volume of

20 pL).
Reagents/Samples Amount in pL
Brilliant 11l ultra-fast SYBR Green qPCR | 10 pL
mix
sterile distilled water 6.3 uL

Primers (PbITSF and PbITSR)

0.3 pL each (10 yM)

Template DNA

2.5 L (20 ng pL)
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Chapter 3: Regional variation in pathogenicity of
Pyrenopeziza brassicae populations

3.1 Introduction

Despite use of many control practices, the incidence and severity of the light leaf spot
disease and subsequent yield loss have substantially increased in England from 2005
— 2018 (Figure 1.5). In England, LLS became the cause of greatest yield loss in oilseed
rape in 2008 and it has remained the most damaging disease of oilseed rape in the
UK since then (Figure 1.5). Plant pathogen populations continually adapt to survive in
changing environments, and are affected by factors such as crop resistance,
fungicides, crop rotation, climate change and irrigation. Pathogen populations with
high evolutionary potential can greatly affect durability of crop resistance against them
(McDonald & Linde., 2002b). P. brassicae has both asexual and sexual reproduction
systems, a large population size and is polycyclic; all these factors contribute to a high
evolutionary potential for this pathogen (Karandeni Dewage et al., 2018a; McDonald
& Linde., 2002a). The evolutionary history of a population determines the genetic
structure of individual populations. Disease resistance breakdown is due to the
evolution of pathogen populations because of natural selection of mutants,
recombinants and/or immigrants that can circumvent host resistance. Better
understanding of pathogen evolution will generate more information on genetic
mechanisms underlying resistance breakdown (McDonald & Linde., 2002b).
Expansion of geographical distribution and increased virulence are major reasons for
recent plant disease outbreaks (Hubbard et al., 2015). Therefore, understanding
population genetics of a pathogen is crucial for developing durable resistance

breeding.

3.1.1 Factors affecting geographical variation in LLS severity
3.1.1.1 Variations in pathogen populations

An important factor that may affect the geographical variation in severity of LLS
epidemics, apart from weather conditions, is variation in populations of the pathogen.

Pathogen population genetics deal with allele or genotype frequencies within or among
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populations in a species. They unravel genetic developments, such as mutation, gene
flow, genetic drift, mating systems and natural systems, that lead to evolution or
genetic change in populations over time and space (Sork, 2016). Evolutionary forces,
such as mutation, genetic drift, gene flow, natural selection and mating systems of
pathogens influence the pathogen population structure and genetics (McDonald &
Linde., 2002b; Barrett et al., 2008).

Gene flow and natural selection are the main but opposing causes of genotypic and
phenotypic differenes in a pathogen population at various geograpical locations (Sork,
2016). Gene flow maintains the genetic variation through distribution and
homogenization. However, natural selection minimises variants by selecting one that
can survive and reproduce. A pathogen can mutate or alter its nucleotide sequence
spontaneously and randomly. Natural selection favours the survival of these mutants
to circumvent host plant resistance. Thus, mutation plays an important role in evolution
as it introduces new alleles into a population. Larger populations tend to have larger
numbers of mutations and allelic variations. Genetic diversity increases with the sexual
reproduction system. Therefore, overall genetic diversity of a pathogen population
decreases if one or two isolates are selected by natural or artificial selection
(McDonald & Linde, 2002b). Pathogens with both sexual and asexual reproduction
systems and high degrees of gene flow have a high potential to become virulent.
Deploying quantitative resistance will be the best strategy to control this type of
pathogen, including P. brassicae (McDonald & Linde, 2002b).

Majer et al. (1998) showed that P. brassicae tends to form subpopulations between
geographical regions within UK, even though gene flow can be amplified with wind
dispersed ascospores and rain-splash dispersed conidia. This suggests the absence
of long-distance movement of P. brassicae conidia. Furthermore, the study using
neutral markers showed that there was no significant population variation between
England and Scotland. However, differences in disease progression across various
locations and between growing seasons have been observed (Karandeni Dewage et
al., 2018a). Furthermore, the AHDB Cereals and Oilseeds (2017) Recommended List
advises deployment of different lines in the East/West and North regions of the UK

(http://cereals.ahdb.org.uk/ varieties/running-the-recommended-lists.aspx). This
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Figure 3.1 Regional variation in light leaf spot incidence (% plants affected) in the
UK from October 2021 untill March 2022 (www.cropmonitor.co.uk).
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indicate that there may be P. brassicae population variations across the UK (Evans et
al., 2017). Figure 3.1 shows the variation in LLS incidence between England and
Scotland. Therefore, this chapter aims to analyse the pathogenicity differences
between P. brassicae populations and isolates from different regions. It is important to
understand regional isolate and or population pathogenicity differences to develop a
rational method to control the entire national pathogen population.

3.1.2.2 Weather differences

Geographical variation in LLS incidence and severity are clearly influenced by
weather. Southern parts of UK have higher temperatures and lower rainfall than
Northern regions. Figure 3.2 shows the annual mean average temperature and days
of rainfall with >=0.2mm from 1991 until 2021 for different regions. Papastamati et al.
(2002) showed that the seasonal temperature variations had a major effect on the
severity of disease caused by P. brassicae, especially when the temperatures were
less than 5°C. Low temperatures and wet leaf surfaces aid germination of P. brassicae
conidia and may be the reason for the greater LLS incidence in Scotland than England
(Majer et al., 1998). Therefore, it is clear that weather differences may contribute

towards the regional differences in LLS severity.

3.1.2.3 Agronomic practices

Agronomic practices, such as selection of lines/cultivars and fungicides, may result in
LLS severity differences between Scotland and England. Oilseed rape lines/cultivars
with a good resistance rating for phoma stem canker caused by Leptoshaeria
maculans and L. biglobosa are usually recommended by AHDB in the South, while in
the North a good resistance rating against P. brassicae is advised. In addition,
differences in choice of fungicides between England and Scotland affect the P.
brassicae isolates and populations and thus influence the epidemic severity. The
current recommended fungicides for oilseed rape are SDHI, Qol and DMI (AHDB

fungicide performance for cereals and oilseed rape, 2022).
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Fig 3.2 Mean annual temperature (°C) and average annual rainfall amount, UK: for
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Meteorological Office.
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3.1.2. Aims and objectives

Light leaf spot is a major problem for oilseed rape production, but there is limited
knowledge about the P. brassicae population structure. This study will generate
knowledge about regional variation in P. brassicae populations and isolates, and this
will add knowledge to guide the strategy for breeding for durable resistance against P.

brassicae.
Hypothesis

o Regional pathogenicity differences between P. brassicae populations cause

regional differences in LLS severity.
Aim:

o To assess the pathogenicity differences between Hertfordshire, England and

Aberdeen, Scotland P. brassicae populations.
Objective:

o To score light leaf spot (1-6 scale) on three susceptible and three resistant B.
napus lines inoculated with Hertfordshire and Aberdeen P. brassicae isolates

or populations under controlled environment conditions.

3.2 Materials and methods

P. brassicae single conidial isolates and populations from Aberdeen were kindly
provided by Chinthani Karandeni Dewage and Coretta Kloppel, respectively.
Rothamsted isolates were isolated from the Rothamsted KWS field trial site by myself.
The pathogen populations and isolates were collected from Aberdeen in Scotland
(57.149715, -2.094278) in the 2014-2015 cropping season and English samples were
collected from a KWS trial site at Rothamsted, Hertfordshire (51.813125, -0.382005)
in the 2018-2019 cropping season. Unfortunately, the Hertfordshire isolates from
2014-2015 had been contaminated and therefore could not be used in the same
cropping season as the Aberdeen isolates. P. brassicae populations included conidial
suspensions collected from diseased leaves from oilseed rape crops, including B.
napus lines Recital, Cuillin, Rivalda, Catana, Imola, Bristol, Marathon and Anastasia
(Aberdeen) and Cuillin, Express and Barbados (Rothamsted). P. brassicae

populations were prepared for spray inoculation as explained in section 2.3.
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From the 2018-2019 Rothamsted population, single conidial isolates (R1, R2 and R3)
were cultured by using single acervuli harvested from infected B. napus leaves
incubated at 4°C for 5 days to increase asexual sporulation (Cullin, Express and
Barbados, respectively). Both Rothamsted and Aberdeen single spore isolates are
representatives of respective populations. Single acervuli were vortexed with 30 pL
sterile distilled water to release conidia and 30 pL suspension was spread onto a PDA
plate (section 2.1.2) and incubated at 15 °C in the dark for 1 week. Individual colonies
were sub-cultured and isolate suspension was prepared by adding 10 mL of sterile
distilled water followed by scraping off the pathogen mycelium. The spore suspension
was filtered using Miracloth (Calbiochem, USA) and spore numbers were counted with
a Bright-Line haemocytometer (Sigma Aldrich, UK) and spore suspensions were
diluted to a concentration of 10° spores/mL. Spore suspensions were stored at -20 °C
until needed. Five replicates of susceptible B. napus (Cabriolet, Laser and Sansibar)
and resistant (Cubs Root, Posh and SWU Chinese 1) lines/cvs were arranged in a
randomised o-design and used for light leaf spot scoring. The Hertfordshire P.
brassicae population was produced from mixed lines/cvs of infected B. napus leaves
collected from Rothamsted in 2019. Aberdeen isolates were prepared in similar way
by Chinthani Karandeni Dewage and Coretta Kloppel collected the Aberdeen
population of P. brassicae in 2015.

3.2.1 PCR detection of mating type of P. brassicae isolates

To identify the mating type of the P. brassicae isolates, a three primer PCR technique
was used (Foster et al., 2002). Table 3.1 shows the 20 pl reaction volume breakdown
and the thermal cycling parameters were: initial denaturation at 10 min at 95 °C, 30
cycles of 1 min at 95 °C, 1 min at 56 °C and 1 min at 72 °C with final extension step
of 3 min at 72 °C. PCR products were analysed using 2% agarose gel prepared in 1x
TBE buffer. 10 pL of each sample, a negative control and 5 pl of the 100 bp DNA
ladder (Sigma cat. no. P1473, PCR 100 bp low ladder, Sigma Aldrich, UK) were loaded
into each well and run for 90 min at 75 V. Ethidium bromide-stained DNA bands were

visualised under UV light.
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Table 3.1: Mating type detection of P. brassicae isolates using gPCR, 20 pl PCR final

volume reagents.

Reagents Amount Primer sequence and band size

Redtaq ready mix 10 pL

Sterile nuclease free water 1puL

PbM-1-3 (10 umol) 2 uL 5’-gat caa gag acg caa gac caa g-3’
MAT1-1: 687 bp

PbM-2 (10 umol) 2 UL 5’-ccc gaa atc att gag cat tac aag-3
MAT1-2: 858 bp

Mt3 (10 pumol) 4 uL 5’-cca aat cag gcc cca aaa tat g-3’

P. brassicae genomic DNA 1pL
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3.2.2 Variation in pathogenicity between Aberdeen and Hertfordshire P.
brassicae isolates

Single spore isolates were prepared from the diseased leaves. Six single spore field
isolates of P. brassicae were analysed and Table 3.2 shows the details of the isolates.
Three susceptible cvs Cabriolet, Laser and Sansibar and three resistant lines/cvs
Cubs Root, POSH and SWU Chinesel were grown under controlled environment
conditions (CE experiment 1, 2). 10° spores/mL isolate suspensions from Aberdeen
(A1, A2 and A9) and Hertfordshire (R1, R2 and R3) were sprayed (section 2.4) onto
1,4 and 1,5 leaf stage B. napus cvs and light leaf spot as scored using a 1-6 scale
(Fell et al., 2023) (Appendix 29.1a). A visual disease scoring for 1-6 scale at 21 dpi is
showed in Fell et al., (2023). Mock inoculation was done as a negative control in five

biological replicates.

3.2.3 Variation in pathogenicity between Aberdeen and Hertfordshire P.
brassicae populations

B. napus lines (three susceptible cvs Cabriolet, Laser and Sansibar and three resistant
cvs/lines Cubs Root, POSH and SWU Chinesel) were grown in a controlled
environments (CE experiment 3, 4) (section 2.2) and spray inoculated with P.
brassicae populations from Aberdeen and Hertfordshire (section 2.4) for disease

scoring using a 1-6 scale. The whole experiment was repeated twice.

3.2.4 Statistical analysis

Homogeneity of variance and normal distribution were tested using a Bartlett’s test
and a Shapiro’s-test, respectively, to decide whether to apply parametrical or non-
parametrical statistical analysis. The mean disease scores of three leaves per plant
for each replication were analysed using analysis of variance (ANOVA) in R. Negative
control data were excluded from the ANOVA as the plants did not develop any
symptoms with those treatments. A Tukey HSD test was done to check the effect of

individual factors (i.e. line/isolate) on the disease score.
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Table 3.2: List of P. brassicae isolates and populations, their lines of origin and their AHDB Recommended List (RL) resistance
score. Al, A2 and A9 were isolated from the population collected from Aberdeen in 2015. R1, R2 and R3 were isolated from the P.
brassicae population collected from three different lines, Rothamsted in 2019.

ID Isolate Year B. napus lines/cultivars AHDB | Location County Country
Isolation RL
rating
Al SS150SR17.1 | 2015 Anastasia 6 Aberdeen Aberdeenshire | UK
A2 SS150SR11.1 | 2015 Marathon 5 Aberdeen Aberdeenshire | UK
A9 SS150SR14 2015 Recital 7 Aberdeen Aberdeenshire | UK
R1 SS19R1 2019 Cuillin 7 Rothamsted | Hertfordshire UK
R2 SS19R2 2019 Express 7 Rothamsted | Hertfordshire UK
R3 SS19R3 2019 Barbados 7 Rothamsted | Hertfordshire UK
AP1 2015 Recital, Cuillin, Rivalda, Catana, Imola, Aberdeen Aberdeenshire | UK
Bristol, Marathon and Anastasia
RP1 2019 Cuillin, Express and Barbados Rothamsted | Hertfordshire UK
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3.3 Results
3.3.1 PCR detection of mating type for P. brassicae isolates

Gel electrophoresis results identified all isolates from both Aberdeen and Hertfordshire
(AL, A2, A9, R1 and R3) except R2 as MAT 1-2 (Figure 3.3).

3.3.2 Variation in pathogenicity between Aberdeen and Hertfordshire P.
brassicae isolates

All the six isolates from Aberdeen (Al, A2, A9) and Hertfordshire (R1, R2, R3) that
were tested for pathogenicity on the B. napus susceptible and resistant lines/cvs
caused asexual sporulation. However, lines/cvs Laser, Cubs Root, POSH and SWU
Chinese 1 developed significantly fewer acervuli in comparison to cvs Cabriolet and
Sansibar. Symptoms were absent on the mock-treated plants. Figure 3.4 shows the

light leaf spot score of isolates from Aberdeen and Hertfordshire on B. napus lines.

Two-way ANOVA showed that there was a significant effect of isolate (P = 0.008 **)
and cultivar (P = 2e-16 ***) on the light leaf spot score. However, there were no
significant differences between the isolates from Aberdeen and those from
Hertfordshire (P = 0.503) (Figure 3.5). Good significant variation was shown between
A2-Al (P < 0.05) and A9-Al (P = 0.05). However, a strong significant difference was
found between isolates R3 and Al (P = 0.007). There was a clearly significant
difference in disease severity between all susceptible and all resistant B. napus

lines/cvs.

3.3.3 Variation in pathogenicity between Aberdeen and Hertfordshire P.
brassicae populations

All the susceptible and resistant lines/cvs developed disease symptoms after being
treated with Aberdeen and Hertfordshire P. brassicae populations (Figure 3.6). Two-
way ANOVA showed a significant effect of cultivar (P = 2e-16 ***) and pathogen
population (P = 0.00015 ***) on light leaf spot severity. Aberdeen and Hertfordshire P.
brassicae populations showed a significant difference in susceptible cvs Cabriolet and
Sansibar (Figure 3.7).
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Figure: 3.3 Gel electrophoresis image showing mating types of P. brassicae
isolates. Isolates Al, A2, A9, R1 and R3 were MAT 1-2 (858 bp) and R2 was
MAT 1-1 (687 bp).
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Figure 3.5: Difference between Aberdeen and Hertfordshire P. brassicae isolates in
pathogenicity. No significant differences were observed between overall Aberdeen and
Hertfordshire isolates (P = 0.503).

42



6-

4-

Light leaf spot score

2-

a
ab
ab
ab
ab
b
c c c .
Population
c . Aberdeen
- - . Hertfordshire

1 1 1 i il il
Cabriolet Cubs root Laser Pash Sansibar SWU Chinese1

Line/cultivar

Figure 3.6 Light leaf spot score (1-6 scale) of Aberdeen and Hertfordshire P. brassicae
populations on three susceptible (Cabriolet, Laser and Sansibar) and three resistant (Cubs
Root, POSH and SWU Chinesel) B. napus lines/cvs. Mean and sd of five biological
replicates from two independent experiments. Same alphabetic letter bars do not differ
significantly (TukeyHSD) (df=11).
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Figure 3.7 Effect of pathogen population on disease score: Tukey HSD analysis showing a
significant difference in LLS severity (P < 0.001 ***) between Aberdeen and Hertfordshire P.
brassicae populations.
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However, resistant lines/cvs Cubs Root, POSH, SWU Chinese 1 and susceptible cv.
Laser did not show any significant difference between Aberdeen and Hertfordshire

populations.

3.4 Discussion

B. napus lines/cvs tested did not show any complete resistance against P. brassicae
isolates or populations. However, there were significant variations in severity of the
disease in these lines/cvs. This study not only showed significant differences between
isolates/populations and between lines/cvs, but also between cultivar-isolate and
cultivar-population interactions. Therefore, severity of LLS was significantly affected
by differences between isolates and between populations of P. brassicae. Differences
in LLS score were evident between Aberdeen and Hertfordshire populations. Regional
variation in the severity of LLS was also influenced by interactions between host,
pathogen and abiotic factors such as weather, cultivar choice and choice of fungicide
(azole or non-azole). It will be beneficial to screen more P. brassicae isolates and test
them in natural conditions to better understand these interactions and their combined
effect on the LLS severity. It is interesting that, out of the six P. brassicae isolates
examined for mating type, five were MAT1-2 and it will be useful to test if there are
pathogenicity gene variations between the mating types. Furthermore, frequencies of
MAT1-2 type P. brassicae isolates greater than 50% were also seen in studies done
by Carmody et al. (2020) and Karandeni Dewage et al. (2021).

Mating type loci are involved in sexual reproduction as well as vegetative
incompatibility and spore size dimorphism (Singh & Ashby.,1998). Li et al. (2011)
reported that the sporangiospore size dimorphism is associated with the virulence of
Mucor circinelloides. A positive correlation was observed between larger spores and
greater virulence. MAT1-1 of Magnaporthe oryzae isolated from rice was more
prevalent than MAT1-2 in East Africa (Onaga et al., 2015). Furthermore, MAT1-1
showed greater pathogenicity than the latter. Yong et al. (2020) showed that a MAT1-
1-1 knockout mutant resulted in impaired in hyphal growth, conidial morphogenesis,
sexual development and increase in the tolerance to salt and osmotic stress. And
MAT1-1-2 reduced the production of conidia, caused defects in the sclerotia formation

and pathogenicity of Villosiclava virens in rice.
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Singh & Ashby. (1998) cloned the mating type loci and revealed that the MAT 1-1
locus contains a single gene encoding a putative high-mobility group (HMG) domain
protein. The MAT 1-2 locus has three open reading frames (ORFs) encoding a putative
HMG domain, an a-1 domain and metallothionein-like proteins. They have suggested
that B. napus leaves during senescence express higher amounts of metalliothionein
which may activate the putative P. brassicae PMT1 gene, which may, in turn, stimulate
sexual morphogenesis. The prevalence of P. brassicae MAT 1-2 during this study and
previous studies suggest that the sexual morphogenesis and possibly pathogenicity
may be affected by the mating type loci. However, the result cannot be conclusive,
considering the small number of isolates tested.

Isolates A1 and R3 showed greater disease scores in susceptible cvs/lines than in
resistant ones. Susceptible cv. Laser did not show a significant difference in LLS
disease score between Aberdeen and Hertfordshire. This indicates that the differences
in genotype influence the differences in the severity of the disease. Therefore, the
resistant lines/cvs identified can be studied further to map a potential resistance gene
or quantitative resistance locus/loci. Furthermore, assessing the gene expression
profile using RNA sequencing upon infection of lines with significant differences, such
as Cabriolet and other resistant cvs, will help to understand the host resistance
mechanism. In addition, screening for other pathogens such as Leptosphaeria
maculans and L. biglobosa can also aid growers to choose a cultivar resistant against
several pathogens. Majer et al. (1998) reported the existence of a high level of genetic
diversity between England and Germany/France P. brassicae populations. However,
no significant difference was observed between Scotland and England using amplified
fragment length polymorphism (AFLP) markers. However, the isolates from 1994 were
used for their study and the incidence has increased since 1998 and the LLS has been
the most damaging disease in oilseed rape since 2008 (Figure 1.5). This suggests that
P. brassicae might have undergone mutations and a possible genetic drift exists
currently between Scotland and England. Furthermore, as the current study was done
under controlled environment conditions, the effect of weather conditions was
eliminated or limited. Therefore, the differences in severity of P. brassicae populations
and isolates observed were mainly due to genetic variations rather than

temperature/rainfall differences.
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There is limited information available on the genetic diversity and population genetics
of P. brassicae. It will be useful to study P. brassicae population genetics from various
locations in Scotland and England, along with weather conditions, cultivar information
and choice of fungicide. Population genetics studies not only reveal evolutionary
history of pathogens but also aid in identifying factors contributing towards
pathogenicity (Barrett et al., 2008). Plant resistance against pathogens tends to be
rendered ineffective within a few years in agricultural cultivation; this indicates rapid
evolution of agricultural pathogens (Plissonneau et al., 2017). P. brassicae is a
complex apoplastic fungal pathogen with a mixed reproductive system and very large
population sizes. Therefore, it poses a high risk of host resistance being rendered
ineffective. Pathogens tend to secrete secondary metabolites, effectors and cytokinins
to change the host physiology and to promote growth and colonisation by the
pathogen. Therefore, these rapidly evolving, conserved genes are potential prime
targets of diversification selection during evolution (Penselin et al., 2016). It is
important to understand the genetic basis of pathogenicity to design an effective
breeding strategy against LLS. Novel information on structure characterisation,
function and evolutionary dynamics of effector proteins can guide breeding processes
to maximise the efficiency of breeding resistance against pathogens.

Analysis of variance results showed a significant interaction of cultivar with both isolate
and populations. Out of these interactions, the large effect was due to cultivar (with
smaller P), which indicates that the resistance against P. brassicae is mainly due to
the B. napus genotypic variation. Further investigation with a large panel of B. napus
lines/cvs will provide valuable information for breeders and, therefore, efficient
deployment of cultivar resistance to manage LLS. Chapter four involves screening of
B. napus lines for resistance to P. brassicae and assessment of candidate genes

potentially accountable for host resistance against the LLS pathogen.

3.5 Conclusion

There is a higher frequency of mating type MAT 1-2 of P. brassicae (observed during
this PhD thesis) and it was consistent with the results reported by Carmody et al.
(2020) and Karandeni Dewage et al. (2021). However, further screening of large
number of isolates from different regions needs to be done to make conclusive

remarks.
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Significant variations in LLS disease score were observed in different genotypes of B.
napus inoculated with both isolates and populations from Aberdeen and Hertfordshire.
These results showed that the pathogen is adapted well to penetrate and colonise B.
napus lines/cvs, especially cvs Cabriolet and Sansibar. However, Cubs Root, POSH,
SWU Chinese 1 and Laser showed smaller LLS disease scores. Therefore, a potential
resistance mechanism is operating in these lines/cvs to limit colonisation and asexual
reproduction. Further studies to better understand the gene/s involved in the
resistance against P. brassicae in these lines will be crucial to breed effective resistant

B. napus lines.
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Chapter 4: Molecular genetics and biochemical
components of quantitative resistance against
Pyrenopeziza brassicae in oilseed rape

4.1 Introduction

Oilseed rape (Brassica napus) is an important crop cultivated world-wide for edible oil,
industrial oil, biodiesel and animal feed (Karandeni Dewage et al., 2018a). Brassicas
are also consumed as leafy vegetables, especially in developing countries. Light leaf
spot (LLS) is a major disease in the UK, limiting yield. LLS symptoms appear from the
true-leaf stage until harvest and the pathogen affects all plant organs. It is an urgent
priority to improve LLS disease control. Quantitative disease resistance (QDR) is
considered to be effective against most if not all races of a pathogen species.
Furthermore, QDR is more durable than R gene-mediated qualitative resistance as
pathogens adapt and overcome major gene-mediated resistance quickly (Corwin et
al., 2017). Thus, recently quantitative resistance has gained interest to address the

major challenge of durability of disease resistance.

4.1.1 Quantitative disease resistance (QDR)

QDR is controlled by several genes and is linked to quantitative trait loci (QTL) on
specific genomic regions, which contribute to the resistance phenotype against a
pathogen but each with variable effect. QDR often reduces the growth of and
colonisation by the pathogen. However, Niks et al. (2015) showed that complete
resistance can be achieved by combining several QTL. Furthermore, the effects of
QDR are influenced by environmental conditions and epistatic interactions (Calenge
et al., 2005). Study of QDR is challenging as it is difficult to infer genotype from
phenotype. Several studies suggest potential relationships between QDR and the
defence responses activated by pathogen associated molecular pattern (PAMP)
triggered immunity (PTI) (Boyd et al. 2013). Association of multiple defence-related
genes including receptor-like kinases (RLKs) with QTLs was identified after genome-
wide nested association mapping in maize for resistance against the maize southern
leaf blight pathogen (Kump et al., 2011). Nested association mapping is a special

technigue which combines both linkage and association mapping to study especially
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designed maize populations. However, how these different resistance loci act together
or what would be the best combination to achieve effective resistance is not known.
Cloning of QTL genes will generate more knowledge about the genetic mechanism
behind each source of resistance and allow a better resistance combination strategy
against pathogens. QTL that have been cloned so far encode various proteins
including a putative ABC transporter, a serine hydroxymethyl transferase and cell wall

associated kinases (Pilet-Nayel et al., 2017).

4.1.2 Genome-wide association study (GWAS) analysis

GWAS involves scanning genetic markers across genetically diverse parental lines
and exploiting recombination events that happened historically. GWAS identifies
markers in linkage disequilibrium (where recombination between loci happens rarely)
with disease resistance genetic loci (Harper et al., 2012). The main limitations of
GWAS are the requirement for a large number of polymorphic markers and a
sequenced reference genome. However, it is possible to use an associative
transcriptomics approach, where a single mMRNA sequence data set can be used to
identify variations in gene sequences (SNP markers) and expression of genes (gene
expression markers/GEMs). Thus, this method was adapted to identify resistance
genetic loci against P. brassicae in the complex polyploid genome of B. napus, where
association of genetic and trait variations can be analysed simultaneously. Initial
results of GWAS are usually illustrated in a Manhattan plot with a negative logio base
of the P values (—logioP) of SNP and GEM polymorphisms on the Y-axis and the
corresponding chromosome locations on the X-axis. SNPs and GEMs with Bonferroni
level of significance of an arbitrary threshold (P value < 5x107% — dashed horizontal
line) can be considered as associated and require further analysis (Fell et al., 2023;
Reed et al., 2015).

4.1.3 Associative transcriptomics

Associate transcriptomics can be adapted to overcome the difficulty to identify
molecular markers associated with traits in allo-tetraploid B. napus. It uses RNA
sequencing to identify and score markers which vary in both sequence and expression

in relation to association with trait variation (Harper et al., 2012). The associative

50



transcriptomics approach has been successfully used to identify genes involved in low
glucosinolate (GSL) content in Brassicaceae family seeds (Chalhoub et al., 2014;
Harper et al., 2012; Lu et al., 2014).

4.1.4 Genes involved in quantitative resistance against P. brassicae

The results obtained from glasshouse experiments 1, 2 and 3 obtained from this study
were combined with those from 123 lines/cvs assessed previously by Heather Fell, to
identify candidate resistant locus/loci operating against P. brassicae. Transcriptomics
RNA data available from the York knowledgebase
(http://yorknowledgebase.hosted.york.ac.uk/resources.html) and the phenotic traits

were combined and expression marker association was assessed. Analysis was done
by Dr Rachel Wells, John Innes Centre, to identify candidate genes. A Manhattan plot
was generated and eight candidate genes were identified through comparative
analysis of GWAS data and transcriptome data (Dr Rachel Wells, John Innes Centre).

Fell et al. (2023) identified eight GEMs (Appendix 29.1b) highly correlated with LLS
disease score (P >1.6 x 1077) from the transcriptome data for the 195 lines assessed
using GWAS. The putative functions of these GEMs (Fell et al., 2023) show that seven
genes impart resistance against P. brassicae in B. napus, while one gene (Acyl

transferase) adds to the susceptibility.

The majority of the resistance QTL cloned include receptor like kinases (RLKSs), which
suggest that the genes within the loci control pathogen detection (Corwin et al., 2017).
Some of the QDR genes encode defence proteins such as defensins and
pathogenesis-related proteins/defence proteins and proteins that affect cell wall
thickening. In addition, some genes produce transcription factors which can influence
the response to defence hormones such as ethylene and salicylic acid (Corwin et al.,
2017). Furthermore, QDR genes are involved in secondary metabolite production and

signalling processes (Cowger and Brown., 2019).

GSLs are nitrogen and sulphur containing secondary metabolites found in the
Brassicaceae family. GSL and glucosinolate hydrolysis products (GHP) produced by
the enzyme myrosinase can confer resistance against pathogens in Brassica crops
(Giamoustaris & Mithen., 1997; Rahmanpour et al., 2009). Serine carboxypeptidase-
like (SCPL) acyltransferase mutants of Arabidopsis thaliana scpl17 and scpl19/sng2
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are linked to reduced glucosinolate synthesis through non-conversion of the
benzoylated GSL precursors (Lee et al., 2012). The A. thaliana mutant (eps1) showed
enhanced susceptibility to Pseudomonas syringae. The EPS1 gene encodes a BAHD
acyltransferase superfamily protein that is involved in the SA pathway (Zheng et al.,
2009).

An enhanced resistance to Erwinia carotovora and P. syringae in A. thaliana is
reported with GSL accumulation (Brader et al., 2006). Furthermore, a dose-dependent
in vitro inhibitory effect of GSL, GHP and methanolic leaf extracts on the growth of four
Brassica pathogens (two bacterial: Xanthomonas campestris and Pseudomonas
syringae, and two fungal: Alternaria brassicae and Sclerotinia scletotiorum (Stotz et
al., 2011a; Sotelo et al., 2015). GSLs are classified into three main groups, based on
the amino acid precursor namely, aliphatic, aromatic and indolic.

B-adaptin proteins are involved in the formation of intracellular transport vesicles and
these vesicles are a potential medium to accumulate apoplastic lipophilic metabolites.
These metabolites include wax, cutin, sporopollenin, suberin and lignin, which protect

the plants from both biotic and abiotic stresses (Ichino et al., 2022).

Polyadenylate RNA binding proteins regulate plant immune responses (Woloshen et
al., 2011). The RNA binding protein which regulates 3-end mRNA polyadenylation
increases susceptibility of A. thaliana to Pseudomonas syringae (Lyons et al., 2013).
Phosphatidylinositol-specific phospholipase C4 (PLC4) genes are involved in disease
resistance and hypersensitive responses. Silencing of SIPLC4 in tomatoes increased
susceptibility to Cladosporium fulvum (Vossen et al., 2010). A large number of
universal stress proteins (USPs) is found in B. napus (total 142). They are involved in
abiotic and biotic stress control. USPs in A. thaliana (HRU1) and Solanum
lycopersicum both result in ROS generation during defence responses (Chi et al.,
2019). Ribosomal protein s24e was upregulated in Vanilla planifolia at 2 days post
inoculation (dpi) with Fusarium oxysporum as a result of a biotic stress response
(Solano et al., 2019).

The enzyme cinnamate-4-hydroxylase (C4H) plays a vital role in lignin biosynthesis
(phenylpropanoid pathway) by hydroxylating trans-cinnamic acid to p-coumaric acid
(Fang et al., 2018). Over-expression of the soybean C4H gene GmC4H1 in Nicotiana

benthamiana enhanced resistance to both Verticilium dahliae and Phytophthora
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parasitica, along with increased accumulation of lignin. Furthermore, silencing
of GmC4H1 in soybean hairy roots caused reduced resistance to Phytophthora sojae
(Yan et al., 2019). Becker et al. (2017) showed that the salicylic acid regulated gene
pathogenesis-related 1 (PR1) expression was increased significantly in resistant B.
napus lines in comparison to susceptible ones at 3 dpi after inoculating with
Leptosphaeria maculans.

4.1.5 Cross-talk between quantitative resistance genes

Many genes involved in quantitative resistance are inter-connected and many
signalling pathways affect each other, both positively and negatively. Schoch et al.
(2002) showed that an inhibition of C4H can result in reduced lignin production, which
results in induction of the SA pathway and PR1 expression. Figure 4.1 shows a trade-
off between HXXXD-type acyl transferase, C4H and PR1. Phenylalanine ammonia-
lyase (PAL) is degraded by the Kelch Domain F-Box genes (KFBs) and stops the lignin
and SA pathways. Acyl transferases, which are involved in GSL or SA production are
also patrtially sensitive to KFBs (Kim et al., 2020). In A. thaliana, mutants with reduced
epidermal fluorescence (ref) 5-1 and ref5-2 showed defects in lignin and indole GSL
biosynthesis (Kim et al., 2015). Furthermore, phenylpropanoid production and lignin

synthesis is reduced by accumulation of GSL intermediates (Kim et al., 2020).

4.1.6 Aims and objectives

To analyse multigenic resistance against P. brassicae, the following hypothesis has
been formulated. In addition, specific aims and objectives have been developed to test
the hypothesis.

Hypotheses

1. GSL components have a role in QDR against P. brassicae in B. napus.
2. Most candidate genes identified in B. napus from GEM analysis do affect

resistance against P. brassicae.
Aim:

To better understand the molecular genetics and GSL components involved in QDR

against P. brassicae in B. napus.
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Objectives:

1. To contribute to GWAS analysis by characterising the susceptibility to P.

brassicae of an additional 72 B. napus lines using glasshouse experiments.
2. To study the susceptibility of commercial B. napus lines against P. brassicae

3. To examine the B. napus — P. brassicae interactions using trypan blue staining
and scanning electron microscopy (SEM).

4. To determine infection-related expression of seven candidate genes identified
from GEMs in susceptible and resistant B. napus lines/cvs.

5. To compare glucosinolate content and composition in leaf samples of the four
most resistant and four most susceptible accessions to better understand the
role of GSL in defence against P. brassicae.

4.2 Materials and methods
4.2.1 GWAS mapping

A total of 72 cvs/lines were phenotypically assessed in three different glasshouse
experiments (experiments 1, 2 and 3) laid out in randomised replicated o-designs
(Appendix 2 shows the layout). B. napus growing method, spray inoculation with P.
brassicae and environmental conditions during glasshouse experiments for testing
susceptibility of B. napus to P. brassicae, were as shown in Fell et al. (2023) (Appendix
29.1c). Cvs Cabriolet, Temple, Imola and Tapidor were used as controls. The details
of 195 cvs/lines screened in total are shown in Fell et al. (2023).

Light leaf spot severity was scored at 60 days post germination using a 1-6 scale (Fell
et al., 2023). Appendix 3 shows the glasshouse experiment 1 done at Rothamsted
Research (a) randomised replicated a-design 1 x 5 replicates ready to be inoculated;
(b) Spray inoculated cultivar Surpass 400; (c) Inoculated B. napus lines/cvs covered
with a polyethylene sheet to increase humidity and (d) Inoculated B. napus plants
ready for sampling.
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Figure 4.1: Schematic diagram (adapted from Schoch et al., 2002 and Kim et al., 2020)
showing C4H and PR1 relationship. C4H converts cinnamic acid to coumaric acid in the
lignin synthetic pathway. C4H inhibitors such as piperonylic acid (PIP) re-direct the
lignin pathway to the SA pathway, result in PR1 expression and lead to systemic
acquired resistance (SAR) in plants (Schoch et al., 2002). Kelch Domain F-Box genes
(KFBs) encode proteins that degrade phenylalanine ammonia-lyase (PAL) involved in
phenyl propanoid metabolism, and partially inhibit acyl transferase, which catalyse
glucosinolate (GSL) synthesis or SA biosynthesis (Kim et al., 2020).
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4.2.2 Assessment of commercial lines/cultivars

Two separate glasshouse experiments (4 and 5) were done and measured the disease
severity (five biological replicates each), spore production (three replicate each) and
pathogen DNA (three replicates each). Appendix 4 shows the lines/cvs and the
glasshouse layout used to score the disease severity and spore count. Disease was
scored using a 1-6 scale (Fell et al., 2023) and the spores were counted as explained

in section 2.6.

P. brassicae DNA was quantified from the inoculated B. napus leaves. DNA was
extracted from leaf samples inoculated with P. brassicae (section 2.9) and P.
brassicae DNA from 50 ng extracts was quantified (section 2.10). For a negative
control, sterile distilled water was used and the positive control was 1 ng of P.
brassicae DNA. Two technical replicates of the gPCR were done with the non-template
control, positive control, five standards and DNA from inoculated plant.

4.2.3 Detailed analysis of P. brassicae using the most susceptible and
most resistant B. napus lines/cultivars

From the previous experiments, the four most susceptible and four most resistant
lines/cvs were selected for further screening (glasshouse experiments 6 and 7).
Disease scoring, spore counting and P. brassicae DNA quantification were done to
assess any significant differences. Table 4.1 shows the lines/cvs chosen, along with

their resistance phenotype and crop type.

4.2.4 Visualisation of P. brassicae in infected B. napus leaves

Susceptible B. napus cv. Cabriolet and resistant cv. Cubs Root were grown under
controlled environments (CE experiment 5) in three biological replicates. Plants were
spot-inoculated (section 2.7) and leaf discs were taken at different time points (20 min
pi, then every hour pi until 15 h pi and every day pi until 8 dpi). Leaf discs were stained
with trypan blue (section 2.8) and visualised using a GXM-L2800 microscope (GT
vision, UK) and micrographs were taken for analysis. P. brassicae penetration and

endophytic growth were assessed.
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Table 4.1: B. napus cvs/lines, their respective crop type and resistance phenotype,
used for glasshouse experiments 6 and 7.

Cultivar Crop type Phenotype
Cabriolet Winter OSR Susceptible
Sansibar Modern winter OSR Susceptible
Moana Fodder brassica type Susceptible
Laser Modern winter OSR Susceptible
SWU Chinese 1 Semi winter OSR Resistant
Cubs Root Spring OSR Resistant
POSH Modern winter OSR Resistant
Dwarf Essex Forage rape Resistant
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4.2.5 Scanning electron microscopy (SEM)

4.2.5.1 SEM to study the B. napus - P. brassicae pathosystem

Spot inoculated B. napus susceptible cultivar Cabriolet was used to assess the initial
interaction between host and pathogen (controlled environment experiment 6). Time
points included were 8, 10, 12, 16, 20, 24 and 48h pi and they were chosen based on
the results obtained from trypan blue staining. Sample preparation and SEM imaging
(section 2.11) was done at the Bioimaging facility at Rothamsted Research,

Harpenden, United Kingdom by Eudri Venter.

4.2.5.2 SEM using susceptible cultivar (Cabriolet) and resistant cultivar (Cubs
Root)

SEM imaging (section 2.11) was done at 2, 4, 6 and 8 dpi using Cabriolet WOSR
(susceptible) and Cubs Root SOSR (resistant), to determine if there are any differential
interactions between susceptible and resistant lines (controlled environment
experiment 7). Furthermore, the total length of hyphae was calculated using ImageJ
software to assess significant differences in colonisation between lines at 4 dpi and 8
dpi. Three images each from cvs Cabriolet and Cubs Root with the scale bar 100 um

were used for calculation.

4.2.6 Gene expression profiling of GEMs

4.2.6.1 Identification of homologous gene in B. napus

B. oleracea (B05g052100.1, B02g028420.1 and B07g093320.1) gene IDs were
assessed using Ensembl Plants to generate gene trees. For cab genes from B. rapa
(Cab002134.1, Cab042707.1, Cab000575.1 and Cab046181.1), sequences were

taken from Yorknowledgebase — Resources. Cab gene sequences were BLASTed

against B. rapa and B. napus genomes and gene trees were generated. Coding
sequences for homologs in B. napus and B. rapa and paralogs within species of B.
oleracea were downloaded from each gene tree created. Coding sequences of closely
related homologs and paralogs were aligned using MEGA phylogenetic comparison
with bootstrap values generated. Phylogenetic trees were compared using MEGA

software with information from Chalhoub et al. (2014) to determine the most closely
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related homolog or ortholog in B. napus. Candidate genes were further assessed using
Ensembl Plants. Gene trees were constructed with homolog genes from B. napus and

other species within the Brassicaceae family, including A. thaliana.

4.2.6.2 Primer validation and optimisation

Pre-designed, validated gene-specific TagMan multiplex assays (primer with dye and
labelled probes) from Thermo Fisher were used (Appendix 8).

To confirm the efficiency of the primers, a pool of cDNAs was prepared and a 10-fold
serial dilution was made to cover six logs. For each primer pair, a standard curve and
a melt curve analysis was done using the serially diluted cDNA pool as the template.
In addition, the gPCR products of all primers/assays were analysed using gel
electrophoresis (section 2.13). Before the duplex qPCR was done, each primer/assay

was assessed, based on the Ct values obtained from single and duplex qPCR results.

4.2.6.3 Tagman multiplex qPCR to study GEMs

B. napus cvs/lines that are susceptible (Cabriolet, Sansibar and Laser) or resistant
(Cubs Root, POSH and SWU Chinese 1) to P. brassicae were grown under controlled
environment conditions (CE experiments 8, 9) (Section 2.2). Leaf samples were spot
inoculated with P. brassicae spore suspension and discs were taken out using a sterile
hole punch for RNA extraction at 1 dpi, 2 dpi, 4 dpi and 8 dpi. Mock-inoculated (0.005%
silwet) leaf discs at 0 dpi were used as negative controls. Three biological replicates

and two technical replicates were included in these experiments.

Gene expressions of candidate genes were assessed using Tagman multiplex g°PCR
(Applied Biosystems 7500 real time PCR systems, UK) to confirm expression profiles
in both susceptible and resistant lines. Total RNA was extracted from inoculated leaf
samples and cDNA was synthesised (section 2.12). Custom made Tagman multiplex
gene expression assays with both primers and probes attached were used, along with
TagMan Multiplex Master Mix (Thermofisher Scientific). Assays were run on an ABI
7700 real time PCR System in 96-well plates using the following cycling conditions:
95 °C for 20 s, followed by 40 cycles of 95 °C for 3 s and 60 °C for 30 s. Duplex real-
time PCRs were done in a 20 pL reaction, consisting of 10 yL Tagman multiplex
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mastermix (2x), 1 gL each (2 pL in total) Custom Tagman gene expression assay
(20x), 2 L cDNA (50ng), and the rest were supplemented with nuclease free water.

4.2.6.4 Normalisation of data

To normalise the gene expression data, Actin was used as a reference gene. Using
the gRT-PCR computer package (ABI 7500 SDS), primer efficiency was calculated by
utilising the linear phase of all the individual reaction amplification curves (Ramakers
et al., 2003). ANOVA was done to determine significant variation in primer efficiency.
From the primer efficiency calculated by the gPCR machine, the ‘window of linearity’
method was implemented using the LinRegPCR computer package and the efficiency

of each primer was calculated (Ramakers et al., 2003).

Normalised relative quantification (NRQ) was determined using the following equation
adapted from Rieu et al. (2009)

-CT,X

(E

-CT,R

(E)

NRQ =

Where;

Ex= primer efficiency of target gene
Er= primer efficiency of reference gene
CT,X= Ct value of target gene

CT,R= Ct value of reference gene

NRQ was used for visualisation and statistical analysis. From the NRQ, areas under
gene expression curve (AUGEC) were calculated and the total expressions of genes
at 8dpi were used to assess the significant differences between the cvs/lines and
between the resistant phenotypes. An area under the disease-progress curve
(AUDPC) method was adapted to calculate AUGEC (Jeger et al., 2001).

4.2.7 Quantification of glucosinolates

Total and individual GSL from each sub-group of GSL (aliphatic, indolic and aromatic)

were quantified using high-performance liquid chromatography (HPLC) LC-MS. Model
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specifications are given in next section. Table 4.2 shows the compounds from each
group of GSL quantified.

The four most resistant (lines/cvs SWU Chinesel, Cubs Root, POSH and Dwarf
Essex) and four most susceptible cvs (Cabriolet, Sansibar, Moana and Laser) were
grown in a controlled environment cabinet (FITOCLIMA D1200; ARALAB, Portugal)
(CE experiment 10) at a 20°° day for 12 h and 18°¢ night for 12 h in a randomised block
design with five replicates. Leaves were collected from 30-day old plants (1,5 or 1,6
true leaf stage) (Sylvester-Bradley et al. 1984). One leaf from each plant was collected.
From first plant, true leaf number one was collected, from the second plant true leaf
number two was collected and so on. Leaf one was the oldest and leaf five was the
youngest true leaf. Leaf samples were freeze dried for three days and GSL were
guantified at Copenhagen University, Denmark with the help of Barbara Halkier.

Freeze dried leaf samples were prepared by separating insoluble plant material and
extracting glucosinolate samples as desulfo-glucosinolates (dsGSL) by treating with
sulfatase solution as described in Jensen et al. (2015). dsGSL components were
seperated with Agilent HP1200 Series high-pressure liquid chromatography (HPLC)
followed by UV detection, identification and quantification. C18 reversed-phase
column [Zorbax SB-Aqg, 25 cm x 4.6 mm, 5 pum particle size (Agilent) or Lichrospher
RP18-5, 25 cm x 4.6 mm, 5 um particle size (Supelco)] were used (Crocoll et al., 2016;
Jensen et al., 2015).

4.2.8 Statistical analysis

For statistical analysis, logio transformed values were used and R programming
software was implemented. Bartlett's tests and Shapiro’s tests were done,
respectively, to confirm homogeneity of variance and normality of distribution. Density
plots and qgplots were plotted to visualise the normal distribution. In the case of data
with variance and an abnormal distribution, non-parametrical tests (Kruskal Wallis)
were done to investigate the significant differences. Analysis of variance (ANOVA)
was applied on normally distributed data with homogenous variance and post-hoc
tests (TUKEY Hsd) were used to determine significant differences for those which
showed P values < a = 0.05 with ANOVA.
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Table 4.2: Compounds quantified from each sub-group (aliphatic, indolic and aromatic)
of glucosinolates using HPLC. Chemical name, abbreviation and common name are
listed. B. napus susceptible (Cabriolet, Sansibar, Moana and Laser) and resistant
(SWU Chinese 1, Cubs Root, POSH, Dwarf Essex) lines/cvs were grown until 1,5 or
1,6 true leaf stage in a controlled environment cabinet. True leaves number 1 to 5
were collected and the following GSL compounds were quantified.

Aliphatic Indolic Aromatic
3methylthiopropyl (3mtp): | Indolyl-3-methyl (i3m) 2-phenylethyl
Glucoiberverin 4-methoxy-indolyl-3-methyl | (2pe):
3methylsulfinylpropyl (3msp): | (4moi3m) Gluconasturtiin
Glucoiberin

4 methylthiobutyl (4mtb): | N-methoxy-indolyl-3-methyl
Glucoerucin (nmoi3m)
4-methylsulfinylbutyl (4msb):
Glucoraphanin

5 methylthiopropyl (5mtp)

5 methylsulfinylpropyl (5msp)
6-Methyl sulfinyl hexyl (6msh)
7-Methyl thio heptyl (7mth)
7-Methyl sulfinyl heptyl (7msh):
Glucoibarin

8-Methyl thio octyl (8mto)
8-Methyl sulfinyl octyl (8mso):
Glucohirsutin

3-hydroxybutyl (3ohb)
4-hydroxybutyl (4ohb)

4-Pentenyl (4pent)

3-butenyl (3but): Gluconapin
2-R-hydroxy-3-butenyl (2R-20H-
3but): Progoitrin
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For gene expression data, an analysis of co-variance (ANCOVA) model was used to
consider the effect of the internal reference gene Actin. Area under gene expression
curve (AUGEC) was calculated to check the overall gene expression differences
between resistant phenotypes and also between genotypes using the following

models respectively:
Im (target gene AUGEC~Genotype*Actin AUGEC)
Im (target gene AUGEC~Resistant phenotype*Actin AUGEC)

To assess the statistical difference between time points within each genotype, a
Dunnett test was applied and compared between control (O dpi) and other time points.
For those genes that showed abnormal distribution and non-homogenous variances
(BnaA04g20860, BnaC07g38240 and BnaC08g24910), a Kruskal Wallis test was

done and compared with Im results to make final conclusions.

4.3 Results

4.3.1 GWAS mapping

This experiment was crucial to complete the GWAS analysis as 123 B. napus lines
were assessed previously and the GWAS population had 195 lines in total. The
combined LLS scoring results helped to identify four loci and eight GEMs in B. napus
associated with QDR against P. brassicae (Fell et al., 2023) (Appendix 29.1b).

A total of 72 B. napus cvs/lines were scored (Figure 4.2). Results obtained were
consistent with the previous data (Fell et al., 2023) and the control cultivar Cabriolet
scored the highest. Furthermore, additional control lines Temple and Imola were in the
resistant category while Tapidor was intermediate. Cultivars Moana and Sansibar
scored as susceptible and the most resistant line identified from these experiments
was SWU Chinese 1.

4.3.2 Assessment of commercial lines/cultivars

Commercial cvs/lines were screened as in previous studies (Karandeni Dewage et al.,
2018a; Karandeni Dewage et al., 2021) and results indicate that many cvs appeared

susceptible despite having high resistance scores in the AHDB Recommendation List.
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Figure 4.2: Glasshouse experiments on combined disease scores (three experiments) with cvs
Imola, Temple, Tapidor and Cabriolet as controls. Imola and Temple appeared more resistant
against P. brassicae, control Cabriolet was very susceptible and Tapidor was moderately
susceptible. SWU Chinese 1 was the line that was most resistant against P. brassicae. Error bars
represent means and standard deviations of five biological replicates each from two independent
experiments (df 59).
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DH lines assessed showed a greater resistance against P. brassicae than commercial
lines (Karandeni Dewage et al., 2021). Furthermore, Boys et al. (2007) suggested that
widespread commercial deployment of cv. Bristol in the early 1990s resulted in the
breakdown of major R gene mediated resistance. In addition, the GWAS mapping
showed that the commercial cultivar Temple with a good Recommended List score of
7 appeared more susceptible (Fell et al., 2023).

Figure 4.3 illustrates the combined LLS disease scores of commercial B. napus
cvs/lines. Cultivar Barbados, which is recommended for the North, has a
Recommended List LLS resistance score of 8 (AHDB Cereals & Oilseeds, 2016).
However, under the glasshouse conditions, it appeared more susceptible and was in
the intermediate category. Cultivar Ambassador, which is classified as a high yield
cultivar, and cv. Nikita both have a Recommended List resistance score of 7. But cv.
Ambassador seemed more susceptible and Nikita was resistant. Cultivar Aurelia has
a Recommended List score of 8 and the results agree with that. Therefore, Nikita,
Aurelia and Barbados were resistant under glasshouse conditions. A positive
correlation was shown between LLS disease score and P. brassicae spore count
(Figure 4.4). Cultivars Nikita, Aurelia and Barbados appeared resistant with low
disease scores and small spore counts. Cultivar Ambassador appeared highly

susceptible.

4.3.3 Detailed analysis of P. brassicae in the most susceptible and most
resistant B. napus cvs/lines

To better understand the QDR in B. napus, assessments (LLS disease score, P.
brassicae spore count, P. brassicae DNA quantification) were done using the most
susceptible and most resistant cvs/lines. Scoring of disease in B. napus susceptible
and resistant cvs/lines was consistent with previous results (Fell et al., 2023).
Susceptible cvs/lines showed greater P. brassicae spore counts than resistant lines
except for cvs Moana and Dwarf Essex which appeared intermediate. There was a
significant difference in P. brassicae spore count between susceptible and resistant

cvs/lines (Figure 4.5).

Similar patterns were observed with quantity of P. brassicae DNA. Amounts of P.
brassicae DNA from Moana and Dwarf Essex cvs did not vary much and were

intermediate relative to the other cvs/lines (Figure 4.6).
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with Tukey’s HSD test and are indicated by different letters. Black dots represent outliers.
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Figure 4.6: Amount P. brassicae DNA in cvs/lines in freeze dried samples as pg/g
(logio-transformed) from the most resistant and most susceptible cvs/lines; means of
three biological replicates obtained from two independent glasshouse experiments (6
and 7). Significant differences (P < 0.05) were calculated by one-way ANOVA with
Tukey’s HSD test and are indicated by different letters; black dot represents the

outlier.
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Positive correlations were observed between LLS disease score and P. brassicae
spore concentration (Figure 4.7), LLS disease score and quantity of P. brassicae DNA
(Figure 4.8), and P. brassicae DNA and P. brassicae spore concentration (Figure 4.9).
Cultivars Dwarf Essex and Moana were in the intermediate group in all these

correlation graphs (Figures 4.7, 4.8, 4.9).

4.3.4 Visualisation of P. brassicae in infected B. napus leaves

To study if there are any differential interactions between P. brassicae and resistant
(Cubs Root) or susceptible B. napus (Cabriolet) cvs during LLS disease progression,
trypan blue staining was done. The results were used to decide the time points for
further screening using scanning electron microscopy (SEM). Figure 4.10 shows the
interaction of P. brassicae with the resistant cultivar Cubs Root and susceptible cultivar

Cabriolet at various time points.

Trypan blue stained leaf discs had visible P. brassicae spores from 20 min post
inoculation until 15 h after inoculation. The first signs of spore germination were
observed at 1 dpi and at 2 dpi. P. brassicae penetrated the host cuticle at 2 dpi, hyphae
started to branch at 4 dpi and subcuticular colonisation occurred at 8 dpi. During these
initial stages, no sign of complete resistance was evident in resistant cvs/lines.
However, at 4 dpi (Figure 4.10 g) and 8 dpi (Figure 4.10 i), resistant cv. Cubs Root
showed more hyphal branching and colonisation on the surface of the leaves in
contrast to the subcuticular growth in susceptible cv. Cabriolet (Figure 4.10 h, j).
Furthermore, Cabriolet had extensive P. brassicae colonisation and more branching
than Cubs Root.

4.3.5 Scanning electron microscopy (SEM)

SEM results were used to determine the time points for further gPCR analysis to
assess the gene expression of GEMs identified from glasshouse experiment results
combined with those from the GWAS project. An initial study using susceptible line
Cabriolet was used to assess the pathogen-host interaction at early stages after
inoculation. Furthermore, a resistant cv. Cubs Root and susceptible cv. Cabriolet were

used to study any differential interactions.
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Figure 4.7: Correlation plot between LLS disease score (1-6 scale) and P. brassicae
spore number (logie-transformed). 90% correlation was observed between LLS
disease score and spore number.
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Figure 4.10: Trypan blue images during the B. napus — P. brassicae interaction on a resistant
cultivar Cubs Root (a,c,e,g,i) and a susceptible cultivar Cabriolet (b,d,f,h,j) at 20 min after
inoculation (a,b: visible spores), 1 dpi (c,d: starts to germinate), 2 dpi (e.f: penetration), 4 dpi
(branching starts; (g): on the surface of leaves mostly and (h): in the subcuticular area) and 8 dpi
(colonisation established: (i) on the leaf surface (j) in the subcuticular area). Arrows show the P.
brassicae spore/colonisation.
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4.3.5.1 SEM to study the B. napus - P. brassicae pathosystem

Figure 4.11 shows the initial interaction of P. brassicae spores with a susceptible
cultivar Cabriolet. SEM images confirm that there was no germination until 1 dpi on
susceptible cultivar Cabriolet. Spores were visible at 8, 10, 12, 16 and 20 h post
inoculation. At 2 dpi, P. brassicae germ tubes started to penetrate, which indicates that
there is no resistance operating at this stage to prevent P. brassicae entering the

subcuticular space.
4.3.5.2 SEM using susceptible cv. Cabriolet and resistant cv. Cubs Root

P. brassicae had penetrated the cuticle of both susceptible and resistant cvs at 2 dpi.
At 4 dpi, the hyphae started to branch and there was no significant difference observed
between susceptible and resistant cvs. Furthermore, no differences between resistant
and susceptible cvs were observed at 6 dpi. They both showed initial colonisation by
P. brassicae in the subcuticular space. More extensive colonisation was seen in both
resistant and susceptible cvs at 8dpi. Figure 4.12 shows the different interactions with

P. brassicae between susceptible and resistant cvs.

Figure 4.13 summarises the major events in the interaction between P. brassicae and
B. napus. Spore germination was initiated at 1 dpi; at 2 dpi, the hyphae penetrated the
cuticle, at 4 dpi hyphal branching occurred and at 8 dpi colonisation by P. brassicae
was visible. The subcuticular hyphae spread throughout the leaves as the pathogen
progressed; colonisation was mainly adjacent to veins until 6 dpi and P. brassicae had

spread perpendicularly into the leaf lamina as well as growing along the veins at 8 dpi.

Total length of hyphae quantified from the SE micrographs using ImageJ software
showed a significant difference in total hyphal length between resistant cv. Cubs Root
and susceptible cv. Cabriolet (P = 0.010) at 8 dpi. However, there was no significant
difference between cvs at 4 dpi. Furthermore, in a susceptible cultivar, a significant
difference in hyphal length between 4 dpi and 8 dpi was observed (P = 0.0005) (Figure
4.14).
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Figure 4.11: SEM images showing initial interactions between susceptible cultivar Cabriolet
and P. brassicae. From 8 until 20 h pi spores are visible. At 24 h pi spores started to
germinate and at 48 h pi penetration occurred.
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Figure 4.12: SEM images showing cuticular penetration by P. brassicae on
resistant cv. Cubs Root (a: penetration at 2 dpi, c: branching at 4 dpi, e:
colonisation at 8 dpi) and susceptible cv. Cabriolet (b: penetration at 2 dpi, d:
branching at 4 dpi, f: colonisation at 8 dpi).
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Figure 4.13: SEM images showing major stages of the pathogenicity of P. brassicae in the
B. napus susceptible cv. Cabriolet. P. brassicae spores germinated at 1 dpi (a), penetrated
the cuticle at 2 dpi (b), hyphal branching started at 4 dpi (c) and colonisation occurred at 8

dpi (d).
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Figure 4.14: Quantification of P. brassicae hyphal length at 4 dpi and 8 dpi. Total lengths of
P. brassicae hyphae were quantified from the scanning electron micrographs of B. napus
susceptible cv. Cabriolet and resistant cv. Cubs Root using ImageJd software. Three
micrographs each of 100 ym were used.
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4.3.6 Gene expression profiling of GEMs
4.3.6.1 Identification of orthologous genes in B. napus

GEMs identified in B. oleracea and B. rapa from the associative transcriptomics study
were used to identify the orthologous genes in B. napus (Fell at al., 2023). Identification
of BnaC049g14330D (Cinnamate 4 hydroxylase) in B. napus used the gene
B05g052100.1 in B. oleracea; this was used as an example to explain how the putative
orthologous genes were identified. Figure 4.15 shows the Gene tree created for
B05g052100.1 in B. oleracea with orthologues in the Brassicaceae family and it has
ten orthologues in B. napus. Figure 4.16 is the phylogeny tree of Bo5g052100.1 and
the putative orthologous gene (BnaC04g14330D) was identified in B. napus using the
homoeologous gene list of Chalhoub et al. (2014). Table 4.3 summarises all the
orthologous genes identified in B. napus using alignment and comparison.

4.3.6.2 Primer validation and optimisation

All nine primers show good efficiency and R? (RS)q values from the standard curve
were plotted. In addition, melt curve analysis confirmed that all PCR products amplified
were the same (Figure 4.17). The agarose gel electrophoresis image (Figure 4.18)
shows that there was no amplification for GAPDH and BnaA05g34100. The
Polyadenylate-binding protein 1 agarose result appeared to have a double band but
melting curve analysis showed that there was only one product amplified with a single
curve. However, the amplification curve did not appear to be clear compared to other
melt curves (Figure 4.17). Furthermore, expression of BnaCo414330 and
BnaC07g27610 appeared limited. Single plex and duplex gPCR Ct values were nearly
similar and acceptable. Figure 4.19 shows the amplification plots obtained for Actin
and PR1 from single plex gPCR and double plex gPCR, respectively. Ct values from
single plex (Actin and PR1 in separate wells) and duplex (Actin and PR1 in the same
well) gPCR were same. Appendices 5 and 6 show the amplification plot and standard

curve of Actin using the serial dilution of the cDNA pool.

80



LEGEND
Branch Length

%1 branch length
%10 branch length
x100 branch length

Collapsed Alignments

O 0-33% aligned AA
[ 33 - 66% aligned AA
W 66 - 100% aligned AA

"< Petrosaviidae: 42 homalogs

.<r.

S

bids: 13 homologs
BnaA03g140100, Brassica napus
Bra022803, Brassica rapa
Bo3g024670, Brassica olerscea
BnaC03g16960D, Brassica napus
BnaA05911350D, Brassica napus
Bra018311, Bressica rapa
Bo5g052100, Brassica oleracea
BnaC04g143300, Brassica napus
Bo4g173080, Brassica oleracea
BnaC04g41130D, Brassica napus
BnaA 049175700, Brassica napus
Bra021637, Brassica rapa
BnaC04g41120D, Brassica napus
Bo4g173070, Brassica oleracea
BnaA04g17560D, Brassica napus
Bra021636, Brassica rapa
BnaA 029140000, Brassica napus
Bra022802, Brassica rapa
BnaC02g169500, Brassica napus
B03g024650, Brassica oleracea

Pentapetalas: 22 homologs

rosids: 24 hamalogs

L] sseridec: 5 homolags

L 0 AMTR_s00077p00107120, Ambarella trichopada

< Petmsaviidse: 53 homologs

L el Selsginells mosllendorffi: 2 homologs

Flowering plants: 92 homalogs

Land plants: 9 homalogs

Genes
Gene 1D gene

Gene 1D within-sp. paralog

of interest

Expanded Alignments

O gap
W aligned AA

fgenesh2_kg.4__1021_ AT2G30490.1, Arabidopsis lyrata
{gb‘?ﬂ?. Arabidopsis halleri
CYPT3A5, Arbidopsis thaliana

Nodes

gene node

speciation node
duplication node
ambiguous node
gene split event

NN BNNN NI B BN BN | I E—
T ITINTeeN Eew N W ]

Collapsed Nodes
-« collapsed sub-tree
-« collapsed (paralog)

collapsed
« (gene of interest)

Figure 4.15: Phylogenetic comparison of candidate gene Bo59g052100.1 of B. oleracea with
paralogs in the Brassicaceae family. The gene of interest is shown in red and paralogs within
B. oleracea species in blue. A single homolog of A. thaliana and ten homologs of B. napus

were identified.

81



Boot strap value

Bo5g052100.1 cds:protein coding

BnaC04g14330D-1 cds:protein coding

100
a
b
B. rapa B. oleracea B. napus A, subgenome
Bra018311 . BnaA05g11950D

Bra018311.1 cds:protein coding

BnaA05g11950D-1 cds:protein coding

B. napus C,sub genome A. thaliana ortholog

BnaC04g14330D AT2G30490

Figure 4.16: (a) Phylogenetic tree of B. oleracea Bo5g052100.1 and the putative orthologous
gene BnaC0O4g14330D created with MEGA and (b) the homoeologous gene list from

Chalhoub et al. (2014) confirming the same.

82



Table 4.3: Homolog genes identified in Brassica napus from B. oleracea and B. rapa
using Chalhoub et al. (2014). Respective gene names in Brassica species are based on the
protein encoded.

Genes in B.oleracea Orthologous gene identified Gene description
and B. rapa in B. napus
Bo5g052100 BnaC04914330D Cinnamate-4-hydroxylase
(C4H)
B02g028420 BnaA02g07530D Phosphatidylinositol-specific

phospholipase C4 (PLC4)

Bo7g093320 BnaC079g27610D 40s Ribosomal subunit
protein S24e
Cab002134/ Bra019302 BnaC079g38240D B-adaptin
Cab042707/ Bra035725 BnaA10g05830D Polyadenylate-binding
protein 1
Cab000575/ Bra007038 BnaC089g24910D Universal stress protein
Cab046181/ Bra039146 BnaA05g34100D SNF1 kinase homolog 10
(KIN10)
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Figure 4.17: Melting curve analysis of gPCR obtained from GEM primers using a cDNA pool (control and inoculated leaf cDNA samples)
as a template. Seven 10-fold dilutions were used. X axis represents the temperature in °C and Y axis represents the negative first derivative
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Figure 4.18: Agarose gel electrophoresis image of Tagman multiplex gPCR primers/assays.
C4H and 40s ribosomal subunit protein S24e showed relatively low expression. KIN10 and
GAPDH each primers/assays did not show any amplification. Polyadenylate-binding protein
1 and cutinase showed two bands.
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Ct values for Actin and PR1 run separately (single plex) or together (duplex) were 24 and 27, respectively. 86



4.3.6.4 Normalisation of data

Table 4.4 shows the mean primer efficiency calculated for each Tagman multiplex

assay using the LinRegPCR computer package.

4.3.6.5 Tagman multiplex gPCR to study GEMs

To better understand the genes involved in B. napus QDR against P. brassicae and
to extend the information obtained about the GEMs from associative transcriptomic
assessments (Fell et al.,, 2023), gPCR was done. Significant variations between
resistant/susceptible phenotypes and genotypes were studied using the NRQ AUGEC

as the reference gene Actin expressed differentially in different genotypes.

Actin expression was considered as the co-variant, showed that there are significant
variations between resistant phenotypes and genotypes (Figure 4.20). Significant
differences were observed in PR1 induction between resistant phenotypes and
between genotypes (P = 0.0002, P 0.009), respectively. A significant difference in
BnaA04g20860 (HXXXD- type acyl transferase) induction was observed between
resistant phenotypes (P = 9 x 10° and between genotypes (P = 6.78 x 10). There
was no significant difference noticed between phenotypes in contrast to genotypes (P
= 0.001) for BnaC049g14330 (C4H) expression. Greater significant differences
between resistant/susceptible phenotypes (P = 1.91 x 10) and genotypes (P = 1.38
x 1077) were observed in PLC4 induction. Furthermore, a significant difference in
induction of 40s ribosomal sub-unit protein S24e was observed between resistant
phenotypes (P = 4.07 x 10%) and genotypes (P = 1.8 x 10°®). Significant differences
were noted between resistant phenotypes (P = 0.01891), genotypes (P = 1.8 x 10)
in the expression of BnaC079g38240 (B-adaptin). There was no differential expression
of BnaAl10g05830 (Polyadenylate-binding protein 1) observed between
resistant/susceptible phenotypes and genotypes. In addition, a significant difference
was observed between resistant phenotypes (P = 1.8 x 10'1°) and genotypes (P = 6.7
x 10) of universal stress protein induction. GEMs that showed significant variations
were analysed using TukeyHSD to compare pair wise significant variations (Appendix
7).

PR1 was differentially expressed between cvs/lines that were susceptible or resistant

to P. brassicae (Figure 4.21). Within each resistant line, an increase in normalised
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Table 4.4: Primer efficiency calculated using LinRegPCR for Tagman multiplex
primers. Means were calculated from two technical replicates.

Assay name Primer efficiency
BnaA02g07530 1.90
BnaA04920860 1.83
BnaA10905830 1.85
BnaC04g14330 1.83
BnaC07g27610 1.83
BnaC07g38240 1.91
BnaC08924910 1.81

Actin 1.75
PR1 1.95
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Figure 4.20: Normalised relative quantities (NRQ) of GEMs identified from associative transcriptomic analysis (Fell et al., 2023).
Susceptible (Cabriolet, Sansibar, Laser) and resistant (Cubs Root, POSH, SWU Chinese 1) cvs/lines inoculated with 10° conidia/ml of P.
brassicae. At 0 dpi (mock inoculated control), 1 dpi, 2 dpi, 4 dpi and 8 dpi total RNA was extracted from inoculated leaves, cDNA
synthesised and analysed using g°PCR. NRQ was quantified with the Pfaffl method. Significant differences between resistant/susceptible
phenotypes and genotypes in expression were assessed using total gene expression combined for all time points (AUGEC). Genotypes
with the same letters did not differ significantly (ANOVA and Tukey HSD). Gene IDs corresponds to: BnaA04g20860 (HXXXD-type acyl
transferase), BnaCo4g1430 (C4H), BnaA02g07530 (PLC4), BnaC07g610 (40s Ribosomal subunit protein S24e), BnaC07g38240 (-
adaptin), BnaA10g05830 (Polyadenylate-binding protein 1) and BnaCo08g24910 (Universal stress protein).
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Figure 4.21: Normalised relative quantity (NRQ) of PR1. Susceptible (Cabriolet, Sansibar, Laser)
and resistant (Cubs Root, POSH, SWU Chinese 1) cvs/lines inoculated with 10° conidia/ml of P.
brassicae. At 0 dpi (mock inoculated control), 1 dpi, 2 dpi, 4 dpi and 8 dpi total RNA was extracted
from inoculated leaves, cDNA synthesised and analysed using gqPCR. NRQ was quantified with
the Pfaffl method. Means and standard deviations () of three biological replicates and two
technical replicates. Significant differences between mean values of control and time points
within each genotype are indicated by asterisks using Dunnett’s test result. ***P-value < 0.001,
** P-value < 0.01; * P-value < 0.05
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relative quantity (NRQ) of PR1 was observed in comparison to the mock inoculated
control (O dpi). Cultivars/lines Cubs Root, POSH, Laser and SWU Chinese 1 showed
as different to Sansibar. PR1 was highly expressed at 1dpi and 2dpi in Cubs Root,
whereas in POSH greatest expression was at 1, 2 and 4 dpi. An early induction (1 dpi)
of PR1 was observed in Laser and SWU Chinese 1, which indicates a potential host
resistance response and a possible counter response mechanism by P. brassicae.
The expression was greater in susceptible cvs/lines Cabriolet (2dpi, 4dpi), Sansibar
(2dpi, 4dpi) and Laser (2dpi) for BnaA04g20860 (HXXXD-type acyl transferase)
(Figure 4.22). At 4 dpi, resistant lines Cubs Root and SWU Chinese 1 had an increase
in BnaC04g14330 (C4H) expression (Figure 4.23). Susceptible cv. Laser appeared
the same as the resistant cv. Cubs Root, except that the latter had enhanced
expression at 4 dpi. Susceptible cvs Cabriolet and Sansibar generally expressed more
C4H at 4dpi but there was no significant difference in contrast to Odpi. However,
resistant line POSH had an enhanced expression at 1, 2, 4 and 8dpi by contrast with
Odpi.

An increased induction of PLC4 was observed in POSH at 1, 2, 4 and 8 dpi against
the mock inoculated control at O dpi (Figure 4.24). Resistant cvs/lines Cubs Root and
SWU Chinese 1 showed less expression of BnaCo7g610 (40s ribosomal sub-unit
protein S24e) in contrast to the mock-inoculated control but POSH showed a greater
induction (Figure 4.25). Cultivars Cabriolet and Sansibar did not show significant
difference in contrast to the control but generally appeared have a greater expression
of BnaCo79g610. However, resistant line POSH had an enhanced expression at 1, 2,

4 and 8dpi by contrast with Odpi.

An earlier induction (1 dpi) of B-adaptin was observed in resistant cvs/lines and in
addition to the susceptible cv. Laser (Figure 4.26). There were no significant
differences in BnaA10g05830 (Polyadenylate-binding protein 1) expression within any
genotype against mock-inoculated control (Figure 4.27). Greater expression of
BnaC08g24910 (USP) was noticed in resistant lines (Figure 4.28). USP showed a
greater induction at 1 dpi in cvs/lines Cubs Root, POSH, SWU Chinesel and Laser in
comparison to PR1. These results suggest that cv. Laser is intermediate as opposed
to the LLS disease scoring results where it was categorised as susceptible to P.

brassicae.
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Figure 4.22: Normalised relative quantity of BnaAo4g20860 (HXXXD-type acyl transferase).
Susceptible (Cabriolet, Sansibar, Laser) and resistant (Cubs Root, POSH, SWU Chinese 1)
cvs/lines inoculated with 10° conidia/ml of P. brassicae. At 0 dpi (mock inoculated control), 1
dpi, 2 dpi, 4 dpi and 8 dpi total RNA was extracted from inoculated leaves, cDNA synthesised
and analysed using gPCR. NRQ was quantified with the Pfaffl method. Significant variations
between resistant/susceptible phenotypes and genotypes in expression were assessed using
total gene expression combined for all time points (AUGEC). Means and standard deviations
() of three biological replicates and two technical replicates. Significant differences between
mean values of control and time points within each genotype are indicated by asterisks using
Dunnett’s test result. ***P-value < 0.001; ** P-value < 0.01; * P-value < 0.05
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Figure 4.23: Normalised relative quantity of BnaCo4g1430 (C4H). Susceptible (Cabriolet,
Sansibar, Laser) and resistant (Cubs Root, POSH, SWU Chinese 1) cvs/lines inoculated with
10° conida/ml of P. brassicae. At 0 dpi (mock inoculated control), 1 dpi, 2 dpi, 4 dpi and 8 dpi total
RNA was extracted from inoculated leaves, cDNA synthesised and analysed using gPCR. NRQ
was quantified with the Pfaffl method. Significant variations between resistant/susceptible
phenotypes and genotypes in expression were assessed using total gene expression combined
for all time points (AUGEC). Means and standard deviations (z) of three biological replicates and
two technical replicates. Significant differences between mean values of control and time points
within each genotype are indicated by asterisks using Dunnett’s test result. ***P-value < 0.001;
** P-value < 0.01; * P-value < 0.05
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Figure 4.24: Normalised relative quantity of BnaA02g07530 (PLC4). Susceptible (Cabriolet,
Sansibar, Laser) and resistant (Cubs Root, POSH, SWU Chinese 1) cvs/lines inoculated with
10° conidia/ml of P. brassicae. At 0 dpi (mock inoculated control), 1 dpi, 2 dpi, 4 dpi and 8 dpi
total RNA was extracted from inoculated leaves, cDNA synthesised and analysed using gPCR.
NRQ was quantified with the Pfaffl method. Significant variations between resistant/susceptible
phenotypes and genotypes in expression were assessed using total gene expression combined
for all time points (AUGEC). Means and standard deviations (t) of three biological replicates and
two technical replicates. Significant differences between mean values of control and time points
within each genotype are indicated by asterisks using Dunnett’s test result. ***P-value < 0.001,;
** P-yalue < 0.01; * P-value < 0.05

94



e 3k %k

05~
* &

ok

dpi
. Ddpi
. . 1dpi
- . 2dpi
! L . 4dpi
T T 8dpi

2 *
- l ‘ | |

Cabriolet Sansibar Laser Cubs Root POSH SWU Chinese 1
Cultivars

o = o
[\ (] =S
. .

Bnaco7g27610 Normalised relative quantity (NRQ)
o

Figure 4.25: Normalised relative quantity of BnaC07g610 (40s Ribosomal subunit protein S24e).
Susceptible (Cabriolet, Sansibar, Laser) and resistant (Cubs Root, POSH, SWU Chinese 1)
cvs/lines inoculated with 10° conidia/ml of P. brassicae. At 0 dpi (mock inoculated control), 1 dpi,
2 dpi, 4 dpi and 8 dpi total RNA was extracted from inoculated leaves, cDNA synthesised and
analysed using gPCR. NRQ was quantified with the Pfaffl method. Significant variations between
resistant/susceptible phenotypes and genotypes in expression were assessed using total gene
expression combined for all time points (AUGEC). Means and standard deviations (+) of three
biological replicates and two technical replicates. Significant differences between mean values
of control and time points within each genotype are indicated by asterisks using Dunnett’s test
result. **P-value < 0.001; ** P-value < 0.01; * P-value < 0.05.
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Figure 4.26: Normalised relative quantity of BnaC07g38240 (B-adaptin). Susceptible (Cabriolet,
Sansibar, Laser) and resistant (Cubs Root, POSH, SWU Chinese 1) cvs/lines inoculated with
10° conidia/ml of P. brassicae. At 0 dpi (mock inoculated control), 1 dpi, 2 dpi, 4 dpi and 8 dpi
total RNA was extracted from inoculated leaves, cDNA synthesised and analysed using gPCR.
NRQ was quantified with the Pfaffl method. Significant variations between resistant/susceptible
phenotypes and genotypes in expression were assessed using total gene expression combined
for all time points (AUGEC). Means and standard deviations (t) of three biological replicates and
two technical replicates. Significant differences between mean values of control and time points
within each genotype are indicated by asterisks using Dunnett’s test result. ***P-value < 0.001,;
** P-yalue < 0.01; * P-value < 0.05
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Figure 4.27: Normalised relative quantity of BnaA10g05830 (Polyadenylate-binding protein 1).
Susceptible (Cabriolet, Sansibar, Laser) and resistant (Cubs Root, POSH, SWU Chinese 1)
cvs/lines inoculated with 10° conidia/ml of P. brassicae. At 0 dpi (mock inoculated control), 1 dpi,
2 dpi, 4 dpi and 8 dpi total RNA was extracted from inoculated leaves, cDNA synthesised and
analysed using gPCR. NRQ was quantified with the Pfaffl method. Significant differences
between resistant/susceptible phenotypes and genotypes in expression were assessed using
total gene expression combined for all time points (AUGEC). Means and standard deviations ()
of three biological replicates and two technical replicates. Significant differences between mean
values of control and time points within each genotype are indicated by asterisks using Dunnett’s
test result. ***P-value < 0.001; ** P-value < 0.01; * P-value < 0.05.
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Figure 4.28: Normalised relative quantity of BnaCo8g24910 (Universal stress protein).
Susceptible (Cabriolet, Sansibar, Laser) and resistant (Cubs Root, POSH, SWU Chinese 1)
cvs/lines inoculated with 10° conidia/ml of P. brassicae. At 0 dpi (mock inoculated control), 1 dpi,
2 dpi, 4 dpi and 8 dpi total RNA was extracted from inoculated leaves, cDNA synthesised and
analysed using gPCR. NRQ was quantified with the Pfaffl method. Significant differences
between resistant/susceptible phenotypes and genotypes in expression were assessed using
total gene expression combined for all time points (AUGEC). Means and standard deviations (t)
of three biological replicates and two technical replicates. Significant differences between mean
values of control and time points within each genotype are indicated by asterisks using Dunnett’s
test result. ***P-value < 0.001; ** P-value < 0.01; * P-value < 0.05.

98



4.3.7 Quantification of glucosinolates

Many studies report that GSLs are involved in the defence mechanisms against
pathogens (Bennett et al., 1994; Kliebenstein et al., 2004; Rubel et al., 2020).
Furthermore, the orthologue in B. napus (BnaC08g41550D) for the GWA marker
identified (Bo8g108400) by combining the results obtained from the glasshouse
studies (Experiments 1 and 2) code flavin-containing monooxygenase. Genetic and
biochemical characterization of flavin-containing monooxygenase showed that they
are involved in GSL metabolism and defence responses against pathogens (Schlaich.,
2007). The region also includes other flavin-containing monooxygenase coding genes
such as BnaC08g41500D. This study helped in understanding the role of GSL and or

the individual compound/s of GSL in resistance against P. brassicae in B. napus.

Susceptible cvs/lines except Moana showed less GSL than resistant cvs/lines (Figure
4.29). However, Moana appeared intermediate according to spore count and pathogen
DNA content. All individual compounds, total aliphatic, total aromatic (2pe), total indolic
and total GSL all showed significant differences between leaf number one and leaf
number five. Younger leaves showed a greater GSL content than the older leaves.
Figure 4.30 shows the total GSL contents in B. napus older and younger leaves.
Furthermore, negative correlations were observed between total GSL, aliphatic,
aromatic and indolic groups and LLS disease score (Figure 4.31).

Significant differences were observed between resistant and susceptible cvs/lines in
aliphatic compounds (7-methyl sulfinyl heptyl: 7msh, 3-butenyl: 3but, 4-pentenyl:
4pent, 6-methyl sulfinyl hexyl: 6msh and 5 methylthiopropyl:5mtp); indolic compounds
(4-methoxy-indolyl-3-methyl: 4moi3m, Indolyl-3-methyl: i3m) and aromatic compound:
2pe (Figure 4.32, Figure 4.33, Figure 4.34 respectively). Furthermore, 2pe and total
aliphatic concentrations appeared different in susceptible cvs/lines and resistant
cvs/lines (Figure 4.35). Similar patterns were shown in a correlation between aromatic

2pe vs total indolic concentration (Figure 4.36).

Resistant line POSH showed greater concentrations of aliphatic compounds,
particularly 6msh and 7msh. In addition, the concentration of the aromatic compound
4moi3m was greater in POSH. Resistant cv. Dwarf Essex appeared to have greater

aliphatic compound (7msh, 4pent) and aromatic i3m concentrations.
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Total glucosinolate quantity in susceptible and resistant cvs/lines
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Figure 4.29: Total glucosinolates (GSL) quantified from susceptible (Cabriolet, Sansibar,
Moana, Laser) and resistant lines/cvs (SWU Chinese 1, Cubs Root, POSH, Dwarf Essex) using
HPLC (nmol/mg dry weight). All other susceptible cvs (Cabriolet, Sansibar and Laser) except
Moana showed less GSL and all resistant lines/cvs Cubs Root, POSH and Dwarf Essex showed
greater amounts of GSL except for SWU Chinese 1. Error bars represent standard errors of five
biological replicates (df 7).
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Figure 4.30: Glucosinolate concentration (nmol/g dry weight). in B. napus older and
younger leaves (1 is the oldest and 5 is the youngest). Five replicates were used with
average values and error bars represent standard errors of means. (df 4)
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LLS score (1-6 scale)
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Figure 4.31: Correlation showing the associations between aliphatic, aromatic, indolic and total GSL (nmol/ g dry weight) against
LLS disease score in B. napus cvs/lines. Correlation coefficient (R%) 0.84 means 84% correlation and aromatic 2pe shows highest

correlation with LLS score (1-6 scale).
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Figure 4.32: Aliphatic GSL compounds quantification. 7-methyl sulfinyl heptyl (7msh), 3-butenyl
(3but), 4-pentenyl (4pent), 6-methyl sulfinyl hexyl (6msh) and 5 methylthiopropyl (5mtp) were
guantified from susceptible (Cabriolet, Laser, Moana, Sansibar) and resistant (Cubs Root, Dwarf
Essex, POSH, SWU Chinese 1) cvs/lines freeze dried leaf samples using HPLC (nmol/ g dry
weight). Five biological replicates were used. Values with the same letters are not significantly
different (Wilcoxon, Anova and TukeyHSD). Box plot middle line represents the median, whiskers
show values outside the middle 50% and black dots are outliers.
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Figure 4.33: Indolic glucosinolate compounds quantification. Indolyl-3-methyl (i3m) and 4-
methoxy-indolyl-3-methyl (4moi3m were quantified from susceptible (Cabriolet, Laser, Moana,
Sansibar) and resistant (Cubs Root, Dwarf Essex, POSH, SWU Chinese 1) cvs/lines freeze
dried leaf samples using HPLC (nmol/ g dry weight). Five biological replicates were used. Values
with the same letters are not significantly different (Wilcoxon, Anova and TukeyHSD). Box plot
middle line represents the median, whiskers show values outside the middle 50% and black dots
are outliers.
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Figure 4.34: Aromatic GSL compound 2-phenylethyl (2pe) was quantified from susceptible (Cabriolet, Laser, Moana, Sansibar) and
resistant (Cubs Root, Dwarf Essex, POSH, SWU Chinese 1) cvs/lines freeze dried leaf samples using HPLC (nmol/ g dry weight). Five
biological replicates were used. Box plot middle line represents the median, whiskers show values outside the middle 50% and black
dots are outliers.
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Figure 4.35: Total aromatic and aliphatic concentrations (nmol/g dry weight) in susceptible and
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aliphatic contents.
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indoles contents.
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4.4 Discussion

This study helped to complete the GWAS, where a total of 195 B. napus lines were
screened under glasshouse conditions, and from the results four loci associated with
QDR were identified. Furthermore, these results were used along with associative
transcriptomics data to identify eight GEMs potentially involved in QDR or
susceptibility against P. brassicae (Fell et al., 2023). LLS disease scoring of
commercial cvs/lines indicate a potential resistance issue for cultivars from the current
Recommended List such as Ambassador which showed a greater susceptibility and
Barbados (intermediate) despite having AHDB Recommended List resistance ratings
of 7. However, under field conditions cv. Ambassador may perform well because it
could out-grow early symptoms. This cultivar establishes very well. SEM studies
added new knowledge about the initial stages of host-pathogen interactions in addition
to the studies done at later stages by Karandeni Dewage et al. (2018a) and Boys et
al. (2012). Moreover, the involvement of biochemical components in B. napus QDR
against P. brassicae was examined for the first time by quantifying GSL in resistant

and susceptible cvs/lines.

4.4.1 QDR is the predominant defence mechanism against P. brassicae
in B. napus

LLS disease scoring was essential to find the GWA markers and GEMs involved in
QDR against P. brassicae. Four QDR loci located at chromosomes A02, A09, C02,
C08 and eight GEMs at A03, A04, A05, A09, A10, C02, C05, CO7 were identified (Fell
et al., 2023). However, these markers are not on the same chromosomes as regions
identified in previous studies (Table 1.1). This study revealed genes involved in host
QDR against P. brassicae and possible molecular pathways. GWA marker genes
identified include flavin-containing monooxygenase involved in GSL metabolism
(Schlaich., 2007; Fell et al., 2023) and a DEAD box ATP-dependent RNA helicase
gene (Li et al., 2008). Additionally, the GEMs identified are associated with resistance
against P. brassicae in B. napus, except for HXXXD-type acyl transferase which
promotes susceptibility (Fell et al., 2023).

These results suggest that QDR is the predominant defence mechanism against P.

brassicae in B. napus. For example, no complete resistance against P. brassicae was
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observed in any of the resistant B. napus cvs/lines. There is evidence that ecotype-
specific quantitative defence responses against V. longisporum in A. thaliana are
mediated by salicylic acid, abscisic acid and jasmonic acid signalling pathways
(Haffner et al., 2014). Based on the genes identified and their putative functions (Fell
et al., 2023), it is apparent that the mode of defence against P. brassicae in B. napus
is quantitative rather than the R gene-mediated resistance defence observed against

L. maculans (Larkan et al., 2020).

4.4.2 Genes involved in QDR or susceptibility against P. brassicae in B.
napus

The present study has provided new insights into the molecular genetics by which B.
napus resistant and susceptible cvs/lines respond to P. brassicae infection.
Glasshouse experiments done during this project have improved understanding
(GWAS) and helped to identify the most appropriate candidate resistance genes
involved in the QTLs. GEMs identified included genes involved in vesicle trafficking
(B-adaptin), lignification (C4H), Universal stress protein (USP) and others (Fell et al.,
2023).

Thordal-Christensen et al. (1997) showed that reactive oxygen species (ROS), namely
hydrogen peroxide (H202) were produced as early as 6 hpi with barley powdery mildew
and Chi et al. (2019) reported that USPs are involved in biotic stress tolerance.
Furthermore, an enhanced ROS concentration was observed as a first line of defence
against pathogens, and they can then activate further defence signalling genes
including PR1 and C4H (Sahu et al., 2022). From the results obtained (Figure 4.37a),
USP and B-adaptin were induced at 1 dpi in all resistant B. napus cvs/lines and
susceptible cv. Laser. From the trypan blue staining and SEM assessment, P.
brassicae conidia started to germinate at 1 dpi. This indicates that an early activation
of USP in B. napus cvs/lines (Cubs Root, POSH, SWU Chinese 1 and Laser) at 1 dpi
which may result in ROS production leading to downstream induction of PR1 and C4H.

In addition, Feraru et al. (2010) showed that B-adaptin codes for adaptor proteins
subunits AP1 and AP2. While AP1 is involved in bidirectional trafficking of proteins
between trans-Golgi network and endosomal compartments, AP2 has a role in the
trafficking of proteins from plasma membranes and endocytosis. They are both part of

the clathrin and recognise cargos of the vesicles including those from the pathogens.
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The endocytotic trafficking pathway can be modulated either by the host to activate
defence response or by the pathogen to promote pathogenesis by delivering effector
proteins (Gu et al., 2017). This confirms the possibility of manipulating the endocytotic
pathway by up-regulating B-adaptin in resistant B. napus cvs/lines at 1 dpi to trigger
QDR.

PR1 was expressed greatly at 2 dpi (Figure 4.37a) in cvs/lines Laser, Cubs Root and
POSH, suggesting the likelihood of its induction via ROS. Furthermore, expression of
40S ribosomal protein S24 and C4H was up-regulated at later time points in POSH (2,
4, 8 dpi). Resistant cvs/lines Cubs Root and SWU Chinese 1 have showed a greater
induction of C4H at 4 dpi.

Therefore, the results indicate that USP and (B-adaptin operate at 1 dpi to limit
germination of the P. brassicae spores, while PR1 and C4H potentially reduce P.
brassicae penetration and branching, respectively (Figure 4.37a). Figure 4.37b shows
a schematic representation of GEMs working at various stages of P. brassicae
interaction with B. napus. This correlates with the findings from glasshouse
experiments which showed decreases in LLS disease score, spore humber and
concentration of P. brassicae DNA in resistant B. napus cvs/lines by contrast with
susceptible cvs/lines. The data also revealed that the potential resistance against P.
brassicae mediated by PLC4 and 40s ribosomal subunit s24e were genotype-specific
and POSH could be an ideal line to study them further. USP, B-adaptin, PR1 and C4H
were broader spectrum and showed a clear significant difference in expression
between susceptible and resistant B. napus cvs/lines. Furthermore, these results
indicate the promise of identifying GEMs by Rachel Wells from John Innes Centre,
Norwich.

4.4.3 Qualitative and quantitative assessments of P. brassicae

AHDB Recommended List rating of LLS resistance is currently calculated using visual
assessments. However, this method may be not reliable as P. brassicae has a long
asymptomatic phase. Leaves need to be incubated for 7-10 days in polyethylene bags
to promote sporulation (Karolewski et al., 2006). This could be a reason why the
commercial cv. Ambassador was rated resistant in terms of LLS resistance according

to AHDB Recommended List but scored susceptible using visual assessments or
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spore counts. This study compared the visual assessment with P. brassicae spore
count and DNA quantification using gPCR to assess P. brassicae pathogenicity in B.

napus.

Figure 4.11 showed positive correlations (R? 0.9) between LLS disease score and P.
brassicae spore number at 21 dpi and after a further 5 days of incubation. Furthermore,
a positive correlation (R? 0.8) was observed between LLS score and amount P.
brassicae DNA (Figure 4.12). Additionally, P. brassicae DNA and spore concentration
showed a positive correlation with R20.86 (Figure 4.13). Therefore, all these methods
are acceptable as long as an extra incubation step at 4°C is added to increase humidity
and P. brassicae sporulation. Furthermore, both qualitative and quantitative methods
were used effectively without significant difference in  characterising
resistant/susceptible resistance characteristics in B. napus (Boys et al.,, 2012,
Karandeni Dewage et al., 2022). However, it is more reliable to use the quantitative
methods as this study showed that Moana was susceptible using visual assessment

but intermediate using P. brassicae spore counts or DNA content.

4.4.4 Visualisation of P. brassicae — B. napus interactions

Trypan blue staining and SEM images indicated that P. brassicae was able to
penetrate and colonise both susceptible and resistant B. napus cvs/lines. However,
the total length of hyphae quantified using ImageJ software showed that the
colonisation was significantly greater in susceptible cv. Cabriolet at 8 dpi. Furthermore,
there was no significant change observed between 4 dpi and 8 dpi in resistant cv.
Cubs Root, whereas an increase was observed in the susceptible cv. Cabriolet. These
findings are in agreement with previous studies (Boys et al., 2012; Karandeni Dewage
et al., 2022). Boys et al. (2012) showed that there was an increase in P. brassicae
DNA in susceptible cv. Apex relative to resistant line Imola. In addition, extensive
asexual sporulation and a 300-fold increase in P. brassicae DNA in susceptible cv.
Apex was observed in contrast to resistant cv. Imola between 13 to 36 dpi. Likewise,
the colonisation and sporulation of P. brassicae were reduced without eliminating the
pathogen in a partially resistant line from a segregating DH population (Karandeni
Dewage et al., 2022). Boys et al. (2007) reported that the cvs Apex and Bristol were
categorised as resistant against P. brassicae in the 1990s, after extensive commercial

deployment resulted in the resistance breakdown in the early 2000s. The resistance
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breakdown is mainly due to pathogen population (usually mutation/deletion of the

pathogen effector gene that is recognised by a host resistance gene).

The present study increased knowledge of the B. napus-P. brassicae pathosystem
because previous studies (Boys et al., 2012, Karandeni Dewage et al., 2022) did not
consider initial stages of P. brassicae infection. This study established the sequence
of germination, penetration, branching and colonisation by P. brassicae of B. napus.
The significant difference in hyphal length between resistant and susceptible cvs
indicates that QDR operates at 4 and 8 dpi to limit colonisation. As this study was
based on single resistant and susceptible cvs, other cvs/lines should be observed to

make more general conclusions.

4.4.5 GSL imparts resistance against P. brassicae in B. napus

GSL are an important source of phytoanticipins in B. napus and A. thaliana. Indolic
and aliphatic GSL mutants were more susceptible to S. sclerotiorum in A. thaliana
(Stotz et al.,, 2011b). Furthermore, enhanced aliphatic and indolic glucosinolate
concentrations were associated with seedling resistance of cabbage against L.
maculans (Robin et al., 2020). This PhD thesis showed a correlation between GSL
concentration and resistance against P. brassicae. Five out of sixteen aliphatic GSL,
two out of three indolic GSL and one aromatic GSL quantified showed a significant
difference between resistant and susceptible B. napus cvs/lines. In addition, negative
correlations were observed between aliphatic, aromatic and total GSL quantities and
LLS disease score (Figure 4.31). Aromatic 2pe showed the greatest correlation, with

R2 0.84, and no correlation with LLS score was observed for indolic GSL.

Even though cv. Moana was categorised as susceptible based on LLS disease score,
a greater GSL concentration was observed than in the other cvs/lines and resistant
line SWU Chinese 1 showed a smaller GSL content than resistant cvs/lines (Cubs
Root, POSH and Dwarf Essex). As expected, younger leaves showed a higher GSL
content than older leaves (Figure 4.30) (Brown et al., 2003).

Abuyusuf et al., (2018) showed increased induction of aliphatic glucoiberverin (GIV)
and indolic glucobrassicin (GBS) in white mould resistant cabbage lines. Furthermore,
at 3 dpi aliphatic GSL biosynthetic genes (ST5b-Bol026202 and ST5c-Bol030757) and
indole biosynthetic genes (ST5a-Bol026200 and ST5a-Bol039395) were induced after
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infection with Sclerotinia sclerotiorum in resistant B. oleracea. For this PhD thesis,
GSL contents were quantified in uninoculated B. napus leaves and it will be beneficial
to study if there are significant changes when leaves are challenged with P. brassicae

to better understand the role of GSL in B. napus-P. brassicae interactions.

4.4.6 Is Actin a good reference gene in B. napus?

Since Sun et al. (2010) determined that housekeeping genes Actin and GAPDH can
be used as internal reference genes for Clonorchis sinensis gPCR analysis,
researchers have been widely using these genes. Many studies validated the
efficiency of Actin as a reference gene and showed stable expression across various
treatments (Chandna et al., 2012; Ma et al., 2020; Wang et al., 2017). However, these
studies predominantly involved individual cvs/lines such as Brassica juncea cultivar
Varuna (Chandna et al., 2012), Brassica rapa winter rapeseed Longyou (Ma et al.,
2020) and Camellia sinensis cultivar Longjing-changyecha (Wang et al., 2017).

For this PhD thesis, even though the expression of Actin across different cvs/lines
(genotypes) looked similar by plotting Ct values (Figure 4.38), a significant difference
was observed between genotypes (P = 2e-1%) using ANOVA. Similar differential
expression in different genotypes was observed by Stotz et al. (2022). From these
studies, it is evident that Actin is not an effective reference gene for studies across
various genotypes. However, it is a good candidate to assess relative expression
within a genotype and across time points.

The gPCR results can be interpreted as absolute quantification by applying a standard
curve or as relative quantification using a reference gene. The reference gene must
be steadily expressed across all cvs/lines and across all treatments. It is advisable to
use at least three reference genes with steady expression to calculate normalised
relative expression (Vandesompele et al., 2002). GAPDH was included as a second

reference gene to calculate NRQ, but the primer did not work.

To circumvent the differential expression of Actin, total expression of GEMs was
calculated (AUGEC). Significant differences in AUGEC between resistant/susceptible
phenotypes and between genotypes were assessed while considering Actin as a co-
variate using an ANCOVA model. This study reports this issue for the first time and
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Figure 4.38: Bar plot showing Actin Ct values for B. napus cvs/lines (Cabriolet, Cubs Root,
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Actin expression remained the same across time points within each cultivar but there was
a significant difference in expression between cvs/lines (P = 2e-1°).
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the AUGEC calculation method can be benefit many researchers who face similar
problems. Alternatively, other stable reference genes such as GAPDH can be used.

When each GEM is assessed within a genotype or across genotypes, measurements
of the gene expression can take place at a single critical time point or at multiple time
points after the host is challenged by a pathogenic isolate. For a candidate gene which
was known to have a qualitative response (i.e., the gene had a switched on/off effect),
measurement of the gene expression at a recognised critical time point can be valid
and used for comparison above a triggering threshold expression value. However, for
a candidate gene which showed a quantitative response (i.e., the gene had a
dimmable effect), the gene expression can be measured at multiple time points within
a defined growing window after infecting the host with a pathogenic isolate. The effect
of this quantitative candidate gene expression at different time points can be integrated
as the area under the gene expression curve (AUGEC) like the concept of the area
under disease progress curve (AUDPC) used to assess development of a plant
disease. The AUGEC was used to combine the multiple measurements of gene
expression into a single value which acts as the total gene expression. So, the effect
of gene expression at any specific time point was added into the total gene expression
for the gene concerned. The larger the AUGEC, the stronger this gene should have
expressed. The AUGEC values were used for analysis of variance to assess
differences between resistant/susceptible phenotypes, and between genotypes with
Actin as a co-variate. In the use of AUGEC, the effects of the candidate genes were
implicitly assumed to be quantitative. It was felt that the expression of any candidate
resistance genes should be measured at multiple time points after a pathogenic
challenge to the host within a well-defined timeframe before it was known whether they
have qualitative effects or quantitatively accumulative effect. Measurements of gene
expression at different time points can reveal the temporal characteristics and/or
patterns in gene expression. Then AUGEC can be calculated and compared between
genotypes. The present results showed that the susceptible genotypes were more
reactive by having more gene expression than the resistant genotypes. Overall, the
lessons learned in this study were that research priorities should be focussed on
finding (1) the critical stage to sample and measure the gene expression; (2) the gene

expression threshold at which host response is triggered; and (3) the gene expression
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duration during which the effect of gene response is accumulated and contributes to
the targeted phenotype.

4.4.7 TagMan Multiplex gPCR limitations

Multiplex gPCR assays are simple to use as they come in a single tube consisting of
pairs of unlabelled primers and TagMan probes with a dye label on the 5’-end and
non-fluorescent quencher on the 3’-end. They are very sensitive and accurate to
detect targets at small concentrations and minor-fold changes. Thermo Fisher
Scientific recommend using these assays without either standard curve analysis or the
gel electrophoretic analysis. In addition, up to four genes can be assessed at the
same time and it is effective when evaluating multiple genes. However, due to
proprietary issues, Thermofisher neither supply the primer or probe sequence details.
They are pre-validated in the Thermofisher bioinformatics lab but not in a wet lab.
Thus, it is not possible to trouble shoot (BLAST) using the primer sequences and
custom assays are not cost-effective considering traditional primers. A traditional
primer pair cost is less than £20 while the custom-made assay costs c. £300.
Appendix 8 shows the amplicon context sequence details for each of the genes which
were used for Tagman custom assays. Bustin et al. (2011) reported that if the primer
or probe sequences cannot be disclosed, because they are commercially sensitive,
then amplicon context sequence and an assay identification name must be provided
by the vendor and assay validation must be supplied in order to publish the data.
However, they recommended disclosure of the primer and probe sequences.
Therefore, considering the cost, trouble shooting and ease of publication, it is ideal to

opt for conventional SYBR green primers rather than multiplex gPCR assays.

4.4.8 Future work
4.4. 8.1 BnaA05g34100D (SNF1 kinase homolog 10) gPCR

Tagman primer did not work for BnaA05g34100D (SNF1 kinase homolog 10/KIN10).
However, many studies indicate its involvement in resistance against various plant
pathogens. Over-expression of SnRK1 in barley plants resulted in increased
resistance against Blumeria graminis (Han et al., 2020). SnRK1 provides wheat with

resistance against Fusarium graminearum (Jiang et al., 2020). In rice, SnRK1 over-
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expression resulted in broad spectrum resistance against Xanthomonas oryzae (Filipe
et al., 2018). Furthermore, SnRK1 induced effective resistance against
Plasmodiophora brassicae in A. thaliana (Chen et al., 2021). Therefore, it will be

beneficial to assess the expression of KIN10 in future.

4.4.8.2 Kompetitive Allele Specific PCR (KASP) marker analysis to confirm the
involvement of quantitative genes in resistance against P. brassicae in B. napus

Targeting Induced Local Lesions in Genomes (TILLING) mutants in B. rapa were
generated by altering single nucleotides of the gene of interest to test the involvement
of the genes in QDR assessed using gPCR. Appendix 9 shows the genes tested in B.
napus using Tagman multiplex gPCR (BnaC04g14330D, BnaC07g38240D,
BnaA05g34100D) and their corresponding homologs in B. rapa along with the
TILLING mutant names. TILLING mutants for C4H (ji30317a, ji30819a), B-adaptin
(ji30010b, ji320204a) and KIN10 SNF1 (ji31647b) were ordered from the John Innes
Centre, as were KASP marker primers ordered from LGC genomics UK. Appendix 10
shows the SNP details submitted to LGC for KASP primer synthesis. However, due to
time limitations the experiment was not completed. It will be beneficial to assess the
disease scores, spore numbers and to quantify P. brassicae DNA to determine the

involvement of these genes in quantitative disease responses.

PhD student Laura Gimenez Molina has shown that the disease score and spore
number were significantly reduced in TILLING mutants of BnaA04g20860D (HXXXD-
type acyltransferase) in comparison to WT B. napus. This agrees with the suggestions
from this study that acyl transferase may be involved in susceptibility to P. brassicae

in B. napus.

4.4.8.3 Lignin staining

In this study, both the susceptible and resistant host plants did not show any lignin
accumulation using Wiesner’s reaction/phloroglucinol-HCl at 1, 2, 4 and 8 dpi. Only
vascular bundles were stained at all time points and Appendix 11 shows staining at 8
dpi as an example. It will be therefore useful to repeat the experiment using Safranin
O-fast green staining and a leaf embedding method where 5 pum thickness leaf

sections are embedded in paraffin (Jia et al., 2015).
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4.5 Conclusion

In the UK, oilseed rape is the third most important arable crop and efficient LLS control
will increase yield, which contributes to food security. Even though there has been
immense progress in genetic linkage and physical mapping, information about the
genes underlying quantitative resistance loci remains limited. This study helped to
better understand the genetic basis of QDR loci in B. napus operating against P.

brassicae.

Cultivar Laser was categorised as susceptible using qualitative and quantitative
assessments after inoculation with P. brassicae. However, gPCR analysis of GEMs
showed induction of GEM expression in Laser. Therefore, it can be concluded that
Laser can be used as a potential resource to breed for resistance against P. brassicae.
In addition, susceptible cv. Moana showed a substantial GSL content and therefore it
can be a potential candidate to exploit GSL content mediated resistance against P.
brassicae. However, the line that showed significant induction of GEM as well as GSL

content was POSH and it is much better for breeding programmes.

LLS disease scoring results from this and the previous studies (Fell et al., 2023) under
different glasshouse conditions, locations and in different years show that the
resistance response of specific cvs/lines were similar or did not show significant
variation. Furthermore, populations of P. brassicae similar to natural inoculum were
used. Therefore, specific resistant lines can be used to breed an effective line resistant
against P. brassicae. However, extensive cultivation of a specific cultivar can result in
resistance breakdown due to P. brassicae pathogenicity gene/s mutations as we have
seen with cv. Apex (Boys et al., 2007).

This study will enable breeders to utilize the new information about genes associated
with quantitative resistance and to produce genetically improved lines. Furthermore, it
will help others to better understand other closely related apoplastic fungal
pathosystems such as barley/Rhynchosporium commune and apple/Venturia

inaequalis.
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Chapter 5: Role of the cuticle in resistance against P.
brassicae

5.1 Introduction

It is a great challenge for breeders to enhance the diversity of the B. napus gene pool
available to face the challenges associated with climatic change while maintaining
yield and broader resistance to pathogens. One of the main factors contributing to
genetic bottlenecks in B. napus is the continuous selection of various traits such as
low seed erucic acid and low glucosinolate contents (Snowdon et al.,, 2012).
Furthermore, the domestication of B. napus as an oilseed crop was done 400-500
years ago and therefore, the germplasm is narrower than that of B. rapa and B.
oleracea (Mei et al., 2011). However, it is possible to introgress resistance to P.
brassicae from related species such as B. rapa into B. napus and increase the diversity
of germplasm available for breeding.

The host cuticle plays a central role as a barrier against water loss as well as against
pathogens in almost all crops. Therefore, identifying new allelic variants of already
known or novel genes involved in cuticle-associated traits, such as resistance against
P. brassicae, in available genetic resources will be beneficial for crop improvement.
This is achievable with many methods such as phenotyping (visually or by scanning
electron microscopy etc.), analysing the cuticular wax and cutin using gas
chromatography mass spectrometry (GC-MS) and staining techniques such as
toluidine blue (Tanaka et al., 2004; Petit et al., 2017).

The cutinase enzyme secreted by fungal pathogen species has an important role in
overcoming the cuticle barrier by hydrolysing the ester linkages between cutin
monomers. Cutinases are involved in aiding spore adhesion to the cuticle, germination
on the cuticle, spore germ tube elongation, formation of penetrating structures,
penetration of cuticle and colonisation inside the tissue (Arya et al., 2022). Therefore,
cutinase expression was assessed in this study to better understand the role of the

cuticle in resistance against P. brassicae in B. napus and B. rapa.

120



5.1.1 Structure and function of the cuticle

The cuticle is an extracellular hydrophobic barrier which covers the epidermal cell layer
to protect the plant against water loss and against pathogens. Plant cuticle
microscopic structure has two main layers based on histochemical staining and
chemical composition. The cuticular layer is closely linked to the epidermal cell walls.
It consists of intra-cuticular waxes, cutin made up of lipid polymers (fatty acids and
fatty alcohols) and polysaccharides. On top of the cuticular layer lies the cuticle itself,
which is a cutin-rich domain partly covered and interspersed with waxes. These waxes
are either accumulated on the cutin surface as epicuticular wax crystals or films, or
deposited within the cutin matrix as intracuticular wax ( Yeats & Rose, 2013; Serrano
et al., 2014).

5.1.2 Role of the cuticle in fungal pathogenesis

During pathogenesis, cutin monomers and chemical components of cuticular wax
facilitate spore germination and initial fungal growth (Ahmed et al., 2003). Woloshuk
and Kolattukudy (1986) showed that addition of cutin to a spore suspension induced
cutinase production by Fusarium solani spores. They proposed that cuticle penetrating
fungi sense cutin monomers on plant surfaces and produce cutinase. Initially, small
amounts of cutin monomers are released from the host cuticle by fungi and detecting

this then induces greater concentrations of cutinase needed for penetration.

Podila et al. (1993) showed that the avocado fruit surface wax triggered Colletotrichum
gloeosporioides spore germination and appressorium formation. Chromatography
revealed that the fatty alcohol fraction with C24 and longer-chain alcohol was the
appressorium-inducing factor. Analysis of avocado wax by gas-liquid chromatography
or mass spectrometry assay showed large amounts of very long aliphatic compounds.
A typical component of surface wax, very long chain aldehydes, induces spore
germination in the barley powdery mildew fungus Blumeria graminis (Hansjakob et al.,
2012).

5.1.3 Cuticle components, structural variations and plant resistance

Many studies indicate that cutin monomers not only facilitate disease progression but

also induce resistance in plants. A reduced systemic acquired resistance was
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observed in A. thaliana mutants acp4 (acyl carrier protein) and gl1 (GLABRAL) with
cuticular lipid defects (Bernard et al., 2013). Addition of active cutin monomers into
potato cell suspension culture activates production of the hormone ethylene and
expression of defence related genes (Schweizer et al., 1996a). Spray application of
two cutin monomers from the C18 family protected a highly susceptible barley cultivar
against Blumeria graminis and was also effective in rice against Magnaporthe grisea
(Schweizer et al., 1994, 1996b).

Li et al. (2007) showed that the A. thaliana double mutant (gpat4/gpat8) of two acyl
transferases involved in cutin biosynthesis resulted in significant reduction in cutin and
was less resistant against Alternaria brassicicola. Furthermore, an enhanced
permeability was observed in these mutants, confirming that cutin is important as a
water barrier. However, the over-expressor of A. thaliana (CYP86A1) had an 80%
increase in cutin monomers and impaired water permeability but showed normal

resistance against Alternaria brassicicola.

Numerous publications report that Arabidopsis thaliana mutants with increased
cuticular permeability had improved resistance signalling and responses. Table 5.1
summarises various studies done on A. thaliana mutants with increased cuticular
permeability due to impaired cutin or cuticular wax biosynthesis that showed an
enhanced resistance against Botrytis cinerea. Nyadanu et al., (2012) showed an
increased resistance against Phytophthora palmivora and Phytophthora megakarya in
cocoa leaves and pods with wax by contrast with those leaves where wax was
removed by washing with chloroform for 30 sec. In addition, cutin mutants of A.
thaliana (attl and lacs2) were more susceptible to Pseudomonas syringae while many
mutants including lacs2 showed enhanced resistance against B. cinerea (Bernard et
al., 2013).

A greater resistance against P. syringae was observed in A. thaliana mutant cerl with
a smaller alkane content. On the other hand, over-expression of CER1 in A. thaliana
with higher cuticular alkane content delayed the defence response against P. syringae
and increased susceptibility to Sclerotinia sclerotiorum (Bernard et al., 2013). The
CER1 gene promotes biosynthesis of very long chain alkane cuticular wax and thus it

indicates that a larger amount of wax increases the hydrophobicity and reduces cuticle
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Table 5.1: Summary of studies illustrating that impaired cutin or cuticular wax results
in greater cuticle permeability and enhanced resistance against Botrytis cinerea in A.

thaliana.
Mutation Function of Result of mutation Reference
gene
lacs2 (Long- | Synthesis of Thinner cuticle
chain acyl- cutin or Increased cuticular Schnurr et al.,
CoA cuticular permeability 2004
synthetase) | waxes Reduced dicarboxylic acid

monomers in the cutin
polyester

Amplified resistance against
B. cinerea

brel (Botrytis- | Synthesis of Thinner cuticle Bessire et al.,
resistant 1) cutin or Increased cuticular 2007

cuticular permeability

waxes Amplified resistance against

. Cinerea

myb96 (MYB | Transcriptional Increased cuticle permeability | Seo etal.,
transcription | activator of Reduced ABA dependent 2011
factor) genes coding cuticular wax production

very long
chain fatty
acid
condensing
enzymes
involved in
cuticular wax
biosynthesis

Resistance to Botrytis cinerea
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permeability, thus aiding disease progression. This also indicates that the individual
compound alkane can affect the resistance against pathogens. In addition, less cuticle
permeability might reduce perception of fungal effectors by the host and therefore

delay defence responses (Bourdenx et al., 2011).

A modification of A. thaliana and B. oleracea wax composition was observed as an
indirect defence response when a large cabbage white butterfly Pieris brassicae
deposited its egg, which led to the arrest of the parasitoid Trichogramma brassicae
(Blennetal., 2012). Thus, published data indicated that both higher and lower cuticular
wax and cutin or variation in their composition are involved in resistance against
various pathogens in different plant species. Therefore, it will be beneficial to enhance
our current knowledge about variation in cuticular wax, cutin content and composition
in B. napus and B. rapa and their potential correlation with P. brassicae pathogenicity
to guide breeding for resistant lines. Availability of wax mutants in B. rapa makes it a
better candidate to study the role of wax in resistance against P. brassicae as precise

mutation in allotetraploid B. napus is difficult.

5.1.4 Resistance against P. brassicae in B. rapa

Allotetraploid oilseed rape (B. napus) is a hybrid between B. rapa and B. oleracea with
A and C genomes, one from each parent, respectively. A simple sequence repeat
marker that assisted introgression from B. rapa was used to broaden the diversity of
germplasm in B. napus (Mei et al., 2011). Four QTLs involved in resistance against P.
brassicae were identified in DH lines derived from a secondary gene pool (B. oleracea
X B. rapa) crossed with B. napus cv. Tapidor (Karandeni Dewage et al., 2022).
Moreover, an associative transcriptomics platform was applied to identify eight gene
expression markers (GEMs) and additional genome wide association marker loci in B.
rapa and B. oleracea associated with resistance against P. brassicae (Fell et al.,
2023). Orthologous genes of those GEMs identified showed a differential expression
pattern in susceptible and resistant B. napus lines/cvs when challenged with P.

brassicae (Chapter 4).

5.1.5 Chemical composition of cuticular wax and cutin

It is possible to quantify and define the chemical composition of cuticular wax and cutin
accurately, which can help to better understand the differential interaction between
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host-plant and pathogens because of varying wax and cutin contents. Variations in the
total quantity and composition in different species (B. napus and B. rapa) and different
genotypes within the species can have a potential role in mediating resistance to
pathogens. Surface wax extracted with organic solvents is composed of very long
chain fatty acids (VLCFAs) and their derivates, namely alkanes, fatty alcohols, fatty
aldehydes, ketones and wax esters (Jin et al., 2020).

Cuticular waxes are mainly generated by the alcohol forming pathway, which produces
primary alcohols, branched alcohols and esters, and the alkane forming pathway,
which produces alkanes, aldehydes, secondary alcohols and ketones (Bernard et al.,
2013). Synthesis of wax components starts in the plasmid with Ci6-Cis fatty acid
formation. Further elongation happens at the endoplasmic reticulum and transport to
the plasma membrane by an unknown mechanism. ABC transporters mediate the
transfer of these components into the extracellular space across the plasma
membrane and the trafficking into the cuticle is suggested to be via lipid transfer like
proteins such as CER (Eceriferum), LACS1 etc. (Bernard et al., 2013). Figure 5.1
shows a schematic representation of synthesis of wax components through alcohol
and alkane forming pathways and their export into the cuticle.

Cutin is an insoluble polyester mainly composed of Cis and Cais aliphatic monomers
derived from fatty acids and found in the surface of the outer cell wall of epidermal
cells (Bonaventure et al., 2004). The most abundant C16 monomers are  16-
hydroxyhexadecanoate (omega-hydroxy fatty acid) and 1,16-hexadecanedioic acid
(alpha,omega-dicarboxylic fatty acid). The common C18 monomers are 18:1 and 18:2
alpha,omega-dicarboxylic fatty acids (Li-Beisson et al., 2013).

5.1.6 Aims and objectives

From the published data, it is evident that the cuticle components, such as cuticular
wax/cutin monomers, their quantity and composition affect the resistance against
pathogens. Therefore, the main aim of this study was to understand if these factors
affect the resistance against P. brassicae in B. napus and B. rapa. B. rapa wax mutants
were used to assess the involvement of wax load as well the structural variation in

resistance against P. brasssicae. Glossy mutants used in this study have a reduction
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in wax load (up to 80%) and the non-glaucous mutants have a structural variation with
the same wax load as that of WT R-0-18.

Hypothesis

o Variation in cutin/wax content and composition contribute to the resistance

against P. brassicae in B. napus and B. rapa.
Aim:

o To analyse effects of variation in cuticular wax/cutin and their chemical
composition on the compatibility or incompatibility with P. brassicae using B.
rapa wax mutants and B. napus (resistant and susceptible) lines/cvs.

Objectives:

o To assess P. brassicae disease progression using LLS disease scoring, P.
brassicae spore numbers and DNA quantification with B. rapa wax mutants to
better understand any correlation with cuticular wax and cutin or their
components.

o To compare the LLS disease score and P. brassicae spore numbers in B. rapa
wax mutants with B. napus (resistant and susceptible) cvs/lines.

o To quantify the cutinase expression of P. brassicae in B. rapa wax mutants and
B. napus (resistant and susceptible) cvs/lines using qPCR.

o To quantify cuticular wax and cutin components of B. rapa wax mutants and B.
napus (resistant and susceptible) cvs/lines before and after infection by P.

brassicae.

5.2 Materials and methods

B. rapa wax glossy mutants (GL1: 795) and GL2: 1864) and non-glaucous mutants
(NG1: 1914 and NG2: 2051) as well as R-0-18 seeds were supplied by Dr Frederic
Beaudoin, Rothamsted Research, Harpenden, UK. GL1 and GL2 mutants have a
severely reduced wax load (up to 80%) whereas NG1 and NG2 mutants have a
change in wax structure (smooth epicuticular wax instead of crystals) but nearly

normal or WT-like wax load.
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Figure 5.1: Schematic representation of alcohol and alkane forming pathways. C16 and C18 fatty acids are elongated into

very long chain fatty acids (VLCFAS). The alcohol-forming pathway and the alkane-forming pathway modify VLCFASs into wax
components and are mobilized from endoplasmic reticulum through the plasma membrane to the outside of the cell wall by

ABC transporters and lipid transfer proteins (LTPs). Adapted from Ma et al. (2015).
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5.2.1 Assessing the function of wax in resistance against P. brassicae by
using B.rapa wax mutants

B. rapa wax mutants were used to study if there was any association between
resistance against P. brassicae and the wax by using quantitative category
measurement (LLS disease scoring) and quantitative continuous scoring (P. brassicae
spore numbers and DNA quantification) methods. Glossy mutants with less wax (GL1,
GL2) and non-glaucous mutants with structural variation (NG1, NG2) and the wild type
(WT) R-0-18 (control) were grown under glasshouse conditions (experiments 8, 9) as
explained in section 2.2 for spray inoculation with P. brassicae spore suspension
(section 2.4). Lines were arranged in a randomised replicated a-design (Appendix 12)
and Appendix 13 shows the environmental conditions during glasshouse experiments.
Five biological replicates were used for disease scoring and three replicates each were
collected for spore counting and P. brassicae DNA quantification, respectively. The
whole experiment was repeated twice. A disease scoring scale of 1-6 was used and
assessed with the assistance of a light microscope (Fell et al., 2023) and the spore

counting was done in the same way as in section 2.5.

DNA was extracted from spray inoculated leaf samples (section 2.9) and P. brassicae
DNA was quantified (section 2.10). For a negative control, sterile distilled water was
used and the positive control was 1ng of P. brassicae DNA as template. Two repeats
of gPCR were done with non-template control, positive control, five calibration

standards and plant DNA.

5.2.2 Comparison of wax-mediated resistance against P. brassicae in B.
rapa and B. napus

The four most susceptible and four most resistant cvs/lines of B. napus identified from
glasshouse experiments 1-5 (chapter 4) (susceptible cvs: Cabriolet, Sansibar, Moana,
Laser and resistant lines/cvs: Cubs Root, Dwarf Essex, POSH, SWU Chinese 1) were
grown along with B. rapa wax mutants (section 5.2.1) under glasshouse conditions
(experiments 8, 9). Disease scores and spore counts were compared to assess the

resistance characteristics of B. napus and B. rapa against P. brassicae.
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5.2.3 Cutinase expression in B. rapa and B. napus

To investigate the expression patterns of the cutinase gene during disease
progression, B. rapa (wax mutants and WT R-0-18) and B. napus cvs/lines
(susceptible cvs: Cabriolet, Sansibar, Moana, Laser and resistant cvs/lines: Cubs
Root, Dwarf Essex POSH, SWU Chinese 1) were grown under controlled environment
conditions (16 °C for 12 h in daylight and 14 °C for 12 h) and spot inoculated with P.
brassicae (section 2.6) (CE experiment 11). RNA extracted and cDNA synthesised
(section 2.12) from spot inoculated leaf discs were collected at 1dpi, 2dpi, 4dpi and
8dpi. Silwet treated leaf discs were used as a negative control. Three biological
replicates and two technical replicates were included in this experiment. The RT-gPCR
was done using ABI 7700 real time PCR System with the following cycling parameters:
95 °C for 2 min, followed by 45 cycles of 95 °C for 15 s and 60 °C for 1 min. A melting
curve stage was included, with 95 °C for 15 s, 60 °C for 30 s, 95 °C for 15 s and a final
step of 60 °C for 15 s.

Primer sequences for internal reference (GAPDH) and cutinase (Pbcl) were:

GAPDH

F- CAT CGT CGA GGG TCT CAT GAC 21 bases Tm 63.2
R- CGC CAA TCC TTA GCA GAT GGG 21 bases Tm 63.2
Pbcl

F-CTC TCA CAG GTT TCG GAC AGG 21 bases Tm 63.2

R-TGC CAG GTT CGG ATG TTC CTC 21 bases Tm 63.2

A 20 uL gPCR reaction mixture was prepared by adding 12.5 yL SYBR® Green
jumpstart Tag Ready Mix with MgClz in buffer (Sigma Aldrich), 0.025 uL SYBR® Green
reference, 0.5 yl 10 yM PbclF, 0.5 yL 10 uM PbclR, 5.475 pL sterile nuclease-free
water and 1 pL 20 ng/pL template DNA. Sterile nuclease-free water was added into
no-template controls instead of template DNA. Five standards were used to quantify
the amount of target DNA from the standard curve plotted. Primer efficiencies were
calculated using the LinRegPCR software package. The basal or constitutive

expression level of cutinase was determined by comparing the fold changes with
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respect to a stable reference gene (GAPDH) by using the Pfaffl method (Pfaffl., 2001)
and the equation used was:

(E CT target (control-sample)

target)
Pfaffl fold changes to control =
CT reference (control-sample)

(E

reference)

E = primer efficiency

Area under gene expression curve (AUGEC) was calculated from the induction at
different time points to study the total cutinase expressed during infection progression
between genotypes. In addition, cutinase expression at different time points was

assessed.

5.2.4 Quantification of cuticular wax and biochemical composition
characterisation

5.2.4.1 Wax extraction

B. rapa (wax mutants and WT R-0-18) and B. napus cvs/lines (susceptible cvs:
Cabriolet, Sansibar, Moana, Laser and resistant cvs/lines: Cubs Root, Dwarf Essex
POSH, SWU Chinese 1) were grown under glasshouse conditions (glasshouse
experiment 8) until growth stages 1,4 and 1,5 and spray inoculated with 10° spores/mL
P. brassicae conidial suspension. Accessions were arranged in a randomised
replicated a-design with three biological replicates (Appendix 12) and Appendix 13
shows the environmental conditions for the experiment. Untreated, water treated and
mock (with water and silwet) inoculated accessions were used as controls. Leaf discs
of 5 cm? area were cut out using a razor blade at 28 dpi and rolled into Pyrex tubes
gently with the adaxial side inside without disturbing the wax crystals. 10 mL
chloroform stock solution with internal standards were added into each tube.
Chloroform stock solution was prepared by adding internal standards C20 fatty alcohol
and C24 alkane (360 pL of 20 uM each) into 900mL chloroform. After adding the stock
solution, the tube was rocked gently back and forth for 60 s to cover the leaf in solvent.
The chloroform wash with dissolved wax was transferred into fresh tubes and

evaporated under nitrogen at 50°C. The leaf samples were left at -20°C for cutin
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extraction. External standards were prepared by adding 10mL of stock solution with
internal standards and dried under a stream of nitrogen.

5.2.4.2 Derivatisation of wax

Dried wax residue was dissolved in 200 yl BSTFA/TMCS (99% trimethylsilyl 2,2,2-
trifluoro-N- (trimethylsilyl)acetimidate and 1% chlorotrimethylsilane) and heated for 1
h 30 min at 85° C in a heated block for gas chromatography-mass spectrometry (GC-
MS) analysis. 400 uL of heptane was added before transferring into GC-MS vials.

5.2.4.3 Identification and quantification of wax compounds

Wax samples were heated at 50° C for 5 min and diluted 1:5 (20 yL sample + 80 uL
heptane). One pL diluted wax sample was injected into the GC-MS for identification
and GC-FID (gas chromatography flame ionization detector) for quantification. In
addition, C26-C30 aldehydes, C32-C40 esters, C44-C48 esters, C24-C30 fatty acids,
C26-C28 alcohols and n-alkanes of 0.5nmol/ uL each were used as external standards

to identify the corresponding maxima.

Agilent 6890N GC system with Hewlett Packard HP1-MS Ul capillary column (30 m,
0.25 mm, 0.25 um) and the carrier gas helium at 1.5 mL/min flow rate were used for
both identification and quantification. The inlet and transfer line temperatures were set
to 325°C with pressure 17.61 psi and the oven temperature cycle was: 70°C for 1 min,
50°C per 1 min ramp until 325°C, and 325°C hold for 25min.

5.2.4.3 Normalisation of data

The largest maximum area obtained for internal standard (C24 alkane) was
considered to have 100% extraction/recovery efficiency and therefore its area was
divided by that of each standard area to obtain a correction factor. In each sample, the
maximum area for each compound obtained from GC-FID was corrected/normalised
by multiplying by the internal standard-based correction factor. Because molecular
standards are not available for all wax compounds detected, precise response factors
cannot be calculated. So, the numbers of carbons were considered to correct the
biased GC-FID data. Correction factors were calculated by dividing carbon number of
internal standard with carbon number of each compound. For example, to the

response of C27 alkane using internal standard C24 alkane, the correction factor was
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24/27. Furthermore, the quantity of each compound was expressed in ng/ uL injected
by multiplying each corrected value by a response factor of 0.0707. Calculation to

obtain response factor was as follows:

Each sample contained 1 nmole of C24 internal standard per uL
Molecular weight of internal standard C24 alkane= 338.66 g/mol
For 1nmol: 1e-9 x 338.99 =0.000000338.99 g = 338.99 ng/mol
Each sample was diluted 5 times before injecting and therefore,
338.99/5 = 67.8 ng/mol were injected on the GC column.

958.7 was the largest maximum area for the internal standard
Therefore, response factor was 67.8/958 = 0.0707 ng/unit area

Each compound quantity in ng was calculated by multiplying corrected maximum

areas by this response factor.

5.2.5 Cutin monomer compositions in B. rapa and B. napus leaves

5.2.5.1 Delipidation

Leaf samples stored at -20°C were thawed and excess chloroform removed using a
vacuum tube. Inside a fume hood, 10mL of chloroform: methanol (2:1) was added and
samples were shaken at 30 mot/rpm for 24 h using a IKA HS 260 basic shaking
machine. After 24 h, the solvent wash was removed and the step repeated using 1:1
chloroform: methanol, followed by 1:2 chloroform: methanol wash for 24 h and finally
using 100% methanol. Subsequently, delipidated leaf samples after discarding

methanol wash were freeze-dried for 48 h.

5.2.5.2 Depolymerization of residue

Freeze dried leaves were pushed down using a glass rod, then 2 mL of
depolymerisation/transmethylation solution was added and the mix was heated at 85°¢
for 2 h in a heat block. Depolymerisation solution was prepared in a fume hood by
mixing methanol (66 mL), toluene (28 mL), 2,2-dimethoxypropane (4 mL) and

sulphuric acid (2mL) to make up 100 mL stock solution. Into the mix, internal standards
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of 50mM each of w-hydroxypentadecanoate (oOH-C15:0), 2-hydroxydodecanoate
(C12:0), 8-pentadecanone (C15 ketone) were added. After cooling down to 20°C, 2
mL 1% wi/v sodium chloride in Tris 100 mM pH 8.0 were added to improve phase
separation and clear samples from polar contaminants. Finally, 2 mL dichloromethane
was added to solubilise released and derivatised cutin monomers. Tubes were shaken
and centrifuged for 2 min at 1500 g. The lower organic phase (first extract) was
collected into a new tube. 2mL dichloromethane was added into the sample again.
Samples were vortexed, centrifuged as before and the lower organic phase (second
extract) was collected and pooled with the first extract. The combined organic phases
were dried at 50° C under nitrogen. 100 uL of heptane was added before injecting 3
ML in the GC-MS column. GC-MS specifications and oven cycles were the same as
for wax (section 5.2.4.3), except that the final hold stage at 325°C was for 12 min.
Cutin compound identification was done by GC-MS but quantification was done using

a GC-FID with the same experimental set-up as that for wax (section 5.2.4.2).

5.2.6 Statistical analysis

Bartlett’s test and Shapiro’s-tests were done to check the homogeneity of variance
and normal distribution, respectively. A non-parametrical Wilcoxon signed rank test
was applied to non-homogenously distributed data with heterogenous variances. For
normally distributed data with homogenous variances, ANOVA was used. Significant
variances within or between groups were tested by using Tukey HSD (normally

distributed data) or Wilcoxon mean comparisons (non-normally distributed data).

5.3 Results

An assessment was necessary to determine whether there were differences in disease
severity between wax mutants because of potential differences caused by the cuticular

wax, cutin contents or by their compositions.

5.3.1 Assessing the function of wax in resistance against P. brassicae by
using B.rapa wax mutants.

Significant differences in LLS score (Figure 5.2a), P. brassicae spore count (Figure
5.2b) and P. brassicae DNA content (Figure 5.2c) were observed between B. rapa wild

type control (WT, R-0-18) and wax mutants. Non-glaucous mutants (structurally
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Figure 5.2: Spray inoculated B. rapa wax mutants and WT were grown under glasshouse conditions. 21 dpi leaf samples collected and incubated
for 5 days, then scored for LLS disease (1-6 scale), spore numbers from washed leaves and amount of P. brassicae DNA quantified using gPCR.
(a) LLS disease score in B. rapa wax mutants, (b) P. brassicae spore count after being washed off from B. rapa wax mutant leaves and logio
transformed, (c) Amount P. brassicae DNA in pg/g (logio-transformed) quantified from spray inoculated B. rapa wax mutant leaves. Glossy mutants
(GL1, GL2) with less wax and non-glaucous mutants (NG1, NG2) with different wax structure in comparison to the WT control R-0-18. Red asterix
shows individual significant differences against R-0-18 and black asterixes show differences between mutants using a Wilcoxon test. From two
independent experiments, five biological replicates were included for LLS disease scoring and there were three replicates for both spore
concentration and P. brassicae DNA quantification. Box plot middle line represents the median, whiskers show values outside the middle 50%

and black dots are outliers.
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different surface wax) appeared more susceptible to P. brassicae according to the LLS
score but had less P. brassicae DNA and produced fewer spores, by contrast to the
glossy mutants (less wax), which had larger amounts of DNA and more spores but
showed a resistant phenotype. GL1 showed a significant difference in LLS score from
NG1 and NG2. There was no significant difference in LLS score between two glossy
mutants (GL1, GL2) or between two non-glaucous mutants (NG1, NG2). Both
categorical quantitative (LLS disease score) and continuous quantitative assessments
(spore count and DNA content) showed a significant difference between all mutants
and the WT.

5.3.2 Comparison of wax-mediated resistance against P. brassicae in B.
rapa and B. napus

There was a significant difference in LLS score between the species (P = 1.4 x 104)
(Figure 5.3a). WT R-0-18 showed different scores from susceptible B. napus cvs/lines
and showed similar resistance characteristics to B. napus resistant cvs/lines. NG2 and
resistant B. napus lines (POSH and SWU Chinese 1) appeared not significantly
different according to LLS disease score.

No significant difference in P. brassicae spore count was observed between B. rapa
and B. napus species (Figure 5.3 b) as the glossy wax mutants and the WT B. rapa
showed similar resistance characteristics to B. napus resistant cv. Cubs Root.
However, between genotypes a significant difference was observed. NG1 and NG2
(with smooth wax/ crystalline wax absent) showed the greatest resistance against P.
brassicae with the smallest number of spores and showed a significant difference from

B. napus cvs/lines.

5.3.3 Cutinase expression in B. rapa and B. napus

Analysis of cutinase expression in B. rapa and B. napus was done to better understand
the interaction of P. brassicae with the host cuticle. Li et al. (2003) showed that the
cutinase gene (Pbcl) is involved in pathogenicity of P. brassicae on oilseed rape.
Therefore, analysis of cutinase expression during pathogenesis will help to understand
if there are differences during disease progression in B. rapa lines and B. napus

cvs/lines.
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Figure 5.3: LLS disease score (a) and spore numbers, (b) after washing off of spray inoculated leaves of B. rapa and B. napus
genotypes. Bars with similar letters did not show any significant difference (Wilcoxon, Anova and Tukey HSD). From two independent
experiments, five biological replicates were included for LLS disease score and three replicates for spore number. The box plot
middle line represents the median, whiskers show 50% outside the middle and black dots are outliers.
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A significant difference in cutinase expression was seen between wax mutants and
WT at all time points (Figure 5.4). A significant reduction in cutinase expression was
observed at 8 dpi in NG1, NG2 and GL2 in comparison to the WT. Glossy mutants
showed significantly greater cutinase induction at 4 dpi compared to the WT and non-
glaucous mutants. The resistant B. napus cultivar/line (Cubs Root and POSH) showed
significantly less induction of cutinase than the susceptible cvs Laser and Cabriolet
(Figure 5.5). As well as differences in cutinase expression between time points in
susceptible/resistant phenotypes, some significant differences within each time point
between genotypes were observed. Cultivars Cubs Root and Cabriolet showed a
difference at 2dpi (P = 0.018), 4dpi (P = 0.039) and 8dpi (P = 0.045). Laser showed a
significant difference in cutinase induction from POSH at 1dpi (P 0.025) and from Cubs
Root at 4dpi (P 0.00003).

Both B. rapa and B. napus showed a strong difference in expression between time
points (P = 2 x 1016 each in both species). Wax mutants (GL2, NG1, NG2) showed
less expression at 8dpi in comparison to the control B. rapa (R-0-18) and conversely
B. napus cvs/lines showed an increase in expression from 1dpi until 8dpi (Appendix
14).

Glossy mutants induced significantly greater cutinase in comparison to the WT and
the non-glaucous wax mutants (Figure 5.6). A significant difference in AUGEC was
observed between genotypes in B. napus (P = 4.83 x 10-°). Cutinase was expressed
significantly less in resistant cvs/lines Cubs Root and POSH than in cvs Cabriolet and
Laser (Figure 5.7). Sansibar showed a similar expression pattern to that of resistant
lines and SWU Chinese 1 showed greater induction than susceptible cvs Cabriolet

and Laser.

5.3.4 Quantification of cuticular wax, content and composition

Total cuticular wax and individual components of main wax molecular species (primary
alcohols and wax esters of alcohol forming pathways and alkanes, secondary
alcohols, aldehydes, fatty acids, esters, ketones and diosl of alkane forming pathways)
were guantified to determine their involvement in quantitative resistance against P.
brassicae. Wax mutants of B. rapa and B. napus resistant and susceptible cvs/lines
were analysed to study if there was any significant difference between uninoculated

and inoculated plants as well as differences between genotypes within each species
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Figure 5.4: Cutinase expression in B. rapa wax mutants (at 0dpi (control), 1dpi, 2dpi,
4dpi and 8dpi). A significant difference in expression from that of the control was
observed at all time points. Asterixes indicate the significant variation within each time
point (green= 2dpi, blue= 4dpi, pink= 8dpi) in comparison to WT control (R-0-18) based
on the results from ANOVA and TukeyHSD. Error bars represent standard deviation of
three replicates from two independent experiments. *** P-value < 0.001; ** P-value <
0.01; * P-value < 0.05
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Figure 5.5: Cutinase expression in B. napus cvs/lines (susceptible: Cabriolet, Sansibar,
Laser and resistant: Cubs Root, POSH, SWU Chinesel) at Odpi (control), 1dpi, 2dpi, 4dpi
and 8dpi. A significant difference in expression from that of the control was observed at all
time points. Asterixes indicate the significant difference within each time point between
genotypes (brown= 1dpi, green= 2dpi, blue= 4dpi, pink= 8dpi) based on the results from
ANOVA and TukeyHSD. Error bars represent sd of three replicates from two independent
experiments. *** P-value < 0.001; ** P-value < 0.01; * P-value < 0.05
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Figure 5.7: Cutinase area under gene expression curve (AUGEC) in B. napus
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* P-value < 0.05
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Water or mock (including silwet) treated samples were used as additional negative
controls. However, there were no significant differences in total wax concentration
between three negative controls (uninoculated, water or mock inoculations) in B.
napus (P = 0.894) or B. rapa (P = 0.995). Therefore, further comparative analysis was
done between the uninoculated negative control and inoculated samples. The leaf
epicuticular waxes of both B. rapa and B. napus were rich in alkanes, alcohols, fatty
acids, aldehydes, esters, ketones and diols. The most common and abundant
component was alkanes, and it did account for 55% of total wax in B. napus and 65%

in B. rapa WT R-0-18, respectively.

5.3.4.1 Cuticular wax; content and components in B. rapa mutants

Uninoculated glossy mutants as expected showed significant reduction in wax load
than WT and non-glaucous mutants (Figure 5.8). Non-glaucous mutants expected to
have similar wax load as that of WT. However, NG2 showed an increased wax load
than WT and it may be due to glasshouse conditions. A significant reduction in wax
load was observed in B. rapa wax mutants and WT after inoculation with P. brassicae.
Alkanes, diols and ketones were significantly greater in uninoculated NG2 in
comparison to other lines. 1° alcohols, branched alcohols, aldehydes and wax esters
were significantly greater in uninoculated glossy mutants but alkanes, 2° alcohols and
ketones were significantly less. After inoculating with P. brassicae, 1° alcohols
remained unaffected in WT and non-glaucous mutants, but glossy mutants showed a

significant reduction.

Significant decreases in individual alkanes (Figure 5.9) and fatty acids (Figure 5.10)
were observed, which corresponds to the overall decrease in total wax load after
treatment. C27, C29, C30 and C31 alkanes were significantly increased in
uninoculated NG2. C30 branched and C30 linear alkanes were greater in NG1. Most
of the individual alkanes were significantly less in glossy mutants. Both the glossy and

non-glaucous mutants showed a lower C30 FA content in comparison to the WT.

The reduction in fatty acid content confirms the reason for decreased concentration of
other products such as 2° alcohols in the alkane forming pathways (Appendix 15).
Furthermore, 1° alcohol (Appendix 16) and wax esters (Appendix 17) showed a similar
pattern of lowered concentration after treatment. Aldehydes, especially C30 aldehyde
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Figure 5.8: Total wax and major molecular species (alkanes, 1° alcohol, 2° alcohol, branched (Br) alcohol, aldehyde,
fatty acid (FA), wax ester (WE), ketones and Diol) quantified from B. rapa wax mutants spray inoculated with P.
brassicae (28 dpi) using GCMS. Ketones refer to C29 ketones as that was the only ketone identified. Error bars
represent standard deviations of three biological replicates. Values with the same letters are not significantly different

(Wilcoxon, Anova and TukeyHSD, df 4).
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Figure 5.9: Individual compounds of alkane identified and quantified from B. rapa wax mutants spray inoculated with P.
brassicae (28 dpi) using GCMS. Error bars represent standard deviations of three biological replicates. Values with the

same letters are not significantly different (Wilcoxon, Anova and TukeyHSD, df 4).
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Figure 5.10: Individual compounds of fatty acid (FA) identified and quantified from
B. rapa wax mutants spray inoculated with P. brassicae (28 dpi) using gas
chromatography-mass spectrometry (GCMS). Error bars represent standard
deviations of three biological replicates. Values with the same letters are not
significantly different (Wilcoxon, Anova and TukeyHSD, df 4).
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were significantly less after treatment (Figure 5.11). Furthermore, glossy mutants
showed significantly greater content of aldehyde compounds than WT and non-
glaucous mutants. Glossy mutants showed an enhanced C27 Br alcohol in

comparison to WT and non-glaucous mutants (Figure 5.12).

5.3.4.2 Comparison of cuticular wax, content and composition in susceptible
and resistant B. napus cultivars/lines

Uninoculated B. napus resistant cvs/lines showed significantly greater wax load than
susceptible cvs/lines (P 1.03 x 10-4) except for cv. Moana (Figure 5.13). However, both
categorical quantitative and continuous quantitative LLS disease quantification
showed that Moana is intermediate rather than a susceptible cultivar (Figure 4.5 and
Figure 4.6). Inoculated resistant B. napus cvs/lines showed a significant reduction in
total wax and most abundant individual wax compounds compared to susceptible cvs
(Figure 5.13).

In addition, uninoculated resistant B. napus cvs/lines had greater loads of alkanes than
susceptible cvs/lines. As observed in B. rapa WT and non-glaucous mutants, 1°
alcohols did not alter much in resistant B. napus cvs/lines after treatment. In contrast,
B. napus susceptible cvs/lines showed increased 1° alcohols after inoculation.
Furthermore, aldehydes and fatty acids were significantly reduced after treatment in
B. napus resistant cvs/lines in comparison to susceptible cvs/lines. A significantly
greater amount of most of the individual alkanes including C30 alkane was observed
in uninoculated B. napus resistant cvs/lines (Figure 5.14). Except C33 alkanes, most
components of alkanes showed a reduced concentration after treatment. C24, C28
and C30 1° alcohols were significantly higher in uninoculated susceptible cvs Cabriolet
and Sansibar than most of the resistant cvs/lines (Figure 5.15). Most of the individual
1°alcohol components were increased (C26 1° alcohol) or mostly remained same after
treatment in B. napus cvs/lines. Long chain aldehydes (C32 aldehyde) were not
affected after treatment in resistant B. napus cvs/lines but C30 and C28 were reduced
significantly in B. napus resistant cvs/lines except for SWU Chinese 1 with C28
aldehyde (Figure 5.16). Susceptible cv. Laser appeared different to others with
enhanced wax load and increased amounts of most of the individual components after

treatment. Branched alcohol, 2° alcohol, fatty acid and wax esters were reduced
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Figure 5.11: Individual compounds of aldehyde identified and quantified from B. rapa wax mutants spray inoculated
with P. brassicae (28 dpi) using GCMS. Error bars represent standard deviations of three biological replicates. Values
with the same letters are not significantly different (Wilcoxon, Anova and TukeyHSD, df 4).
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Figure 5.12: C27 branched alcohol and an unknown compound identified and quantified from B. rapa wax
mutants spray inoculated with P. brassicae (28 dpi) using GCMS. Error bars represent standard deviations
of three biological replicates. Values with the same letters are not significantly different (Wilcoxon, Anova
and TukeyHSD, df 4).
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Figure 5.13: Total wax and major molecular species (alkanes, 1° alcohol, 2° alcohol, branched (Br) alcohol, aldehyde, fatty acid
(FA), wax ester (WE), ketones and Diol) quantified from B. napus lines spray inoculated with P. brassicae (28 dpi) using GCMS.
Ketones represent C29 ketone as other ketones were not identified. Error bars represent standard deviations of three biological
replicates. Values with the same letters are not significantly different (Wilcoxon, Anova and TukeyHSD, df 4).

149



o

C27 Alkane

Susceptible cvs/lines: Cabriolet, Sansibar, Laser, Moana
Resistant cvs/lines: Dwarf Essex, Cubs Root, POSH, SWU Chinese 1

C29 Alkane

(in ng/uL)

C31 Alkane

o
(=)

[

C30 Br Alkane

Uninoculated Inoculated
) o o 1]
s q I Q I
Q.. 1 o
Lo I §° =B 2 "N 2 o 3
o I E © X 5 I % Hrl-.l I I 'g 2
L. 5 u [Py - = = < 907 I S 5o 0 o 0 I
v v vouw ‘C = o - = I 4 =
. . =3 I v o~ 254 1 shg =
- . z O L] & P
-
0.0 o
- =5 - . -
© o o uw 0 4 T 2 3 | ©
L o a o 0] 2 m 8T ) Ly
N= N= . T a © T 4 oo ] © © I,
) &0 1 7 O m © ® o oG Lo ° 3 . 1 3
m{ 5% T 0% 15 & 0 s 8% 8% R I 5 [
e - - o o] ic Y T = ¥ Y= o
'En £ £ 1 I ‘EJ v X =y = B = i1 [’ v - =
.D X e L L ‘PP [i] = ) g P =
= = = — - o ks
260 & = ik
0 - 0
o ® + © o 3:“
© I o C 76 o [¥) 0
I 1 o @ E el o a
0 T T :: 7 I
3 o u S 1 - =0 3 - 0 E: z
S g T 3 3 O 5% & E 5 G %
[ 2 T 7]
ks b L9 v =, ¢ 25 - - ok : z - I I
=z = I = O 0.0
0 Cabriolet  Sansibar Laser Moana Dwarf Essex Cubs root POSH SWU Chinese 1
1+
e
[
(%] m U
L9 8 1 L 1 ] ]
oI e 4 u o738
= I = Y= T G e o
= I [ [¥] [V 1=
£ U= I 4 I=
b= ES
Cabriolet ~ Sansibar Laser Moana  Dwarf Essex Cubs root POSH SWU Chinese 1

Figure 5.14: Individual compounds of alkanes identified and quantified from B. napus cvs/lines spray inoculated with P. brassicae
(28 dpi) using GCMS. Error bars represent standard deviations of three replicates. Values with the same letters are not significantly
different (Wilcoxon, Anova and TukeyHSD, df 7).
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Figure 5.15: Individual compounds of 1° alcohol identified and quantified from B. napus cvs/lines spray inoculated with P. brassicae
(28 dpi) using GCMS. Error bars represent standard deviations of three replicates. Values with the same letters are not significantly
different (Wilcoxon, Anova and TukeyHSD, df 7).
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Figure 5.16: Individual compounds of aldehyde identified and quantified from B. napus cvs/lines spray inoculated with P.
brassicae (28 dpi) using GCMS. Error bars represent standard deviations of three replicates. Values with the same letters are
not significantly different (Wilcoxon, Anova and TukeyHSD, df 7).
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significantly after treatment in B. napus resistant cvs/lines, as was the total wax profile
(Appendices 15, 16, 17 and 18, respectively).

5.3.5 Cutin monomer compositions in B. rapa and B. napus leaves

The main aim of studying cutin monomer composition was to enhance the current
knowledge about the differences in the content between resistant and susceptible B.
napus cvs/lines as well as B. rapa wax mutants. This is the first time the difference in
composition between resistant and susceptible cvs/lines before and after treatment
with P. brassicae has been studied. Of the compounds identified, the most abundant
was C18:2 dicarboxylic acid (DCA) and C16:0 DCA in B. napus. Similar compounds
were found in B. rapa but with a greater percentage of C18:2 DCA and less C16:0
DCA. The internal standards were degraded and therefore the results obtained from
this study are qualitative rather than quantitative. The average of each individual

component was calculated from the total wax extracted.

5.3.5.1 Biochemical composition of cutin in B. rapa

C16:0 DCA were down-regulated in NG2 but WT, glossy mutants and NG1 showed
greater induction (Figure 5.17). C16:1 DCA were expressed in WT and NG2 only after
inoculation and increased significantly after inoculation in GL2. In glossy mutants,
C18:2 DCA were significantly increased after inoculation but WT and non-glaucous
mutants showed decreased amounts after inoculation. C18:0 DCA were greater only
in NG2 after inoculation in contrast to the reduction in WT. Mixtures of C22 alcohol
and C24 fatty acid, C24 alcohol and C26 fatty acid and 2Keto C29 were increased in
WT and NG2 after inoculation while NG1 showed an increase only in 2Keto C29

(Figure 5.18). However, glossy mutants showed a decrease (Figure 5.18).

5.3.5.2 Biochemical composition of cutin in B. napus

A significant decrease in C16:0 DCA was found in susceptible cvs/lines after
inoculation while an increase was observed in Cubs Root and SWU Chinese 1 (Figure
5.19). All susceptible cvs/lines except Moana showed significant increase in C16:1
DCA. Laser also showed an increase in C18:2 DCA after inoculation but Sansibar

Cubs Root had a significant decrease. A significant increase in C18:0 was observed
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Figure 5.17: Percentage of individual compounds of dicarboxylic acids (DCAS) out of total cutin extracted from B.
rapa wax mutants spray inoculated with P. brassicae (28 dpi) using GCMS. Error bars represent standard
deviations of three replicates. Values with the same letters are not significantly different (Wilcoxon, Anova and

TukeyHSD, df 4).
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Figure 5.18: Percentage of individual compounds of alcohol and fatty acid mixture as well as ketone out of total cutin
extracted from B. rapa wax mutants spray inoculated with P. brassicae (28 dpi) using GCMS. Error bars represent
standard deviations of three replicates. Values with the same letters are not significantly different (Wilcoxon, Anova
and TukeyHSD, df 4).
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in susceptible cvs Cabriolet, Sansibar and Moana after inoculation, as with lines POSH
and SWU Chinese 1.

Discussion
5.4.1 B. rapa is a good source of resistance against P. brassicae

Results from this study show that disease severity was less in B. rapa than B. napus,
thus indicating the resistance mechanism/s operating in B. rapa. The occurrence of
loci for resistance against P. brassicae in B. rapa was reported and the resistance was
successfully transferred into agronomically acceptable breeding lines (cv. Imola and
DH lines) (Bradburne et al., 1999). Furthermore, Karandeni Dewage et al. (2022)
identified QTL operating against P. brassicae in B. rapa. All these results indicate that
the brassica species B. rapa is a better source of resistance against P. brassicae than
B. napus. Further studies can be done to dissect the molecular and biochemical

components involved in resistance against P. brassicae.

5.4.2 Down-regulation/degradation of cuticular wax and alkane
components limit P. brassicae pathogenesis

It was hypothesised that the host defence system down-regulates certain components
of wax re-synthesis after inoculation (28 dpi) or degrades the wax load, which reduces
the pathogenicity of P. brassicae. From the results obtained, there was an overall
reduction in total wax and wax components after inoculation of B. rapa or B. napus.
Both B. napus resistant cvs/lines and B. rapa showed 40% decrease in the total wax
load after treatment while susceptible cvs/lines showed less reduction (an average of
18%) with the exception of cv. Laser, which showed an increase of 40% (Table 5.2).
Of the major molecular species of epicuticular wax, alkanes were significantly reduced
after treatment in B. rapa and B. napus resistant cvs/lines (Figure 5.8 and 5.13,

respectively).

However, the reduction in amounts of wax and alkane could also be due to the
enzymes produced by P. brassicae to promote pathogenicity or due to cutinase
expression. The involvement of cytochrome P450 as a pathogenicity factor in fungi

has been reported in many studies and they are associated with alkane degradation
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Table 5.2: Average percentage of total wax reduction at 28 dpi with P. brassicae.
Colour formatted with green, yellow and red ranges (from lower to higher) for each
molecular species and total wax. Cultivar Laser featured an increase in wax content.

Cultivar Resistant/Susceptible Species % Reduction

Cabriolet 21.75
Sansibar Susceptible 15.14
Laser -41.15
Moana 32.27

B napus
Dwarf Essex 30.55
Cubs root . 40.55
Resistant

POSH 41.90
SWU Chinese 1 52.96
R-O-18 46.51
NG1 55.00
NG2 B rapa 62.42
GL1 58.57
GL2 42.71
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(Chen et al., 2014; Karlsson et al., 2008; Shin et al., 2017; Yamada-Onodera et al.,
2002). Therefore, it is possible that cytochrome P450 or similar alkane/hydrocarbon
degrading enzymes are secreted by P. brassicae. However, a potential defence
signalling pathway is activated as a result in resistant B. napus lines and B. rapa to
limit pathogen asexual sporulation at c. 28 dpi (Figure 5.3). Therefore, the wax
regeneration load was decreased by down-regulating the alkanes and lowering the
wax load as a defence response in B. napus resistant cvs/lines and B. rapa. As the
susceptible B.napus cvs/lines did not show a significant reduction observed in
resistant cvs/lines (Figure 5.13), the down-regulation hypothesis seems to be the
mechanism rather than the degradation by the fungus. Alternatively, the reduction in
wax load and alkanes may be a result of both pathogen enzyme degradation and
down-regulation as a result of host defence responses. It can be hypothesised that the
wax load/alkane reduction is to favour the pathogenesis of P. brassicae as c. 28 dpi
the asexual sporulation occurs and lower wax load aids the cuticle penetration of
germinated spores. However, the results showed that the cutinase expression was not
higher in all susceptible cvs/lines such as cv. Sansibar. Therefore, the reduction in
wax load indicates the host defence mechanism than promoting susceptibility.
Furthermore, the glossy mutants with lower wax correlates with higher resistance

against P. brassicae.

Many studies indicate the positive correlation of certain wax components with the LLS
disease progression. Namely, C24 1° alcohol on the avocado fruit surface stimulate
spore germination as well as appressorium differentiation in Colletotrichum
gloeosporioides (Podila et al., 1993) and major decrease in C29 and C31 alkanes in
cucumber fruit which impaired the pathogenicity of B. cinerea (Wang et al., 2015).
Therefore, down-regulation of certain wax components results in overall reduction in
wax concentration. Many studies indicate that less cuticular wax enhances the
cuticular permeability and improves the resistance signalling pathways (Table 5.1).
Thus, down-regulating the wax content may be a defence mechanism to limit P.
brassicae pathogenesis by enhancing cuticular structure/permeability. Characterising
the expression patterns of genes involved in wax synthesis in lines that are resistant
or susceptible against P. brassicae can add to current knowledge. In addition, the
cutinase expression at 28 dpi can enhance the knowledge about the susceptibility

hypothesis.
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5.4.3 Aldehyde promotes the pathogenicity of P. brassicae

The results showed that the minor component aldehydes were significantly decreased
after treatment in B. rapa and resistant B. napus cvs/lines (Figure 5.11 and 5.16,
respectively). Furthermore, aldehydes were constitutively increased in glossy mutants
and baseline increase was observed in resistant B. napus lines. The greatest baseline
levels were observed in C30 aldehyde. Reisige et al. (2006) reported that C28
aldehyde promotes spore germination of Puccinia graminis in wheat and C26
aldehyde is essential for germination and appressorial formation of Blumeria graminis
in maize (Hansjakob et al., 2010). The current study was focussed on 28 dpi and
therefore, down-regulation of aldehyde might be related to the reduced P. brassicae
DNA (reduced colonisation) and decreased spore number (limited asexual

sporulation) in resistant B. napus cvs/ines and B. rapa.

5.4.4 Cuticular wax load and/or branched fatty alcohols (structural
variation) regulate cutinase expression in P. brassicae

Both glossy (with up to 80% wax reduction) and non-glaucous (structural variation -
reduced or absence of branched C27 and C29 fatty alcohols) mutants showed greater
resistance against P. brassicae than WT. This indicates the involvement of both wax
load and structural variation in resistance against P. brassicae. Furthermore, the
cutinase expression was reduced significantly in both wax mutants at 8 dpi.
Furthermore, resistant B. napus cvs/lines showed a significant reduction in C27
branched alcohol (Dwarf Essex, Cubs Root and POSH) (Appendix 18) after
inoculation. Susceptible cvs/lines showed an enhanced branched alcohol after
inoculation except for cv. Cabriolet which showed a decrease in C27 branched alcohol
after inoculation. Liu et al., (2021) reported that mutation in fatty acyl-coenzyme A
reductases coding genes (BnA1.CER4 and BnC1.CER4) results in enhanced cuticular
permeability and resistance against Sclerotinia sclerotiorum in B. napus. This
suggests that the down-regulation of C27 branched fatty alcohol (structural variation)
is a potential defence mechanism against P. brassicae in B. napus resistant lines. In
addition, the lower wax load enhances permeability and increased resistance against
P. brassicae. Appendix 25 shows the total wax content and composition in B. napus

and B. rapa tested in this study. Percentage compositions of each molecular species
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of epicuticular wax identified from B. napus and B. rapa before and after inoculation
with P. brassicae are shown in Table 5.3.

5.4.5 Visual LLS assessment did not correlate with P. brassicae spore
count and pathogen DNA in B. rapa

Glossy mutants were more resistant but had greater P. brassicae spore numbers and
greater amounts P. brassicae DNA and an opposite result was observed in non-
galucous mutants (Figure 5.2). No correlations of LLS score with either P. brassicae
spore number or amount P. brassicae DNA were observed in wax mutants (Figure
5.20). However, a positive correlation was observed between P. brassicae spore
number and amount P. brassicae DNA (Figure 5.21). In addition, LLS scoring of B.
rapa by eye was difficult and a light microscope was used to achieve efficient results.
However, in B. napus the conidia were visible and it was possible to score LLS without

a microscope.

5.4.6 Cutin monomers impart resistance against P. brassicae

A review by Ziv et al. (2018) indicates the involvement of cutin monomers in providing
resistance against pathogens in plants. From the results obtained, fatty acids mixtures
(20H-C22 + C24 FA and 20H-C24 + C26 FA) and C28 fatty acid appeared to have
been up-regulated significantly in B. rapa (WT and non-glaucous mutants) and in
resistant B. napus cv. Cubs Root when challenged with P. brassicae (Figure 5.18,
Appendix 22, Appendix 23 and Appendix 24, respectively). These monomers are also
abundant in suberin which is present inside the primary cell wall and the suberin is
associated with pathogen invasion (Harman-Ware et al., 2021). The current study
showed that C16:0 DCA was significantly increased in uninoculated Laser and C18:2
DCA was upregulated significantly in Laser after inoculation (Figure 5.19).
Furthermore, susceptible cvs Cabriolet showed a significant decrease with C16:0 DCA
after inoculation but resistant cvs/lines showed an increase. In addition, C18:0 DCA
was significantly increased after inoculation in susceptible cv Cabriolet. C9 DCA was
found as a signalling molecule involved in systemic defence responses (Javvadi et al.,
2018). Conversely, the same study reported C9 DCA as a pathogenic factor secreted

by P. syringae. Intriguingly, C18:0 DCA was up-regulated significantly in
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Table 5.3: Percentage composition of each molecular species in the cuticular wax before and after inoculation (28 dpi) with

P. brassicae.
Cultivar Species Treatment | Alkane | Alcohol1 | Alcohol 2 | Br Alcohol | Aldehyde | Fatty acid | Keto | Diol Wax ester
Cabriolet Uninoculated | 55.00 4.78 5.58 4.23 3.63 1.27 18.47 | 2.41 4.63
Cabriolet Inoculated 47.82 7.47 6.20 3.55 3.89 1.64 22,11 | 1.52 5.81
Sansibar Uninoculated | 56.12 5.99 5.10 4.17 4.48 1.31 19.34 | 1.06 2.42
Sansibar Inoculated 56.20 9.36 5.69 5.37 5.68 1.65 12.73 | 0.86 2.47
Laser Uninoculated | 45.78 5.25 7.85 7.33 4.37 1.25 21.41 | 4.09 2.66
Laser Inoculated 49.22 5.80 6.23 6.65 3.95 0.95 23.50 | 1.08 2.62
Moana Uninoculated | 60.93 3.93 6.30 4.37 3.01 0.82 16.93 | 1.03 2.68
Moana B napus Inoculated 54.78 6.18 7.76 5.68 3.94 0.60 16.15 | 1.23 3.68
Dwarf Essex Uninoculated | 53.30 3.19 10.25 4.68 2.99 0.97 18.01 | 2.07 4.53
Dwarf Essex Inoculated 61.70 5.38 8.66 5.03 3.13 0.80 11.45| 1.69 2.17
Cubs Root Uninoculated | 51.50 3.18 10.36 3.33 3.07 1.55 20.61 | 2.87 3.54
Cubs Root Inoculated 52.35 6.36 8.91 2.81 2.80 1.28 20.05 | 2.86 2.58
POSH Uninoculated | 56.64 3.89 8.85 4.19 2.73 1.01 17.36 | 2.50 2.82
POSH Inoculated 50.88 6.73 8.65 2.67 1.97 1.56 25.56 | 0.95 1.03
SWU Chinese 1 Uninoculated | 58.75 3.67 7.34 4.13 3.89 1.29 15.35| 1.78 3.80
SWU Chinese 1 Inoculated 50.90 8.06 8.90 6.24 6.13 1.20 15.15 | 1.12 2.30
R-0-18 Uninoculated | 65.39 4.63 13.11 0.91 1.07 1.14 10.56 | 0.67 2.52
R-0-18 Inoculated 44.85 8.38 22.09 1.99 2.17 1.15 17.15 | 0.50 1.72
NG1 Uninoculated | 53.44 4.22 15.96 1.45 1.77 0.72 21.04 | 0.79 0.62
NG1 Inoculated 47.90 10.43 29.43 1.92 2.13 0.70 5.74 | 0.90 0.83
NG2 Brapa | Uninoculated | 69.54 3.10 8.05 0.82 0.87 0.44 15.55 | 0.68 0.96
NG2 Inoculated 52.28 8.97 18.91 1.70 1.83 0.75 13.93 | 0.73 0.89
GL1 Uninoculated | 14.00 27.79 14.89 16.16 20.36 1.55 0.53 | 0.33 4.38
GL1 Inoculated 11.98 39.34 18.10 10.96 13.91 1.49 0.60 | 0.47 3.15
GL2 Uninoculated | 15.51 34.13 8.97 15.77 18.00 1.30 0.48 | 0.43 5.41
GL2 Inoculated 14.46 48.59 13.13 6.83 9.96 1.58 0.72 | 0.57 4.13
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Figure 5.20: Correlation graphs of LLS score against P. brassicae spore number (logio-
transformed) and amount P. brassicae DNA (logio-transformed), respectively.
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susceptible cv. Cabriolet after inoculation by comparison with other cvs/lines and it
may be a potential immune hijacking mechanism by P. brassicae.

5.4.7 Future work

5.4.7.1 Screening for resistance against P. brassicae in Arabidopsis thaliana

B. napus and Arabidopsis thaliana both belong to the family Brassicaceae (Yamamoto
& Nishio., 2014). Arabidopsis and Brassica genera were separated evolutionarily c. 15
million years ago. Since their separation, whole genome duplication has occurred in
Brassica and not in Arabidopsis. The gene in Arabidopsis may have several ortholog
genes in B. napus (Town et al., 2006). Arabidopsis genome structure is closely related
to the complex genome of B. napus. In addition, Arabidopsis has a small incidence of
repeated sequences and a small genome size. Whole genome sequence information
is available for Arabidopsis (The Arabidopsis Genome Initiative, 2000) and B. napus,
B. rapa, B. oleracea, B. juncea etc. (Chalhoub et al., 2014; Wang et al., 2011; Liu et
al., 2014; Yang et al., 2016). Hybridisation is a valuable tool to transfer desirable genes
from wild species into arable crops (Kuckuck et al., 1991). Asymmetric hybrids
between B. napus and A. thaliana have been produced in the past (Forsberg et al.,
1998; Yamagishi et al., 2002). Previously, A. thaliana-derived resistance against
Leptospaeria maculans has been successfully transferred into B. napus (Bohman et
al., 2002).

During this research, an attempt has been made to study the interaction between A.
thaliana and P. brassicae using trypan blue staining (Appendix 26). The main aim was
to identify at least one ecotype of A. thaliana susceptible and one resistant against P.
brassicae, so that further molecular genetic dissection can be done. A. thaliana
ecotypes (Ws-0, Nd-1 and Col-0) did not show any penetration by P. brassicae under
a microscope at 7 dpi. Some hyphal growth was visible at 18 dpi in Nd-1 leaves.
However, it was not substantial, and hyphae did not branch (Appendix 26: a, b).
Further analysis at 25 dpi showed minimal colonisation in Nd-1 (Appendix 26: c, d)
and Ws-0 (Appendix 26: 1), yet there was no extensive growth, and the lack of
branching was also evident. Furthermore, ecotypes N22651, N22652, N22653,
N22654, N22655, N22656 and N22658 showed no growth until 25 dpi (Appendix 26:

e, f, g, h, i, j, k respectively). However, no ecotype showed high susceptibility to P.
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brassicae with extensive branching and colonisation, neither at early stages nor at late
stages of pathogenesis. This indicates a potential involvement of cuticular wax and/
or cutin components to reduce initial penetration in A. thaliana. Therefore, it will be
beneficial to screen a large number of ecotypes to identify a susceptible and resistant
A. thaliana ecotype to understand the resistance mechanism against P. brassicae and
to potentially introgress the resistance into B. napus.

5.4.7.2 Association of cuticular permeability with resistance against P.
brassicae

L’Haridon et al. (2011) showed an association of increased cuticular permeability with
ROS production and resistance against B. cinerea in A. thaliana mutants such as
bodyguard (bdg), lacs2.3, aba2 and aba3. Furthermore, enhanced cuticle permeability
is usually associated with increased diffusion of signalling molecules and thus with
ROS generation and triggering innate immunity (L’Haridon et al., 2011; Ziv et al.,2018).
Since there was no indication of hypersensitive response related lesions that usually
result due to ROS production, it will be interesting to determine the underlying
mechanisms of resistance against cuticle penetration in relation to cuticular wax
content and/or composition. Conversely, increased cuticular wax content and
hydrophobic wax components, such as alkanes and or ketones, can lead to decreased
cuticular permeability and A. thaliana mutants with diminished cuticular permeability
showed increased resistance to B. cinerea (L’Haridon et al., 2014, Ziv et al.,2018).
The current study indicates the latter possibility as the resistant B. napus lines showed
increased wax load and increased alkane and ketone contents by comparison with
susceptible cvs/lines. Furthermore, non-glaucous mutants which showed the greater
resistance against P. brassicae had similar profiles of wax and hydrophobic

components.

Toluidine staining to assess cuticular permeability during pathogenesis of P. brassicae
in B. rapa was done during this study. However, no significant variations were
observed (Appendix 27). Therefore, it will be beneficial to do further permeability
assays with improved toluidine staining with greater concentrations or to quantify

permeability using chlorophyll leaching or using electron microscopy.
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5.5 Conclusion

Many studies indicate the involvement of cuticle and epicuticular wax in resistance
against pathogens. Cuticular wax repels water drops containing fungal spores
(Wagner et al., 2003). It also acts as a hydrophobic barrier, which repels water and
thus prevents the pathogen surviving and gaining entry into the host (Koch., 2004). B.
napus has inadequate levels of resistance against P. brassicae and this study
demonstrates the potential resistance mechanisms present in other species, namely
B. rapa and A. thaliana. An association of cuticular wax, cutin and their components
with resistance against P. brassicae was observed during this project as well as from
previous published data. The current study confirms the multifaceted role of
epicuticular and intra-cuticular wax quantity and their components in both host defence
and promoting pathogenesis of P. brassicae. Furthermore, the results showed that
these interactions are far more complex and regulated by many components from both
the host plant and P. brassicae. Multiple factors could have influenced this host-
pathogen interaction, namely biochemical, structural variations and permeability of the
cuticle. The wax mutant approach was challenging as changes in one group of
cuticular components or structural change (decrease to no branched alcohols in non-
glaucous mutants) does affect other biochemical group/s of cuticular wax (increased
alkanes in non-glaucous mutants). Therefore, it is difficult to make final conclusions
about which components are the main influential factor. However, gene expression
profiling of wax biosynthesis genes in question can enhance current knowledge and
aid in breeding cvs/lines that are resistant against P. brassicae. Previous studies
suggested various potential mechanisms of cuticle defence, such as production of
ROS, accumulation of fungitoxic compounds on cuticle surfaces, transcriptional
defence responses and changes to cuticle permeability to limit pathogen infection
(Arya et al., 2021). Thus, the interaction of cuticle components and the pathogenicity
factors from P. brassicae and other pathogens requires considerable research to

better understand the role of the cuticle in limiting infection.

This study helped to identify certain components of epicuticular wax (alkanes, primary
alcohols, branched fatty alcohols and aldehydes) and cutin monomers (fatty acids and
DCAs) involved in resistance or susceptibility against P. brassicae. This new

knowledge will facilitate breeding of cvs/lines with improved cuticle function and
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therefore improved resistance to P. brassicae and increased yield. However, some
wax mutants showed resistance to B. cinerea and susceptibility to P. syringae at the
same time. Therefore, further research and careful consideration need to be given
while breeding for resistance by optimising cutin monomers and wax components.
Furthermore, plant cuticles contain terpenoids and flavonoids which have antifungal
activities. Thus, the cuticular study is incomplete without taking into account the

involvement of these components in resistance against P. brassicae.
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Chapter 6: General discussion

The main aim of this research was to better understand the resistance of Brassica
napus (oilseed rape) against Pyrenopeziza brassicae (light leaf spot) by analysing
GWAS mapping, gene expresssion and biochemical components (glucosinolates,
cuticular wax and cutin). In addition, differences in pathogenicity of P. brassicae
populations and isolates from Aberdeenshire, Scotland and Hertfordshire, England
were studied. Table 6.1 summarises the overall results obtained during this PhD study
including LLS scoring, P. brassicae spore counting, P. brassicae DNA count, total
glucosinolate content, area under gene expression curve (AUGEC) of cutinase, total
wax from uninocuted cvs/lines and percentage decrease in total wax after inoculation

with P. brassicae in B. napus and B. rapa.

6.1 Variations in pathogenicity of P. brassicae in oilseed rape

This study showed that there is a regional variation in the LLS disease severity.
Karandeni Dewage et al. (2021) showed an isolate-specific resistance interaction of
B. napus cvs/lines (Imola, Yudal, and the DH line Q83) with isolates from
Herefordshire, Cambridgeshire and Norfolk. Furthermore, significant differences in
LLS score were observed between most genotypes and between most P. brassicae
isolates, and there were genotype X isolate interactions. This PhD thesis reports a
significant difference in pathogenicity between two isolates of P. brassicae (Al from
Aberdeen and R3 from Rothamsted) on B. napus. However, the variation between
single spore isolate does not necessarily represent the entire geographical population.
Therefore, further dissection of molecular genetics of these isolates can broaden
current knowledge about the pathogenicity factors in P. brassicae. Boys et al. (2012)
showed a complete absence of asexual sporulation on cv. Imola inoculated with a P.
brassicae population whereas Karandeni Dewage et al. (2021) observed reduced
sporulation on cv. Imola. This indicates a potential novel pathogenicity factor in P.
brassicae operating to overcome the complete resistance (R-gene mediated) in
resistant cv. Imola. The new information about significant difference/s in interactions
between isolates and genotypes obtained in this study can be investigated further
using advanced techniques such as sequencing and micro-arrays to improve insights

about this host and pathogen interactions.
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Table 6.1: Summary of the overall results obtained during this PhD study including LLS scoring, P. brassicae spore counting (Pb
spore), P. brassicae DNA count (Pb DNA), total glucosinolate (GLS) content, area under gene expression curve (AUGEC) of cutinase,
total wax from uninocuted cvs/lines and percentage decrease in total wax after inoculation with P. brassicae in B. napus and B. rapa.
Colour formatted with green, yellow and red ranges (from lower to higher).

Cultivar

Resistant/Susceptible

Species

Cabriolet

Sansibar

Laser

Moana

Susceptible

Dwarf
Essex

Cubs Root

POSH

SWu
Chinese 1

Resistant

B. napus

R-0-18

NG1

NG2

GL1

GL2

B rapa

LLS | Pb
score | spore

4.7 7.3
3.7 7.07
4.1 7.16

3 634 1.1 2424.08
25 61 097 3161.54

2.4 6.21
2.5
6.58
6.7
1.9
2.2 6.07

Pb Total Cutinase | Total wax % decrease wax
DNA | GLS AUGEC | uninoculated | after treatment
1422.25 1087.703665
422 11479 964.94 1207.532616
4.26 1398.92 1408.00 828.3522982 -41.15
3.71 28483 32.27
3.72 - 1345.495334 30.55
40.55
961.73 41.90
2.56 1543.72 1560.845971 52.96
2.51 1181.46 | 730.8801758 46.51
1.66 1151.50 | 690.3186969 55.00
2.03 1086.22 | 1260.429999
1.49 | 42.71
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6.2 Defence response genes involved in resistance against P.
brassicae

This is the first-time potential GEMs associated with QDR against P. brassicae in B.
napus have been quantified and compared. Cubs Root, SWU Chinese 1, POSH and
Laser showed significantly less susceptibility to P. brassicae than other cvs/lines and
showed induction of certain genes involved in defence responses. Induction of
defence genes upon challenging with P. brassicae appeared mostly genotype-
dependent, even though most resistant cvs/lines showed similar responses. The
interesting genes were universal stress protein, (-adaptin, PR1, cinnamate 4
hydroxylase and phosphatidylinositol-specific phospholipase C4. They were
expressed in all resistant cvs/lines and even susceptible cv. Laser behaved mostly like
a resistant cultivar/line with higher expression of quantitative defence related genes.
All these cvs/lines can be used as potential resistance sources for breeding resistance
against P. brassicae. This novel information about these defence genes can be
beneficial to reduce the yield loss by employing genome editing methods, namely
clustered regularly interspaced short palindromic repeats and the CRISPR associated
protein 9 (CRISPR-Cas9) system to create genome-edited oilseed rape crops
resistant against P. brassicae. Furthermore, the same system can be used to remove
any undesired gene or any gene promoting susceptibility such as acyl transferase in

B. napus.

6.3 Role of glucosinolates, cuticular wax and cutin in resistance
against P. brassicae

Results from this study showed that B. napus resistant cvs Cubs Root, POSH, Dwarf
Essex as well as susceptible cv. Moana possess significantly greater concentrations
of glucosinolates (GSL) than susceptible cvs Cabriolet, Sansibar and Laser. A
negative correlation was observed between LLS disease score and subgroups of GSL
(aliphatic, aromatic and indolic). Therefore, it can be concluded that there is an
association of GSL with resistance against P. brassicae in B. napus. Resistant line
POSH showed significantly greater amounts of total GSL as well as the individual bio-
compounds of it. Thus, it can be an ideal candidate to study the GSL content and

individual compounds, especially after challenging with P. brassicae.
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This study showed the possibility of exploiting the cuticle composition and structure to
limit P. brassicae pathogenesis. Most alkane forming pathway products (aldehydes,
alkanes, ketones and secondary alcohols) were decreased and an increase in alcohol
forming pathway components (primary alcohols, branched alcohols and wax esters)
with pathogenesis of P. brassicae (28 dpi) as observed. This indicates a potential
mechanism of down-regulating the alkane forming pathway as a defence response
mechanism to limit the colonisation and asexual reproduction in B. napus resistant
cvs/lines and B. rapa. In addition, negative correlations between many cutin
monomers and LLS disease score were observed. Furthermore, B. rapa wax mutants
showed greater resistance to P. brassicae than B. rapa wild type and B. napus,
confirming the association of epicuticular wax load, composition, structural variation
and cutin in resistance against P. brassicae. Thus, B. napus cvs/lines (Cubs Root,
POSH, SWU Chinese 1, Laser, Moana and Dwarf Essex) which showed significantly
different epicuticular wax components and cutin monomers can be utilised to produce
lines with better resistance against P. brassicae by optimising these biochemical

components.

6.4 Laser and Moana: need to re-categorise as intermediately
resistant lines against P. brassicae

Cultivars Moana and Laser were classified as susceptible to P. brassicae based on
initial visual assessment. However, Moana showed increased GSL content and
expression of defence genes against P. brassicae in Laser appeared like that of
resistant lines. Furthermore, they both appeared intermediate in spore counting and
P. brassicae DNA quantification. Therefore, lines Moana and Laser should be re-

categorised as intermediate instead of susceptible to P. brassicae.

B. napus susceptible cv Laser showed an enhanced cuticular wax production as well
as majority of the components after the inoculation. Furthermore, Laser and Moana
showed significantly different composition in many cutin monomers before and after
inoculation with P. brassicae than other lines. C18:1 fatty acid content in uninoculated
Laser and Moana were significantly greater than other lines/cvs. 20H-C22 and C24
FA mixture and 2Keto C29 content were increased after inoculation in both Laser and
Moana. Ahuja et al. (2016) reported a close association between chemical defence

system involving metabolites such as glucosinolates and physical defence barriers
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namely cuticle. Thus, it indicates an association of the higher GSL content and cutin

monomers in Moana with increased resistance to P. brassicae.

6.5 Conclusion

Preliminary observations showed an initial resistance which limits P. brassicae
penetration through the cuticle in Arabidopsis thaliana. Furthermore, B. rapa appeared
to have more resistance against P. brassicae than B. napus according to qualitative
and quantitative LLS disease scoring methods. As there is a lack of complete
resistance against P. brassicae in B. napus, an alternative approach would be to
transfer resistance from the non-host Arabidopsis or ancestor B. rapa into oilseed
rape. Furthermore, this study showed the potential breakdown of the resistance in
commercial cv. Ambassador, which is on the current AHDB Recommended List and
therefore, there is a great need to exploit the resistance against P. brassicae available
in other species.

This study enabled identification of many sources of resistance against P. brassicae
in B. napus and other related species. In addition, it aided identification of many genes
and bio-chemical compounds operating to limit the pathogenesis of P. brassicae.
However, it is necessary to understand how these molecular components work against
other pathogens as well in a crop of oilseed rape. Therefore, more comprehensive
phenotyping of the resources identified in this research for complex traits operating in
several environments will be a key to utilise these diverse germplasms to breed
efficient B. napus cultivars with improved and stable yield under fluctuating biotic and

abiotic stresses.
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Appendices

Appendix 1: Key stages of oilseed rape growth (Sylvester-Bradley

et al. 1984; Sylvester-Bradley, 1985).

Developmental Growth stage Description
stages in plant expressed in
decimals
Germination and 0,0 Dry seed
emergence
Leaf production 1,0 Both cotyledons unfolded and green
11 First true leaf emerged
1,2 Second true leaf emerged
1,3 etc. Third true leaf emerged
Stem extension 2,0 No internodes (rosette)
2,5 About five internodes
Flower bud 3,0 Only leaf buds present
development 3,1 Flower buds present but enclosed by leaves
3,3 Flower buds visible from above (‘green bud')
3,5 Flower buds raised above leaves
3,6 First flower stalks extending
3,7 First flower buds yellow (‘yellow bud")
Flowering 4,0 First flower opened
4.1 10% all buds opened
4,3 30% all buds opened
45 50% all buds opened
Pod development 5,3 30% potential pods
5,5 50% potential pods
5,7 70% potential pods
59 All potential pods
Seed development 6,1 Seeds expanding
6,2 Most seeds translucent but full size
6,3 Most seed green.
6,4 Most seed green-brown mottled
6,5 Most seeds brown
6,6 Most seed dark brown
6,7 Most seed black but soft
6,8 Most seed black and hard
6,9 All seeds black and hard
Leaf senescence 7,0
Stem senescence 8,1 Most stem green
8,5 Half stem green
8,9 Little stem green
Pod senescence 9,1 Most pods green
9,5 Half pods green
9,9 Few pods green
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Appendix 2: Glasshouse experiments with

randomised

replicated a-design. Experiments 1, 2 and 3. These experiments were
done to score LLS severity on B. napus cvs/lines to complete the screening of 195
cvs/lines for quantitative disease resistance (QDR) to Pyrenopeziza brassicae.
Results are published in Fell et al., (2023). (Chapter 4). Cultivars Cabriolet, Imola,

Tapidor and Temple were used as reference cultivars.

Randomized Layout

Experiment 1 Experiment 2

REPLICATION 1
Block 1 5 15 20 1 Cabriolet 1 Cabriolet
Block 2 19 14 4 2 Imola 2 Imola
Block 3 23 8 10 3 Moana 3 Norde
Block 4 7 9 22 4 Mohican 4 OASE
Block 5 17 2 12 5 Musette 5 Orlando
Block 6 6 16 21 6 Mytnickij 6 Pacific
Block 7 11 1 24 7 Nemerschanskij 1 7 Panter
Block 8 18 3 13 8 NK Bravour 8 Phil

9 Odin 9 Pirola
REPLICATION 2 10 Omega 10 Pollen
Block 1 3 11 19 11 Pobeda 11 Prince
Block 2 24 8 16 12 Ragged Jack 12 Rapid
Block 3 23 15 7 13 Rucabo 13 Remy
Block 4 4 20 12 14  SURPASS400-024DH 14 RESYN-H048
Block 5 9 1 17 15 Svalsfos Gulle 15 Rodeo
Block 6 22 6 14 16 TANTAL 16 Roxet
Block 7 21 13 5 17 Tapidor 17 Sansibar
Block 8 10 18 2 18 Temple 18 Sarepta

19 Tribune 19 Savannah
REPLICATION 3 20 Tribute 20 SLAPSKA, SLAP
Block 1 22 1 13 21 VIGE DH1 21 SLM 0413
Block 2 3 15 24 22  WEIHENSTEPHANER 22 SLM 0512
Block 3 6 10 19 23 Willi 23 Tapidor
Block 4 5 18 9 24 Zairai Chousenshu 24 Temple
Block 5 23 2 14
Block 6 20 7 11
Block 7 21 12 8
Block 8 4 17 16

REPLICATION 4

Block 1 1 14 18
Block 2 7 24 12
Block 3 13 17 8
Block 4 19 15 2
Block 5 4 21 9
Block 6 6 23 11
Block 7 3 20 16
Block 8 5 10 22

REPLICATION 5

Block 1 11 21 2
Block 2 1 10 20
Block 3 12 3 22
Block 4 24 5 14
Block 5 6 17 15
Block 6 16 7 18
Block 7 4 13 23
Block 8 9 19 8

e
PBoo~v~ous»wNnr

NRNNNNE R RRR R R R
RWNPRPOO®NO®UMWN

Experiment 3

Cabriolet
Imola
Moana
Ragged Jack
Smart
Sobotkowski
Sollux
SWGospel
SWU Chinese 1
SWU Chinese 2
SWU Chinese 3
SWU Chinese 5
SWU Chinese 8
SWU Chinese 9
Tapidor
Temple
V8
Vige DH
Viking
Vinnickij 15/59
WILD ACCESSION
Zenith
Zephir
Pollen
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Appendix 3: Glasshouse experiment 1 with randomised

replicated a-design done at Rothamsted Research, Harpenden,
UK (Chapter 4).

ey

Glass house experiment 1 done at Rothamsted Research (a) randomised replicated o-
design 1 x 5 replicates ready to be inoculated, (b) Spray inoculated cultivar Surpass 194
400, (c) Inoculated B. napus cvs/lines covered with polyethylene sheet to increase
humidity, (d) Inoculated B. napus plants ready for sampling.



Appendix 4: Glasshouse experiments with randomised replicated a-design. Experiments 4 and 5

Randomized layout

REPLICATION 1

REPLICATION 2

Block 1 3 21 19
Block 2 20 8 16
Block 3 7 1 23
Block 4 4 2 12
Block § 9 15 17
Block & 22 11 14
Block 7 > 13 5]
Block 8 18 10
REPLICATION 4

Block 1 14 21
Block 2 7 23 12
Block 3 2 17 8
Block 4 19 15 22
Block § 4 18 9
Block & 7] 13 11
Block 7 3 20 16
Block 8 5 10 1

Block 1 5 14 19
Block 2 18 13 4
Block 3 22 8 17
Block 4 7 9 11
Block § 16 2 21
Block & 20 =] 15
Block 7 10 1 12
Block 8 23 3
REPLICATION 3

Block 1 23 1

Block 2 3 15 10
Block 3 5] 21 19
Block 4 = 18 9
Block § 13 2 14
Block & 16 7 20
Block 7 21 12 8
Block 8 4 17 22
REPLICATION 5

Block 1 11 21 2
Block 2 1 10 5
Block 3 12 3 22
Block 4 20 14
Block 5 B 17 15
Block & 16 7 18
Block 7 4 13 23
Block 8 = 19 8

Cultivars/lines of B. napus

[Valans <R I« VR ¥y N WV ]

NN MNMNEB R RBRBRBRBRP B B
WNRPROWULR-SGOWNEWNRD

and B. rapa

Cabriolet
Sansibar
Moana

Laser
Ambassador
Aurelia

Mikita
Barbados

Lipid

Leopard

RW31

Yudal

Zenith

R-O-18

SWU Chinese 1
Cubs Root
Posh

Dwarf Essex
Glossy 1-795
Glossy 2-1864
Monglaucous 1-2051
Monglaucous 2-1914
WT-R-0O-18
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Appendix 5: Amplification curve generated for Actin TagMan
multiplex primer using cDNA serial dilutions of 10-fold as

template.
Amplification Plot

01 Y= I T I e TETTTTRT AL : :
0.01
c /
3 i
0.001 \ / .{/
J “1
V
\”\
0.0001 |
f
|
|
0.00001 ,‘\
!"
J
Pt} » 1o >t x L -

24 &

1

0.000001
2 4 w0 12 14 p =2
Cycle

Amplification plots of gPCR generated with Applied Biosystems 7500 real time PCR
systems, UK for Actin using a cDNA pool (control and inoculated leaf cDNA samples)
as a template. Seven 10-fold dilutions were used. X axis: gPCR cycle number

and Y axis: delta Rn/normalized fluorescence value subtracted by baseline.
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Appendix 6: Standard curve generated for reference gene Actin TagMan primer assay

Standard Curve
38

36
34
32
30

28

cr

26
24
22
20

18
0 1 10 102 102 10¢ 108 108

Quantity (pg)

Standard curve of Actin using a cDNA pool (control and inoculated leaf cDNA samples) as a template. Seven 10-fold
dilutions were used. Graph shows threshold cycle (Ct) on the y-axis and quantity of cDNA on the x-axis. Slope,
correlation coefficient value (R?) and efficiency (E) are used to provide information about the performance of the
reaction.

197



Appendix 7: Gene expression markers (GEMs) area under gene
expression curve (AUGEC) Tukey HSD result

Tukey HSD pair-wise comparison to assess the significant variation in expression of
GEMs between genotypes using an AUGEC linear model considering Actin AUGEC as
co-variant. *** P-value < 0.001; ** P-value < 0.01; * P-value < 0.05

GEM Significant cultivar pairs P value
PR1 Cubs Root-Cabriolet 0.002028
POSH-Cabriolet 0.002569
Laser-Cubs Root 0.019999
Sansibar-Cubs Root 0.001786
POSH-Laser 0.025719
Sansibar-POSH 0.002260
HXXXD- type acyl transferase Cubs Root- Cabriolet 0.000011
Laser-Cabriolet 0.000011
POSH-Cabriolet 0.000014
SWU Chinese 1-Cabriolet 0.000009
Sansibar-Cubs Root 0.001270
Sansibar-Laser 0.001338
Sansibar-POSH 0.002008
SWU Chinese 1-Sansibar 0.000834
Cinnamate-4-hydroxylase Laser-Cabriolet 0.055819
POSH-Laser 0.028967
PLC4 POSH-Cabriolet 0.000000
Laser-Cubs Root 0.004218
POSH-Cubs Root 0.000000
Sansibar-Cubs Root 0.017607
POSH-Laser 0.000000
SWU Chinese 1-Laser 0.021096
Sansibar-POSH 0.000000
SWU Chinese 1-POSH 0.000000
40s ribosomal sub-unit protein Laser-Cabriolet 0.007288
S24e POSH-Cabriolet 0.003292
Sansibar-Cabriolet 0.002156
SWU Chinese 1-Cabriolet 0.001731
Laser-Cubs Root 0.084164
Sansibar-Cubs Root 0.000444
POSH-Laser 0.000104
Sansibar-Laser 0.000081
SWU Chinese 1-Sansibar 0.000037
B-adaptin Laser-Cabriolet 0.045445
SWU Chinese 1-Cabriolet 0.072123
Universal stress protein Cubs Root-Cabriolet 0.000090
Laser-Cabriolet 0.012656
POSH-Cabriolet 0.000008
SWU Chinese 1-Cabriolet 0.000592
Laser-Cubs Root 0.001661
Sansibar-Cubs Root 0.000101
POSH-Laser 0.000063
Sansibar-Laser 0.015898
SWU Chinese 1-Laser 0.039870
Sansibar-POSH 0.000008
SWU Chinese 1-Sansibar 0.000686
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Appendix 8: Tagman multiplex gPCR assays names and amplicon context sequences. Details
supplied by Thermo Fisher Scientific, UK. Four separate dyes (ABY, VIC, JUN, FAM) were given to
assays aimed to do fourplex.

Vendor assay Gene name Gene description Amplicon context sequence Assay number Dye
name Ensembl Plants
BnaA049g20860D | BnaA04g20860D Acyl transferase CGATTGCGGTTCGAGGCGGA | 66176946 7706976 | JUN
#2
BnaC04914330D | BnaC04g14330D Cinnamate 4 AGCTTGCTTTGGATCTCAGG | 66176946 7706976 | FAM
hydroxylase (C4H) #7
BnaA02g07530D | BnaA02g07530D | Phosphatidylinositol- | TCAGAGTCACCGAGCCAGAT | 66176946 7706976 | ABY
specific #4
phospholipase C4
(PLC4)
BnaC07g27610D | BnaC07g27610D 40S ribosomal AGCTTATTAGGTTAAGCTGT | 66176946_7706976 | VIC
protein S24 #4
BnaC079g38240D | BnaC07g38240D B-adaptin GCAGTGGAGGACCTGACGGA | 66176946 7706976 | JUN
#1
BnaA10g05830D | BnaA10g05830D Polyadenylate- ACGTAGGAGAAGAAGGCGCT | 66176946_7706976 | FAM
binding protein 1 #8
BnaC08g24910D | BnaC08g24910D Universal stress GGAATCGCCATGGACTTCTC | 66176946 _7706976 | ABY
protein (USP) #5
PR1_B. napus BnaC03g45470D PR1 TATAACCACGATTCGAACAC | 66176946 7706976 | ABY
#6
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Appendix 9: Brassica napus candidate genes for quantitative

resistance

against

Pyrenopeziza

brassicae

and their

corresponding homologs in B. rapa along with the TILLING

mutant names.

Candidate gene in Gene Homolog in TILLING mutant
B. napus description B. rapa
BnaC049g14330D Cinnamate Bra018311 ji30317a
hydroxylase
(C4H)
BnaC04g14330D Cinnamate Bra018311 ji30819a
hydroxylase
(C4H)
BnaC07g38240D Beta adaptin Bra019302 ji30010b
BnaC07g38240D Beta adaptin Bra019302 ji320204a
BnaA05g34100D AKIN10 SNF1 Bra039146 ji31647b

kinase homolog
10
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Appendix 10: Single nucleotide polymorphisms (SNP) details
submitted for Kompetitive Allele Specific PCR (KASP) primer
design to LGC Genomics UK.

Section (A) shows the mutation details and gene ID obtained from John Innes Centre,

Norwich, UK. Using the Ensemble Plant BLAST, the sequences were assessed and BLAST

forward sequences were done for those genes on reverse strand. 52 bp upstream and

downstream were chosen from the single nucleotide polymorphism (SNP). Homologous gene

sequences were obtained from gene tree and aligned using MEGA. Finally, the anchoring was

done using the KASP anchoring guideline from LGC. Section (B) shows the SNP details
submitted to LGC, UK for KASP primer synthesis.

(A)

Mutation Request
Species:

Gene:

Gene Mutation:

Plant Line:

Is Heterozygous:

WT

Mutation Request
Species:

Gene:

Gene Mutation:

Plant Line:

Is Heterozygous:

WT

Mutation Request
Species:

Gene:

Gene Mutation:

Plant Line:

Is Heterozygous:

WT

Mutation Request
Species:

Gene:

Gene Mutation:

Plant Line:

Is Heterozygous:

WT

Mutation Request
Species:

Gene:

Gene Mutation:

Plant Line:

Is Heterozygous:

WT

Brassica rapa R-0-18 (RS)

Bra018311
stop_gained:Caa/Taa:p.GIn263*/c.787C>T
ji30317-a

Yes

AGAAATTAAAACAGG AAATCGCGAGTTGGA

Brassica rapa R-0-18 (RS)

Bra018311
stop_gained:tgG/tgA:p.Trp46*/c.138G>A
ji30819-a

Yes

AATCTTCGGAAACTG CTCCAAGTCGGAGAC

Brassica rapa R-0-18 (RS)

Bra019302
stop_gained:tgG/tgA:p.Trp438*/c.1314G>A
ji30010-b

Yes

TCGCTTCTGGTTCAT CAATGTGTCTAGACT

Brassica rapa R-0-18 (RS)

Bra039146
stop_gained:Cag/Tag:p.GIn395*/c.1183C>T
ji31647-b

Yes

AAGGGATCAAGACCT AAGTCCAAGAGCCCA

Brassica rapa R-0-18 (RS)

Bra019302
stop_gained:Caa/Taa:p.GIn310*/c.928C>T
ji32024-a

Yes

TAGTGGGCCTTTTTT GACAATAAGGTTAAT
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(B)

1. Bra018311 (ji30317-a):
GAGTTTGTATTATTCTTGTTTCTTGAAACTGACATTGAGAAATTAAAACAGG(T/C]
AAATCGCGAGTTCGAAGCCTACAGGAAGCGAAGGATTGAAATGCGCAATTGA

Amino acid Cin wild type is replaced with T in mutant

2. Bra018311 (ji30819-a):
AGAAGCTGAAGCTCCCTCCCGGTCCTATGCCGATTCCAATCTTCGGAAACTGIA/G]
CTCCAAGTCGGAGACGATCTAAACCACCGTAACCTCGTCGACTACGCTAAGA

3. Bra019302 (ji30010-b):
GTGCAGGTATGAGTCCATAATTGCAACACTCTGTGAGAGTCTAGACACATTGIA/G]
ATGAACCAGAAGCGAAGGTAATAAAATTTGTTTATT
TGCTGGTGTAAAATAG

4. Bra039146 (ji31647-b):
AGTTGGCTTGAGATCTCAGTACCCTGTTGAGAGAAAATGGGCTCTTGGACTTI[T/C]
AGGTCTTGATCCCCTTTTGTTCTCTCTTAATTTATACTTTATAATGATATCA

5. Bra019302 (ji32024-a):
TGCAGAACCTGAGATCCAATATGTTGCACTTCGTAACATTAACCTTATTGTC[T/C]
AAAAAAGGCCCACTATTCTTGCCCATGAAATCAAGGTAGTTTGGTTCTGTTT
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Appendix 11: Wiesner’s reaction/phloroglucinol-HCI

Wiesner’s reaction/phloroglucinol-HCI: Spot inoculated B. napus leaf discs were
immersed in a mixture of 10% phloroglucinol and 95% ethanol for 5 min. Leaf discs
were then dipped in pure HCI, washed off, mounted in a droplet of 70% glycerol and
visualised under a 3x GXM-XTC3AL stereo microscope ( Becker et al., 2017; Mitra &
Loqué, 2014). No variation in lignification staining was observed between mock
inoculated (0 dpi) and 8dpi Brassica napus susceptible cultivars (Cabriolet, Sansibar,
Laser) and resistant cvs/lines (POSH, SWU Chinese 1, Cubs Root) with P. brassicae.
Arrows shows the vascular bundles stained. (a): stained leaf sections under light
microscope. (b): mock control and (c): 8dpi B. napus leaf discs where top from left are
Cabriolet, Sansibar, Laser and bottom are POSH, SWU Chinese 1, Cubs Root.
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Appendix 12: Glasshouse experiments 8 and 9 randomised replicated a-designs to screen

Brassica rapa and Brassica napus for resistance against Pyrenopeziza brassicae and cuticle study

(Chapter 5)
Randomized layout
REPLICATION 1
Block 1 6 9 5
Block 2 1 7
Block 3 11 4 12
Block 4 13 2
Block 5 3 10 8
REPLICATION 2
Block 1 8 5 2
Block 2 12 1 11
Block 3 6 7
Block 4 10 3 13
Block 5 9 4
REPLICATION 3
Block 1 4 11 3
Block 2 13 8 5
Block 3 9 12
Block 4 6 1
Block 5 2 10 7
REPLICATION 4
Block 1 4 13
Block 2 6 3 11
Block 3 8 1
Block 4 12 10 9
Block 5 2 7 5
REPLICATION 5
Block 1 2 10 6
Block 2 9 5
Block 3 7 13 1
Block 4 11 3 8
Block 5 4 12

©oOoO~NOOh~WNPRE

Cabriolet

Sansibar

Moana

Laser

WT R-0-18

SWU Chinese 1
Cubs Root

POSH

Dwarf Essex

Glossy 1-795
Glossy 2-1864
Nonglaucous 1-2051
Nonglaucous 2-1914

REPLICATION 6

Block 1 7 5

Block 2 9 2 8
Block 3 1 12 3
Block 4 13 10
Block 5 11 4 6
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Appendix 13: Weather information (temperature?) during two glasshouse experiments (8 and 9) to
screen Brassica rapa and Brassica napus for resistance against Pyrenopeziza brassicae and to

quantify cuticular wax and cutin. Information was obtained from https://www.worldweatheronline.com/luton-
weather-history/bedfordshire/gb.aspx.

Environmental conditions during glasshouse experiments for susceptibililty of Brassica rapa and B. napus to Pyrenopeziza brassicae.

Location Experiment Germination® Transplanting1 Inoculation* Sampling1
29th December 2020 2nd January 2021 24th January 2021 17th February 2021
Rothamsted 8 Max°C Avg°C Min°C | Max°’C Avg’C Min°C | Max°C Avg°’C Min°C | Max°C Avg°C Min °C
4 2 1 2 1 0 3 1 0 9 6 2
2nd January 2021 7th January 2021 28th January 2021 21st February 2021
Rothamsted 9 Max°C Avg°C Min°C | Max°C Avg’C Min°C | Max°C Avg°’C Min°C | Max°C Avg°C Min °C
2 1 0 2 0 -4 11 7.3 6 12 10.5 9

! Germination, transplanting, inoculation and sampling refers to the B. rapa and B. napus seedlings.

2 Information about temperature was obtained from United Kingdom Weather History in Luton, England

51.88°N, 0.36 "W
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Appendix 14: Cutinase gene expression in B. rapa and B. napus
cultivars/lines at different time points

—&— Cabriolet —8— R-0-18
300

—8— Sansibar : —8— NG1

—&— Laser —8— NG2

—&— Cubs root GL1 / /
POSH GL2

SWU Chinese 1
200

Cutinase expression (fold)

Time points

Cutinase expression in B. napus cvs/lines (a) and B. rapa (b) at Odpi
(control), 1dpi, 2dpi, 4dpi and 8dpi.
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Appendix 15: Individual secondary (2°) alcohol compounds identified and quantified from Brassica
rapa wax mutants spray inoculated with Pyrenopeziza rassicae (28 dpi) using GCMS.

Uninoculated Inoculated
20 a
a I a
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— b
o - b b
2 b = b
o2 I I b
8 b b
I i =

R-0-18 NG1 NG2 GL1 GL2

Individual compounds of 2° alcohol identified and quantified from Brassica rapa wax mutants spray inoculated
with Pyrenopeziza brassicae (28 dpi) using GCMS. Error bars represent standard deviations of three replicates.

Columns with the same letters are not significantly different (Wilcoxon, Anova and TukeyHSD). 207



Appendix 16: Individual primary alcohol (1°) compounds identified and quantified from Brassica rapa
wax mutants spray inoculated with Pyrenopeziza brassicae (28 dpi) using GCMS.

Uninoculated Inoculated
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Individual compounds of 10 alcohol identified and quantified from Brassica rapa wax mutants spray inoculated with
Pyrenopeziza brassicae (28 dpi) using GCMS. Error bars represent standard deviations of three replicates. Columns
with the same letters are not significantly different (Wilcoxon, Anova and TukeyHSD). 208



Appendix 17: Individual wax ester compounds identified and
guantified from B. rapa wax mutants spray inoculated with
Pyrenopeziza brassicae (28 dpi) using GCMS.

Uninoculated Inoculated
a ab a
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1 44 abc el
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— b 1
i . b 5 ab
» 24 @4 *
< b
L C
c 0 bc g? N bc
— /] & C —
o2 b c be I ceoc S
- 2 [ = [ = C
=- = = 0 —
- - F NG1 NG2 L1
! a2
I I
= b
21
[7]
ki ] b
[
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Individual compounds of wax ester identified and quantified from Brassica
rapa wax mutants spray inoculated with Pyrenopeziza brassicae (28 dpi)
using GCMS. Error bars represent standard deviations of three replicates.
Columns with the same letters are not significantly different (Wilcoxon, Anova
and TukeyHSD).
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Appendix 18: Branched C27 alcohol and an unknown compound quantified from Brassica napus
lines/cvs spray inoculated with Pyrenopeziza brassicae (28 dpi) using GCMS.

Uninoculated Inoculated
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Cabnolet Sansibar Laser Moana Dwarf Essex Cubs root POSH SWU Chinese 1

Individual compounds of branched (Br) alcohol identified and quantified from Brassica napus lines spray
inoculated with Pyrenopeziza brassicae (28 dpi) using GCMS. Error bars represent standard deviations
of three replicates. Columns with the same letters are not significantly different (Wilcoxon, Anova and
TukeyHSD) (df 7). 210



Appendix 19: Individual compounds of secondary (2° alcohol quantified from

lines/cvs spray inoculated with Pyrenopeziza brassicae (28 dpi) using GCMS.

(in ng/uL)

C29 Alcohol 2

C30 Alcohal 2

1007

Uninoculated Inoculated
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Individual compounds of 2° alcohol identified and quantified from Brassica napus lines spray inoculated with
Pyrenopeziza brassicae (28 dpi) using GCMS. Error bars represent standard deviations of three replicates.
Columns with the same letters are not significantly different (Wilcoxon, Anova and TukeyHSD) (df 7).

Brassica napus
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Appendix 20: Individual compounds of fatty acid quantified from Brassica napus lines/cvs spray
inoculated with Pyrenopeziza brassicae (28 dpi) using GCMS.

Uninoculated Inoculated
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Cabnolet Sansibar Laser Moana Dwarf Essex Cubs root POSH SWU Chinese 1

Individual compounds of fatty acid (FA) identified and quantified from Brassica napus lines spray inoculated with
Pyrenopeziza brassicae (28 dpi) using GCMS. Error bars represent standard deviations of three replicates. Columns
with the same letters are not significantly different (Wilcoxon, Anova and TukeyHSD) (df 7).
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Appendix 21: Individual compounds of wax ester quantified from Brassica napus lines/cvs spray
inoculated with Pyrenopeziza brassicae (28 dpi) using GCMS.

Uninoculated Inoculated
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Individual compounds of ester identified and quantified from Brassica napus lines spray inoculated with Pyrenopeziza brassicae
(28 dpi) using GCMS. Error bars represent standard deviations of three replicates. Columns with the same letters are not
significantly different (Wilcoxon, Anova and TukeyHSD) (df 7).
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Appendix 22: Percentage of individual intra-cuticular fatty acid compounds out of total cutin
extracted from Brassica napus leaves spray inoculated with Pyrenopeziza brassicae (28 dpi) using
GCMS.
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Percentage of individual compounds of intra cuticular fatty acids (FAs) out of total cutin extracted from Brassica rapa wax mutants
spray inoculated with Pyrenopeziza brassicae (28 dpi) using GCMS. Error bars represent standard deviations of three replicates.

Columns with the same letters are not significantly different (Wilcoxon, Anova and TukeyHSD) (df 4).
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Appendix 23: Percentage of alcohol and fatty acid mixture, and ketone out of total cutin extracted
from Brassica napus leaves spray inoculated with Pyrenopeziza brassicae (28 dpi) using GCMS.

Treatment Uninoculated Inoculated
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Sansibar Laser Maoana Dward Essex

Percentage of alcohol and fatty acid mixture as well as ketone out of total cutin extracted from Brassica napus leaves spray
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Appendix 24: Percentage of individual fatty acid compounds out of total cutin extracted from
Brassica napus leaves spray inoculated with Pyrenopeziza brassicae (28 dpi) using GCMS.
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Appendix 25: Wax content and composition of uninoculated B. rapa and B. napus. Colour formatted with
green, yellow and red range (from higher to lower) for each molecular species and total wax.

Cultivar Species Alkane Alcohol 1 | Alcohol 2 | Br Alcohol | Aldehyde | Fatty acid Wax ester Keto Diol Total wax

Cabriolet B napus 598.4536 | 52.05378 | 60.67154 | 45.97359 | 39.5109 | 13.799916 | 50.41167739 | 200.6317 | 26.19694 | 1087.70367
Sansibar B napus 676.7213 | 72.50563 | 61.7431 | 50.60176 | 54.39817 | 15.8577089 | 29.31804619 | 233.7692 | 12.61769 | 1207.53262
Laser B napus 380.2625 | 43.22641 | 65.50371 | 61.21868 | 36.56413 | 10.4526299 | 22.2498129 | 177.1915 | 31.68294 | 828.352298
Moana B napus 1106.985 | 71.82818 | 115.2102 | 79.09208 | 54.36488 | 14.8681802 | 48.27636881 | 309.1146 | 17.53207 | 1817.2719
Dwarf Essex B napus 718.3934 | 42.92755 | 137.4111 63.0634 | 40.39191 | 12.9895531 | 60.51650222 | 243.4665 | 26.33538 | 1345.49533
Cubs Root B napus 843.5264 | 52.07591 | 169.4178 | 54.38072 | 50.19317 | 25.3218743 | 58.01832433 | 337.5403 46.782 | 1637.25643
POSH B napus 922.3955 | 63.5396 | 144.5212 | 68.35308 | 44.53036 | 16.3780074 | 45.82328257 | 281.8756 | 40.20255 | 1627.61926
SWU Chinese 1 | B napus 917.1818 | 57.24261 | 114.5236 | 64.45979 | 60.66504 | 20.1777469 | 59.2459333 | 239.5605 | 27.78897 | 1560.84597
R-0-18 B rapa 478.8521 | 33.61019 | 95.28846 | 6.681298 | 7.852367 | 8.31484974 | 18.36774293 | 77.06196 | 4.851181 | 730.880176
NG1 B rapa 372.0328 | 28.7705 | 108.8934 | 9.921531 | 12.08636 | 4.94708359 | 4.200153457 | 143.9983 | 5.468527 | 690.318697
NG2 B rapa 876.9052 | 38.76713 | 100.5273 | 10.27821 | 10.92569 | 5.57492042 | 12.03021267 | 196.9811 | 8.440237 1260.43
GL1 B rapa 50.14705 | 92.75215 | 48.97868 | 52.44906 | 66.57926 | 5.11407194 | 14.80003095 | 1.693635 | 0.78088 | 333.294813
GL2 B rapa 36.76322 | 79.06307 | 20.90485 | 36.67464 | 41.84017 | 3.01533018 | 12.6356711 | 1.125859 | 1.021236  233.044051
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Appendix 26: Screening for resistance against Pyrenopeziza
brassicae in Arabidopsis thaliana using trypan blue staining.

A. thaliana ecotypes Ws-0, Nd-1, Columbia (Col-0), N22651, N22652, N22653,
N22654, N22655, N22656 and N22658 were ordered from http://arabidopsis.info.
Ecotypes were grown in controlled environment cabinets for 21 days and spray
inoculated with 10° spores/ml spore suspension of Pyrenopeziza brassicae (section
2.8). The pathosystem of Arabidopsis thalaiana and Pyrenopeziza brassicae was
assessed using trypan blue staining (section 2.9) at 7dpi, 18dpi and 25dpi.

Trypan blue images of Nd-1 A. thaliana ecotype leaves with P. brassicae hyphal
growth at 18dpi (a, b: Nd-1) and 25dpi (c, d: Nd-1). Minimal growth of hyphae was
observed without any branching.
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Trypan blue images of Arabidopsis thaliana ecotypes showing Pyrenopeziza
brassicae hyphal growth at 25 dpi. N22651 (e), N22652 (f), N22653 (g), N22654 (h),
N22655 (i), N22656 (j), N22658(k) and Ws-O0 (l). No visible branching of hyphae was
observed.
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Appendix 27: Permealbility test using toluidine blue staining

B. rapa control (R-0-18) and wax mutants (GL1, GL2: less wax and NG1, NG2: more
wax) were grown in controlled environment cabinets (section 2.2) to assess the cuticle
permeability using toluidine blue staining. Five biological replicates each were spot
inoculated (section 2.7) respectively. Leaf discs from spot inoculated Brassica rapa
wax mutants (1, 2, 4 and 8 dpi) were collected. Samples were immersed in a 0.05%
(w/v) solution of toluidine blue for two min and any excess stain was washed with water

(Pu et al., 2013). Untreated leaves and leaf discs were used as controls.
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Toluidine blue staining images of B. rapa wax mutants spot inoculated with P. brassicae
at 0dpi (untreated), 1dpi, 2dpi, 4dpi and 8dpi. (a) adaxial view of NGland NG2 (top),
GLland GL2 (bottom) (b) abaxial view of NGland NG2 (top), GL1and GL2 (bottom) (c)
WT R-0-18 adaxial view (top) and abaxial view (bottom).
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Appendix 28: Glasshouse and controlled environment

experiments done during this PhD

wax mutants and B. napus

Experiment Number Experiment Chapter
condition

Glasshouse 1,2,3 GWAS B. napus mapping - LLS scoring | 4

Glasshouse 45 Commercial B. napus cvs/lines 4
assessment- LLS scoring, P. brassicae
spore counting and DNA content
guantification

Glasshouse 6,7 Four resistant and four susceptible B. 4
napus cvs/lines assessment - LLS
scoring, P. brassicae spore counting
and DNA content quantification

Glasshouse 8,9 B. rapa wax mutants and B. napus 5
screening — LLS scoring and P.
brassicae spore counting

Glasshouse 8 B. rapa wax mutants and B. napus — 5
cuticular wax and cutin extraction and
analysis

Controlled experiment | 1, 2 Regional pathogenicity variations of P. | 3
brassicae isolates

Controlled experiment | 3, 4 Regional pathogenicity variations of P. | 3
brassicae populations

Controlled experiment | 5 Cultivars Cabriolet and Cubs Root 4
interaction with P. brassicae -trypan
blue visualisation

Controlled experiment | 6 Scanning electron microscopy (SEM) - | 4
Susceptible cv. Cabriolet and P.
brassicae interaction study

Controlled experiment | 7 Scanning electron microscopy (SEM) - | 4
Susceptible cv. Cabriolet and resistant
cv. Cubs Root interaction with and P.
brassicae

Controlled experiment | 8, 9 Tagman multiplex gPCR — GEMs 4
analysis

Controlled experiment | 10 Glucosinolate quantification- B. napus 4

Controlled experiment | 11 Cutinase expression analysis - B.rapa |5
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Appendix 29: Publications

1. (a) Research paper - Theoretical and Applied Genetics - Novel gene loci
associated with susceptibility or cryptic quantitative resistance to
Pyrenopeziza brassicae in Brassica napus. (2023)

(b) Supplementary table — Gene expression markers (GEMS)

(c) Supplementary table - Environmental conditions of glasshouse experiments

2. Research paper - Pest Management Science - Leptosphaeria maculans
isolates with variations in AvrLml and AvrLm4 effector genes induce
differences in defence responses but not in resistance phenotypes in cultivars

carrying the RIm7 gene. (2023)

3. Conference paper - The AgriFood Charities Partnership AFCP conference -
Genetic basis of partial resistance against Pyrenopeziza brassicae in oilseed
rape. (2021)

4. (a) Poster - School of Life and Medical Sciences Research Conference,
University of Hertfordshire - Genetic basis of partial resistance against

Pyrenopeziza brassicae in oilseed rape. (2019)

Poster - International Rapeseed Congress, Berlin, Germany - Genetic
basis of partial resistance against Pyrenopeziza brassicae in oilseed rape.
(2019)

Poster - Arms race, evolution of plant pathogens and their hosts, future
British Society for Plant Pathology Conference - Genetic basis of partial

resistance against Pyrenopeziza brassicae in oilseed rape. (2019)

(b) Abstract
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5 (@) Poster - School of Life and Medical Sciences Research Conference,
University of Hertfordshire - Genetic basis of partial resistance against
Pyrenopeziza brassicae in oilseed rape. (2021)

Poster and oral presentation - Genetic basis of partial resistance against
Pyrenopeziza brassicae in oilseed rape -Our plants, our future, British
Society for Plant Pathology Conference, University of Birmingham, UK. Oral
presentation. P13. (61"-8" December 2021)

Poster - The AgriFood Charities Partnership AFCP conference — Genetic
basis of partial resistance against Pyrenopeziza brassicae in oilseed rape.

(2019)

(b) Abstract
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Abstract

Key message (Juantitative disease resistamce ({(HVR) controls the association of the light leaf spot pathogen with
Brassica napas; four (DR loci that were in link age disequ flibriom and eight gene expression markers were identified.
Abstract Quantitative disease resistance (JDR) can provide durable conirol of pathogens in crops in contrast to resistance (R
eene-medisted resistance which can break down doe to pathogen evolution. QDR is therefore a desirable irait in crop improee-
ment, but Litfle is known about the cawssative penes, and =o it i difficult to incorporate into breeding programmes. Light leaf
spot, caused by Pywrenoperiza brassicas, s an important disease of oilseed rape (canola, Brossica mapus). To identify new
QDR pene koci, we used a high-throoghput screening pathosy stem with P brassicas on 195 lines of B. fapus combined
with an association transcriptomics platform. We show that all resistance against P brassicaes was associated with QDE and
not K pene- medisied. We used penome-wide association analysis with an improved B. mapeis population sirecture to reveal
four pene loci significantly (P =0.0001 } associated with (JDE in regions showing linkage disequilibriom. On chromosome
Al enhanced resistance was associated with heteroe ygosity for a cytochrome P450 pene co-localising with a previoushy
described locus for seed glocosinolate content. In addition, eight significant pene expression markers with a false discovery
raie of 0001 wemr associated with QDR against P. brossicas For seven of the se, expression was positively corelated with
resistance, wheress for one, 3 HXXXD-type acyltransferase, negative cormelation indicated a potential susceptibility peme_
The study identifies nowel QDR loci for susceptibility and resistance, including novel cryptic QDR genes associsied with
heteroey gosity, that will inform future crop improvement.

Introduction

Quantitative disease msistance (JDR) is predominant in
natural plant populations and provides robuost and duomble
protection from pathogens in ecosysems (Delplace et al.
study. durahle resistance in crop planis, it is not routinely selecied
for in breeding since the underlying pene loci are poorly
chamacterised and contribute partial but additive resistance
which is difficult to track in breeding programmes (Melson
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=) Henrik L. Siotr
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Management, School of Life @nd Medical Scienaes,
University of Hertfordshires, Hatfiald AL 10 AR, UK
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Morwich Ressarch Park, Norwich NR4 TUH, UK
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P seni Addnesx: Commumication and Engapement (ffice,
Science | nnovation Engagement Partne rships, Rothamsied
Fesarch Lid, West Comeon, Harpenden A LS 210, UK

et al. 201 8). Understanding the mobacular basis of QDR will
provide novel opportunities for introdocing durable dizsease
mesistance into crops and edocing the use of pesticides. Our
imvestigation uses a pathosystem which, combined with an
association genetics platform, establishes a novel approach
to identify candidate )DR genes for crop improvement in
Brassica nagis.

Plants have evolved layers of immunity for defence
against various pathogens with different modes of mfection

&) Springes
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and life styles. Although the layers of plant immunity ane
not distinct and may overlap to some extent (Mgou et al.
2021; Yuanet al. 2021}, the first is considered to be the mpid
detection of microbial patterns usually described as pattern-
irigpesd immunity (FTI). Adapied pathopens secreie effec-
tors that suppress PTI as they colonise the host plant and
cause disease (Jones and Dangl 2006). Effectors can be o
opnised by resistance prode ins, fypically nocleotide-binding,
leucine-rich repeat (MLE) immune mecepiors, which provide
the second layer of immunity to protect the plant. When
operating against cell-penetrating pathogens, this effector
triggered immunity (ETI) is the principal mechanizm in
qualitative, or K pene-mediated, resistance and provides a
powerful defence response (Jones & Danpl 2006). However,
operating apaimst ex tracellular pathogens. B pene-mediated
mesistance, termed effectoririggered defence (ETD) acts
mare slowly and is not an immupe but 2 resistance response
{Siotz et al. 2014). Pathopen populations can mutate or lose
affectors so that they ame no longer recognized, leading to
mesziztance breakdown in crops. This contrasts with QDR,
which is predicted to provide durable profection agaimst
pathogens. Although less well-studied, mechanisms of QDR
can inclode enhanced cell wall thickening, modified signal-
ling processes and enhanced secondary metabolism (Cowpger
and Brown 2019). Interestingly, studies with the apoplastic
{extracellolar) fungal pathopen Leprosphaeria maculans
have shown that ETD may also contribute to QDR in B.
rapuis, einforcing the concept of overlap bebween lzyers of
defence in plants (Jiguel et al. 2021

After soybean, oilseed rape (O5R; Brassica sapus) is
economically the second most important wegetable oil crop
in the world. Amongst the biotic threats that challenge OSR
production, light leaf spot (LLS), caused by the apoplas-
tic ascomycete Pyrenopeziza brassicas (anamorph Cylin-
drosporinm corcentricwn), ranks in the top 10 most damag-
ing diseases on the crop in Europe (Zheng et al_ 2020); noe
that P Brassicae is the perfiect stage of C. comcentricum.
Yield losses are due to seedling death at the rosetie stape,
stunting of susceptible cultivars and floral mfection, keading
to malformed pods and seeds, premature pod senescence
and pod shattering prior o harwest (Gilles et al. 2000). This
pathogen has a widespread peopraphic distribution, occur
ring in the United Kingdom (UK} and, increasingly, conti-
nentzl Europe the Pacific Northwest of the United States,
Asia (Japan, Philippines) and New Zealand (Carmody et al.
201%; Kamandeni Dewage et al. 201E). P. brassicae epidem-
ics are initiated by wind-dispersed ascospones. Acervuli then
produce asexusl conidia in infected plant parts; these conidia
ame rain splash-dispersed to establish the polycyclic stape of
the LLS disease epidemic.

LLS has become the most damapging disease of O5R in
the UK. The disease accounts for up to £160 million yield
lo=s annually in England, despite expenditure of £20 M on

) Springer

fungicides. The severity of the disease = preater in Scotland
than in England (Karandeni Dewage et al. 2018). However,
LLS has progressively become a greater problem in parts
of the UK other than Scotland over mome than a decade and
may now be considerad a national emergency. Simultane-
ously, P brasiicae has become a problem on Brassica vege-
tables in the UK and other places, causing market losses due
to surface blemishes on crops like Brussels sproots. Besides
B. napus and B. oleracea, P. brossicae has boen observed on
mustard rape (K. juscea) and B. rapa (Carmody et al. 2019).

One of the limitations of studying QDR in crop species
is that mresistance of individual QDR loci is only partial and
can be masked by K-pene-mediated mesistance. P brossicas
om B mapus is an ideal pathosysiem to stody QDR hecauss
there are no known R penes effective apainst the pathogen.
Muomeover, one study has indicated the presence of QDR for
LLS. Six environmentally stable quantitative trait loci iQTL)
fior resistance against P brassicas were mapped in 8 doubled
haploid (DH) population of B. rapus derived from a cross
between moderately resistant Darmor-bzh and susceptible
Yudal cultivars (Piletet al. 1998). Four new QTL for resist-
ance against P brassicos wene identified on linkage groups
C01, 006 and C09 (Karandeni Dewape et al. 2027). Two
major loci for esistance against P. brassicas weme identified
{Bradburmeet al. 1999), and one was mappead to the bottom
of chromosome Al of B. rapus (Boys et al. 2012). This
locus could be a QDR locus since it was associated with
substantial decrease in LLS hyphal growth rather than death
of the pathogen typical of K pene-mediated resistance (Boys
et al. 2012; Stotz et al. 2014). However, apart from these
examples, littke is known sbout QDR for resistance against
P brassicas m B, napis.

P brassicas and Rhyrchosporium commune ame closaly
mlated discomycetes (Goodwin 2002; Penselin et al. 2016)
that occupy 2 subcoticular apoplastic niche in their respec-
tive brassica and barley hosts (Stotz et al. 2014). It is there-
fiore relevant to compare resistance mechanisms that operaie
against these elated pathogens. The major resistance locus
Rrsl , containing wall-associated kinase s, contmls resistance
against Rhynchosporium comprre in bafey (Looseley et al.
2030}, Rrsl is the only B gene against B cowrmune that has
a cormesponding Avr gene, NTPJ, that encodes & necrosis-
inducing protein (Rohe et al. 1995). Additionally, muolti-
ple quantitative resistance loci were found to be imvobved
in esistance of barley apainst B commure (Buttner et al.
0.

The development of association penetics and transcrip-
tomics has enabled the identification of pathogen msistance
lioeci that was not possible in biparental mapping populations
{Bartoli and Roux 2017). The approaches take advantape
of recombination events that have sccumulated in natural
populations to identify penetic polymorphisms associated
with phenotypes of interest. The method reqguires penomic
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or transcriptomic sequences from a diversity collection and
phenotypic data for the trait of interest. The approach has
heen used to identify mew mesistance loci operating against
Selendtinia selerofionim siem rot and potential B genes for
mezistance in B. mrapus against Placmodiophiora Bbrassicae
{clubroot) (Hejna et al. 201%; Woet al. 2016). However, no
such studies have been done to identify QDR against Pyr-
eHofezizd brassicae.

The aim of this study was to characterise ge nomic regions
assocised with QDR against P. bracdeos in B fapeis under
glazshouse conditions. To achieve this, we perfiormed associ-
ation penetic analysis with a B. napus diversity st deve loped
throogh the ORBEGIN initiative (hitps2www.herts.ac.uk/
omegin) combined with genotype and expression data (Haw
lickova et al. 201 8) and phenoty pic measorement of P bras-
sicae infection that we developed for the study. This study
provides mew insights into QDR mechanisms and supports
bmeeding e fforts to peperaie durable disease-resistant crops.

Methods
Glasshouse growth conditions

Glasshouses at the Bayfordbury campus, University of
Herifordshire, and Rothamsied Research wem utilised for
experiments scored for partial msistance against P broas-
sicae with baseline temperatures zet to 16 C during the
day and 14 °C during the night {see diumal cycles balow].
Actual temperatumes recorded wemre outside this baseline
range, however, doe to fluctuations in temperatore and light
during the experimental period {Supporting Information
Table 51). At Bayfordbory, supplemental lighting was used
for 12 h per day using sodium high pressure lamps (Syb aniza
SHP-TS 400 W Grolux ), which antomatically switched on
omce natural daylight decreased to< 115 pmal m—2 5. Sup-
plemental lighting (LED=, 175 W m™*) was used for 12 h
and 14.5 h at Rothamsted Research for experimenis 8 and
experiments 9 and 10, respectively (Supporting Informa-
tion Table 51). The intensity of supplemental lighting was
200 pmol m—* 5~'. Humidity levels were variable as they
cannot be controlled in a glasshouse situation, although they
wene monitored at Bothamsted Research

Isolation of P. brassicoe populations

Two populations of P brassicas wene used. The first popo-
lation was amplified having obiained infected leaves from
EW5S SAAT SE & Co. KGaA (Einbeck, Germany) from
field experiments on the island in Fehmam, Germany
(54.4701, 11.1329) im 2016. The second population was
obiained from infected leaves of K'WS-grown B. napus peno-
types, incloding reference cultivars Cuoillin and Ex press, at a

Rothamsted Research field site (51.813 125, —0.382005) in
2019. Populations obtained in 20 16 and 2019 were wsad for
seven and three plasshouse experiments at B ayfordbury and
Rothamsted Research, respectively (Supporting Information
Table 52).

Leaves of B. rapus with the preatest smount of P brassi-
cae sponilation already present wene sampled from the field
axperiments and placed into polyethylene bags for transpaor-
tation back to the University of Hertfordshire. The spomes
were dislodged from the leaves by pipetting sterile distilled
water over the leaf, and the mn-off was collected in a glass
heaker. This spore suspension was filiered using Miracloth
{Merck Millipore, Watford, UK.) and the spore concen-
tration determined using a hsemocytometer slide under a
stemeo-microscope (GX Microscopes, XTC-3A1). The con-
centration was adjusied to 10° spores mI~! and dispensed
into 50 ml aliquots for use == inoculum in the experiments
or stoned at — 20 °C.

Quantification of P. brassicoe sporulation on leaves
of B. napus accesslons

Each of 10 ex periments tested 24 accessions, each with five
inoculated replicates with the exception of experiments 1
and 3, which each tested only 23 accessions (Supporting
Information Table 52). In totzal, there were 195 accessions
in these ex periments. The meplicates were amanged in a ran-
domised alpha block design, so that each block incleded
one replicate plant from each of the 24 accessions. All of
the limes scmeened could not be grown at the same time;
therefore, seven axperiments wene done at B ayfordbury from
2006 to DDIE with the cultivars Tapidor, Imola (mesistant),
Bristol (susceptible) and Temple included in each axperi-
ment b act as references for normalising symptom severity
bebween experiments. In 3019, another three experiments
were done at Rothamsted Research with the susceptible one
of the replicated referenoe cultivars being Cabriolet instead
of Bristol due to seed availability.

Seeds werne stratified for 2 days at 4 *C prior to germina-
tion on damp filter paper in Petri dishes in the dark. The
succassfully perminated seeds wemne then plamted inbo x5
cell sead trays with a 5050 mixture of John Innes No.3 com-
post and multipurpose compost (Miracle Gro). The seed-
lings wene left to grow in the glasshouse for approximately
2 weeks until the first and second troe leaves had emerged.
Established plants weme transplanted into 9 cm diameter
imdividuzal pots nsing the same potting mix . Additional ferti-
liser was not used. Seedlings were imigated from below daily
using capillary matting. Once potied. plants were checked
each day and top-watered when the first 2.5 cm of s0il was
dry.
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After a further 2 weeks, a total of 120 plants at growth
stage 1.5 (Sylvester-Bradley 1985), iLe. seedlings with five
true leaves, were sprayed with 100 ml of P brassicas spone
suspension, &t & concentration of 10* spores ml~" water
contzining (05% Silwet (Spess-Urania Chemicals GmbH,
Hambuarg, Germany ) as a wetting agent. A hand sprayer on
fine mist setting was used to sufficiently cover all leaves of
all planis. Subseguently, plants were incubated for 48 h under
a clear polyethylene sheat over a plastic frame, 2% 1 =05 m
in dimension. The plants were grown for another 3 weeks
before the whole plant was sampled by cuoiting at the base
of the stem just above the soil surface, wrapped in a paper
towel, and placed into a labelled polyethylene freezer bag
o preserve the whole plant. A= all plants weme harvesied at
the same time, growth stages slightly waried amongst dif
ferent lines. On average, plants reached growth stape 1,9
The inside of the bag and the paper towel were sprayed with
sierile distilled waier to create humidity, and then, samplad
plants wemre incubated at 4 °C in a cold room. After 5 and
10 days of imcubation, the sampled plants were assessed
vizually for the presence of P. brassicas sponulation using a
masdified LIS 1-6 severity scale (Karandeni Dewsape et al.
2021). Specifically, score= 1 (no sporulation), scomre=2
(< 10'%: leaf area with sporulation), score=3 (10-25% leafl
area with sporulation], scome=4 (25-50% leaf area with
sporulation), score =25 (50-T75% leaf area with spomalation)
and score==6 (75— 100% leaf ares with sporulation). Each
of three to six leaves per plant was given a scome, and then,
these scores wene averaged to pive a disease severity rating.

Statistical analysis of phenotypic traits

The quantitative resistanee work consisted of 10 glasshoose
experiments. & total of 195 accessions weme scomed for P
Brassicae sporulation. Reference genoty pes replicated in
each of the izn experiments wene usad to deie mmine normal-
ity of the data with the Shapiro—Wilk test and lack of effect
of experiment for the entire study. Phenotypic data wem
analysed in B using a package for nonlinear mine.d-effects
maodels {nime). The function for the mode] had the follow-
ing structure: model= Ime(Scome - Genoty pe, data=LL5,
random=— | [Experiment/enoty pe ). Adjusted means wem
peneraied and ordered sccording to the scores of the geno-
types. A Wilcoxon signed-rank test was usad for pair-wise
comparisons of the adjusted means of genotypes. A signifi-
cance threshold of P< 0005 was used to assess pair-wise dif
ferences in disease score. Data wene visualized in B using
ordered means dotchart and hist functions.

Assodation transcariptomics

The phenotyping datasets of the diversity set for LLS
mesistance scores were analysed using an associstion
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transcriptomics pipeline based on programs used to map
traits in B. napus previously with minor modifications
{Harper et al. 2012; Wells et al. 2013). Genoty pe and ax pres-
sion level datasets used weme published (Havlickova et al.
2018) and awailable from York Knowledgebasze (hitp2#yorkn
owledpebase.info). This dateset was redoced to include only
the accessions within this study.

(Gene expression market ({GEM) associations wene deter-
mined by linear regression using Reads Per Kilobase of
transcript, per Million mapped reads (RPFEM) to predict a
quantitative outcome of the trait value. All markers with
an averape expression less than 0.5 RPEM weme emoved
before analysis.

An updated popuolation strocture was calculated for the
accessions uwsed within this study using a Bayesian clusiering
approach. & Markoy Chain Monte Carlo (MCMC ) algonithm
was implemented in the population-genetic softwane STRU
CTURE ¥2.3.1. One of the requirements of STRUCTURE
is unlinked markers; themfore, the single nucleotide poly-
morphism (SMNP) file was adjusted before the analysis using
the follewing criteria: 5NPs weme required to be biallelic,
with a minor allele frequency (MAF)= 0.05 and & minirmuem
distamce of 500 kb between markers. Markers within 100 kb
of the centromeres, based on published findings (Cheng
et al. 20 13; Mason et al. 2016), wer excluded. STRUCTU
RE was run using the admixiture model with uncorme lated
allele frequencies with 2 bum-in period of 100000 terations
and MCMC analyses of 100,000 permutations. The acces-
sions wen not assipned to & given popalation. Ten e rations
weme run for each value of K. the number of subpopula-
tions estimated to make up the total population. STRUCTU
RE HARVESTER (Earl and vonHoldt 2012} was used to
determine the optimal & value, by penerating & series of AK
values, which represent the mean likelihood of K divided
by the standard deviation of £, for the popuolation. To for-
ther imvestigate population clusters, TASSEL v5 was used o
construct a piylogenetic tree, using the Meighbour Joining
method and all SMPs with MAF > 005, A closier matching
and permutation program (CLUMPP) was used from STRU
CTURE HARVESTER for K=6 to penerate the ) matrix
imput (] akobeson and Rosenberg 20007,

Genome-wide association (GWA) mapping was per-
formed using TASSEL v5 using 5MFP markers with an allele
frequency = 005, Analysis was conducted using penemlised
linear models (GLM) and mixed linear models (MLM) to
determine the optimal model. Kinship dats were calcuolaed
using TASSEL's *centered [B 5" mathod. Optimom compres-
sion kevel and P30 variance component estimation were
used as MLM options. The false discovery rafe (FDR) was
determined using the Shiny implementation of the g-value
R packape (Storey et al. 2020 GEM and GWA results wens
visualized using B (hitps2¥github.com/B R AV -research-
project/py renoper iza-resistance). The most significanthy
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associated SNFP markers weme selected for further analy-
=is, including disiribution within the population and allelic
effect

The level of linkape disequilibrium (LI} varies bebwean
and across chromosomes depending on the position and level
of selection. To determine the specific level of LI at each
locus, the mean pairwise » for all markers on & chromo-
some toeach of the 11 significantly associated markers was
calculated within TASSEL v5 using the site by all analysis
option. Markers wemr considered in LD when /5 0.15.

Results
LLS scoring system

Percentage of leaf area with P. brassicas sporulation
observed on infected lesves was the most consistent meas-
urement of disease severity across all accessions (K arandeni
Dewage at al. 2021} and was therefore nsed as the basis
for the scoring system. Disease severity was scored on a
scale of 1 to &, with a scom of | for no sporlation and &
for the most sporulation (Fig. 1A, Supporting Information
Figure 51). The image of part of an infected cv. Tapidor
leaf (Fig. 1A, score 2) shows why P brassicas is referned
a5 to O, comicenlricurm in its imperfect stage; this pathopen
produces concentric rings of acervuli on its hosts. Patchy
sporulation was observed on leaf laminas of "couve-nabiga’
and cv. Capitol with scomes of 3 to 4, respectively (Fig. 1A)
The entire leaf laminas of cv. Musatte and cv. Daichousen
wer covened with acervuli and scored 5 and 6, espectively.

Variation in sporulation of P. brassicae on leaves
of diverse B. napus accesslons

A diversity set of 195 accessions was ested in glasshoose
aexperiments for the amount of pathogen sporulation after
spray imoculation of B. sapeis seedlings with local P Bras-
sivae populations. The distribution of disease scomres showad
wide variation in P, brassicas sporulation among diverse B.
mapuis Acoessions with an approximately normal distribution
of this trait (Fig. 1B).

The glasshouse screen consisied of 10 indepe ndent exper-
iments, each with 23 or 24 B. kapus scoessions with foor
meferenoe cultivars perexperiment (Supporting Information
Tahle 52). The first sven axperiments wene done at the Bay-
fordbury campus of the Univer=ity of Hertfordshire and the
last three ex periments at Rothamsied RBesearch. Instead of or.
Bristol, cv. Cabriolet was used a5 a susceptible mEmnce cul-
tivar for the ex periments at Hothamsted Research. All other
meference cultivars wene identical bebween both sites. Irme-
spective of the location, ther wene significant differences
hebween miemence cultivars in disesse scomre. Mo significant

effects of experiment and experiment-by-cultivar interac-
tion on disease score wene observed (Supporting Informa-
tion Motes 51). Combination of all 10 experiments and com-
parison of the shared miemence cultivars Imola, Tapidor and
Temple resulted in significant effects of both coltivar and
experiment. but no significant experiment-by-cultivar inter-
actions on disease scom (Supporting Information Table 52).
The disease scones of all three eference cultivars werne less
at Rothamsted Research than at Bayfordbury, with cv. Tem-
ple differing the most between these two environments
{Supporting Information Figure 52). Restricting the analy-
siz to cv. Imolz and cv. Tapidor eliminated the significant
effect of experiment. Differences in disease scones bebween
Rothamsted Research and B ayfordbury could have resulied
from different environmental conditions, different pathopen
inoculum andfor different assessors at the two sies.

Monlinear mixed model analysis established that B. ropus
cv. Cabriolet and cv. Imola scored as the most susceptible
and maost resistant cultivars amongst the five reference colti-
vars iestied, respectively {Supporting Information Table 52
Intermediate scome s were observed for the other three culti-
vars Temple, Tapidor and Bristol. While ov. Cabriolet scored
as the most susceptible cultivar amongst all 195 accessions
tested, 6 accessions scoved kess spomulation than ov. Imola;
half of the se 60 acoessions scored significantly less than cv.
Imola, including all 11 accessions that supported the least P.
Brossicos sporulation. These data cleary show that quantita-
tive mesisiance present in 3 diverse accessions esulted in
less P brassicae sporulation than in cv. Imola, which has a
major QDR locus against this pathopen.

GWA mapping of quantitative reslstance agalnst P
brassicoe

SNP data for 200 lines from the Renewable Industrial
Products from Rapeseed (RIPR) genotype dataset from
the resources papge of York Knowledgebase (hitpifyorkn
owledpgebaze info) were used for this stody. Following
analysis with STRUCTURE, calcolation of AK divided
the population into two clusters (Fig. 2}); cluster one
mainly comprising of winter O5R and fodder types and
cluster two comprising of other crop types (Supporting
Information Table 53). It was shown that K=2 is a com-
mon outcome when using the AK method (Janes et al.
2017 AK frequently identifies K. =2 a5 the top lawel of
hierarchical structure, and further analysis is requined to
determine whether more subpopulations are present. Our
analysis identified a further maximum in AK at K= 6.
This divided the population into groups comprising the
different crop types; clusier one—winter and fodder; clos-
ter two—swede; cluster three—spring O5R; clusters four
and five—Siberian kale types. and =six semi-winter (Chi-
nese ) DSR {Supporting Information Table 53). Subsequent
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and expressed on a scale of | to
6; numbers ahove images refer
0 these disease scores. Acces-
sions/cultivars Bristol (1, no
sporulation), Tapidor (2,< 10%
leaf amea with sporulation),
‘couve-nabiga’ (3, 10-25%
leaf area with sporulation),
Capitol (4, 25-50% leaf ama
with sparulation), Musatie
(5, 50-75% leaof area with

3on) and Daichousen
(6,75-100% leaf m=a with
sporulation) are shown. B
Disribution of disease scoms, B
repmsenting the percentage
leaf ama with P. brassicae
sporulation among 195 diverse
B. napus accessions on a scale
of 1 to 6. The data mpresent a
total of 1190 assessments in 10
glasshouse experiments, each &
with 24 accessions and five
replicates, with the exception of
two experiments that contained
only 23 accessions (Table S1).
Noke that the data are approxi-
maie ly normally distributed.

a0

3

Fraquancy [
20

model. Ten bins (ned bars) were
created for the histogram. The
blue density curve is a kernel
density estimate and provides
a smoother description of the
distribution. The rug plot below
is 1 one-dimensional represen-
tation of adjusted means for
individual accessions

10

phylogenetic analysis showed a delineation of these crop
types (Fig. 2), with the different crop types forming clear
subgroups within the tree. A number of accessions did
not cluster with their given crop types. Howewer, bar dia-
gram outputs from STRUCTURE (Supporting Informa-
tion Figure S4) showed a level of admixture within these
accessions. Given the evidence for population substructure

9 Springer

2 3

L B R TR (R LT B RN | =
> a 2 s é

LS diseasa scors

beyond K =2, a structure of K= 6 was taken forward for
use in association mapping.

Only lines with both population structure and pheno-
typic data were used for GWA mapping. Of the 200 lines
used for generating population structure, 182 were used
for GWA mapping. TASSEL identified a generalised lin-
ear modelling approach as an optimal fit for the phenotypic
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Fg.2 Phylogenetic tme showing the distribution of clusters from
STRUCTURE snalysis; A K=2, divides the populstion into two
main chusters comprising winter oflseed rape (OSR) and lste wintes’
fodder types (bloe) and other crop types (red). B K= 6, provides finer
population structure identifying subpopulations of crop types com-
prising winter OSR and late wintes/fodder types (blue), spring OSR

data (Supporting Information Figure S5). Eleven significant
marker associations with LLS infection score were observed
at P<0.0001 (Tablke 1); however, none of these were signifi-
cant at the FDR < 0.05. This is not unex pected as resistance
against P. brassicae is a highly quantitative trait, with no
known R gene loci.

The allelic effects of identified GWA maxima were deter
mined (Table 2). The distribution of allkeles contributing to
resistance was not determined by crop type or phylogenetic
relationship. Due to sequence similarities, cross alignment
of transcriptome reads occurs between homeologous loci
in the A and C genomes. This means that allelic calls can
be the same in each genome or carry alternate alleles in the
A and C genomes, referred to as a hemi-SNP, resulting in
an ambiguity call during SNP calling. Three loci, LLSCO!,
LLSA09a and LLSC02, showed the strongest resistance
when present as hemi-SNPs, suggesting a resistance benefit
linked to carrying an alternative allele at the homeologous
locus. Loci ILSAO! and LLSCO4 showed that the majority
of OSR in the panel carried the resistant alkele; ther fore,
these may have already been selected for during breeding.
Lines carrying alternate alleles at the homeologous posi-
tion were also present, suggesting some breeding lines may
not be optimised for these potential resistance loci. Loci
LLSAO2, LLSAO7, LLSAO09b and LLSC08a carried both A
and C genome mesistance alkeles in a small number of lines,
with most lines carrying alternate alleles at the homeologous
loci. For locus LLSCO08a, only one line carrnied susceptible
alleles in both sub-genomes, resulting in an elevated disease
score. For loci LLSCO5 and LLSCO8b, resistant alleles at the

(purple), emi-winter OSR (yellow), swede (green), Siberian kale
groep 1 (light arange), Siberian kale group 2 (m=d). For both A and
B, some lines do not cluster phylogenetically with their crop type
groups as observed in STRUCTURE due to a high degree of admix-
ture. Detailed popelation strocture is given in Supporting I nformation
Figure S4 and Supporting Information Table S3

two homeologous loci were not present within winer-OSR
(WOSR) or in the case of LLSCO8b, within the panel tested.

Although the 11 GWA markers detail the genetic vari-
ation most significantly associated with resistance against
P. brassicae within this analysis, transcriptome sequencing
does not provide all potential genetic variants present across
the panel. Genetic polymorphisms close to the causal varia-
tion will be associated on the basis of genetic linkage or LD.
In the case of LD, the GWA markers may not be indicative
of the causal gene. Instead, causal genes will be more or less
closely linked to the GWA marker. Each GWA marker was
tested for LD against all other markers on a chromosome.
Four of the 11 significantly associated markers, loci LLSA 02,
LLSA09a, LLSCO2, LLSCO8b, exhibited LD with ~ >0.15,
thus defining the region where the causal gene is likely to be
situated (Table 3, Fig. 3).

Eight gene expression markers are assodated
with resistance or susceptibllity to P. brassicae
Infection

The transcriptomes of the 195 accessions were used to ana-
lyse the disease scomes as a function of the expression of all
gene models using a general linear model with an FDR of
0001. A list of eight genes with P-values< 1.6 x 107 was
selected for further analysis (Table 4). Linear m gressions of
the disease score versus the expression of each gene gener-
ated different slopes (Supporting Information Figure $3); the
expression of seven genes was negatively cormelated with the
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Table 1 Genome-wids association ({FWA ) markers for msistanoes against Pyrenopeziza brasices in Bresdos sapay

Laocus
e
basw

Emmica IIF* Chromesome  Marker position™ Befer  Position (bl TAIR 1D

Gene descripior P valoe  —LogldP

LLEAM  BoaAdlgZSEXID AO1 a9 T

LLECHN  BolglZissdl (0] 471 T

LLEAMSe Cab]37634.1 1371 C

LLEADY Cab03od0.1 ADT 406 C

LLSCO8h BoBglOB400.1 (0B &10 L ¥]

CabA&Z2.1

-
B

BaSgl50110.1

:

Cabl0]353.1

Bolglales.]
BodgDiaal. 1 1050 A

LISC08x BoBgDdd3n]  (COB 993 C

15905850 ATIGIO9E0.1 Class IT ami-
noacy LR NA
and hintin
symithtaes
superfam-
ily protein
EYNC3

N-erminal
nocleaphile
ammanodnydro-
lasmas [Win
by drolases)
supetfamily
protein

Cy bocheome
P450, fammily
B, subfamily
A, poly pep-
Gide 2

MAD{P)-hind-
ing Roszmann-
fold superfam.-
ily protein

Flant protzin
of mknown
function
(DLFB&S)

Mitrate reduc-
e 1

LDP
GLUDSE
PYROPHOS-
PHORYLASE

1

Prokin phos-
phatase 2T
family protein

DEAD b
BEMA helicase
(PRHT3)

(Cation effiux
family prodedn
(WTEA )

M

141E-035 4.83

IT 03565 ATIMGEG150.] 1.58E-05 4.80

175592 ATE00360.1

1016400 ATSE06060.1 105E-05 4.52

IBG4I4ATE ATIGIZIZ0.] 3.24E-05 4.18

ITAILSY?  ATIGITTE0] GPHE05 400

46,163,251 ATMEIITS0 T 1&E-05 415

33133915 ATMGES13ML] BE3SE-05 408

SLIEE2X]  ATHGSZIS0.1 EHSE-05 405

AT 3EG15%40.1 D IIE-05 403

E99 480 NiA 9.33E-05 403

"Marker: showing axzociaton (P < U000 1) with Bght leaf spot infection soor s determmined nsing the (GLM mode]

BPasiticm in bp given from peudomolecule W11 (HavEckova et &l 2018)

dizesse scone. Thus, expression wes grestest when the least
sporulation was observed. These seven GEM:s may therefos
contribute to partial resistance apainst P brassicas. Another
pene, encoding an HX XXty pe acyl-transferase (Table 4),
had the opposite expression patiern with 2n ax pression posi-
tivaly correlated with the disease scome. This is therefone &
candidate pene for susceptibility to P brassicae.

) Springer

Discussion

QDR Is the defence mechanlsm agalnst P. brassicae
In B. napus

Our pathosystem combined with sssocistion penetics enz-
bled identification of candidate QDR gene loci for resistance
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Table 2 Alelicefiects of identified penome-wide association ({74 ) markers for esistance against Pyprenopeziza brossices in Breoios napus

Laocus Brassica Il Marker position  Allele N Allelic effect Besistant allele Presence in WOSE® Notes
ILSAD  BnADlg25830D 549 ATorTFA 41 000 T Common Some accessions
hetemmey gous, ie.
tweeding polential
TT 137 —0.62
LLECOF  Bolgl2iésd 471 T or TAC T 000 M Rare Urmsuad heteroeypobe
advaninpe
TT a6 131
o M1l
LLEADSy CablIT 6% 1371 GCorChG 12 000 Mix Rare Urmsual heteroeypote
ardvantape
o 123 1.
GG 41 110
LLEADT  Cabl35405 A T or TAC 9 000 C Rae Seven WOER acces-
sions, but no modemn
anes
TT 137 —-0.39
o 2 -114 Hetemey goie
LLEC08h Bolg 108400 &10 GTocTAG 52 000 T CHOETUERN Ko homeey gotes for T
GG 110 034
LLSADF CabDMEID ] 852 GCor TG 150 000 G Rare Nine WOER accessions,
including modemn
anes
o 12 067
Lrr] 19 —047
ILECOS  Boigli01l0 157 ACorC/A 158 000 A Rare AA not present in
WOSH
o 16 —0.65
AA T =144
LLEAOS: Cabd)353 134 GTorTA 133 000 G Rare Present within WO SE
GG 48 —0.63
LLECO2  Bolglalssd 1t AA T8 070 Mix Commn Unusual heleroey pote
afvaniage
GG I8 0.0
AGorA 44 000
LIECO4  BodgOehal 1050 AA 103 —0.42 A Commen A commen in WOSE
GG 1 279
AGoA 48 000
LISC08s BoEghld430 oS COorZT 140 000 G Ramr (30 e beut poesend in
oo Wi SR accexsions
GG & —0.10
o 1 443

WD SR : Winmer oilsed mpe

Table3 Linkape disaquilibrium of markers asociaed with resistance agaimst Pyurenoperiza bracdcas in Bmveica nepuy

Lo BrassicalD Pesition F-walue LI upper Peudomolecule positin® LD lower marker Peudomolemie position® LD Spead
by marker bound bowmd e =
LIZADR CahliETsnd 1 1753592 1LEEE-03  Cabd@TILd ADD_DOODEI0TE_ D03 CablM1T 1 ADG 130T N3OTEE 138
LIZA02 CahE0g 2 1006400  I0SE- 03 Cab03ndind4  ADD D0O00S404]_ DDA CablEEr.l ADT 01428258, (001424000 04T
LIs0ne HoSgDEND] 3ESI14TE SME-0F  HBoSglOsS4ml O06 038642478 _0GESGIR14 HoSpOE4N]  (DE 088730 038667330 00T
LI BHo2pls3an] 30,038,771 ERNE-O3  HolplSladnd OO O0RISEDS 00093083 Haa(D2a4370W00D (D2 ONIETIZED ONIETIHTL 193

“Position in bp given from peeodomolecule W11 (Havlickova et 2l AV1E)
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Fg.2 Efects of SNPs at WA markers that were in linkage disequi-
librium on QDR against P. braswcars. Box plots wers generaied in B
The bos repeesnts the lower (25%) and upper (75%) quartiles with
the median shown as a bar. The whiskers extend to the most e treme
datn point that is no more than 1.5 tmes the inferguertile distance

or susceptibility to P. brassicees. GWA mapping clearly dem-
onstrated the existence of multiple genes contributing to
(DR, confirming that combinations of genes with relatively
minor effects are the predominant mechanism of resistance
against P brassdess. This contrasts to resistance against
L. macwlans, which is controlled by both B penes (Larkan
et al. 2013, 2030 and quantitative resistance loci (Huang
et al. 2019 We coold associate enhanced msistance with
hemi-5MPs at some loci, indicating the presence of previ-
ously unknown cryptic QDE. Importantly, accessions wem
identified that wene more resistant to P brassicas than the
well-characterised cv. Imola, which contains a single major
(JDR locus for resistance against this pathopen (Boys et al_
2012y, Owr imvestigation reveals novel QDR loci that are the
primary mechanisms of resistance against P brassicas. Ouor
findimgs coold also provide insight into mechanisms of QDR

) Springer

from the box. Dtliers may exiend beyond the whishers Fiters illos-
trafe individual messurments. Resistance alleles wer ey pous
in thre cases or bomozypous in one case. Asierisks indicake signifi-
cant diffesnees at P 003 (%)L, 0001 (***) or P<0.0001 (****)

against other closely related apoplastic funpal pathosystems,
including RB. commiswne and Venfuria inaegualiz, for durable

dizease control {Stotz et al. 2014).

Population structure analysis reflacts history of O5R
cultivation

The origin of cultivated Q5K has been considered to be
Europe (Lo et al. 201%). Spring cultivars that are commonly
grrwn in Morth America and Australia weme developed in
the late eighteenth century, and semi-winier cultivars wem
introduced into China in the twentieth century. Momreover,
distinct morphotypes and subspecies of swedes (B. mapus
subsp. rapifera) and kale (B. mapus subsp. pabuilaria) wem
developed as root and leaf crops (An et al. 2019
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Tabled Gene expression markers (GEMs]; expresdion of the genes listed is highly come kated with Bght leaf spot dissas: soones

Brassica ID* Chromeseme” LogF° Poalue?  TAIRID {Cosiom annotation”

CahD02134.1 A3 T334 ATSEDE ATSGIME0.1 Adsptn §172-sbunit of AP-1 and AP-2; sorting & endosome and TGN
in comjunction with clathrin

BoSgd3Zl00.1  OO5 7314 4ESEOE ATIEN490.]1 Cinnamate-4-hydeoay lase (C4H), OF FT3AS; cimnamic acid—3d-cou-
maric acid; imvalved in lignification

CahD47T107.1 AlD 7300  S501E-08 ATSG51120.0 Cabd4Z707 (ATSE511207% Polyadenylae-binding protein 1, controls
kength of pahy(A ) txil; localized to nuclear speckles, imvolved in pre.
mEMNA splicing

CahD0057 5.1 AlG G997 1O0IE-07 AT33E53590.1 Universal stoess proein; localised to nuclews and oytoplasm; RNA
chaperone, oxidative sinecs related, anGfangal activity

BoZgl2E420.1 02 6958 1LI0E-07 ATS(R5ET00.1 Phosphatidylinositol-specific phospholipass © (PLC4); Ca2 +signal-
ling: in witre imeraction with PEN3

BraA04pMEE0D Al 6RE2  1ATE-OT NA HXXND -bype scyl-transierass

CahD461E11 ADS 6EF?  151E-07 AT300W0903 SNFI kinese homalog 10 (KIN10); stressnelsted snetgy deprivation
mesponss, auiophagy activation

BoTgl93320.1  OO7 GT%E  1.39E-07 ATS(GI8060.1 405 ribosomal protein 524

“Pan- transcripiome gene 11D, bttpafyorknow bed pehase infs
" Bramdca mapus chmmosome Iocation
“Ba=zd on Mianhattan plot anabyds; falee discovery b (FDA)=00001

“Bazad on analysis of variance (ANOWVA ); disease soowe wsed a5 the dependsnt varishle, pene e pression (BPEM) 2= the independent variable

“The Amshidopsiz Information R same gene I
Conzensus of web-hased annotation and et mview

The population structure analysis using more than a
thousand SMPs sugpested penetic subdivisions into winter,
spring, semi-winter and fodder 05 as well as swedes, and
Siberian kale types are consistent with other published data
based on B. rapus penome sequences (An et al. 2019; Lu
et al. 2019). The phylogenetic comparison reporied here may
e bigsed by the B. rapus acressions that were used, but it
sugpests WOSE to be ancestral to kales, with spring OSR,
swedes and semi-spring O5R being mome derived (Fig. Z).
The established population structure was wsed with associs-
tive transcriptomics to identify GWA markers and GEMs
linked to quantitative resistance against P bressicae.

GWA mapping Indicates four QDR lod agalnst P.
brassicae

GWA mapping identified four loci im LD, showing multi-
ple markers within 2 region associated with the infection
score, and therefore, mome like by linked to QDR against P
brassicae than single associated SMP markers. The loci on
chromosomes A2, ADS, 002 and O0E were not located in
megions previously identified for resistance against P. bras-
sicae (Hoys et al. 2012; Bradburne et al. 19949; K arandeni
Dewage et al. 2022; Pilet et al. 1998). The LD observed on
chromosome ADY coincides with a homeologous QTL for
sead glucosinolate content (Qian et al. 2014). The spread of
the LD on chromosomes A>02, A00 and C02 was too larpe
to identify candidate gene loci that might be responsible

for QDR against P brassicas. In contrast, the LD spread
on chromosome C0f was narrow. The GWA marker
Bolp 10840, cormesponding to BnaCl8gd 15500, encodes
an Cys-rich protein of unknown function. The hemi-SMNP
mesulis in Gly 204  ys substitution, which could be function-
ally significant (Perry et al. 2009 Of note,, this codon is oth-
erwise conserved in B. oleracea, B. rapa and for the home-
olog Brod 09473700 Collectively, this could point to an
important novel pene involved in host-pathopen interactions.

An aliernative explanation conld be that this gene was
located right next to an ortholog of the A rabidepsis thali
ana flavin-containing monooxygenase gene FMO;,. e
(Atlg]12140) that converts methylthioalky] to methylsulfi-
nylalkyl (M5) glocosinolates. MS glucosinolates are precur-
sors to M5 isothiocyanates that ame toxic to phytopathogenic
fungi (Stotz et al. 201 1b). Importantly, FMO,. .. has a
prefierence for long-chain aliphatic glocosimolates (Li et al.
2008}, which melease isothiocyanates that are most toxic
to phytopathopenic fungi like 5. seleroriorum (Stotz et al.
2011k). Notably, a mutation in the FMJ,., ... pene also
altered cytokinin and jasmonate levels (Garrido et al. 2020),
which is of significance considering that P brassicae is a
cytokinin-producing pathogen (Ashby 1997). Although the
impact of jasmonates on infections by F. brassicae has not
yet been studied, jasmonates are known to influence mamy
pathosystems (Stotr et al. 201 1a; Zheng et al. 2012). The
FMO e oy fene is also part of an FMO closter and the par-
alog Atlgl 2200 that corresponds to BoaC0Egd 15000 is
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induced after inoculation with & sclerofionim or B. citersa
{Sioiz et al. 201 1k). The role of this chr208 locos in resist-
ance against P brassicae is therefore worth investigating.

The hemi-SNP for GWA marker Bo2g 163990, encoding
3 nuoclear localised DEAD box ATP-dependent RMA heli-
case  would result in a Gly565Asp substitntion. However, in
B. rapa and B. papes, 3 Ser and Asn ae found in the same
position, espectively. The amino acid substitutions would
ocour in the GUCT domain of these types of helicasas. As
these helicases are involved in development and abiotic
siress espomses (Liu et al. 2016; Perroud et al. 2021}, it is
not immediately obvious whether this helicase or another
pene within LI are mesponsible for QDR at this locus.

The disclosad GWA markers will assist with the deval-
opment of molecular markers for markerassisted selection,
plant breeding and crop improvement.

Putative function of GEMs in QDR

The expression of eight GEMs was cormlated with resist-
ance against or susceptibility o P. brossicas. Amongst
them weme three genes that were previously reporied to be
involved in host pathogen interactions, incloding a pene
encoding & cinnamate-4-hydroxylase (C4H). C4H penes
are induced after infection of B. sapus with 8. seleroriorumn
or L. maculans (Becker et al. 2007; Wu et al. 2016) and
infiection of the liverwort Marchanria pelwnorpha with the
oomyoeie Phytoplchora palmivera (Camellaet al. 2019, The
product 4-coumarate feeds into phe nylpropancid, flavonoid
and lignin bicsynthesiz. Muotations in the C4H pene of A.
thaliana have pleictropic developmental defects (E1 Houari
et al. 2021). Muoltiple coresponding C4H penes ocour in
B. mapus, which may have developed specialised functions,
including involvement in resistance against P brassicae.

Another peme. PLCY, is involved in resistance against
pathopens. Expression of the tomato gene SIPLCY is
tightly regolated in msponse to the apoplastic fungal
pathopen Cladesporism fulvam with a enfold increase
in expression 7 days after infection (Vossen et al. 2010).
SIPLCY contributes to K pene-mediated resistance against
Cladesporium fulvam (Vossen et al. 2010). Unlike
SIPLCE, SIPLCY is not involved in resistance against Ver
ticillium dallice or Prewdomonas syringae. PLCA of A.
thaliara ineracts with PEN3 (Campe et al. 20 16), which
iz imvolved in resistance to penetration and export of pro-
tective metabolites apainst microbial mvasion (Lu et al.
01 5; Stein et al. 2006G]).

Moremver, KiV 10 recently emerged as a pene involved
in mesistance against the clubroot pathogen in A. rhali-
ardg (Chen et al. 2021). K¥NT0 is a central regulator in

mesponse o energy deprivation, facilitating survival undar
simess conditions (Baenza-Gonzaler et al. 2007} incloding
pathopen challenge (Chen et al. 2021). These findings ame
consistent with the correlated of KW 0 expression and
mesistance agaimst P brassicas that we observed (Sopport-
ing Imformation Figure 53). All of these examples sugpest
that the GEMs we identified are of significance and poten-
tial breeding targets. Importantly, it also implicates other,
less characterised penes, in resistance apainst pathopens
{Tabla 1).

Conclusion

All resistance against F. brossicas found in 195 accessions
of B. napeis resulis from QDR with no evidence of R gene-
mediated mesistance. For penome-wide association stud-
ies, we developed am improved population strocture with
six plylogenetic proups based on B. mapus crop ty pes. We
identified four gene loci significantly (P=0.0001) associ-
ated with (JDR and in LD On chromosome AD9, enhanced
mesistance was associated with a crypiic heterozygous locus
for a cytochrome P450 pene co-localising with & previooshy
described QTL for seed glucosinolate content. The expres-
sion of seven pene expression markers were positively cor-
melated with resistance, whereas one. 8 HX XX type acyl-
transferase, was negatively cormelated and so is a potential
susceplibility pene. The msulis provide new imsight into
QDR against P brosicas in B. sapeis and can be used for
marke-sssisted breeding in crop improvement.
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Table 4. Gene expression markers (GEMs); expression of the genes listed is highly correlated with light leaf spot disease scores.

Brassica Ida Chromosome® Log,,P°

Pvalue® TAIRID

Custom annntatinnr

Cab002134.1 AD3

BoSg052100.1  CO5

Cab042707.1 AlD

Cab000575.1 ADS

Bo2g028420.1  CO2

BraAO4g20860D AD4
Cab046181.1 A0S

Bo7g093320.1  COY

7.324

7.314

7.300

6.997

6.958

6.862
6.822

6. 798

4.75E-08 AT4G23460.1

4.85E-08 AT2G30490.1

5.01E-D8 AT5G51120.1

1.01E-07 AT3G53990.1

1.10E-O7 ATSGS58700.1

1.37E-07 N/fA
1.51E-07 AT3G01090.3

1.59E-07 AT5G28060.1

Adaptin B1/2-subunit of AP-1 and AP-2; sorting at endosome and TGN in
conjunction with clathrin

Cinnamate-4-hydroxylase (C4H), CYP73A5; cinnamic acid -> 4-coumaric
acid; involved in lignification

Cab042707 (AT5G51120): Polyadenylate-binding protein 1, controls length
of poly{A) tail; localised to nuclear speckles, involved in pre-mRNA splicing
Universal stress protein; localised to nucleus and cytoplasm; RNA
chaperone, oxidative stress-related, antifungal activity
Phosphatidylinositol-specific phospholipase C (PLC4); Ca2+ signalling; in
vitro interaction with PEN3

HXXD-type acyl-transferase

SNF1 kinase homolog 10 (KIN10); stress-related energy deprivation
response, autophagy activation

405 ribosomal protein 524

* Pan-transcriptome gene 1D, http://yorknowledgebase.info

b . :
Brassica napus chromosome location

“ Based on Manhattan plot analysis; false discovery rate (FDA) = 0.001

? Based on analysis of variance ([ANOVA); disease score used as the dependent variable, gene expression (RPKM) as the independent variable

* The Arabidopsis Information Resource gene ID

! Consensus of web-based annotation and literature review
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Table 51. Erwironmental temperature conditions during 10 glasshouse experiments studying susceptibililty of Brassico nopus to Pyrenopeziza brossicoe .

Location Experiment Germination’ Transphniiri1 Innoculation® E»amplri1
NfAt 7th December 2016 20th December 2016 13th January 2016
Bayfardbury 1 M/A N/A MiA Max “C* Awg *C Min *C Max °C Aug °C Min *C Max °C Avg °C Min *C
MNfA /A NSA 11 9.6 9 5 3.6 2 4 1.3 1]
3rd January 2017 17th January 2017 13th February 2017 gth March 2017
Bayfardbury 2 Max *C Avg °C Min “C Max *C Avg *C Min *C Max *C Mg *C Min *C Max *C Ag *C Min *C
a4 1l -2 4 1.2 -1 9 4.3 2 14 10.4 3]
N/A 24th March 2017 3rd April 2017 27th April 2017
Bayfardbury] 3 M/ H/A MSA Max *C Avg °C Min *C Max *C Avg °C Min *C Max *C A *C Min *C
MN/A N/A N/A 1z 6.9 3 16 9.4 3 9 55 1}
21st April 2007 Sth May 2017 22nd May 2017 15th June 2017
Bayfordbury 4 Max *C Avg °C Min “C Max *C Avg *C Min *C Max “C Ag °C Min *C Max °C Avg *C Min *C
13 11 9 10 7.7 5 23 15.8 B 21 17 12
Bth December 2017 21st December 2017 Eth January 2017 1st February 2017
Bayfordbury 5 hax *C Avg *C Min *C Max *C Bvg *C Min *C Max “C fg *C Min *C Max *C Ag *C Min *C
3 1.1 -1 11 9.6 8 3 1.4 -2 [ 4.1 2
15th December 2017 2nd January 2018 22nd January 2018 15th Febwuary 2018
Bayfordbury] 6 Max *C Avg °C Min *C Max *C Avg *C Min *C Max *C Mg *C Min *C Max *C Aig *C Min *C
4 2.8 1 12 6.3 3 a9 7.1 5 g & 3
2nd February 2018 19th February 2018 12th March 2018 Sth April 2018
Bayfordbury 7 Max *C Avg °C Min “C Max *C Avg *C Min *C Max “C Avg *C Min *C Max °C Avg *C Min “C
=] 3.9 3 10 7.9 [} 10 7.1 5 11 6.7 3
14th October 2019 21st October 2019 11th November 2019 5th December 2019
Rothamsted| g2 Max *C Avg *C Min *C Max *C Avg °C Min *C Mlax "C Avg °C Min *C Max *C Avg *C Mlin *C
15 11.1 9 11 9.8 9 B 5.6 4 8 5.1 1
14th November 2019 21st Novemnber 2019 12th December 2019 Sth January 2020
Rothamsted| 9 Max *C Avg °C Min *C Max *C Avg °C Min *C Mlax "C fvg °C Min *C Max *C Aug "C Mlin *C
=] 4.2 2 [ 3.4 2 B 4.3 1] 7 6.3 5
17th December 2019 22nd December 2019 12th January 2020 Sth February 2020
Rothams 10 Max *C Avg °C Min *C Max *C Avg “C Min *C Max "C Avg *C Min *C Max *C Avg "C Min *C
m:1 =1 51 d 7 8.5 5 10 7.5 3 Fi 3.6 1}

A Germination, transplanting, inoculation and sampling refer to the stages in experiments with B. napus seedlings.
? Mot available
¥ Infarmation about temperature was abtained from United Kingdom Weather History in Lutan, UK. [51.88 *N, 0.36 "W )
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Leptosphaeria maculans isolates with
variations in AvrLm1 and AvrLm4 effector
genes induce differences in defence responses
but not in resistance phenotypes in cultivars
carrying the RIm7 gene

Henrik Uwe Stotz,® © Ajisa Muthayil Ali,® Lucia Robado de Lope,®
Mohammed Sajid Rafi,® Georgia Konstantinou Mitrousia, "
Yong-Ju Huang® © and Bruce David Ledger Fitt®

Abstract

BACK GROUMN O The phoma stem canloer en Lepiosphaen o maculans ison e of the mostwidespread and devastating path-
ogens of ol seed rape (Bnrsslconapus] in the wordd. Pathogen colo nization it stopped by an interaction of a pathogen Avraffec-
tor gene with the nding host resistance (B} gene. While molecul ¢ mechanioms of this g ene-for-gene interaction ane
being elucidated, understanding of effector function remains Emited. The purpose of this study was to determine the aotion
of L macwlan s effect or [ Avilm) genes on inoosmpa bl hm:tﬂwﬂ&lwnmuﬂm R |Rim) genes. Spe-
cifically, effects of Avrlm4-7 and Avwlm] on Rim 7-medist ed redistance were studied.

RESULTS: Althoisgh there wis no major effect on dymptom eiprsdn, inducton of defence gened (&g, PRT) ond sccumilat on
of reactive axyg en speciet wad reduced when B. nopus ou. Excel earrying Rim? was ¢ hallenged with a L mocslons ol st & contain-
ing Avwlm] and a point mutstion in Avilmd-7 (Awlm], owlmd-Awlm?) compared to an solate ladding Awlm? lovrlm?,
Avrlmd-AvwrLmT). AvrlmF-containing solste, sogenic for presence or shsence of Awlmi, dicited similar symptoms on hosts
with or without Rim7, confirming res lts obtained with more genetically diverse ol stes.

CON CLU SI0N: Careful pheno typic esamination of Bogenic L moculans ol ste and B. napis introgresion lin e demonstrated a
lack of effect of Avwlm] on Rim 7-medisted redistance despite an ap parent alteration of the Rim7-dependent defence responie
uting mone diverse fungal isolstes with differenos in Avilm 1 snd Awlind. A deployment of Rl 7 reditanos in cop cultivar
increnses, other effectors need to be monitored because they may alter the predomin ance of Awlm?.

© 2023 The Auth ors. Pest Management 5ciene published by Johin Wiley & Sons Ltd on behalf of Socety of Cheamical Industri

Supparting infoemation may be faund in the anline version of this article.

Keywords: apoplet; eliecton gene expre Gon; nesctive oxypen spacied i gemne-medised redLancs; &y mplonms

_______________________________________________________________________________________________________|]
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1 INTRODUCTION * Comerprndence i H Sz, Cartee dor Agiculbure, Foerd and Eeronmeninl

Leptosphaeria macwlans fyn Plenadomid lingam, anamonphc
Fhaima lingaim) causes phoma stem canker of oileed rape |Bas-
sieg nengirs) and anmus | yiekd losses of approsima tely U551 billion
globally.” The spacies name L mdcuans i preferned here bacaiuss
the aliernative species name has not been universally adopted”™
This apoplasiic fungal pathogen spreads disease through release
of sir-borme moospone® Once sscospones Land onthe suracs of
B mapins ¢ oyl edons or leaves, they genminate and subseguenty
penetmte the sursce thiowgh stamatal pones > Upon entry into
the substomatal cavity, the pathogen colmims the apoplastic
space of the folir mesophyll loyer. Following & pedod of
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Hertloveishine, ALS 200, LK
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Hertiowishie, Hertordchie, LW

b Mhalfs Comter fov Ganstl and Beeohnobygy, Unied Anob
Ermiates Undver sy, Al Ak, PO Box | 5551, Uniied Amb Emirares
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aympiombess growih for mone than a weelk, |esions with pycni-
dia, capable of releasing mewusl spores develop within
2 weeks after infec tion® Durin g incom patible interactions, sin-
gle dominant B genes control foliar resistan ce by recognizing
corresponding pathogen Ave genes (that encode effecion) o
prevent pathegen growth from the leaf to the stem *® During
compatible interactions, the pathogen continees 2symplom-
it cobonization of the |eal peticle and subsegquently the stem
for months, before finally cawsing sevens stem canker and yied
mlﬂ,ll

More than 19 F genes against L macwkams have been iden ti-
fied in & napus and five of them have besn domed ™™
Conversely, the L moculans gensme oontaing =14 genes
encoding effectons, 12 of which have been cloned, induding
Avrlm 1 and Avelmd-7"" " The number of putative effeciors
i far greater™ Riml and Lephd resistance gene, operaling
against Awlm I, have been rendered ineffective in France and
Australia, respectively™ ™ this breakdown was camsed by a
decrese in frequendies of svindlent Awilml in L mdoul o
populations in both France and Ausiralia ™ Conversaly, dis-
conitinwation of weof Rim! of LepR3 has resulied in an increase
in Avelim I frequencies, suggeting thatthene isa fitnes penalty
for the loss of this Avelm] fund tion, confinming previous Stud-
i Whereas Awliad-7 and most other efector genes code
for cysteine-rich peptides, Awlm! encodes only & single Cys
residioe "’ Recognition of Avilm 1 by Lepf3 ocours o ulside the
plant odl, ot reguiring the first 40 amino acids following the
sgnal peptide™

Avrlm | triggers defence redponses in B napu v, Columibus.
fcarrying fim I, including salicylic acid (5A) and hyd rogen per-
onide [Hy0,) production a3 well a3 induction of JIC51, a 5A bio-
synthetic gens, WRKYTO and PR-1 expression Pathogen
elffecton are known [0 SUPPreds iNNale iMMUNe fesponses,
such as pattemn-iriggered immunity (PTI.* This may explsin
that Avrlmd-7 transiently redwces SA prodec tion, PR-T expres-
sion and HyO, accumulstion dufing compatible interac tions
with ssceptible B napuws evs Eurel and ES Asirid " While the
Avilm 1 effector is recognized by the receplor-like protein
FLP) Leph3 outside the plant cell” Avilm 1 interact s with the
cytosolic dgnal transducer milogen-aciivated protein kinase
9 MPKD of B napus to increase host susceptibility.” Con-
veriey, documented evidence for suppredion of F gense-
e sled resistance by no noorresponding pathogen efeciors
i l=s frequenti™ In the case of Awlm59, Awlm3 and
AviLm -7, hovever, evidence lof intefference with elfector rec-
ognition has been obtained; Awlmd-7 suppreses both Rim3-
and Rimg-medisted resistance. ™™ Thess types of epistatic
interactions have aliered crop protection and rolation sirate-
gied 1o adjust to L maadans solates carrying multiple Awr
gened becase 8 Smple genefor-gene model does not slways
determine  the ouicome of a paniculsr host-pathogen
interac tion."

The punpodse of this siedy wai o determine e action of
L maadan eifecion on incompatible interactions tiggened by
e arrespoiding 1§ gened Of pamioulsr intenedt wene the elfens
of Avelm ] and Avrlmd an the defenos res ponses medi sted by the
nonc arfesponding § gene Rim7. Hence, the affects of AvwLmd-7
and presence of sbsence of Avilm] on Rim7-mediated redstance
were BaEd AtEnlion was given 1o eflectoririggerd delence
{ETD) respondes — defenos-elabed gene expredson and reactive
axygen species (ROS) production” While AwLm] had no effect
on Rim7-medisted redstance, Awlmd had a subtle effeat in

enuha ncing ETD, alihough bae kground effects of L maculons o
Istes could ot e el ubed.

2 MATERIALS AND METHODS

21 Pisnt pathogen growth and ino culstion

Spring (Topas DH16516, Topas-Llaphi, Topas-Rird, Tope-Rim?
ansed winier [Capitel with Rim] and Excel with fim7) silseed rape
cultivas/ines were wed ([Table 11 Seedlings were pre
germinsted on filier paper and grown wsing & misiore of
general-punpose compast |Miracle-Gro; Evergreen Gamlen Cane,
Canclill, LK) aned John Innes Mo 3 compost [ Arthisr Bowers: Weal-
lared Horticulture L id, Huntingdon, UK as described ™ Controlled
environment (CF) chambers [Fisdima 1200 Aralab, Rie de
howsro, Pomwgal] wer set to 2 12 hel2 h, lght: dark photoperiod
with a light intensity of 250 pmol m ™ 57", Seedlings were grown
e 10 days before inooul stion.

Lepisphaeda maculans Solstes, wene grown from oonidial ghyc-
erol stocks stored at B0 °C. The Boates wsed were v23118
{Avelm I, avrlmd-Avelm?) and w23 21 (awrlml, Avelmd-Avrelm7),
defved fiom a single cross,™ v2031 (awlml, avwlmd-AvrLmi7)
and its transformed Bogenic dirsing v2931-T2 and v293.1-T3
{Avelm I, avrlmad-Avrlm?),” and isolate 99-79 jawlml, Avrlm2,
AvrLms-AwrLm7) " (Table 1) Conidial suspendions wene prepansd
from sporulating culiures on VB agar?” A conidial suspension
(107 ML) wias. wsed to infiltrate the abais | surlace of cotyledons
with a volume of 10 pl on both sides of the mid db_ Inoculsted
seadiings were kept for 24 h in dakness st 100% hemidity in CE
chambers (Convinon, lleham, USA] before re-establishing san-
dard growth conditions ™ Te investigate gene expresion, coty le
s woere S bed and imim edia tely frazenin Gguid nitrogen [Ny
&t the same time of the day as the insculstion eoowmed to avoid
hiurmal fuchistions.

Table 1. Bmsdra noms culthars and Lepio sphaesa maoukans so-
laiees wsed in s shudy
[ Tor) meee Dhaerpien
S AT e AL ) B o
E. s
Cagpined ‘i ool oy Rl vt o il (200
Excal ‘e ol apss, BT M & al. (NS
Tegss DHIES 18 Spwirey ciliaad @ e [Fi= 1 ¢ Rl i)
Tegua-lapid Pgmasion e with Lepfl  Larkam o ol (101)
Tiesguei- il i it s it Wed [Fi= 1 ¢ Rl i)
Tegua-flTeT i it s i W ek e o, CR0CEE)
L mvarcalars
WLz Sl , e, it & . (200
AT,
AL, Al S, Avelims
LS AL, e, Bt o . (00 )
P )
AL, Al S, Avelims
L e LA | ol T, ol e ol (O]
AT
L ER Areld, Aol d, ol el (00
AT
Lri ER S Areld, Aol d, ol el (00
AT
- il Al M & al. (NS
Mo AT Aol AT

wil leyonlinelibra nycomyjournal’ps

& X123 The Masthors.

Pext Manag S0 2028

Pest Managenent Scenoe published by John Wiley & Sons Ltd on behalf of Society of Chemial industry.

241

ki) g i i ' el

Lol

3] W ) e g i T ] i B T T S, L DL W

o s Ly,

o ] W 2 iy bl g s e D 0 e



& genes and nonconnes pending eflectons®

B!

W SOCLONG

Sadlings. abio wene wolnd-inooulsed, iollowing $@ndard pro-
codures.” For this purpose, plants wers grown in & CF chamiber
iConvimn A1000) with & 16 hB b, hghtdark phobperiod Each
cotyledon was marked, removing a small plug of keal tissee with
& spefile Pastewr pipel Cotyledons then werne wounded 1o the laft
and right of the midrib and inoculsted with a droplet of conadial
sspengion (107 mL " L incubsation and further plam growth wens
&8, described Diseaie wal dooned on s scale of 110 9 & reponed
mﬂ.“

12 Phenotypic astsiment and image analysis

AGHM XTCIA] stereo microscope 6T Vison, Standfisld, LK) was
wsed 6 obtsin images of cotyledons with pyonidia Nombers of
pvenidia were d etermined wiing the Cell Counter Plugin for b
&k rwe individual counted pyonidia independantly and a con-
sefs wal made Lesons observed on the abadsl sursce of
cotyledons were photographed and analyred wing bascel ™ All
images were procesed equally alter conversion to 8-bit A ruler
wad wsed todet & scabeof 1om_Alight background of 20w wed
ot Inack gpronsnedd Susbitraction. Thieshodd we s st from 0 10225 Par-
tiches, waere & nahyzed from 100 o infinity; crouladity wes 04 to 1.0
Mumbers of letions per cotyledon wene determined a5 wed toal
lesion anea per cotyledan; F-oests and Student’s [Hests were wed
1o determine sttistically significant differenced

13 gPCR experments for gane expreddion
Mant Bsue was grownd to s powder in hguid N, and toial RNA
was exiracied wsing THI Reagent (Sigma-Aldrich, 51 Louis, MO,
LEA) RNA was guantified wsing NanoDrop 1000 (Thermo Fisher
Sciendific, Waltham, MA, USA)L and RNA quelity was assessed
uwsing agamse gel seciropharesis™ RMA was treated with
RMaseFree DNase [Promega, Madisen, W1, USA] and reverse-
tenacribed wing M-MLY BT (H4 Point Mutant (Promega) using
oligo-dT V. Sequences of the primers to amplify PR-1, POFT 3,
WHREY 7D and sctin transcripts ane listed in Supponting Infonm ation,
Tabide 51

Calibration siandands were generated by amplifying cDMNA and
|pudl fyineg products. Yeast URNA | Sigma-Aldrich) wes wsed 258 car-
rief o generate dilution series o PORproduects_Each 96-well plate
contmined calibration standards and sam ples 2 nalysed (o & spe-
cific experiment. A Stragens Mx3005F gPOR Sysiem |Agilent
Technalogies, Santa Clara, CA, FSA) wias used for POR am plifica-
tion ard analysis. Two-step POR parameters were 95 °C for 154,
&0 *C fior 1 min for 40 cycles The Relstive Standand Cuve Method
wad wed 1o quantly gene expredsdon becawse gene-spedific dif-
ferences in amplification efficiendies were observed. A minimuem
of three biokegical and two technical replicates wes used. For all
analyses, the w@me gene-specilic thredholds werne wed lor sepa-
rate expefimenty Relstive differenced in expreidon wene Log,
e feferimed lof siatistics | analysis the Shapino—Wilk et for -
mmality and the Barthett's test for homogensty of vanianted wene
ied befode ANOVA; alternatively, Stedents (Hedd wede wed
Monparametic et sl wer done ming the Wilioxsn rank
ST €L Leat A Uhe Kbl -Wallis rank swem tesr

24 Histochemistry

33“Diaminobengidine (DAB]- and p-nitroblue tetraroliom [NET)-
sLaining wes wed lor detection of H,0, and superoxide @ dicals,
nespectively, fol owing published procedures™ withsome maodifi-
cationg. Following DAB sLaining, Tises wene ceansd with Lactic
acidiglyceroliethancd (1/1/1, whivl baece) was wied 1o conver
images 1o 8-bit. Backgrownd was subitracted wing & rolling ball

radius of 30 pix ads. The threshold wa s adjusted fom 0o 220, Par-
ticles were analyred with cincularity from 02 1o 1.0 Siatistical
airua lhysis, wias o wsing ANOVA in S

MET-stained cotyledons were analyred using acel Back-
gprotanedd waa s nemoved by adjusting e colowr threshold 1o deter-
miine the total sres of the cotdedond Parichs were analymsd
wiith ciroulafty vahses of 02 1o 1.0 A colow theshdd of 120 to
180, cormes ponding 1o blee odour, was applied to quantly the
total ares stsined and dublract the green colow. S wal wed
few statiotical ansbyss g ANOVA

3 RESULTS

3.1 Phenotypic analyses of redistance to Aviim 1 solates
in B. napus

Lepisphaeds maadan: Bolaes were wed to differentiste the
effects of Avrlm[ and AwrLmd-7 during inoom patible inters of ons
between B ngpis genolypes and specific races of the pathogen
(Table 1). The L maadkmns isolaies used were w2321 mwlml,
AvrLmd-Avelm7) and w2041 jawlml], awvlmd-Avilm?) without
Avrlml and 23119 Awlm], avelmd-Avilm?) and transformed
V29.3.1-T2 and v293.1-T3 with Awlml_The Topas DH16516 line
(smply refermed to &5 Topas] with no known K genes sgsinst
L maarkans, was compared 1o resistant ov. Capitel. canrying

RimT, ov. Ewcel, carrying Rim?, and introgression lines Topas-

vaizA

V23119

Figure 1. Phenotypc 2ssecsment of Boccion napas seediings challenged
with Lgptospharsa maculans | mamubn s isolatesvizd 21 jave m1, Awlms-
Mwrlm?) and w3119 dwlm 1, gwlm#-Awlm A and host genotypes Topas,
Topas-fimd and o Exoel dwith Bim?) were used_ Both cotyledons of each
seedling e infilbated on both sides of the midrb. For ilustration, coty-
ledons with avemqg e phenotypes were selecied from a total of 10 mtyle-
doms. Compathle ) and noompatbi () inbemctons ame indicabed.
Sale bam 2 1 omp the sive of the upper lefi cotyledon wes not
determined.
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Figura 2. Fhenotypic 2ssecoment of B sim nopes seedlings challlen ged wath L

Topss

BT mTE mT3

Topas-Leprd Topas-Sine Zazitol Exzal

rin macubins logenc L mamukans ksolates used were w2931

lavalmi, avd mi-Avelm 7] willd-type (4T and isobtes transiommed with Awrlmi, «293.1-12 (T2) and w233.1-T3 (T3); host genotypes used wese Topes,
Topas-Lepf?, Topas-Rim 7, ov. Capetol {@m1) and o Excel {@m7)_ (&) Cotyledons of each seedling were woun ded and inoculated with 2 dwoplet of monidia
of 'WT, T2, T2 or 'WT 2t four sites | B] (uantiative anakbysis of disease soomes on 2 scale of 10 9. Means and standard deviations ja > 7] are indicaied. Dif-
ferences between means are hased on Tuley's honestly sgnificant diffesenoe with & < 005, different letters i dicate significntdifferences.

Lephd, Topas-iimd and Topasi-Rim7. Inooulstion of susceptible
Topas with Bolstes v23119 or w2321 resulied in spreading
lesions (Fig. 1) and produection of many pyonidia [Fig. 511 Aspre-
diicted, Topas-flmd was redstant sgaine soate v2321 bt as-
ceplible o vZ3.11.9 (Fg. 1). The incompatible interaction in
Tospas-flmd expressed itsell on the sdad sl leal swuiace a3 disorebe
lesionas [Fig. 1) The incompatibl e rea cbon of ov_Excel was less drz-
matic, resulting in neistance agains both Bolstes w3119 and
¥2321 [Fig. 1) Despite incom patibility of ov. Excel sgainst both
23119 and w232 1, Bolsespecific differences in size and fe-
quencies of discrete leions wene observed [Fig 57). Both fe-
aquency and dre of discrete |edions on the sbaxiasl leal surfsce of
v Exced were increased afier infection with soate v2321 oom-
e 10 e te w231 1.9 [Fig. 520, but theste lolste-s pecific effects

weene ol s iEtistically signifi@ni Cotyledons sulsequently were inou-
Ieted wnder high humidity 1o determine the freasency of 2ol

Lafion or the: freguency of el §porulstion 2 debenmined by the
produdion o dirhi [Fg. 511 This, andy subtie and ot satistically
sgnificant phenotypic difensnces wer observed betveen inoouls-
Bond with Bobesv232] and w2319

In order 1o determine whether these phenotypic fimndings
weere & result of wing isolstes with several genetic differences,
wogenic molates V2931, v293.1-T2 and v293.1-T3 that dif-
fered only in & singbe effect orgene &5 & result of transionm ati on
with Avrlm I'7 were wied The expression of sympioms [Fig. 2
(A)] was condsistent with that ebserved with gen efically maore
diverse Bolstes [Fig 1); both ov. Excel (with Rim7) and Topas-
Rim7 wene redistant against Bolates w2931 (withowt Avelm T
and ¥29.31-T2and v293.1-T3 (with AwLm]) [Fig. 2(B]] Statisti-
cal analyss of all diflerent host genotypes clearly showed that
sgnificant differences in effecior-dependent resitance werne
observed only wihen Topa-Lepi 3 and Capitel (Rim] ] wene insc-
ulsted with isolaves v29.31-T2 and v2931-T3 that contained
ithee corres pondi ng Awilm ! effecior (Rg. 21

32 lwiste-dependent modulstion of Rimr-medisted
defence gemne £xp reLsion
Induction of plant defence genes was sudied 3, 5 and 7 days
postindiltration with pathogen (dpi) in Topas, introgesion line
Toa -l and ov. Excel (with Rim?) Three separste expedment
1o e cefemoe gene expreddon wee done (Table 57
Expression of neither FR-T nor WREY 70 waselevated st 3 dpiin
Topas and ov. Excel (Fig. 53). Althowgh a significant increase in
PR-1 expression was observed at 5 dpi, expresion of this
defence gene increaied still forther st 7 dpi, paiculady when
Tinpa 5-fikma 4l woass ch allle neped with AvrLim 4-AvrLm 7 -Oomtaind ng iso-
lste 99-79 (Fg. 54). WRKYAD expresion wis significantly
indbuced at 7 dpi wihen nes stant ov_Excel wa s inooulated withiso-
lste w2321 jawlml, Awlmd-Awlm7l but not with v23119
|AwrLm ], avrLmd-Awilm7) [Fig. 53] In separate expefiments, PR-
I expresdon was significantly inceased in resismnt culfvas &l
7 dg [Fgs 3(A) and 53] PR-T expresson wes parfoulady stronghy
imured in Topas-flmd wihen L wes challenged withisostes consin-
g the cormesponding Awlmd-Avlm? gene [Figs 3(A) and 54]
Reproducilly, nducion of PR-1 expresson was les wihen oo Exosl
wad challenged with v23119 compared i v232 1, supgediing
olste-specific efiecs on the AmPmediaed defence neponde
[Figs 3ia) and 53] However, whemeas indudion o PR-1 expresion
waad less for w23.11.9 than fof v232.1 when TopaSlmd was inoow
Lt [Fig 3{AIL PR-T expression wias not significantly diffenent when
otyledons of ov. Exoed wene inoculsed with either solate | Stubent's
et P o= 00 9; Wilomon, P = 0229 Anslysis of sctin and FR-1
expresgon revesled culfvar- (Foyp = 22608 P < Q001 and
trestment-specific diffarencss (Figy = 0323, P 0001), mapactively.
Mo culiva -dependent differences inPR-T exprestion wes obsened
Fam = 1510, P = 0237) Conversely, no reatment offecs on adin
evpredadon were obsened Py = 0722 F = 05461 Of nots
aithowgh pathogen inoculstion with either v23.1 1.9 or v2321 did
nat induce POFLZ expresion st 7 dpi in Topas, Topas-Rimd o
v Exced, the expresgion of this gene wal redued when o Exosl
wad chalenged with v23119 & compared o vI321 [Fg 3(B]L
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Figure 1. Defence-relaed gene expression in Bracshm ngpus cotyiedons
challenged with Leptosphaenh maculans. AMA was extrached from cotyle-
dons 7 days postinoculaton for qP(R analysic Topes, Topes-fim4 and
or. Excel Bim7) were infilrated with isolate w2321 (awlmi, Avdme-
vl mF) or w3119 Awlm 1, avel ma-dwed m7), modcin filbrated with water
ornot inoculsied |Uninoc) Reldive quantifiation was used to defermine
A PR-1 or () ADF1_2 exprescion melatiee to 2080 2 a contol Means and
standard emos 20 shown §o = 3 to 41 Sgnificant diffesenaes in P8-1
expession betwesn pathogen- and waierdnooubtion within cultvars
were detedtsd after log-transfomaton of rebtive expression wlues. A
Sadent’s r-test of bgy-trandomed data wes wsed o determine sgnifi-
it differences in POF12? expression. Diffesent letters within genotype
mmpasisons illustete sitistcaly significan tdferences (P < 0051

Collectively, data from independent experiments provide evi-
dence that solate-specific differences in effecior oom pod tion
misdulate the defencerelst ed gene expredson; POFTT e pnes-
@on differs between those isolstes in ov. Excel carrying the
Rim 7 gene, whereas PR-1 expresion g nificantly differs only in
Topas-Rimd (Fg. 3.

33 Bolste-spedfic modulation of Rimr-mediated

reactive axygen specied production

Dy wiis & ised Lo monitor the produsction of ROS afer ikt o
lation of 5. mapus cultivars with L macwkans solates v232.1
velml, Avrilmd-Avrlm?) or v23.119 WAwlml,  avrlmd-
AvrLm 7). Litile change in DAB s sining, indicative of HyO, pre-
duction, cocurmed at 3 dpi in cotyledons of Topas or ov. Excel
inoculated with either of these | marw om isolates (Fg. 55).
Likewsie only & minas increase in DAR staining was evident

Figura

lenged with Lepinsphaeria macubne (A) Miorogmphs of stained mtyle-
dons at 7 days postn filration with water or L. maculans isolses w2321
v mi, Awlmdberlm?) or wZL11.9 Awlm 1, awlmddedm?L (B Box
plot of the siaining intensity in uninoaulsted, water or L. mombns
chalienged cotyledons of o Exoel (M7 Iaa) was used messwre intal
ama ipoels). Sample sizes for controls {0 = &) and pathogen reatments
i = 1.Z) are given. Astesick indites statistical spnificance (P« QO05).

at 7 dpi of susceptible Topas with either L maculans solate
[Figs 4(A) and 55]. A dearer indication of elevated HyO0, pro-
duction wai evident after inooulastion with either solate in
stained cotyledon tissves of resistant ov. Excel [Fig. 4(A) and
55, In the case of inoculation with L. macnans isolate
V321 (awlm T, Avrlmd-Avlm 7). a quantitatively significant
increaie in DAB stmining wai observed in conedons of
ov_Excel at 7 dpi[Fig. 4E)].

Infected coty bedons also wene stained wsing NBT staining, indic-
ative of superoxide formation. Mo changss in NET smining wee
observed at 3 dpi with L mdculans but incresses in MET $Laining
oooured i redstant ov. Excel st 7 dpi (Fg. 561 The langest
icrease i MET slainifeg wid obderved when o Bxcel was dhal-
lenged with L maadans solaie w2321, but this seggesiive
imncres se in superoside lonmation was not statistically sgnificant.
Together, however, these data imply that an oddstive buost
Goowrs in esponse o L maculans infection, especially wihen
ov. Exced is challenged with L maculans isdate v2321 jawrlm],
AvrLmd-AvrLm7)
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Table 2. Intweradions beteesn pathogen Eolates and host genotypes

Pathogen isolaie T gEnes Hostgenotype A genes Interacton
w2321 awrlm 1, Awrlma-Awrlm 7 Topas Kone Compathle
w2321 awrlm 1, Awrlma-Awrlm 7 Topas-Alme fima Incompatible
w232 awrlm 1, Awlmd-Awlm ? Exced Bn? Incomgpatible
23119 Al m], avel mé-Awlm 7 Topas Mone Compathble
w3119 Al mil, aved mat-Awrlm 7 Topas-Alme fima Compathle
CERRE] Avimi, ave md-Awrlm 7 Exoed Bim7 Incompatible
w2aan arlm 1, awrlm -t m7 Topas Mone Compathble
w293 mwrlm 1, awrlmd-ed m? Topasiepf2 LepA? Compatible
w2931 awrlm 1, awrlmd-tvd m7? Topas-fim? &Bim7 Incompatible
a3 awrlm 1, arlmd-fvd m? Capinl &1 Compathle
W2931-T2orT2 Al m], avel mé-Awlm 7 Topas Mone Compathble
W2931-T2orT2 Al m], avel mé-Awlm 7 Topas-diepfA 3 LepA? Incompatible
293 1-T2orT3 Al mil, aved mat-Awrlm 7 Topas-fim? &Bim7 Incompatible
293 1-T2orT3 Al mil, aved mat-Awrlm 7 Capiol &im1 Incompatible
93-13 awrlm 1, Avelmd, Avel mé-Awlm? Topas Mone Compathble
93-13 awrlm 1, Avelmd, Avel mé-Awlm? Topas-fime Bim4 Incompatible

4 DISCUSSION

O pesiuslis shevwe that inespective of me of the diverse isolates
232 lawrlml, Avilmd-Awlm7) and v23.119 (Avlm I, avilm4-
Awilm7) of trandgenic Bolstes espedsng Awlml in the back-
ground of V2931 vilml, avrlmid-AvrLm7), i Signific ant pheno-
typic differences in recognition by the mnonoonme ponding
receplor Am7 wene observed [Figs 1 and 2; Table 2] However,
defence gene expresdon (eg. PRT) and production of ROS were
grester when ov. Excel was challenged with ¥2321 rather than
w231 1.9 Fgs 3 and 4); this could heve been cawsed by diffens noss
in effector gene compodition of genstic backgrownd effects
(Table 3).

It is unlikely that Avilm! would heve been respondible lor
these diferences in defence responies because Hogenic Ho-
lstes wiith o without this effector gene did not iniflu ence reis-
tance phenotypes in ov. Excel or Topas-Rlm7 Nevertheless, it
should be mentioned that ransformation of Arsbidopai
thaliana with Avelml reduced PRI expression in planta™
Consequently, Awlm l-rransformed A thalisng plants were
more sauiceplible to the virslent Prardomonas syringae sirain
Pst DC3000."

It s more likdly thet Avilmd ihiggensd a stonger delence
e poress in ov. Excel 1o isolste v232.1 than 1o isolste w231 19 In
this coniext, near-iBogenic Bolstes with Awlmd were mone
apgressive than awlmd mulants on suscepible host cultivars
lackireg Rimdd, supgesting a fitness penaliy for vinslent strains
Hevwiever, & ngle aming acid chandge resulting in los of AvLmd-7
recognition by Rlmd™ maintsined effecior functien of avdm4-
AviLm7 isolstes; avilm-Avelm 7 solstes sbo containing AvrLmad
of AwlmS-9 wer virdent on B aopirs lines with Rim3 o Rim9,
respactively. ™ The subtle differences in defence gene expres-
sion and ROS production reporied here slo could be the result
of & combination of effects based on differences in Awlm] and
Avrlimdl effector composition. Alernstively, different genetic
Ibackgrounds of v23 21 and v23 119 could have been edponsible
ot the observed differences in defence redponsed

A reduction in POF 1.2 expreddon was observed when the
Y231 1.9 isolate was wsed for infection o ov. Excel relstive to

iselate w2321 [Fg 3[E]] The combination o jasmenic acid
(18] and efiylene regulstes POF 1.2 sxpresson ™ JA signaliing
wizs suppressed when Awlml wa expresed in A thaliang,
ahhough wpregulstion of 1A signaliing was observed wihen
MPED was overexpressed in B napus

Oar ressunlis & bso 5w that ROS produoton is incones sed posting-
culation with solae v232.1 relative to v2311.9 [Fig. 4. Awdm I
activales PRT expresion, salicylic acid [(SA) production and ROS
acoumulation during the inoom patible interacion of L maculans
with ov_C ol umibus ca rryineg the Rim ! gene™ Contrary to suppres-
sion of PRT expression by Awlml, sctivation of MPES leads 1o
increased ROS production, coll death and disease susceptibility ™
Onsr finding of less RDS production after inoculation with iolae
¥23119 is therefore not in conflict with the finding that MPKS
increases ROS concentrations”” Although analysis of Rim7
dependent defente respondes with Bogenic solaes dilfefing in
Awrlm| compaoition would be desirable, this was not justified
becare no phenotypic differences in disess resstance wes
olbserved (Fg. 21

Alteration of host plant defence responies by momoonre
sponding efectors, such a5 Awlm ] on Rim7-medigied ress
tamce, may be of concern to the plant-breeding indusiry,
s i i neg the increzed use of il seed rape ¢ ultivars contain-
ing the flm 7 gene_ In addition to Avel m7.it s recommended o
maonitor other effector genss in L macilans populations 1o
avoid breakdown of Rim? resistance 'We recently noted that a
reduction of the Awlm7 sllee in L macilans popu letions was
cormelated with a comresponding increase of the Avilm] allee
in L maculons populstions. ™ Disase management may
therefore require development of Lepid culiivars to compen-
sate for the dedline in Rim7-medisted resistance of uie of dil-
ferent R genes for crop rotation.”” Increases in Avrlm] have
been observed previously alter d eployment of conmespond ing
Lepf3-mediated reistance was suspended in Auwstralian culi-
vars™: both Avlml and Awlmd incur fitnes costa™*" fs a
note of caution, becaese the correlstions 1o previous stodiss
wiere ol strong (Table 3), different genetic backgnounds wed
for analysis of defence repondes may have contributed to
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the observed meleculsr changes in iolates varying in AwlmT
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Introduction

Light leaf spot (LLS) caused by Pyrenopesiza breassicae is the most damaging discase of
oilsced rape (Brassics napug) in the UK. The discase accounts for uwp o £1600 yicld loss
annually in England, despite cxpenditore of £208 on fungicides, and the severity of the discase
is much greater in Scotland (Karandeni Diewage er af., 2008: Ashby, 19971 In the UK. the
disease has been increasing as a national problem in recent decades, rather than just being
confined to Scotland and northerm England.

LLS is currently controlled by a combination of cultivar resistance, fungicide applications
and cultural practices. However, resistance mechanisms of the oilseed rape plant against P
brassicae are not well understood. Furthermore, fungicide control is problematic as the
pathopen has developed insensitivity to tnazole and MBC fungicides (Carmer er al., 2013,
Carter ef all, 2004). Thus, it is mecessary to identify the geses mvolved in quantitative
resistance of Brastica rapus o design an improved and durable contrel strategy agaimst LLS,
The aiin of this project is to better wnderstand (i) the genes involved in quantitative resistance
against P brassicae in ollaeed rape and (i1) the contribution of the host was/cuticle to this Tost-
pathogen interaction.

Materials and methods

A phenotypic sereen for LLS susceptibility was done in glashowse cxperiments using 195
accessions of B mepees. In collaboration with the John Inses Centre, this sereen was used
together with an associative transcriptomics pipeline (http: s yorknowledsebase info) o
identify gene expression markers (GEMs ). Experirnents will be done using TILLING mutants
o confirm the involvement of specific GEMs in quantitative resistance.

Trypan bluc staining and scanning clectron microscopy (SEM) were uwsed to monitor the
pathogen during the infection process and o determine time points for gene expression
analvais. Wax and cutin were guantified and the components were compared to assess the role
of these commponents in host resistance of susceptibility. B rapa wax mutants and resistant
and'or susceptible B, napus acoessions wene used for this purpose. Furthermore, toluidine bluce
staining was used to compare these accessions'mutamts for cuticle permeability and host
resistance. Cutinase expression will be analvsed fo determine whether wax/cutin componenis
can affect the expression of this gene implicated in pathogenicity.
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Results

Eight GEMs were expressed differently in accoessions susceptible or resistant to P brassicae;
among these genes were cinnamate 4-hydrosylase, beta-adaptin and KIN10, a SNF] kinase
homolog. Genotvping and phenotyping of TILLING mutants which have been obtained
(J13031Ta, 130819, JI30010-k, J320204a and JI3164Th) will establish the role of these
genes in resisiance against P, brassicae. SEM showed that the pathogen germinates |-day posi-
inoculation {dpi) on leaf surfaces, penetrates the cuticle by 2 dpi and colonises the subcuticular
layer by 8 dpi.

Discussion

Wax and cutin analysis of wax mutants, together with cutinase expression in these mutant and
wild-type plants, will provide host data corresponding to the role of cutinase in pathogenicity.
Li e af, (2003) have shown that a cutinase-deficient mutant of P brassicoe was unable to
penctrate the cuticle and asexually propagate on oilseed mpe. Together with the GEM data,
this will help crop breeders to develop oilseed rape with better protection against P, brassicae.
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< Light leaf spot (LLS), caused by the hemi-biofrophic
pathogen Pyrenopeziza brassicse, is the most
damaging disease of oilseed rape in the UK.

< Many studies indicate that wet and cold weather
favours pathogen development. However, a recent
LLS disease survey (Figure 1) by Agriculture and
Horticufture Development Board (AHDE) shows that
the severity of the disease has increased across UK

despite an increase in tempersture.
o B e
kii 2 } ’ii'
— T —
NN PV

. Figure 1: LLE survey map by AHDE from 2013.2018 In UK.

 Aim

<+ To study the Brassica napus and P brassicae
pathosystem.

Objectives

+ To study crop resistance mechanisms against
P brassicae.

< To analyse pathogen population diversity and

 Materials and Methods

Spray inoculated 21 days old susceptible cultivars
Marathon, Cabriolet, Apex, Bristol and Eurol with
10°ml of P brasaoaespmsuspensnnproduced
from original stock collected on 23/05/2017 from

Rothamsted, UK.
]
Incubated at 18° for 12 hours with day light and 14°C
for 12 hours in darkness for 21 days.
1}

Stored harvested plants at 4°C for 10 days.

: pathogen populsations.

Unlversity of Hertfordshire, Hatfield, UK AL10 SAB

op Protection, Centre for Agriculture, Food and environmental Management University of Hertfordshire, Hatfield, UK, AL10 S48

Flgure 22: Marathon showing  Figure 20: Green idand fommaton
leaf deformation in Cabriket.

Figure 20: Apex (1), Bristol {2) and Eural (3) with visitie conidcsoores. /

Discussion

Visible progression of pathogen growth in B. napus

cultivars

< Leaf deformation (Figure 2a8) and green island
formation (Figure 2b) by 7dpi suggests possible
involvement of cytokinins (Ashby, 1987).

< Conidiospores appearance on lesf surface (from
16dpi) suggests that the pathosystem oohmss /

" susceptible hosts.

Works in progress

< Anslysis of P. brassicae extracellular vesicles from
media.

< Screening the model plant Arabidopeizs thaliana for
any resistance sgainst P brassicae.

< Field study to understand the genetic basis of host
resistance and compare the genstic variations of
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Light leaf spot (LLS) caused by the hemibiotroph Pyrenopeziza brassicae is the most damaging disease of
oilseed rape (Brassica napus) in UK. The disease is accountable for up to £160M vield loss annually in
England, despite spending of £20M on fungicides, and the severity of the disease is much greater in Scotland.
In the UK, the disease has been increasing and has become a national problem in last decades rather than
just being confined to Scotland and Northern England. LLS is currently controlled by a combination of cultivar
resistance, fungicide applications and cultural practices. However, the resistance mechanism of the oilseed
rape plant against P. brassicae is not understood well. Furthermore, fungicide control is problematic as the
pathogen has developed insensitivity to methyl benzimidazole carbamate and triazole fungicides (Carter et
al., 2013). Therefare, this study aims to achieve a greater understanding of crop resistance mechanisms
against P. brassicae and pathogen population diversity and dynamics, to design a sustainable control strategy
against LLS.

References: Carter HE et al. (2013). Pest Management Science, 69 (9), 1040-1048; Dewage CSK et al. (2018). Crop and
Pasture Science, 69 (1), 9-19.

a.muthayil-ali@herts.ac.uk
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Introduction

<+ Light leaf spot (LLS), caused by the pathogen
Pyrenopeziza brassicae, is the most damaging
disease of oilseed rape in the UK.

«+LLS accounts for up to £160M annual yield loss
despite expenditure of £20M on fungicides.

<+ This disease is controlled by fungicide applications
and partially resistant cultivars (AHDB
recommendation lists).

J <+ P. brassicae has developed fungicide insensitivity.

, < Better understanding of quantitative resistance (QR)
against P. brassicae in oilseed rape is important in
designing improved and durable control strategy
against LLS.

Aim

< To study genes involved in QR in oilseed rape
against P. brassicae.

< To understand the contribution of host wax/cuticle to
this pathosystem.

Obiecti

++ To screen B. napus accessions and B. rapa wax
mutants under glasshouse conditions.

< To assess cuticle permeability of B. rapa wax mutants
using toluidine blue staining.

Materials and Methods

< 195 B. napus cultivars were spray inoculated with a
P. brassicae spore suspension. Disease were
scored on a scale of 1-6 (Fig.1).

< Associative franscriptomics was used to identify 8
genes that were differently expressed in partially
resistant and susceptible accessions.

< Scanning electron microscopy was done to track
pathogen and decide future gene expression works.

< Toluidine blue staining were done before and after
inoculation with pathogen on B. rapa wax mutants.

4. Reader in Crop Protection, Centre for Agriculture, Food and Environmental Management University of Hertfordshire, Hatfield, UK, AL10 9AB

Results

Cul
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—

Figure 1: md_nmdl”&mm
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Win wild type R-O-18, two
aagméug o

Discussion

<+ The four most susceptible (Dwarf Essex, Laser,
Sansibar and Cabriolet ) and resistant (POSH, SWU
Chinese1, Cubs Root and Moana ) cultivars were
chosen from glasshouse results for further experiments.

< R-O-18 and NG (more wax) showed more permeability
and susceptibility.

+ GL (less wax) was less permeable and more resistant.

Works in progress

< Gene expression using multiplex Tagman gPCR to
study the expression of GEMs during the interaction
with P. brassicae.

<+ KASP primer analysis of B. rapa TILLING mutants to
confirm the involvement of GEMs in partial resistance
against P. brassicae.

<+ Quantification of pathogen DNA.

<+ Analysis of wax and cutin quantities and compositions
in pathogen challenged B. napus leaves with
differences in susceptibility to P. brassicae and in and
B. rapa wax mutants.
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Light leaf spot (LLS) caused by Pyrenoperiza brassicae is the most damaging disease of oilseed rape (Brassica nagus)
in the UK. The disease accounts for up to £1600 viald loss annually in England and Wales, despite
expenditure of £20M on fungicides, and the severity of the disease is much greater in Scotland In the UE, the
disease has been increasing as a national problem in recent years rather than just being confined to Scotland
and Morthern England. LLS is currently controlled by a combination of cultivar resistance, fungicide
applications and cultural practicas. However, resistance mechanisms of the oilseed rape plant against P.
brassicae are not well understood. Purthermore, fungicide control is problematic as the disease remains
asymptomatic from awtumn until spring and the pathogen has developed insensitivity to triazole and MBC
funpgicides. Thus, it is necessary to identify the genes imvolved in quantitative resistance of B. napus to design an
improved and durable control stratesy against LLS. The aim of this project is to better understand the genes
involved in guantitative resistance against P. brassicde in oilsesd rape. A phenotypic screen for LLS susceptibility
was done in glasshouse experiments using 195 accessions of B. napus. In collaboration with the John Innes
Centre, this screen was used together with an associative transcriptomics pipeline to identify gene expression
markers (GEMs). Scanning electron microscopy (SEM) were used to moniter the pathopen during infection
process and to determine time points for pene expression analysis. SEM showed that the pathogen perminates
l-day postinoculation {(dpi) on leaf surfacas, penetrates the cuticle by 2dpi and colonises the subcuticular layer
by 8 dpi. Eight GEMs were expressed differently in accessions susceptible or resistant to P. brassicae.
Characterisation of gene expression and function will aid crop breeders to develop ocilseed rape with betrer
protection against P. brassicae.
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