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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).



Oceania Africa
3.0 04 \ (

Americas
2350,

Europe
351 %

- Asia
37.3%

@ Africa @ Americas ® Asia ® Europe @ Oceania

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
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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 @oom and bust6
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 Piletetal. (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.
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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 ¢ Land 200 ¢ Lof 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.
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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 t o protbcel atrnhe fhegihrang (1uml ecéllslysis
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 d g ¢

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): -ttgma& ctc tcg aag aag ttc agt ct-3 Nj

PbITS (R): -agh tdjggg ggt tgt tgg cta a-3 Nj

2.11 Scanning electron microscopy (SEM)

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

using a 2100 Galton Alto cryo preparation

protocol (Gatan, UK). From the spot inoculated area, 0.57 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 -90A dor 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

Biot ek was used to extract t ot al RNA from

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).

23

S

i no



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 eL) .

Reagents/Samples Amount in €L

Brilliant 11l ultra-fast SYBR GreenqPCR |1 0 ¢ L

mix

sterile distilled water 6.3 €L

Primers (PbITSF and PbITSR) 03¢ L each (10 &M)
Template DNA 2.5 L (20 dg ¢L)
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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
T 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
the period 1991-2020. © Crown copyright 2021, used with the permission of the

Meteorological Office.

33



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

o0 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:

o0 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 a-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 ul 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 6
MAT1-1: 687 bp

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

Mt3 (10 umol) 4 uL 5 -@ca aat cag gcc cca aaa tat g-3 0

P. brassicae genomic DNA 1pL

36




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 nor mal di stri bu
and a S Heatprespectivety, 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.

37



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: 3.4 Light leaf spot score: LLS severity scored using a 1-6 scale on three susceptible (Cabriolet, Laser and
Sansibar) and three resistant (Cubs Root, POSH and SWU Chinesel) B. napus lines/cvs treated with Aberdeen or
Hertfordshire P. brassicae isolates. Mean from five biological replicates each from two independent experiments. Same

alphabetic letter bars do not differ significantly (df 35).
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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).
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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 d o ma i-hdomainand bhetallothionein-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 (i 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%1 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
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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 10'7) 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 -Bpd 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 i 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 a-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 g | a s s heoxupseer ilmemte at Rot hams
Re s e a r adndofisell replicated a-designl 5 r ep !l i c atbeisn o edlda/t & o

(b) Spray i noSuulpaatsesd cifQudt u liBvtagrdd p he g ®Ver ed

wi talpol yet hsyhleeente t o i ncrease humBdi hgpdwasmd s ( d)

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 ¢ m

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 i 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 doneina20e L reacti on, € hTagmars multiplex
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mastermi x (2x), 1 €L each (2 L in total) C

(20x), 2 ¢ LcDNA (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 bytheq PCR machi ne, t he

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-Aq, 25 cm x 4.6 mm, 5 pum particle size (Agilent) or Lichrospher
RP18-5, 25 cm x 4.6 mm, 5 um patrticle 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. Bartlettd stests and Shapiro6 stests 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
showedPvalues<U = 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):
Glucoiberverin
3methylsulfinylpropyl (3msp):
Glucoiberin

4 methylthiobutyl (4mtb):
Glucoerucin

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

Indolyl-3-methyl (i3m)
4-methoxy-indolyl-3-methyl
(4moi3m)

N-methoxy-indolyl-3-methyl

(nmoi3m)

2-phenylethyl

(2pe):
Gluconasturtiin
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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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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 i 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 eachof 100e m wer e 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.
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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)

83



Derivative Reporter (-Rn)

20/ ] |
15
1.0 | [ ‘ !

o.5§ r / e it

2.0

1.0 A \ [

05| ——/ iy — W : \

65 75 85 95 65 75 85 95 65 75 85 %5 65 175 85 95 65 75 8 95

Temperature (°C)

Figure 4.17: Melting curve analysis of gPCR obtained from GEM primers using a cDNA pool (control and inoculated leaf cDNA samples)
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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
BnaA04g20860 1.83
BnaA10g05830 1.85
BnaC04g14330 1.83
BnaC07g27610 1.83
BnaC07938240 1.91
BnaC08g24910 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 (b-
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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.

91



%k

(=]

|

(4]
'

0.50- i
; B o
B o
B 20

4api
8dpi

* ok

o
M
&
'
=

%* %k

J1

Cabriolet Sansibar Laser Cubs Root POSH SWU Chinese 1
Cultivars

BnaA04g20860 Normalised relative quantity (NRQ)

0.00-

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 6s **Pevsatl uree $QrIFBl. 0I0u e 1; ®P-Waloue O 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 indicat ed*mhwalawsd &Qd
*Pyal uel®OP-vauée O 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 indicat ed*mhwalauwse &0
»*Pyval uel;:®P-wWaloue O 0.05
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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 genc
result. **P-v al ue 10*Pv. &lOuel,®P-wWaldoue .O 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 (+) of three biological replicates and
two technical replicates. Significant differences between mean values of control and time points
within each genotype are indicated*™Bvyalasé e
»*Pyal uel;:®P-wWaloue O 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 ea
testresult. **P-v al ue 10*Fv. &lOuel,OPvalu® O.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 (+)
of three biological replicates and two technical replicates. Significant differences between mean
valuesof control and time points within each g
testresult. **P-v a | ue 10*Fv. &lOuel,®P-Waloue .O 0. 05
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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/line
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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.

103








































































































































































































































































































































































