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1. Industry Summary 

The necrotrophic pathogen Botrytis cinerea is pervasive on UK strawberry farms and is one 

of the most commonly reported strawberry fungal pathogens (Calleja, 2011). UK strawberry 

production has increased from 35,000 tonnes in 1960 to 119,000 tonnes in 2022 (FAOSTAT, 

2022), and as of yet there are no resistant strawberry varieties to B. cinerea (Bestfleisch et al., 

2014; González et al., 2009). Currently, the most effective control methods are fungicides, 

however, B. cinerea can recurrently develop resistance to multiple fungicides (Kretschmer et 

al., 2009; Leroch et al., 2011). Moreover, there are negative public opinions regarding 

fungicide residues on food and in the environment, calling for alternative control methods to 

be adopted (Sutton, 1990).  

 

This project aimed to improve our understanding of how B. cinerea causes disease and how 

strawberries can resist it. The project consisted of two main objectives: 

• Identifying strawberry genes linked to resistance by infecting a mutant population of 

strawberry plants and sequencing those that showed more or less disease than 

normal. 

• Discovering B. cinerea virulence genes by comparing the genomes of fungal isolates 

that varied in how aggressive they were. 

 

Key outcomes: 

• New assays were developed to measure infection on strawberry leaves, fruit, and 

flowers, enabling robust testing of both fungal isolates and mutant strawberry plants. 

• A total of 774 strawberry genes of interest were identified, with 13 showing potential 

links to disease resistance. 

• B. cinerea isolates were ranked by aggressiveness, and genes unique to the most 

aggressive isolates were identified. 

 

Why this matters: 

• The strawberry resistance genes discovered could help breeders develop more 

resistant strawberry varieties, reducing the need for fungicides. 

• The fungal genes identified may act as targets for environmentally friendly control 

tools, such as RNA interference (RNAi) sprays. 

• Farmers could benefit from reduced pre-harvest losses, while retailers and consumers 

would see longer shelf-life post-harvest. 

 

This work lays the foundation for more sustainable, effective control strategies against B. 

cinerea whilst improving strawberry resistance, in order to aid the UK strawberry industry to 

increase yields.  
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2. Introduction 

Strawberry production is not only increasing globally, from 754,516 tonnes in 1961 to 

9,569,865 tonnes in 2022, but it is also increasing in the UK, from 35,000 tonnes in 1960 to 

119,000 tonnes in 2022 (FAOSTAT, 2022). Increasing strawberry production is important 

since the world population is increasing (World Population Prospects, 2024) and strawberries 

have many benefits for human health, such as, reducing the risks of diabetes, cardiovascular 

diseases, cancer and anaemia (da Silva Pinto et al., 2010; Kurniati et al., 2021; Zhang et al., 

2008). Moreover, strawberries are beneficial for weight management due to their low 

glycaemic load (Dreher & Ford, 2020), which is particularly important considering the rise in 

obesity levels, from 8.7 million in 2000 to 14.3 million in 2022 in the UK (FAOSTAT, 2022). 

Currently, strawberries require the most land per kilogram to produce, among fruit assessed 

in Clark et al. (2022). Therefore, to meet increasing food demands by a growing population 

and limiting land-use, improving strawberry production efficiency is essential.  

 

Furthermore, climate change, through increasing drought, temperatures and altered humidity 

levels, is expected to negatively impact crop yields and increase crop susceptibility to fungal 

pathogens (Sewelam et al., 2021; Trenberth, 2011). Botrytis cinerea, the causal agent of grey 

mould, is the most reported strawberry pathogen on UK farms (Calleja, 2011) and in the 

absence of fungicides and high humidity B. cinerea has been reported to cause over 80% of 

fruit and flower losses (Ries, 1995). Conventional management strategies such as weeding, 

increasing air circulation and ensuring proper soil drainage are insufficient alone (Daugaard, 

1999). Fungicides are the most effective control method, however, B. cinerea can become 

resistant to multiple fungicides (Kretschmer et al., 2009; Leroch et al., 2011) and there is an 

increasing negative public perception of fungicide residues on food (Sutton, 1990). Therefore, 

alternative control methods need to be investigated. Through examining the molecular 

mechanisms of the strawberry-B. cinerea interactions, candidate plant disease resistance 

factors and fungal virulence factors can be identified and facilitate the development of new 

control methods to mitigate crop losses.  

 

In order to discover novel disease resistance factors and fungal virulence factors the following 

objectives were investigated: 

 

1) Investigate B. cinerea aggressiveness across hosts and across host organs. 

Pathogenicity assays were developed for all strawberry host organs in order to obtain a 

quantitative measure of aggressiveness for ten B. cinerea isolates. 
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2) Identify novel resistance factors to B. cinerea in ethyl methanesulfonate (EMS) 

mutated Fragaria vesca plants 

The most virulent isolate, deduced from objective 1, was used to infect mutant F. vesca plants. 

Plants with altered susceptibility underwent DNA extraction, genome sequencing and 

bioinformatics were conducted to identify the genes that could be responsible.  

 

3) Identify novel B. cinerea virulence factors across hosts and within host organs 

Bioinformatics was carried out to identify secreted effectors that were associated with the 

isolate aggressiveness rankings from objective 1.  

 

3. Materials and methods 

3.1. Developing pathogenicity assays  

3.1.1. Leaf pathogenicity assay  

Emerging unfolded trifoliate F. vesca leaves were marked with tape around the petioles. At 

two-weeks-old leaves were surface sterilised in 0.5% sodium hypochlorite for 3 min, washed 

in 70% ethanol, washed in sterile distilled water (SDW) twice and dried in a laminar flow hood. 

Leaf discs were cut using a 1 cm diameter cork borer, wounded at the centre using a sterile 

16 G needle and placed onto 1.5% WA in 5 x 5 compartmentalised Petri dishes (Figure 1). 

Spores were harvested from ten 3-week-old B. cinerea isolates (Table 1), cultured on PDA, 

by dislodging them with 5 mL SDW, filtered through Mira cloth to remove mycelia, and adjusted 

using a haemocytometer to spore concentrations of 5 x 105 / mL. A volume of 10 µL of spore 

suspension, or SDW for the control, was inoculated onto the leaf disc wound. The inoculated 

leaves were incubated at 25 ̊ C with a 16 h day / 8 h night cycle. This experiment was repeated 

four times for a total of 451 leaf discs. Inoculum from isolates were randomised using the R 

(R Core Team, 2020) package ‘blocksdesign’ (Edmondson, 2021). Every 24 h for 18 days an 

image was taken with a digital single-lens reflex (DSLR) camera, using a light box and light 

panels to maintain consistent lighting. The images were analysed using ImageJ (Abràmoff et 

al., 2004) to measure lesion size per leaf disc. The colour threshold hue was set to 0-30 to 

isolate brown pixels. The image was then converted to black and white, to represent disease 

and healthy tissue respectively, and the ratio of black to white pixels was taken as a measure 

of leaf disc disease. 
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Table 1. Botrytis cinerea isolates investigated in this study. 

Isolate  Host plant isolated 

from 

Date isolated  Source  

R36/19 Cox apple 11.04.2019 Mansfields (FWM) Chartham 

coldstore 

R4/20 Strawberry 27.08.2020 Ditton Rough, East Malling 

Research 

CHF Strawberry n/a n/a 

B104 n/a 18.05.1994 n/a 

21010 Apple 24.07.1998 n/a 

21018 Raspberry cane  25.11.2005 East Malling Research 

21019 Raspberry fruit 25.11.2005 East Malling Research 

21024 Tomato 10.02.2006 n/a 

Bc19 Tomato n/a n/a 

Nos6 Rose n/a n/a 

n/a = not available  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Example set-up of the pathogenicity experiment on Fragaria vesca leaves. Leaves 

were cut to 1 cm in diameter and placed in 5 x 5 Petri dishes prior to being inoculated with 10 

µL of B. cinerea spore suspensions (5 x 105 / mL).  

 

3.1.2. Fruit pathogenicity assay  

The calyx were cut off ripe F. × ananassa cv. Malling Centenary fruits, the fruits were surface 

sterilised in 0.5% sodium hypochlorite, washed twice with SDW and dried in a laminar flow 
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hood. The fruit were cut in half and both halves were wounded half a centimetre deep with a 

16 G needle, in the centre of the outer surface. One half was inoculated with 10 µL of 5 x 105 

/ mL spore suspension and the other half inoculated with 10 µL SDW as a control. The 

strawberries were placed on sterilised filter paper in a 46 × 15 cm metal tray with 4.5 x 4.5 cm 

individual compartments for each half of the berry (Figure 2). Isolates 21024, 21010, CHF and 

Bc19 were used and the treatment of spore suspension was randomised using the R (R Core 

Team, 2020) package ‘blocksdesign’ (Edmondson, 2021). The tray of inoculated fruit was 

placed in a clear autoclave bag to maintain humidity and incubated at 10 ˚C with a 16 h day / 

8 h night cycle. The height and diameter of each fruit was measured with calipers prior to 

inoculation. For ten days, the height and width of lesions were measured using calipers, and 

the average of these two measurements was used to produce a representative diameter of 

the lesion. The averaged diameter of the lesion was then divided by the averaged diameter of 

the fruit to obtain the disease incidence per day, with fruits being standardised to have a 

maximum 1 cm difference in diameter to limit fruit size confounding lesion size. Fruits were 

measured for ten days, and the experiment was repeated three times to give a total of 80 

fruits. 
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Figure 2. Example set-up of the pathogenicity experiment on Fragaria × ananassa fruit. 

Sepals were removed and fruits were surface sterilised, cut in half and wounded. One half 

was inoculated with 10 µL of 5 x 105 / mL Botrytis cinerea spore suspension and the other with 

SDW as a control, prior to incubation for ten days during which lesions were measured daily. 

A) Example layout of the two fruit halves. B) Photograph showing the set-up of the 

pathogenicity experiment. C-F) Example of two inoculated fruits with their respective control 

fruits, one healthy and one exhibiting symptoms of post-harvest infection.  
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3.1.3. Flower pathogenicity assay  

Isolates 21024, 21010 and Bc19 were chosen for the stamen pathogenicity experiment. 

Flowers were placed into 1.5% water agar (WA) at the closed bud stage at 25 ˚C with a 16 h 

day / 8 h night cycle for 48 h till they reached anthesis. The petals were removed and 20 µL 

of one-day-old spore suspensions at a concentration of 5 x 105 / mL, or SDW for the control, 

were transferred onto the stamens with a paintbrush (Figure 3). The flowers were then 

incubated at 25 ˚C with a 16 h day / 8 h night cycle for four days and the experiment was 

conducted three times. The stamens were removed from the flower with sharp curved end 

tweezers and images were taken using a LEICA DFC295 microscope. The images were 

analysed using ImageJ (Abràmoff et al., 2004); a total of 118 stamens were traced freehand, 

avoiding the anthers, and the mean pixel intensity was measured.  

 

 

Figure 3. An example of the set-up for a Fragaria vesca flower pathogenicity assay utilising 

Botrytis cinerea. A) Flower buds were placed in water agar and once opened they were 

inoculated with 20 µL of 5 x 105 / mL spore suspension. B) The flowers were incubated for 

four days, and the stamens were cut off for image analysis, where the mean pixel intensity 

was used as a measure of disease.  
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3.1.4. Statistical analysis for pathogenicity experiments  

The area under the disease progression curve (AUDPC) for the leaf and fruit assays were 

calculated using the R package ‘agricolae’ (Mendiburu & Yaseen, 2020). A Kruskal-Wallis rank 

sum test (Kruskal & Wallis, 1952) was performed to examine the effect of isolates on the 

AUDPC for leaf and fruit assays and the effect isolates had on the mean pixel intensity for the 

flower assay. Post-hoc pairwise comparisons were conducted using a Dunn Test, with the 

Benjamini-Hochberg method to account for multiple comparisons. Spearman's rank 

correlation analysis was carried out to evaluate the relationship between isolate virulence on 

F. vesca leaves and growth rate. The standard deviation (SD) for the AUDPC values was 

calculated for each isolate per experiment using the R package ‘dplyr’ v1.1.4. (Wickham et al., 

2023). 

 

3.2. Identifying novel strawberry resistance factors  

3.2.1. EMS mutagenesis of Fragaria vesca achenes  

F. vesca accession ‘Hawaii 4’ achenes were imbibed in 0.01% Tween 20 for 15 min and 

washed until all residue was removed. Achenes were then soaked in SDW at 4 ⁰C on a cell 

mixer overnight. Achenes were treated with an EMS concentration of 0.4% in a fume hood; 

EMS, or SDW for the control, was injected under the surface of SDW. Falcon tubes were 

placed on a shaker for 5 min until the oily droplets of EMS had dispersed. Approximately 1,200 

achenes were placed in 7 x 10 cm cloth bags per treatment prior to being submerged into 30 

mL of EMS solution and incubated for 4 and 8 h.  

 

Following incubation of achenes, the EMS solution was decontaminated by pouring into 10 M 

NaOH. The achene bags were rinsed with 30 mL of water six times, soaked in 50 mL water 

for 15 min then placed into a beaker of SDW on a rotary shaker at room temperature. The 

SDW was changed a further six times over the period of an hour.  The achenes from treatment 

three and four were sown onto Levington Advance® M2 compost one day post treatment in 

12 x 8 cell seed trays. Plants were maintained in a glasshouse, set at 23 ⁰C during the day 

and 18 ⁰C at night with a 16 h day / 8 h night cycle. After five weeks the plants were repotted 

into 11 x 11 cm pots with a nursery mix composed of 20% 8-16 mm composted bark, 40% 

peat 0-8 mm, 40% peat 8-16 mm, Osmocote Exact Standard 5/6 m 15-9-12+2MgO+TE– 3 

g/L incorporated, Start&Gro 0.8 g/kg incorporated and H2Grow wetter granules 0.5 g/kg 

incorporated. Post germination, chlorotic sectoring was recorded weekly in F. vesca seedlings 

for two months. Fungicides TAKUMI SC® (active ingredient: cyflufenamid, 100 g/L) and 

Karma SP® (active ingredient: potassium hydrogen carbonate, 850 g/kg) were applied as per 

the manufacturer’s instructions, to control for powdery mildew infection, moreover, biocontrols 
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Californiline® (predatory mite: Amblyseius californicus, Bioline AgroSciences Ltd.) and 

Aphidius colemani were applied to control spider mite and aphid populations respectively.  

 

3.2.2. Generating an M2 population 

After three months 1,000 M1 plants were self-fertilised to generate an M2 population for B. 

cinerea pathogenicity screening. To self-pollinate individual F. vesca plants, wooden sticks 

were placed in the corners of the strawberry pots and the plants were wrapped in horticultural 

fleece tied with Velcro ties, to prevent cross-pollination from other individuals (Figure 4). 

During anthesis, flowers were hand-pollinated using 3 cm soft-bristled lip brushes, one per 

plant, pollen was transferred through brushing the anthers and subsequently the stigmas. 

Hand-pollination was carried out two or three times per flower either daily or every other day. 

Fruits started to ripen around four weeks after pollination and were continuously collected in 

month four and five after sowing. Once fruit reached the mature ripe stage, they were collected 

and placed in an incubator at 25 ⁰C until dried, allowing achenes to be scraped from the fruit. 

The collected M2 achenes were surface sterilised in 0.5% sodium hypochlorite for 10 min 

followed by soaking in SDW for 5 min four times. In month six the sterilised achenes were 

sown onto Levington Advance® M2 compost in a glasshouse at 18 ⁰C during the day, 15 ⁰C 

at night and a 16 h day / 8 h night cycle. A total of 20 achenes were sown per M1 plant. After 

six weeks, four seedlings from each line were repotted and grown under the aforementioned 

conditions, providing four daughter M2 plants per M1 plant. The M2 mutants were named based 

on the EMS treatment: '3' for 0.4% EMS with a 4-hour incubation, or '4' for 0.4% EMS with an 

8-hour incubation, the M1 plant from which the achene originated and the specific daughter 

plant ID e.g. ‘3-70-4’. Visual mutations in the size, colour, and shape of leaves, fruits, and 

flowers were recorded weekly for 11 weeks. 
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Figure 4. Example of Fragaria vesca plant set-up to facilitate self-pollination. A) Cartoon 

demonstrating wooden sticks placed in each corner of the pots and the whole plant being 

wrapped in horticultural fleece. Created with Biorender.com. B) Photo of F. vesca plant set-

up for self-pollination. 

 

3.2.3. Pathogenicity experiments 

The B. cinerea isolate 21024 was selected for use in pathogenicity assays, as it was previously 

shown to be the most aggressive isolate on F. vesca leaves (see Section 4.1.1). The 

pathogenicity experiments were conducted as outlined in Section 3.1.1. 

 

  

3.2.4. Experimental design  

A total of 270 M2 mutants and ten wild type (WT) control F2 plants were chosen for 

pathogenicity testing. The M2 mutants were chosen if they appeared healthy, had leaves large 

enough to collect leaf discs from and they exhibited any visual mutations. The experiment in 

Section 3.3.3. was repeated three times with five leaf discs, four inoculated and one SDW 

control, per plant and per experiment. Due to technical limitations in collecting, sterilising, 

cutting, preparing spore suspensions, and inoculating leaf discs from more than 100 plants at 

a time, each experiment was conducted in batches of 100 plants, resulting in a total of nine 
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batches (Figure 5). Each batch consisted of 90 mutant plants and ten WT plants. A total of 

4,050 leaf discs were assessed, with images taken daily resulting in 56,700 individual leaf disc 

images. A randomized split block design was used to assign plants to batches, plates to 

shelves in the incubator and leaf discs within Petri dishes. The designs were generated in R 

(R Core Team, 2020) using the package ‘blocksdesign’ (Edmondson, 2021). Throughout the 

experiment plants were pruned to control pest and disease pressure every two weeks. 
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Figure 5. Example of the experimental set-up for carrying out pathogenicity assays on 270 

ethyl methanesulfonate (EMS) treated Fragaria vesca ‘Hawaii 4’ plants. The experiment was 

split into three batches per experimental repeat, with three experimental repeats in total. From 

90 M1 parent plants, four offspring plants were chosen per parent resulting in 270 M2 plants. 

Each batch consisted of 90 M2 plants and ten wild type (WT) plants. For every plant, five leaf 

discs from one two-week-old leaf were inoculated with either a Botrytis cinerea, isolate 21024, 

spore suspension of 5 x 105 / mL or water. Leaf discs were placed in a 5 x 5 compartmentalised 

Petri dish, allowing for 25 leaf discs which equates to five M2 plants per Petri dish. A total of 

40 Petri dishes were produced per experiment and distributed across two shelves 

3.2.5. Image analysis 

Image analysis was conducted using the software ‘dishy’ (Tang, 2022), written for this project 

to individually analyse leaf discs on a 5 x 5 compartmentalised Petri dish and subsequently 

quantify the ratio of brown to green pixels per leaf disc (https://githuB.com/jeremyt0/dishy).  

 

https://github.com/jeremyt0/dishy
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3.2.6. Statistical analyses 

Mutants that did not provide enough leaf material across all replicates were removed from the 

dataset. The final data set comprised of 202 mutant plants. To investigate whether or not 

mutant plants were more or less susceptible than the WT, dose-response curve (DRC) 

analyses were conducted utilising the package ‘drc’ (Ritz & Streibig, 2005). A three-parameter 

log-logistic model was the most appropriate after comparing various log-logistic and Weibull 

models using the function ‘mselect’. The three-parameter log-logistic model was calculated 

with the following equation, where y was the response at dose x, d was the upper asymptote, 

e was the effective dose (ED50) and b was the slope: 

𝑦 =  
𝑑

1+ (
𝑥

𝑒
)

𝑏   (2) 

The ‘EDcomp’ function was used to compare mutant and WT disease progression at time 

points T30, T50, T70 and T90. P-values were adjusted using the Benjamini-Hochberg method. 

 

3.2.7. DNA extractions 

DNA was extracted from mutants that exhibited a statistically significant difference in disease 

progression from the WT. Prior to DNA extractions, unfolded trifoliate leaves were covered 

with tinfoil, for one to two days, to limit chlorophyll production. DNA extractions were carried 

out using the DNeasy® Plant Mini Kit (QIAGEN) following the manufacturer's protocol. Briefly, 

100 mg wet weight of plant tissue was ground in liquid nitrogen with a mortar and pestle, lysed 

in Buffer AP1 and RNase A, incubated at 65 °C for 21 min and inverted every 7 min. The 

lysate was mixed with Buffer P3 and incubated on ice, followed by centrifugation for 5 min at 

20,000 x g. The supernatant was transferred to a QIAshredder spin column, centrifuged for 2 

min at 20,000 x g and the flow-through was combined with Buffer AW1. The mixture was 

transferred to a DNeasy Mini spin column, washed with Buffer AW2, and the DNA was eluted 

in 50 µL Buffer AE. DNA quality was assessed with a NanoDrop™ OneC Microvolume UV-Vis 

Spectrophotometer and the concentration was verified on an Invitrogen™ Qubit™ 3 

Fluorometer. Samples were sent for sequencing if the OD260/280 = 1.8-2.0, the OD260/230 

≥ 2 and they had a concentration of ≥ 10 ng/μL.  

 

3.2.8. Sequencing 

Upon submission to Novogene, the extracted DNA underwent quality control, library 

preparation, and were sequenced on the Illumina NovaSeq 6000 platform with a paired-end 

read length of 150 bp. 
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3.2.9. Variant calling 

Variant calling was carried out following the pipeline summarised in Figure 6. Quality control 

checks on the raw sequencing data were performed using FastQC v0.12.0 (Andrews, 2010), 

both before and after trimming and adapter removal with Trimmomatic v0.39 (Bolger et al., 

2014). Trimmed reads were mapped to the reference F. vesca genome v4.0.a1 (Edger et al., 

2018) with BWA-MEM (Li, 2013). The resulting SAM files were converted to BAM files, sorted 

and indexed using SAMtools v1.19.2 (Li et al., 2009). Duplicate reads were removed with 

Picard v3.0.0 using the ‘MarkDuplicates’ function (Broad Institute, 2019) and the BAM files 

were indexed again with SAMtools v1.19.2 (Li et al., 2009). Single nucleotide polymorphisms 

(SNPs) were called using GATK v4.5.0.0 with the ‘Mutect2’ function, filtered with 

‘FilterMutectCalls’ (Van der Auwera & O’Connor, 2020) and further manually filtered to retain 

SNPs with an allele frequency greater than 90% and a read depth of more than ten. An F. 

vesca specific directory was built using the function ‘build’ and annotated with snpEff v5.2 

(Cingolani et al., 2012).  
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 Figure 6. Single nucleotide polymorphism (SNP) calling pipeline and the tools utilised from raw reads to annotated SNP associated genes. Data Cleaning 

involved quality control (FastQC) (Andrews, 2010), trimming (Trimmomatic) (Bolger et al., 2014), alignment to the reference genome (BWA) (Li, 2013), and 

duplicate removal (SAMtools and Picard) (Li et al., 2009; Broad Institute, 2019). SNP Calling involved variant identification and filtering (GATK) (Van der Auwera 

& O’Connor, 2020), followed by annotation of gene functions (SnpEff) (Cingolani et al., 2012). 
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3.2.10. RNA-seq analyses 

Differential expression analyses were conducted on publicly available RNA-seq data from B. 

cinerea infecting F. vesca leaves and non-inoculated F. vesca leaves, available from 

BioProject PRJNA818508 on NCBI (Badmi et al., 2022). Data processing followed the RNA-

seq starter pipeline outlined on GitHub (Price, 2024): https://githuB.com/rj-

price/rnaseq_starter. Reads were quality controlled with FastQC v0.12.0 (Andrews, 2010) pre- 

and post-trimming with Trimmomatic v0.39 (Bolger et al., 2014). Salmon v1.10.2 was then 

used to quantify the reads (Patro et al., 2017). Differential expression analysis was performed 

using the R package ‘DESeq2’ v1.38.3 (Love et al., 2014) and reads were annotated against 

the reference F. vesca genome v4.0.a2 (Li et al., 2019). SNPs that were differentially 

expressed during infection with B. cinerea were normalised, log2-transformed and visualised 

with the R (R Core Team, 2020) package ‘pheatmap’ v1.0.12 (Raivo, 2018). 

 

3.2.11. Predicting candidate resistance genes   

To identify candidate resistance genes for B. cinerea infection, genes that contained SNPs 

were filtered based on mutation type (Figure 7). Only mutations that resulted in missense, 

frameshift, splice variant, start or stop codon changes, or those labelled as high impact post-

annotation were further investigated. Gene function was then examined using BLASTP 

(Altschul et al., 1990). For missense mutations, amino acid substitutions were considered 

more likely to cause a functional change if the amino acid group changed. Determining if the 

SNPs were within functional protein domains was investigated using InterPro (Paysan-

Lafosse et al., 2023). Protein structures of genes of interest were compared to similar proteins 

in the AlphaFold Protein Structure Database (Jumper et al., 2021; Varadi et al., 2024). If the 

protein structure was at least 80% similar to the F. vesca protein and the amino acid was in 

the same position, the AlphaFold protein structure was uploaded to Missense3D to visualise 

whether the missense mutation was predicted to cause any ‘structural damage’ (Ittisoponpisan 

et al., 2019).  
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Figure 7. Workflow to determine candidate resistance genes for Botrytis cinerea infection in 

Fragaria vesca following EMS mutagenesis and SNP identification.  
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3.3. Identifying novel B. cinerea virulence factors  

3.3.1. DNA extractions  

To obtain material for DNA extraction a 1 cm mycelial plug, from each three-week-old isolate, 

was inoculated into 100 mL quarter strength potato dextrose broth and incubated for one week 

at 22 ̊ C in the dark. The resulting mycelia were rinsed in SDW and divided into 30 mg aliquots. 

The mycelia were then ground to a fine powder in liquid nitrogen using a pestle and mortar 

and transferred into Eppendorf tubes. Following this, 500 µL of Shorty buffer [200 mM Tris-

HCl pH 8.0; 400 mM LiCl; 25 mM EDTA pH 8.0; 1 % w/v SDS] was added and the samples 

were vortexed for 10 s. Samples were centrifuged at 16,000 g for 5 min and 350 µL of the 

supernatant was added to 350 µL isopropanol in new Eppendorf tubes and inverted for 30 s. 

The samples were centrifuged for 15 min at 16,000 g and the supernatant was carefully 

removed before adding 500 µL 70% ethanol. Lastly, each sample was centrifuged for 2 min 

at 10,000 g, the supernatant was removed, and the pellets were left to dry at 37 ˚C for 15 min 

before being resuspended in 30 µL TE buffer pH 8.0 [0.5 ml of 1M Tris-HCl pH 8.0; 0.1 ml of 

0.5 M EDTA; 50 ml SDW]. DNA quality was assessed using a NanoDrop™ OneC Microvolume 

UV-Vis Spectrophotometer and the concentration was verified on an Invitrogen™ Qubit™ 3 

Fluorometer. Samples were sent for sequencing if the OD260/280 = 1.8-2.0, the OD260/230 

≥ 1.6 and they had a concentration of ≥ 10 ng/μL.  

 

3.3.2. DNA sequencing 

Once sent to Novogene the extracted DNA underwent quality control, library preparation and 

sequencing using the Illumina NovaSeq 6000 platform with a paired-end 150 bp read length, 

generating approximately 5 Gb of data and 119x predicted coverage per isolate. 

 

3.3.3. De novo genome assemblies  

Raw sequencing data underwent quality control checks using FastQC v0.12.0 (Andrews, 

2010) pre- and post-trimming and adapter removal with Trimmomatic v0.39 (Bolger et al., 

2014). The trimmed reads were then subjected to de novo assembly using SPAdes v3.15.5 

(Bankevich et al., 2012) and the quality of the assembled genomes were checked by searching 

for Leotiomycetes BUSCO with BUSCO v5.2.2 (Simão et al., 2015). Coverage was determined 

using the ‘depth’ function from SAMtools v1.19.2 (Li et al., 2009) and ‘comp’ and ‘plot spectra-

cn’ functions from kat v2.4.2 (Mapleson et al., 2017). Repeats were identified and masked 

using RepeatModeler v2.0.5 (Flynn et al., 2020) and RepeatMasker v4.1.6 (Smit et al., 2015). 

Publicly available RNA-seq datasets (Table 1) were aligned to indexed repeat masked 

genomes with HISAT2 v2.2.1 (Kim et al., 2019). BRAKER v3.0.0 was used to annotate the 

masked genomes using the RNA-seq alignments previously mentioned, the protein databases 
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available on NCBI for B. cinerea (Table 2 & Table 3) and the existing AUGUSTUS 

‘Botrytis_cinerea’ species file (Gabriel et al., 2024; Stanke et al., 2008). The quality of the 

annotated genomes were checked again by searching for Leotiomycetes BUSCO with 

BUSCO v5.2.2 and the -proteome flag (Simão et al., 2015). 

 

Table 2. List of RNA-seq sequence read archive (SRA) runs aligned to de novo assembled 

Botrytis cinerea genomes. 

NCBI BioProject SRA run Condition 

PRJNA756518 SRR15622386 Trichoderma atroviride IMI206040 and 

B. cinerea B05.10 on PDA 
 

PRJNA955032 SRR24174271 B. cinerea B05.10 mycelium 6 hrs post 

alpha-tomatine treatment 
 

PRJNA956473 SRR24287515 B cinerea lhm-1 during sporulation 
 

PRJNA1013336 SRR26081708 Lactuca sativa 33 hpi with B. cinerea  

 

PRJNA921825 SRR26787398 B. cinerea B05.10 Bcgbl1 mutant on 

PDA 
 

PRJNA1099710 SRR28646870 B. cinerea TG-1 after treatment of 

volatile organic compounds produced 

by Pseudomonas chlororaphis ZL3   

 

 

Table 3. List of Botrytis cinerea assemblies’ protein sequences downloaded from NCBI for 

genome annotations. 

Assembly Isolate  

GCA_000227075.1 T4 

GCA_000349525.1 BcDW1 

GCA_031205075.2 M3a 

GCA_037039525.1 BC448 

GCA_037039555.1 BC371 

GCF_000143535.2 B05.10 
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4.3.6. Identifying secreted effectors  

The annotated proteins were extracted from the BRAKER3 gff3 output files using gffread 

v0.12.7 (Pertea & Pertea, 2020) and proteins containing signal peptides were predicted with 

SignalP 6.0 (Teufel et al., 2022). Proteins containing signal peptides were then analysed using 

EffectorP-3.0 to determine if they could be effectors. EffectorP-3.0 predicts effector proteins 

by identifying characteristics, such as a higher proportion of positively charged amino acids in 

cytoplasmic effectors and an enrichment of cysteine residues in apoplastic effectors 

(Sperschneider & Dodds, 2022). Orthofinder v2.5.5 was applied to determine which secreted 

effectors were orthologous across isolates and which were unique to each isolate (Emms & 

Kelly, 2019). Predicted secreted effector function was investigated using BLASTP (Altschul et 

al., 1990).  

 

4. Results 

4.1. Developing pathogenicity assays  

4.1.1. Pathogenicity experiments 

Pathogenicity assays were designed to elucidate if B. cinerea has any host or organ infection 

specificity. Statistically significant differences were observed in disease levels between 

inoculated samples and the non-inoculated controls for all pathogenicity assays (Table 4). 

Post-hoc analyses show where the differences lie within isolate aggressiveness, with 21024 

being the most aggressive in F. vesca leaves and flower pathogenicity experiments, 21010 

being most aggressive in the N. benthamiana leaf pathogenicity experiment and Bc19 

consistently being the least aggressive isolate across all pathogenicity assays except 

strawberry fruit where there was no difference in aggressiveness between isolates (Figure 8-

11). 

 

Table 4. Kruskal-Wallis rank sum test of Botrytis cinerea pathogenicity tests.  

 

 

Pathogenicity 

test 

H test statistic Degrees of 

freedom 

p-value 

F. vesca leaves 183.08 10 2.2e-16 

N. benthamiana 

leaves 

60.244 4 2.578e-12 

F. × ananassa fruits 126.61 4 2.2e-16 

F. vesca flowers 67.352 3 1.574e-14 
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Figure 8. Area under the disease progression curve (AUDPC) for Botrytis cinerea isolates infecting Fragaria vesca leaf discs. Lesion development 

was recorded daily and analysed through image analysis. A Kruskal-Wallis rank sum test and a post-hoc Dunn Test, with the Benjamini-Hochberg 

method was conducted to compare isolates. Letters denote significance groupings. 
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Figure 9. Area Under the Disease Progression Curve (AUDPC) for Botrytis cinerea isolates infecting Nicotiana benthamiana leaf discs. A Kruskal-

Wallis rank sum test and a post-hoc Dunn Test, with the Benjamini-Hochberg method was conducted to compare isolates. Letters denote 

significance groupings.
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Figure 10. Area Under the Disease Progression Curve (AUDPC) for Botrytis cinerea isolates infecting Fragaria × ananassa cv. Malling Centenary 

fruits. A Kruskal-Wallis rank sum test and a post-hoc Dunn Test, with the Benjamini-Hochberg method was conducted to compare isolates. Letters 

denote significance groupings.
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Figure 11. Mean pixel intensity for Botrytis cinerea isolates infecting Fragaria vesca flower stamens. A Kruskal-Wallis rank sum test and a post-hoc 

Dunn Test, with the Benjamini-Hochberg method was conducted to compare isolates. Letters denote significance groupings. 
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4.2. Identifying novel strawberry resistance factors  

4.2.1. EMS mutagenesis of Fragaria vesca achenes 

To deduce the efficacy of mutagenesis, the total number of plants exhibiting chlorotic sectoring was 

recorded and updated weekly. The percentage of plants displaying sectoring was 8.4% and 13.4% 

for treatments three (0.4% for 4 h) and four (0.4% for 8 h), respectively. In contrast, no sectoring was 

observed in the control plants. Chlorotic sectoring appeared in a variety of colours, most commonly 

yellow and pale green; however, white sectoring was seen several times (Figure 12.B-D). 

Additionally, abnormal leaf shapes were observed (Figure 12.E-F). The M2 generation consisted of 

380 plants with 21.1% of plants exhibiting mutations in sepal, flower and leaf morphology, leaf colour 

and variegation, fruit colour, leaf size, and plant architecture (Figure 13). 

 

 

Figure 12. Example leaf phenotypes of Fragaria vesca M1 mutant population. (A) Wild type, (B-C) 

yellow sectoring, (D) white sectoring, (E-F) abnormal leaf shapes. White scale bars in bottom right 

of each image are 1 cm. 
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Figure 13. Examples of mutant (A) flower, (B) leaf colour, (C) fruit colour and (D) plant architecture 

phenotypes observed in an ethyl methanesulfonate M2 generation of Fragaria vesca. White scale 

bars in the bottom right of each image are 1 cm. 

 

4.2.2. Image analysis  

The Dishy software successfully ordered the leaf discs on a Petri dish and differentiated brown 

lesions from healthy tissue (Figure 14). 
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Figure 14. Example outputs from the Dishy software: (A) input image of the pathogenicity assay, 

(B) leaf discs segmented and ordered, (C-D) example of leaf disc number 4 and how Dishy 

isolates lesions, highlighting lesions in white. 

 

4.2.3. Statistical analyses  

Through the DRC analyses thirteen plants were found to be more statistically susceptible to B. 

cinerea infection than the WT plants (Figure 15 & Table 5). These thirteen plants were more 

susceptible than the WT plants at differing points along the disease progression timeline. Some 

plants were more susceptible than the WT plants throughout the whole infection process, such as 

mutants 3-128-4, 3-143-1, 3-152-1 and 4-068-1, whereas other plants were more susceptible during 

the initial stages of infection, such as 3-203-2, 4-006-2 (T30) 3-070-4, 3-145-1, 3-155-1, 3-187-3 and 

4-001-4 (T30, T50, T70), or during the end stages of infection like 3-159-4 (T50, T70, T90). One mutant, 

4-068-3 (T50), was more susceptible only during the middle stage of infection (Table 3.6). A bimodal 

infection pattern was observed with most mutants having either fully infected or non-infected leaf 

discs at day 14. 
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Figure 15. Percentage disease of ethyl methanesulfonate (EMS) Fragaria vesca leaf discs infected with Botrytis cinerea over 14 days. The numbers 

are the names of the individual mutants. The brown line indicates the mean percentage of the raw data and the coloured line per individual indicates 

the predicted values based on a log-logistic three-parameter dose response curve model. The points are the raw data, with 20 replicates per timepoint 

per mutant. The vertical dotted lines reference where the T30, T50, T70 and T90 values lie and are coloured in red if they are statistically significantly 

different from the non-mutated wild-type control plants or blue if they do not differ in significance.  
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Table 5. Significant T values for ethyl methanesulfonate (EMS) Fragaria vesca leaf discs infected 

with Botrytis cinerea against wild type control F. vesca leaf discs infected with B. cinerea. 

Mutant 
Comparison 

T 
value 

Estimate 
Standard  

error 
t-value p-value 

Adjusted 
p-value 

3-070-4/control 30 0.785767 0.056699 -3.77844 0.0001587 0.0009900 

3-070-4/control 50 0.764952 0.057769 -4.06875 0.0000476 0.0002245 

3-070-4/control 70 0.74469 0.080789 -3.1602 0.0015813 0.0074547 

3-128-4/control 30 0.81499 0.061898 -2.989 0.0028059 0.0132471 

3-128-4/control 50 0.758158 0.056191 -4.30393 0.0000169 0.0001118 

3-128-4/control 70 0.70529 0.075429 -3.9071 0.0000940 0.0007755 

3-128-4/control 90 0.628573 0.11549 -3.21611 0.0013036 0.0135565 

3-143-1/control 30 0.68989 0.061361 -5.0538 0.0000004 0.0000146 

3-143-1/control 50 0.654973 0.055285 -6.24086 0.0000000 0.0000000 

3-143-1/control 70 0.62182 0.073144 -5.1703 0.0000002 0.0000066 

3-143-1/control 90 0.572436 0.114515 -3.7337 0.0001897 0.0062614 

3-145-1/control 30 0.83287 0.064318 -2.5984 0.0093786 0.0343933 

3-145-1/control 50 0.79989 0.064903 -3.08323 0.0020533 0.0067757 

3-145-1/control 70 0.76821 0.091908 -2.522 0.0116860 0.0385638 

3-152-1/control 30 0.74131 0.053274 -4.8558 0.0000012 0.0000201 

3-152-1/control 50 0.712411 0.053442 -5.38131 0.0000001 0.0000012 

3-152-1/control 70 0.68464 0.073766 -4.2751 0.0000193 0.0003185 

3-152-1/control 90 0.642611 0.115918 -3.08313 0.0020540 0.0135565 

3-155-1/control 30 0.73198 0.067419 -3.9754 0.0000708 0.0005841 

3-155-1/control 50 0.711332 0.066125 -4.36549 0.0000128 0.0001057 

3-155-1/control 70 0.69127 0.091661 -3.3682 0.0007595 0.0041773 

3-159-4/control 50 0.797127 0.057106 -3.55259 0.0003832 0.0015808 

3-159-4/control 70 0.7277 0.074563 -3.652 0.0002615 0.0017259 

3-159-4/control 90 0.629352 0.113303 -3.27131 0.0010742 0.0135565 

3-187-3/control 30 0.81776 0.063136 -2.8865 0.0039042 0.0160875 

3-187-3/control 50 0.791607 0.063591 -3.27709 0.0010524 0.0038589 

3-187-3/control 70 0.76629 0.089634 -2.6074 0.0091376 0.0335045 

3-203-2/control 30 0.84748 0.061907 -2.4638 0.0137650 0.0455400 

4-001-4/control 30 0.76413 0.051713 -4.5612 0.0000051 0.0000567 

4-001-4/control 50 0.763019 0.05753 -4.11923 0.0000383 0.0002108 

4-001-4/control 70 0.76191 0.085358 -2.7893 0.0052926 0.0218320 

4-006-2/control 30 0.83992 0.068577 -2.3344 0.0195970 0.0588000 

4-068-1/control 30 0.79442 0.054857 -3.7476 0.0001795 0.0009900 

4-068-1/control 50 0.754302 0.052038 -4.72152 0.0000024 0.0000261 

4-068-1/control 70 0.71621 0.070654 -4.0166 0.0000595 0.0006545 

4-068-1/control 90 0.659458 0.110238 -3.08915 0.0020128 0.0135565 

4-068-3/control 50 0.830409 0.070815 -2.39483 0.0166464 0.0499391 
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4.2.4. Variant calling 

Of the mutations analysed, the majority were missense mutations, followed by splice variants, 

introduction of stop or start codons and frameshift mutations (Table 6). 

 

Table 6. Total SNPs and their mutation types for Fragaria vesca EMS mutants. 

 

 

4.2.5. RNA-seq analyses 

RNA-seq data was obtained from BioProject PRJNA818508 on NCBI (Badmi et al., 2022). An 

example plot of SNP associated genes that were significantly differentially expressed in a mutant 

plant is displayed in Figure 16.  

Mutant Total 

SNPs 

Missense Frameshift High 

impact 

Splice 

variant  

Stop 

introduced 

Start 

introduced 

3_070_4 92 15 0 1 1 0 0 

3_128_4 300 51 0 2 3 2 0 

3_143_1 308 46 1 4 6 1 0 

3_145_1 309 38 0 1 3 1 0 

3_146_1 112 16 0 2 0 2 0 

3_152_1 171 17 0 3 2 2 0 

3_155_1 188 25 0 4 5 0 1 

3_159_4 267 36 0 3 4 2 0 

3_187_3 133 25 1 4 3 3 0 

3_203_2 267 38 0 0 3 0 0 

4_001_1 513 77 1 9 6 6 0 

4_006_2 505 58 1 5 7 4 0 

4_068_1 823 108 0 11 14 6 0 

4_068_3 470 70 0 3 10 1 0 

Total 4458 620 4 52 67 30 1 
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Figure 16. Heatmap displaying significantly differentially expressed Fragaria vesca genes during 

Botrytis cinerea infection of F. vesca leaves against water inoculated leaves, green and pink 

condition, respectively. Red and blue signify up or down regulated genes respectively. Data was 

obtained from BioProject PRJNA818508 on NCBI (Badmi et al., 2022). Genes highlighted in orange 

are candidate genes of interest. 

 

 

4.2.6. Predicting candidate resistance genes  

Of the mutations that were predicted to induce protein structural damage, five out of six involved 

glycine (Gly) being replaced with another amino acid (Figure 17).  
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Figure 17. Protein structures for six candidate Fragaria vesca genes involved in resistance to Botrytis cinerea and the predicted structural changes 

associated with missense mutations, with blue and red representing the wild type and mutant amino acids respectively. Images obtained from 

Missense3D (Ittisoponpisan et al., 2019)
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4.3. Identifying novel B. cinerea virulence factors  

4.3.1 De novo genome assemblies  

The genome assemblies of the B. cinerea isolates were analysed for key assembly metrics, including 

genome size, scaffold number, GC content, N50, and L50 (Table 7). The size of the assembled 

genomes ranged from approximately 41.75 Mb to 42.55 Mb. Scaffold numbers varied significantly, 

ranging from 1,551 in Nos6 to 264 in Bc21018, with mean scaffold sizes of 27,432 bp and 159,893 

bp, respectively. The GC content was between 41.96-42.17%. The N50 values ranged from 303,499 

bp to 600,424 bp and the percentage of gaps in the assemblies were minimal, ranging from 0.0-

0.01%. All assembled genomes had high sequencing depths between 133.711x and 227.811x 

(Table 7). The assembled genomes possessed 97.9-98.2% Leotiomycete BUSCOs indicating high 

levels of completeness (Table 8). The quality of the BRAKER annotated genomes was assessed 

using BUSCO, revealing a high level of completeness with isolates containing 99.6-99.8% 

Leotiomycete BUSCO proteins (Table 9). 
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Table 7. Statistics for Botrytis cinerea de novo assembled genomes using SPAdes (Bankevich et al., 2012), such as: the size of the assembled 

genomes with and without ambiguous bases (Ns), scaffold number, the mean scaffold size and the range of size. GC (%) indicates the proportion 

of guanine and cytosine bases. N50 and N90 represent the scaffold lengths at which 50% and 90% of the total assembly size is reached, respectively. 

L50 is the minimum number of scaffolds required to reach N50. Gap (%) represents unsequenced regions. The average sequencing depth represents 

the average number of times each base in the genome is sequenced using SAMtools (Li et al., 2009). 

Isolate Size of 
assembled 
genome 
including Ns 

Size of 
assembled 
genome 
without Ns 

Scaffold 
number 

Mean 
scaffold 
size 

Longest 
scaffold 
sequence 

Shortest 
scaffold 
sequence 

GC 
(%) 

N50 L50 N90 Gap 
(%) 

Sequencing 
depth  

 

B104 41,927,167 41,925,183 387 108,338 2,059,970 128 42.11 477,151 27 136,315 0.0 148.072  

Bc19 42,163,538 42,161,849 914 46,130 2,227,767 128 42.14 368,131 36 107,426 0.0 149.967  

Bc21010 42,281,814 42,279,883 1374 30,772 1,493,493 128 42.04 439,810 32 133,076 0.0 140.324  

Bc21018 42,211,956 42,208,623 264 159,893 1,807,884 128 42.1 600,424 22 202,972 0.01 148.002  

Bc21019 41,745,569 41,743,398 394 105,953 1,577,444 128 42.14 475,437 28 117,733 0.01 144.672  

Bc21024 41,869,554 41,867,591 835 50,143 1,552,271 128 42.17 454,434 32 115,235 0.0 227.811  

CHF 42,063,841 42,062,349 561 74,980 1,775,020 128 42.08 442,236 29 112,559 0.0 143.139  

Nos6 42,548,020 42,546,136 1551 27,432 1,362,710 128 42.09 316,198 41 94,400 0.0 133.711  

R36_19 42,186,028 42,184,314 516 81,755 1,821,168 128 42.03 446,032 27 133,295 0.0 161.564  

R4_20 42,483,335 42,481,155 875 48,552 846,039 128 41.96 303,499 46 90,858 0.01 160.908  
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Table 8. Leotiomycete Benchmarking Single-Copy Orthologue (BUSCO) of the de novo assembled 

Botrytis cinerea genomes and the reference genome B05.10.   

 

 

Table 9. Leotiomycete Benchmarking Single-Copy Orthologue (BUSCO) proteins of the de novo 

assembled and annotated Botrytis cinerea genomes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Isolate Complete 
(%) 

Complete 
Single-Copy (%) 

Duplicated (%) Fragmented (%) Missing (%) 

B104 98 98 0 0.5 1.5 

Bc19 98.1 98.1 0 0.5 1.4 

Bc21010 98.2 98.1 0.1 0.5 1.3 

Bc21018 98.2 98.1 0.1 0.5 1.3 

Bc21019 98 97.9 0.1 0.6 1.4 

Bc21024 97.9 97.9 0 0.6 1.5 

CHF 98.1 98.1 0 0.5 1.4 

Nos6 98.1 98.1 0 0.5 1.4 

R36_19 98.2 98.1 0.1 0.5 1.3 

R4_20 98.2 98.1 0.1 0.5 1.3 

B05.10 98.1 98.1 0 0.5 1.4 

Isolate Complete Complete SC Duplicated Fragmented Missing 

B104 99.6 88.3 11.3 0 0.4 

Bc19 99.6 88.7 10.9 0 0.4 

Bc21010 99.7 88.2 11.5 0 0.3 

Bc21018 99.7 88.3 11.4 0 0.3 

Bc21019 99.6 87.9 11.7 0 0.4 

Bc21024 99.6 88.2 11.4 0 0.4 

CHF 99.6 88.6 11 0 0.4 

Nos6 99.6 88.7 10.9 0 0.4 

R4_20 99.8 88.2 11.6 0 0.2 

R36_19 99.7 88.4 11.3 0 0.3 
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4.3.2. Identifying secreted effectors  

There were no substantial differences between the total numbers of secreted effectors (Table 10), 

nor with the numbers of unique secreted effectors (Table 10) pertaining to aggressiveness 

groupings. Following a BLASTP search, most of the unique secreted effectors were deemed to be 

hypothetical proteins, only three were named proteins, which are presented in Table 11.  

 

Table 10. Number of predicted secreted effectors identified in Botrytis cinerea isolates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Isolate Total secreted 
effectors  

Number of unique 
secreted effectors  

Number of 
orthologous secreted 
effectors 

B104 366 0 332 

Bc19 356 1 320 

Bc21010 367 2 324 

Bc21018 357 3 324 

Bc21019 344 3 316 

Bc21024 361 3 326 

CHF 356 3 321 

Nos6 355 0 322 

R4_20 362 1 331 

R36_19 374 2 337 
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Table 11. BLASTP results of the predicted secreted effectors unique to individual Botrytis cinerea 

isolates.  

Isolate 
Query 
cover 

Percentage 
identity  Accession   Description Domain 

Bc21010 99 99.68 XP_024551531.1 
Bcmrl1 [Botrytis cinerea 
B05.10] 

ATG27; 
Autophagy-related 
protein 27 

Bc21024 87 84.3 TVY62510.1 

Crotonyl-CoA hydratase 
[Fusarium oxysporum F. 
sp. cubense]  

 99 97.66 EMR89901.1 

putative killer toxin alpha 
beta protein [Botrytis 
cinerea BcDW1]  

 

 

5. Discussion 

5.1. Developing pathogenicity assays  

5.1.1. Leaf pathogenicity assay  

Leaf disc assays have been implemented to investigate B. cinerea infection on strawberry previously, 

however, these assays placed discs in wells of water and used ordinal scales (Meng et al., 2019, 

2020), and in one instance a multispectral camera (Meng et al., 2020). The leaf disc assay presented 

in this study utilised a low-cost quantitative measure for assessing aggressiveness and incorporated 

a water control, which was absent from published strawberry leaf disc assays and ensures observed 

browning is not due to prior infection or death of the leaf disc. This new method was able to quantify 

isolate aggressiveness, detect variation in aggressiveness between isolates and could be applied 

across hosts.  

 

Three distinct aggressiveness groups were observed from the leaf pathogenicity assay; isolates 

21024, 21018 and R4/20 had high aggressiveness, isolates 21010, CHF, B104, 21019, R36/19 and 

Nos6 had moderate aggressiveness and isolate Bc19 had low aggressiveness (Figure 8). Most of 

the isolates displayed moderate aggressiveness, a trend similarly observed in the literature (Acosta 

Morel et al., 2019). The leaf disc assay was also conducted on another host, N benthamiana, to test 

for host specificity among the isolates in this study. On N. benthamiana, 21010 displayed high 

aggressiveness, isolates 21024 and Nos6 displayed moderate aggressiveness; however, isolate 

Bc19 showed consistent low aggressiveness (Figure 9). Isolates with varying aggressiveness across 

hosts has also been reported in the literature (Acosta Morel et al., 2019). Understanding why isolate 
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21010 was more aggressive on N. benthamiana and isolate 21024 was more aggressive on F. vesca 

leaves was investigated in objective 3 of this project.  

 

5.1.2. Fruit pathogenicity assay  

Many strawberry fruit pathogenicty assays have been conducted previously (Bestfleisch et al., 2013, 

2014; Mehli et al., 2005; Petrasch et al., 2022). These assays utilised a separate fruit as a control 

fruit, however, this may confound results as lesions observed on inoculated fruit cannot be attributed 

to the inoculum with absolute certainty. Post-harvest infection can often mimic lesions derived from 

inoculum, as shown in Figure 2.C-F. The assay presented in this study involves cutting fruit in half 

and inoculating one half and using the half as a control, to exclude any fruit harbouring post-harvest 

infection. Without the certainty of knowing if lesions observed are based on introduced inoculum, it 

may be necessary to include more repeats to mitigate this confounding variable.  

 

There were no statistically significant differences between the aggressiveness of the isolates tested 

on F. × ananassa cv. Malling Centenary fruits (Figure 10). Whilst initially surprising, no statistically 

significant differences between isolate aggressiveness on strawberry fruit has been reported before 

(Bestfleisch et al., 2014). 

 

5.1.3. Flower pathogenicity assay  

Only one study has been conducted investigating strawberry cultivar and B. cinerea isolate 

aggressiveness, however, they investigated flower stigma infection (Bristow et al., 1986). The assay 

presented in this project uses flower stamens since these are the most readily colonised and thought 

to harbour latent infections (Bristow et al., 1986; Jarvis, 1962; Mertely et al., 2002). The assay uses 

detached flowers in order to maximise the number of samples which can be tested all the while 

maintaining external conditions such as temperature and humidity the same, conditions which are of 

known importance regarding floral infections (Bulger et al., 1987). 

 

Distinctions between isolate aggressiveness were detected as a result of the floral assay. Isolates 

21024 and 21010 being isolates of high aggressiveness and isolate Bc19 being an isolate of low 

aggressiveness (Figure 11). 

 

5.2. Identifying novel strawberry resistance factors  

5.2.1. Dose-response curve analysis  

By conducting a DRC analysis, various stages of infection could be investigated, from early-stage 

infection, measuring the time taken for 30% of disease to develop (T30) to the end stages of disease 
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by assessing the time required for 90% of disease to have occurred (T90). Only mutants more 

susceptible than the non-mutated plants were identified (Figure 15), however, this is not unlike other 

EMS mutagenesis studies. EMS mutagenesis has led to the discovery of many genes essential for 

resistance to B. cinerea in Arabidopsis, whose deletion resulted in increased susceptilbity (Bessire 

et al., 2007; Coego et al., 2005; Tierens et al., 2002). 

 

5.2.2. Predicting candidate resistance genes  

Candidate resistance genes were chosen based on several criteria, including their predicted 

functions, differences in expression post B. cinerea infection, amino acid substitutions and structural 

changes to proteins. The majority of the candidate resistance factors were found to be involved in 

established defence pathways, including those involved with the plant hormones, jasmonic acid, 

salicylic acid (SA) and abscisic acid, as well as reactive oxygen species (ROS). An example of 

mutations that occurred within a protein family across mutants is presented. 

 

Mutant 3_143_1 and 4_068_3 

 

Multiple cysteine-rich receptor-like protein kinase (CRKs) were mutated in two mutants. Mutant 

3_143_1 had a mutation in CRK2 and mutant 4_068_3 had mutations in CRK7 and CRK10.  

 

CRK2 and CRK7 are both implicated in ROS responses (Idänheimo et al., 2014; Kimura et al., 2020). 

ROS is an essential component for inducing cell death and whilst beneficial for protecting against 

biotrophic fungi, cell death enables B. cinerea infection (Govrin & Levine, 2002). CRK2 is essential 

for fine-tuning the ROS response (Levine et al., 1994) and CRK7 is crucial for protecting the cell 

from apoplastic ROS (Idänheimo et al., 2014). Mutating CRK2 and CRK7 could have therefore led 

to one plant being unable to dictate the levels of ROS produced and another unable to protect itself 

from the ROS it was producing, thereby inducing susceptibly to B. cinerea.  

 

CRK10 is involved in SA induced immunity in rice and the overexpression of CRK10 results in 

statistically significantly upregulated levels of pathogenisis related (PR) proteins, PR1 and PR10 

(Chern et al., 2016). The genes of this pathway that lead to this immunity in rice have homologues 

in strawberry and their interactions also lead to FaPR1 and FaPR10 upregulation (Luo et al., 2024). 

PR10 has been directly associated with resistance to B. cinerea in rose and A. thaliana (Lee et al., 

2012; Li et al., 2024). The mutation was predicted to have had a structural change (Figure 17), which 

implies CRK10s function could have been altered.  
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The role of CRK2, 7 and 10 have not been investigated in Fragaria species, however, nine are 

upregulated during B. cinerea infection of Fragaria x ananassa fruit (Xiong et al., 2018). Given CRKs 

roles in other host species regarding plant immunity and their differential expression in Fragaria 

species during B. cinerea infections, they are a promising avenue for future research. 

 

5.3. Identifying novel B. cinerea virulence factors  

5.3.1. Unique predicted secreted effectors  

There were three unique predicted effectors which had predicted functions following a BLASTP 

search, one was found in the highly aggressive isolate 21010 on N. benthamiana and two were found 

in the highly aggressive isolate 21024 on F. vesca (Table 11).   

 

Isolate 21010 

The predicted secreted protein in isolate 21010 was a Mannose 6-phosphate receptor-like (MPR) 

protein (Table 11). In mammals MPRs are crucial for the formation of clathrin-coated vesicles 

through the recruitment of AP-1, a clathrin adapter protein (Le Borgne & Hoflack, 1997). An MPR-

like protein has been identified in B. cinerea and found to share a much higher protein sequence 

homology to mammalian MPRs than Saccharomyces cerevisiae (Whyte & Munro, 2001). The MPR-

like protein in B. cinerea may therefore play a role in vesicle formation as in mammals. When proteins 

involved in the MPR vesicle formation pathway are mutated in B. cinerea, avirulence is induced 

French bean leaves, tomatoes and apples (Calvar, 2022). However, the role of MPR-like proteins in 

B. cinerea has not yet been elucidated.  

 

Moreover, secretory pathways could influence host-specificity. For instance, certain secretory 

pathways secrete particular effectors. The clathrin/AP-1 pathway secretes the cell death inducing 

proteins (CDIPs): glycoprotein BcEb1 (Frías et al., 2016), glucoamylase BcGs1 (Zhang et al., 2015) 

and xylanase BcXyn11A (Brito et al., 2006) as well as an oxidoreductase, all of which are involved 

in B. cinerea infection (Souibgui et al., 2021). Whereas when the clathrin/AP-1 machinery is 

disrupted, there are comparatively more cell wall degrading enzymes (CWDEs), namely pectinases: 

BcPG2, BcPG4, BcPG6, BcPGX1, and BcPME2 (Souibgui et al., 2021). B. cinerea is known to 

secrete certain CDIPs and CWDEs depending on the host (Blanco-ulate et al., 2014; Jeblick et al., 

2023). These findings suggest a potential link between secretory pathway specificity and host 

adaptation in B. cinerea. The role of the MPR-like protein needs to be investigated in B. cinerea to 

ensure they do in fact regulate clathrin/AP-1 vesicle formation. 

 

Isolate 21024 
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One of the predicted secreted effectors in isolate 21024 was a putative killer toxin alpha beta protein 

(Table 11). In yeast, killer toxin proteins are thought to kill nearby microbes, thereby giving 

themselves a competitive advantage (Prins & Billerbeck, 2024; Travers-Cook et al., 2023). Killer 

toxins have not been investigated in B. cinerea, however, the other proteins that did not yield 

‘hypothetical protein’ during the BLASTP search were an alpha-1,3-glucanase/mutanase from 

Colletotrichum cuscutae. Alpha-1,3-glucanase is known to degrade alpha-1,3-glucans, a vital 

component of some fungal cell walls. The alpha-1,3-glucanase from Trichoderma has anti-fungal 

activity (Ait-Lahsen et al., 2001) suggesting a similar function to killer toxin proteins from yeast. 

 

Crypococcus spp. are the most abundant genera of fungi found on strawberry leaves (Abdelfattah 

et al., 2016). Furthermore, Crypococcus spp. have been used as biocontrol’s to inhibit B. cinerea 

infection (Kowalska et al., 2012; Reyes-Bravo et al., 2022; Safitri et al., 2021), and alpha-1,3-glucan 

is a vital component of their cell walls (Reese & Doering, 2003). Isolate 21024 may have been the 

most virulent on strawberry leaves as it possesses this unique secreted effector which may facilitate 

cell wall degradation of antagonistic fungi, commonly found on strawberry leaves, thereby conferring 

a fitness advantage over the isolates tested.  

 

6. Conclusion 

Pathogenicity assays capable of determining quantitative differences in B. cinerea isolate 

aggressiveness and strawberry resistance were developed. Identifying candidate resistance factors 

and candidate virulence factors lays the foundation for future work. The identification of putative host 

resistance factors and candidate fungal effectors provides a foundation for future functional 

validation, resistance breeding and development of sustainable control methods. 
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