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Abstract: Phenotyping of genetic resources is an important prerequisite for the selection of resis-
tant varieties in breeding programs and research. Computer vision techniques have proven to
be a useful tool for digital phenotyping of diseases of interest. One pathogen that is increasingly
observed in Europe is Diplocarpon coronariae, which causes apple blotch disease. In this study, a
high-throughput phenotyping method was established to evaluate genetic apple resources for sus-
ceptibility to D. coronariae. For this purpose, inoculation trials with D. coronariae were performed in a
laboratory and images of infested leaves were taken 7, 9 and 13 days post inoculation. A pre-trained
YOLOv5s model was chosen to establish the model, which was trained with an image dataset of
927 RGB images. The images had a size of 768 x 768 pixels and were divided into 738 annotated
training images, 78 validation images and 111 background images without symptoms. The accuracy
of symptom prediction with the trained model was 95%. These results indicate that our model can
accurately and efficiently detect spots with acervuli on detached apple leaves. Object detection
can therefore be used for digital phenotyping of detached leaf assays to assess the susceptibility to
D. coronariae in a laboratory.

Keywords: apple varieties; fruit breeding; object detection; YOLO; Marssonina leaf spot

1. Introduction

Although phenotyping is one of the most valuable tools in breeding research, it is
still common to perform phenotyping manually. However, manual phenotyping is labour-
intensive and time-consuming, as collecting and analysing the data requires considerable
human input. This can result in delays in breeding progress and limiting its effectiveness
in identifying desirable traits for breeding programs. Additionally, manual phenotyping
is prone to subjectivity and human error, leading to inconsistencies in data collection and
interpretation. Observer bias can further complicate the reliability and accuracy of manual
phenotyping results [1].

In contrast, high-throughput phenotyping allows objective and standardised assess-
ment across different genetic backgrounds, reducing the potential for human error and
increasing the reliability of phenotypic data. The development of high-throughput pheno-
typing methods is necessary for a rapid and effective evaluation of a wide range of genetic
resources. This facilitates breeding research and enables breeders to identify and select
plants with desirable traits more efficiently.

In recent years, several high-throughput phenotyping methods based on non-invasive
imaging systems have been developed for the detection of foliar diseases. Most research
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in this field is limited to laboratory studies and relies on images of plant diseases taken in
laboratory facilities [2]. Many of these methods are mostly based on deep learning (DL)
techniques such as convolutional neural networks (CNNs) [3,4] and have been successfully
used to detect foliar diseases such as leaf spot, powdery mildew and rust [5-7]. For ex-
ample, Mohanty et al. [6] developed a detection system for the identification of 26 plant
diseases on 14 different plants with a detection accuracy of up to 99.35%. In general, it is
important to note that models trained solely on images from a laboratory exhibit signifi-
cantly lower detection accuracy (approximately 33%) when applied to images captured in
field conditions [8]. Therefore, object detection approaches developed for disease diagnoses
under laboratory conditions should primarily only be used for this purpose.

Recently, object recognition has become an important tool for plant disease detection.
This technique enables the identification and localisation of specific regions of interest in
images and is closely related to traditional plant pest detection [2,9,10]. Meanwhile, YOLO
(You Only Look Once) is one of the most commonly used object detection techniques. Sub-
sequent modifications of the YOLO algorithm (YOLOv1 to YOLOV9) have led to improved
accuracy of this object detection technique [11]. In particular, the latest improvements, such
as the architecture of YOLOVS, have increased the efficiency of the network and enable
the detection of even small objects [12] as well as fast detection speed [13]. In addition,
new approaches such as transfer learning offer a way to overcome the typical challenges
of training a deep learning algorithm (e.g., high variance, low accuracy or bias) and allow
an easy adaption of pretrained models to a specific dataset [14]. This makes it quick and
easy to establish models for a customised dataset that achieve a high level of precision as
demonstrated in studies on rice leaf diseases [15,16], grape leaf lesions [17] and apple leaf
diseases [18-24].

In apple production, apple blotch disease is an increasing problem, especially in
organic orchards and meadow orchards [25,26]. Humid and warm conditions (between
20 °C and 25 °C) favour the spread of the fungus Diplocarpon coronariae on apple leaves [27].
The pathogen is particularly widespread in southern Germany [28] due to favourable
climatic conditions. Possible measures to counteract an infestation include the cultivation of
existing robust varieties or development of resistant varieties via breeding. As a prerequisite
for breeding resistant varieties, highly precise phenotyping methods for disease symptoms
are required to identify apple genetic resources with resistance to Diplocarpon coronarea in
addition to studies on resistance inheritance (QTL or GWAS).

Phenotyping is usually performed manually and requires trained personnel with
many years of experience with the respective pathogen. Therefore, this step remains the
limiting factor in breeding research. The development of high-throughput phenotyping
techniques can significantly increase phenotyping work and ensure a rapid and effective
evaluation of a wide range of genetic resources.

The aim of this study was therefore to establish a high-throughput phenotyping
method for the evaluation of apple genetic resources regarding their susceptibility to apple
blotch disease. Our approach is based on using a pre-trained YOLOv5s model, which was
trained with images of infected leaves, captured after the artificial D. coronariae inoculation
in a laboratory. The image dataset contains annotated spots with acervuli as well as images
without symptoms to decrease the detection of false-positive symptoms. After observing a
symptom prediction of 95% accuracy, we provide an easy-to-use YOLOv5s model that can
be run on any given computer system. The workflow is available as an open-source GitHub
repository with instructions (https://github.com/digijkizo/Apple_blotch_detection/tree/
master, accessed on 29 April 2024).

2. Materials and Methods
2.1. Plant Material and Diplocarpon Coronariae-Resistant Leaf Test
The first step in creating an automatic detection model was to compile an image

dataset of D. coronariae infected leaves. This image dataset was necessary for the training
and validation of the detection model.


https://github.com/digijkizo/Apple_blotch_detection/tree/master
https://github.com/digijkizo/Apple_blotch_detection/tree/master

Agronomy 2024, 14, 1042

3of11

For the production of infected leaves, 551 apple varieties in 2022 and 80 apple varieties
in 2023 were selected and grafted onto the rootstock ‘M.9” with three replicates each. The
plants were then cultivated for six to eight weeks in a greenhouse at a diurnal temperature
range between 25 °C by day and 20 °C at night under natural light conditions.

The resistance test was performed on detached leaves after artificial inoculation with
D. coronariae. For this, four leaves from three plants of each cultivar were collected from
the middle of the plant shoot and washed with tap water to remove external contaminants.
The leaves were immediately transferred to plastic Petri dishes lined with a layer of
filter paper and covered with a paper towel and a metal mesh. Each Petri dish was
moistened with 10 mL of tap water. The extraction of the inoculum and the inoculation
was performed according to a method of Wohner et al. [29,30] with modifications reported
in Richter et al. [25].

2.2. Imaging of Infected Leaves and Manual Phenotyping

Seven, nine and thirteen days after inoculation (dai), RGB images of preferably four
infected leaves of each apple variety were taken from the artificial inoculation in 2022
and 2023. For image acquisition, the leaves were positioned on a light table (Magic stu-
dio, Novoflex, Memmingen, Germany) with a light panel (Prolite Scan, Kaiser, Buchen,
Germany) underneath. The camera was mounted on a tripod at a distance of 30 cm from
the light table. Images of the infected leaves for the training, validation and test dataset
were captured using a handheld RGB camera (Canon EOS 70D in 2022 and Canon EOS
D90 in 2023). The Canon EOS D70 (Ota City, Tokyo, Japan) has a 20.2 megapixel sensor
(3414 x 3648 pixels) and the Canon EOS D90 (Ota City, Tokyo, Japan) has a 32.5 megapixel
sensor (5472 x 3648 pixels). For both cameras, a zoom lens with a focal length of 18 mm
to 55 mm was used. The single image was taken with the following standard settings:
aperture—f/5.5, exposure time—1/250, ISO 125, focal length—45 mm. The captured RGB
images were either used for the workflow for training, validation and testing of the au-
tomatic detection model (image_dataset_2023) or to evaluate the accuracy of the trained
model (image_dataset_2022).

2.3. Symptom Annotation and Detection Model

An object-based image analysis approach was used to establish an automatic counting
of the acervuli spots of D. coronariae. From image_dataset_2023, four selected leaf areas were
cropped from each single image at a size of 1 cm? (Figure 1). All images showing large-scale
browned leaf areas were excluded. Moreover, it was ensured that no midrib was visible in
the selection, as these show brown glandular spots in some genotypes, which can easily be
confused with acervuli spots. Furthermore, the selected image areas were reduced to a size
of 768 x 768 pixels. Smaller images require less memory and are faster to process, making
them more suitable for the network size and GPU capacity. Cropping was performed
using the batch tool of the image editing program Irfanview (https://www.irfanview.com/,
accessed on 1 January 2023). All cropped images were then visually inspected, and images
that were not completely filled with leaf area were deleted.

Symptom labelling was performed manually by fruit experts using the Computer
Version Annotation Tool (CVAT) [31]. For this purpose, rectangular bounding boxes were
drawn around the entire D. coronariae spots and labelled as ‘DC_red’. To increase the
efficiency of symptom labelling, a multi-step annotation approach was applied. The aim of
this approach was to use a small dataset to train an initial model that already recognised
symptoms, even if the accuracy was not yet very high. This meant that all symptoms did
not have to be annotated by hand, but only individual missing or incorrect symptoms had
to be corrected in the CVAT. In a first step, an image dataset with 200 images was annotated
and used for the initial model training. Subsequently, a further 243 images were labelled
with this first trained model. In the second step, these 243 images were imported into CVAT
with their corresponding label in order to complete missing labels and correct inaccurate
labels. These 243 images from the previous step and the 200 images from the first step were
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then used for a second model training to further improve the accuracy of the model. In
the third step, 373 images of a previously unlabelled dataset were used as test images and
labelled with the second trained model. The complete image dataset from the first, second
and third steps with 816 annotated images as well as 111 background images was then
used for the final model training.

Cropping of four selected leaf areas at a
size of 1ecm?

Uncropped images of the dataset_2023

Detection of Acervuli spots using the customized
Yolo5s-model (DC-model)

Uncropped images of the dataset_2022

Annotation of the Acervuli spots using CVAT

=

cropped images with Annotated images Background images
768 x 768 pixels ‘

Splitting image dataset for model training

Training Validation

Validation Output Neck Backbone

. customized Recall |
YOLOvSs- -« Precision ‘ <

model

Training of the pre-trained YOLOv5s/ YOLOv8s model /

mMAP_50 ‘

Figure 1. A schematic of the training process for the pre-trained YOLOv5s and YOLOv8s model.
Selected areas in the uncropped images from dataset_2023 containing leaves with acervuli spots were
cropped to image parts with a size of 768 x 768 pixels. The labelled images and the background
images without symptoms were used to train a pre-trained YOLOv5s and YOLOv8s model. The
adapted YOLOvb5s model was used for the detection of acervuli spots in the uncropped images of
dataset_2022.

2.4. Model Training and Testing

In this study, the single-stage model You Only Look Once (YOLO) was chosen, since it
detects various objects in a single enclosure and identifies objects very fast [11,32]. The two
model versions YOLOvV5s and YOLOvS8s were tested to compare which model achieves
the best accuracy. The open-source platform PyTorch [33] was used as the deep learning
framework.

The training image set was composed of 816 cropped images. Additionally, 111 back-
ground images with no acervuli spots but with midribs containing brown glandular spots,
which can easily be confused with acervuli spots, were included in order to reduce false
positives. These 927 images were divided randomly into 837 training images (738 annotated
training images and 99 background images) and 90 validation images (78 annotated images
and 12 background images). Approximately 90% of the entire image set were used as
training images and about 10% were used as validation images.

The model training was performed using the setup for a maximum of 100 epochs. The
image resolution was set to 768 x 768 pixels, and the batch size was set to 8. The hyperpa-
rameters were as follows: 1r0—0.01, Irf—0.01, momentum—0.937, weight_decay—0.0005,
warmup_epochs—3.0 and warmup_momentum—0.8. The training of deep learning al-
gorithms requires high computing power, which is why the integrated cloud computing
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environment Google Colaboratory [34] with the open-source framework PyTorch [33] was
used. The GPU type was NVIDIA Tesla T4 with 15,102 MB total memory.

The model training was visually evaluated based on the training and validation
loss curves throughout all the trained epochs. Additionally, the model was validated
according to the following parameters: precision (P)—the percentage of correct predictions,
recall (R)—the rate of true positives or sensitivity (measures how well the model finds
all positives). As the recall rate (number of positives) increases, the precision (accuracy
of correct classification) may decrease. Therefore, the most favourable tradeoff between
precision and recall is determined (F1 score). This was also performed by calculating the
mean average precision (mAP) over several intersection over union (IoU) thresholds, which
indicated the overlap between the ground truth and the predicted bounding box.

2.5. Comparing Manual and Automated Counting of Acervuli Spots

To confirm the accuracy of the YOLOv5s model for apple blotch detection, the re-
sults of the human and automated counting of acervuli spots were compared using im-
age_dataset_2022. In this dataset, the number of acervuli on the leaves was manually counted
by fruit experts in all 4794 images. Additionally, the number of acervuli on leaves was automat-
ically detected using the trained YOLOv5s model. For the YOLOv5s-based detection, the im-
ages remained in their original size, where the image resolution was set to 3414 x 3648 pixels
and the confidence and the IoU thresholds to 0.45. The number of detections for each image
was read based on the labeled.txt files and summarized in an csv. file.

The Spearman correlation between the number of acervuli spots counted by human
experts and automatically counted by the model was analysed and visualized using the
ggpubr R package (R ver. 4.3.2).

3. Results
3.1. RGB Image Acquisition of Disease Symptoms and Image Annotation

After artificial inoculation in 2023, 960 images with infected leaves were acquired. The
images were captured on 80 different apple cultivars, including traditional and new vari-
eties. After cropping and visual quality inspection, 927 cropped images of the 960 original
images were available in image_dataset_2023 for subsequent symptom labelling. Of these,
816 images with a size of 768 x 768 pixels were used for symptom labelling with the
bounding box method using the computer vision annotation tool. To improve the training
of the model, the images contained acervuli spots at different stages of development (7,
9 and 13 dai). Labels in the YOLO 1.1 format (.txt files) were used to train and validate
the model. A total of 4167 symptoms were annotated in the images. A total of 111 images
without annotation were used as background images. The distribution of the image dataset
is shown in Table 1. The image dataset for the model training is available in the open-source
GitHub repository (https:/ /github.com/digijkizo/Apple_blotch_detection/tree/master,
accessed on 29 April 2024).

Table 1. Overview of the division of image_dataset_2023 into annotated training and validation
images, background images and number of annotations for model training for the detection of
D. coronariae acervuli spots on leaves.

Dataset Image Total (n) Annotated Background Annotations (n)
Images (n) Images (n)
Training 837 738 99 3642
Validation 90 78 12 525
Total 927 816 111 4167

3.2. YOLO Training Results

Image_dataset_2023 was used for the training of the D. coronariae acervuli spot detector
(DC_red). The training of the YOLOv5s and YOLOv8s models showed similar results. For
the YOLOvV8s model, the best model was found after 61 epochs and 95% of the acervuli
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spots on infected leaves were correctly detected. For the YOLOvS5s, the best model was
found after 31 epochs and also 95% of the acervuli spots on infected leaves were correctly
detected. Based on validation using 78 annotated images and 12 images without annotation,

the precision (P), recall (R), F1 score and mean average precision (mAP) were calculated for
both models (Table 2).

Table 2. Comparison of the training of the YOLOv5s and YOLOv8s model based on precision (P),
recall (R) and mean average precision (mAP_50).

Model Parameter Layer Batch Size  Best Epoch  Precision Recall F1 Score mAP_0.5
YOLOv5s 7,022,326 214 8 31 0.95 0.88 091 0.95
YOLOv8s 11,135,987 255 8 62 0.93 0.91 091 0.95

The recall of the YOLOv8s model was 0.91, slightly higher than that for the YOLOv5s
model. However, the YOLOv5s model achieved a slightly higher precision of 0.95 than the
YOLOv8s model with 0.93. It was shown that the tradeoff between precision and recall
with a threshold of IoU > 0.45 resulted for both models in a mean average precision of
mAP_0.5 = 0.95 for the detection of acervuli spots. As the YOLOv5s and YOLOv8s models
showed similar results, but the YOLOv5s model had slightly more precision and was
generally faster and easier to use, it was used for the following workflow. The YOLOv5s
model showed neither overfitting nor underfitting as indicated by the overlay of the training
and validation curves (Figure 2).
train/box_loss train/obj_|loss train/cls_loss Lo metrics/precision metrics/recall
0.12 —e— results )
I 0030 smooth L 0.8 0.8
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Figure 2. Evaluation parameters during the YOLOVb5s training progress with 100 epochs. The
following errors in the training and validation set were assessed: train/box_loss and val/box_loss—
bounding box regression loss, train/obj_loss and val/obj_loss—the confidence of object presence,
train/cls_loss and val /cls_loss—the classification loss (cross entropy). The following metrics for
detection accuracy were calculated: precision—measures how much of the bbox predictions are
correct, recall—measures how much of the true bbox were correctly predicted, mAP_0.5—mean
average precision at IoU threshold of 0.5, mAP_0.5:0.95—average mAP over different IoU thresholds,
ranging from 0.5 to 0.95.

3.3. Model Validation

A total of 4794 images from image_dataset_2022 with acervuli spots were counted
manually and we used the trained DC model in order to evaluate the accuracy of the
automated detection. The image dataset was taken 7 and 9 days after inoculation, each
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consisting of 355 images of infected leaves. Furthermore, 4084 images with infected leaves
were taken 13 days after inoculation. The leaves came from 552 different apple varieties
(Table S1). The manually counted spots in the image dataset ranged from 0 to 1398 spots
per sheet. Acervuli spots counted by the DC model ranged from 0 to 874 per leaf and were
significantly lower than the manual count. However, the Spearman correlation between the
manually and automatically counted acervuli spots after 7, 9 and 13 dai showed a strong
and significant correlation (R = 0.91, p < 2.2 x 10~1¢) (Figure 3). Considering the Spearman
correlation separately for the different time points after inoculation (dai), differences in
the correlation between manual and model-based counting were observed (Figure S1).
The highest correlation between manual and model-based counting of acervuli spots was
observed at 9 dai with R = 0.96 (p < 2.2 x 107'¢). A high and significant correlation was
also calculated after 13 dai with a Spearman rank value of R = 0.91 (p < 2.2 x 10716). As
some leaves showed a strong browning of the leaves after 13 dai, which led to a coverage
of the individual acervuli spots, the Spearman correlation was calculated again separately
without these browned leaves for 13 dai. The correlation value without the browned leaves
in 13 dai was then significantly higher with R =0.95 (p <2.2 x 1071°). The lowest Spearman
rank correlation between the manual and model-based counting of DC spots was observed
at 7 dai with R =0.78 (p < 2.2 x 10719).

R=0.91, p< 2.2 x10-16 « *
750
L ]
¥ 500+
(2]
©
[oX
w
250
0 -
0 500 1000
spots_hand

Figure 3. A scatter plot of Spearman’s rank correlation coefficient between the number of D. coronariae
acervuli spots counted manually on leaves (spots_hand) and counted using the model (spots_KI).
R: Spearman rank correlation coefficient, p: significance level.

4. Discussion

In this study, we present a user-friendly tool for counting acervuli spots after the
D. coronariae resistance leaf test using deep computer vision. Leaf disc assays or leaf tests
using detached leaves have already been an important part of resistance scoring under con-
trolled laboratory conditions for a long time. For visually easily recognizable leaf diseases
under laboratory conditions, several deep learning approaches have been published in
recent years [35-37]. Some of these approaches are based on image segmentation, such as
for the detection of powdery mildew [35,36,38] or apple scab and apple blight [39], which
allow an estimation of the infected areas on the leaf. Other approaches are based on object
recognition, for example, using YOLO. YOLO (You Only Look Once) is a state-of-the-art
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real-time object detection system that enables the recognition of individual disease spots
on leaves [16].

Our approach for the high-throughput phenotyping of the acervuli spots of D. coronar-
iae is based on the latter. The reason for this is the ability of the object detection approach to
recognize individual spots, which enables counting disease spots on each leaf. In addition,
YOLO can also be used to detect tiny spots, as shown in a study on the control of bacterial
spot disease in pepper plants [37] or the detection of small lesions on grapevine leaves [17].

Recent advances in computer vision enable a user-friendly application of previously
complex and computationally intensive algorithms. The well-documented open-source
project Ultralytics provides an efficient tool to create customized object detection models
even for people with limited knowledge of Python programming. Google Colab offers a
hosted Jupyter Notebook service that requires no setup to use and provides free access to
computing resources, including GPUs and TPUs.

4.1. Image Dataset and Model Training

For the training of our DC detection model, images of acervuli spots from 80 different
apple varieties were used. Apple varieties can have morphologically different leaves with
an elliptical-to-ovoid shape [40]. Apple leaves can also exhibit different chlorophyll content,
resulting in a lighter or darker green leaf colour. This depends on leaf development, but
also on the genotype [41]. This heterogeneity was represented by compiling images of up to
four different leaves per genotype and time point in the dataset for model training. At the
same time, the phenotyping of three different time points after inoculation (dai) was used
to test after how many days the symptoms are best visible and suitable for model-based
detection.

Another important factor for the establishment of the image dataset was the existence
of midribs with brown glandular spots in some genotypes, which easily can be confused
with acervuli spots. To avoid the detection of these spots as false-positive spots, selected
areas of the leaves without midribs were cropped and used for model training. Additionally,
cropped images containing midribs but no acervuli spots were included as background
images in the model training.

All images were taken in the laboratory under uniform lighting conditions and on a ho-
mogeneous background. This can lead to a less robust model detection of acervuli spots in
images taken under different light conditions, as is the case in the field, for example, [42-44].
In a study of Ferentinos [8], the application of a model trained exclusively on images from a
laboratory showed a significantly lower accuracy (about 33%) in the identification of images
from the field. This shows that image identification under real cultivation conditions is
much more difficult and complex than with images from a laboratory [8]. However, it
is worth noting that our approach was only developed for the detection of apple blotch
symptoms on images of detached leaf tests after artificial inoculation in the laboratory. For
this purpose, our DC detection model represents a simple and fast method for apple blotch
symptom detection.

4.2. Model Training and Comparing Manual and Automated Counting of Acervuli Spots

The training of the YOLOv5s model based on 927 images showed a high specificity
with a validation accuracy of 95% and a validation loss of less than 2%. The false-positive
rate was low and brown glandular spots on the midribs could be successfully distinguished
from acervuli spots. This is most likely due to the high number of images with brown
glandular spots in the background image dataset.

To evaluate the performance of the DC-model-based recognition, we compared the
number of symptoms counted by the model with the number of symptoms counted by the
fruit experts. We found that the DC model generally achieved human-level performance
that matched the results of the human experts. However, the degree of agreement varied
depending on the time point after inoculation. The lowest agreement between the model-
based and manual spot counts was found at 7 dai (R = 0.78). The reason for this was
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probably that some of the spots were still less pronounced and barely visible. In fact, less
pronounced symptoms at an early stage could only be recognised by the human fruit
experts. The same applied to more pronounced symptoms on the leaves at 13 dai. As
the number of days after inoculation increased, the leaves not only showed individual
symptoms but also started to turn brown. The browning of the leaves can mask the
individual symptoms. In this case, the human fruit experts were still partially able to
recognise individual spots within the brown leaf areas, but the recognition of individual
symptoms by the DC model was hardly possible. However, if browned leaves were
excluded from the comparison, both methods showed a very high correlation (R = 0.95).
The best agreement between model-based detection and human counting was observed at
9 dai (R = 0.96) in our study. At this point, symptoms were clearly visible and not obscured
by browning. For future D. coronariae resistance leaf tests on apple varieties, phenotyping
should be performed at 9 dai.

The DC-model-based counting of acervuli spots has many advantages compared to
manual counting. It guarantees fast and reproducible counting, allowing researchers to
verify results within minutes and without weeks of human effort. A certain deviation
in the absolute number between human and model-based counting is negligible, as the
susceptibility is ultimately categorised in the scoring level. Thus, the DC-model-based
phenotyping can be applied to all apple varieties, enabling the evaluation of a wide range
of genetic resources.

5. Conclusions

Using image analyses, particularly deep learning techniques such as YOLO, we have
developed a model that can accurately detect and quantify individual disease spots on
apple leaves. By training our model with a diverse dataset that includes different apple
varieties and time points after inoculation, we ensured a robust detection of D. coronariae
across various leaves. This digital detection method eliminates the need for extensive
human labour and reduces analysis time from weeks to minutes, providing fast and
consistent results. Additionally, the model demonstrates high accuracy and reliability by
effectively recognizing subtle symptoms, such as distinguishing true acervuli spots from
similar features like brown gland spots. However, accuracy varies depending on the time
after inoculation. For optimal results, phenotyping of apple varieties should ideally be
performed around 9 days after inoculation, when symptoms are clearly defined and not
obscured by leaf browning.

Overall, our YOLO-model-based phenotyping approach represents an important tool
for rapid and reliable disease assessment, facilitating the evaluation of apple varieties
for resistance to D. coronariae. This approach opens up possibilities for a comprehensive
analysis of genetic resources and contributes to improved breeding research aimed at
developing resistant varieties.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy14051042/s1. Figure S1: A scatter plot of Spearman’s rank
correlation coefficient between the number of D. coronariae acervuli spots counted manually on leaves
(spots_hand) and counted using the model (spots_KI), calculated separately after 7 dai (A), 9 dai (B)
and 13 dai (C). As some leaves showed a strong browning of the leaves after 13 dai, which led to a
coverage of the individual acervuli spots, the Spearman correlation was calculated again separately
without these browned leaves for 13 dai (D). R: Spearman rank correlation coefficient, p: significance
level. Table S1: Number of counted acervuli spots in each single image of image_dataset_2022
counted by a human and by the YOLOv5s model.
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