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Abstract
Plants defend themselves against herbivory attack in various ways, including direct defences against insect
eggs. Brassica rapa is a commercial important crop and is known to form necrosis underneath eggs of
Pieris spp butterflies. To unravel the genetic background of this response, a genetic mapping approach is
necessary. However, a high-throughput and accurate phenotyping method to measure the egg-induced
necrosis is missing. In this thesis, I present a method to treat, image and analyse B. rapa leaves with a
mobile setup using a combination of: egg wash, imaging with a digital microscope, lesion segmentation
with the trainable Weka segmentation software and semi-automated image analysis. I demonstrate that
a combination of egg wash and Tween20 0.5% can mimic natural oviposition. Weka segmentation is
shown to be an accurate and robust (0.09 CV) analysis method for measuring lesion size. Using this
method, the effect of different plant developmental stages (vegetative, bolting and flowering) on egginduced necrosis was then investigated. The flowering stage shows larger lesion areas (P<0.001 Tukey
HSD) within three genotypes, RC-144 (HR+), IMB-211(HR+) and YS-143(HR+/-) and it highlights the bigger
differences in lesion size between genotypes. In a different experiment, the effect of leaf position on the
plant on lesion size was tested, by applying egg wash throughout flowering plants. Two genotypes, (RO18 and RC144) showed a similar pattern, in these plants lesion size increased towards the top of the plant.
L-58 showed an opposite pattern, lesion became smaller towards the top of the plant. I conclude that leaf
segmentation with the Trainable Weka segmentation software is a valid method for analysing necrotic
lesions in B. rapa leaves. In addition, plants should be treated in the flowering stage. Treatments should
be done on leaves that are comparable in morphology and respond with similar lesion types.
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Introduction
Plants play a vital role in supplying enough food to the human population. Production and selection of plant
material as a source of nutrition has been a key technology for humans in the transition from a nomadic
lifestyle to life as a farmer. Farmers nowadays experiences numerous challenges to gain the highest yield
possible, including crop pests and diseases. Insects are a major crop pest, eating crops and using the plant
material as a host for reproduction. Damage caused by these pests to economic yield and food supply is an
increasing problem and causes havoc across the globe (Oerke, 2005; Maxmen, 2013). Gaining knowledge
on the interactions between pests and crops is important for development of novel pest control strategies
(Evans & Scarisbrick, 1994; Oerke, 2005).

Plant defence to insect eggs
Plants have evolved various abilities to defend themselves against the attack of herbivory insects.
These defences can be triggered both at the start of herbivory or upon egg deposition even before the
herbivory ensues. The observed and studied plant responses to oviposition include: (1) the formation of
necrosis beneath and around the eggs (Shapiro and Devay, 1987; Balbyshev and Lorenzen, 1997); (2) the
formation of neoplasms that lift eggs and decrease survival (Doss et al., 2000; Cooper et al., 2005; PetzoldMaxwell et al., 2011); (3) the growth of wound tissue in order to the squash eggs laid within the wound
(Desurmont et al., 2011); (4) the release of volatiles to attract parasitoid organisms (Hilker et al. 2002;
Mumm et al. 2003; Hilker et al. 2005); (5) the change of leaf surface chemistry to influence the search time
of the parasitoids (Fatouros et al., 2005, 2007, 2009) and (6) the generation toxic compounds in leaf tissue
(Seino et al., 1996; Yamasaki et al., 2003; Peñuelas et al., 2006). These defence mechanisms occur in
different taxa and species demonstrating the diversity and wide spread of these responses across different
plant-insect interaction systems. These interactions are believed to be the result of an ongoing arms race
between insects and plants (Futuyma & Agrawal, 2009). Since there is such a wide variety of defence
mechanisms against eggs, which are spread across different taxa. These defences must play a vital role in
plant fitness, which makes them particularly interesting for scientists.
An economic important crop genus is Brassica, which contains many crucifers including multiple subspecies
that are cultivated for oilseed production and consumption (Raymer, 2002). The species Brassica rapa is
used for production of canola oil (subsp. oleifera) and vegetables such as Bok choy (subsp. chinensis), Napa
cabbage (subsp. pekinensis) and Turnip (subsp. Rapa). Together with Brassica napus, this species is the third
biggest production crop for oilseed (Raymer, 2002) and second as a protein source for consumption (Labana
& Gupta, 1993). Protecting these plants from herbivory insects is important to ensure economic success
and securing food supply.

Defence of Brassica spp. to Pieris spp.
It has been observed that some Brassica spp. genotypes form necrotic tissue under and around eggs of
different Pieris species. This phenomenon was first observed by Shapiro and DeVay (1987) in black mustard
(Brassica Nigra) and recently a similar response was found in cultivated Brassica rapa varieties upon
oviposition by the large white cabbage butterfly (Pieris Brassicae) (Pizzaro, 2014; N. Fatouros, unpublished).
This response is an attempt of the plant to prevent hatching of eggs on its leaves (Fatouros, 2014). The eggs
themselves do not harm the plant, but larvae of the Pieris spp. can rapidly damage plant tissue. The
response reduces the survival of single eggs in comparison to clutches (Griese et al., 2017). They
hypothesized that the defence mechanism is an increase in vulnerability of eggs to low humidity, due to
the necrotic lesions beneath the egg. If so, this would be an effective means of defence against single egg
laying species such as Pieris rapae and Pieris napus.
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Similarity with other pathogen defence systems
Necrotic tissue formation was initially named a hypersensitive-like response due to its similarity with
hypersensitive responses to bacterial and fungal pathogens (Little et al. 2007, Gouhier-Darimont et al.
2013). However, the molecular mechanisms are unknown so whether it is a true hypersensitive response is
still uncertain. In this work, I will refer to the formation of necrotic tissue as HR or a hypersensitive-like
response for simplicity. We know that the formation of a hypersensitive response is based on the
generation of reactive oxygen species (ROS) in the cells which show necrotic symptoms (Mur et al., 2007).
So far, ROS have been detected in plant tissues upon insect oviposition as well. How these ROS are
generated, can vary due to either an upregulation of ROS producing genes (Geuss et al., 2017) or a
downregulation of ROS scavenging genes (Bittner et al., 2017).
The perception of insect eggs on the plant surface is thought to resemble the pathogen associated
molecular patterns (PAMP) or effector triggered immunity (EPI), thoroughly reviewed by Dodds & Ratjen
(2010). Molecules or effectors are thought originate from the exterior of the egg. These are thought to be
on the egg surface, or in the egg glue that is secreted during oviposition to stick the eggs to the leaf surface
(Ampt, 2016). However, no molecules, effectors, membrane receptor proteins or intracellular receptor
proteins have been identified so far.

Understanding the molecular mechanisms
To understand the genetic basis of the HR-like response and the underlying mechanism, genes responsible
for this trait need to be localized on the genome. Mapping a segregating population using QTL analysis is a
method which has been widely employed to generate an initial idea of gene locations (Mauricio, 2001;
Collard, Jahufer, Brouwer & Pang, 2005; Yang et al., 2014; Hegenauer et al., 2016; Thoen et al., 2016). A
recombinant inbred line of B. rapa was made by Bagheri et al. (2012) and the parents have been tested for
HR expression, resulting in a HR+ and HR- phenotype (N. Bassetti, unpublished). Phenotyping this
population will identify loci which play a role in the HR. However, a method to screen a large population of
B. rapa plants is still missing. By creating a novel method for phenotyping, the response of B. rapa to eggs
of Pieris. spp. can be rapidly screened. Using the mapping population an attempt can be made to identify
possible candidate receptors as done in other pathosystems e.g. in tomato in response
to Cuscuta reflexa by Hegenauer et al. (2016).

Egg wash as an alternative to oviposition
Natural oviposition experiments using butterflies are difficult, labour intensive and time consuming.
Butterflies must be reared, mated and fed and the oviposition assay must be carefully monitored. This
limits the number of plants which can be treated in a day. A suitable bioassay that enables a high
throughput and consistent screening of a large mapping population is needed. Recently a protocol for
washing Pieris eggs to create a solution which induces a HR-like response has been developed (Ampt, 2016).
This method in comparison with controlled oviposition is quicker and easier to use. The egg wash must be
tested to what extent the contents and manner of application mimic the natural oviposition event.

Image based phenotyping
Nowadays, imaging is commonly used for phenotyping (Mutka & Bart, 2015) and diagnosing plant diseases
symptoms (Bock et al., 2010). However, image-based phenotyping has not yet been employed in B. rapa or
in the context of egg-induced responses. Therefore, a method needs to be developed and validated. Using
images as a basis for phenotyping opens the possibility to automate analysis via software. Using software
can remove human bias and reduce analysis time (Li et al., 2015). Machine learning has shown to be a
promising technology for analysing images in an unbiased manner (Li et al., 2015) and it needs a small
subset of pictures to successfully recognize diseased plant tissues. The WEKA trainable plugin for Fiji has
this capability (Arganda-Carreras et al., 2017). Recently it has been successfully used to identify fertilization
of stigmas with pollen (Macinnis &Forrest, 2017) and the quantifying bacteria on a complex biomaterial
(Vyas, 2016). Integrating this into an automated setup can provide a way to rapidly phenotype large
populations of B. rapa plants.
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Plant development effects on lesion formation
Currently not much is known about the best developmental stage to test B. rapa for egg-induced
hypersensitive responses. However, we do know that the plant developmental stage can influence defence
responses of plants. (Herm & Mattson, 1992; Barto & Cipollinni, 2005; Boege & Marquis, 2005).
Furthermore, some plant defence theories suggest that different tissues can be defended to a larger or
smaller extend depending on their value, age and growth speed of the plant (Rhoades, 1979; Barto &
Cipollinni, 2005; Boege & Marquis 2005). Furthermore, leaf morphology can affect defences, by means of
trichomes, leaf wax and size (Hanley, 2007). Therefore, finding the right time and position to test B. rapa
plants to observe a distinctive clear phenotype is a prerequisite to streamline genetic mapping.
This research project will bring us one step closer to unravel the genetic background and mechanisms of
necrotic tissue formation in Brassica spp. in response to Pieris spp. eggs.
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Research questions and hypothesis
To create a suitable phenotyping method a main research question is devised. In addition, sub questions
answering the how, when and where to phenotype are to

Main research questions
How, when and where can we phenotype hypersensitive responses to Pieris brassicae eggs in Brassica rapa
with a robust method?
Hypothesis
We can use an egg wash solution to test plants at three or four weeks old at a fixed leaf number. The lesions
can then be analysed with an automated phenotyping method which uses machine learning based
segmentation to separate and then measure the lesion area as a trait for plant responsiveness.

Sub questions
How?
Is automated image processing an analysis of Brassica rapa egg induced lesions accurate, robust and
comparable with visual assessment?
Hypothesis
Computers have shown to be more consistent and accurate than visual assessments and consistency should
be higher for a non-biased machine.

When?
Does plant development change the response to egg wash?
Hypothesis
No, plant development does not affect the formation of necrotic tissue upon application of egg wash.
Both young and old plants have all the necessary tools to express a HR-like reaction. Due to this ability no
difference should be found.

Where?
Does leaf position on the plant affect the hypersensitive response?
Hypothesis
The closer leaves are to the top of the plant the stronger leaves will respond. This will be visible in a larger
lesion area. Younger leaves will be responsive due to the absence of senescence and the higher metabolism
activity in these leaves.
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Material and methods
Plant material
Plants were grown in the greenhouse of Unifarm of Wageningen University and Research (Building number
109, Bornsesteeg 48, Wageningen, 51°59'18.1"N 5°39'49.2"E). Temperature was kept at 20 °C day and 18
°C at night. Light regime was 16 hours daylight and 8 hours dark. Plant were watered daily and if needed
multiple times a day. Seeds were sown at a depth of 1 centimetre in a seedbed under glass and watered
once. Seeds with low germination ratio were treated with 3-day cold stratification (4 °C) before sowing.
After 7 days, when cotyledons have emerged, seedlings are transplanted to round pots with a 14 cm
diameter, with the cotyledons kept just above the surface.

Plant and butterfly treatments
Oviposition
Pieris brassicae were reared in a climate room at 21± °C, 50 – 70% relative humidity, 16:8 L:D by the rearing
of the Laboratory of Entomology (Wageningen University and Research). Newly eclosed adults were
supplied and kept in net cages in the greenhouse before experiments. Male and female butterflies were
mated and afterwards separated. Females were kept for 2 days to ensure rapid oviposition and on day 3
used for oviposition on Brassica leaves. Brassica plants were placed on a table in a randomised complete
design and covered by a net cage. Then 5 to 6 butterflies were released into the cage and monitored for
oviposition behaviour. When a butterfly started laying, it was regularly checked and after laying a clutch of
9 to 11 eggs it was removed. If single eggs or more than eleven eggs were found, these were removed
gently with forceps. Eggs were kept on the plant for four days and before sampling removed.
Egg wash
Egg wash was produced according to the methods of Ampt (2016), but the Phosphate buffer saline was
substituted with milli-Q water (MQ). Pieris brassicae eggs that were at maximum 1 day old were collected
directly from Brassica oleracea leaves, by gently pushing them off the leaf surface with a spatula. Eggs were
put in a 2 ml Eppendorf tube until half full. 1.5 ml of MQ was added to dissolve the outer components and
glue of the eggs. The tube was stored overnight at room temperature. The next day all liquid was collected
by carefully pipetting without puncturing eggs. Liquid was then homogenized in a large 50 ml tube.
Subsequently, 900 µl was transferred to a new 1,5 ml Eppendorf and 100 µl of 0.5 % Tween 20 was added.
The egg wash was either used directly or stored in the freezer at –20 °C.
Egg wash + 0.05% Tween 20, further referred to as ‘egg wash’, was used in all experiments by applying a
10 µl droplet to the underside of a leaf using a pipette. Egg wash was always applied in duplo with droplets
on either side of the leaf main nerve. Locations of treatments were marked by putting a line about one
centimetre above the location using a fine tip marker. No pressure was applied to prevent surface damage.

Plant tissue Sampling
Treated leaf areas were collected after four days when plants had developed either a clear lesion or no
lesion. In the case of natural egg oviposition an additional image was made with eggs removed from the
leaf, to reveal possible affected tissue beneath the eggs. This is done by punching out leaf discs with a cork
borer (ø 6mm). These were placed directly into a tray containing wet blue filter paper to immobilise the
sample and prevent dehydration. Samples were organised using headers (plant), rows (same leaf) and
columns (different leaf). A reference picture was taken with a smartphone camera to identify the number
of leafs and plants per plate.

Imaging
An experiment was conducted to determine the best settings and use of a Dinolite"AM7915MZTL 5Mp
digital microscope", which has a 5 Megapixel CMOS sensor for the collection of RGB images at a
magnification of 10-140x (Dinolite Europe, Naarden, the Netherlands). A sharp contrast was generated with
these Dinolite settings and setup: white illumination cap, magnification ~ 40x, brightness 20, polarisation
filter fully closed, light intensity 6, two opposite LED zones on (containing two LED’s each), resolution 1280
x 960, camera fixed approximately 1 cm above the sample, curtain fully closed and use of the autofocus
function. These settings proved to result in the sharpest images with the highest contrast between lesion
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and leaf tissue (Appendix I). The Dinolite was placed in its stand and put in dark imaging cabinet (EKET
35X35X35, Inter IKEA Systems B.V., Delft, The Netherlands), this was closed off via black curtain. The tray
could then be placed under the microscope and manipulated by hand without opening the curtain (Figure
1).
The software DinoCapture 2.0 (Dinolite
Europe, Naarden, the Netherlands) was
used to acquire images. Digital settings
used can be found in Appendix II. Camera
was directly connected to a laptop and
software was calibrated using the
manufacturers methods. The autofocus
function was used to speed up image
collection. The autofocus function uses a
histogram of a selected pixels to
determine whether an image is in focus
and adjusts the focus automatically if not.
After imaging, images were exported as
PNG with 300 dpi with a scale bar and a
filename consisting of a genotype tag plus
a number.

Figure 1. Dinolite setup for imaging. Leaf discs can be seen placed into
the tray with wet blue filter paper and placed in rows per leaf under
the plant labels. The Dinolite can be seen placed over the leaf disc with
the white cap mounted.

Overall the leaf disc plating method in combination with rapid imaging through the auto refocus mode
enabled a sampling speed of ~ 200 samples per hour. This includes the collection of samples from plants
and imaging of leaf discs. The setup is mobile and can be use inside the greenhouse, laboratory and desk,
the only prerequisite for longer sample collection times is the availability of a power outlet for recharging
electronic devices.
Overall the leaf disc plating method in combination with rapid imaging through the auto refocus mode
enabled a sampling speed of ~ 200 samples per hour. This includes the collection of samples from plants
and imaging of leaf discs. The setup is mobile and can be use inside the greenhouse, laboratory and desk,
the only prerequisite for longer sample collection times is the availability of a power outlet for recharging
electronic devices.

Lesion phenotyping
Lesion phenotyping was done by visual assessment on the plant or by image analysis and segmentation in
Fiji (ImageJ version1.52b) using the trainable Weka segmentation tool version 3.2.24 (Arganda-Carreras et
al., 2017). Visual assessment was used for the egg wash pilot experiment and for the comparison of Weka
segmentation with visual observations. Weka segmentation was used to quantify lesion areas.
0-6 visual scoring
A six classes system was used for scoring lesion severity through visual observations, with classes ranging
from no lesion to severe lesions (Appendix III). Scoring was done in planta before sampling leaf discs.
Lesions were localised on abaxial side of the leaf, observed and subsequently the upper side was checked
for lesion visibility. Plant responsiveness for each plant was determined by calculating the mean of all
lesions.
Weka segmentation pipeline
Weka segmentation was used in a pipeline setup by writing a macro with the ImageJ built-in macro
language to automate and speed up the analysis. Batch processing of images was attempted but
segmentations were inaccurate and a training step for each image was used. An overview of the pipeline
used can be seen in Figure 2.
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Figure 2. Workflow of image processing. Arrows indicate the direction of the workflow necessary for image analysis. Within each analysis step,
possible modifications are given.
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File and data management
The pipeline is loaded into Fiji and input and output folders are appointed, the pipeline first creates
subfolders in the output folder once for cropped images, Weka segmentation results and measured
selections. The first image from the input folder is opened and the user is ready for the first run through
the pipeline.
Pre-processing
Images were taken through pre-processing steps before
segmentation. First the resolution of the image is lowered to
1024x768 because this reduces the training and analysis time
three times (18 minutes vs. 6 minutes), without greatly affecting
the accuracy of the segmentation (Figure 3C). Then, the
pixel/mm ratio was determined by the user by selecting the scale
bar in the image (created by DinoCapture) and filled the scale
menu of Fiji. To reduce the number of pixels used in analysis,
images were cropped to lesion area by using the freehand
selection tool and automated cropping to this area. This cropped
image is saved to the cropped images folder, in addition a copy is
created and kept open in a separate pane for later use. Image
enhancement was applied by enhancing the contrast using the
built-in Fiji tool (saturated = 0.3), this yielded higher contrasts
between tissues. Internal glare was removed by the ‘remove
outliers tool’ (radius: 2, threshold: 50), a combination of these
methods can be seen in Figure 3B.
The pre-processed image was loaded into the trainable Weka
segmentation plugin. Weka was loaded with the training features
set to Gaussian blur, Sobel filter, Hessian, Difference of gaussians,
Membrane projections, Variance, Mean, Minimum, Maximum,
Median, Bilateral and balanced classes (Appendix IV). Upon
loading, class names used in training, were changed to Lesion
(Red coloured class) and leaf (green coloured class), this clarifies
to which box traces should be added. The full lesion
segmentation method was used in which 2 classes are made:
lesion tissue or leaf tissue. Weka was trained using the freehand
selection tool and selecting random leaf or lesion areas and
attributing them to leaf or lesion tissue. Then, an initial
segmentation was done, and the result checked for proper
Figure 3. Segmentation of a lesion with different
segmentation If the segmentation highlighted all necrotic areas,
settings. An Original image segmented. B Preno further training was done. If not, additional areas were
processed image segmented. Pre-processing:
attributed to appropriate classes until segmentation was
Enhance contrast (Saturated 0.3), remove outliers
(radius 2, threshold 50) C Segmentation of low (1024
complete. Then the result was created and the initial cropping
x768) versus high (2592 x 1944) resolution with preregion of interest (ROI) retrieved from the ROI manager and used
processing.
as a cropping mask to remove redundant result pixels. This image
is then checked for other artefacts (dirt, marker, damage or
trichomes) if necessary these were removed with the wand tool. This result was then saved to the results
folder.
Automated measuring
After segmentation the built-in thresholding tool is automatically opened. The segmentation result had
three colours, red, green and black corresponding with lesion tissue (red), leaf tissue (green) and
removed pixels (black). These colours al have a distinct number in the 255-colour range of the
thresholding tool. These pixel values are used to automatically measure the area (mm2) of lesion tissue
(85,85; red), leaf tissue (155,155; green) and both (85,155; red and green). These measurements are done
sequential and added to the results pane. To enable checking measurements and during analysis, both
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red and green were measured. After the final run, the result pane was saved as a .txt file and could be
opened in Microsoft excel. The borders of the measured lesion area were stored as a selection in the ROI
manager. The copy of the cropped image is then selected, and the ROI of the lesion is pasted into the
image and saved to the selections folder. This image can be checked for segmentation errors if anomalies
are found in the data analysis.

Image analysis: Testing manual thresholding vs. Trainable Weka segmentation
Accuracy
The accuracy of the Trainable Weka Segmentation was compared with the old segmentation method
manual thresholding in ImageJ/Fiji. Two methods of Weka segmentation were tested. The first was the
Weka full lesion method, in which all lesion tissue was classified together in one class and the second class
was leaf tissue. The other method was the Weka classes method in which lesion tissues were separated in
three different classes: green, yellow and black tissue and leaf tissue in a fourth class. Two images of
necrotic lesions on 2 different genotypes (IMB-211 & YS-143) were analysed 10 times, using the 3 methods.
For the measured lesion area, the: mean, standard deviation, standard error and coefficient of variation
(CV) was calculated for both genotypes. For the Weka classes method, the sum of all classes was used as
lesion area. Segmentation of all images was saved with an outline of the measured lesion area for visual
comparison and these were visually assessed for accuracy. When combined this with statistical comparison
of the quantified lesion area determined the method of highest accuracy.
Robustness
The robustness of manual segmentation, Weka full and Weka classes was determined using the repeated
measurements of the accuracy experiment. CV for lesion area measurements of manual thresholding and
Weka full method were compared with CV for each individual class of the Weka classes method. Further
robustness testing was done for the Weka full method before implementation in the pipeline. Ten random
selected images of two genotypes (IMB-211 & YS-143) were measured 3 times. For each image the mean,
standard deviation, standard error and CV were determined. The mean CV was calculated and compared
with all individual measurements to determine robustness.
Testing analysis time
The analysis time of the manual thresholding and Weka segmentation methods was tested on an Ubuntu
computer with four Quad core CPUs and 82000 of RAM memory, using hyper threading 32 available threads
were generated (Fiji memory settings: 32 threads, 8.2 GB RAM). Methods were integrated into pipelines
and the time spent to measure 10 randomly selected images with varying genotypes was recorded.

Biological experiments
The above described methods were integrated in a workflow (Figure 4) and used in two biological
experiments. The effect of plant developmental stage on lesion size was investigated and the effect of
egg wash localisation on plants on lesion size was tested. The first experiment is assessed both visually as
quantitatively, the second only quantitatively.
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Figure 4. Data collection workflow and analysis. The workflow starts at the top left corner with egg wash preparation and follows the red
line to the left bottom corner.

Testing plant developmental stage
The effect of vegetative, bolting and flowering developmental stages on lesion size was tested in different
genotypes. Five genotypes differing in egg induced necrosis and developmental speed were tested, CC-A03
(HR+, slow growth), YS-143 (HR+/-, fast growth), IMB-211 (HR+, fast growth), RO-18 (HR-, slow growth), RC144 (HR-, fast growth). 30 plants per genotype were grown, with 10 plants available for each treatment.
Plants were treated on the last 2 developed leaves with 2 droplets (10 µL) of egg wash on each leaf, 1 drop
for each side of the main leaf vein. Vegetative stage was tested at the full development of leaves 3 and 4
for YS-143, CC-A03 and RO-18. IMB-211 and RC-144 are treated on leaf 1 and 2 due to bolting before leaves
3 and 4 have fully developed. In the bolting stage, egg wash is applied when the flower head appears
between the leaves. The flowering stage is treated upon opening of the first flowers for all plants of a
genotype. Plants were checked and photographed every half week to monitor developmental stage and
apply treatments, if necessary. A selection of these photographs showing each genotypes appearance
during the three developmental stages is added in Appendix V.
Egg was localisation on plant
Egg wash was applied to different leaves of 3 genotypes to test the effect on lesion size of leaf position on
the plant. Plants were grown synchronized to flower at the same time, by sowing slow growing genotypes
first. L-58 (HR+/slow), RO-18 (HR-/slow) and RC-144 (HR+/fast) were grown, L-58 and RO-18 were chosen
for the availability of a L-58 x RO18 RIL mapping population (Bagheri et al., 2012) and their opposite
responsiveness to Pieris eggs. RC-144 was included as a representative for fast growing genotypes. Eight L58, nine RO-18 and eleven RC-144 plants were grown and tested when flowering.
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Figure 5. Localization of egg wash treatments on Brassica rapa genotypes. The numbers indicate the leaf number in order of
appearance. Brackets depict which morphological traits description the leafs show.

Treatments were placed throughout the plant on leaves which showed different morphologies and a
maximum of seven leaves was selected. L-58 was treated on leaf three, five, six, seven, eight, nine and
Treatments were placed throughout the plant on leaves which showed different morphologies and a
maximum of 7 leaves was selected. L-58 was treated on leaves 3, 5, 6, 7, 8, 9 and 10 counting in the order
of appearance. RO-18 was treated on leaf
3, 4, 6, 7, 8, 9 and 12. RC-144 was treated
on leaves 1, 2, 3, 4 and 5. Each leaf was
treated with 2 droplets of egg wash in the
middle of the leaf on either side of the
main vein (Figure 5).
Two leaves were selected for data
collection on internal localization effects,
these leaves reach 4 additional droplets
position at the top and bottom of the leaf,
on either side of the main vein (Figure 6).
Leaves were selected for a fully developed,
non-waxy and large leaf surface
morphology, L-58 leaves 5 and 6, RO-18
leaves 6 and 7, and RC-144 leaves 3 and 4
were picked (Figure 5).

Figure 6. schematic drawing of treatment positions on leaves. Zone 1
bottom area, zone 2 the middle area and zone 3 the top area. Purple
stars indicate the approximate area of egg wash application.
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Statistical analysis
Windows Excel was used for the calculation of CV for the estimation of accuracy and robustness. CV is
calculated by dividing the standard deviation by the average. Methods were deemed robust with a CV lower
than 0.2, which is equal to a variation around the mean of 20%, comparable to the methods Vyas et al.
(2016), in which an accuracy ratio of 0.8 as threshold was used.
Statistical analysis was done with IBM SPSS statistics 22 formatting excel data files to SPSS format. The
different segmentation methods were compared within genotype. A paired wise sample T-test (P < 0.05)
was used to calculate statistical differences. An ANOVA with post hoc Tukey HSD test (P > 0.05) was used
to compare differences between developmental stages for each genotype.
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Results
Bioassay
A pilot experiment was done to compare oviposition with the following procedures: application of egg wash
by pipetting to the underside of a leaf, leaf infiltration with egg wash, manual application of an egg wash
drenched filter paper to the bottom of the leaf and the inclusion of pipetting egg wash + surfactant (0,05%
Tween 20). This experiment demonstrated that adding Tween 20 to the egg wash yielded the best
oviposition mimicking response based on visual observations and class distribution profiling (Appendix VI
& VII)

Image analysis: Manual thresholding versus Weka segmentation
Accuracy
I compared the old segmentation method of manual thresholding in ImageJ/Fiji to the new method of
segmentation with the Trainable Weka segmentation tool in Fiji. Upon comparison, result indicated that
the old method overestimates lesion size compared to Weka segmentation (Figure 7). Cropping to lesion
area plays an important role in the final selection of manual thresholding, as seen in IMB-211 with a sharp
defined border and a protrusion at the top right corner (Figure 7). Using manual thresholding I measured
lesion area on the genotype YS-143 of 1.69 mm2 ± 0.03. Using Weka to segment full lesions (Weka Full) I
determined a lesion size of 1.03 mm2 ± 0.03 and by dividing lesion tissue in three classes (Weka classes) a
lesion size of 1.04 mm2 ± 0.03 was measured. In IMB-211 similar results can be found. The old method
measured 14.31 mm2 ± 1.37, Weka full measured 7.4962 mm2 ± 0.66, Weka classes measured 7.62 mm2 ±
0.7. This shows that overestimation is visible in both genotypes upon quantification, I found a significant
difference in mean lesion area between the old and new method is found (P < 0.001, paired sample t-test).

Figure 7. Visual comparison of three segmentation methods. The old method measures everything within the red lines, the Weka full
lesion method measures everything within the yellow lines and the different classes method measures everything in between the
coloured lines in the classes green, yellow and red.

I tested whether this increase in accuracy correlates with visual observations during data collection of the
plant development experiment (Figure 9 & Appendix VIII). Visual assessment with the 0-6 scoring system
(Appendix III) has shown that the flowering stage has larger mean lesion intensity in responsive genotypes
and differences between genotypes are bigger. Using Weka, comparable trends for mean lesion area were
discovered. The same statistical differences found with visual evaluations were confirmed with Weka
segmentation, furthermore these differences had a higher significance when determined with Weka.
Smaller differences which were observable as a trend, but not significant were significant with Weka (P <
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0.005). Using the old method, overall small and/or light-coloured lesion tissue is harder to segment. This is
due to the similarity in colour of lesion tissue compared to healthy tissue. Weka can handle these subtle
differences better, since it allows for training on these specific pixel conditions.

Robustness
The robustness of all methods was tested on two images of genotypes YS-143 and IMB-211 (Figure 8A). The
different methods showed comparable coefficients of variation (CV) for each genotype in the range of
0.018-0.029 (YS-143) and 0.088-0.095 (IMB-211). This is below the set threshold of 0.2. Further testing of
Weka full lesion segmentation revealed that Weka can successfully be used for diverse images (Figure 8B).
Weka successfully segments images with a reliable output in eight out of ten cases for YS-143 and nine out
of ten cases for IMB-211, with a mean CV of 0.11 and 0.09. These are both lower than 0.2 CV threshold.
When CV surpasses this threshold, segmentations where checked. These lesions show vague green tissue,
hard to define green spotted tissue or black tissue. These can be either attributed to mechanical damage,
dirt or a response to egg wash. The effects of selecting this tissue in one training case was causal to the
increase in CV. This suggests that the variance is caused by training mistakes. The acceptable mean CV and
the outliers that can be explained by training mistakes, show that full lesion Weka segmentation gives
reliable results when response parameters are clearly defined and used for training.
The robustness for the Weka segmentation by coloured classes was tested on two images shown in Figure
7. Segmentation was done to green, yellow and black tissue. The distribution of area attributed to each
class shows high variation and is not reliable enough for initial analysis of lesions (Appendix IX A). IMB-211
shows a low robustness for black (0.26) and yellow (0.28) lesion tissue and YS-143 for green (0.33)
(Appendix IX A). This indicates that segmentation by Weka to specific colours is variable. However, together
classes equal the full lesion measurement. The colour profile produced by the classes segmentation of both
genotypes is distinctly different. The distribution of green, yellow and black area sizes in IMB-211 and YS143 is contradictory, one having green lesions, the other black yellow lesions (Appendix IX B). Therefore, it
is not suitable as a first phenotyping tool but can be used downstream if lesion size is comparable.
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Figure 8. Old method versus Weka segmentation. A: old method is manual thresholding, N = 10 for all experiments,
* = Coefficient of variation (CV), Error bars represent. Statistical test used paired sample t-test. B: Dotted line
indicates the chosen 0.2 CV threshold for a reliable method. Each bar represents the CV of three times the same
image. The mean is calculated from the ten CV determined.
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Analysis time
The time spent analysing ten random selected images using the manual thresholding and Weka
segmentation methods was tested. A pipeline was used for smoothing of the analysis process. Weka full
lesion segmentation analysis time was 1.6 minutes per image and the classes analysis time was 3.4 minutes
per image. The old method used less 1 minute per image, this shows that Weka segmentation takes about
35 seconds longer to generate lesion area data and 2 minutes and 35 seconds for lesion area and lesion
area data. This difference is caused by the time spend training a classifier for Weka and the computing time
needed for classification.

The effect of plant developmental stage
The effect of developmental stage of plants on lesion size was tested in five genotypes, each differing in
responsiveness to Pieris eggs and plant development speed. IMB-211 (HR+, fast growing), RC-144 (HR+, fast
growing), CC-A03 (HR+ slow growing), YS-143 (HR+/-, slow growing) and RO-18 (HR-, slow growing). Results
depicted in Figure 9 show the effect of developmental stage on lesion size. In the vegetative stage of plant
life IMB-211 (HR+) responds more to egg wash than other genotypes, by forming larger lesions. The same
pattern can be observed in the bolting stage, although some differences appear. Lesion size increases in
RO-18 (P < 0.001, post hoc Tukey HSD test) and decreases in CC-A03 (P = 0.025). Upon flowering
responsiveness and lesion size changes. Here larger differences between genotypes can be found. The
affected area of RC-144, IMB-211 and YS-143 increase significantly (P < 0.001), compared to both vegetative
and bolting stage. The CC-A03 and RO-18 genotypes differ from the vegetative stage with a significance of
P = 0.004 and P < 0.001 respectively. Interestingly CC-A03 responded comparable with HR- genotypes,
which is contradictory to the phenotype when responding to oviposition. I found that flowering plants form
the largest lesions within each genotype. However, this was the first time the genotype was tested when
bolting and flowering, due to necessary vernalisation. Furthermore, the flowering stage highlights the
biggest differences in lesion size between genotypes. The same trends could be visually observed and
scored with the 0-6 scoring method (Appendix III). However, with Weke segmentation the statistical
significance and differences are bigger. These results show that the flowering phase is the development
phase in which genotypes are more likely to show differences in response to egg wash and lesion areas are
bigger. Therefore, it is the developmental phase of choice for phenotyping.
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Figure 9. Lesion size in different plant developmental stages. Top: quantitative effect of developmental stage in different
genotypes. Data has been quantified using the Weka segmentation tool, measuring full lesions. * P < 0.05, ** P < 0.005, ***P <
0.001 tested with post hoc Tukey HSD test, error bars represent standard error. Middle: Developmental stages of IMB-211 at
time of testing. Bottom: Lesion sizes on IMB-211 leaf discs, leaf disc diameter is 6 mm.
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The effect of treatment position on lesion size
Leaf position
I tested the effect of treatment location within the plant on lesion area. This was done by testing three
genotypes in the flowering stage. In addition, I made morphological descriptions of leaves to monitor leaf
waxiness, since this influences how egg wash droplets stick to the leaf. Results demonstrate that lesion
area is dependent on the choice of leaf in B. rapa plants and it varies across genotypes. The genotypes L58 (HR+), RC144 (HR+) and RO-18 (HR-) respond differently to egg wash (Figure 10). L-58 shows a decrease
in lesion area towards the top of the plant, the farther up in the plant treatments are placed the smaller
the lesions remain. The leaf waxiness of the plant follows a similar trend, the further up in the plant, the
waxier the leaf surface. RO-18 displays increased lesion size towards the top, with the top leaf (number 12)
presenting the biggest lesion area. The leaf waxiness in this genotype is comparable to L-58. However, the
lesions observed in RO-18 differ greatly from lesions observed previously in this genotype. These lesions
are green, without the black or yellow tissue seen in other lesions. RC-144 has larger lesions towards the
top, until a sudden drop in lesion size appears in leaf five. This could be related to the change in leaf
morphology from large non-waxy to small waxy leaf. These trends indicate that the lesion size and type
depend on the choice of leaf and that leaf morphology may play a role.
Treatment position
Application of egg wash on the leaf surface shows lesions are bigger towards the leaf stem, but significant
differences (P < 0.001, post hoc Tukey HDS) are only found between the top and bottom side of RC-144.
Visual assessment of the internal localisation experiment indicated that bottom lesions were bigger or
more severe than top lesions. Quantification of responsive genotypes RC-144 and L-58 showed a similar
trend (Appendix X). The unresponsive genotype RO-18 showed no difference in lesion size between
locations. A significant difference between RC-144 bottom and top (P = 0.001, post hoc Tukey HSD test)
application sites was found. This indicates that the droplet location on the leaf can affect the lesion size,
but further testing on internal placement is needed to confirm this.
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Figure 10. The effect of treatment localisation in Brassica rapa genotypes. Leaf morphology and topography is given by an abstract
drawing. Error bars depict standard error.
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Discussion
My aim to find out ‘how’ to phenotype necrotic lesions formed on Brassica rapa in response to Pieris eggs,
was fulfilled by developing a rigid, accurate and user-friendly phenotyping method. The ‘when’ and ‘where’
to treat the plants for optimal phenotyping, were answered by testing the effects on egg-induced necrosis
of plant developmental stage and treatment localisation. These were tested using the phenotyping
method. In this chapter I discuss my findings what and put them into a broader perspective. The value of
my thesis work is reviewed, and comparisons are made with work of others. Based on my work,
recommendations are made to further improve phenotyping and egg wash treatments.

Egg wash treatments
I found that using egg wash with the surfactant Tween 20 is a suitable method to apply egg wash for
mimicking egg deposition by butterflies. This further improves the methods of Ampt (2016). Ampt showed
that egg wash has the capability to induce necrosis. I can confirm this for the genotypes used in my
experiments. The main benefits of egg wash are the simplicity by which it is made, can be stored and can
be applied. Due to the placement of a host plant which collects eggs, time spent waiting for controlled
oviposition is eliminated and can be used for other purposes. The produced egg wash can be applied to a
plant independently of butterfly oviposition behaviour. However, response to egg wash seems to be
somewhat inconsistent when compared to oviposition data for earlier experiments (N. Bassetti,
unpublished). This is seen in all three genotypes used, RC-144, L-58 and CC-A03. These genotypes show a
different phenotype than found earlier. In fact, these genotypes show a smaller mean lesion area than
expected from the HR+ phenotype previously attributed to them. A lesion size of 1-2 mm2 makes them
behave more like HR- genotypes. This indicates that there must be a property of eggs or the oviposition,
which cannot be completely mimicked by egg wash. Mechanical factors, such as the way egg glue adheres
to the leaf (Fatouros, 2012) or sensing butterflies on leaf surface as found for caterpillars (Bown et al., 2002)
and trichome sensing as shown by the existence of touch induced genes in Arabidopsis (Lee, 2005) can play
a role in the difference in response to egg wash compared to eggs. In addition, it has been shown that
trichomes play a role in defence against oviposition (Haddad and Hicks, 2000; Handley et al., 2005) and
herbivory (Hanley, 2007), trichome sensing might be an additional factor in defence against eggs. However,
the trichome abundance on B. rapa is lower than on Brassica nigra, a species which shows a reliable
response to egg wash (L. Caarls, personal communication). Therefore, it is more likely that waxes, which
are more abundant in B. rapa compared to B.nigra, are a causal factor. Epicuticular waxes prevent water
from attaching to the leaf surface and employing this a self-cleaning property in defence against bacteria
and fungi (Koch & Ensikatt, 2008). This could be preventing the egg wash components to affect the leaf
tissue due to its hydrophobic properties. Other abiotic factors might be in play, for example during spring
larger lesion areas were found in L-58 by N. Bassetti (Unpublished) while there seem to be a general low
responsiveness of plants against Pieris eggs during winter months (N. Bassetti, unpublished). Furthermore,
the difference in field and greenhouse necrotic lesion formation found by Fatouros et al. (2014), suggested
that abiotic factors depending on weather conditions might play a role. The greenhouse where experiments
were conducted has no climate control. Heating, lighting and passive ventilation (opening of greenhouse
roof) are the only possibilities for regulation of abiotic factors. Wang et al. (2009) show that plant defensives
in Arabidopsis thaliana and Nicotiana benthamiana to Pseudomonas syringae is reduced at high
temperatures. Furthermore, light has been shown to affect plant defence (Robert & Paul, 2006), so sunnier
days can impact the formation of necrotic tissue. In conclusion, the benefits of using egg wash outweighs
the drawbacks described above if the role of abiotic factors is understood. The simplicity in which it can be
collected and applied, save a lot of time and the effectiveness for phenotyping is high enough as described
below.
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Weka segmentation phenotyping method
To enable rapid phenotyping of many plants, I developed a high throughput imaging setup that combines
the Dinolite digital microscope, preparation of leaf discs and a mobile setup. The increased speed, the
simplicity of sampling and mobility of the setup, makes it suitable for large plant population phenotyping.
Before I started my project the number of pictures taken manually were <10 per hour, due to sample
preparation issues and the necessary egg removal. The setup is mobile due to the use of a small imaging
cabinet, a portable Dinolite digital microscope and the use of a laptop for imaging. This enables the user to
image in either the greenhouse, the laboratory or at a desk. Having the digital microscope, leaf disc
sampling and mobility enabled a streamlined phenotyping, which resulted in a time reduction.
Accuracy and Robustness
The Weka full lesion method developed proved to be a useful tool for quantification of egg wash lesion
area in Brassica rapa. Although the method is slower than the manual thresholding used before (35
seconds/image slower), the improvement of accuracy and lower overestimation makes it the preferred
method. We showed that full lesion analysis is a robust method with a mean CV of 0.1. This means that the
expected variation of the mean is 10% which is well below the set threshold of 20% variation (Vyas et al.,
2016). When phenotyping quantitative traits, finding small differences is key to identifying QTL’s (Yang et
al., 2014, Hegenauer et al., 2016) which otherwise cannot be found with visual observations or manual
thresholding. The individual training per image makes the method applicable to other Brassica species too.
In Brassica rapa this method was tested to be more accurate than manual thresholding and proves to be a
robust method. Other lesions/symptoms in other plant-insect systems could potentially be analysed in the
same way, although the verification of the method on damages other than necrosis induced by Pieris
brassicae eggs should be properly done.
Due to the higher variation in class distribution, the Weka classes method is not robust. However, it could
be used as a secondary tool to phenotype lesions. Using the colour profiles, a differentiation can be made
between by colouration in a quantitative way. A similar distribution is made by Rousseau et al. (2013). They
use chlorophyll fluorescence imaging to quantify Phaseolus vulgaris leaf’s infected by Xanthomanos fucans
into necrotic, wilting and impacted tissues. This shows that such an approach is useful. Due to the initial
inaccuracy I did not use the classes method for initial phenotyping. However, it can be used as a secondary
phenotyping tool, particularly for genotypes/phenotypes with the same lesion area.
Light conditions and batch processing
Light conditions impact segmentation effectiveness to a large extend. Due irregular lighting, the original
intention of using the trainable Weka segmentation plugin in a batch processing setup was not successful.
However, contrast between leaf and lesion tissue was enough for training and segmentation on individual
images. Light conditions in samples can vary due to movements of the imaging tray, reflections and
irregular surface of the filter paper changing colour per pixel even further. This can cause problems when
segmenting images. It is possible to account for this variation when training on a single image, but large
variation obstructs batch processing. These observations are in line with the finding of Vyas (2016). They
used Weka segmentation to segment black and white electron scanning microscopy images of bacteria
attached to surfaces. They succeeded to process some of these images in a batch. However, these images
were first separated into comparable images before batch processing. Even then some images had to be
analysed as individuals. Rousseau et al. (2013) confirms that for batch processing lighting conditions should
be tightly controlled. They suggest that using normalisation before analysis using a colour checker can
resolve some lighting issues. However, a colour checker which can be placed next to a leaf disc has to be
made, subsequently normalisation of images with the colour checker in frame can be done (Green et al.,
2012). For now, light conditions were not consistent enough for the batch processing of images. However,
the contrast between lesion and leaf was enough for individual training and quantitative analysis.
The numerous attempts to create a classifier, with the ability to segment new images, revealed another
pitfall. Individual plants of the same genotype can show different leaf colours at the same leaf number.
Between genotypes these differences are even bigger. To account for the variation creating a large classifier
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to contain the information on different shades of green is necessary. However, when the tissue has the
same colour as leaf tissue in another plant, misclassification occurs. In addition, there are different lesion
phenotypes with varying shades of green, yellow and black. This can have a similar effect, leading to even
more misclassification. Recentlty, Visschers et al. (2018) succeeded in segmenting thrips damage on pepper
leaf discs with Ilastik, software which is comparable with the Weka trainable segmentation plugin. They
used a scanner to homogenize lighting which creates homogenized images. However, thrips damage has a
more stereotypical nature, being silvery, green and brownish and having a high contrast with leaf tissue.
They succeeded in batch processing probably due to the consistent imaging and higher contrast between
damage and leaf. I did not succeed in batch processing due to the variation in leaf colour, lesion colour,
lesion phenotype and light conditions. A common classifier encompassing all variation which could be
properly used could not be made.

Plant developmental stage effects
My experiments show that plant development affects how Brassica rapa genotypes respond to egg wash.
I expected no effect of the developmental stage on necrotic tissue size. However, I found that there is an
effect, seen in the changes in mean lesion area in the bolting and flowering stage compared to the
vegetative stage. Furthermore, higher responsiveness was found in the flowering stage compared to the
bolting stage. The larger differences found in the flowering stage indicate that the plant is more responsive
in this life stage. I found that fast-growing phenotype IMB-211 responds more severe than other genotypes.
YS-143 responds stronger than RC-144 and CC-A03 responds like a HR- genotype, this while, based on
previous experiments, YS-143 is supposedly HR+/-, RC-144 is HR+ and CC-A03 is HR+. In this case CC-A03
did not respond to the egg wash properly and an oviposition experiment should be done to check the real
phenotype. The goal of plant life is to reproduce, so defending the organs which enable the plant to do this
seems logical. Brown, Tokuhisa, Reichelt & Gershenzon (2003) showed that glucosinolates in A. thaliana
vary throughout the development of the plant. They showed that younger leafs maintain a higher
glucosinolate concentration throughout their life time. The fact that we tested last emerged leaf’s makes
that the youngest leafs are sampled each time. It could very well be that we measured this effect and not
the effect of the developmental stages. However, there is evidence that a defence strategy is to increase
defence as plants mature or induce flowering (Bowers & Stamp 1993, Boege & Marquis, 2005) to maintain
valuable tissue. The results I found indicate that perhaps the development of flowers is less energy
demanding than vegetative growth and bolting. In addition, due to the limited pool of energy of the plant
(Boege & Marquis, 2005) a difference should be seen in defence of fast growing (RC-144, IMB211) and slow
(YS-143, CC-A03) growing genotypes. I could not find such a difference, probably due to variation in
responsiveness due to earlier described factors. From a biological point of view, it makes sense for the plant
to increase the defence to Pieris brassicae eggs when flowering. P. brassicae caterpillars prefer to feed on
flower tissue over leaf tissue and upon hatching migrate toward the flower buds and flowers. Preventing
hatching of the caterpillars thus is more beneficial in the flowering stage to prevent damage to flowers. As
a recommendation, new experiments should be conducted in the flowering stage, where genotypes show
the largest differences in phenotype and the defence mechanism is strongest.

Treatment localisation effects
I tested whether the location of treatment within a plant influences lesion size and morphology. I expected
younger leaves at the top of the plant to be more responsive than lower leaves. It was indeed shown that
the location of the treatment is important for both the lesion area as for the lesion morphology. Three
different trends were found for 3 different genotypes. Two of these trends contradict, namely RO-18 and
L-58, with RO-18 having an increasing lesion size towards the top and L-58 decreasing in lesion size. I
expected all the plants to respond in the same way as RO-18, due to the absence of senescence and the
higher metabolism in younger leaves (Brown, Tokuhis, Reichelt &Gershenzon, 2003; Boege & Marquis
2005; Barto & Cipollini, 2005). However, this was not found in L-58, which could be due to epicuticular
waxes (Koch & Ensikatt, 2008). The sudden drop in responsiveness in RC-144 is supporting this with leaf
number five being a very small and waxy leaf when compared to leaf four.
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Remarkably I found that RO-18 forms different lesions types. Lesions positioned in the top have a different
phenotype than other lesions measured (Appendix XI). Top lesions are green and yellow, while the other
lesions are black and resemble the phenotypes found in L-58 and RC-144.
Whether the droplet location on the leaf itself matters has not been shown to differ significantly. However,
a trend with stronger reactions towards the bottom of the leaf was visible. Therefore, further egg wash
treatments should be done towards the leaf stem at least halfway past the middle of the leaf. In this
experiment I have demonstrated that the position where egg wash treatment is placed can influence the
lesion size and morphology. Furthermore, the position on the leaf may influence the response to egg wash.
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Recommendations
The work described above has resulted in several recommendations for future research. These can be used
to improve the phenotyping method or gather more knowledge on the role of development and leaf
morphology.
The egg wash treatment performed sufficiently, although responses were not always consistent between
plant or oviposition data. It is suspected to be caused by: epicuticular waxes, an unknown factor associated
with eggs which is not contained in egg wash, or putative abiotic factors. In future research overcoming the
leaf waxiness and gaining knowledge on the effect of the layer should be a priority. Doing so might rule out
an unknown factor. First, overcoming the waxiness can be done by increasing the concentration of Tween
20. Testing whether this is a possibility without affecting the plant should be done. Second, scanning
electron microscopy could be used to investigate the leaf surface (Koch & Ensikatt, 2008). This can shed
light on the varying results acquired by egg wash treatment and the role of leaf waxiness in the response.
Third, the concentration of wax on the leaf surface can be determined. An assay which removes the wax
from the leaf with chloroform and determines the optical density of the liquid can be used (Ebercon et al.,
1977). This gives a quantitative measure of the concentration of wax per leaf. It would be interesting to see
whether the leaf waxiness correlates with a decreased responsiveness in the genotypes L-58, RO-18 and
RC-144. If there is no indication that epicuticular wax plays a role, the alternative would be an unknown
factor in the egg. By increasing the number of repetitions, the inconsistencies in response may be
countered. In addition, including positive controls with eggs, can shed light on whether the variation is
caused by biotic or abiotic variation. By following these recommendations, the egg wash treatment can be
improved and the relationship between epicuticular wax and egg wash can be investigated.
Another possibility is the influence of abiotic factors on the plant response to egg wash. Conducting future
experiments in a climate-controlled environment, with constant temperature and humidity can eliminate
fluctuating conditions and thus fluctuating responses. As an alternative abiotic factor monitoring can shed
light on which factor impacts responsiveness. However, this will create a dependency on weather
conditions. In both cases the inclusion of the above-mentioned positive control treatments is necessary to
verify plant responsiveness. By doing future experiments in a controlled environment, abiotic factors will
be kept constant and its influence will diminish. Generating a more reliable plant responses and lesion data.
Sampling larger lesions was hard due to the fixed diameter of the corkborer. By increasing the cork borer
diameter, a larger area can be sampled. Decreasing the amount of egg wash pipetted to the underside of
the leaf is less desirable option. Quantities smaller than 10 µL are difficult to pipet and will slow down
treatment. Ensuring a smoother and completer sampling method will generate a more complete dataset,
without loss of samples.
A caveat in the data analysis was that the pipeline used was not optimized for memory usage and the
output file was not user friendly. Optimisation can reduce the analysis time when analysis images. The
script as used was about 35 seconds slower than manual thresholding when run by an experienced user.
The script is still lacking memory optimisation functions, which probably slows down the running speed.
Incorporating a garbage collection function will free up new memory space for the script to use. Closing
unused images and including a path reference in the script to fetch images when needed, can increase the
size of memory available Fiji. Currently extra functions are selected when creating a classifier and
segmenting images, analysis time can further be reduced by limiting the number of functions used while
maintaining segmentation quality. The output generated by the script is the standard results pane, creating
a table which includes the labels for “lesion”, “leaf” and “full” can reduce time spent sorting data. Inclusion
of the possibility to add a genotype/plant label would have the same effect. Taking this into account the
script functional, but optimizing memory usage, Weka classification and segmentation and the data output
format can reduce analysis speed.
The biological experiments show the importance of plant development in comparable testing of Brassica
rapa genotypes. Plants should be tested in the same developmental stage to be comparable in response
and to ensure a maximal response (Boege & Marquis, 2005). The choice of treated leaves seems to affect
the size of the lesion. Therefore, when comparing genotypes, it is important to select leaves which are
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comparable in leaf morphology and position on the plant. Selecting the last two developed leaves for
testing with unsynchronised may lead to differences between genotypes which are due to the differences
in leaf position and/or leaf morphology. When testing a RIL population for mapping purposes, parents need
to be tested for the leaf of choice. In the case of the L-58 (HR+) x RO-18 (HR-) population, leaf 6 would be
the leaf of choice for it shows differential lesion areas, with the same type of lesion at the same leaf number
in the plant with a comparable leaf morphology.
By testing this method and demonstrating its use for phenotyping purposes the search for genes can
continue. The next step in unravelling the genetic background is the testing of a mapping population. The
L-58 genotype should be checked again for its HR+ phenotype. If so the RO18 x L-58 population can be
grown and phenotyped with this method. The data acquired from this analysis can then be used to map
the trait to a molecular linkage map, as done by Yang et al. (2014). Doing so will narrow down the region
of interest on the genome of B. rapa.

Conclusion
I propose a new method for phenotyping the response of Brassica plants to eggs of Pieris brassicae by
treatment of plants egg wash + 0.05% Tween 20, punching out leaf discs, imaging using a Dinolite digital
microscope and analysing them with the trainable Weka segmentation plugin in a semi-automated
pipeline. This method outperforms manual thresholding in accuracy and with a minimal increase in analysis
time, while standardizing sampling and imaging of necrosis. I successfully employed this method to find
that B. rapa plants respond stronger to egg wash in the flowering stage and towards the leaf stem.
Therefore, plants are best treated during the flowering stage since responsiveness of HR+ plants are the
highest and the differences between genotypes are larger. In addition, I show that genotypes respond
differentially throughout the plant and trends differ greatly from each other, which could be due to leaf
morphology. This method is applicable to other Brassica species and can be used for testing mapping
populations in future experiments. My thesis paves the road to quantitative phenotyping and brings us
closer to unravelling the genetic background of necrotic lesion formation in Brassica spp..
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Appendix
Appendix I: Testing the best use of the Dinolite digital microscope
Settings

Image

Resolution:1280x960
Brightness: 20
Intensity: 6
Cap: white cap
Magnification: ~ 40x
Polarizer: on
Curtain: open

Resolution: 1280x960
Brightness: 20
Intensity: 6
Cap: white cap
Magnification: ~40x
Polarizer: on
Curtain: closed

Resolution: 1280x960
Brightness: 20
Intensity: 6
Cap: clear cap
Magnification: ~40x
Polarizer: on
Curtain: closed
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Settings

Image

Resolution: 1280x960
Brightness: 20
Intensity: 6
Cap: diffuser cap
Magnification: ~40x
Polarizer: off
Curtain: closed

Resolution: 1280x960
Brightness: 20
Intensity: 6
Cap: white cap
Magnification: ~40x
Polarizer: off
Curtain: closed

Resolution: 1280x960
Brightness: 20
Intensity: 4
Cap: white cap
Magnification: ~40x
Polarizer: 50% on
Curtain: closed
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Settings

Image

Resolution: 1280x960
Brightness: 20
Intensity: 6
Cap: white cap
Magnification: ~40x
Polarizer: 50% on
Curtain: closed

Resolution: 1280x960
Brightness: 20
Intensity: 6
Cap: no cap
Magnification: ~40x
Polarizer: on
Curtain: closed

Resolution: 1280x960
Brightness: 20
Intensity: 5
Cap: white cap
Magnification: ~40x
Polarizer: on
Curtain: closed
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Settings

Image

Resolution: 1280x960
Brightness: 20
Intensity: 5
Cap: white cap
Magnification: ~40x
Polarizer: off
Curtain: closed

Resolution: 1280x960
Brightness: 20
Intensity: 4
Cap: white cap
Magnification: ~40x
Polarizer: on
Curtain: closed
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Appendix II: Camera settings Dinocapture 2.0 software

Dinocapture 2.0 camera settings as used in all experiments
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Appendix III: Visual assessment scoring system
Class

Image

Description

0

No hypersensitive
response (HR)

1

A developing HR
can be seen under
eggs, vague imprint
of eggs / small
green discoloration
of leaf tissue.

2

HR under eggs,
sharp imprint of
eggs / bigger green
discoloration with
smaller
black/yellow dots.

3

4

Spreading HR, black
under eggs
spreading beyond
eggs, individual
spots have merged
/ big green lesion,
with big
black/yellow
patches in the
middle
Developed HR
beyond eggs brown
tissue below eggs,
not clearly defined.
Black discoloration
around eggs. Lesion
can be observed on
other side of the
leaf
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5

Brown necrosis
spreading beyond
eggs, no clearly
defined lesion.
Lesion can be
observed on the
other side of the
leaf

6

Brown necrosis
spread around eggs
with clearly defined
border. lesion can
be seen on other
side of the leaf.

Necrotic lesion classification in seven classes. Class 0-3 images originate for both eggs and egg wash, class 4-6 originate from egg
wash infiltration.
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Appendix IV: Trainable Weka Segmentation plugin settings

Trainable Weka segmentation settings as used for segmentation.
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Appendix V: Morphology of plants in three developmental stages
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Appendix VI: Comparing oviposition with egg wash treatments

Response of Brassica rapa to Pieris brassicae egg treatments. Black and yellow tissue coloration are symptoms of the hypersensitive response. Each leaf disc is 6mm in diameter.
Filter paper treatment was ineffective, and no discs could be harvested. Genotype is indicated above each column and treatment is indicated per row.
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Appendix VII: Class profiles of oviposition and egg wash treatments

Class profiles of Brassica rapa plants in response to Pieris brassicae egg treatments. RC-144 (N=9), YS-143 (N=15). Plants were
scored via the 0-6 visual scoring system.
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Appendix VIII: Visual assessment of the effect of developmental stage

Visual observation of the effect of developmental stage on lesion size, scored using the 0-6 scoring method. * P < 0.05, ** P <
0.005, ***P < 0.001 tested with post hoc Tukey test.
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Appendix IX: Robustness of Weka classes segmentation method

Effectiveness of Weka classes segmentation. A: robustness of the classes method depicted by class. Dotted line represents the
0.2 CV threshold line. Classes are based on lesion colour. B: The sum of three classes compared with total lesion size. error bar
represents the standard error.
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Appendix X: The effect of treatment location on the leaf on lesion size

Internal localization effect of EW treatment. RC-144 and L-58 are HR+ genotypes, RO-18 is a HR- genotype. *** P <0.001
statistical test post hoc Tukey HSD, Error bars represent standard error
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Appendix XI: Difference of lesion morphology in RO18

Leaf 6

Leaf 12

Different lesions within RO-18 plants. On the left is the typical black lesion type found throughout the plant (leaf 6, 7, 8 and 9) the
right shows the abnormal tissue from the top leaf.
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