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Abstract

This project explores Optical Coherence Tomography (OCT) as a potential new imaging
technique to detect early signs of infection in plants. OCT can be applied to deliver cross-
sectional and three-dimensional images of plant’s microstructures non-invasively, in vivo, and
in real-time. This puts forward a very exciting potential methodology for boosting our
understanding of plant’s response to stressors, plant health, and disease management. OCT
traditionally finds wide application in medical imaging, particularly in ophthalmology, to
image the retina with high resolution. This research project aims to adapt this technology to the
realm of botany. More specifically, the objective is to monitor the response of wheat plants
when infected by sepforia. In this aim, OCT provides detailed images of inner structures
without affecting the plant, which enables continuous monitoring without altering the growth
and development of the plant. Specifically, the study monitors the response of wheat plants
infected by Septoria. This project thus corresponds to a proof-of-concept which demonstrate

the detection of early signs of infection before any external signs are visible.

The principal strength of OCT lies in its ability to provide detailed internal images without
damaging the plant, allowing continuous monitoring of growth and disease progression. This
non-invasive capacity is crucial for pathogen detection, which in turn maximizes crop survival
and minimizes chemical treatment use. In my study, OCT was benchmarked against advanced
techniques such as confocal microscopy, epifluorescence microscopy, and scanning electron
microscopy (SEM), alongside manual analysis using FIJI and MATLAB, confirming its
reliability.

However, OCT also presents certain limitations. Compared with established imaging methods,
its penetration depth in dense plant tissues is limited, which can result in blurry images. In
addition, interpretation of OCT images requires specialized expertise and dedicated software
to extract meaningful data. In this study, collaboration with a software company enabled the
development of customized machine learning based segmentation software. This tool allows
rapid, automated OCT image analysis, producing immediate quantitative results and

significantly enhancing the efficiency of plant research.
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The OCT analyser software, based on machine learning (ML), applies masks to the inner
structure of leaves to enable gap thickness measurements and extract meaningful data.
However, the current version of the software was trained on only one variety (AxC169). To
improve its robustness, it will need to be trained on additional varieties. The gap thickness
measurements, whether performed manually or through automated approaches, are provided

in this study to ensure availability for other researchers.

Overall, the integration of OCT with ML is highly promising and has the potential to open new

opportunities for agricultural applications
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1.

Thesis outline

General Objectives

The goal is to use Optical Coherence Tomography (OCT) as a novel imaging tool to provide

cross-sectional and three-dimensional monitoring of plant microstructures in vivo, non-

invasively, and in real time for the detection of early pathogenic infections.

The project consists of:

1.

R o

10.

2.

Selecting adequate crop (i.e. wheat)

Growing the selected plant

Selecting the appropriate fungus (i.e. Septoria tritici)

Growing the selected fungus

Developing effective inoculation methods

Monitoring development of infection using epifluorescence, confocal and SEM microscopy
Monitoring progression of infection at various stages (Days 0-14 after inoculation) by
performing daily OCT scans using the Lumedica system.

Compare OCT data (control and infected leaves) with data obtained from epifluorescence,
confocal and SEM microscopy.

Perform manual segmentation analysis on OCT data for both control and infected plants at
each time point (Days 0-7 after inoculation) using FIJI image software.

Perform automated segmentation analysis on OCT data for both control and infected plants
at each time point (Days 0-7 after inoculation) using custom software developed

specifically for this project.

Chapter organization

This thesis is organized into the following chapters:

Chapters I provide a general introduction, including a review of relevant literature and the

fundamental concepts underlying this research. It includes the general concepts of OCT, a

comparison between OCT and alternative imaging techniques used for similar purposes, as

well as a description of the selected crop (wheat) and its stressor (septoria infection).

Chapter II discusses the methodologies employed throughout the thesis. This chapter included

a detailed introduction to OCT image calibration using FIJI System software, as well as an



overview of the Lumedica OCT system and the microscopy techniques utilized in the research.
It also includes the methodology of plant growth and the inoculation protocol of Septoria tritici

fungus.

Chapter III corresponds to a comparative study between OCT imaging and SEM at different
stages of wheat plant development, from germination to seed formation. This analysis

illustrates the strengths and limitations of OCT as an imaging tool in botany.

Chapter IV corresponds to a comparative study between OCT imaging and SEM at different
stages of wheat (variety AxC169) infections by Zymoseptoria tritici, causing Septoria tritici
blotch (STB). This analysis illustrates the strengths and limitations of OCT as an imaging tool
in monitoring the development of infection. This study serves as a proof of concept that

infection can be related to structural changes within the mesophyll.

Chapter V corresponds to a detailed analysis of OCT images taken daily, from day 0 to 7 after
inoculation (before any visible signs appear). The analysis is based on manual image
segmentation that focusses on the apparent gap thickness as marker of infection. This chapter
further explores the potential of automating such an analysis using a bespoke machine learning

software.



Chapter I: Introduction

1. OCT: concepts, popularity and advantages

Visualizing the microscopic structure of plants in vivo, non-invasively, and in real-time is the
holy grail of botany. Optical coherence tomography (OCT) has all the characteristics necessary
to achieve this feat. Indeed, OCT provides volumetric images of the internal structure of plants
without the need for histological preparation. With its micrometric resolution, OCT is
commonly used in medicine, and in ophthalmology primarily. But its use in the field of botany
is seldom. The aim of the present work is thus to review the latest technical development in the
field of OCT and to highlight its current use in botany, in order to promote the technique and

further advance research in the field of botany.

a) Coming of age

Optical coherence tomography (OCT) is, at its core, an interferometric imaging technique. One
of the first uses of low-coherence interferometry induced by backscattering within soft tissues
was by Fercher et al. in the 1980s [1]. In this pioneering work, Fercher et al. succeeded in
measuring the optical length of the human eye in vivo. After nearly a decade of technical
development, the first OCT setup was demonstrated in 1991 [2-5] by Fujimoto et al. In
comparison to Fercher’s single-point imaging, OCT provides cross-sectional and three-
dimensional imaging of soft tissues while remaining noninvasive [6]. Five years later, the first
commercial OCT instrument was launched [7] and was rapidly implemented for healthcare
applications. Today, in light of its imaging capabilities and practicality, OCT is routinely used
by ophthalmologists to examine patients [8]. However, using OCT imaging as a non-invasive
and real-time technique to investigate plants tissue remains rare. Its first use in the field of
botany was reported by Sapozhnikova et al. in 2004 [9]. In this work, the team described their
ability to directly visualize the dehydration and rehydration dynamics of Tradescantia pallida
(Rose) leaves. The penetration depth was about 1-2 mm and the spatial resolution was about
15 um [9]. OCT techniques have, since then, greatly improved in terms of scan rates, contrast,
sensitivity, and phase-stability [2, 10]. For example, from an initial~400 axial scans (A-scans)
per second [11], OCTs are now commonly running at hundreds of kHz [12], thus improving
spatial and time resolution. These improvements in acquisition speed and precision are paving

the way for real time functional imaging in all scientific fields.



Time-domain OCT (TD-OCT), which was the first type of system, was using a moving
reference mirror to capture images, but it was slow and had limited resolution. Fourier-domain
OCT (FD-OCT), which was later developed, instead uses Fourier transformation, thus
improving speed and image quality. The development of swept-source OCT (SS-OCT), in
particular, further enhanced imaging depth and speed by making use of novel tunable lasers.
All these advancements make OCT ready for agricultural applications, such as effective plant

health monitoring and food quality assessment [11, 13-15].

b) Concepts and characteristics of OCT

The common feature of OCT systems is their ability to generate non-invasive, high-resolution,
depth-resolved images of soft tissue solely by collecting backscattered light [16, 17]. This
backscattered light is then made to interfere with a reference light originating from the same
initial light source to produce an interferogram, be it a fixed wavelength laser, a swept-source
laser, or a superluminescent diode [18]. And since backscattering is the result of a variation in
refraction index between differing intrinsic structural components, analysis of the
interferogram allows the retrieval of this depth-resolved structural information.

In comparison to the narrow light sources and long coherence lengths typically used in
Michelson interferometry [19], OCT benefits from spectrally broadband light sources with low
temporal coherence and high spatial coherence, which improves the depth resolution of the
resulting images [14]. The sample arm of this low coherence interferometer is often extended
via an optic fiber for hand-held applications. This feature enables the OCT systems to be
adapted to target samples, which is advantageous for in vivo biological applications.

OCT can be performed either in the time or spectral domain. On the one hand, as introduced
earlier, TD-OCT produces tomographic images by oscillating a reference arm mirror of the
interferometer to create temporal interferences. On the other hand, Fourier-domain OCT (FD-
OCT) generates the spectral interferogram by mixing the broadband backscattered light from the
sample with the reference light without changes in the reference arm length [20]. Because the
core of FD-OCT is devoid of moving parts and because Fourier analysis of spectral interferogram
is fast, the technique has the advantage of being ~100 times faster than TD-OCT [21, 22] while
being more robust for in-field applications. The FD-OCT family includes both the Spectral
domain OCT (SD-OCT) as well as SS-OCT. While SD-OCT still uses a spectrometer with a
dispersive element and a relatively slower detector array, the SS-OCT benefits from an optical
source which rapidly sweeps a narrow linewidth over a broad range of wavelengths. In SS-OCT,

each wavelength is then detected sequentially during each sweep by a high-speed photodetector.



This technical feat allows SS-OCT to reach hundreds of kHz in image acquisition rates, thus
increasing in reliability when monitoring moving objects [23]. Note that when it comes to
scanning speed, typical TD- and SD-OCT still requires scanning of either the reference mirror or
of the excitation wavelength, respectively, to produce an entire b-scan. This scanning
requirement can be bypassed in “single-shot” OCT systems, which can acquire full b-scan at
every shot by using a broad light source and a diffracting element to record each wavelength
separately and simultaneously via photodetector arrays [24]. However, even if each b-scan is
taken virtually instantaneously, the processing of each scan might take up to 140 ms [25].

In terms of image quality, the axial resolution (Z-axis) typically depends on the bandwidth of
the OCT light source; the lateral resolution (X-Y plane) is usually given by the numerical
aperture of the microscope objective used, as depicted in Figure 1. Resolutions of both axis are
typically in the order of 1-10 pm in OCT systems [26, 27]. The sensitivity, on the other hand,
is related to a combination of factors, including laser power (typically in the uW range to avoid
damaging the tissues), scattering [28, 29] (which can be enhanced with contrast agents), and

scanning speed (of up to MHz for FD-OCTs).
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Figure 1: Principle of interferometry with beam propagation through optic fiber for hand-held applications. The

sample is scanned laterally (X-Y) through sets of galvanometers.

Overall, OCTs are technically simple, compact, robust, and adaptable to various environments,

which make them ideally suitable for biological applications.



¢) Popularity of OCT in botany
Owing to its many advantages, OCT has been extensively utilized in the medical field for

various health applications and, more specifically, in ophthalmology, cardiology, and
dermatology. The widespread adoption of OCT is illustrated by the ever-increasing number of
publications pertaining its use in the medical field, numbering in the tens of thousands every
year, as shown in Figure 2. In comparison, following the same metric, the use of OCT in botany
is about fifty times less prevalent. This wide disparity between the use of OCT in the medical
field and in botany is actually surprising given the comparable suitability and potential impact

this technique has on both fields.
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Figure 2: Annual number of OCT-related publications (blue) compared to the number of publications specific to
the field of OCT applied to botany (In medical field: using keyword search: "optical coherence tomography" OR
medical field. In botany: using keyword search: "optical coherence tomography" botany OR plant OR leaf OR
seed OR plant’s root).

d) Comparison with alternative techniques
To better appreciate the potentialities of OCT in plant biology research, it is useful to compare it

with common imaging techniques that are readily used in the field of study. And beyond the
various technical characteristics of each imaging tool, the following discussion also includes
practicality and ease of access, which is where OCT’s primary strengths reside.

1. High-resolution microscopy [54], and genetic testing, such as polymerase chain reaction
(PCR) [30]. These techniques are the most cumbersome given the necessity to process
the sample beforehand and the need to access large-scale facilities.

2. RGB Imaging [31], more practical and field-applicable techniques often suffer from
lower precision, can be useful for plant health studies but is generally insensitive to early-

stage infections [32].



The highest resolution technique available is X-ray tomography (XCT). This system
provides 3D rendering of the internal structures of plant tissue with nanometric resolution
[33, 34]. Samples can be as large as a whole plant (e.g., 40 cm tall), depending on the
size of the sample chamber, but it is not field-applicable [35]. Furthermore, high X-ray
dose causes ionization, which disrupts and damages the plant [36-38].

Hyperspectral imaging (HSI), which includes UV reflectance imaging [39, 40], serves as
a non-invasive and efficient tool for studying plants and whole crops. Although such
spectroscopic method is in theory diffraction limited, HSI resolution is typically low given
the sensor size and its distance from the object [41]. Although HSI typically has the lowest
spatial resolution [42], it is the most practical for field application, offering insights into
the health, physiology, and interactions of plants with their environment.

Raman microscopy is often used as a convenient and non-invasive way to monitor the
presence of specific molecules in tissues. Molecules are categorized by the vibrational
signature of their functional groups [43]. For this technique, no sample preparation is
needed; it is non-destructive and is highly sensitive, which makes it field applicable. The
past decade has seen the development of universal multiple angle Raman spectroscopy
(UMRAS) for monitoring functional groups of embedded molecules, thus paving the way
for 3D Raman imaging [44, 45]. But to characterize tissues solely based on the functional
groups of its constituting molecules is not at all trivial, in addition, difficult to obtain
replicate measurements due to weak Scattering [46].

Laser-induced fluorescence (LIF) is commonly used, like HSI, to remotely assess whole
leaves, plants, and even crops [47]. It allows for real-time imaging and is non-invasive
[48]. LIF typically gives information about the presence of chlorophyll via its induced
fluorescence [48]. Consequently, LIF is restricted to monitoring chlorophyll and other
highly fluorescent molecules within tissues, without revealing direct information about
the tissue’s internal structure.

Magnetic resonance imaging (MRI) is another non-invasive [49], non-destructive
imaging technique, which also provides three-dimensional images. It also allows for
whole plant investigation [50]. However, MRI has a typical axial resolution of 1.5-2.0
mm [18, 51] and is not field-applicable.

Ultrasound imaging is another 3D imaging technique which uses sound instead of
radiation. It can be used to investigate plant tissue and water movement within it [52].
Ultrasound imaging benefits from a significantly higher penetration depth compared to

OCT, typically up to several centimeters depending on the frequency used. However, it
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has lower axial and lateral resolution compared to OCT [53], often around 10 to 100
times lower, ranging from about 50 um to 500 um [54] while OCT’s axial resolutions
typically range from 1 to 15 pm [52-54]. Ultrasounds have been shown to directly affect
plants, albeit in a positive way by promoting seed germination, improving nutrient

uptake, and increasing useful chemical production. [55].

Hence, in light of the conventionally used imaging techniques, it is understood that OCT
represents a powerful compromise between resolution and practicality, bringing 3D imaging

into the field for real-time analysis.

2. OCT variants
The suitability and potential impact of OCT in the field of botany can be further appreciated

by exploring the different types of OCT systems that have already been employed in botany.
Benefiting from its technical simplicity (compared to alternative imaging systems) OCT is

highly suitable for a range of multimodal imaging techniques:

a) Polarization-sensitive OCT
Polarization-sensitive OCT (PS-OCT) benefits from the ability of fibrous structures in altering

the polarization of light. Because different tissues alter the polarization of light differently, this
system provides an added layer of contrast, that of polarization, on top of the typical grey-scale
OCT images. For example, it allows differentiation between distinct cellular layers that would
otherwise appear as the same grey-shade [56]. More specifically, it measures birefringence,
which reflects tissue organization by assessing how light slows differently along specific axes,
with the fast axis orientation indicating the preferred direction of light propagation within the
tissue, and the degree of polarization uniformity (DOPU) helping identify regions with uniform
or disrupted polarization properties.

PS-OCT can be further extended by applying the Mueller matrix method to capture
diattenuation, which describes how tissue differentially absorbs or transmits polarized light.

This provides additional contrast for distinguishing subtle tissue characteristics [57].

b) Full-field OCT
Full-field OCT (FF-OCT) is a technique that differs from time-domain and frequency-domain

OCT by producing tomographic images without scanning a light beam using galvanometer
scanners [58, 59], similar to the “single-shot” OCT system discussed earlier [24, 25]. Instead,

the entire sample is illuminated with a light of extremely short coherence. The tomographic



images are thus obtained in the en-face orientation (orthogonal to the optical axis) by a Linnik-
type interferometer. Accordingly, full-field OCT is also called en-face OCT or, more
commonly, full-field optical coherence microscopy (OCM). The transverse resolution of full-
field OCT is similar to that of conventional microscopy (~1 um) but has the advantage of being
non-invasive and not requiring any histological treatments. The axial resolution, determined

by the spectral properties of the illumination source, is also of the order of 1 um [60].

c) Spectroscopic OCT
Spectroscopic OCT (S-OCT) differs from standard OCT by further analyzing the spectrum of

the backscattered light [61, 62]. Analogous to the PS-OCT, S-OCT provides additional
contrasts which consist of the spectral blue- or red-shift of the backscattered light’s maximum
amplitude. Accordingly, by monitoring the spectrum of the scattered light, structures that
selectively absorb part of the incident light can thus be distinguished.

d) Biospeckle OCT
Biospeckle imaging consists of analyzing the backscattered light from a coherently illuminated

object. Typically, for static objects, the backscattered rays interfere with themselves and create
a speckle pattern that is unique to the object’s surface and internal structure (depending on the
penetration depth of the light used). If the objects are biological samples, the flow of their
constituent parts (e.g. flow of red blood cells through veins [63]) will generate a continuously
evolving speckle pattern called biospeckle. Biospeckle OCT (bOCT) is also known as
“dynamic OCT” [64], as well as “OCT angiography” or “optical coherence angiography” [65].
Monitoring biospeckles over time helps assess the level of physiological activity of the sample.
Thus, in comparison to OCT, bOCT provides an additional contrast which consists of the

physiological activity of the sample.

e) Dynamic OCT
A recent study demonstrates that dynamic OCT (dOCT) is a powerful imaging technique

capable of high-contrast, label-free, real-time 3D visualization of plant pathogens, such as
fungal hyphae, within living tissues [66]. However, its application in real field is currently
limited due to the complexity of data interpretation in plant research. dOCT requires advanced
software for image processing and segmentation to extract meaningful insights into the
dynamic processes occurring within plant cells and tissues. While dOCT offers improved

contrast and the ability to monitor cellular dynamics, traditional OCT remains advantageous in



certain scenarios due to its simplicity, faster data acquisition, and ease of interpretation making

it suitable for rapid, large-scale assessments [64, 66].

f) Inverse Spectroscopic OCT
In this variant of OCT, the signals are further analyzed to extract depth-dependent absorption

and scattering parameters [67]. Indeed, attenuation in OCT describes the weakening of the light
signal as it passes through tissue, caused by both absorption and scattering. The more
attenuation there is, the weaker the OCT signal becomes, which can affect the clarity and
quality of the resulting images [68]. Thus, by monitoring the changes in scattering intensities,
it then becomes possible to infer about the concentration and size of the scattering particles at
various depths.

While many more types of OCT are currently employed in healthcare, the few that have been
selected here are among those that have been demonstrated in botany in only the last decades,

showing that the field is fast developing.

3. Use of OCT in botany
As already alluded to, the use of OCT in ophthalmology has grown to the point where it is now

an indispensable tool in the field. But OCT’s abilities to investigate in real-time soft tissues
without histological preparations, and without incurring radiation damages, are equally suited
for botany. Plants, like skin and retinae, are comprised of soft tissues that can be subject to the

exact same type of investigations, as demonstrated subsequently.

a) OCT for non-invasive investigation of crops
Because OCT uses scattered light to probe the internal structure of tissues, the depth and overall

quality of the images depend on the type of tissues investigated. For example, while OCT can
image the whole cross section of a soft Arabidopsis leaf [69-71], the same equipment is barely
able to image the first cell layer of a sturdy tomato leaf due to insufficient light penetration
[72]. Indeed, the denser the sample, the greater the absorption and the less scattered light is
collected from the sample’s internal structures. This phenomena is illustrated in J.C. Clements’
work on thick lupin seeds [73]. In this study, although OCT was used to distinguish between
different species by looking at differences in hull thicknesses, as shown in Figure 3, the
penetration depth was limited to ~200 pum with no discernable structural element within

specific layers.
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Figure 3: OCT images show the layers of lupin seed (1) is the first palisade layer. (2) is the second palisade layer.
The scale bar is 50 um. Figures were adapted from [73].

On the other hand, water-rich samples, such as onions [74], kiwi, and orange fruits, [71] allow
the visualization of individual vacuoles up to 1 mm under the surface, as depicted in Figure 4.
It is, however, important to note that penetration depth within tissues is wavelength dependent.

But overall, near-IR is ideally suited for plant investigations [75].

Parenchyma cell vacuoles

Figure 4: An OCT image of the kiwifruit parenchyma cell vacuoles. Figure adapted from [71]. Scale bars are 1
mm.

In another example, OCM has been used to investigate the wax layer of apple [76] and the soft
Arabidopsis plant [77]. Along with the vacuoles, OCT was successful in visualizing other
subcellular structures such as the trichomes’ nuclei and organelles. OCT was similarly
successful in distinguishing distinct stages in the senescence of leaves by monitoring texture
changes at differing yellowing stages [78].

Although dense samples typically yield limited imaging depth, complementary image
processing can help circumvent the limited resolution and extract additional information such
as particle size and concentrations. For example, ISOCT has been used to estimate depth-
resolved concentrations of chlorophylls in corals [79].

Overall, by providing details of internal structures, OCT has been demonstrated to be a fast and

reliable tool to investigate and differentiate between crop types.
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b) OCT to study plant’s responses to biotic stresses

Although OCT’s typical micrometric resolution does not allow for direct visualization of fungi,
it can still be used to differentiate between infected and non-infected crops whenever the
infection alters the plant’s overall internal structure. For example, OCT has been used to study
the morphological changes in response to Anthracnose [80], a fungal disease that typically
causes dark lesions on leaves [81]. It has been used to follow the development of a progressive
rind breakdown disorder in ‘Nules clementine’ mandarin [69-71] via the progressive collapse
of oil glands. Similarly, OCT has been used to detect pathological infections such as
Venturianashicola, which causes pear scab disease [82-84]. It has also been used to investigate
the gray leaf spot disease in Capsicum annuum leaves [85], to diagnose marssonina blotch
disease in apple leave [86], to detect melon seeds infected with the Cucumber green mottle
mosaic virus [87, 88], to investigate fungal (Botrytis allii) and bacterial (Pseudomonas sp.)
infection in onions [86, 89], to detect Anthracnose fungus-infected tomato seeds [90], to
investigate virus-infected orchid plant leaves [91, 92], and to detect defects and rot in onions
[84, 89]. Considering these various applications, OCT has demonstrated to be an ideal
diagnostic tool for the quality control of crops, allowing for early treatment and reducing waste.
While OCT does not directly identify the exact pathogen, it can detect structural changes in

tissues caused by infection, including tissue degradation, swelling, or abnormal patterns.

¢) OCT to study plant’s responses to abiotic stress

Beyond the visualization of plants’ morphological changes induced by infections, OCT can
effectively monitor the effects of environmental changes, as these abiotic stresses can alter cell
structure, tissue thickness, and water content. For example, OCT was used to study the effect
of drought and rehydration on leaf morphology [93], as well as to study the effect of ozone
stress on Chinese chives (Allium tuberosum) leaves [94]. Similarly, the advantages of OCT
over more advanced techniques, such as confocal microscopy and micro-CT, were further
demonstrated while monitoring the effects of preharvest fertilization treatments and of fruit
storage on fruits such as apples [95] and kiwi [96].

These last examples illustrate that OCT is also suited to studying the effects of environmental

factors incurred through urbanization and industrialization.
d) OCT for investigation of live responses

Since OCT measurements are non-invasive, successive measurements can be performed at the

same location without altering the plant’s metabolism and physiological functions. This
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characteristic enables the investigation of time-resolved dynamics of structural changes within
a specific section of the plant. And given the fast acquisition speed of OCT, the time lapse
between measurements can be easily adjusted to the process under investigation.

In this manner, the internal changes induced by the rotting of apples could be followed over
the course of 25 days [84]. The spread of rot was evidenced by a gradual increase of the infected
region in a lateral direction and a gradual disappearance of the cuticle, wax, epidermis, and
hypodermal layers. In another instance, OCT was successfully used to monitor the emergence
of roots from switchgrass seeds over a lap of 21 h [97, 98]. Similarly, the effect of ozone on
the internal cell structure of Chinese chives leaves was investigated via bOCT [99, 100]. The
technique was effective in distinguishing changes only a few hours after ozone exposure.

In faster timescales, OCT was also used to monitor modifications in the distribution and
structure of chloroplasts in tobacco, only minutes after inoculation of the bacterial elicitor
harpin protein [101].

Finally, through continuous monitoring, OCT was used to investigate signaling mechanisms in
real time. It was then possible to follow the propagation of slow wave potential, induced by

laser burn, across a young tomato plant [102] .

T2 3 Translations  Changes

Integral RMS in shape
Integral (sign dependent)

Change, a.u.

Time, min

Figure 5: Time-resolved integrated A-scans difference image of a tomato leaf after laser burn. The red curve
represents the integral accounting for changes in sign (normalized), while the black curve indicates the magnitude
of the squared root of the integral (normalized and adjusted vertically for clarity). Each integral corresponds to
specific cellular changes depicted to the right. The feature observed between 0 and 0.5 min is partially attributed
to light scattering caused by a 30 s wounding laser pulse (zone 1). The shaded purple area (zone 2, black arrows)
denotes the anticipated changes in the shape of the adjacent leaf. The shaded green area (zone 3) denotes the
translational relaxation of the leaf. Adapted from [102].

4. The prospects of OCT in botany
Although the vast majority of research involving OCT still pertains to the medical field, this

brief review demonstrates the suitability of OCT in botany as well. In comparison to current

imaging tools, OCT suffers from a resolution which seems limited to ~1 um, regardless of the
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equipment type. The technique, however, hugely benefits from its simplicity, real-time
acquisition, and non-invasiveness. OCT is thus prone to develop in research fields that require
site-specific, systematic and/or real-time monitoring. As such, OCT is ideal for systematic
screening of fruits and vegetables for quality control purposes. It is also ideally suited for real-
time monitoring of responses to biotic and abiotic stresses. It is noted that across the board, the
quality of OCT images is often speckled, which is a common issue in coherence-based imaging
techniques [103]. Fortunately, with the advent of machine learning algorithms, while speckle
noise can be treated directly [104], further qualitative information can be more efficiently and
effectively extracted by automated image processing such as registration and segmentation
[105]. Given the simplicity and robustness of the equipment, it is a matter of time until OCT is
applied for field experiments and finds its place in a farmer’s toolbox for direct crop screening.
Hand-held OCT are currently being developed [97, 98, 106]. The impact of a portable OCT is
huge and is attracting attention, as illustrated by the funding of projects aimed at its
development. However, adoption by farmers will depend on cost, ease of use, and proven
benefits. Devices must also be durable and fit seamlessly into existing farm practices [107],

even if the vast majority of these projects are still dedicated to clinical purposes.

5. Wheat and STB
This chapter provides an overview of the biological and agricultural context relevant to

research on Septoria tritici blotch (STB) in wheat. It is divided into two main parts. The first
part introduces the wheat crop, including its global significance, growth stages (with a focus
on the Zadoks system), leaf structure, and the specific wheat varieties used in the experiments.
The second part focuses on STB, detailing its impact on wheat, life cycle, genetic variability,
and morphological characteristics. Additionally, different plant pathology visualization
techniques are compared, with particular emphasis on OCT. The chapter concludes with a

summary of the key points that establish the context for the following chapters.

1. Wheat

a) Global impact
Wheat is cultivated in about 122 countries, with China, India, and the USA being major

producers [108-110]. In the UK, wheat constitutes 58% of crops grown and yields
approximately 15 million tons annually [111-113]. Its rich nutritional content makes it a key
source of protein, carbohydrates, and fibers, forming the basis of foods like bread, pastries, and

pasta [109, 114-117]. Wheat is, however, vulnerable to various diseases amongst which the
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most potent are the wheat blast, Fusarium Head Blight, Zymoseptoria tritici, rusts, powdery
mildew, and various root diseases [118-121]. The latter especially is a devastating fungus which
can cause up to 40% yield loss in wheat crops [122]. Septoria is thus a major concern for
agriculture in the UK and Europe. Furthermore, this fungus propagates rapidly under favorable
humid conditions, which is specifically relevant to the UK and continental Europe. Global
efforts to help farmers anticipate Sepforia outbreaks are being actively developed. These
measures focus on both prophylactic and curative strategies. For example, Agriculture and
Horticulture Development Board (AHDB) [123] and UK Crop Science [124], which conducts
thorough research on Septoria, already provides with clear guidelines on how to prevent and
how to treat Sepforia outbreak. Such outbreaks is commonly controlled using fungicides[121].
However, the key to successful fungicide treatment is the timeliness of the treatment. Delaying
the treatments until external symptoms are visible can significantly decrease their efficacy
[125]. Yield recovery may be limited to 10-30% compared to preventative treatment, which
can save up to 70-90% of potential yield [126-128]. With respect to preventive treatments, it
has been shown that triazole-based products, for example, are sustainable and effective when
applied before infection. But the overuse of such prophylactic strategies nevertheless results in
a decline in treatments efficacy from 90% to 60% [127]. It thus becomes crucial to detect and

treat the infection as early as possible so as to limit the overuse of fungicides [129].

b) Classification of wheat developmental stages
Following the Agriculture and Horticulture Development Board (AHDB) wheat growth guide

and the Wheat Training website [130], there are four types of staging systems:

e Zadoks: Provides detailed, two-digit coding for growth stages (e.g., GS00—-GS99).
e Haun: Focuses on leaf production.

o Feekes-Large: Identifies main stages but lacks detailed subdivisions.

e Waddington: Covers spike development in barley and wheat, especially before the opening

of a flower.

Understanding these stages, as summarized in Table 1, is crucial for effective timing of
treatments like fertilizer, pesticides, and irrigation. The GS (Growth Stage) numbers refer to
stages within the Zadoks Growth Scale, a system used to describe the development of cereal

crops like wheat. This scale provides a two-digit code to specify each growth stage, The first
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digit (0-9) represents the main growth stage (e.g., germination, tillering, heading). The second
digit provides subdivisions of that stage, offering a more precise indication of the plant's
progress within each main stage. For example: GS00: Dry seed (start of germination stage),
GS99: harvestable stage. This coding system helps researchers and agronomists identify exact

stages for optimal crop management activities.

Table 1: Summary with key notes about the main wheat growth stages and staging systems
according to Zadoks system.

Growth Stage Description Key Points

GS00-GS19 Germination and Seedling | Emergence date is when 50% of
Growth starts with the dry | seedlings appear. Sowing depth and
kernel's germination (kernel is | seed viability impact successful
individual grain or seed) and | emergence.
proceeds to leaf formation

GS20-GS29 Lateral shoots (tillers) grow | Tillers affect yield potential; ear

from the plant base

development and stem elongation
also begin here.

Stem Elongation (GS30—

Final spikelet formation, stem

Terminal Spikelet: labour-intensive

GS39) elongates, flag leaf emerges, | to identify.

Booting and the ear is pushed through | Heading Date: measured when 50%
(GS40-GS49) the flag leaf sheath of spikes emerge from the sheath.
Heading

(GS50-GS59)

Flowering (GS60—GS69) | Anthers release pollen; a | Highly sensitive to temperature;

gradient in flowering across the
spike is common

flowering time varies along the
spike.

Milk and Dough
Development  (GS70-
GS89)

Early kernel formation (milk
stage), followed by rapid kernel
size and dry weight increase
(dough stage)

Hard dough stage is physiological
maturity; kernels reach 30%
moisture.

Ripening (GS90-GS99)

Kernel moisture decreases to
13—-14%, suitable for harvest

Marks the final growth stage for
harvest readiness.

Generation Times in

Greenhouse

Varies by wheat type: winter
wheat takes 6-8 months, spring
varieties need 3—4 months

Vernalization required for winter
wheat; "speed breeding" can
accelerate growth using extended
daylight.

The elongation phase in wheat plants, also known as stem elongation GS 31 in the Zadoks
system, is a specific growth stage in cereal crops, particularly wheat. During this phase, the
plant begins to grow taller as the stem elongates [131]. It is a critical stage because the crop is
susceptible to diseases such as STB [132]. It is important to note that monocots are sometimes
referred to as seed leaves, as they are part of the seed or embryo of the plant. However, the
subsequent leaves, known as true leaves, begin developing later and play a role in

photosynthesis [133].
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There are various strategies to inoculate plants with fungus, such as smearing it on leaves or
spraying. Since Septoria spreads through the air [124], spraying is a suitable inoculation

method. In this case, the second newest leaves were selected for the inoculation.

c) General structure of a plant leaf

In summary, plant leaves contain two layers which known as photosynthetic tissue: the palisade
and spongy mesophyll. While the palisade mesophyll comprises of tightly packed columnar

cells, the structure of the spongy mesophyll remains less defined and is frequently regarded as

a random assembly of irregularly shaped cells [134].

Figure 6: The figure shows the structure (cross-section) of wheat leaf. Figure adapted from [135]

The development of wheat plant trichomes, small hair-like structures on the plant surface,
begins in the early stages of the plant's life cycle but not during the embryonic stage. Trichome
formation occurs later as the plant matures and responds to environmental factors such as light,
temperature, and stress. Increased light exposure, for example, can lead to greater trichome size
and density, as trichomes help shield the plant from harmful UV radiation [136-140]. Moreover,
trichome characteristics can act as stress indicators, with their size and density reflecting
environmental conditions [141]. However, excessive stress may negatively impact plant leaf

health.

d) Wheat varieties
There are different wheat types, e.g., AABBDD bread wheat and AABB durum wheat. Within

these types, varieties such as Avalon (A) and Cadenza (C) differ in susceptibility to Septoria
tritici, with Avalon being relatively more susceptible and Cadenza carrying resistance traits.
Researchers aim to improve wheat resistance to Septoria by crossing Avalon (susceptible) with
Cadenza (resistant) to create the Avalon x Cadenza (AxC) mapping population [142]. Hundreds
of varieties are cultivated in the UK, including AxC22, AxC53, AxC169, and AxC157 [143,
144]
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2. Septoria tritici blotch STB

a) Impact and classification of STB
Septoria tritici blotch STB is a disease caused by fungus and one of the most devastating foliar

diseases of wheat in the European Union [145] and causes major damage to UK winter and

spring wheat [122].

The pathogen was first described as the causal agent of Septoria tritici blotch (STB) in 1842
by Desmazieres [146] and later classified as Mycosphaerella graminicola (Fuckel) J. Schrot. It
was first recorded in New Zealand in 1927 by Cunningham [147]. Initially considered less
important, its significance increased in 1948 when a rise in the spread of lesions on both upper
and lower leaf surfaces was observed. These lesions appeared as areas covered with golden-
brown to black spots on wheat crops. Since 1953, the disease has been widespread each year,
particularly during periods of cool, wet weather. It has since become common globally and is

of considerable economic importance in many countries [147].

Wheat is deeply affected by abiotic stress such as the ones induced by climate change [148,
149] and affected by biotic stress such as fungus [150]. It is typically the most common disease
affecting wheat [118, 151]. This study will focus on the biotic stressor Septoria.

The germination of Septoria occurs in two steps:
o Asexual Reproduction or formation of spores

STB is characterized by the production of conidia-fungal spores at the tip of hyphae, within
pycnidia-fruiting bodies, due to asexual sporulation, that is, the process or formation of spores

[152].
o Sexual Reproduction

These fruiting bodies or asci are dark brown and about 68-114 pum in diameter. The asci
containing ascospores are approximately 11-14 x 30-40 um and develop within lesions [146].
The fungus has a mating system for producing fruiting bodies that would develop beneath the
host's epidermis. Spore germination typically occurs within 12 hours of contacting a leaf when
humidity levels are high [146]. Both sexual (ascospores) and asexual (conidia) spores can
germinate on the leaf surface, independent of the wheat plant’s resistance or susceptibility. The

symptoms show up, more commonly in leaves, within two to three weeks of infection in the
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form of yellow spots that turn brown [153, 154]. This can, in subsequent time, lead to necrosis

of leaves and of the whole plant, which causes a huge loss in yield annually [151, 155].

b) Septoria tritici life cycle

Entry of ascospores " g
Y P Primary infection: Lesions on wheat develop pycnidia

into the leaves
via stomata '\ /"\‘

Secondary spread of pycnidiospores
up plants by contact and
rain dispersal

Primary infection
of plants is by

airborne
ascospores.
Pycnidium

{ A Pseudothecia and
pycnidia develop within lesions
\_-/‘ Pathogen overwinters as mycelium,

pycnidia and pseudothecia on crop
debris, autumn sown crops and volunteer
hosts.

Figure 7: Disease cycle of Sepforia in wheat. This figure adapted from [156].

Septoria tritici is classified as Ascomycota or as septate fungi. Septate means that the hyphae

are divided into cells and all septa has little spores [157].

According to [158], the Septoria fungus cell structure consists of 1. Hyphae, which branch out
in all directions to secrete enzymes to break down organic matter and then absorb small
molecules formed. 2. Septum: or a wall between individual cells. It is very vital in the
compartmentalization of the cells and thus facilitates damage control and selective transport of
organelles and nutrients from one cell to another without interfering with the integrity of the
cells. Each Septoria spore typically has 3-7 indistinct septa and Septoria size measures
approximately 2.6 x 62.5 um. All septa can be carried by the wind, moving from one plant to
another, from one crop to the next. The initial symptoms which are characterized by necrotic
spots of STB on the leaves can be seen after seedlings or the young leaves of wheat were

infected. 3. Vacuole: that plays an important role in storing nutrients and waste products.

The life cycle of Septoria was discussed by [156, 159], the damp and moist conditions of the
UK provide an ideal breeding ground for STB. In such conditions, STB spores germinate and

form a germ tube (~2 um in diameter [160]) which penetrates the interior leaf through stomata.
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Following detection of pathogen, the plant's immune response and cell death mechanisms
developed, enabling the hyphae to grow within the plant tissue [161]. Spore germination occurs

after at least 20 hours of high relative humidity (Figure 8).

Dloplet

Figure 8: The diagram shows the extent of Septoria within the mesophyll. Captured image from [Septoria Life
Cycle], YouTube channel [162].

After 24-48 hours of pathogen attachment, the fungus grows in the spaces between the
mesophyll cells. During this time, the disease is not visible to the naked eye, and the young
plant still looks green and healthy. Macroscopic disease symptoms generally do not appear
until 7-12 days after the pathogen inoculation. Within the leaf, the fungal mycelium is
developing (i.e. the vegetative part of a fungus that consists of branching called thread-like

hyphae).

After 2-8 days of contact, the hyphae extend within the mesophyll tissue and acquire nutrients
from the plant apoplast. During this biotrophic phase, the infection is typically symptomless,
as the host cells remain largely intact. The mesophyll cells begin to die rapidly, and visible
symptoms (yellow lesions) usually appear around 11-18 days after infection. The next phase
of the infection cycle is referred to as “necrotrophic”, in which extensive cell death and tissue

necrosis occur, contrasting with the earlier symptomless biotrophic stage.

14-28 days after inoculation, we monitor the formation of pycnidia with conidia in substomatal
cavities of senescent tissue. As they remove water, the spores swell. In dry weather conditions,
the surrounding tissues shrink at a faster rate than the developing spores, which forces them to
move from pycnidia onto the surface of decaying leaves. The impact of further rainfall causes
the spores to break up and spread. The spores are thus carried in the rain and splashed onto

other leaves in the surrounding crops, and the cycle begins again.
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As described, the first symptoms of infection are typically noticed when the plant is already in
chlorotic stage, the yellow spots on the leaf tissue, due to the pathogen's effect on the plant's
ability to produce chlorophyll, which is needed for photosynthesis [163]. This stage is very
critical for the early diagnosis and effective management of STB. STB identification through
chlorosis and its management will avoid or minimize huge damage to wheat crops from the

attacking disease.

The necrotic stage (i.e. dying) occurs when the following generation of spores started
spreading. Ideally, we need a technique that allows detection of the infection before the plant
has reached this critical stage. It is possible to visualize the first steps of infection using
conventional light, fluorescent and confocal microscopies, but none of these are suitable as
they are destructive. The goal is thus to evaluate if OCT, which is adaptable for field

measurement, can also be used for early detection of infection.

c) Resistance gene (R gene) in wheat plants
Most wheat varieties have only partial resistance to STB, which means they can still be infected

but the disease develops more slowly [113, 164]. Some cultivars, like Cadenza, carry the Stb6
gene, which provides strong resistance against certain isolates of Zymoseptoria tritici, such as
[PO323 [165]. Studies have shown that many European cultivated varieties remain partially
susceptible to STB [166]. This allows for fast evolution and adaptation of the pathogen to new
environmental and agricultural conditions, such as use of fungicides [167]. Therefore, within a
short period, the pathogen would develop resistance to commonly used fungicides and develop

high resistance to partial resistance that some wheat cultivars may possess.

d) Genetic drift in Septoria tritici
Many studies [168-170] have shown that Z. tritici expresses a high level of genetic variability.

This variability has been partly attributed to genetic drift and frequent chromosomal
rearrangements [171]. Genetic drift is defined as the random change in the frequency of alleles
in a population over generations [172]. It thus occurs in small populations or when the effective
population size has become small through sub-culturing. Further, chromosomal alterations like
chromosomal translocations, duplication and deletions increase genetic diversity, hence fitness

of the pathogen [173, 174].

In the laboratory, genetic drift could result in the loss of pathogenic traits. Genetic drift is one

of the mechanisms of evolution involving random changes in the frequency of alleles in a
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population [142]. These alleles would be lost by pure chance in successive generations if there
was no selective pressure (cultured on artificial media) to retain pathogenicity factors, and
storing inoculum in anoxic conditions [175]. too much subculturing generally results in loss of

pathogenicity.

Therefore, every experiment must be initiated from fresh frozen stock derived from a bank of
frozen isolates to the extent possible [176], in order to maintain the genetic integrity of the
strain for its full pathogenic potential. This minimizes the effects resulting from genetic drift

and chromosomal changes that may have occurred from repeated subculturing.

e) Morphology and Microscopic Review of Septoria tritici

Many literatures reviews [123, 177, 178] illustrated the appearance of Septoria in liquid culture
media (Figure 9, A), and the Sepforia pathogens symptoms in the wheat plant in the later stage
of infection (Figure 9, B). Additionally, Microscopic images (Figure 10) illustrate the

appearance of Septoria fungus within infected leaves.

Figure 9: Shows (A) the appearance of Septoria in culture media. Figure adapted from [146]. (B) symptoms and
signs of wheat leaves infected with Sepforia tritici in early season infection. Figure adapted from [124].
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Figure 10: Confocal image stacks of infection process of Septoria tritici at different stages in wheat plants. The
plants’ epidermis (grey) and chloroplasts (red) are detected by their auto-fluorescence. The green fluorescence is
an effect of cytoplasmic eGFP expression in the cells of the fungus. Scale bars: 20 um. Figure adapted from [179].
(A) Stage 1, "Surface Resting": Spores settle on the surface of leaves. (B) Stage 2, "Surface Exploration": Spores
form an infectious hypha to infect leaves through stomata. (C) Stage 3, "Stoma Penetration": Penetration of the
host by the hyphae through the stomata apertures. (D) Stage 4, "Mesophyll Colonization": Colonization of
mesophyll by fungus, but with no visible symptoms of infection. (E) Stage 5, "Fruiting Body Initiation": The
hyphae grow and fills the inner space. This is a necrotrophic phase, where signs of infection on the leaf can be
seen. (F) Stage 6, "Fruiting Body Maturation": The substomatal cavity fills with filaments, fruiting body, and
pycnidium, to initiate spore production.

After colonizing the whole leaf, STB grows into fruiting bodies (pycnidia), through an asexual
sporulation, to give fungal spores at the tip of hyphae (conidia) [152]. The symptoms, e.g.
yellow spots that turn brown, usually appear on the leaves within two to three weeks only after
infection [153, 154]. It is the subsequent necrosis of the leaves and of the plant that causes

significant yield loss every year [155].

It is important to note that the defined stages coexist [179]. Since a single hyphae penetration
(stage 3) suffice to initiate colonisation of the mesophyll (stage 4), it is expected that surface
exploration (stage 2) of the majority of the hyphae, that have not yet “found” stomata to enter,

progresses concomitantly with the first colonisation event.
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The table below (Table 2) presents examples of methods with specified areas of application,

outlining their advantages and disadvantages, and compares these techniques with the OCT

imaging system in the field of plant research.

Table 2: Comparison of visualization methods for plant pathology with OCT.

Method Sample Live 3D Specificity/ Advantages Disadvantages
Preparation | Imaging Sensitivity
Optical Minimal Yes Yes Moderate In vivo imaging, | Cost: Moderate to high.
Coherence and non- Limited contrast in some
Tomography invasive samples [180].
(OCT) technique [23].
Traditional Extensive No No Moderate Simple and low- | -Potential sample
Clearing and cost [181] distortion due to
Staining hazardous chemicals and
reagents.
-Lack of specificity in
staining.
Antibodies Extensive Yes Yes High High specificity | -Cost: High.
with Confocal and sensitivity -Photobleaching [183].
Microscopy [182]
Cell Septoria Moderate Yes Yes High Detailed fungal | Cost: High
with Confocal morphology Confocal microscopy
Microscopy [184]. often requires staining
and clearing procedures,
in addition to slow
scanning process.
Freeze Very No Maybe High Ultrastructural Cost: High
Fracture with Extensive details [185]. The process of freeze
SEM fracturing and SEM
imaging requires skilled
expertise.
Light Sheet Moderate Yes Yes Moderate Rapid -Cost: Moderate.
Microscopy volumetric -The process of using
imaging [186]. light from both sides is
tricky because the lights
never fully match, and
the image quality is not
as good as when using
light from just one side
[187].
Genetic Extensive Yes Yes High Increased crop -Cost: very high
Modification (GM yields. -Cancer, allergy, and
(GM) with Development) Resistance to toxic for insects [191].
Confocal pathogens [188- | -Confocal has slow
Microscopy 190]. scanning process.

Table 2 compares several visualization techniques used in plant pathology research,

highlighting their specific applications, strengths, and limitations. OCT stands out for its ability

to provide high-resolution, cross-sectional images of plant tissues in a non-invasive and label-

free manner. Unlike traditional clearing and staining methods, OCT does not require sample

destruction or time-consuming preparation. While confocal microscopy techniques (with or
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without antibodies or genetic modification) offer excellent cellular and subcellular resolution,
they typically require fluorescent labeling. Freeze fracture with scanning electron microscopy
(SEM) delivers ultrastructural detail but involves complex and destructive sample processing.
Light sheet microscopy provides fast imaging of large volumes but may still involve clearing
and labeling steps. In contrast, OCT enables real-time imaging of intact tissues, making it
especially advantageous for longitudinal studies. However, OCT’s limitations include
relatively lower resolution at the cellular level compared to confocal or electron microscopy.
Despite these constraints, its speed, minimal invasiveness, and ability to monitor dynamic

changes make OCT a powerful complementary tool in plant pathology research.

3. Conclusion
Wheat is one of the most vital staple crops worldwide, serving as an essential source of nutrition

for billions of people and playing a critical role in global food security. However, its
productivity is increasingly threatened by fungal diseases such as Septoria tritici blotch, which
can cause substantial yield losses. As the global population continues to rise and climate change
accelerates the spread and severity of plant diseases, the development of effective and
sustainable methods for early detection and management of Septoria outbreaks becomes

increasingly important.

To address this challenge, OCT is proposed as a novel imaging tool for non-invasive, in vivo,
real-time monitoring of plant microstructures. This technique enables cross-sectional and three-
dimensional visualization of internal plant tissues, with the potential to detect fungal spores
before visible symptoms appear. By gaining insights into the early stages of infection, OCT
may provide a valuable means of monitoring disease progression. Following proof-of-concept
validation, the aim is to evaluate the technique's feasibility for field application, contributing

to more effective disease management and enhanced crop sustainability.
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Chapter II: Material and methods

This section provides with technical characteristics of the various visualization methods

employed in this study, as well as the methods of sample preparation.

1. Optical Coherence Tomography (OCT)
This section will discuss the use of OCT in plant research, with a specific focus on its

application for the early detection of plant infections. The Lumedica OQ LabScope OCT

imaging system (version 2.0) is utilized in this research and will be described in detail.

As mentioned, OCT is based on the principle of low-coherence interferometry, which utilizes
light with a short coherence length to generate high-resolution cross-sectional images.
Broadband light sources, such as superluminescent diodes (SLDs), are commonly used to
achieve the low coherence length necessary for high axial resolution [192]. OCT systems often

use near-infrared (NIR) light, typically within a wavelength range of 850—1050 nm [23].

OCT systems are used to generate either A-scan or B-scan. For A-scans, is single dimension.

B-scans is two dimension and correspond to a XY-2D cross section of the sample, and all OCT

systems can generate C-scan which it corresponds to a 3D volumetric representation of the

sample [193].

Figure 11: Picture of the Lumedica OQ LabScope OCT imaging (version 2.0).

The OQ Labscope 2.0 from Lumedica is a low-cost, designed for research and industrial use.
It is currently located in the university’s central annexe, G 19 (adjacent to where the plant is
grown). The Lumedica OQ Labscope version 2.0 is an FD-OCT system, as it offers much faster
image acquisition than TD-OCT [194, 195], allowing it to capture 13,000 lines per second,

which is critical for producing high-resolution, depth-resolved imaging scans with minimal
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artefacts [196]. According to the company's user manual [197], OCT system generates 512 x
512 pixel images, with axial resolution of 5-7 um and an imaging depth of 2-2.8 mm, and a
lateral resolution of 15 pm. The light source is a superluminescent diode (SLD) with central

wavelength 840 nm.

Volumetric images (7x5x5mm) are generated by default up to 512 B-scans, each separated by

9.78 um. The scanner can either be handheld or mounted into a stand.

The OCT imaging system was modified to better accommodate live plant leaves. The resolution
of the current Lumedica OCT system is suitable for investigating Sepforia hyphae as they
penetrate and extend within the mesophyll prior to necrosis and leaf decay. This setup included
a scanner stand consisting of a base, a glass plate positioned on the base to support the leaf,
and a vertical stage with adjustable travel to enable precise positioning. Additionally, a scanner
holder was used instead of manual operation to minimize motion artifacts and ensure image

stability (Figure 12).

Scanner

™~

Holder for scanner

~.

The vertical stage moves along
the Z-axis (up/down direction)

Glass plate placed on the base, with

the plant leaf positioned on top.

Base

Figure 12: Lumedica OCT imaging setup.

The experiment began when the wheat plants were 21 days old. Scanning was conducted from
Day 0, immediately before inoculation, until Day 14 after inoculation. Daily OCT scanning,
along with morphological observations, was used to track the progression of infection in wheat
leaves of the AxC 169 variety over a two-week period. The aim was to provide a clear view of
the effects of Septoria tritici (the wild-type IPO 323) infection on leaf morphology and
structure, while maintaining detailed records to ensure consistency and accuracy. One reading

was taken from three different plants. Scanning was performed on the central area of the leaf,
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specifically from the edge beside the main vein, to allow for clearer observation of
physiological changes in the central region caused by biotic stress. The same approximate

position was used for every examined leaf.

a) OCT image calibration using FIJI System software.

Although the Lumedica images have a resolution of 512 x 512 pixels, calibration of both axes
is required. The two axes are independent of each other: the depth resolution depends on the

wavelength used and the transversal range is given by the microscope objective used.

The aim is to calibrate the OCT images acquired using the Lumedica instrument and facilitate
scientific image analysis such as estimation the length and thickness of the Sepforia spores and
hyphae. In this aim, the plan is to take OCT images of objects of knows thicknesses, such as a
stack of microscope glass plate. The microscope slides from Thermo Scientific, 25x75x1.0mm.
F1JT software will then be used to measure the thicknesses in pixel, set calibration, and add the

scale bar on the image.

The slides have a length (longest edge=75mm), a width (25mm), and a thickness (shortest
edge=1mm). These slides were placed on top of each other, slightly shifted from one another

so that the edge looks like a staircase (Figure 13).

5 microscope slides = 5.03
mm with digital caliber.

1 slide = 1.006 mm

Figure 13: A known thicknesses and lengths of the glass plates (microscope slides) are placed on top of each other,
slightly shifted from one another so that the edge looks like a stair.

Three glass plates are used to facilitate calibration of both axes, lateral and axial. The axial axis
corresponds to the direction defined by two objects that is parallel to the light beam, and the
lateral axis corresponds to the direction defined by two objects that is perpendicular to the light

beam [198] (Figure 14).
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Figure 14: Shows the difference between the lateral and axial axis.

According to [23, 199, 200], the following section outlines the orientation of the glass plates

used during the calibration process.

e Set Scale for Lateral (X/Y) Calibration
In the first step, the glass plates were located horizontally under the scanner stand as shown in

Figure 15. The X/Y-axis in the OCT system represents the physical distance the beam travels

across the sample surface during scanning.

/

Figure 15: Setting the slides horizontally (laid flat) to calibrate the lateral axes (X and Y).

The software of Lumedica OCT system starts by clicking on the L icon on the screen and
pressing the (start scan) button on the main tab. The images should look like this (Figure 16).
The image should be dragged into the FIJI image and line tool were used to measure the length
of known thickness of microscope slide. The result is the axial calibration of Imm is equal to

100 pixels.
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Figure 16: Using the line tool in FIJI image to know how many pixels correspond to 1mm. The result is 100
pixels /mm.

e Set Scale for Axial (Z) Calibration
In the second step, the glass plates must be placed vertically (Figure 17). The Z-axis in the OCT

system represents the optical path length, which is influenced by the refractive index (n), as it

is based on how light travels through the tissue [23].

Figure 17: Setting the slides vertically (on edge or tilted) to calibrate the axial (Z) axis.

The image is imported into FIJI, as shown in Figure 18, and the line tool is utilized to measure
the length of 1 mm thickness of the microscope slide. With a lateral calibration set at I mm

equal to 100 pixels.
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Figure 18: Using the line tool in FIJI image to know how many pixels per Imm. The result is 100 pixels /mm.

The image scale was set in Fiji as follows, the pixel width and height correspond to 100

pixels/mm, with a pixel aspect ratio of 1.0 to reflect equal lateral resolution in both axes as

shown in Figure 19.

File Edit Image Process Analyze Plugins Window
Bloclol /|43 N |AlQ0M™ L o

Text tool (double-click to configure)
| 1

5.12x5.12 mm (512x512); 8-bit, 256K
g2y Set Scale X

Distance in pixels: |{I08
Known distance: |1.00
Pixel aspectratio. |1.0
Unit of length: |mm
Click to Remove Scale
¥ Global

Scale: 100 pixels/mm

OK Cancel | Help

Figure 19: FIJI set scale option for 2D image.

Finally, the 'Scale Bar' option under 'Tools' in the 'Analyze' menu was used to set a scale on the

unscaled image (Figure 20). The same data can then be applied to automatically generate scale

bars on all unscaled Lumedica images, as shown in Figure 21.
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Figure 20: illustrates the process of navigating to 'Analyze' > 'Tools' and selecting 'Scale Bar”.

File Edit Image Process Analyze Plugins Windo\

[P Y S [ = i ';(‘A‘/O,qud [

s Scale Bar
|
|

Width in mm

17

Heightin mm

Thickness in pixels

i

Font size 4

Color:  |White v

Background: [None =l
Location:  |Lower Right |

[V Horizontal ™ Vertical
[V Bold Text [ Hide Text
[~ Serif Font ¥ Overlay

_OK | cancel

Figure 21: Shows the scale in the FIJI image which automatically generates the scale on all OCT images.

When imaging a leaf, the Lumedica OCT system provides 2D (B-scan) images, whether the
cross-section is taken across the sample’s width or along its length, the OCT system translate
those B-scans, (width vs depth) into a volumetric image c-scan (width vs depth vs length) to

form 3D images.

b) Detection of Small Particles Using the Lumedica OCT System
The aim is to evaluate whether OCT can directly resolve such small Septoria hyphae, which

have a size of 2.5-4 x 9-16 um [146]. To determine the resolution of the instrument, objects of
various sizes were imaged. Surgical threads made of PROLENE Polypropylene (Ethicon, LLC)

were first used to assess the minimum detectable particle size by the OCT system. This set
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included threads with diameters of 0.35 mm, 0.2 mm, 0.15 mm, and 0.07 mm. In addition,
spider silk with a diameter smaller than 0.07 mm [201] was used to further evaluate the
system’s sensitivity. All materials, including the spider silk, were successfully detected using
OCT. A single strand of spider silk, which is smaller than 0.07 mm in diameter, was selected
for this experiment and carefully placed on a slide using two needles under a light microscope.

The prepared slide was then scanned using the OCT system, and the presence of the silk strand

was clearly detected, as shown in Figure 22.

Figure 22: Diameter of the spider's single strand is 0.01 mm (10 um) in the axial direction.

The thread width was then measured using FIJI image software and found to be 10 pm. Using
the calibration described above, the width of the thread from the OCT image was determined

to be approximately 0.01 mm.

My results demonstrate that the Lumedica OCT system resolves particles as small as 0.01 mm,
or 10 um. The lower limit of detection remains to be determined, but a resolution of
approximately 0.01 mm is likely insufficient to directly visualize Septoria hyphae. This
challenge is the main focus of this section. The next step will be to finally confirm OCT as a
new imaging modality for in vivo, two- dimensional and three-dimensional monitoring of

microstructures within plants.

2. Confocal microscopy
Confocal microscopy is a very potent imaging technique to visualize the fine structure of the

hyphae and spores of the fungus Sepforia within tissues of plants. It has several advantages in

studying Septoria infections in wheat plants.

Confocal microscopy was developed to improve fluorescence microscopy. It provides 2D and
3D images of stained samples with calcofluor white stain (CWS) at wavelength 350- 488 nm.
Epifluorescence microscopy makes use of high-intensity UV to continuously illuminate the
sample. As a result, the high-intensity UV light causes photobleaching, and the image obtained

becomes blurred because of out of plane signal. To counter such problems, confocal

33



microscopes use laser light (about 1 to 10 mW) instead of a mercury arc lamp (50 to 200 W).
But most importantly, confocal microscopy uses a pinhole which allows the light of only one
confocal plane to be focused on the digital camera. The fluorescent light that comes from above
and below the focal plane and is blocked [202, 203]. Accordingly, the introduction of a pinhole
enables greater spatial resolution in both the axial and vertical axis. Confocal microscopy thus

allows the acquisition of 3D structures [204].

Confocal Microscope

rotating laser
mirrors

N

/o detector
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screen
Excitation light—= with
pinhole

fluorescent

Lenses
sample

Figure 23: The principle of confocal microscopy. This version was enhanced based on the original image from
[205].

As shown in Figure 23, confocal microscopy makes use of a laser, as a source of light, which
is focused on a small region of the sample. The excited fluorescent dye or fluorophore can then
emit light. The fluorescent light is finally captured by a digital camera. Two rotating mirrors
allow you to scan in the x and y direction. The depth profile is acquired by repeating such a 2D
scan at different sample heights. A software then generates 3D images by compiling stacks of
2D scans [203]. The maximum magnification of a confocal microscope is 1000x and it has a
resolution around 180 nm. In this study, the Olympus confocal microscope located at the
Wolfson Light Microscopy Facility (LMF), School of Biosciences, B51 Firth Court, University
of Sheffield, was employed.

3. Epifluorescence microscopy
Epifluorescence microscope is a combination of the light microscope with fluorescence

microscopy which it emits a range of electromagnetic waves. In epifluorescence microscopy,

the excitation and emission light is propagating through the same sample to illuminated and
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emitted the same objective lens [206], and the term “epi” is Greek original name means

“same”[207].

It is possible to fluorescence microscope to magnify up to 1000x. Fluorescence microscopy is
commonly used in biology to study cells in depth, absorbing higher intensity light sources to
excite a fluorescent molecule called a fluorophore. The fluorophore absorbs photons (photons
describe as a zero mass and able to produce a light or a photon when an electron transitions
from a higher energy level to a lower energy level [208]. A digital camera used for
epifluorescence microscopes can capture the images of the specimen with lateral resolution up
to 20pum [209] which is the lateral resolution of the Leica used is ~ 400 um [210]. In this study,
we used the Olympus BXS51 at APS Microscopy and Histology Unit (MHU), lab C41.

4. Scanning electron microscopy (SEM)
SEM is one of the common uses for imagining morphology of the surface of the sample due to

its resolution of 10 nm, and a magnification range spanning from 10x to 500,000x. SEM is
based on the interactions of electrons [211]. Enhanced by the inclusion of a digital camera
within the system, SEM enables the capture of specimen images along with scale bars for
accurate measurement. This study employed the Hitachi TM3030Plus benchtop SEM at the
APS Microscopy and Histology Unit (MHU), lab C41, University of Sheftield.

The principle of SEM involves the utilization of an electron beam, rather than light [211], to
generate images with nanometre-scale resolution (Figure 24). Electrons are emitted from the
top of the microscope through an electron gun and subsequently accelerated by the positively
charged anode. Guided by a series of lenses, the electron beam follows a vertical trajectory
towards the sample surface [14]. In SEM, condenser lenses, also referred as magnetic lenses,
are used to control the diameter and convergence of the electron beam, adjust beam current
(affecting brightness and resolution), and focus and direct the electron beam onto the sample
in combination with the objective lens. Both the condenser and objective lenses are
electromagnetic lenses [212]. To facilitate uninterrupted electron travel within the instrument
towards the detectors, the electron column must maintain a vacuum [15]. Additionally,
scanning coils within the system are employed to traverse the electron beam across the sample

surface [16].
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Figure 24: This diagram is a simplified schematic of SEM, showing key components and electron path. This
version was enhanced based on the original image [16].

1. Freeze Fracture with SEM

As previously mentioned, SEM creates an image by scanning a focused electron beam over the
surface of a specimen with high-resolution images. Freeze-fracture method includes quick
freezing of the plant tissue followed by fracturing to reveal the inner structure. The sample is
then coated with a thin layer of metal and viewed with a SEM [189]. For this experiment, the
samples did not need to be frozen, as the aim was not to study membrane structures, but rather
to compare trichome morphology before and after Sepforia tritici infection and to visualize the

emergence of Sepforia from the stomata.

5. Traditional Clearing, and Staining
The purpose of staining is to directly visualize the various structures within wheat plant leaf

before and after Septoria infection. The sample preparation is as follow:

a) Hand-cut sectioning

The procedure was determined according to the method described by [213], The thin sections
of leaf are created by laying the leaf on the microscope slide position and chopping in an up-
and-down motion at a perpendicular angle to the long axis of the leaf. Sections that are too
thick and sections that are not oriented correctly should be removed using forceps. The

remaining sections are then immersed in water and covered by a coverslip.
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b) Removal of cuticles
The cuticle corresponds to the waxy upper surface of leaves. It is made of cutin, which is a

wax-like material produced by a plant that is composed of hydroxy fatty acids. This covering
plays an important role in helping the plant retain water, but it is also highly reflective and
induces imaging artefacts while using OCT. It is possible to remove the cuticle by washing the
leaves for 30 seconds to 1 min in organic solvents for microscopic studies [214]. There are
other organic solvent can be use such as chloroform and ethanol removes surface waxes as
reported in [215]. This method is useful for studying the outer surface of control leaves,
including structures such as stomata (Figure 25). However, it is not applied to infected leaves,
as the organic solvents can wash away the hyphae, preventing observation of fungal

morphology.

Figure 25: Shows stomata in a control wheat leaf (8-day-old). The image was taken under light microscope after
removing the wax from the leaves to make a stomata imprint.

c) Staining and Confocal Microscopy
Calcofluor White Stain (CWS) was employed to directly visualise Septoria disease on wheat

leaves. CWS is commonly used to detect fungal cell walls, providing a fluorescent signal under
ultraviolet light. This technique was chosen for this study for its effectiveness in accurately

identifying and characterizing Sepforia disease progression on wheat leaves

CWS is a fluorescent blue dye, which binds to the cellulose and the chitin contained in the cell
walls of fungi [216]. And has been used to stain Septoria tritici [217]. First, the specimen was
carefully put on a clean glass slide. One drop of CWS was added to specimen, along with a
drop of 10% w/v solution potassium hydroxide with the formula (KOH). The KOH solution
was prepared, according to [218], by dissolving 10g of KOH crystals into 100 ml of distilled

water. KOH solution is commonly used to prepare wet mounts in mycology laboratories. The
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specimen is then covered with coverslip and left to absorb the stain for 1 minute. The excesses
dye is removed using a piece of absorbent paper. The observation should be under an

epifluorescence microscope at x100-x400 magnification.

Several fluorophores have been utilized for microscopic studies on Sepforia and other plant
pathogens. Such fluorophores are selected for specific binding to certain cellular components
and become observable with fluorescence microscopy. The excitation wavelength
approximately 340—380 nm (typically UV or near-UV light), and emission wavelength around

435-480 nm, resulting in a blue-white fluorescence when the samples stained with CWS.

If Septoria is genetically modified to produce GFP, its hyphae will glow under a fluorescence
microscope, making them easy to see under the appropriate excitation and emission filters.
Instead, CWS, which binds to cellulose and the chitin in fungal walls, is a more suitable for
epifluorescence or confocal microscopy. The Olympus BX51 microscope, located at the APS
Microscopy and Histology Unit (MHU), lab C41, University of Sheffield, was used in this
study.

These imaging techniques, i.e. Light microscopy, epifluorescence microscopy, and confocal
microscopy, and stained wheat leaves with CWS, enabled examination of the morphology of
fungal pathogens and their development within plant tissues, laying the groundwork for OCT

experiments. This will be detailed in next chapters.

6. Plant material
Seeds are key sources of carbohydrates in diets around the world [219]. Most wheat grains are

between 5-9 mm in length and weigh between 25-50 mg[220, 221]. Wheat seeds is monocot
or have only one cotyledon which it indicates the embryonic leaf or leaf part inside the seed

[222].

The wheat for this proof-of-concept experiment belonged to the AxC 169 and AxC 157
varieties. The seeds are grown in M3 compost supplemented with 0.5 g osmocote. The
Osmocote fertilizer, rich of organic and mineral components, was designed to support the
optimal development of the plants. It included the following nutrients:15% Total nitrogen (N),
6.6% Nitrate nitrogen (NO3-N), 8.4% Ammoniacal nitrogen (NH4-N), 9% Phosphorus
pentoxide (P205), soluble in neutral ammonium citrate and water (6.8% water-soluble), 12%
Potassium oxide (K20), soluble in water (12% water-soluble), 2% Magnesium oxide (MgO),
with 1.3% being water-soluble. Trace elements such as 0.03% Boron (B), 0.050% Copper (Cu),

38



0.45% Iron (Fe), 0.08% of which is chelated by EDTA, 0.06% Manganese (Mn), 0.020%
Molybdenum (Mo), and 0.015% Zinc (Zn).

7. Growth Chambers
In total, 6 plants were grown for the experimental run whose results are discussed in Chapter

IV and V: 3 control plants and 3 plants destined to be infected. The plants were incubated at 20
°C, in a 14-h:10-h a light-dark cycle, at 61% of relative humidity and levels of carbon dioxide
was kept at 455 ppm (i.e. 55 ppm above the usual ~400 ppm outdoors level to enhance plant
growth [223]), these adjustments were made as part of the experimental conditions set for all

growth chambers. The inoculation started when the plants were 21-day old.

8. Inoculation with Septoria tritici

Regarding the solid culture media preparation for fungus, Zymoseptoria tritici IPO323 [224],
was incubated on Potato Dextrose Broth (PDB) media composed of 24 g/L of PDB and 15 g/L.
Agar mixed with 1000 ml of 18megogm water. It should be noted that incubating agar plates
for extended periods may increase the risk of contamination, which could affect the purity of
the spore suspension. Inoculation was performed via spray to mimic the natural spread of
spores in high humidity atmosphere. The spray solution was prepared by adding 10 mL of
0.01% Tween 20 in water to a petri dish containing black heads (pycnidia spores). The spores
are then gently scraped off using a sterile spatula and poured into a Falcon tube [124, 224]. 20
uL of the supernatant was placed onto a counting chamber, ensuring the liquid spread evenly

between the chamber and the cover slip. Excess liquid was removed using tissue paper. Spores

were observed at 20X magnification using a Leica microscope.

Figure 26: Pycnidia “black spores’ growth in petri dish observed after 2 months. Filaments were transferred from
the Petri dish to a slide microscope. The image was taken under the light microscope (Olympus BX51) as a Leica
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model is for direct observation without capturing images. Mean (length) is 1.878 um and width is between 0.02-
0.05 mm using FI1JI measurement tool.
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Figure 27: Shows Septoria suspension in the conical flask. A drop from it on a slide microscope for spore shape
examination. The image was taken under the light microscope (Olympus BX51) as a Leica model is for direct
observation without capturing images. Scale bar 200 um. Width of the spores is between 0.02-0.05 pm using FIJI
measurement tool. In contrast to the filamentous morphology observed in Figure 26, the spores in suspension
appeared darker and more oval. However, these were derived from confirmed IPO323 cultures (arrowheads) and
were considered representative of Z. tritici inoculum.

To calculate the inoculum concentration, Following the method described in [225], the
counting chamber consists of sections as shown in Figure 28. The researcher can either count
everything or only four sections and extrapolate the average to the remaining area. The latter
method consists in summing up of the 4 sections and dividing by 4 to get an average. The

average is then multiplied by 16 as there are 16 squares on the chamber.

Figure 28: How the counting chamber looks under a microscope. The image adapted from [226].
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After spores were counted, using the formula:

c2v2
Vl=——
c1

Where:
e CIl= Counted spores
e VI=Volume of inoculum to use (required)
e (2= Desired concentration (1 x 10%/ml)
e V2 =Final volume required (20 ml)

The inoculum was adjusted accordingly, using sterile Tween20 water, to achieve a

concentration of 1 x 10° spores/mL [227].

For inoculation, the plants were taken out of the growth chamber and placed inside a laminar
airflow. The inoculum was sprayed by a mixture of the inoculum with water on the top sides
of the second newest leaf (GS31, following Zadoks system [130]). After inoculation, plants
were covered with propagator lids (to maintain high humidity). The plants were then watered
and placed in a sealed propagator and placed back in the growth chamber for 24 hours recovery
[228]. It I important to note that our controls were only water sprayed, in accordance with
previously published works, also on wheat, and similarly infected by Septoria [229-232]. The
spraying of purified water was automatically performed within the chamber to preserve a

humidity level of 61%.

It is worth highlighting that both control and inoculated plants are regularly sprayed with
purified water to maintain the high humidity level. Accordingly, the inoculant is prone to be
washed away during the experimental run. Furthermore, the estimated concentration of Tween
in the final spore-loaded solution is about 0.01%, which is significantly less compared to the
0.1 % and 1% used in the previous works on wheat infected by Septoria which also used water-
sprayed controls. Therefore, it is unlikely that such a low concentration of Tween would trigger
a systemic response; rather, we expect that colonization by Septoria is the factor responsible

for such a response.
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9. Alternative Systems for Producing Zymoseptoria tritici Inoculum

There are several alternative systems for producing Zymoseptoria tritici inoculum beyond the

petri dish/pycnidia scraping method.

a) Isolation of spores from wheat leaf
Following the procedure described by [233], in order to isolate wild-type strain [PO323 from

wheat (after 4 days of inoculation), infected leaves were cut and put on agar in Petri dishes at
20 °C. Three weeks later, one can observe a presence of pycnidia on the plates. The culture is
revitalized by transferring it to a fresh PDB medium (potato dextrose agar, 39 g/L) and
incubated at 18 °C with a photoperiod of 12 h over 10 days.

d) Liquid media preparation

Following the method described by [224] for growing Zymoseptoria tritici IPO323, 10 g of
yeast extract and 10 g of sucrose are well mixed with 100 m L of ddH2O and autoclave for
sterilization. To isolate Septoria spores from contaminated plates to new liquid media culture,
the spores should be scraped off with 20 pl sterile distilled water and 20 ul Tween 20 by using

a sterile spatula, and the suspension was then transferred to conical flask.

c) Revival of culture
In order to start a new culture, the frozen solution was left to thaw. In this manner, fine particles

of fungus would be released in the new falcon tube. A pipette was used to transfer small
quantities of liquid (1000uL) containing Septoria fungus to the center of a Petri dish. A
sterilizer and a plate spreader were used to spread the dispensed liquid around the plate and
leave it to be dried. A parafilm was used for sealing Petri dishes and incubating them upside-
down at an appropriate temperature (20°C) and kept in the dark for 7-10 days. Spores’ growth
should be observed after 2 weeks. The growth of the spore is usually very slow and its growth
in the media looks like a small button of white mass because that was the early stages of

development.
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Chapter III: Comparative Study of OCT Imaging and SEM.

In this study, different tissue types (other than leaves) were selected to evaluate the strengths
and limitations of using OCT for these tissues. This addresses the scientific question of whether
OCT signals can penetrate thick internal tissue structures with sufficient resolution to detect
changes caused by biotic and abiotic stress, potentially opening new avenues for OCT
applications in plant research. In this chapter, the growth stages of wheat plants, as defined by
the Zadoks system, will be discussed in detail using the OCT imaging technique. This section
compares OCT images with those obtained using light microscopes and SEM of different parts
of the plant. Such a correlation highlights the strengths and limitations of OCT.

1. Revealing of Wheat Plant Morphology using OCT
Morphologically [109, 234], Wheat is grass that has long thin, hollow stems and slender shaped

leaves. Basically, according to Zadoks system, the mature wheat plant is made up of roots
(GS00-09), shoot and tillering (stem and leaves) (GS20-29), as shown in Figure 29, A. The
roots are for the uptake of minerals from the soil. On the other hand, the leaves are tall and
thin, serving the purposes of photosynthesis. In Figure 29, B shows the cross- section of a
control wheat plant leaf. The image was taken under a light microscope. This yellowish
background generally characterizes older light sources using tungsten or halogen lamps [235].
Although this can typically be corrected using camera software, the original color was retained
in this study to preserve the raw appearance of the image and avoid altering potential signal

characteristics.
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Figure 29: (A) Shows the external parts of the wheat plant. The age of the sample is 2 weeks. (B) shows cross-
section of a control wheat leaf (8-day-old). In this image, each spike in the upper epidermis is a trichome, the
vascular bundle is a longitudinal tube in the middle part of the leaf. The image was taken under a light microscope,
scale bar 200 micron.

a) Leaf
The next figure (Figure 30) is a three-dimensional OCT image of a control wheat leaf (300 B-

scan images). The distance between each OCT B-scan, in order to recreate the volumetric C-
scan with proper axes, is 5 mm x 5 mm [197]. Therefore, the spacing is calculated as: 5 mm /

(n-1), which equals 5/299 = 0.016 mm.

Scanning was performed midway along the leaf’s length, beside the main vein. Incomplete
scans (i.e. in which the edge of the leaf appear) are dismissed for the automated analysis
(because the leaf’s edge misleads the automated segmentation, as discussed afterwards). A

typical volumetric (c-scan) is shown in Figure 30.

In this image, we observe trichomes, or hair-like structures, are visible on the external surface
of the leaf. It is also worth noting that healthy leaves already have air gaps within their

mesophyll to facilitate gas exchange [236].
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Figure 30: Three-dimensional OCT images (C-scan) of a cross-section of a control wheat leaf. In this image, each
spike above the upper epidermis represents a trichome. The image has a range of Smm x Smm and is generated
using 300 consecutive B-scans, each separated by 0.01 mm.

b. Spikelets

After six months of cultivation and regular watering twice a week, a thick leaf sheet (Figure
31) will wrap around the spikelet (GS 30-39), which contains the florets, with a single leaf at
the tip of the stem. This tissue will eventually break open, revealing the spikelet containing the
florets. After fertilization, these florets will develop into kernels, forming seeds at the end of

the wheat life cycle.

lem
Figure 31: The arrow indicates the area where spikelets are covered by leaf sheath.

Next figure (Figure 32), using the OCT imaging system to image the area where seeds will be
produced in the future (the arrow). Through the OCT image, we can see the leaf sheath
protecting the young spikelet, and the hollow centre. There is no image of spikelet within the

leaf sheath, which may indicate that OCT has poor penetration depth.
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Figure 32: (A) Three- dimensional OCT image (C- scan) of a wheat leaf stem surrounded by a leaf sheath. C-Scan
has a range of Smm x Smm and is generated using 512 consecutive B-scans. (B) Cross-section OCT image of a wheat leaf
stem surrounded by a leaf sheath, which protects the young spikelets. However, the image does not capture the immature
spikelet within the hollow stem.

After three months, the leaf sheath removed, and the first spikelet became visible (GS 50-59)
(the arrow in Figure 33).

Figure 33: An image of wheat’s spikelets, each spikelet contains a few florets, after 9 months of the plantation.
Scale bar is 1cm.
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spikelet
spikelet
spikelet
spikelet
spikelet
L~

lem

Figure 34: (A) A close-up image of wheat’s spikelets contains florets (B) a diagram of the spikelet arrangement
of the wheat plant.
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After three weeks, the first signs of flowering were observed (GS 60-69). At this stage, the
grass produces a small flower called a floret, which is composed of the anther, filaments,
stigma, ovary, glume, and lemma. During this transition from the vegetative to the reproductive
phase, the plant has a high demand for nitrogen, which is mobilized from the leaves to the grain

for the synthesis of total soluble protein (TSP) [237].

c. Florets

According to Figure 35, an observation can be made that three florets compose one kernel. The
ovary in the florets with the stigma is the female part, whereas the anther containing pollen is
the male part. Filaments are the long, threadlike structures supporting an anther. Pollen is
attached to the sticky, receptive surface of the stigma, which attaches the pollen, after which
they move to the ovary, and the process of fertilization begins. Some specialized leaves are
lemma and glume, which are associated with reproductive structures. The main difference
between them is the position, as one is present at the base known as glumes, while each floret

is covered by a lemma [238-240].

Lemma — /— Anther

Glume Filament
Ovary Stigma

¥

lem
Figure 35: Anatomy of wheat plant floret. The figure adapted from [241].

The floret will be imaged using OCT system to examine the inner structures within the bracts.
The next images, Figure 36, A and B, represent two-dimensional and three-dimensional OCT
images of wheat bracts. According to [242], these bracts, in an immature floret of wheat, cover
the reproductive organs of it. They are made up of three well-marked tissues: the outer circle

of tissue called glume, the middle circle called lemma, and the inner circle called palea.
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Figure 36: (A) The three-dimensional OCT (C- scan) illustrate the bracts enclosing the grass floret observed in
image. C-Scan has a range of Smm x Smm and is generated using 512 consecutive B-scans. (B) The two-
dimensional OCT image effectively illustrates the outer structure of the wheat sample, including the bracts
(specifically the glume, lemma, and palea). However, this imaging proves limited in its utility, as it fails to reveal
the inner structure of the sample.

The following section involves dissecting the floret to carefully extract both the ovary and
anther (Figure 37 and Figure 38) using tweezers. These components will then be subjected to

examination under SEM technique and OCT as well.

lem

Figure 37: Shows the anthers pushed up the floret for pollination.
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Figure 38: The samples had been prepared for SEM technique.

In the next figures (Figure 39, A and B) this study explores images of the ovary and anther
using SEM and light microscopy. We will then compare the resolution of these images with

those obtained using OCT imaging techniques.

"

. (
& Anther

Figure 39: (A) Shows the ovary, a component of the female reproductive organ of the flower, alongside the anther,
representing the male reproductive organ of the flower containing pollen. (B) Illustrates the movement of the slide

upwards to reveal the upper portion of the sample. Scale bar 2mm.

According to [243], the anther normally contains two lobes, each lobe has two pollen sacs. In
total, four chambers for a single anther. These are usually filled with pollen grains for

pollination process.
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Figure 40: Anther under a light microscope shows the 4 chambers. The scale bar is 500 um.

The size of pollen, in general, ranges from 20 to 40um (0.02-0.04 mm), that is very small to be
visible with a naked eye. However, the anther length was approximately 2.5 to 4 mm long
[244], and it width is around 0.5 to 1.4 mm [245].

Figure 41: (A) The arrow indicates that the front view shows three chambers of the anther, with the fourth chamber
located at the back. These chambers contain pollen. Scale bar 2 mm. (B) Pollen discharged from one of the
chambers of anther in order to fertilize the female ovule. Scale bar 500 um.
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Figure 42: The pollen, represented by the circle, is on its way to the ovary, indicating that the fertilization

process in plants is underway, ultimately leading to the formation of grains. Scale bar Imm.

Previously, in Figure 38, A slide was prepared for SEM examination. In the next section, OCT
scanning was performed on the same prepared sample to examine two parts of the florets: the

ovary and the anther (Figure 43, Figure 44, and Figure 45).

———— Anther

Figure 43: Three- dimensional OCT image (512 B- scan) shows an anther and a portion of an ovary. C-Scan range
Smm x Smm.

Figure 44: Three- dimensional OCT image (C- scan) of the anther, the length of the anther is proximately 1.57
mm, and its width is proximately 0.35mm by FIJI image measurements. C-Scan has a range of 5Smm x Smm and
is generated using 512 consecutive B-scans.

Figure 45: (A)Two-dimensional OCT image. Arrows indicate the outer layer of the ovary, without internal
structures. (B) Two-dimensional OCT image. The three arrows indicate that the three chambers of the anther. A
scale bar is | mm.
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During examination under a light microscope, a tiny, elongated insect was observed crawling
around the ovary. This insect is commonly known as a thrip. Thrips are known to contribute to
pollination, with a single thrip capable of carrying anywhere from 10 to 50 pollen grains [246].
However, when their numbers increase, thrips can become detrimental and may even consume
pollen [246] potentially leading to visible presence within the growth chamber. In such cases,
biocontrol, involving the introduction of living organisms or natural substances, are
recommended. The control of thrips and sciarid flies involves placing Petri dishes with
biocontrol agents in the growing cabinets, which are natural insect predators. Because these
pests can easily enter growing areas, especially through Levington M3 compost, technicians

recommend using biocontrol regularly to help prevent outbreaks.

After nine-ten months of cultivation, the spikelet of wheat turns yellow as they prepare for

kernels “seed formation” (flowering to maturity GS70-79).

lem

Figure 46: Forming yellow spikelets of wheat after nine months of plantation.

d. Seeds
Grains (Hard dough stage GS 58) and then seeds (Harvest Ripeness GS 90-99) are the last

growth stage of wheat plants. They are the result of florets developing into kernels after
pollination and fertilization. The harvested seed was cut using razor blades for surface
scanning. The seed can be divided into three main parts [247], as shown in SEM image (Figure
48) and OCT image (Figure 49), (1) the bran or outer layer, which is rich with fibers, vitamin
B, and contains trace minerals such as Cu, Fe, Mn, and Zn [248] as well as phytochemicals
such as phenolic acids and carotenoids [249]; (2) the endosperm or inner layer, which is the

larger part of the seed containing carbohydrates and protein; and (3) the germ, which is a rich

52



source of vitamin B and E, and also contains trace minerals, phytochemicals and unsaturated

lipids [247].

Figure 47: Some harvested wheat seeds. 5-9 mm in length and weight between 30-50 mg.

Figure 48: The structure of wheat grain is depicted in SEM image. The seed can be divided into three main
parts, bran or outer layer, the endosperm or inner layer, and the germ. Scale bar 2mm.

Endosperm ————yp. Bran
Outer Layer

Inner

Layer

Figure 49: Three- dimensional OCT image (C- scan) of the wheat grain structure. The seed can be divided into
three main parts, bran or outer layer, the endosperm or inner layer, and the germ. C-Scan has a range of Smm x
Smm and is generated using 512 consecutive B-scans.
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2. Conclusions

This chapter explored the morphology of the wheat plant throughout its developmental stages
using OCT and SEM, with a focus on evaluating the imaging capacity of OCT in comparison
to the well-established SEM method. The findings demonstrate both the potential and the
limitations of OCT as a non-invasive tool in agricultural imaging, particularly in studying the
external structures of wheat. OCT successfully captured detailed images of the outer surfaces
of plant structures, such as trichomes on leaves, the arrangement of bracts, and external
morphology of florets and spikelets. Its ability to generate both 2D and 3D reconstructions
allowed for the visualization of surface texture and overall shape in real time, without the need
for destructive sample preparation. This capability is especially valuable for longitudinal
studies where repeated imaging of live tissues is needed. However, a key limitation identified
was the restricted penetration depth of OCT light, particularly when imaging denser or deeper
tissues such as the immature spikelets within the leaf sheath. Despite imaging the sheath and
stem successfully, OCT could not visualize the enclosed spikelet, suggesting that tissue density
and internal air—water interfaces hinder light transmission. This outcome aligns with known
limitations of OCT in highly scattering media and highlights the need for cautious
interpretation when internal features are not visible. Overall, the findings support the
application of OCT as a valuable tool for non-destructive, real-time imaging of plant surface
morphology, particularly for tissues with higher water content like leaves. These results lay the
groundwork for further exploration of OCT in detecting biotic stresses, such as fungal

infections, in early growth stages topics that will be addressed in the following chapter.
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Chapter IV: Evaluating the Suitability of OCT for Early Detection of Plant Infections.

1. Introduction
The scientific question driving this work is: can OCT detect early-stage Septoria tritici

infections in wheat leaves before visible symptoms appear? Answering this question is
important because early detection is critical for effective disease management. Traditional
detection methods, including visual inspection, typically identify infections only after
significant tissue damage has occurred. By that point, chemical treatments may be less
effective, and crop yield is already compromised. An imaging tool like OCT, capable of
identifying microstructural changes at the cellular level before necrosis develops, could
transform plant pathology by enabling pre-symptomatic diagnosis. This would support more
timely and targeted interventions, reducing fungicide use, limiting environmental impact, and

ultimately improving crop health and food security.

The wheat leaf comprises three primary internal structures: the epidermis, the mesophyll, and
the vascular tissue [250]. The epidermis consists of long cylindrical cells with wavy walls and
is covered by a cuticle containing strongly developed epicuticular wax [251]. This wax serves
as the first line of defense against biotic and abiotic stressors, reflecting potentially harmful
ultraviolet light and contributing to the formation of an ultra-hydrophobic and self-cleaning
surface. Additionally, it acts as an anti-climb surface [252-254]. The vascular tissue is small
veins within parenchyma tissue consisting of phloem and xylem. They are conducting elements
surrounded by parenchyma cells [255]. The mesophyll cells contain chloroplasts, and they
contain photosynthetic machinery to convert solar radiation, water and CO: to sugar
(carbohydrate) and Oz [256]. Rubisco is a central protein in photosynthesis that represents 40-
58% of the total soluble protein in wheat leaves [257]. Photosynthesis in flag leaf

photosynthesis is a large contributor to grain production [258].

To maximize crop survival and reduce the use of chemical treatments, and their environmental
impact, early detection of infections is essential. OCT is proposed as a novel imaging tool to
provide cross-sectional and three-dimensional, non-invasive, real-time monitoring of plant
microstructures in vivo. This technique aims to enable early detection of infection before crops
show any visible signs of infection and to enhance understanding of the different infection
stages. Once the technique passes the proof-of-concept stage, the goal is to evaluate its use in

the field.
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As discussed in chapter 1, to detect and quantify STB, among the various techniques available,
hyperspectral imaging (HSI) is increasingly used, in field, because of its non-invasiveness,
efficacy, and ability to assess whole crops [227, 259, 260]. However convenient and reliable,
HSI only detects the spectral signature associated with the necrosis of wheat leaves. It thus
assesses the extent of infection within an already damaged crop. Ideally, we would need a

technique that can detect the presence of Sepforia before necrosis of the leaves occurs.

This chapter will examine the strengths and limitations of using OCT in plant research to detect
pathogens. Specifically, on wheat leaves, AxC 169 variety, infected with Septoria tritici (the
wild-type IPO 323). In this experiment, we will explore OCT images to assess how effectively
OCT detects Septoria and link the results with findings from other techniques, such as confocal

microscopy and SEM.

2. Results

The first step in this proof of concept was to choose the seeds that is the most venerable to
Septoria tritici fungus to ensure effective preparation of infected wheat specimen with clear
symptoms. Using a more resistant variety would only delay this initial study. My result show
both AxC169 and AxC157 wheat varieties are highly susceptible to Sepforia (wild-type strain
[PO323), with yellow spots appearing approximately 8—11 days and 12-13 days after
inoculation, respectively. Therefore, AxC169 was selected as the primary focus for this

research.

The following section presents the external morphology observed daily through OCT
experiments during the period of 15 days. Only one leaf is shown per set of controlled (mock)
and infected plants. Alongside with microscopic and SEM images showing both the presence

and absence of Septoria infection. Imaging results are then compared with OCT technique.

a) External morphology

The next figure (Figure 50) presents daily observations of both mock (control) and infected
leaves with Septoria tritici. Symptoms, such as yellow spotting, began to appear on Day 7 and

progressively increased in severity through Day 14.
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Figure 50: Imaging the same leaf everyday shows the various stages that wheat leaves, starting at 21-day-old,
undergo when exposed to Septoria tritici. Visible yellow spots begin to form on day 7, rapidly increasing until
they develop into damaged areas in the later stages of infection, from day 9 to day 14.
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b) Epifluorescence microscopy
The aim of this experiment is to compare control, and infected wheat leaves with Seproria

tritici six days after inoculation, using CWS under an epifluorescence microscope. The result
is that fungal hyphae in the infected leaves in Figure 51 (B) will be stained, appearing as dark
structures around the stomata due to the binding of CWS to the fungal cell walls. In contrast,
the control leaves are expected to appear clear, with no staining observed as shown in Figure

51 (A).

A B
o

Figure 51:(A) Is a control leaf (27-day-old) stained with CWS, and (B) is the infected leaf with Septoria tritici
(after 6 days of inoculation) stained with CWS. (A) appears there is no sign of the infections within mesophyll
cells while (B) shows the fungus grows within mesophyll cells. The images were taken under an epifluorescence
microscope (scale bar 400 um), with an exciting wavelength between 460-490 nm.

c) Visualization of Trichomes with SEM

This study utilized SEM to observe the effects of fungal infection on trichomes. As shown in
Figure 53, fungal stress clearly damages the trichomes when compared with the control (Figure
52). This damage makes it difficult to accurately evaluate trichome number or length using
OCT images due to their blurriness. Given this limitation, the study instead prioritizes the

analysis of the inner tissue structures of infected wheat plants.

Figure 52: SEM images of a non-infected wheat leaf, illustrating trichomes with full length. Scale bar 500pm.
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Figure 53: Presents SEM images of an infected wheat leaf, 31-day-old, taken after 10 days of inoculation. The
SEM image reveal some broken trichomes, which correlates with the decrease observed in both the length and
number of trichomes in OCT images. Scale bar 50pm.

d) Visualization of Septoria hyphae with SEM
Figure 54, illustrates cross- section cutting and SEM, used to visualize fungal infection within

the mesophyll. The images reveal fungal hyphae between tissue layers in infected wheat leaves

(B and C), compared to the non-infected leaf (A).

100pum 100um 50pm

Figure 54: Cross- section cutting and SEM of wheat leaf, 31- day- old. (A) Control leaf. (B and C) infected leaves
after 10 days of inoculation.

e) Confocal microscopy
Confocal microscopy provides 2D and 3D images for non- infected leaf and infected wheat

leaves. Figure 55, Figure 56, Figure 57, and Figure 58 stained with CWS at excitation
wavelength 350-488 nm to illuminate the sample. Grayscale was used to get good quality image

to detect Septoria spores and hyphae through stomata.

Figure 56 (B) and (C) show spores within the stomata between 3 and 11 days after inoculation,
compared to the control (Figure 56 A). After 2 weeks, hyphal structures have already formed
(Figure 56 D), and by three weeks after inoculation, the fungal growth progresses to a critical

stage, as shown in Figure 56 (E).

Measurements of both the length and width of the hyphae in Figure 56 (E) were conducted
using F1JI image software. The average hyphae length was 142.84 um, and the average filament

thickness was 2.302 pum.
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Figure 55: 2D images for wheat leaf , 28-day-old (A): A control wheat leaf with CWS under confocal microscopy
(wavelength 350- 488 nm), ( B, C, D and D): four samples of wheat leaf infected with Sepforia tritici after 7 days
of inoculation and stained with calcofluor white stain. The images were taken under confocal microscopy
(wavelength 350- 488 nm), scale bar 50pm.

60



Figure 56: Shows the confocal microscope 2D images for wheat leaf , 32-day-old (A) a control (B) infected with
Septoria tritici after 3 days of inoculation, (C) a wheat leaf (22-day-old) infected with Septoria tritici (After 11
days of inoculation), (D) a wheat leaf (35-day-old) infected with Septoria tritici (After 2 weeks of inoculation),
(E) a wheat leaf (45-day-old) infected with Sepforia tritici (After 3 weeks of inoculation). All images used CWS
and using excitation wavelength between 350- 488 nm. (D) White arrows indicate Septoria hyphae come out from
stomata and red arrows indicate spores around the stomata (E) the infection sign is clear, the developing of hyphae
within the mesophyll and the plant has reached a critical stage in (E).

f) 3D Confocal Microscopy Images

Three-dimensional images of stomata were obtained using confocal microscopy from both
control (non-infected) and Septoria tritici-infected leaves at 15 days and 3 weeks after
inoculation. The images were captured from both the upper and lower surfaces of the infected

leaves. These 3D images reveal lesion formation resulting from fungal mycelium growth.

A B c
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Figure 57: Confocal microscopy 3D images of 64 B scans of stomata:(A) control, non- infected leaf. (B) Infected
leaf, after two weeks of inoculation. The image shows the mycelium in the top of the leaf (indicated by arrows).
(C) shows the mycelium underneath the same leaf taken two weeks after inoculation (indicated by arrows).

A B
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Figure 58: (A) Confocal microscopy 3D images of 108 B scans of a wheat leaf (45-day-old) taken after three
weeks of inoculation, arrows show a lesion on the top of the leaf. (B) shows the mycelium underneath the same
leaf.

g) OCT imaging system

This section presents three-dimensional OCT images and compares images of non-infected and
infected leaves to observe how Septoria infection appears using the OCT technique (Figure
59).
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Figure 59: Representative 3D OCT images (C-scans, S mm x 5 mm) of wheat leaves from 21 to 32 days old,
generated from 300 consecutive B-scans. Changes in leaf structure due to Sepforia tritici infection are visualized
across multiple time points. Infected leaves show progressive internal structural changes, including widening gaps,
thinning trichomes, and tissue collapse, compared to control leaves. These alterations correlate with key stages of
the Septoria life cycle, from early colonization to necrotrophic growth.

In Figure 59, Explore some three-dimensional OCT images (C-scans) for wheat plants, staring
at 21-day-old, taken along the leaf’s length. C-Scan has a range of 5Smm x 5Smm and is generated

using 300 consecutive B-scans.

For this experiment, a control suspension was prepared by aiming to kill Septoria using UV
radiation before spraying it onto the leaves. The live Septoria suspension was placed in a
laminar flow cabinet within the laboratory equipped with a UV light emitting at a wavelength
(M) of 254 nm. The exposure routine consisted of two sessions, each lasting one hour of UV

radiation per session.

OCT image on Day 2, (A) reveals the effects of exposing Septoria-suspension to UV radiation
and then sprayed on wheat leaves (23-day-old). Notably, gaps start to emerge within the foliage,

marked by either the absence of trichomes or the presence of notably tiny and thin trichomes.
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Furthermore, the main vein of the leaves tends to orient upwards. Three replicates were
performed, all showing the same results, which supports this effect. This phenomenon can be
attributed to the properties of Tween 20 water, which contains fatty acid esters [261]. When
subjected to UV radiation, the photons break bonds within the solution [262, 263].
Consequently, when this Septoria solution is exposed to UV radiation is sprayed onto the
leaves, it accelerates the infection process, particularly evident one day after inoculation. The
presence of acid and alcohol in the solution exerts harsh effects on the leaf tissue, causing
damage and resulting in the removal of trichomes from the leaf surface. However, there are no
data showing that all cells in a Septoria suspension are killed as the genome of Z. tritici contains
many genes involved in repairing DNA damage from UV exposure [264]. Therefore, it is
preferable to leave the control leaves sprayed with purified water, as discussed in Chapter 11,

in order to preserve their natural state.

On day 2, B, OCT image for non-infected leaves, 23-day-old, shows the upper surface of the
wheat leaf, showing the trichomes appearing full length and thick and no wide gaps in the inner
space. Unlike the infected leaves, their trichomes appear thin and short and the gaps are wider
than the control one. According to Septoria life cycle, after 24-48 hours of pathogen
attachment, the fungus grows in the spaces between the mesophyll cells, or “the inner space”

as indicated by the arrows.

On day 4, there are primary signs of damage on the surface of the infected leaf, which are not
visible to the naked eye, as shown in Figure 59. On Days 4, 6, and 8, the arrows in the OCT
images of infected wheat leaves, aged 16, 18, and 20 days respectively, indicate an increase in
gaps compared to the control. This is attributed to the growth of fungal hyphae within the
mesophyll, as observed in comparison with the control leaves. According to the Septoria life
cycle, 2-8 days after contact, the hyphae extend within the mesophyll, causing cells in the inner

space to collapse and become destroyed, as indicated by the arrows.

On day 11, OCT for infected leaves with Septoria, 32-day-old, the yellow spots and necrotic
areas on the leaves appear under OCT damage as indicated by the arrow due to the development
of fungus in the later stages of infection. According to Sepforia life cycle, 11-18 days after
infection, this phase in the infection cycle is referred to as ‘necrotrophic growth’ which is the
leaf increasingly becoming yellow and brown due to contents of dead or dying cells. These
dead cells can still release elicitors, and the OCT images may indirectly capture the plant’s

ongoing responses to these signals [265, 266].
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In the next section, some two-dimensional OCT images are explored OCT images for both

infected and non-infected leaf staring at age 21-day-old (Figure 60).

Day Mock Infected

8

Figure 60: Explore some two-dimensional OCT images, time-lapse data for control and infected leaves with
Septoria, for wheat plants, starting at 21-day-old, taken along the leaf’s length. The scale bar is Imm.

Figure 60 demonstrates OCT’s adequacy by using a low-cost, compact commercial system to
acquire cross-sectional images of leaves (~6 x 2 mm) with approximately 10 micrometre
resolution. Although the system only resolves the first 3-5 cell layers, this resolution is
sufficient to monitor internal structural differences between intact and infected leaves. The
project thus consists of examining the internal structure of leaves through cross-sectional OCT
images. The hypothesis is to indirectly monitor the growth of the fungus within the mesophyll,
which is expected to push apart the different cell layers. And although the fungus’ hyphae are
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too small (~2um in diameter [160]) to be seen via OCT, the spacing between these cell layer is

readily monitored.

On day 2, OCT image for the infected leaves, the gaps the first 2-3 cell layers are wider than
the control leaf. According to Sepforia life cycle, after 24-48 hours of pathogen attachment, the
fungus grows in the spaces between the mesophyll cells, or “the inner space” as indicated by

the arrows.

On days 4, 6 and 8, the arrows in the wheat leaves, aged 16, 18, and 20 days respectively,
indicate the collapse of the inner spaces due to the growth of fungal hyphae within the
mesophyll, as observed in comparison with the control leaves. According to the Septoria life
cycle, 2-8 days after contact, the hyphae extend within the mesophyll, causing cells in the inner

space to collapse and become destroyed, as indicated by the arrows.

On day 11, OCT for infected leaves with Septoria, 23-day-old, the yellow spots and necrotic
areas on the leaves appear under OCT damage as indicated by the arrow due to the development
of fungus in the later stages of infection. According to Septoria life cycle, 11-18 days after
infection, this phase in the infection cycle is referred to as ‘necrotrophic growth’ which is the

leaf increasingly becoming yellow and brown due to contents of dead or dying cells.

3. Conclusion

Septoria hyphae can be directly identified using epifluorescence, confocal, and SEM due to the
high resolution of these techniques. However, OCT detects the disease indirectly by revealing
increased gaps in the mesophyll tissue, as expected in response to fungal infection. In the next

chapter, a detailed analysis of these apparent gaps is presented through segmentation.
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Chapter V: Early detection of infection via OCT image segmentation

Early detection of crops infection by fungus is the very first step to deploying a timely and
effective treatment. Early and reliable detection is thus key to improving yields, sustainability,
and achieving food security. This study demonstrates the use of low-cost OCT to monitoring
wheat (cultivar AxC 169) when infected by Septoria tritici. This study shows that OCT analysis
can effectively detect signs of infection before any external symptoms appear. Although OCT
cannot directly visualize fungal hyphae, OCT reveals that apparent “gaps” in OCT scans appear
where the fungal hyphae are expected to develop. This study thus focuses on monitoring and
correlating the mesophyll’s structural organisation with the state of infection. Such an analysis
shows distinct difference between intact and infected wheat plants starting two days only after
infection. Finally, machine learning is applied for high throughput segmentation of OCT scans,

providing a foundation for future automated fungus-detection analysis.

1. Introduction
The scientific question addressed here is: Can automated segmentation of OCT images reliably

detect and differentiate infection-induced structural changes in wheat leaves? This question is
important because while manual segmentation is accurate, it is time-consuming, subjective,
and impractical for large-scale monitoring. Automating the segmentation process enables high-
throughput, consistent analysis of leaf microstructures, making it feasible to detect early fungal
infections across extensive crop populations. Developing robust image analysis algorithms for
OCT data is therefore essential for scaling up this diagnostic technique and integrating it into

precision agriculture systems.

Several software tools have been specifically developed for OCT image analysis and
segmentation, primarily within the medical field most notably in ophthalmology and
cardiology. Many of these tools incorporate machine learning (ML) algorithms to enhance
segmentation accuracy and support automation, thereby minimizing the need for manual
intervention. For example, Livelayer, is a semi-automatic software designed for segmenting
retinal layers and detecting pathologies such as diabetic macular edema (DME) [267, 268].
Other tools have been developed specifically for retinal OCT image segmentation [269-271]
cardiac OCT image segmentation [272-275], and for the analysis of various other pathological

conditions [276, 277].
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In comparison, there are currently no widely established OCT segmentation software tools
developed specifically for plant research that match the sophistication of those in the medical
domain. Researchers working with OCT in plant sciences typically adapt general-purpose
image analysis platforms or develop custom algorithms and software to segment and analyze
plant microstructures. Commonly used tools in this field include ImageJ/Fiji and MATLAB,

which offer flexibility for custom segmentation workflows.

Given this context, this chapter will discuss the potential applications of ML techniques for the
segmentation and analysis of OCT images in plant research, highlighting opportunities for

improving the accuracy, efficiency, and scalability of plant tissue imaging studies.

This work aims to analyse differences in mesophyll structure between control and infected
leaves to provide insights about the state of infection and tissue integrity. In healthy control
leaves, thinner and more uniform cell layers typically indicate intact tissue structure.
Conversely, in infected leaves, the monitored increase in layer thickness and irregularity of the
cell layers may suggest structural degradation, possibly due to the accumulation of fungal

material between the cells [169, 184].

2. Results

a) SEM images

The effectiveness of the inoculation procedure is demonstrated in Figure 61, where hyphae can
be seen emerging from the stomatal pores of infected leaves 12 days after inoculation. At this
stage, visible symptoms “yellow spots” are already present on the wheat leaves. This test is
essential to confirm that all OCT segmentation of infected plants at very early stages

corresponds to fungal development, even when the plants still appear healthy and green.
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Figure 61: SEM images showing control wheat plant (A), and infected wheat plant 12 days after inoculation by
Septoria (B). Arrows indicate hyphae located at stomatal pores. This corresponds to an advanced stage of
colonisation (stage 4) with signs of necrosis (deflated cells, stage 5).

b) Manual segmentation of OCT image

It 1s also worth noting that healthy leaves already have air gaps within their mesophyll (as
shown in Figure 62-A), which it uses to facilitate gas exchange [236]. But these interstitial
spaces notably increase when the plant is infected, while the leaves are still green and

seemingly healthy, as shown in Figure 62-B, D.

Figure 62: Individual B-scan of non-infected (control) wheat leaf (A) and infected wheat leaf taken 3 days after
inoculation (B). The arrows indicate a larger gap between the second and third cell layers. Scale bars represent
Imm. (C and D) Example of manual segmentation in the first 2-3 cell layers using the freehand Tool within FIJI
image for a control (C) and an infected (D) wheat leaf, 4 days after inoculation.

These interstitial spaces, or dark regions, are however highly heterogeneous and not easily
distinguished (given the uneven leaf morphology). As such it was decided to restrict the

analysis to the thickness (or height) of the apparent inter-cellular gap.

69



The following table (Table 3) shows the average thickness of the gaps present in a selection of
20 OCT scans out of each volumetric reading, for both control and infected leaves, ranging
from day O (i.e. right before inoculation) to Day 1 (i.e. 24h after inoculation) and up to Day 7.
Every day, one reading was performed per plant, on the three different controlled and 3 different

infected plants.

Table 3 : Mean thickness of the apparent gap from Day 0 (right before inoculation) to Day 7
(after inoculation) of wheat leaves with Septoria (One reading per plant, on three different
controlled and 3 different infected plants). Every mean value is an average of 250 individual
thickness measurements taken manually from a selection of 20 OCT scans out of each
volumetric reading. For each day, only a single image of the inoculated leaf is shown to
appreciate its lack of external symptoms. The unit of the “mean =+ standard deviation (SD)” is
expressed in millimeters (mm).
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Day 0 Day 1
Control Infected Control Infected
R1 R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3
Mean + SD 0.055+0.018 0.046+0.016 0.048+0.017 0.045+0.015 0.0463+0.015 0.049+0.017 0.044+0.015 0.038+0.015 0.0412+0.014 0.0496+0.014 0.0543+0.009 0.0499+0.015
\.
lem lc_m . lem
Day 2 Day 3
Control Infected Control Infected
R1 R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3
Mean + SD 0.039+£0.014 0.041+£0.014 0.0431+0.016 0.051+0.019 0.068+0.026 0.067+0.024 0.039+0.014 0.039+0.013 0.042+0.014 0.067+0.024 0.075+0.027 0.082+0.028
Image
—
lem lom lem lem
Day 4 Day 5
Control Infected Control Infected
R1 R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3
Mean + SD 0.042+0.015 0.049+0.015 0.046+0.013 0.076+0.024 0.082+0.03 0.073+0.024 0.049+0.02 0.049+0.02 0.054+0.02 0.068+0.03 0.069+0.03 0.083+0.03
lcm lem lcm lcm
Day 6 Day 7
Control Infected Control Infected
R1 R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3
Mean + SD 0.05+0.017 0.047+0.018 0.053+0.02 0.082+0.04 0.063+0.024 0.067+0.02 0.044+0.02 0.04+0.017 0.046+0.02 0.073+0.024 0.083+0.03 0.07+0.024
Image

lcm
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When analysing the individual measurements used to compute the averages shown in the above
table, the measured gap thicknesses reveal distinct trend between control and infected leaves,
as depicted in Figure 63. From day 1 after inoculation onward, infected leaves exhibit
consistently larger gap thicknesses, exceeding 0.05 mm in average, while measurements on
control leaves remains below or around that value. Furthermore, the width of the Gaussian-fit
for the infected leaves group is typically broader (FWHM ~0.2 compared to that of the control
group (FWHM ~0.15). Accordingly, the apparent gaps in infected leaves are more
heterogenous than those in intact leaves. This increased in gap thickness and in heterogeneity
of the gap size is expected to be a direct result of the mesophyll colonisation by the hyphae
(stage 4). However, other fungal-associated factors may also contribute, such as the recognition
of fungal PAMPs by plant immune receptors or changes in water potential arising from altered
stomatal behaviour [278, 279]. As discussed earlier, colonisation of the mesophyll is initiated
by the very first hyphae intrusion through a stoma (stage 3). The fact that we start monitoring
an increase in gap thickness as early as 24h after inoculation (instead of day 3, as per Fantozzi,
E., et al. [179]) can be a result of our choice of cultivar. Indeed, AxC 169 variety was chosen,
which is considered one of the varieties susceptible to Septoria. It is also possible that
inoculation via spray facilitates entry of the developing hyphae through the stomata. It has been
shown that spore germination typically occurs within 12 hours after contact with a leaf when
humidity levels are high [30]. And while the presence of water droplets is not expected to
trigger any direct reaction from the stomata, the overall increased humidity due to the spray
implies that most stomata will be open [280], thus facilitating entry of the hyphae within the
first 24 hours. It is also possible that upon the first intrusion event, before full colonisation
takes place, the whole plant reacts by modifying its mesophyll structure, which might give rise
to the increased in apparent gap thickness. If such is the case, this study still demonstrates that
OCT can effectively be used to detect early signs of infection by monitoring the increased

intercellular spacing.
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Figure 63: Void size distribution for manual thickness measurements from Day 0 to Day 7. Superimposed
histograms of control (blue) and infected leaves (red) groups with their Gaussian fits. The histograms used a bin
width of 0.01 mm.

It can be seen in Figure 63 that the superimposed histograms show the distributions of the two
groups (control and infected) are clearly different. From the average gap values, we could
theoretically set a threshold value for the average gap’s thickness of 0.05 mm, above which the
leaf can be classified as being infected. If such was the case, effective assessment of infection

could already be made from day 1 and affirmed from day 2 after inoculation.

The following section introduces a custom software tool, developed specifically for this
project, to perform automated segmentation, focusing on the potential rather than the actual
detection of infection, to clarify that we are monitoring regions of varying optical density, not

the fungus itself.

¢) Automated segmentation of OCT image
Building upon the encouraging results from the manual analysis, a machine learning (ML)

algorithm was developed in collaboration with Cyber Infrastructure Systems (CIS,

http://www.cisin.com) to automatically segment these apparent gaps and classify the leaves.
The Python code designed for OCT segmentation is a PyQt5-based GUI application that uses
OpenCV, TensorFlow, NumPy, and Pandas for image processing and ML-based analysis. After
training, the U-Net model (unet _masking3.keras) is used for generating segmentation masks

via MaskThread class. The code is provided in appendices.
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The automated procedure, like the manual one, focuses on analyzing the thickness of apparent

gaps between the second and third upper layers of the mesophyll.

To further benefit from OCT’s fast scanning rate and systematically processing large stacks of
OCT images, a bespoke machine learning (ML)-based software for image segmentation was
used instead of the manual labelling. The automated analysis is based on the same concept as
the previous manual analysis: it aims to segment the apparent gap between the second and third
cell layer within the defined region of interest (ROI) and compute its averaged thickness.

Example of the automated segmentation is shown in Figure 64.

Figure 64: Examples of automated segmentation using OCT image analysis to classify the spacing between the
second and third cell layers in a control wheat leaf (A) with ROI (B), and an infected leaf (C) with ROI (D), 2
days after inoculation.

In comparison to the previous analysis, for each day and for each of the three OCT volumetric
readings on control and infected plants, 200 images are selected (instead of 20 for the manual
analysis) and analysed using the ML-based software. The computed average thickness of the

segmented gap from each image is used to build the histograms shown in Figure 65.
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Figure 65: Average gap size distribution in control (blue) and infected (red) wheat leaves extracted from automated
segmentation, from D0 to D7 after inoculation, with superimposed Gaussian fits. The histograms use a bin width
0of 0.01 mm.

The results from the ML-based image analysis appear more scattered compared to the previous
manual analysis. This scattering might be a direct consequence in the apparent difficulty in
adequately segmenting the OCT images, which is in part due to the uneven leaf structures.
Although histograms resulting from the automated segmentation analysis are not as consistent
compared to those generated from the manual analysis, a similar pattern nonetheless emerges.
Starting from day 1 after inoculation, the apparent gaps in infected leaves are consistently larger
compared to those in intact leaves. And similarly, the widths of the Gaussian fits in infected
leaves are also larger compared to those in controlled leaves. Accordingly, these differences

could be used as markers to automatically distinguish between controlled and infected leaves.

It is also important to note that the ML-based segmentation software was here trained using the
AxC 169 variety. The same automated procedure was used on images taken from another
variety (AxC 157) and yielded, to a lesser extent, similar results (i.e. broader Gaussian fit and
shifted Gaussian centre toward larger gap size for infected leaves, this outcome is consistent
with the expectation that the Cadenza background introduces some resistance. results shown in
SI). One main difference between the two varieties is that intact leaves from cultivars AxC157
have already larger apparent gaps between the second and third cell layers (of ~ 0.06 mm).
Therefore, the distinction between infected and intact cannot be based on a single threshold

value across different cultivars.

Overall, the current ML-based analysis, with its unique distinguishing parameter, is shown to

already be promising in differentiating between infected and intact plants, with the caveat that
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a single threshold value might not be common to differing cultivars. To circumvent this
limitation, it is planned to pursue such studies to include more parameters to take into account
the 3-dimentional shape of the gaps since it is readily available from the OCT volumetric scans.
Additionally, the training model will be improved by expanding the study to multiple wheat

varieties.

3. Conclusions

In this proof-of-concept experiment, low-cost OCT was demonstrated to be a promising tool
for effective detection of infections before any visible signs appear on the plant. Systematic
analysis of several thousands of images acquired, over time and non-invasively, is made
possible by using bespoke ML-based analysis. And although the analysis currently relies on a
single parameter (apparent gap thickness), clear differences between controlled and infected
leaves can be seen from day 1 after inoculation. Accordingly, OCT imaging holds the promise
for quick and accurate identification of infection, even at an asymptomatic stage. The
application of OCT coupled with ML analysis thus presents a valuable opportunity to assess
crop’s health more effectively and enables timely treatments. By harnessing and combining
these cutting-edge technologies, this work paves the way to revolutionizing agricultural
practices by helping farmers mitigate crop losses, enhance sustainability, and contribute to

global food security.
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Chapter VI: Conclusion and Future Work

1. Conclusions

This thesis employed an interdisciplinary research approach to evaluate the suitability of OCT
for the early detection of plant infections, particularly focusing on Septoria tritici in wheat
leaves. A series of experiments and analyses were conducted to address the following key

research questions:

1. Why were wheat plants chosen as the host, Septoria as the pathogen, and OCT as the
imaging tool for this research?

2. Why was the AxC169 mapping population used instead of the parental lines Avalon

and Cadenza?

Why should OCT be evaluated for plant research applications?

Which parts of the wheat plant yield meaningful OCT imaging data?

Can OCT detect Septoria tritici at early stages of infection?

What are the strengths and limitations of OCT as an imaging tool in plant research?

N kW

How can machine learning (ML) enhance OCT image segmentation and analysis for
plant research?

8. What are the next steps for evaluating the application of OCT in agricultural settings?

To address these questions, wheat is a staple food crop and the main ingredient in many foods.
It is rich in carbohydrates, proteins, minerals, and other essential nutrients, making it vital for
global food security. Beyond its nutritional role, wheat also holds high commercial value, as
many countries rely on it to support their national income, which makes this crop particularly
interesting for plant research. Septoria tritici is a fungal pathogen that infects wheat and can
cause yield losses of up to 40%. Reducing its impact and minimizing the need for chemical
treatments were central aims of this study. OCT is a live imaging technique that operates in
real time and in vivo. It provides non-invasive cross-sectional and three-dimensional images,
making it well suited for plant research. This proof-of-concept study demonstrates its capability

and highlights its potential for broader application in plant science.

AxC169 variety seeds from this mapping population are widely available in research seedbanks
and have well-characterized resistance and susceptibility traits. The parental lines, Avalon and

Cadenza, differ markedly in their response to Septoria tritici blotch (STB), with Avalon being
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susceptible and Cadenza resistant. Using Cadenza to improve Avalon’s resistance is a common
and effective breeding approach. Crossing these lines introduces resistance alleles into
Avalon’s background, producing offspring that combine Avalon’s desirable agronomic traits
with Cadenza’s resistance. This genetically defined and well-documented population is

therefore ideal for testing OCT as a phenotyping tool.

A reliable Septoria tritici inoculation protocol was established, and plant growth was carefully
managed under controlled conditions. A combination of microscopy techniques, including
SEM, confocal, and epifluorescence, was used to validate infection progression and plant
responses. These microscopic observations were essential for comparing direct visualization

methods with OCT imaging.

Chapters IV and V demonstrate that OCT can detect early mesophyll disruptions in infected
leaves, even when plants still appear visually healthy. The successful implementation of
automated OCT image segmentation using ML significantly enhances processing efficiency.
This opens promising pathways for high-throughput phenotyping and real-time plant disease
monitoring. While automated OCT segmentation is well-established in medical imaging,
especially in ophthalmology and cardiology, its application in plant sciences remains novel.
This study confirms its feasibility and paves the way for broader adoption in agricultural

diagnostics.

Although OCT provides high resolution, it cannot directly visualize fungal hyphae and instead
detects them indirectly through changes in the internal leaf structure caused by pathogen
development. Its penetration depth may also be insufficient for imaging thicker plant tissues.
However, the penetration depth is adequate for studying leaves under biotic and abiotic stress,
where OCT can provide detailed depth profiles. Furthermore, ML-based models require large,
high-quality annotated datasets and rigorous validation to ensure robustness across different

plant species and pathogens.

Despite these challenges, the findings of this research are promising and highlight the potential
of OCT as a non-destructive, rapid imaging technique capable of detecting early structural
changes associated with fungal infections. The integration of ML tools is amplified with this
potential, suggesting that OCT could play a vital role in advancing precision agriculture and

sustainable crop disease management in the future.
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2. Future Work

Avalon and Cadenza are both UK winter and spring wheat cultivars that were originally grown
as commercial varieties but later became especially valuable in research and mapping
populations, such as the Avalon x Cadenza (AxC) population, which was developed to improve
resistance to Septoria tritici blotch (STB). In this research, the AxC mapping population was
used to build on previous genetic studies and to connect these findings with OCT imaging for
morphological examination. For future work, it is highly recommended to apply OCT directly
to the parental lines, Avalon and Cadenza, and perform gap thickness measurements to observe

how Septoria develops in Avalon and why Cadenza exhibits resistance.

This research focuses on AxC169, but extending the analysis to other AxC lines, such as
AxC157, could provide valuable baseline data on gap sizes and morphological differences
across genotypes. Additionally, applying OCT to drought-stressed leaves or other abiotic
stresses could reveal whether similar changes in mesophyll void spaces occur under
environmental stress, thereby allowing differentiation between biotic and abiotic causes of

tissue alterations.

The current software, which is based on Python code for OCT image segmentation, was trained
specifically on a single wheat variety (AxC169). Future work should expand the dataset to
include multiple wheat varieties and other plant species to improve the generalizability and
robustness of the model. Furthermore, additional development is needed to incorporate
classification capabilities, enabling the software not only to segment but also to determine
whether a leaf is infected or healthy. Incorporating this functionality could significantly
enhance its utility in precision agriculture, allowing for rapid screening and automated disease

diagnosis across diverse crops.

In real field, it will also be critical to determine how farmers can reliably distinguish Septoria
infection from other fungal pathogens or environmental stresses using OCT. For example,
environmental stress typically affects all plants in a given area, whereas biotic stresses such as
fungal infections usually impact only some plants. This distinction highlights the need to
educate farmers on how to collect OCT images in the field, which can then be analyzed with

OCT analyzer software to extract meaningful data.

The findings for AxC169 and some experiments on AxC157 lines, presented as Excel files in

the SI, provide a foundation for such analyses and allow reviewers and researchers to perform
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their own statistical tests or export the data for further analysis via Google drive. It would be
valuable to perform more rigorous statistical analyses, in addition to gap thickness
measurements, such as t-tests or calculation of p-values, to quantitatively assess differences
between groups. When comparing two groups, it is important to determine whether the
observed differences are real or could have occurred by chance. A t-test helps assess whether
the means of two groups differ significantly, while the p-value provides the probability that the
observed difference arose by chance. A low p-value (commonly < 0.05) indicates statistical
significance. Such analyses move beyond visual comparisons (e.g., Gaussian histograms) and

provide stronger, quantitative evidence of group differences.

Integrating OCT with additional biomarkers or sensors, such as measurements of leaf water
potential, stomatal conductance, or chlorophyll fluorescence, could provide a more robust
analysis of crop stress physiology, informing the most appropriate management responses for

farmers.

Finally, for widespread adoption in agricultural settings, OCT systems should be designed to
be cost-effective, user-friendly, and portable, ensuring practical utility for both researchers and

farmers.
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Appendices for Chapter V

1. Collaboration with the CIS company

This collaboration involves the University of Sheffield, Department of Chemistry and Cyber
Infrastructure (CIS, http://www.cisin.com). CIS offers comprehensive IT services such as
custom software application development. CIS company established in 2003, - Cyber
Infrastructure, "CIS" - Central India's Largest Technology Company | www.cisin.com |

https://www.cisin.com/.

2. OCT Leaf Analyzer User Guide (provided by CIS company)

a) Application Overview
The interface is split into two main sections: the left panel displays the original OCT

leaf image, and the right panel shows the processed image with highlighted segmentation.
Controls for image operations, insights generation, and navigation are provided below these

panels.

i. Loading an OCT Leaf Image
® Drag and Drop: Drag and drop a file or folder onto the left panel.

® [oad OCT Image Button: Opens a dialog to manually select an image or folder.

ii. Applying Segmentation and Highlighting
After loading an image, click **Apply Masking** to initiate segmentation between the
second and third layers, highlighting the inner space. The right panel will update with the

processed image, and segmentation details will appear below.

iii. Generating Insights

For batch processing of images from a folder, click **Generate insights for all**. The
application will analyse each image, providing a summary of the segmentation results,

including the average dimensions of the inner spaces.

b) Navigation (for folders)

1. Use **Previous** and **Next** to navigate through images.

2. The index display shows the current and total number of images.
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¢) Image and Analysis Details

® Image Details: Shows current image information (name, size, shape, format).
® Analysis Results: Displays segmentation outcomes, measurements, and

classifications related to the highlighted inner space.

d) Working of infected leaves detection and segmentation

We labelled the infected areas on images of leaves by marking regions that displayed the
infected area. These annotated images were then utilized to train a U-Net model, which is
particularly effective for image segmentation tasks. The trained U-Net model can automatically
detect and outline the infected areas on new, unseen leaf images by generating masks that
highlight these regions. This approach enables efficient and automated detection of leaf

infections.

e) Python code structure and the main components
To develop the OCT Leaf Analyzer software, we used Python along with several libraries.

Here's a brief overview of the code structure and the main components:

1. TensorFlow: Used for building and training the U-Net model to segment the inner spaces
between the layers in the OCT leaf images and also used for building and training the
prediction model that prediction image is infected or non-infected model.

ii. OpenCV: Employed for preprocessing the OCT images, such as resizing, converting to
grayscale if necessary, and enhancing image features to improve model accuracy.

1. PyQt5: Utilized to create the graphical user interface (GUI) of the desktop application. This
includes setting up the panels for displaying original and processed images, as well
asimplementing the drag-and-drop functionality and buttons for loading images, applying

segmentation, and generating insights.

Confusion Matrix:
[[177 7]
[2 158]]

e Python code
import cv2

import os
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import sys

import numpy as np

import pandas as pd

import tensorflow as tf

from PIL import Image

import logging

from PyQt5.QtCore import Qt, QSize, QThread, pyqtSignal
from PyQt5.QtGui import QPixmap, QImage

from PyQt5.QtWidgets import QApplication, QMainWindow, QLabel, QPushButton, QVBoxLayout,
QHBoxLayout, QWidget, QFileDialog, QTextEdit, QProgressBar, QProgressDialog

# Configure logging

logging.basicConfig(filename="test.log', level=logging.INFO, format='%(asctime)s - %(levelname)s -
%(message)s')

class ProgressDialog(QProgressDialog):

Custom progress dialog that extends QProgressDialog for displaying operation progress.
def init_ (self, parent=None):

super().__init__(parent)

self.setWindowModality(Qt. WindowModal)

self.setWindowTitle("Progress")

self.setMinimum(0)

self.setMaximum(100)

self.setValue(0)
def set_value(self, value):

self.setValue(value)

class MaskThread(QThread):

Thread to handle image masking operations asynchronously to avoid Ul freezing.

mask generated = pyqtSignal(np.ndarray, dict)

progress_updated = pyqtSignal(int)
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def init_(self, image app_instance, image, masking model, predict using_thickness_data model):
super(). _init_ ()
self.image app_instance = image app_instance
self.image = image
self.masking model = masking model
self.predict_using_thickness data model = predict_using_thickness_data_model
self.is_running = True

def run(self):
mask = self.image app_instance.generate_mask(self.image)[135]
image with_boundary = self.image app_instance.create_boundary(mask, self.image)
filled mask area image = self.image app_instance.fill mask(mask, self.image.copy())
straighten_image = self.image app_instance.straight images([image with_boundary])
thickness_data = self.image app_instance.calculate thickness(straighten_image)
df = pd.DataFrame(thickness_data)
results = self.predict_using_thickness_data model.predict(df)
tag = "Non-Infected" if results[0] > 0.5 else "Infected"

details = {"tag": tag, "max": round(df['max'][0],2), "min": round(df['min'][0],2), "avg":
round(df['avg'][0],2)}

self.mask generated.emit(np.array(filled mask area image), details)
def stop(self):
self.is_running = False
class InsightsThread(QThread):

Thread for generating insights across multiple images. Handles bulk processing.
insights_generated = pyqtSignal(dict)
progress_updated = pyqtSignal(int)
def init (self, image app_ instance, file paths, masking model, predict using thickness data model):
super(). _init_ ()
self.image app_instance = image app_instance
self.file paths = file paths
self.masking model = masking model

self.predict_using_thickness data model = predict using_thickness data_model

96



self.is_running = True
def run(self):
straighten image =[]
total files = len(self.file paths)
for idx, file path in enumerate(self.file paths):
if not self.is_running:
break
img_for calculation = cv2.imread(file path, cv2.IMREAD COLOR)
if img_for_calculation is not None:
mask = self.image_app_instance.generate_mask(img_for calculation.copy())
image with_boundary = self.image_app_instance.create_boundary(mask, img_for calculation)
straighten_image.append(self.image app_instance.straight images([image with boundary])[0])
self.progress_updated.emit(int((idx + 1) * 90 / total_files))
if straighten_image:
thickness_data = self.image app_instance.calculate thickness(straighten_image)
self.progress_updated.emit(95)
df = pd.DataFrame(thickness_data)
results = self.predict using_thickness_data model.predict(df)
mean_df = df.mean(axis=0)

mean_df for pred = pd.DataFrame([{'min": mean_df['min'], 'max": mean df['max'], 'avg"
mean_df['avg']}])

mean_result = self.predict_using_thickness _data model.predict(mean_df for pred)
tag = "Non-Infected" if mean_result[0] > 0.5 else "Infected"
details = {
"tag": tag, "max": round(mean_df for pred[‘'max'][0], 2),
"min": round(mean_df for pred['min'][0], 2),
"avg": round(mean_df for pred['avg'][0], 2),
"total images": len(results),
"detected non-infected images": list(results).count(1),
"detected infected images": list(results).count(0)
}
self.insights generated.emit(details)

self.progress_updated.emit(98)



self.progress_updated.emit(100)
self.finished.emit()
def stop(self):
self.is_running = False
class Label(QLabel):

Custom QLabel with drag-and-drop support for images or image folders.
imagelLoaded = pyqtSignal()
def init_ (self, title, parent):

super(). _init__(title, parent)

self.setAcceptDrops(True)

self.file paths =[]

def dragEnterEvent(self, e):
if e.mimeData().hasUrls():
e.accept()
else:
e.ignore()
def dropEvent(self, e):
m = e.mimeData()
if m.hasUrls():
for url in m.urls():
if url.isLocalFile():
file_path = url.toLocalFile()
if os.path.isfile(file_path):
self.file_paths =[]
self.window().load image(file path)
self.window().image count label.setText(f"'Image 1 of 1")
elif os.path.isdir(file_path):

self.current index = -1
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image files = [f for f in os.listdir(file path) if f.endswith((".png', '.jpg', '.jpeg', ".bmp', "tif, "tiff"))]

self.file paths = [0s.path.join(file path, f) for f in sorted(image files)]
self.load next image()
def'load_next image(self):
if self.file paths and self.current_index < len(self.file paths) - 1:
self.current index += 1
self.window().load image(self.file paths[self.current index])
self.imageLoaded.emit()
def'load_previous_image(self):
if self.file_paths and self.current index > 0:
self.current index -=1
self.window().load image(self.file paths[self.current index])
self.imageloaded.emit()
class ImageApp(QMainWindow):

Main application window for the OCT Leaf Analyzer.

def init_ (self, masking model, predict using_thickness _data model):
super(). _init_ ()
self.masking model = masking model
self.predict_using_thickness data model = predict using_thickness data_model
self.setup_ui()
def setup_ui(self):
self.setWindowTitle("OCT Leaf Analyzer")
self.setGeometry(100, 100, 1000, 600)
central widget = QWidget(self)
self.setCentral Widget(central widget)
main_layout = QVBoxLayout(central widget)
image container = QWidget()
image layout = QHBoxLayout(image container)
self.original label = Label("Drag and Drop image or folder here", self)

self.original label.setAlignment(Qt.AlignCenter)
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image layout.addWidget(self.original label)

self.masked_label = QLabel("", self)

self.masked label.setAlignment(Qt.AlignCenter)

image layout.addWidget(self.masked label)
main_layout.addWidget(image container)

button layout = QHBoxLayout()

self.load button = QPushButton("Load OCT Image", self)

self.load button.clicked.connect(self.load image)
button_layout.addWidget(self.load_button)

self.mask button = QPushButton("Apply Masking", self)

self.mask button.clicked.connect(self.apply mask async)
button_layout.addWidget(self.mask button)

self.generate insights button = QPushButton("Generate Insights for All", self)
self.generate insights button.clicked.connect(self.generate insights for all)
button_layout.addWidget(self.generate insights _button)
self.details_textedit = QTextEdit(self)
self.details_textedit.setReadOnly(True)
main_layout.addLayout(button layout)
main_layout.addWidget(self.details_textedit)

arrow_layout = QHBoxLayout()

self.prev_button = QPushButton("Previous", self)
self.prev_button.clicked.connect(self.original label.load previous image)
arrow_layout.addWidget(self.prev_button)

self.image count_label = QLabel("", self)

self.image count label.setAlignment(Qt.AlignCenter)
arrow_layout.addWidget(self.image count label)

self.next_button = QPushButton("Next", self)

self.next button.clicked.connect(self.original label.load next image)
arrow_layout.addWidget(self.next_button)
main_layout.addLayout(arrow_layout)

self.setStyleSheet("""

QMainWindow {
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}

background-color: #37474F;

QPushButton {

}

background-color: #FFC107;
color: #37474F;
border-radius: 15px;
padding: 10px;

margin: 6px;

font-size: 14px;

QPushButton:hover {

}

background-color: #FFD54F;

QLabel {

}

color: #FFFFFF;
background-color: #455A64;
padding: 5px;

border-radius: 5px;
font-size: 16px;

font-weight: semi-bold;

QTextEdit, QLineEdit {

H
HHH)

self.original label.imagelLoaded.connect(self.update details)

background-color: #CFD8DC;
color: #37474F;

font-size: 14px;

border: none;

padding: 5px;

border-radius: 5px;
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defload image(self, file path=None):

Load an image from the file dialog or from a dropped file.
if not file path:
options = QFileDialog.Options()

file path, = QFileDialog.getOpenFileName(self, "Select OCT Image", "", "Image Files (*.png *.jpg
* jpeg *.bmp *.tif *.tiff)", options=options)

if file path:
self.image = cv2.imread(file path, cv2.IMREAD COLOR)
self.image = cv2.resize(self.image, (512, 512), interpolation=cv2.INTER AREA)
if self.image is not None:
self.display_image(self.image, self.original label)
self.update details(file path)
self.masked _label.clear()
def apply _mask async(self):

Apply mask to the loaded image asynchronously.

if self.image is not None:
self.progress_dialog = ProgressDialog(self)
self.progress_dialog.show()
self.progress_dialog.setLabel Text(" Applying Masking")

self.mask_thread = MaskThread(self, self.image.copy(), self.masking model,
self.predict_using_thickness_data model)BookGap thickness. AxC169. Manual.xIs

self.mask thread.mask generated.connect(self.show mask result)
self.mask_thread.progress_updated.connect(self.update _progress_bar)
self.mask thread.finished.connect(self.progress dialog.accept)
self.progress _dialog.canceled.connect(self.stop_mask thread)
self.mask thread.start()
def stop_mask_thread(self):
Stop the mask thread if it is still running.
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if self.mask thread.isRunning():
self.mask_thread.stop()
def generate insights_for all(self):

Generate insights for all images loaded into the application.
if not self.original label.file paths:

return # No files loaded, exit the function

self.progress_dialog = ProgressDialog(self)
self.progress_dialog.show()
self.progress_dialog.setLabelText("Generating Insights")

self.insights thread = InsightsThread(self, self.original label.file paths, self.masking model,
self.predict_using_thickness data model)

self.insights thread.insights generated.connect(self.show _insights)
self.insights thread.progress_updated.connect(self.update progress bar)
self.insights thread.finished.connect(self.progress_dialog.accept)

self.progress_dialog.canceled.connect(self.stop insights thread)

self.insights thread.start()

def stop_insights thread(self):

Stop the insights generation thread if it is still running.
if self.insights_thread.isRunning():
self.insights thread.stop()
def update progress_bar(self, progress_percent):

Update the progress bar in the UL

self.progress_dialog.set value(progress_percent)
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def show mask result(self, masked image, details):

Display the masked image and details in the UL
self.display_image(self.image, self.original label)
self.display image(masked image, self.masked label)
self.show_details(details)

def show_insights(self, detail):

Display the insights for all processed images in the UI.

details = (f"<b>Total images</b>: {detail['total images']}<br>"
f'<b>Detected Non-Infected images</b>: {detail['detected non-infected images'] } <br>"
f'<b>Detected Infected images</b>: {detail['detected infected images']} <br><br>"
f'<b>Mean insights for all images</b> :-<br><br>"
f'<b>Tag</b>: {detail['tag']}<br>"
f'<b>Maximum Thickness</b>: {detail['max']}mm<br>"
f'<b>Minimum Thickness</b>: {detail['min']}mm<br>"
f'<b>Average Thickness</b>: {detail['avg']} mm<br><br>"
f'<b>Note</b>: 100px = Imm")

self.details_textedit.setHtml(details)

def display_image(self, image, label):

Utility function to display an image on a QLabel.
if image is not None:
if len(image.shape) == 3:
height, width, channel = image.shape
else:
height, width = image.shape

image = cv2.cvtColor(image, cv2.COLOR _BGR2RGB)
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bytesPerLine = 3 * width

gqlmg = QImage(image.data, width, height, bytesPerLine, QImage.Format RGB888).rgbSwapped()
pixmap = QPixmap.fromImage(qlmg)

pixmap = pixmap.scaled(QSize(512, 512), Qt.KeepAspectRatio)

label.setPixmap(pixmap)

def load_model(path):

Load a TensorFlow model from a specified path.

try:
if getattr(sys, 'frozen', False):
# When running as a PylInstaller bundle
base path = sys. MEIPASS
else:
# When running as a script
base_path = os.path.dirname(os.path.abspath(__ file ))
model_path = os.path.join(base_path, path)
model = tf.keras.models.load_model(model path)
logging.info('Model loaded successfully from main")
return model
except FileNotFoundError:
logging.error('Model file not found. Please verify the file path.")
except Exception as e:
logging.error(f'Failed to load model: {e}")
if name ==" main "
tf.compat.vl.enable eager execution()
predict using thickness data model = load model("classification model.keras")
masking model = load model(‘'unet _masking3.keras')
app = QApplication(sys.argv)
window = ImageApp(masking model, predict using thickness data model)

window.show()
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sys.exit(app.exec_())

f) The software's operational steps

This section outlines the steps involved in operating the OCT image segmentation, using

figures to provide visual guidance.

Orag and Drop image of folder here

103c OCT mage

Geneale insights for all

Figure 66: Shows the home page of the OCT Image Segmentation.

Drag and Drop here

Apply Masking

Generate insights for all

Figure 67: Drag OCT image or data set to the “Load OCT image” option.

Load OCT image
Apply Masking

Figure 68: Then, click on “apply mask” option on OCT image/s.

The software can automatically analyse the thickness of inner spaces, providing key
information such as maximum, minimum, and average gap thickness in no time.
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Figure 69: Demonstrates the key information, including the maximum and minimum thickness values along with
their averages, as a result of masking the gap.

The OCT analyzer software is available for download at the following link

https://drive.google.com/file/d/1xDpiNglyM85NABNcOOEPwW2RB7S2u9iU/view?usp=drive
link

3. Tables of manual gap thickness measurements for AxC169 variety

The following tables illustrate the total number of OCT images used for manual gap thickness
measurements in the AxC169 variety. A total of 250 OCT images were analyzed, with
segmentation of the first 2-3 cell layers performed using the Freehand Tool in FIJI. For both
control and infected leaves, three readings were taken from Day 0 (D0) to Day 7 (D7).
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Day 0 Dayl1
Before inoculation
OCT Control Before inoculation Control Infected
image
1 2 3 1 2 3 1 2 3 1 2 3
1 0.08 0.08 0.084 0.06 0.05 0.052 0.031 0.061 0.031 0.051 0.05 0.022
2 0.071 0.05 0.08 0.02 0.057 0.042 0.048 0.039 0.055 0.05 0.051 0.034
3 0.05 0.042 0.07 0.033 0.033 0.03 0.061 0.034 0.038 0.055 0.055 0.039
4 0.07 0.04 0.098 0.03 0.06 0.052 0.027 0.038 0.027 0.05 0.055 0.052
5 0.091 0.04 0.01 0.06 0.04 0.05 0.058 0.027 0.07 0.039 0.05 0.039
6 0.081 0.02 0.042 0.075 0.04 0.04 0.026 0.039 0.039 0.059 0.055 0.013
7 0.057 0.03 0.091 0.04 0.048 0.05 0.039 0.027 0.055 0.055 0.057 0.038
8 0.07 0.033 0.08 0.07 0.024 0.061 0.033 0.033 0.059 0.044 0.05 0.049
9 0.057 0.02 0.048 0.057 0.057 0.05 0.037 0.016 0.028 0.055 0.056 0.049
10 0.04 0.04 0.071 0.05 0.033 0.033 0.039 0.044 0.064 0.067 0.05 0.038
11 0.05 0.052 0.052 0.07 0.061 0.04 0.023 0.039 0.023 0.053 0.054 0.034
12 0.061 0.024 0.09 0.06 0.04 0.03 0.049 0.034 0.048 0.049 0.056 0.062
13 0.071 0.075 0.052 0.057 0.05 0.05 0.049 0.044 0.045 0.038 0.056 0.034
14 0.084 0.057 0.06 0.03 0.04 0.05 0.039 0.033 0.044 0.05 0.05 0.028
15 0.129 0.04 0.06 0.08 0.042 0.07 0.033 0.054 0.05 0.045 0.055 0.045
16 0.04 0.04 0.05 0.02 0.05 0.052 0.027 0.031 0.033 0.054 0.06 0.055
17 0.066 0.06 0.03 0.061 0.05 0.02 0.071 0.031 0.038 0.045 0.053 0.057
18 0.02 0.033 0.042 0.04 0.05 0.042 0.038 0.028 0.049 0.036 0.055 0.022
19 0.052 0.042 0.07 0.071 0.04 0.03 0.044 0.04 0.027 0.055 0.042 0.04
20 0.04 0.033 0.03 0.05 0.04 0.05 0.031 0.057 0.045 0.058 0.051 0.041
21 0.033 0.02 0.06 0.06 0.02 0.06 0.036 0.062 0.049 0.058 0.059 0.064
22 0.084 0.04 0.071 0.061 0.052 0.052 0.049 0.045 0.044 0.04 0.056 0.066
23 0.04 0.04 0.048 0.061 0.05 0.052 0.011 0.044 0.041 0.06 0.06 0.075
24 0.071 0.04 0.057 0.04 0.04 0.05 0.028 0.016 0.05 0.057 0.055 0.045
25 0.061 0.066 0.06 0.048 0.061 0.091 0.05 0.041 0.05 0.046 0.06 0.026
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26 0.033 0.06 0.05 0.066 0.02 0.052 0.044 0.084 0.022 0.044 0.043 0.071
27 0.033 0.03 0.05 0.033 0.07 0.061 0.07 0.034 0.027 0.044 0.061 0.027
28 0.061 0.03 0.05 0.03 0.04 0.066 0.034 0.057 0.027 0.045 0.061 0.033
29 0.057 0.03 0.04 0.052 0.061 0.05 0.062 0.035 0.018 0.04 0.06 0.044
30 0.042 0.061 0.04 0.07 0.05 0.066 0.045 0.028 0.054 0.028 0.054 0.049
31 0.024 0.071 0.05 0.03 0.03 0.06 0.055 0.041 0.057 0.049 0.04 0.023
32 0.03 0.05 0.042 0.024 0.04 0.07 0.038 0.033 0.033 0.046 0.061 0.049
33 0.052 0.05 0.048 0.06 0.02 0.05 0.041 0.016 0.049 0.027 0.064 0.027
34 0.05 0.033 0.061 0.03 0.042 0.06 0.031 0.028 0.049 0.063 0.065 0.061
35 0.061 0.03 0.042 0.05 0.05 0.048 0.072 0.022 0.055 0.06 0.06 0.041
36 0.052 0.04 0.04 0.06 0.03 0.033 0.038 0.034 0.028 0.055 0.061 0.04
37 0.091 0.071 0.07 0.03 0.033 0.052 0.049 0.05 0.057 0.06 0.06 0.049
38 0.02 0.042 0.052 0.057 0.03 0.03 0.06 0.049 0.034 0.062 0.052 0.055
39 0.03 0.042 0.057 0.06 0.04 0.048 0.044 0.034 0.027 0.068 0.061 0.049
40 0.04 0.075 0.05 0.024 0.04 0.03 0.05 0.027 0.027 0.05 0.054 0.035
41 0.04 0.05 0.05 0.03 0.03 0.042 0.06 0.034 0.023 0.066 0.051 0.072
42 0.06 0.052 0.033 0.07 0.02 0.033 0.078 0.016 0.034 0.055 0.061 0.062
43 0.061 0.052 0.05 0.04 0.066 0.04 0.049 0.038 0.049 0.063 0.065 0.088
44 0.061 0.03 0.06 0.04 0.03 0.05 0.027 0.034 0.045 0.06 0.065 0.023
45 0.07 0.042 0.07 0.042 0.042 0.05 0.033 0.034 0.034 0.028 0.06 0.045
46 0.03 0.033 0.07 0.033 0.033 0.048 0.022 0.039 0.027 0.054 0.063 0.067
47 0.071 0.03 0.071 0.01 0.02 0.071 0.044 0.049 0.022 0.045 0.056 0.05
48 0.05 0.024 0.03 0.033 0.042 0.08 0.039 0.044 0.027 0.033 0.056 0.053
49 0.04 0.042 0.04 0.06 0.02 0.04 0.055 0.054 0.023 0.031 0.05 0.039
50 0.024 0.06 0.052 0.02 0.03 0.02 0.045 0.027 0.075 0.024 0.057 0.048
51 0.052 0.01 0.04 0.052 0.06 0.052 0.018 0.027 0.05 0.018 0.056 0.018
52 0.07 0.052 0.04 0.06 0.061 0.06 0.049 0.038 0.038 0.011 0.06 0.022
53 0.06 0.05 0.052 0.042 0.05 0.05 0.044 0.048 0.05 0.049 0.065 0.028
54 0.061 0.04 0.081 0.02 0.04 0.081 0.041 0.07 0.034 0.05 0.05 0.034
55 0.05 0.042 0.04 0.052 0.033 0.04 0.011 0.04 0.011 0.056 0.054 0.044

109



56 0.05 0.052 0.057 0.06 0.03 0.042 0.039 0.038 0.033 0.06 0.056 0.071
57 0.052 0.052 0.071 0.04 0.04 0.03 0.077 0.023 0.038 0.062 0.06 0.038
58 0.052 0.01 0.052 0.05 0.052 0.061 0.06 0.054 0.027 0.034 0.061 0.053
59 0.02 0.05 0.05 0.02 0.06 0.017 0.045 0.044 0.057 0.038 0.051 0.052
60 0.05 0.02 0.071 0.03 0.042 0.084 0.055 0.033 0.027 0.054 0.061 0.088
61 0.071 0.04 0.07 0.05 0.05 0.061 0.052 0.088 0.033 0.052 0.06 0.033
62 0.071 0.03 0.091 0.052 0.052 0.07 0.044 0.049 0.06 0.061 0.061 0.059
63 0.04 0.04 0.052 0.033 0.02 0.052 0.055 0.052 0.044 0.041 0.06 0.061
64 0.061 0.061 0.08 0.03 0.042 0.042 0.022 0.033 0.05 0.062 0.052 0.057
65 0.084 0.06 0.061 0.03 0.033 0.06 0.038 0.061 0.039 0.061 0.062 0.027
66 0.1 0.052 0.05 0.04 0.06 0.07 0.033 0.052 0.05 0.067 0.042 0.05
67 0.04 0.02 0.03 0.05 0.071 0.052 0.044 0.034 0.022 0.062 0.05 0.05
68 0.071 0.03 0.02 0.07 0.03 0.03 0.038 0.022 0.049 0.058 0.054 0.072
69 0.033 0.05 0.033 0.07 0.057 0.06 0.022 0.033 0.039 0.064 0.06 0.05
70 0.06 0.03 0.03 0.024 0.057 0.06 0.034 0.033 0.039 0.062 0.031 0.044
71 0.07 0.04 0.033 0.05 0.05 0.06 0.039 0.041 0.052 0.05 0.051 0.028
72 0.05 0.03 0.05 0.052 0.042 0.06 0.022 0.013 0.044 0.036 0.054 0.027
73 0.061 0.05 0.05 0.03 0.052 0.042 0.027 0.044 0.027 0.041 0.06 0.066
74 0.071 0.05 0.04 0.071 0.052 0.05 0.027 0.034 0.058 0.053 0.051 0.062
75 0.091 0.04 0.03 0.04 0.05 0.07 0.023 0.023 0.039 0.039 0.03 0.04
76 0.091 0.03 0.048 0.024 0.04 0.05 0.028 0.028 0.034 0.066 0.05 0.046
77 0.091 0.03 0.04 0.033 0.071 0.071 0.039 0.028 0.034 0.039 0.048 0.028
78 0.05 0.04 0.071 0.08 0.03 0.07 0.06 0.027 0.054 0.04 0.009 0.041
79 0.071 0.04 0.04 0.05 0.091 0.05 0.041 0.034 0.049 0.039 0.011 0.033
80 0.061 0.05 0.05 0.061 0.04 0.06 0.034 0.054 0.038 0.066 0.017 0.052
81 0.04 0.04 0.05 0.04 0.052 0.052 0.035 0.033 0.018 0.055 0.044 0.053
82 0.071 0.05 0.04 0.048 0.05 0.05 0.028 0.05 0.044 0.062 0.05 0.06
83 0.03 0.05 0.091 0.05 0.045 0.02 0.022 0.038 0.04 0.034 0.051 0.062
84 0.04 0.033 0.03 0.04 0.073 0.073 0.06 0.052 0.013 0.044 0.06 0.044
85 0.04 0.07 0.05 0.05 0.05 0.024 0.038 0.033 0.064 0.033 0.056 0.05

110



86 0.05 0.03 0.01 0.05 0.042 0.042 0.053 0.022 0.013 0.028 0.057 0.049
87 0.1 0.04 0.057 0.06 0.03 0.084 0.034 0.023 0.062 0.011 0.065 0.044
88 0.04 0.061 0.045 0.052 0.042 0.042 0.039 0.022 0.044 0.057 0.06 0.065
89 0.05 0.06 0.03 0.033 0.06 0.03 0.022 0.033 0.028 0.062 0.061 0.061
90 0.05 0.03 0.03 0.03 0.02 0.07 0.038 0.045 0.066 0.057 0.064 0.05
91 0.03 0.042 0.05 0.05 0.05 0.033 0.044 0.035 0.033 0.049 0.051 0.057
92 0.066 0.05 0.066 0.04 0.03 0.03 0.034 0.06 0.038 0.064 0.064 0.053
93 0.066 0.042 0.061 0.03 0.06 0.05 0.033 0.028 0.049 0.046 0.063 0.052
94 0.052 0.033 0.07 0.02 0.03 0.05 0.06 0.054 0.06 0.08 0.065 0.028
95 0.04 0.03 0.03 0.08 0.04 0.03 0.045 0.085 0.075 0.016 0.065 0.044
96 0.04 0.03 0.02 0.04 0.033 0.017 0.059 0.023 0.027 0.038 0.057 0.033
97 0.042 0.04 0.05 0.03 0.03 0.04 0.049 0.055 0.045 0.045 0.06 0.055
98 0.061 0.024 0.03 0.05 0.06 0.071 0.062 0.023 0.045 0.044 0.065 0.057
99 0.042 0.05 0.04 0.028 0.05 0.04 0.049 0.011 0.041 0.049 0.03 0.059
100 0.042 0.033 0.061 0.04 0.07 0.07 0.05 0.038 0.039 0.06 0.04 0.044
101 0.05 0.05 0.04 0.05 0.075 0.017 0.066 0.033 0.044 0.045 0.041 0.055
102 0.02 0.03 0.05 0.04 0.042 0.05 0.041 0.044 0.027 0.066 0.04 0.06
103 0.06 0.07 0.042 0.057 0.05 0.042 0.059 0.049 0.045 0.052 0.057 0.055
104 0.04 0.042 0.048 0.04 0.02 0.02 0.083 0.028 0.027 0.066 0.055 0.065
105 0.04 0.05 0.04 0.033 0.052 0.052 0.071 0.039 0.052 0.022 0.06 0.06
106 0.052 0.02 0.05 0.061 0.03 0.042 0.033 0.066 0.045 0.027 0.053 0.033
107 0.04 0.02 0.03 0.03 0.04 0.02 0.073 0.039 0.061 0.04 0.06 0.078
108 0.04 0.03 0.066 0.05 0.052 0.052 0.066 0.068 0.044 0.06 0.05 0.033
109 0.04 0.04 0.05 0.052 0.061 0.05 0.035 0.055 0.055 0.044 0.055 0.067
110 0.075 0.066 0.024 0.04 0.05 0.048 0.041 0.044 0.071 0.053 0.065 0.044
111 0.075 0.052 0.02 0.04 0.042 0.09 0.038 0.034 0.039 0.041 0.057 0.049
112 0.075 0.071 0.05 0.03 0.04 0.061 0.06 0.038 0.05 0.022 0.04 0.044
113 0.052 0.09 0.066 0.05 0.06 0.05 0.05 0.039 0.066 0.04 0.06 0.067
114 0.061 0.061 0.052 0.03 0.03 0.084 0.055 0.044 0.033 0.039 0.052 0.028
115 0.05 0.07 0.061 0.061 0.042 0.081 0.096 0.049 0.027 0.065 0.04 0.073
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116 0.052 0.052 0.05 0.064 0.071 0.061 0.045 0.038 0.033 0.06 0.04 0.055
117 0.04 0.06 0.07 0.05 0.04 0.05 0.066 0.033 0.066 0.052 0.03 0.094
118 0.042 0.05 0.02 0.048 0.061 0.06 0.044 0.055 0.055 0.023 0.046 0.066
119 0.1 0.033 0.02 0.033 0.03 0.017 0.038 0.044 0.038 0.055 0.05 0.034
120 0.066 0.05 0.071 0.06 0.048 0.075 0.044 0.046 0.027 0.049 0.052 0.046
121 0.07 0.05 0.03 0.04 0.061 0.05 0.05 0.033 0.027 0.049 0.057 0.06
122 0.071 0.05 0.03 0.061 0.04 0.05 0.05 0.016 0.022 0.049 0.055 0.049
123 0.07 0.066 0.04 0.042 0.052 0.048 0.049 0.039 0.072 0.058 0.04 0.066
124 0.061 0.06 0.052 0.042 0.061 0.052 0.022 0.027 0.046 0.033 0.06 0.06
125 0.057 0.04 0.071 0.04 0.01 0.03 0.083 0.033 0.055 0.046 0.06 0.06
126 0.07 0.033 0.04 0.066 0.091 0.05 0.049 0.034 0.027 0.062 0.051 0.06
127 0.07 0.06 0.03 0.05 0.03 0.05 0.049 0.044 0.052 0.036 0.05 0.061
128 0.08 0.064 0.052 0.042 0.048 0.04 0.044 0.016 0.026 0.025 0.052 0.055
129 0.052 0.071 0.04 0.042 0.052 0.033 0.06 0.072 0.016 0.045 0.06 0.055
130 0.052 0.04 0.042 0.03 0.05 0.1 0.082 0.055 0.062 0.026 0.055 0.068
131 0.06 0.075 0.03 0.07 0.05 0.05 0.044 0.027 0.046 0.059 0.061 0.066
132 0.06 0.033 0.05 0.07 0.073 0.02 0.06 0.044 0.049 0.057 0.06 0.049
133 0.05 0.03 0.033 0.04 0.05 0.03 0.049 0.027 0.05 0.031 0.056 0.038
134 0.075 0.04 0.061 0.048 0.048 0.091 0.039 0.038 0.034 0.055 0.06 0.061
135 0.06 0.033 0.061 0.052 0.057 0.05 0.038 0.046 0.033 0.044 0.051 0.062
136 0.06 0.05 0.052 0.033 0.07 0.052 0.041 0.027 0.077 0.062 0.05 0.06
137 0.052 0.04 0.04 0.06 0.03 0.048 0.036 0.027 0.016 0.04 0.06 0.055
138 0.101 0.04 0.07 0.03 0.02 0.052 0.033 0.033 0.038 0.049 0.061 0.044
139 0.048 0.071 0.08 0.04 0.04 0.03 0.045 0.072 0.034 0.06 0.042 0.038
140 0.06 0.02 0.05 0.052 0.081 0.07 0.055 0.033 0.028 0.064 0.06 0.044
141 0.05 0.052 0.02 0.07 0.061 0.05 0.027 0.066 0.039 0.039 0.061 0.039
142 0.066 0.071 0.048 0.061 0.07 0.05 0.057 0.049 0.05 0.039 0.06 0.034
143 0.061 0.05 0.052 0.07 0.064 0.033 0.058 0.059 0.034 0.06 0.061 0.062
144 0.07 0.04 0.07 0.052 0.05 0.042 0.061 0.022 0.028 0.049 0.053 0.055
145 0.061 0.03 0.06 0.03 0.06 0.04 0.046 0.033 0.027 0.055 0.06 0.036
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146 0.03 0.04 0.02 0.06 0.052 0.033 0.041 0.044 0.033 0.055 0.06 0.057
147 0.04 0.03 0.03 0.06 0.042 0.03 0.027 0.022 0.027 0.06 0.064 0.065
148 0.072 0.042 0.03 0.042 0.081 0.02 0.034 0.028 0.061 0.049 0.063 0.039
149 0.071 0.03 0.05 0.05 0.04 0.05 0.01 0.033 0.034 0.054 0.06 0.038
150 0.075 0.03 0.04 0.04 0.048 0.052 0.037 0.038 0.027 0.062 0.05 0.057
151 0.052 0.042 0.05 0.081 0.096 0.033 0.037 0.058 0.049 0.028 0.065 0.072
152 0.052 0.02 0.04 0.05 0.052 0.071 0.037 0.022 0.033 0.054 0.06 0.082
153 0.03 0.03 0.052 0.024 0.04 0.052 0.037 0.031 0.046 0.034 0.065 0.053
154 0.04 0.03 0.042 0.024 0.042 0.04 0.037 0.049 0.031 0.041 0.061 0.053
155 0.048 0.04 0.042 0.03 0.06 0.042 0.044 0.033 0.036 0.046 0.062 0.052
156 0.04 0.07 0.04 0.02 0.03 0.05 0.044 0.028 0.016 0.036 0.063 0.061
157 0.061 0.02 0.06 0.02 0.04 0.066 0.052 0.05 0.062 0.049 0.058 0.066
158 0.052 0.061 0.03 0.03 0.02 0.06 0.059 0.028 0.027 0.061 0.062 0.065
159 0.052 0.04 0.06 0.04 0.052 0.04 0.059 0.027 0.049 0.064 0.065 0.033
160 0.057 0.05 0.06 0.061 0.04 0.02 0.066 0.018 0.049 0.061 0.05 0.027
161 0.042 0.061 0.04 0.04 0.052 0.024 0.066 0.022 0.04 0.033 0.051 0.061
162 0.075 0.04 0.052 0.066 0.05 0.052 0.066 0.057 0.051 0.052 0.033 0.05
163 0.05 0.081 0.01 0.052 0.05 0.04 0.067 0.033 0.027 0.055 0.04 0.051
164 0.042 0.033 0.03 0.05 0.04 0.04 0.067 0.016 0.028 0.055 0.066 0.052
165 0.06 0.05 0.061 0.033 0.052 0.033 0.07 0.039 0.061 0.055 0.06 0.054
166 0.101 0.04 0.03 0.06 0.081 0.08 0.027 0.046 0.052 0.044 0.065 0.045
167 0.071 0.052 0.03 0.052 0.028 0.04 0.044 0.045 0.062 0.05 0.066 0.052
168 0.06 0.03 0.03 0.04 0.024 0.07 0.038 0.044 0.045 0.044 0.059 0.06
169 0.04 0.061 0.02 0.06 0.042 0.066 0.066 0.034 0.033 0.062 0.053 0.044
170 0.04 0.08 0.06 0.04 0.06 0.04 0.054 0.034 0.044 0.066 0.06 0.038
171 0.06 0.033 0.042 0.05 0.06 0.03 0.027 0.045 0.022 0.048 0.04 0.022
172 0.081 0.05 0.03 0.08 0.05 0.04 0.057 0.022 0.027 0.035 0.04 0.022
173 0.081 0.052 0.03 0.1 0.033 0.02 0.049 0.038 0.038 0.016 0.055 0.033
174 0.061 0.048 0.03 0.042 0.042 0.033 0.045 0.036 0.044 0.055 0.061 0.044
175 0.04 0.071 0.03 0.03 0.02 0.07 0.045 0.054 0.022 0.033 0.06 0.066
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176 0.04 0.04 0.042 0.061 0.05 0.042 0.066 0.038 0.028 0.055 0.054 0.035
177 0.081 0.042 0.052 0.024 0.04 0.04 0.033 0.028 0.016 0.022 0.06 0.034
178 0.061 0.03 0.061 0.042 0.05 0.06 0.044 0.028 0.034 0.026 0.061 0.028
179 0.071 0.03 0.057 0.05 0.03 0.06 0.049 0.055 0.078 0.052 0.062 0.041
180 0.07 0.05 0.04 0.03 0.033 0.07 0.046 0.022 0.036 0.06 0.05 0.048
181 0.05 0.04 0.04 0.04 0.03 0.081 0.055 0.027 0.05 0.063 0.064 0.05
182 0.03 0.052 0.05 0.03 0.061 0.033 0.055 0.016 0.031 0.06 0.064 0.05
183 0.05 0.042 0.03 0.05 0.042 0.04 0.038 0.016 0.039 0.06 0.057 0.044
184 0.052 0.07 0.05 0.04 0.042 0.061 0.038 0.034 0.044 0.033 0.056 0.061
185 0.03 0.03 0.02 0.02 0.033 0.066 0.049 0.016 0.04 0.063 0.05 0.044
186 0.033 0.05 0.042 0.024 0.052 0.052 0.044 0.039 0.018 0.061 0.06 0.066
187 0.04 0.052 0.03 0.024 0.04 0.061 0.033 0.068 0.016 0.062 0.061 0.068
188 0.075 0.08 0.04 0.04 0.04 0.06 0.05 0.038 0.033 0.058 0.061 0.061
189 0.052 0.06 0.024 0.033 0.057 0.03 0.07 0.022 0.044 0.064 0.057 0.055
190 0.05 0.04 0.03 0.04 0.04 0.04 0.036 0.023 0.039 0.05 0.05 0.061
191 0.061 0.09 0.042 0.052 0.042 0.024 0.041 0.016 0.025 0.048 0.061 0.061
192 0.061 0.06 0.033 0.03 0.042 0.066 0.031 0.049 0.027 0.062 0.06 0.055
193 0.052 0.052 0.042 0.04 0.05 0.04 0.055 0.041 0.043 0.061 0.065 0.071
194 0.052 0.042 0.04 0.024 0.042 0.061 0.046 0.033 0.035 0.052 0.064 0.068
195 0.05 0.04 0.033 0.042 0.052 0.04 0.038 0.05 0.035 0.062 0.061 0.044
196 0.072 0.05 0.052 0.057 0.061 0.042 0.033 0.072 0.059 0.046 0.062 0.055
197 0.01 0.061 0.05 0.02 0.052 0.033 0.066 0.057 0.044 0.059 0.065 0.053
198 0.071 0.05 0.05 0.033 0.052 0.06 0.052 0.022 0.031 0.065 0.064 0.055
199 0.04 0.052 0.042 0.024 0.04 0.052 0.044 0.022 0.039 0.05 0.05 0.058
200 0.02 0.042 0.06 0.057 0.02 0.05 0.044 0.016 0.061 0.037 0.053 0.06
201 0.042 0.04 0.061 0.033 0.06 0.057 0.033 0.018 0.025 0.049 0.058 0.061
202 0.061 0.075 0.06 0.048 0.03 0.033 0.027 0.05 0.044 0.055 0.06 0.037
203 0.057 0.081 0.052 0.042 0.08 0.052 0.044 0.044 0.066 0.045 0.054 0.044
204 0.06 0.05 0.07 0.02 0.05 0.052 0.06 0.016 0.045 0.028 0.06 0.06
205 0.05 0.075 0.071 0.03 0.06 0.05 0.048 0.022 0.044 0.049 0.055 0.053
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206 0.02 0.033 0.052 0.02 0.04 0.05 0.038 0.057 0.044 0.038 0.06 0.049
207 0.05 0.042 0.04 0.02 0.042 0.061 0.038 0.038 0.044 0.049 0.061 0.052
208 0.052 0.06 0.061 0.02 0.02 0.052 0.058 0.038 0.022 0.061 0.066 0.022
209 0.06 0.07 0.05 0.05 0.048 0.05 0.033 0.016 0.027 0.065 0.057 0.034
210 0.084 0.052 0.033 0.03 0.06 0.05 0.023 0.027 0.028 0.061 0.058 0.038
211 0.03 0.052 0.048 0.052 0.024 0.072 0.033 0.007 0.034 0.062 0.051 0.031
212 0.052 0.03 0.08 0.033 0.057 0.03 0.071 0.013 0.044 0.038 0.06 0.04
213 0.057 0.033 0.072 0.03 0.048 0.033 0.049 0.075 0.036 0.028 0.051 0.062
214 0.05 0.04 0.06 0.05 0.057 0.06 0.044 0.039 0.033 0.044 0.052 0.057
215 0.048 0.033 0.03 0.04 0.071 0.033 0.031 0.022 0.05 0.028 0.057 0.062
216 0.03 0.06 0.061 0.04 0.06 0.05 0.038 0.011 0.05 0.055 0.051 0.061
217 0.06 0.061 0.03 0.057 0.06 0.096 0.023 0.022 0.05 0.059 0.05 0.049
218 0.024 0.06 0.04 0.042 0.075 0.064 0.033 0.033 0.077 0.044 0.041 0.06
219 0.05 0.05 0.05 0.066 0.04 0.02 0.045 0.011 0.062 0.023 0.045 0.061
220 0.066 0.066 0.06 0.05 0.094 0.04 0.044 0.06 0.022 0.036 0.043 0.06
221 0.052 0.042 0.064 0.033 0.04 0.04 0.045 0.06 0.072 0.022 0.049 0.062
222 0.05 0.04 0.04 0.048 0.03 0.052 0.033 0.044 0.062 0.01 0.052 0.062
223 0.08 0.071 0.03 0.042 0.07 0.04 0.066 0.038 0.035 0.063 0.06 0.06
224 0.07 0.05 0.02 0.02 0.04 0.05 0.033 0.027 0.054 0.055 0.061 0.055
225 0.052 0.05 0.06 0.04 0.04 0.06 0.026 0.016 0.033 0.058 0.06 0.055
226 0.05 0.05 0.042 0.067 0.033 0.04 0.027 0.055 0.055 0.061 0.05 0.061
227 0.07 0.04 0.06 0.04 0.033 0.08 0.038 0.016 0.071 0.06 0.051 0.071
228 0.03 0.061 0.057 0.03 0.042 0.052 0.033 0.028 0.035 0.049 0.054 0.07
229 0.042 0.081 0.042 0.071 0.04 0.071 0.033 0.027 0.039 0.066 0.053 0.048
230 0.033 0.08 0.05 0.04 0.07 0.057 0.038 0.033 0.055 0.055 0.06 0.022
231 0.05 0.033 0.061 0.05 0.042 0.061 0.066 0.028 0.061 0.055 0.053 0.055
232 0.01 0.048 0.02 0.07 0.071 0.06 0.023 0.055 0.033 0.062 0.055 0.027
233 0.052 0.071 0.04 0.024 0.033 0.07 0.028 0.049 0.044 0.067 0.054 0.011
234 0.06 0.04 0.04 0.06 0.057 0.057 0.033 0.045 0.031 0.062 0.052 0.027
235 0.03 0.02 0.057 0.033 0.05 0.06 0.045 0.027 0.041 0.056 0.051 0.057
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236 0.052 0.05 0.081 0.06 0.03 0.05 0.044 0.05 0.016 0.061 0.05 0.022
237 0.061 0.061 0.052 0.052 0.052 0.07 0.026 0.06 0.035 0.055 0.04 0.039
238 0.042 0.06 0.01 0.03 0.033 0.02 0.027 0.066 0.055 0.045 0.04 0.044
239 0.061 0.033 0.04 0.03 0.042 0.061 0.027 0.038 0.044 0.073 0.055 0.033
240 0.081 0.05 0.052 0.06 0.03 0.04 0.034 0.033 0.055 0.055 0.059 0.071
241 0.02 0.04 0.042 0.06 0.061 0.042 0.041 0.044 0.034 0.069 0.05 0.07
242 0.01 0.06 0.066 0.03 0.03 0.033 0.033 0.023 0.035 0.09 0.055 0.07
243 0.052 0.07 0.048 0.04 0.033 0.04 0.053 0.011 0.055 0.061 0.045 0.055
244 0.03 0.04 0.06 0.05 0.071 0.024 0.027 0.026 0.06 0.04 0.04 0.035
245 0.052 0.05 0.03 0.052 0.03 0.03 0.034 0.039 0.045 0.046 0.049 0.066
246 0.07 0.042 0.067 0.04 0.033 0.02 0.011 0.023 0.041 0.039 0.04 0.06
247 0.084 0.03 0.042 0.03 0.061 0.05 0.022 0.055 0.038 0.061 0.03 0.062
248 0.04 0.033 0.057 0.061 0.01 0.07 0.039 0.044 0.039 0.04 0.042 0.058
249 0.08 0.052 0.042 0.03 0.06 0.064 0.018 0.05 0.035 0.044 0.04 0.05
250 0.061 0.061 0.033 0.052 0.03 0.024 0.049 0.052 0.031 0.098 0.031 0.058
Mean | 0.054944 | 0.046432 | 0.048164 | 0.044836 | 0.046288 | 0.049404 | 0.043752 | 0.037676 | 0.041152 0.04956 | 0.054264 | 0.049892
SD 0.018334 0.0155 | 0.016504 0.01544 | 0.015385 | 0.016533 0.01461 | 0.014888 | 0.014022 | 0.013575 | 0.009137 0.01457
Day 2 Da
OCT
images Control Infected Control Infected
1 2 3 1 2 3 1 2 3 1 2 3
1 0.044 0.046 0.05 0.066 0.04 0.06 0.02 0.033 0.04 0.033 0.091 0.072
2 0.033 0.059 0.011 0.071 0.071 0.105 0.04 0.07 0.05 0.061 0.06 0.071
3 0.055 0.033 0.066 0.052 0.081 0.07 0.05 0.03 0.024 0.071 0.033 0.061
4 0.016 0.033 0.039 0.03 0.02 0.04 0.033 0.04 0.05 0.07 0.103 0.06
5 0.011 0.016 0.028 0.042 0.101 0.05 0.05 0.03 0.04 0.05 0.071 0.052
6 0.039 0.041 0.057 0.052 0.066 0.12 0.052 0.04 0.03 0.071 0.052 0.052
7 0.038 0.052 0.022 0.066 0.048 0.02 0.07 0.042 0.04 0.08 0.05 0.071
8 0.041 0.038 0.044 0.02 0.052 0.024 0.071 0.03 0.04 0.091 0.042 0.071
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9 0.045 0.049 0.031 0.06 0.042 0.061 0.061 0.01 0.04 0.1 0.06 0.07
10 0.038 0.023 0.039 0.03 0.04 0.05 0.04 0.01 0.05 0.09 0.071 0.1
11 0.034 0.055 0.022 0.081 0.042 0.033 0.06 0.024 0.061 0.05 0.08 0.113
12 0.044 0.027 0.044 0.03 0.03 0.101 0.061 0.045 0.07 0.06 0.06 0.042
13 0.045 0.022 0.036 0.01 0.061 0.061 0.05 0.03 0.01 0.04 0.081 0.131
14 0.045 0.041 0.055 0.017 0.03 0.071 0.061 0.04 0.042 0.04 0.12 0.081
15 0.038 0.027 0.044 0.03 0.04 0.06 0.052 0.02 0.03 0.04 0.111 0.081
16 0.028 0.028 0.023 0.042 0.042 0.05 0.04 0.03 0.04 0.04 0.05 0.113
17 0.038 0.036 0.038 0.03 0.06 0.042 0.042 0.033 0.064 0.061 0.042 0.08
18 0.027 0.045 0.034 0.052 0.04 0.071 0.04 0.02 0.057 0.05 0.05 0.094
19 0.028 0.044 0.016 0.04 0.03 0.05 0.024 0.024 0.04 0.02 0.057 0.06
20 0.049 0.033 0.027 0.07 0.013 0.071 0.04 0.042 0.042 0.05 0.081 0.071
21 0.071 0.044 0.034 0.04 0.033 0.06 0.04 0.02 0.042 0.057 0.07 0.057
22 0.044 0.062 0.072 0.072 0.071 0.06 0.03 0.02 0.05 0.06 0.042 0.05
23 0.049 0.046 0.033 0.07 0.02 0.07 0.061 0.04 0.033 0.09 0.12 0.071
24 0.033 0.055 0.038 0.108 0.04 0.05 0.042 0.03 0.05 0.101 0.136 0.052
25 0.039 0.055 0.068 0.073 0.066 0.06 0.05 0.04 0.04 0.07 0.126 0.06
26 0.025 0.022 0.016 0.07 0.052 0.07 0.052 0.03 0.057 0.052 0.06 0.111
27 0.062 0.06 0.054 0.07 0.04 0.048 0.066 0.02 0.033 0.04 0.09 0.042
28 0.066 0.049 0.023 0.04 0.071 0.05 0.052 0.03 0.04 0.066 0.071 0.07
29 0.044 0.04 0.033 0.04 0.07 0.05 0.02 0.033 0.048 0.052 0.081 0.05
30 0.06 0.028 0.045 0.017 0.06 0.071 0.01 0.048 0.024 0.05 0.094 0.091
31 0.016 0.064 0.022 0.08 0.091 0.081 0.061 0.04 0.04 0.06 0.111 0.09
32 0.055 0.038 0.049 0.033 0.091 0.08 0.05 0.042 0.03 0.08 0.05 0.091
33 0.038 0.022 0.061 0.052 0.07 0.06 0.071 0.03 0.048 0.042 0.06 0.05
34 0.033 0.022 0.028 0.07 0.071 0.03 0.05 0.033 0.052 0.024 0.091 0.09
35 0.027 0.023 0.039 0.101 0.081 0.06 0.02 0.033 0.03 0.04 0.06 0.08
36 0.04 0.05 0.039 0.04 0.052 0.05 0.04 0.05 0.033 0.033 0.081 0.052
37 0.055 0.026 0.064 0.05 0.07 0.05 0.04 0.042 0.02 0.05 0.071 0.05
38 0.055 0.027 0.055 0.07 0.05 0.08 0.042 0.04 0.08 0.01 0.061 0.081
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39

0.044 0.075 0.062 0.02 0.071 0.07 0.03 0.04 0.02 0.061 0.066 0.098
40 0.033 0.031 0.022 0.06 0.042 0.042 0.04 0.03 0.042 0.08 0.048 0.09
41 0.036 0.038 0.049 0.12 0.042 0.042 0.03 0.03 0.05 0.1 0.121 0.06
42 0.034 0.046 0.034 0.09 0.04 0.04 0.04 0.013 0.04 0.13 0.1 0.08
43 0.016 0.027 0.06 0.042 0.04 0.061 0.01 0.033 0.05 0.1 0.08 0.08
44 0.034 0.057 0.038 0.04 0.03 0.072 0.042 0.061 0.04 0.08 0.052 0.061
45 0.027 0.027 0.06 0.061 0.05 0.071 0.02 0.052 0.03 0.091 0.08 0.06
46 0.039 0.038 0.049 0.071 0.06 0.096 0.02 0.02 0.05 0.05 0.057 0.071
47 0.028 0.059 0.052 0.033 0.042 0.066 0.02 0.02 0.04 0.07 0.07 0.081
48 0.075 0.066 0.045 0.042 0.04 0.042 0.04 0.042 0.061 0.05 0.09 0.072
49 0.023 0.062 0.06 0.081 0.052 0.05 0.04 0.02 0.04 0.03 0.06 0.057
S0 0.016 0.022 0.034 0.081 0.061 0.07 0.052 0.024 0.04 0.05 0.05 0.061
31 0.027 0.061 0.062 0.024 0.05 0.091 0.05 0.03 0.04 0.03 0.061 0.042
32 0.059 0.078 0.036 0.03 0.09 0.075 0.03 0.042 0.033 0.042 0.061 0.111
33 0.018 0.06 0.049 0.03 0.084 0.091 0.04 0.04 0.06 0.06 0.06 0.1
>4 0.022 0.028 0.034 0.03 0.052 0.071 0.05 0.04 0.04 0.061 0.101 0.06
35 0.033 0.059 0.038 0.061 0.091 0.057 0.03 0.042 0.03 0.072 0.071 0.07
56 0.011 0.038 0.06 0.061 0.07 0.03 0.04 0.071 0.042 0.05 0.06 0.07
7 0.038 0.039 0.013 0.04 0.061 0.04 0.01 0.05 0.06 0.033 0.061 0.09
38 0.044 0.016 0.066 0.03 0.03 0.052 0.04 0.052 0.04 0.09 0.06 0.06
59 0.016 0.034 0.018 0.024 0.066 0.11 0.03 0.04 0 0.061 0.05 0.04
60 0.033 0.055 0.066 0.05 0.05 0.11 0.03 0.02 0.05 0.07 0.126 0.091
61 0.026 0.028 0.038 0.061 0.02 0.071 0.052 0.033 0.03 0.03 0.07 0.07
62 0.049 0.083 0.009 0.071 0.05 0.072 0.03 0.03 0.042 0.04 0.111 0.081
63 0.034 0.044 0.04 0.02 0.05 0.089 0.02 0.042 0.04 0.05 0.05 0.071
64 0.034 0.033 0.055 0.07 0.04 0.03 0.042 0.033 0.033 0.05 0.052 0.1
65 0.04 0.027 0.022 0.06 0.06 0.042 0.04 0.03 0.057 0.04 0.03 0.042
66 0.054 0.046 0.034 0.05 0.01 0.052 0.03 0.03 0.07 0.03 0.04 0.113
67 0.041 0.061 0.039 0.04 0.061 0.04 0.042 0.048 0.04 0.04 0.042 0.07
68 0.018 0.061 0.027 0.07 0.04 0.1 0.04 0.03 0.03 0.052 0.05 0.02
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69 0.005 0.049 0.026 0.042 0.052 0.06 0.03 0.04 0.048 0.06 0.04 0.133
70 0.045 0.049 0.06 0.06 0.075 0.09 0.03 0.04 0.057 0.052 0.06 0.091
71 0.028 0.018 0.041 0.04 0.103 0.04 0.03 0.05 0.057 0.073 0.07 0.09

72 0.022 0.038 0.027 0.04 0.07 0.07 0.01 0.03 0.052 0.07 0.094 0.103
73 0.016 0.023 0.023 0.04 0.07 0.08 0.042 0.02 0.033 0.08 0.09 0.084
74 0.033 0.039 0.052 0.04 0.091 0.061 0.03 0.05 0.033 0.06 0.09 0.084
75 0.044 0.044 0.033 0.052 0.091 0.09 0.03 0.04 0.05 0.05 0.052 0.094
76 0.038 0.033 0.027 0.04 0.094 0.09 0.02 0.03 0.02 0.052 0.061 0.096
7 0.027 0.066 0.022 0.061 0.071 0.07 0.042 0.03 0.05 0.071 0.09 0.048
78 0.038 0.033 0.073 0.061 0.06 0.131 0.06 0.02 0.033 0.048 0.113 0.09

79 0.027 0.07 0.022 0.042 0.071 0.151 0.03 0.052 0.061 0.042 0.06 0.111
80 0.049 0.05 0.027 0.033 0.066 0.101 0.02 0.04 0.03 0.03 0.04 0.07

81 0.022 0.016 0.039 0.052 0.07 0.071 0.03 0.094 0.05 0.042 0.081 0.052
82 0.045 0.041 0.027 0.052 0.1 0.061 0.048 0.06 0.01 0.05 0.081 0.06

83 0.028 0.022 0.034 0.04 0.04 0.06 0.04 0.04 0.024 0.081 0.052 0.061
84 0.027 0.062 0.038 0.07 0.05 0.061 0.03 0.04 0.04 0.081 0.061 0.06
85 0.022 0.022 0.055 0.052 0.07 0.052 0.052 0.07 0.01 0.061 0.094 0.03

86 0.027 0.039 0.038 0.061 0.07 0.081 0.03 0.04 0.05 0.066 0.03 0.05

87 0.05 0.033 0.038 0.08 0.08 0.06 0.061 0.042 0.05 0.05 0.111 0.103
88 0.038 0.031 0.038 0.07 0.111 0.048 0.04 0.04 0.052 0.06 0.08 0.024
89 0.045 0.033 0.027 0.06 0.091 0.126 0.061 0.04 0.033 0.042 0.07 0.081
90 0.027 0.033 0.027 0.057 0.101 0.04 0.03 0.05 0.042 0.08 0.081 0.11

91 0.022 0.028 0.033 0.09 0.101 0.06 0.03 0.05 0.052 0.06 0.143 0.075
92 0.033 0.022 0.039 0.06 0.06 0.075 0.04 0.02 0.042 0.06 0.19 0.103
93 0.023 0.06 0.045 0.05 0.04 0.091 0.03 0.02 0.03 0.057 0.06 0.103
94 0.06 0.023 0.049 0.05 0.081 0.081 0.02 0.03 0.033 0.071 0.057 0.04
95 0.052 0.046 0.06 0.061 0.08 0.052 0.033 0.05 0.042 0.03 0.03 0.061
96 0.022 0.028 0.055 0.061 0.07 0.101 0.04 0.033 0.052 0.072 0.101 0.09
97 0.055 0.045 0.044 0.05 0.061 0.09 0.03 0.03 0.052 0.08 0.08 0.081
98 0.055 0.026 0.044 0.057 0.057 0.06 0.042 0.04 0.07 0.05 0.05 0.05
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0.016 0.083 0.023 0.052 0.071 0.075 0.03 0.071 0.07 0.081 0.05 0.081
100 | 0.016 0.062 0.022 0.06 0.108 0.091 0.017 0.04 0.052 0.081 0.07 0.089
101 0.027 0.045 0.072 0.084 0.042 0.1 0.01 0.042 0.033 0.071 0.09 0.101
102 | 0,033 0.016 0.022 0.06 0.06 0.071 0.042 0.061 0.05 0.07 0.06 0.09
1031 0,039 0.031 0.045 0.033 0.094 0.094 0.04 0.042 0.033 0.061 0.061 0.071
104 0.07 0.055 0.044 0.06 0.07 0.072 0.04 0.03 0.03 0.052 0.04 0.09
105 | 0,027 0.033 0.044 0.052 0.091 0.091 0.033 0.042 0.01 0.05 0.04 0.05
106 | 0,033 0.071 0.033 0.04 0.08 0.03 0.042 0.03 0.042 0.048 0.04 0.084
107 | 0,033 0.038 0.066 0.03 0.08 0.066 0.033 0.03 0.042 0.052 0.081 0.061
108 | 0.066 0.055 0.038 0.04 0.061 0.061 0.04 0.052 0.02 0.06 0.075 0.04
109 | 0,033 0.044 0.033 0.05 0.05 0.052 0.042 0.05 0.05 0.04 0.08 0.05
110 | 0.036 0.055 0.055 0.045 0.05 0.02 0.02 0.04 0.04 0.05 0.1 0.057
11| 0055 0.026 0.038 0.04 0.04 0.05 0.033 0.033 0.04 0.04 0.03 0.052
1121 0.023 0.011 0.05 0.05 0.061 0.071 0.042 0.04 0.05 0.05 0.06 0.07
113 | 0039 0.055 0.034 0.04 0.04 0.113 0.03 0.033 0.04 0.06 0.091 0.07
1141 0.055 0.033 0.033 0.05 0.04 0.08 0.05 0.052 0.04 0.071 0.07 0.111
115 | 0025 0.022 0.033 0.091 0.04 0.08 0.02 0.04 0.04 0.075 0.042 0.08
116 | 0.041 0.039 0.027 0.04 0.05 0.07 0.03 0.05 0.04 0.11 0.07 0.07
17| 0033 0.033 0.034 0.057 0.052 0.04 0.03 0.033 0.033 0.03 0.06 0.09
118 | 0.044 0.041 0.044 0.02 0.075 0.042 0.02 0.04 0.03 0.06 0.111 0.08
119 | 0,044 0.044 0.033 0.07 0.05 0.052 0.042 0.03 0.02 0.052 0.1 0.061
120 | 0,045 0.022 0.049 0.024 0.131 0.06 0.03 0.04 0.02 0.04 0.081 0.052
121 | 0,038 0.055 0.055 0.048 0.066 0.05 0.02 0.04 0.05 0.042 0.13 0.07
122 | 0.038 0.044 0.022 0.066 0.081 0.061 0.03 0.03 0.03 0.089 0.075 0.04
123 1 0,038 0.034 0.022 0.052 0.103 0.07 0.03 0.04 0.033 0.04 0.061 0.061
124 | 0,038 0.055 0.045 0.061 0.03 0.06 0.02 0.01 0.03 0.071 0.042 0.06
1251 0.033 0.066 0.034 0.052 0.057 0.071 0.04 0.033 0.04 0.061 0.15 0.06
126 | 0,038 0.045 0.022 0.042 0.066 0.03 0.033 0.03 0.03 0.101 0.121 0.084
127 | 0,055 0.022 0.033 0.033 0.075 0.042 0.04 0.02 0.033 0.075 0.08 0.09
128 | 0.022 0.061 0.044 0.033 0.071 0.04 0.04 0.04 0.042 0.06 0.052 0.061
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0.033 0.028 0.022 0.052 0.09 0.084 0.05 0.02 0.04 0.06 0.12 0.1
130 | 0.052 0.028 0.061 0.033 0.03 0.05 0.042 0.042 0.033 0.071 0.064 0.09
131 0.033 0.046 0.027 0.04 0.024 0.05 0.03 0.04 0.042 0.061 0.057 0.081
1321 0.022 0.06 0.027 0.057 0.042 0.09 0.05 0.052 0.042 0.1 0.08 0.143
133 1 0.044 0.049 0.044 0.052 0.1 0.06 0.052 0.042 0.03 0.02 0.061 0.07
134 0.05 0.044 0.028 0.075 0.03 0.07 0.05 0.03 0.06 0.07 0.064 0.071
135 | 0,038 0.059 0.016 0.04 0.05 0.091 0.03 0.06 0.04 0.12 0.066 0.05
136 | 0.068 0.031 0.033 0.052 0.061 0.07 0.02 0.042 0.061 0.091 0.057 0.08
137 | 0.031 0.038 0.039 0.042 0.094 0.04 0.03 0.052 0.033 0.08 0.04 0.07
138 | 0.038 0.044 0.027 0.05 0.04 0.03 0.06 0.03 0.03 0.024 0.052 0.061
1391 0.046 0.049 0.061 0.05 0.057 0.04 0.052 0.033 0.02 0.05 0.09 0.071
140 | 0.027 0.034 0.046 0.03 0.06 0.024 0.052 0.033 0.04 0.05 0.061 0.07
141 | 0031 0.044 0.055 0.06 0.04 0.071 0.052 0.02 0.05 0.08 0.07 0.07
142 | 0.027 0.039 0.049 0.05 0.04 0.07 0.03 0.033 0.03 0.081 0.101 0.07
143 | 0023 0.023 0.022 0.052 0.06 0.141 0.03 0.03 0.05 0.052 0.13 0.111
1441 0.044 0.055 0.055 0.033 0.05 0.101 0.05 0.02 0.05 0.06 0.09 0.101
145 | 0061 0.038 0.034 0.033 0.091 0.052 0.033 0.05 0.081 0.071 0.05 0.09
146 | 0.039 0.055 0.046 0.05 0.108 0.061 0.04 0.02 0.04 0.05 0.061 0.03
147 | 0,044 0.062 0.038 0.072 0.07 0.057 0.03 0.033 0.04 0.06 0.1 0.06
148 | 0.031 0.045 0.027 0.057 0.094 0.05 0.03 0.017 0.03 0.06 0.07 0.05
149 | 0.062 0.045 0.06 0.057 0.071 0.1 0.03 0.033 0.05 0.05 0.05 0.042
150 | 0,033 0.034 0.049 0.071 0.06 0.081 0.033 0.052 0.07 0.061 0.057 0.05
I51 | 0,031 0.034 0.049 0.06 0.05 0.101 0.052 0.042 0.061 0.06 0.07 0.08
152 | 0.045 0.052 0.028 0.04 0.075 0.081 0.01 0.03 0.06 0.09 0.091 0.08
1531 0.062 0.044 0.05 0.06 0.098 0.101 0.017 0.02 0.04 0.103 0.04 0.071
154 | 0,038 0.034 0.034 0.06 0.113 0.08 0.052 0.03 0.03 0.101 0.052 0.081
155 | o.011 0.046 0.028 0.06 0.042 0.08 0.05 0.033 0.02 0.061 0.117 0.06
156 | 0.023 0.039 0.039 0.05 0.052 0.061 0.03 0.03 0.03 0.07 0.1 0.09
157 | 0,033 0.044 0.068 0.05 0.075 0.052 0.033 0.04 0.042 0.06 0.09 0.07
158 | 0.033 0.028 0.044 0.06 0.057 0.094 0.01 0.04 0.052 0.06 0.06 0.06
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0.062 0.057 0.082 0.105 0.061 0.06 0.04 0.042 0.03 0.057 0.1 0.111
160 | 0.044 0.06 0.033 0.052 0.052 0.066 0.04 0.05 0.024 0.08 0.08 0.05
161 0.027 0.049 0.018 0.052 0.075 0.04 0.033 0.06 0.024 0.071 0.07 0.07
162 | 0,038 0.027 0.055 0.08 0.089 0.094 0.04 0.066 0.042 0.05 0.08 0.081
163 1 0.035 0.038 0.038 0.08 0.08 0.094 0.04 0.033 0.048 0.06 0.05 0.091
164 | 0.027 0.055 0.034 0.04 0.096 0.084 0.042 0.06 0.042 0.12 0.05 0.1

165 | 0038 0.062 0.039 0.061 0.071 0.113 0.04 0.042 0.042 0.091 0.05 0.061
166 | 0.075 0.026 0.055 0.05 0.094 0.09 0.033 0.05 0.042 0.03 0.04 0.1

167 | 0,052 0.055 0.055 0.081 0.084 0.042 0.042 0.04 0.042 0.05 0.081 0.081
168 | 0.038 0.05 0.038 0.042 0.05 0.08 0.024 0.03 0.057 0.042 0.091 0.071
169 | 0,033 0.038 0.057 0.052 0.101 0.09 0.04 0.04 0.04 0.04 0.08 0.072
170 | 0.033 0.06 0.066 0.05 0.061 0.05 0.05 0.04 0.033 0.061 0.11 0.042
171 | 0.049 0.034 0.027 0.042 0.061 0.042 0.02 0.05 0.06 0.061 0.066 0.113
172 0.022 0.082 0.018 0.03 0.084 0.08 0.024 0.05 0.05 0.07 0.05 0.141
173 | 0.049 0.022 0.041 0.03 0.05 0.09 0.04 0.04 0.033 0.05 0.05 0.07
174 1 0.061 0.055 0.05 0.085 0.06 0.05 0.05 0.042 0.02 0.08 0.042 0.071
175 | 0.031 0.016 0.061 0.052 0.075 0.07 0.04 0.02 0.033 0.08 0.06 0.08
176 | 0.039 0.038 0.055 0.06 0.088 0.081 0.03 0.05 0.02 0.042 0.113 0.071
177 | 0.041 0.049 0.049 0.03 0.06 0.033 0.042 0.042 0.05 0.101 0.06 0.101
178 | 0.023 0.038 0.031 0.03 0.094 0.071 0.057 0.057 0.03 0.05 0.04 0.1

179 | 0.023 0.054 0.062 0.042 0.098 0.1 0.033 0.05 0.033 0.08 0.061 0.161
180 | 0.055 0.049 0.022 0.04 0.071 0.052 0.06 0.02 0.042 0.084 0.091 0.101
181 | 0,061 0.049 0.036 0.042 0.089 0.052 0.024 0.05 0.05 0.084 0.08 0.091
182 | 0.034 0.044 0.038 0.03 0.084 0.04 0.03 0.042 0.052 0.081 0.06 0.111
183 1 0.044 0.054 0.027 0.042 0.033 0.052 0.024 0.03 0.05 0.081 0.081 0.05
184 | 0,038 0.038 0.022 0.05 0.071 0.03 0.052 0.033 0.03 0.071 0.075 0.08
185 | 0,022 0.028 0.035 0.033 0.061 0.052 0.04 0.03 0.042 0.061 0.052 0.061
186 | 0.045 0.052 0.027 0.02 0.12 0.052 0.04 0.042 0.04 0.111 0.06 0.07
1871 0.057 0.039 0.016 0.02 0.108 0.05 0.052 0.04 0.05 0.05 0.048 0.06
183 | 0.022 0.045 0.055 0.042 0.091 0.033 0.017 0.075 0.06 0.1 0.04 0.052
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189 0.05 0.044 0.06 0.03 0.061 0.05 0.033 0.052 0.04 0.071 0.057 0.08
190 | 0.028 0.05 0.055 0.02 0.121 0.061 0.05 0.02 0.03 0.101 0.04 0.084
191 0.033 0.018 0.055 0.061 0.06 0.05 0.03 0.04 0.06 0.075 0.052 0.113
192 0.06 0.049 0.034 0.03 0.061 0.1 0.024 0.02 0.042 0.07 0.1 0.11

193 0.033 0.072 0.055 0.04 0.108 0.133 0.02 0.042 0.048 0.066 0.113 0.123
194 1 0.034 0.046 0.039 0.03 0.088 0.111 0.04 0.02 0.05 0.098 0.09 0.117
195 0.038 0.044 0.027 0.04 0.08 0.033 0.05 0.03 0.05 0.04 0.061 0.104
196 | 0.016 0.044 0.044 0.07 0.05 0.04 0.03 0.033 0.06 0.071 0.105 0.081
197 | 0.061 0.052 0.039 0.05 0.075 0.042 0.06 0.03 0.06 0.081 0.05 0.081
198 | 0.027 0.041 0.038 0.02 0.071 0.061 0.03 0.042 0.04 0.111 0.108 0.101
199 0.07 0.04 0.048 0.07 0.06 0.05 0.05 0.024 0.04 0.111 0.144 0.136
200 | 0.066 0.038 0.066 0.07 0.07 0.06 0.03 0.05 0.06 0.117 0.064 0.094
201 0.044 0.023 0.034 0.075 0.05 0.02 0.052 0.04 0.05 0.1 0.048 0.066
202 | 0.052 0.033 0.039 0.104 0.071 0.075 0.03 0.03 0.061 0.081 0.14 0.075
203 | 0.039 0.027 0.044 0.048 0.081 0.05 0.04 0.04 0.081 0.057 0.13 0.071
204 |1 0.052 0.045 0.044 0.057 0.052 0.06 0.052 0.052 0.05 0.09 0.071 0.11

205 | 0.052 0.044 0.027 0.071 0.071 0.03 0.071 0.042 0.04 0.05 0.113 0.155
206 | 0.044 0.05 0.057 0.072 0.075 0.042 0.08 0.04 0.04 0.094 0.033 0.1

207 | 0.066 0.038 0.044 0.066 0.075 0.071 0.052 0.033 0.03 0.05 0.081 0.133
208 | 0.059 0.038 0.055 0.04 0.06 0.04 0.052 0.033 0.04 0.081 0.075 0.081
209 | 0.052 0.033 0.06 0.06 0.05 0.05 0.033 0.042 0.07 0.06 0.12 0.07
210 | 0.084 0.028 0.049 0.061 0.042 0.08 0.033 0.04 0.05 0.06 0.07 0.08
211 0.044 0.033 0.06 0.02 0.057 0.073 0.061 0.05 0.03 0.081 0.081 0.05
2121 0.034 0.033 0.05 0.05 0.042 0.033 0.07 0.07 0.024 0.143 0.033 0.081
213 | 0.049 0.027 0.027 0.04 0.071 0.071 0.042 0.061 0.05 0.113 0.111 0.108
214 | 0.027 0.022 0.038 0.04 0.057 0.06 0.06 0.052 0.03 0.071 0.108 0.09
215 | 0.058 0.028 0.044 0.05 0.108 0.048 0.05 0.05 0.028 0.061 0.09 0.08
216 0.06 0.026 0.044 0.08 0.052 0.061 0.024 0.03 0.071 0.123 0.09 0.1

217 | 0.055 0.05 0.071 0.03 0.081 0.071 0.05 0.03 0.052 0.126 0.084 0.084
218 | 0.023 0.045 0.088 0.033 0.066 0.052 0.033 0.04 0.06 0.121 0.131 0.1
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219

0.033 0.052 0.091 0.072 0.052 0.052 0.01 0.04 0.02 0.081 0.088 0.075
220 | 0.066 0.058 0.062 0.07 0.048 0.081 0.052 0.033 0.03 0.11 0.143 0.08
221 0.055 0.049 0.07 0.05 0.094 0.075 0.06 0.04 0.08 0.1 0.108 0.152
222 | 0.044 0.055 0.031 0.08 0.103 0.061 0.033 0.04 0.042 0.05 0.094 0.113
223 0.06 0.033 0.05 0.05 0.071 0.08 0.06 0.033 0.04 0.071 0.108 0.136
224 | 0.027 0.038 0.055 0.07 0.06 0.061 0.03 0.04 0.07 0.08 0.094 0.1

225 0.028 0.049 0.045 0.03 0.08 0.075 0.04 0.042 0.064 0.071 0.084 0.081
226 | 0.023 0.027 0.06 0.06 0.081 0.169 0.061 0.04 0.06 0.103 0.075 0.207
227 | 0.044 0.049 0.045 0.052 0.101 0.081 0.052 0.06 0.05 0.06 0.096 0.081
228 | 0.066 0.044 0.057 0.061 0.123 0.061 0.02 0.04 0.04 0.094 0.06 0.071
229 | 0.049 0.044 0.052 0.057 0.071 0.09 0.042 0.02 0.04 0.111 0.05 0.108
230 | 0.044 0.033 0.049 0.061 0.123 0.05 0.04 0.042 0.033 0.098 0.111 0.071
231 | 0.055 0.022 0.022 0.03 0.071 0.071 0.06 0.06 0.06 0.081 0.081 0.151
232 | 0.045 0.038 0.044 0.024 0.075 0.06 0.042 0.05 0.03 0.162 0.04 0.16
233 | 0.018 0.033 0.06 0.042 0.111 0.06 0.04 0.03 0.03 0.081 0.028 0.101
2341 0.039 0.038 0.082 0.064 0.033 0.081 0.05 0.04 0.05 0.098 0.136 0.14
235 | 0.055 0.033 0.078 0.052 0.15 0.136 0.04 0.064 0.02 0.066 0.05 0.101
236 | 0.038 0.033 0.071 0.061 0.081 0.08 0.024 0.06 0.04 0.08 0.1 0.108
237 | 0.049 0.026 0.066 0.01 0.061 0.094 0.024 0.06 0.05 0.05 0.081 0.064
238 0.027 0.033 0.057 0.05 0.066 0.12 0.017 0.042 0.042 0.05 0.1 0.081
239 | 0.059 0.028 0.038 0.06 0.129 0.05 0.024 0.06 0.052 0.08 0.07 0.09
240 | 0.011 0.038 0.033 0.042 0.081 0.06 0.02 0.042 0.05 0.07 0.09 0.12
2411 0.034 0.084 0.06 0.04 0.07 0.05 0.04 0.04 0.052 0.075 0.05 0.075
242 | 0.059 0.06 0.059 0.024 0.042 0.061 0.017 0.02 0.07 0.1 0.052 0.143
243 | 0.028 0.027 0.045 0.03 0.165 0.075 0.057 0.01 0.042 0.05 0.091 0.151
244 0.052 0.044 0.064 0.03 0.05 0.075 0.048 0.04 0.03 0.02 0.084 0.1

245 | 0.055 0.061 0.09 0.042 0.103 0.084 0.033 0.03 0.042 0.101 0.075 0.081
246 | 0.038 0.023 0.057 0.03 0.13 0.07 0.03 0.057 0.03 0.061 0.091 0.091
247 | 0.045 0.022 0.05 0.084 0.131 0.075 0.024 0.06 0.071 0.1 0.071 0.071
248 | 0.033 0.027 0.046 0.064 0.101 0.042 0.061 0.05 0.02 0.103 0.06 0.159
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249 0.064 0.022 0.049 0.081 0.084 0.07 0.02 0.03 0.042 0.09 0.07 0.131
250 | 0.034 0.023 0.062 0.089 0.14 0.101 0.052 0.033 0.03 0.042 0.04 0.108
Mean | 0039464 | 0.041356 | 0.04306 | 0.051408 | 0.068032 | 0.066956 | 0.038552 | 0.038552 | 0.042352 | 0.067364 | 0.075124 | 0.082024
SD 0.014338 | 0.014403 | 0.015639 | 0.01887 | 0.025509 | 0.024352 | 0.013775 | 0.012903 | 0.013805 | 0.024287 | 0.027394 | 0.027534
Day 4 Day 5
OCT
images Control Infected Control Infected
1 2 3 1 2 3 1 2 3 1 2 3
1 0.08 0.052 0.052 0.081 0.111 0.052 0.033 0.017 0.052 0.052 0.08 0.066
2 0.07 0.033 0.057 0.06 0.09 0.05 0.061 0.04 0.04 0.091 0.08 0.131
3 0.02 0.033 0.04 0.06 0.08 0.09 0.045 0.04 0.061 0.08 0.071 0.101
41 0.042 0.042 0.03 0.071 0.05 0.05 0.048 0.07 0.061 0.071 0.06 0.1
5 0.01 0.042 0.06 0.04 0.07 0.06 0.04 0.03 0.05 0.07 0.09 0.05
6| 0.057 0.033 0.061 0.12 0.136 0.052 0.042 0.04 0.04 0.042 0.081 0.081
7 0.04 0.06 0.01 0.09 0.121 0.042 0.024 0.042 0.052 0.05 0.05 0.05
81 0.024 0.05 0.04 0.05 0.08 0.052 0.052 0.06 0.05 0.072 0.07 0.08
9 0.03 0.04 0.03 0.052 0.09 0.066 0.04 0.091 0.06 0.057 0.03 0.08
10 0.05 0.03 0.033 0.07 0.123 0.05 0.073 0.028 0.04 0.081 0.091 0.05
11 0.03 0.033 0.04 0.06 0.071 0.061 0.066 0.04 0.061 0.066 0.061 0.042
12 0.05 0.017 0.02 0.07 0.04 0.042 0.06 0.05 0.06 0.081 0.06 0.071
13 0.03 0.02 0.05 0.06 0.08 0.06 0.042 0.05 0.02 0.091 0.101 0.113
14 0.03 0.071 0.042 0.075 0.061 0.094 0.03 0.042 0.02 0.042 0.06 0.08
15 0.05 0.033 0.033 0.08 0.052 0.061 0.033 0.066 0.033 0.04 0.09 0.081
16 0.02 0.052 0.061 0.081 0.02 0.07 0.03 0.066 0.042 0.05 0.1 0.04
17 0.04 0.04 0.02 0.103 0.071 0.05 0.03 0.04 0.04 0.04 0.09 0.07
181 0.075 0.03 0.017 0.094 0.08 0.061 0.052 0.052 0.03 0.06 0.06 0.091
191 0.052 0.024 0.03 0.084 0.126 0.05 0.03 0.05 0.06 0.091 0.089 0.084
20 0.04 0.033 0.02 0.09 0.13 0.061 0.03 0.052 0.04 0.094 0.04 0.048
21| 0.057 0.033 0.04 0.141 0.091 0.07 0.024 0.04 0.05 0.108 0.024 0.15
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22| 0.03 0.048 0.052 0.1 0.081 0.061 0.052 0.042 0.03 0.061 0.071 0.09
23| 0.061 0.057 0.04 0.081 0.09 0.061 0.052 0.04 0.052 0.06 0.091 0.08
241 0.042 0.057 0.04 0.091 0.03 0.081 0.042 0.061 0.081 0.075 0.05 0.075
25 | 0.057 0.033 0.052 0.091 0.07 0.09 0.04 0.03 0.04 0.05 0.061 0.052
26 | 0.066 0.033 0.05 0.075 0.06 0.07 0.042 0.03 0.03 0.02 0.101 0.071
271 0.033 0.042 0.02 0.06 0.071 0.042 0.05 0.04 0.06 0.052 0.06 0.103
281 0.04 0.052 0.04 0.06 0.08 0.123 0.042 0.02 0.05 0.052 0.06 0.071
291 0.057 0.057 0.03 0.103 0.04 0.04 0.06 0.042 0.02 0.081 0.071 0.07
301 o.01 0.061 0.042 0.05 0.061 0.02 0.03 0.02 0.042 0.06 0.06 0.081
311 0.057 0.033 0.02 0.06 0.06 0.03 0.042 0.066 0.103 0.091 0.08 0.066
321 0.042 0.03 0.03 0.033 0.081 0.08 0.04 0.01 0.03 0.071 0.081 0.06
331 0.05 0.03 0.071 0.094 0.108 0.066 0.06 0.071 0.042 0.101 0.071 0.08
341 0.033 0.03 0.04 0.07 0.09 0.111 0.052 0.05 0.06 0.07 0.1 0.061
351 004 0.04 0.048 0.02 0.08 0.097 0.02 0.052 0.06 0.066 0.09 0.071
361 0.02 0.05 0.052 0.05 0.08 0.11 0.04 0.08 0.05 0.07 0.06 0.042
371 0.03 0.064 0.05 0.094 0.061 0.07 0.07 0.08 0.052 0.03 0.07 0.152
381 0.03 0.04 0.02 0.091 0.101 0.071 0.042 0.03 0.03 0.061 0.03 0.081
391 0.04 0.071 0.042 0.081 0.04 0.143 0.04 0.05 0.06 0.06 0.066 0.071
01 003 0.04 0.04 0.094 0.061 0.07 0.04 0.017 0.045 0.042 0.061 0.08
411 0.033 0.07 0.057 0.02 0.11 0.081 0.05 0.09 0.081 0.09 0.061 0.111
421 0.05 0.067 0.042 0.057 0.066 0.01 0.03 0.01 0.05 0.07 0.042 0.121
B 003 0.01 0.052 0.066 0.09 0.041 0.017 0.03 0.042 0.113 0.05 0.05
41002 0.05 0.04 0.033 0.146 0.064 0.052 0.024 0.033 0.091 0.05 0.094
51 0.061 0.04 0.033 0.06 0.133 0.057 0.03 0.03 0.04 0.091 0.061 0.07
461 0.052 0.04 0.048 0.121 0.061 0.09 0.03 0.017 0.01 0.071 0.08 0.071
471 0.02 0.06 0.057 0.075 0.089 0.061 0.033 0.06 0.03 0.06 0.04 0.071
481 0.04 0.024 0.052 0.06 0.121 0.05 0.04 0.042 0.033 0.103 0.09 0.08
491 0.024 0.052 0.04 0.071 0.06 0.101 0.04 0.05 0.071 0.06 0.08 0.101
01 0.033 0.061 0.024 0.08 0.143 0.123 0.042 0.03 0.061 0.121 0.06 0.03
L1 004 0.05 0.033 0.113 0.061 0.103 0.033 0.048 0.071 0.072 0.06 0.04
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0.04 0.03 0.042 0.06 0.071 0.121 0.042 0.05 0.052 0.057 0.07 0.08
53 0.04 0.066 0.042 0.1 0.071 0.071 0.05 0.02 0.101 0.103 0.06 0.071
54 0.03 0.04 0.05 0.05 0.103 0.12 0.04 0.01 0.052 0.042 0.04 0.094
35 0.03 0.042 0.05 0.052 0.075 0.081 0.052 0.04 0.03 0.101 0.061 0.071
56 0.03 0.04 0.024 0.042 0.05 0.081 0.06 0.07 0.01 0.09 0.066 0.08
7 0.024 0.04 0.05 0.04 0.071 0.091 0.05 0.04 0.024 0.07 0.06 0.121
38 0.024 0.05 0.042 0.06 0.091 0.111 0.06 0.052 0.042 0.071 0.07 0.11
59 0.03 0.042 0.04 0.04 0.075 0.05 0.04 0.061 0.03 0.094 0.04 0.101
60 0.02 0.06 0.033 0.042 0.071 0.07 0.052 0.02 0.048 0.042 0.06 0.09
61 0.033 0.02 0.06 0.061 0.052 0.05 0.05 0.024 0.091 0.07 0.03 0.071
62 0.02 0.04 0.05 0.071 0.052 0.052 0.024 0.033 0.07 0.061 0.052 0.091
63 0.033 0.06 0.03 0.071 0.052 0.066 0.052 0.052 0.07 0.07 0.084 0.081
64 0.01 0.03 0.06 0.04 0.052 0.091 0.07 0.04 0.06 0.061 0.04 0.123
65 0.03 0.03 0.04 0.05 0.096 0.117 0.05 0.04 0.033 0.033 0.08 0.02
66 0.04 0.04 0.042 0.05 0.07 0.061 0.042 0.042 0.081 0.091 0.06 0.103
67 0.05 0.061 0.04 0.081 0.03 0.081 0.03 0.042 0.066 0.094 0.04 0.089
68 0.03 0.048 0.05 0.071 0.121 0.094 0.05 0.057 0.04 0.09 0.02 0.11
69 0.042 0.061 0.04 0.061 0.05 0.07 0.033 0.05 0.04 0.04 0.09 0.061
70 0.052 0.042 0.04 0.06 0.071 0.1 0.02 0.08 0.09 0.084 0.1 0.061
71 0.052 0.042 0.04 0.052 0.052 0.131 0.091 0.06 0.075 0.04 0.1 0.042
72 0.02 0.06 0.042 0.072 0.052 0.08 0.061 0.061 0.042 0.05 0.101 0.05
73 0.06 0.06 0.05 0.081 0.033 0.126 0.06 0.05 0.05 0.066 0.081 0.061
74 0.033 0.04 0.05 0.108 0.06 0.033 0.05 0.05 0.094 0.052 0.084 0.165
75 0.052 0.06 0.033 0.081 0.071 0.05 0.052 0.04 0.071 0.01 0.057 0.1
76 0.033 0.042 0.072 0.071 0.09 0.066 0.081 0.05 0.052 0.071 0.048 0.113
77 0.042 0.061 0.057 0.094 0.07 0.05 0.075 0.052 0.057 0.08 0.08 0.06
78 0.057 0.07 0.04 0.057 0.052 0.06 0.04 0.024 0.09 0.06 0.04 0.101
7 0.01 0.05 0.033 0.071 0.07 0.08 0.052 0.081 0.08 0.03 0.04 0.071
80 0.024 0.083 0.048 0.075 0.057 0.071 0.075 0.06 0.03 0.06 0.066 0.081
81 0.033 0.08 0.052 0.07 0.061 0.09 0.06 0.06 0.06 0.084 0.05 0.09
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0.06 0.061 0.042 0.101 0.05 0.08 0.04 0.03 0.084 0.061 0.09 0.05
831 0.048 0.05 0.08 0.101 0.048 0.04 0.042 0.05 0.02 0.081 0.071 0.12
84 1 0.052 0.042 0.03 0.103 0.081 0.131 0.071 0.07 0.02 0.04 0.07 0.081
851 0.042 0.05 0.042 0.091 0.11 0.06 0.05 0.033 0.024 0.05 0.05 0.1
86 | 0.03 0.05 0.06 0.06 0.09 0.04 0.033 0.03 0.033 0.04 0.06 0.08
871 0.03 0.075 0.048 0.11 0.03 0.084 0.04 0.05 0.03 0.091 0.052 0.061
88 | 0.048 0.057 0.05 0.103 0.15 0.075 0.033 0.04 0.02 0.033 0.03 0.11
891 0.066 0.071 0.066 0.081 0.075 0.061 0.05 0.02 0.06 0.06 0.06 0.071
90 | 0.033 0.09 0.06 0.04 0.081 0.075 0.042 0.06 0.052 0.06 0.07 0.061
91 0.02 0.057 0.06 0.09 0.108 0.04 0.042 0.02 0.05 0.052 0.081 0.08
92| 0.042 0.06 0.04 0.042 0.101 0.071 0.033 0.03 0.05 0.111 0.07 0.05
93| 0.033 0.07 0.05 0.057 0.08 0.07 0.03 0.03 0.07 0.091 0.06 0.061
941 0.033 0.033 0.05 0.07 0.101 0.091 0.07 0.02 0.045 0.1 0.08 0.07
951  0.02 0.05 0.04 0.06 0.121 0.07 0.071 0.033 0.02 0.07 0.071 0.081
96 | 0.042 0.04 0.052 0.066 0.1 0.1 0.04 0.033 0.071 0.081 0.04 0.111
971 0.052 0.04 0.04 0.06 0.11 0.05 0.103 0.052 0.05 0.052 0.06 0.131
98 | 0.033 0.05 0.05 0.089 0.131 0.08 0.033 0.02 0.071 0.09 0.103 0.08
91 002 0.05 0.04 0.042 0.091 0.045 0.024 0.048 0.05 0.03 0.024 0.12

100 | .07 0.05 0.05 0.108 0.081 0.052 0.04 0.052 0.061 0.061 0.06 0.101

1011 0.071 0.03 0.024 0.05 0.084 0.05 0.061 0.033 0.01 0.024 0.03 0.057

102 | 0,048 0.042 0.057 0.066 0.11 0.04 0.03 0.02 0.089 0.066 0.071 0.091

103 0.04 0.04 0.052 0.1 0.075 0.05 0.04 0.02 0.042 0.08 0.09 0.09

104 1 0,052 0.042 0.061 0.1 0.081 0.09 0.03 0.04 0.06 0.101 0.061 0.081

1051 0.033 0.052 0.06 0.071 0.08 0.08 0.06 0.02 0.052 0.061 0.072 0.05

106 | 0,05 0.05 0.03 0.11 0.111 0.101 0.05 0.05 0.042 0.07 0.052 0.071

107 0.05 0.052 0.04 0.07 0.09 0.05 0.07 0.042 0.02 0.061 0.098 0.042

108 | .04 0.042 0.06 0.16 0.06 0.04 0.033 0.04 0.024 0.05 0.113 0.07

1091 0.05 0.033 0.052 0.1 0.081 0.042 0.048 0.048 0.061 0.071 0.05 0.06

110 | 0078 0.042 0.033 0.14 0.07 0.05 0.066 0.033 0.07 0.06 0.071 0.05

111 0.08 0.071 0.071 0.101 0.113 0.06 0.061 0.052 0.052 0.061 0.05 0.108
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0.06 0.033 0.052 0.08 0.121 0.091 0.033 0.06 0.052 0.03 0.04 0.17
1131 0.071 0.061 0.052 0.066 0.11 0.06 0.061 0.061 0.042 0.1 0.05 0.06
1141 0033 0.08 0.052 0.07 0.1 0.04 0.06 0.02 0.081 0.052 0.07 0.108
151 0.024 0.061 0.048 0.061 0.08 0.03 0.04 0.02 0.04 0.123 0.057 0.052
116 | 0,061 0.061 0.042 0.08 0.1 0.052 0.084 0.04 0.03 0.042 0.06 0.071
171 0.057 0.07 0.071 0.08 0.071 0.06 0.04 0.082 0.05 0.066 0.06 0.08
118 0.07 0.06 0.05 0.1 0.101 0.081 0.033 0.033 0.061 0.061 0.06 0.05
119 0.07 0.042 0.04 0.03 0.141 0.091 0.052 0.03 0.05 0.057 0.06 0.13
120 | 0,04 0.033 0.048 0.075 0.103 0.11 0.052 0.061 0.06 0.075 0.07 0.05
121 0.03 0.07 0.05 0.061 0.081 0.081 0.06 0.07 0.05 0.1 0.042 0.07
122 1 0,042 0.072 0.071 0.06 0.08 0.084 0.07 0.071 0.06 0.091 0.061 0.06
1231 0.052 0.05 0.02 0.09 0.103 0.06 0.07 0.057 0.042 0.091 0.081 0.06
124 1 0,033 0.048 0.048 0.121 0.081 0.061 0.061 0.02 0.052 0.081 0.061 0.061
1251 0.033 0.06 0.04 0.075 0.14 0.033 0.05 0.057 0.04 0.05 0.113 0.07
126 | 0,04 0.03 0.057 0.075 0.1 0.061 0.06 0.01 0.033 0.141 0.05 0.081
127 | 0.061 0.02 0.04 0.08 0.091 0.091 0.033 0.03 0.033 0.081 0.052 0.101
1281 0,05 0.042 0.024 0.07 0.06 0.075 0.08 0.075 0.06 0.06 0.05 0.07
129 | 0.033 0.052 0.052 0.08 0.143 0.084 0.01 0.081 0.057 0.057 0.071 0.08
130 | .04 0.03 0.05 0.081 0.1 0.123 0.04 0.05 0.066 0.061 0.033 0.08
131 0.06 0.071 0.052 0.13 0.08 0.1 0.04 0.03 0.02 0.05 0.05 0.075
1321 0,024 0.052 0.052 0.09 0.1 0.08 0.042 0.057 0.071 0.04 0.061 0.061
133 0.04 0.066 0.061 0.066 0.05 0.081 0.075 0.061 0.075 0.1 0.04 0.081
1341 0,04 0.04 0.05 0.061 0.12 0.066 0.04 0.04 0.04 0.06 0.01 0.103
135 0.03 0.05 0.052 0.07 0.03 0.103 0.03 0.067 0.061 0.033 0.042 0.057
136 | 0.052 0.03 0.04 0.042 0.05 0.057 0.052 0.04 0.06 0.061 0.071 0.1

137 1 0.033 0.061 0.042 0.04 0.08 0.06 0.04 0.04 0.04 0.071 0.024 0.064
1381 0.03 0.06 0.033 0.091 0.094 0.101 0.04 0.04 0.061 0.052 0.024 0.1

1391 0.04 0.061 0.04 0.052 0.084 0.04 0.033 0.04 0.061 0.06 0.05 0.072
140 | 0,04 0.033 0.04 0.061 0.061 0.09 0.02 0.061 0.042 0.07 0.052 0.07
141 0.05 0.061 0.05 0.061 0.172 0.071 0.052 0.052 0.066 0.05 0.028 0.09
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0.02 0.06 0.042 0.071 0.09 0.07 0.01 0.03 0.081 0.061 0.06 0.075
143 1 0.057 0.071 0.075 0.066 0.075 0.091 0.033 0.061 0.08 0.061 0.02 0.08
144 0.03 0.081 0.061 0.05 0.05 0.128 0.042 0.091 0.04 0.1 0.101 0.057
1451 0.04 0.052 0.075 0.07 0.07 0.081 0.066 0.04 0.052 0.1 0.06 0.08
146 0.1 0.08 0.061 0.101 0.05 0.06 0.08 0.04 0.02 0.141 0.081 0.08
147 1 0.061 0.05 0.064 0.1 0.091 0.09 0.084 0.04 0.057 0.071 0.05 0.094
148 | 0.066 0.05 0.052 0.081 0.08 0.08 0.05 0.05 0.06 0.081 0.061 0.075
149 0.03 0.06 0.05 0.1 0.117 0.081 0.061 0.02 0.04 0.091 0.07 0.042
150 | .01 0.042 0.057 0.071 0.111 0.1 0.06 0.04 0.061 0.08 0.081 0.08
151 0.05 0.08 0.024 0.06 0.19 0.12 0.075 0.01 0.033 0.071 0.1 0.06
1521 0,05 0.057 0.061 0.11 0.133 0.061 0.04 0.06 0.066 0.089 0.091 0.131
153 0.03 0.06 0.02 0.09 0.091 0.04 0.052 0.066 0.06 0.098 0.09 0.084
154 1 0.042 0.06 0.052 0.07 0.08 0.08 0.042 0.05 0.066 0.103 0.094 0.072
155 0.05 0.066 0.06 0.121 0.07 0.057 0.042 0.057 0.121 0.075 0.052 0.08
156 | 0.052 0.04 0.052 0.1 0.111 0.117 0.1 0.057 0.072 0.071 0.03 0.071
157 | 0.024 0.061 0.05 0.042 0.091 0.091 0.061 0.06 0.073 0.084 0.05 0.061
158 1 0,05 0.081 0.06 0.05 0.103 0.081 0.05 0.06 0.042 0.08 0.02 0.094
159 1 0.048 0.03 0.04 0.108 0.161 0.084 0.081 0.057 0.066 0.07 0.052 0.101
160 | .04 0.03 0.04 0.08 0.121 0.042 0.072 0.066 0.06 0.091 0.033 0.152
161 0.02 0.03 0.04 0.05 0.111 0.05 0.04 0.07 0.07 0.081 0.048 0.084
162 | 0,042 0.02 0.05 0.09 0.04 0.11 0.033 0.057 0.052 0.084 0.071 0.04
1631 0.033 0.06 0.05 0.07 0.061 0.07 0.061 0.066 0.033 0.108 0.04 0.081
164 | 0033 0.033 0.033 0.101 0.081 0.075 0.04 0.061 0.061 0.03 0.024 0.075
1651 0.033 0.04 0.04 0.084 0.061 0.071 0.06 0.08 0.07 0.04 0.03 0.07
166 | (.05 0.05 0.03 0.09 0.133 0.081 0.057 0.06 0.052 0.03 0.042 0.111
167 1 0,05 0.042 0.06 0.113 0.131 0.091 0.042 0.06 0.081 0.075 0.04 0.06
168 | 0,04 0.05 0.071 0.17 0.105 0.061 0.061 0.04 0.052 0.02 0.075 0.07
169 | 0.042 0.057 0.06 0.052 0.081 0.07 0.048 0.05 0.084 0.04 0.033 0.08
170 | .02 0.04 0.042 0.081 0.071 0.081 0.04 0.064 0.1 0.05 0.07 0.1

171 0.02 0.04 0.05 0.05 0.071 0.066 0.091 0.052 0.05 0.081 0.05 0.06
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0.05 0.071 0.042 0.081 0.071 0.04 0.033 0.042 0.04 0.024 0.06 0.081
173 0.04 0.061 0.057 0.141 0.091 0.061 0.08 0.067 0.057 0.04 0.06 0.061
174 1 0,033 0.04 0.052 0.09 0.07 0.06 0.06 0.048 0.07 0.081 0.052 0.05

1751 0.033 0.061 0.06 0.081 0.04 0.066 0.07 0.04 0.07 0.071 0.057 0.07
176 | 0.042 0.06 0.03 0.098 0.094 0.117 0.05 0.048 0.06 0.04 0.04 0.042
177 1 0.048 0.042 0.04 0.08 0.061 0.08 0.05 0.033 0.042 0.07 0.05 0.061
178 | 0,033 0.071 0.04 0.113 0.06 0.07 0.066 0.081 0.042 0.07 0.071 0.071
1791 0.042 0.05 0.04 0.084 0.121 0.061 0.06 0.075 0.05 0.06 0.07 0.08

180 | 0,05 0.033 0.04 0.09 0.071 0.11 0.064 0.052 0.075 0.066 0.06 0.052
181 0.03 0.05 0.052 0.03 0.133 0.05 0.02 0.071 0.057 0.042 0.066 0.084
1821 0,05 0.05 0.052 0.061 0.108 0.08 0.033 0.05 0.04 0.07 0.042 0.09
183 0.05 0.052 0.05 0.105 0.052 0.05 0.05 0.075 0.066 0.1 0.05 0.03

184 1 0,052 0.05 0.05 0.071 0.075 0.05 0.024 0.04 0.064 0.052 0.042 0.04
1851 0.042 0.057 0.04 0.1 0.07 0.091 0.07 0.101 0.071 0.061 0.113 0.06
186 | 0.061 0.064 0.04 0.121 0.091 0.08 0.066 0.06 0.089 0.091 0.094 0.111
187 | 0.048 0.048 0.03 0.09 0.111 0.057 0.081 0.091 0.081 0.066 0.075 0.042
183 1 .04 0.04 0.061 0.052 0.048 0.1 0.03 0.042 0.071 0.071 0.101 0.131
189 1 0.04 0.066 0.04 0.04 0.081 0.042 0.03 0.07 0.04 0.052 0.084 0.11

190 | 0.042 0.06 0.052 0.091 0.071 0.091 0.024 0.033 0.06 0.096 0.033 0.071
1911 0.033 0.05 0.052 0.08 0.07 0.152 0.05 0.02 0.08 0.112 0.09 0.081
1921 0,042 0.03 0.05 0.024 0.061 0.03 0.024 0.066 0.071 0.05 0.108 0.07
193 0.03 0.052 0.075 0.05 0.03 0.101 0.05 0.075 0.052 0.033 0.09 0.071
1941 0,033 0.03 0.04 0.071 0.07 0.081 0.033 0.05 0.03 0.075 0.101 0.101
1951 0.03 0.09 0.052 0.06 0.13 0.084 0.06 0.052 0.05 0.033 0.081 0.103
196 | 0.042 0.06 0.06 0.066 0.151 0.061 0.09 0.03 0.061 0.075 0.06 0.133
197 1 0.042 0.05 0.03 0.084 0.094 0.057 0.03 0.01 0.05 0.048 0.04 0.071
198 1 0.03 0.042 0.033 0.07 0.094 0.075 0.06 0.084 0.01 0.072 0.081 0.07
1991 0.033 0.052 0.066 0.06 0.098 0.066 0.03 0.08 0.06 0.072 0.146 0.094
200 | 0.042 0.052 0.03 0.06 0.06 0.081 0.042 0.081 0.057 0.084 0.091 0.081
201 | 0.033 0.04 0.071 0.061 0.06 0.061 0.05 0.08 0.073 0.07 0.071 0.084
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0.05 0.052 0.03 0.052 0.08 0.066 0.04 0.052 0.06 0.084 0.061 0.084
203 | 0.042 0.05 0.02 0.07 0.08 0.089 0.071 0.09 0.03 0.071 0.075 0.05
204 0.05 0.04 0.07 0.081 0.052 0.072 0.04 0.07 0.101 0.07 0.112 0.12
205 | 0.05 0.06 0.04 0.042 0.08 0.066 0.042 0.06 0.052 0.081 0.066 0.08
206 0.06 0.02 0.057 0.057 0.061 0.084 0.04 0.05 0.061 0.081 0.123 0.066
207 | 0.061 0.061 0.05 0.066 0.089 0.057 0.04 0.05 0.052 0.07 0.071 0.07
208 0.02 0.02 0.05 0.052 0.091 0.096 0.06 0.061 0.04 0.08 0.141 0.103
209 0.03 0.05 0.03 0.08 0.04 0.064 0.08 0.075 0.071 0.121 0.091 0.06
210 | 0,033 0.061 0.033 0.084 0.14 0.057 0.07 0.03 0.05 0.071 0.101 0.094
2111 0.061 0.052 0.03 0.052 0.12 0.05 0.03 0.042 0.07 0.061 0.081 0.084
2121 0.03 0.071 0.04 0.126 0.081 0.081 0.03 0.11 0.08 0.04 0.052 0.113
213 0.05 0.04 0.05 0.061 0.101 0.03 0.02 0.04 0.111 0.11 0.071 0.143
214 | 0,03 0.04 0.052 0.061 0.08 0.052 0.02 0.052 0.02 0.052 0.075 0.071
2151 0.057 0.061 0.03 0.113 0.08 0.08 0.07 0.02 0.04 0.04 0.09 0.12
216 | 0,05 0.03 0.02 0.04 0.05 0.04 0.03 0.048 0.04 0.061 0.08 0.103
217 | 0.02 0.071 0.03 0.09 0.03 0.06 0.042 0.052 0.052 0.052 0.081 0.09
218 | 0,033 0.03 0.057 0.081 0.081 0.03 0.01 0.06 0.052 0.05 0.121 0.121
219 0.04 0.057 0.064 0.04 0.052 0.1 0.06 0.061 0.091 0.057 0.06 0.162
220 | 0.03 0.05 0.071 0.071 0.03 0.08 0.04 0.11 0.03 0.042 0.141 0.131
2211 0.042 0.04 0.061 0.05 0.057 0.103 0.04 0.04 0.057 0.057 0.06 0.121
222 | 0.052 0.05 0.052 0.1 0.07 0.091 0.052 0.052 0.05 0.084 0.071 0.07
223 | 0.052 0.052 0.05 0.09 0.081 0.052 0.06 0.06 0.1 0.08 0.071 0.081
224 0.05 0.02 0.05 0.1 0.1 0.13 0.04 0.08 0.05 0.084 0.066 0.141
225 | 0.04 0.03 0.033 0.101 0.08 0.105 0.05 0.08 0.061 0.089 0.101 0.071
226 | 0.03 0.03 0.042 0.094 0.088 0.066 0.061 0.042 0.042 0.061 0.1 0.081
227 | 0.061 0.04 0.052 0.091 0.057 0.1 0.02 0.05 0.06 0.072 0.09 0.14
228 | 0.03 0.03 0.03 0.089 0.052 0.061 0.03 0.052 0.071 0.131 0.09 0.081
229 | 0.052 0.042 0.06 0.09 0.066 0.075 0.06 0.05 0.071 0.033 0.094 0.111
230 | 0.05 0.04 0.042 0.081 0.057 0.094 0.04 0.05 0.061 0.057 0.04 0.067
2311 0.052 0.02 0.03 0.05 0.033 0.084 0.06 0.02 0.103 0.024 0.14 0.091
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232 0.03 0.052 0.03 0.061 0.075 0.08 0.052 0.01 0.033 0.05 0.121 0.14
233 | 0.052 0.02 0.06 0.101 0.096 0.06 0.07 0.05 0.04 0.024 0.121 0.09
234 | 0.033 0.075 0.042 0.081 0.091 0.08 0.052 0.071 0.03 0.07 0.048 0.091
235 0.03 0.042 0.03 0.071 0.06 0.06 0.03 0.061 0.08 0.05 0.113 0.101
236 | 0.052 0.06 0.05 0.052 0.07 0.071 0.052 0.045 0.052 0.07 0.11 0.162
237 | 0.07 0.052 0.04 0.09 0.06 0.101 0.033 0.042 0.04 0.131 0.071 0.07
238 0.04 0.04 0.024 0.052 0.091 0.06 0.057 0.04 0.024 0.06 0.08 0.143
239 | 0.057 0.05 0.066 0.071 0.12 0.06 0.061 0.1 0.061 0.09 0.061 0.08
240 | 0,071 0.04 0.01 0.066 0.101 0.052 0.02 0.017 0.048 0.071 0.07 0.151
2411 0.066 0.03 0.042 0.061 0.052 0.071 0.05 0.075 0.064 0.101 0.091 0.071
242 | 0.033 0.05 0.04 0.066 0.101 0.05 0.03 0.05 0.07 0.081 0.081 0.111
243 1 0.042 0.03 0.042 0.091 0.066 0.07 0.042 0.06 0.06 0.111 0.101 0.094
244 | 0.033 0.04 0.02 0.06 0.09 0.07 0.071 0.052 0.04 0.042 0.08 0.15
245 0.03 0.03 0.03 0.072 0.04 0.075 0.052 0.066 0.03 0.06 0.169 0.06
246 | (.04 0.042 0.05 0.071 0.083 0.08 0.09 0.042 0.06 0.048 0.101 0.042
247 | 0.042 0.052 0.06 0.071 0.071 0.07 0.081 0.033 0.07 0.04 0.17 0.091
248 0.04 0.05 0.05 0.061 0.04 0.071 0.052 0.04 0.033 0.05 0.098 0.09
249 | 0.048 0.061 0.072 0.06 0.05 0.078 0.08 0.048 0.048 0.061 0.1 0.05
250 | 0.048 0.071 0.072 0.11 0.06 0.09 0.06 0.03 0.05 0.061 0.12 0.07
Mean | 0.041644 | 0.048516 | 0.045596 | 0.075524 | 0.08222 | 0.07284 | 0.048512 | 0.049028 | 0.053868 | 0.068308 | 0.069316 | 0.083024
SD 0.0145 | 0.015029 | 0.013368 | 0.024143 | 0.028821 | 0.023843 | 0.017391 | 0.019727 | 0.01986 | 0.023365 | 0.026394 | 0.027543
Day 6 Day 7
OCT
images Control Infected Control Infected
1 2 3 1 2 3 1 2 3 1 2 3
1] 0071 0.042 0.042 0.07 0.052 0.03 0.048 0.033 0.06 0.055 0.06 0.066
21 0.042 0.033 0.04 0.08 0.09 0.03 0.01 0.03 0.06 0.071 0.108 0.071
3 0.06 0.05 0.05 0.05 0.042 0.091 0.05 0.02 0.052 0.06 0.071 0.073
41 0.04 0.02 0.03 0.07 0.052 0.07 0.07 0.052 0.04 0.044 0.09 0.061
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S 0.04 0.05 0.02 0.05 0.075 0.07 0.02 0.01 0.033 0.033 0.1 0.093
6 0.06 0.071 0.05 0.04 0.061 0.042 0.033 0.052 0.066 0.093 0.098 0.077
7 0.05 0.081 0.061 0.06 0.05 0.02 0.04 0.02 0.05 0.077 0.07 0.057
8 0.06 0.05 0.081 0.06 0.1 0.061 0.03 0.048 0.03 0.049 0.103 0.077
9 0.02 0.07 0.061 0.03 0.07 0.042 0.05 0.03 0.04 0.057 0.07 0.088
10 0.042 0.06 0.071 0.052 0.071 0.071 0.061 0.03 0.057 0.038 0.05 0.149
11 0.04 0.071 0.05 0.042 0.07 0.061 0.042 0.061 0.048 0.049 0.084 0.082
12 0.03 0.05 0.052 0.057 0.052 0.05 0.05 0.04 0.04 0.072 0.113 0.054
13 0.05 0.06 0.07 0.03 0.08 0.05 0.04 0.05 0.02 0.066 0.06 0.11
14 0.057 0.01 0.1 0.04 0.05 0.03 0.05 0.01 0.03 0.041 0.05 0.13
15 0.03 0.024 0.081 0.03 0.06 0.06 0.042 0.02 0.03 0.077 0.07 0.121
16 0.033 0.03 0.04 0.061 0.07 0.105 0.071 0.02 0.03 0.105 0.11 0.1
17 0.06 0.052 0.052 0.05 0.03 0.089 0.02 0.042 0.03 0.093 0.07 0.091
18 0.052 0.03 0.066 0.084 0.05 0.057 0.033 0.04 0.066 0.11 0.16 0.071
19 0.11 0.05 0.02 0.05 0.07 0.033 0.052 0.05 0.05 0.093 0.042 0.049
20 0.048 0.017 0.02 0.05 0.131 0.101 0.052 0.06 0.064 0.066 0.071 0.134
21 0.04 0.052 0.06 0.05 0.05 0.11 0.033 0.042 0.052 0.078 0.159 0.049
22 0.04 0.052 0.05 0.04 0.05 0.09 0.05 0.02 0.06 0.083 0.091 0.044
23 0.02 0.05 0.061 0.1 0.12 0.101 0.042 0.091 0.052 0.055 0.131 0.066
24 0.06 0.03 0.06 0.08 0.06 0.09 0.06 0.05 0.06 0.075 0.09 0.096
25 0.03 0.04 0.05 0.08 0.06 0.09 0.02 0.05 0.03 0.072 0.11 0.122
26 0.03 0.04 0.042 0.052 0.061 0.066 0.03 0.04 0.02 0.088 0.033 0.073
27 0.052 0.061 0.07 0.07 0.05 0.061 0.06 0.024 0.061 0.091 0.075 0.121
28 0.04 0.03 0.048 0.08 0.06 0.084 0.05 0.061 0.05 0.072 0.061 0.099
29 0.061 0.02 0.057 0.05 0.042 0.05 0.05 0.05 0.057 0.078 0.111 0.094
30 0.06 0.02 0.052 0.03 0.042 0.08 0.048 0.061 0.04 0.055 0.094 0.104
31 0.081 0.05 0.033 0.04 0.048 0.042 0.04 0.04 0.07 0.062 0.04 0.049
32 0.04 0.061 0.03 0.081 0.042 0.05 0.042 0.02 0.05 0.055 0.061 0.061
33 0.05 0.05 0.02 0.094 0.04 0.081 0.08 0.05 0.09 0.073 0.084 0.049
34 0.042 0.071 0.03 0.089 0.08 0.09 0.07 0.033 0.03 0.066 0.094 0.073
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35

0.02 0.05 0.03 0.084 0.06 0.121 0.061 0.042 0.03 0.061 0.06 0.11
36 0.061 0.05 0.05 0.052 0.08 0.103 0.052 0.061 0.03 0.104 0.07 0.122
37 0.061 0.052 0.048 0.111 0.01 0.06 0.02 0.02 0.05 0.075 0.08 0.055
38 0.071 0.02 0.04 0.066 0.061 0.05 0.05 0.02 0.01 0.089 0.052 0.027
39 0.042 0.08 0.05 0.081 0.081 0.042 0.02 0.033 0.01 0.082 0.071 0.099
40 0.052 0.061 0.05 0.042 0.094 0.02 0.06 0.06 0.02 0.111 0.098 0.038
41 0.052 0.04 0.07 0.02 0.07 0.05 0.07 0.033 0.033 0.084 0.057 0.071
42 0.06 0.042 0.03 0.03 0.05 0.13 0.052 0.05 0.024 0.11 0.091 0.077
43 0.07 0.05 0.061 0.12 0.03 0.09 0.04 0.042 0.07 0.088 0.071 0.061
44 0.04 0.05 0.04 0.03 0.03 0.101 0.03 0.04 0.02 0.115 0.071 0.08
45 0.072 0.052 0.03 0.06 0.061 0.06 0.02 0.04 0.07 0.082 0.06 0.061
46 0.04 0.05 0.02 0.108 0.133 0.071 0.02 0.03 0.07 0.066 0.081 0.033
47 0.071 0.061 0.061 0.101 0.091 0.098 0.017 0.04 0.04 0.044 0.081 0.094
48 0.05 0.071 0.04 0.094 0.091 0.081 0.052 0.04 0.07 0.083 0.071 0.104
49 0.071 0.05 0.03 0.14 0.06 0.071 0.04 0.061 0.071 0.11 0.1 0.052
S0 0.042 0.061 0.02 0.04 0.06 0.033 0.081 0.01 0.04 0.066 0.08 0.028
51 0.05 0.06 0.02 0.081 0.04 0.061 0.04 0.03 0.05 0.11 0.091 0.06
52 0.02 0.061 0.061 0.1 0.05 0.06 0.02 0.042 0.04 0.06 0.081 0.049
33 0.071 0.05 0.04 0.101 0.033 0.07 0.03 0.03 0.05 0.05 0.07 0.049
>4 0.03 0.04 0.04 0.131 0.07 0.07 0.05 0.04 0.052 0.055 0.05 0.038
35 0.01 0.057 0.05 0.1 0.057 0.05 0 0.02 0.052 0.044 0.075 0.127
56 0.081 0.03 0.05 0.131 0.07 0.05 0.091 0.01 0.07 0.057 0.081 0.121
37 0.07 0.06 0.05 0.141 0.05 0.04 0.033 0.03 0.052 0.085 0.098 0.049
38 0.042 0.01 0.052 0.09 0.07 0.1 0.024 0.052 0.03 0.073 0.101 0.112
59 0.042 0.024 0.05 0.141 0.06 0.06 0.03 0.02 0.04 0.027 0.151 0.08
60 0.061 0.084 0.03 0.07 0.071 0.08 0.05 0.03 0.042 0.072 0.061 0.066
61 0.048 0.066 0.02 0.084 0.05 0.05 0.04 0.02 0.04 0.027 0.08 0.077
62 0.052 0.04 0.07 0.071 0.121 0.08 0.075 0.04 0.05 0.055 0.075 0.073
63 0.03 0.05 0.04 0.06 0.08 0.06 0.042 0.033 0.05 0.062 0.101 0.05
64 0.03 0.06 0.091 0.01 0.05 0.02 0.03 0.03 0.05 0.095 0.052 0.044
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65

0.04 0.057 0.03 0.061 0.05 0.04 0.03 0.02 0.07 0.038 0.081 0.068
66 0.02 0.033 0.04 0.08 0.052 0.11 0.052 0.033 0.07 0.077 0.042 0.066
67 0.07 0.04 0.075 0.084 0.05 0.101 0.02 0.042 0.08 0.049 0.07 0.075
68 0.061 0.033 0.052 0.07 0.07 0.08 0.01 0.02 0.03 0.088 0.061 0.055
69 0.061 0.042 0.042 0.094 0.02 0.01 0.042 0.052 0.07 0.078 0.08 0.049
70 0.03 0.024 0.057 0.097 0.071 0.033 0.04 0.066 0.071 0.038 0.131 0.038
71 0.05 0.03 0.06 0.122 0.06 0.02 0.04 0.05 0.03 0.068 0.071 0.06
72 0.06 0.04 0.02 0.101 0.094 0.033 0.033 0.042 0.066 0.078 0.084 0.084
73 0.05 0.01 0.061 0.091 0.1 0.048 0.02 0.033 0.07 0.05 0.06 0.1
74 0.052 0.06 0.048 0.084 0.061 0.052 0.01 0.071 0.03 0.055 0.111 0.049
75 0.04 0.03 0.05 0.131 0.091 0.103 0.066 0.04 0.057 0.044 0.113 0.071
76 0.05 0.033 0.02 0.075 0.09 0.07 0.096 0.01 0.06 0.111 0.05 0.1
77 0.03 0.05 0.024 0.08 0.06 0.05 0.02 0.01 0.04 0.099 0.048 0.055
78 0.06 0.061 0.05 0.094 0.06 0.042 0.06 0.033 0.113 0.06 0.101 0.077
7 0.06 0.04 0.05 0.1 0.081 0.101 0.05 0.052 0.09 0.095 0.11 0.095
80 0.06 0.03 0.01 0.091 0.057 0.05 0.04 0.07 0.066 0.082 0.117 0.075
81 0.05 0.04 0.042 0.04 0.05 0.07 0.042 0.08 0.05 0.089 0.084 0.064
82 0.05 0.024 0.04 0.13 0.091 0.03 0.02 0.05 0.02 0.077 0.123 0.073
83 0.04 0.04 0.03 0.09 0.098 0.05 0.05 0.052 0.07 0.028 0.091 0.079
84 0.04 0.04 0.05 0.18 0.03 0.052 0.042 0.04 0.042 0.055 0.08 0.064
85 0.06 0.04 0.048 0.05 0.05 0.03 0.024 0.071 0.09 0.116 0.03 0.075
86 0.064 0.05 0 0.084 0.07 0.08 0.03 0.071 0.084 0.068 0.057 0.044
87 0.042 0.033 0.03 0.05 0.04 0.081 0.033 0.091 0.052 0.07 0.071 0.052
88 0.03 0.02 0.05 0.101 0.06 0.03 0.04 0.05 0.05 0.064 0.06 0.055
89 0.042 0.061 0.01 0.04 0.061 0.094 0.04 0.03 0.07 0.055 0.061 0.071
90 0.04 0.024 0.061 0.081 0.08 0.042 0.071 0.07 0.084 0.068 0.084 0.071
91 0.03 0.04 0.05 0.07 0.066 0.05 0.07 0.03 0.05 0.077 0.081 0.077
92 0.048 0.042 0.04 0.091 0.075 0.06 0.057 0.04 0.024 0.016 0.094 0.093
93 0.061 0.02 0.048 0.1 0.08 0.071 0.04 0.03 0.05 0.055 0.073 0.034
94 0.033 0.075 0.04 0.091 0.042 0.081 0.042 0.04 0.07 0.06 0.081 0.099
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95

0.01 0.03 0.04 0.103 0.06 0.064 0.03 0.042 0.03 0.071 0.081 0.093
96 | 0.057 0.03 0.052 0.07 0.042 0.091 0.02 0.03 0.02 0.073 0.081 0.103
971 0.05 0.05 0.04 0.11 0.06 0.05 0.04 0.05 0.033 0.073 0.088 0.077
98 | 0.024 0.02 0.06 0.024 0.081 0.081 0.06 0.05 0.03 0.1 0.075 0.066
91 0.08 0.03 0.04 0.01 0.07 0.071 0.066 0.05 0.06 0.119 0.03 0.066

100 0.04 0.03 0.04 0.05 0.06 0.075 0.04 0.07 0.05 0.093 0.08 0.071

101 0.04 0.02 0.048 0.07 0.033 0.066 0.066 0.06 0.02 0.11 0.081 0.038

102 ] 0.033 0.05 0.04 0.08 0.05 0.057 0.01 0.05 0.05 0.089 0.14 0.055

103 0.02 0.042 0.052 0.04 0.03 0.064 0.03 0.033 0.02 0.116 0.057 0.06

1041 0.045 0.042 0.05 0.06 0.024 0.091 0.052 0.052 0.04 0.055 0.07 0.049

1051 0,05 0.03 0.071 0.101 0.042 0.052 0.05 0.05 0.04 0.104 0.146 0.044

106 0.06 0.066 0.03 0.072 0.05 0.1 0.06 0.02 0.052 0.045 0.113 0.045

107 1 0,05 0.052 0.07 0.057 0.06 0.1 0.061 0.052 0.071 0.064 0.08 0.083

108 | 0.084 0.06 0.094 0.071 0.06 0.057 0.07 0.041 0.02 0.13 0.105 0.049

109 | 0.057 0.052 0.048 0.12 0.042 0.061 0.05 0.024 0.05 0.064 0.15 0.077

110 | 0.024 0.06 0.061 0.091 0.066 0.06 0.061 0.04 0.057 0.071 0.071 0.057

111 0.04 0.05 0.1 0.052 0.09 0.075 0.052 0.048 0.042 0.052 0.081 0.077

112 0.01 0.05 0.061 0.04 0.05 0.042 0.071 0.042 0.033 0.077 0.04 0.06

113 1 0,057 0.04 0.042 0.08 0.075 0.066 0.05 0.071 0.033 0.072 0.103 0.064

1141 0.042 0.057 0.07 0.066 0.052 0.04 0.052 0.042 0.033 0.044 0.052 0.077

151 0,03 0.02 0.04 0.11 0.05 0.06 0.05 0.05 0.05 0.062 0.071 0.033

116 | 0.045 0.061 0.07 0.11 0.06 0.066 0.05 0.03 0.03 0.001 0.04 0.071

171 0,04 0.048 0.08 0.091 0.101 0.084 0.02 0.02 0.03 0.055 0.103 0.071

118 0.03 0.071 0.042 0.071 0.1 0.07 0.052 0.06 0.02 0.05 0.06 0.088

1191 0.052 0.05 0.03 0.061 0.084 0.09 0.04 0.03 0.06 0.084 0.05 0.082

120 | 0.061 0.05 0.02 0.052 0.121 0.101 0.089 0.02 0.05 0.106 0.052 0.061

121 0.03 0.061 0.1 0.05 0.042 0.04 0.052 0.04 0.07 0.055 0.075 0.06

1221 0.02 0.081 0.03 0.057 0.042 0.081 0.033 0.03 0.061 0.049 0.081 0.05

123 0.05 0.04 0.05 0.064 0.024 0.08 0.081 0.04 0.052 0.033 0.04 0.039

124 0.06 0.04 0.07 0.05 0.042 0.061 0.04 0.02 0.04 0.05 0.08 0.066
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125

0.033 0.04 0.042 0.1 0.052 0.08 0.06 0.052 0.045 0.094 0.071 0.095
126 | 0.04 0.042 0.04 0.03 0.048 0.06 0.05 0.033 0.057 0.075 0.07 0.156
1271 0.06 0.061 0.06 0.052 0.02 0.061 0.052 0.08 0.057 0.102 0.1 0.147
128 | 0.052 0.04 0.04 0.071 0.101 0.052 0.05 0.033 0.05 0.111 0.052 0.103
129 0.06 0.05 0.024 0.06 0.061 0.1 0.06 0.06 0.064 0.05 0.08 0.084
130 | 0.042 0.033 0.066 0.143 0.05 0.033 0.052 0.04 0.048 0.088 0.08 0.06
131 0.05 0.01 0.08 0.111 0.06 0.06 0.04 0.03 0.08 0.072 0.081 0.121
1321 0.061 0.071 0.06 0.05 0.09 0.06 0.04 0.024 0.057 0.088 0.08 0.088
133 0.03 0.042 0.06 0.07 0.121 0.06 0.04 0.04 0.064 0.093 0.07 0.06
134 0.07 0.111 0.07 0.02 0.061 0.07 0.06 0.03 0.064 0.066 0.091 0.077
1351 0.066 0.07 0.081 0.03 0.03 0.061 0.04 0.02 0.052 0.093 0.1 0.099
136 0.07 0.052 0.101 0.123 0.05 0.05 0.072 0 0.033 0.093 0.05 0.094
1371 0.05 0.08 0.05 0.066 0.048 0.042 0.05 0.02 0.094 0.088 0.06 0.094
138 | 0.01 0.09 0.04 0.08 0.03 0.05 0.06 0.04 0.013 0.104 0.091 0.088
1391 0.06 0.071 0.071 0.07 0.024 0.052 0.03 0.03 0.057 0.093 0.042 0.049
140 | 0.02 0.04 0.042 0.123 0.042 0.042 0.01 0.017 0.042 0.094 0.06 0.083
1411 0.061 0.08 0.07 0.04 0.07 0.042 0.05 0.02 0.071 0.059 0.061 0.077
142 0.05 0.04 0.052 0.05 0.04 0.06 0.03 0.02 0.04 0.099 0.06 0.064
143 0.05 0.024 0.061 0.081 0.075 0.07 0.05 0.05 0.06 0.099 0.061 0.072
1441 0.04 0.04 0.042 0.121 0.066 0.06 0.05 0.03 0.04 0.066 0.103 0.08
1451 0,04 0.075 0.061 0.03 0.042 0.05 0.061 0.071 0.03 0.06 0.101 0.077
146 | 0,048 0.091 0.07 0.06 0.04 0.071 0.02 0.04 0.04 0.121 0.066 0.111
147 1 0.066 0.075 0.042 0.042 0.05 0.06 0.03 0.04 0.03 0.072 0.111 0.082
148 1 0.04 0.071 0.033 0.084 0.08 0.052 0.052 0.02 0.02 0.077 0.113 0.066
1491 0,05 0.033 0.03 0.136 0.12 0.09 0.06 0.024 0.02 0.122 0.06 0.072
150 | 0,033 0.04 0.071 0.08 0.121 0.08 0.04 0.02 0.033 0.073 0.05 0.066
151 0.05 0.03 0.04 0.084 0.06 0.09 0.052 0.03 0.06 0.044 0.07 0.131
1521 0.042 0.04 0.09 0.113 0.061 0.07 0.084 0.04 0.02 0.116 0.066 0.052
153 1 0.061 0.03 0.04 0.07 0.05 0.06 0.07 0.033 0.052 0.148 0.075 0.082
1541 0.07 0.103 0.081 0.081 0.06 0.05 0.094 0.017 0.071 0.088 0.081 0.077
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155

0.052 0.03 0.07 0.103 0.06 0.05 0.04 0.057 0.033 0.057 0.066 0.08
156 | 0.04 0.01 0.061 0.061 0.052 0.03 0.061 0.033 0.05 0.022 0.073 0.09
1571 0.04 0.04 0.06 0.09 0.07 0.071 0.061 0.048 0.057 0.11 0.088 0.109
158 1 0.02 0.04 0.052 0.057 0.09 0.05 0.048 0.05 0.064 0.072 0.105 0.111
1591 0.06 0.01 0.02 0.179 0.07 0.061 0.04 0.02 0.03 0.077 0.071 0.055
160 | 0,05 0.091 0.04 0.121 0.08 0.08 0.066 0.05 0.05 0.044 0.05 0.038
161 | 0033 0.071 0.061 0.1 0.052 0.111 0.04 0.03 0 0.077 0.05 0.101
162 | 0.042 0.03 0.048 0.09 0.06 0.14 0.05 0.06 0.04 0.071 0.033 0.064
163 0.07 0.05 0.066 0.113 0.05 0.057 0.02 0.052 0.024 0.077 0.04 0.077
164 | 0.071 0.042 0.08 0.113 0.101 0.04 0.024 0.04 0.057 0.066 0.066 0.055
165 | 0.042 0.071 0.104 0.071 0.066 0.075 0.06 0.03 0.052 0.066 0.126 0.077
166 | 0,05 0.033 0.072 0.071 0.141 0.052 0.04 0.04 0.061 0.094 0.165 0.071
167 | 0,033 0.042 0.064 0.05 0.03 0.042 0.07 0.052 0.03 0.066 0.066 0.08
168 | 0.05 0.052 0.064 0.061 0.06 0.03 0.05 0.01 0.042 0.121 0.089 0.115
169 | 0.042 0.04 0.096 0.1 0.05 0.05 0.05 0.03 0.04 0.049 0.113 0.077
170 | 0.03 0.042 0.08 0.03 0.081 0.07 0.042 0.04 0.042 0.088 0.108 0.055
1711 0.066 0.02 0.072 0.08 0.061 0.1 0.04 0.03 0.01 0.055 0.098 0.114
172 0.06 0.04 0.052 0.07 0.075 0.098 0.07 0.02 0.03 0.121 0.084 0.044
173 0.06 0.042 0.04 0.141 0.066 0.08 0.03 0.03 0.03 0.055 0.075 0.049
1741 0.07 0.033 0.08 0.141 0.091 0.08 0.04 0.024 0.04 0.083 0.066 0.038
1751 0.05 0.05 0.048 0.13 0.1 0.061 0.061 0.04 0.024 0.143 0.07 0.116
176 | 0.05 0.033 0.094 0.131 0.07 0.03 0.04 0.024 0.01 0.082 0.094 0.055
1771 0.08 0.08 0.08 0.143 0.07 0.081 0.04 0.042 0.05 0.045 0.081 0.055
178 | 0.071 0.04 0.06 0.141 0.02 0.052 0.052 0.02 0.05 0.077 0.091 0.066
179 1 0.042 0.05 0.061 0.11 0.06 0.06 0.03 0.04 0.042 0.045 0.081 0.096
180 | 0.04 0.02 0.04 0.094 0.061 0.05 0.03 0.04 0.04 0.061 0.05 0.094
181 0.06 0.061 0.03 0.081 0.061 0.11 0.03 0.04 0.033 0.06 0.094 0.071
182 0.06 0.05 0.033 0.057 0.06 0.071 0.03 0.071 0.057 0.05 0.084 0.066
183 0.06 0.03 0.088 0.052 0.03 0.103 0.08 0.052 0.033 0.071 0.097 0.088
184 0.05 0.05 0.06 0.05 0.071 0.09 0.04 0.061 0.048 0.049 0.071 0.068
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1851 0.06 0.042 0.04 0.06 0.061 0.06 0.05 0.05 0.052 0.09 0.133 0.044
186 | 0.042 0.057 0.03 0.101 0.05 0.091 0.042 0.08 0.03 0.107 0.1 0.066
187 1 0,05 0.04 0.05 0.1 0.08 0.081 0.02 0.05 0.04 0.066 0.091 0.077
183 | 0.075 0.042 0.052 0.2 0.091 0.071 0.033 0.08 0.017 0.082 0.081 0.049
189 1 0.081 0.061 0.04 0.04 0.133 0.081 0.033 0.02 0.06 0.072 0.071 0.088
190 | 0.075 0.052 0.091 0.103 0.048 0.06 0.061 0.01 0.052 0.084 0.1 0.094
1911 0.042 0.06 0.09 0.091 0.111 0.042 0.05 0.052 0.06 0.104 0.081 0.066
1921 0.03 0.024 0.033 0.121 0.061 0.081 0.06 0.04 0.1 0.044 0.07 0.049
193 0.08 0.03 0.04 0.09 0.07 0.05 0.061 0.052 0.05 0.055 0.07 0.062
194 | 0.04 0.042 0.06 0.09 0.1 0.04 0.042 0.03 0.06 0.055 0.084 0.061
1951 0,033 0.017 0.081 0.113 0.06 0.07 0.03 0.02 0.071 0.049 0.081 0.066
196 | 0.042 0.05 0.071 0.08 0.091 0.06 0.02 0.04 0.04 0.027 0.07 0.071
197 1 0.05 0.075 0.06 0.08 0.04 0.071 0.05 0.042 0.05 0.045 0.072 0.082
198 | 0.04 0.057 0.071 0.081 0.042 0.098 0.06 0.04 0.03 0.033 0.07 0.033
1991 0.04 0.071 0.052 0.06 0.081 0.111 0.02 0.061 0.061 0.055 0.05 0.088
2001 0,05 0.02 0.111 0.04 0.042 0.123 0.03 0.061 0.05 0.055 0.133 0.044
201 0.07 0.042 0.06 0.07 0.05 0.103 0.02 0.06 0.04 0.038 0.121 0.061
202 0.05 0.042 0.05 0.081 0.061 0.06 0.02 0.05 0.05 0.072 0.075 0.077
203 | 0.042 0.03 0.05 0.17 0.08 0.071 0.03 0.05 0.03 0.083 0.094 0.066
204 | 0.033 0.042 0.042 0.111 0.042 0.075 0.02 0.02 0.024 0.066 0.126 0.055
205 | 0.07 0.05 0.04 0.057 0.04 0.048 0.06 0.042 0.05 0.082 0.09 0.082
206 | 0.02 0.052 0.052 0.061 0.081 0.052 0.042 0.066 0.01 0.104 0.08 0.049
207 | 0.04 0.08 0.05 0.071 0.057 0.081 0.06 0.024 0.052 0.088 0.094 0.055
208 | 0.03 0.06 0.061 0.042 0.057 0.05 0.05 0.05 0.042 0.066 0.066 0.082
209 | .07 0.06 0.08 0.09 0.075 0.071 0.061 0.042 0.071 0.107 0.117 0.071
210 | 0.066 0.06 0.094 0.121 0.075 0.06 0.04 0.071 0.04 0.088 0.088 0.073
211 0.07 0.05 0.05 0.101 0.045 0.042 0.03 0.024 0.02 0.055 0.081 0.077
2121 0,05 0.02 0.09 0.101 0.057 0.052 0.061 0.04 0.02 0.094 0.09 0.039
213 0.04 0.01 0.091 0.207 0.057 0.094 0.024 0.052 0.024 0.099 0.111 0.093
2141 0.057 0.03 0.08 0.131 0.052 0.094 0.033 0.033 0.02 0.08 0.12 0.11
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215

0.071 0.03 0.101 0.161 0.048 0.061 0.07 0.06 0.05 0.071 0.111 0.071
216 | 0.061 0.013 0.07 0.081 0.033 0.071 0.066 0.042 0.03 0.049 0.11 0.084
217 | 0.052 0.075 0.04 0.06 0.08 0.108 0.04 0.04 0.052 0.055 0.06 0.044
218 | 0.057 0.048 0.03 0.07 0.064 0.08 0.03 0.02 0.03 0.06 0.101 0.062
219 0.04 0.042 0.05 0.16 0.052 0.071 0.02 0.04 0.042 0.088 0.141 0.079
22011 0.03 0.02 0.03 0.18 0.104 0.103 0.04 0.07 0.05 0.046 0.103 0.061
221 0.02 0.052 0.05 0.091 0.103 0.08 0.017 0.05 0.02 0.062 0.09 0.05
222 | 0.033 0.033 0.07 0.05 0.072 0.113 0.061 0.03 0.03 0.06 0.052 0.1
223 | 0.071 0.042 0.042 0.061 0.066 0.075 0.04 0.061 0.06 0.028 0.06 0.084
224 | 0.081 0.042 0.052 0.06 0.1 0.088 0.04 0.03 0.03 0.071 0.061 0.101
225 | 0.07 0.042 0.03 0.1 0.048 0.081 0.04 0.061 0.052 0.1 0.09 0.033
226 | 0.061 0.06 0.06 0.071 0.048 0.075 0.05 0.04 0.033 0.044 0.113 0.068
227 | 0.075 0.066 0.071 0.192 0.07 0.12 0.06 0.02 0.02 0.049 0.141 0.044
228 | 0.081 0.03 0.02 0.192 0.08 0.042 0.02 0.052 0.042 0.077 0.136 0.128
229 | 0.097 0.03 0.09 0.1 0.071 0.052 0.061 0.06 0.04 0.073 0.133 0.027
230 | 0.061 0.04 0.071 0.14 0.03 0.07 0.04 0.04 0.017 0.049 0.09 0.046
231 0.05 0.052 0.04 0.131 0.075 0.111 0.05 0.05 0.04 0.078 0.103 0.064
232 | 0.04 0.033 0.03 0.131 0.162 0.052 0.06 0.07 0.06 0.088 0.09 0.055
233 | 0.052 0.024 0.061 0.1 0.02 0.042 0.03 0.081 0.03 0.055 0.143 0.083
2341 0.061 0.052 0.1 0.1 0.05 0.11 0.03 0.052 0.071 0.066 0.12 0.116
235 | 0.04 0.07 0.06 0.091 0.052 0.042 0.033 0.06 0.04 0.05 0.061 0.066
236 | 0.091 0.05 0.052 0.03 0.081 0.07 0.02 0.052 0.03 0.066 0.09 0.127
237 | 0.042 0.04 0.04 0.04 0.05 0.04 0.06 0.01 0.05 0.072 0.094 0.104
238 | 0.066 0.05 0.042 0.06 0.03 0.071 0.04 0.052 0.05 0.058 0.104 0.077
239 | 0.084 0.04 0.05 0.06 0 0.042 0.04 0.042 0.04 0.072 0.07 0.044
240 | 0,05 0.071 0.06 0.081 0.03 0.04 0.02 0.061 0.07 0.071 0.101 0.062
241 | 0,033 0.05 0.04 0.094 0.03 0.048 0.033 0.05 0.03 0.077 0.07 0.073
242 | 0.052 0.052 0.075 0.05 0.03 0.033 0.05 0.05 0.052 0.093 0.07 0.107
243 | 0.083 0.057 0.05 0.033 0.033 0.02 0.05 0.02 0.033 0.11 0.081 0.093
244 | 0.04 0.06 0.075 0.094 0.042 0.042 0.033 0.04 0.052 0.099 0.11 0.098
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245 | 0.06 0.04 0.061 0.057 0.06 0.024 0.04 0.057 0.033 0.039 0.061 0.09
246 | 0.04 0.052 0.033 0.061 0.06 0.05 0.042 0.03 0.03 0.088 0.101 0.06
247 | 0.08 0.071 0.02 0.07 0.07 0.091 0.02 0.033 0.03 0.062 0.075 0.07
248 | 0.052 0.06 0.05 0.033 0.052 0.061 0.042 0.04 0.024 0.072 0.042 0.05
249 | 0.042 0.07 0.03 0.091 0.07 0.071 0.08 0.081 0.042 0.059 0.084 0.099
250 | 0.03 0.071 0.06 0.096 0.071 0.06 0.033 0.03 0.017 0.066 0.131 0.071
Mean | 0.049896 | 0.046764 | 0.053108 | 0.081824 | 0.062988 | 0.066424 | 0.04442 | 0.041016 | 0.045524 | 0.072556 | 0.0833 | 0.074256
SD 0.016858 | 0.018157 | 0.020395 | 0.035977 | 0.024304 | 0.023748 | 0.017363 | 0.016998 | 0.018366 | 0.023735 | 0.025888 | 0.024478
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4. Tables of automated gap thickness measurements for AxC169 variety
The following tables show the total number of OCT images used for manual gap thickness

measurements in the AxC169 variety. A total of 200 OCT images were analyzed, with
segmentation of the first 2-3 cell layers performed using the OCT Analyzer software. For both
control and infected leaves, three measurements were taken daily from Day 0 (DO0) to Day 7
(D7). The software provided values for the maximum (Max), minimum (Min), and average gap

thickness. The average value being the most relevant for our study.
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0.08
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0.07
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=

in

Control (mm)
R2
Average Max ~ Min
0.02 0.09 0

0.03 0.06 0
0.02 0.07 0
0.01 0.08 0
0.02 0.08 0
0.01 0.08 0
0.01 0.07 0
0.01 0.07 0
0.01 0.08 0
0.02 0.09 0
0.03 0.08 0
0.04 0.1 0
0.04 0.09 0
0.04 0.09 0
0.04 0.1 0
0.05 0.09 0
0.05 0.08 0
0.05 0.09 0
0.04 0.09 0.01
0.05 0.09 0
0.06 0.08 0
0.05 0.08 0
0.05 0.08 0.02
0.06 0.07 0
0.06 0.08 0
0.05 0.08 0
0.04 0.08 0
0.03 0.07 0
0.03 0.07 0
0.03 0.09 0
0.03 0.07 0
0.03 0.07 0
0.03 0.08 0
0.03 0.08 0
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Average Max
0.03 0.08
0.04 0.06
0.03 0.08
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0.04 0.08
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R2 R3
Average Max Min Average Max
0.03 0.08 0 0.03 0.07
0.04 0.1 0 0.04 0.07
0.04 0.09 0 0.04 0.09
0.04 0.09 0 0.04 0.08
0.04 0.08 0 0.04 0.07
0.03 0.07 0 0.04 0.08
0.04 0.07 0 0.04 0.08
0.04 0.08 0 0.04 0.08
0.04 0.07 0 0.03 0.08
0.04 0.07 0 0.04 0.08
0.04 0.08 0 0.04 0.08
0.04 0.08 0 0.04 0.08
0.04 0.08 0 0.04 0.08
0.04 0.08 0 0.03 0.08
0.04 0.08 0 0.04 0.09
0.04 0.08 0 0.04 0.09
0.04 0.08 0 0.04 0.08
0.04 0.08 0 0.04 0.09
0.04 0.08 0 0.04 0.08
0.04 0.07 0 0.04 0.08
0.04 0.07 0 0.05 0.09
0.04 0.08 0 0.05 0.1
0.04 0.08 0 0.05 0.08
0.04 0.09 0 0.04 0.08
0.04 0.09 0 0.04 0.08
0.04 0.09 0 0.04 0.08
0.04 0.08 0 0.04 0.08
0.05 0.1 0 0.04 0.08
0.04 0.09 0 0.03 0.09
0.05 0.09 0 0.03 0.08
0.04 0.08 0 0.03 0.09
0.04 0.1 0 0.04 0.09
0.04 0.09 0 0.04 0.09
0.04 0.1 0 0.05 0.08
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0.06
0.07
0.07
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.07
0.07
0.07
0.07
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06

0.1

0.11
0.09
0.08
0.09
0.09
0.09
0.11
0.1

0.11
0.11
0.11
0.1

0.09
0.1

0.09
0.09
0.09
0.09
0.08
0.09
0.09
0.08
0.09
0.1

0.09
0.08
0.1

0.09
0.09
0.09
0.08
0.12
0.1

0.09
0.08
0.09
0.09
0.08
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0.04
0.06
0.07
0.07
0.08
0.08
0.08
0.07
0.04
0.04
0.04
0.05
0.04
0.04
0.04
0.04
0.05
0.04
0.04
0.04
0.04
0.04
0.04
0.05
0.05
0.04
0.04
0.04
0.05
0.04
0.04
0.04
0.06
0.04
0.04
0.04
0.04
0.04
0.03

0.08
0.09
0.08
0.09
0.09
0.09
0.08
0.1
0.1
0.1
0.11
0.1
0.09
0.1
0.09
0.1
0.11
0.11
0.11
0.11
0.09
0.1
0.1
0.09
0.1
0.1
0.1
0.1
0.1
0.11
0.09
0.1
0.11
0.1
0.09
0.1
0.11
0.09
0.09
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0.03
0.03
0.03
0.03
0.04
0.04
0.03
0.04
0.04
0.04
0.05
0.04
0.04
0.04
0.04
0.04
0.04
0.05
0.05
0.06
0.06
0.06
0.04
0.04
0.04
0.04
0.03
0.04
0.04
0.04
0.03
0.04
0.04
0.05
0.04
0.04
0.04
0.03
0.04
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113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151

0.08
0.06
0.07
0.06
0.07
0.07
0.06
0.07
0.07
0.06
0.06
0.05
0.05
0.04
0.04
0.04
0.06
0.06
0.06
0.06
0.07
0.1

0.1

0.09
0.11
0.12
0.1

0.09
0.08
0.09
0.08
0.09
0.09
0.11
0.09
0.1

0.09
0.08
0.08

0.01

0.01

oo
o
[\®]

0.05
0.04
0.04
0.04
0.04
0.03
0.04
0.04
0.03
0.03
0.04
0.03
0.02
0.02
0.02
0.02
0.03
0.04
0.04
0.04
0.04
0.04
0.06
0.05
0.05
0.05
0.04
0.04
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.04

0.14
0.13
0.13
0.11
0.12
0.12
0.14
0.12
0.13
0.12
0.08
0.13
0.12
0.1

0.09
0.12
0.11
0.13
0.13
0.14
0.1

0.13
0.13
0.12
0.13
0.13
0.14
0.14
0.13
0.15
0.11
0.13
0.12
0.13
0.1

0.09
0.08
0.1

0.12

o O
NS\

0.04
0.04
0.05
0.04
0.05
0.04
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.04
0.05
0.05
0.06
0.05
0.05
0.05
0.05
0.05
0.05
0.05

0.11
0.09
0.09
0.09
0.12
0.11
0.11
0.12
0.1

0.09
0.1

0.08
0.08
0.08
0.08
0.08
0.11
0.08
0.09
0.11
0.11
0.1

0.12
0.09
0.1

0.09
0.1

0.09
0.12
0.1

0.11
0.12
0.09
0.09
0.09
0.1

0.1

0.11
0.11

0.05
0.06
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.04
0.04
0.04
0.04
0.04
0.05
0.05
0.05
0.05
0.06
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.04
0.03

0.1
0.1
0.07
0.09
0.09
0.09
0.09
0.12
0.1
0.1
0.09
0.09
0.1
0.09
0.11
0.09
0.1
0.1
0.11
0.1
0.09
0.12
0.08
0.1
0.1
0.1
0.09
0.11
0.09
0.09
0.09
0.1
0.11
0.24
0.18
0.1
0.09
0.08
0.08
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0.06
0.06
0.04
0.06
0.06
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06

0.11
0.09
0.08
0.1

0.1

0.09
0.09
0.1

0.09
0.1

0.1

0.09
0.09
0.08
0.09
0.08
0.08
0.09
0.07
0.08
0.09
0.09
0.09
0.08
0.08
0.07
0.06
0.07
0.07
0.07
0.08
0.08
0.09
0.06
0.08
0.08
0.09
0.1

0.09
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0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.03
0.04
0.04
0.04
0.04
0.03
0.03
0.04
0.03
0.04
0.03
0.04
0.03
0.04
0.03
0.03
0.03
0.03
0.03
0.03
0.04
0.03
0.03
0.04
0.03
0.05
0.04
0.04
0.04
0.04
0.03

0.1
0.11
0.09
0.1
0.1
0.09
0.1
0.08
0.09
0.1
0.11
0.09
0.12
0.11
0.09
0.1
0.08
0.1
0.11
0.09
0.09
0.1
0.11
0.09
0.09
0.1
0.08
0.11
0.09
0.1
0.09
0.1
0.09
0.11
0.09
0.08
0.09
0.09
0.1
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0.03
0.04
0.04
0.03
0.03
0.04
0.04
0.03
0.03
0.03
0.04
0.04
0.03
0.04
0.04
0.04
0.04
0.04
0.05
0.04
0.05
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
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152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190

0.07
0.11
0.08
0.07
0.07
0.06
0.06
0.06
0.07
0.08
0.1

0.09
0.1

0.11
0.11
0.09
0.11
0.09
0.09
0.09
0.1

0.08
0.09
0.09
0.1

0.07
0.08
0.07
0.07
0.07
0.07
0.07
0.06
0.06
0.07
0.06
0.06
0.07
0.06

0.04
0.05
0.04
0.03
0.03
0.04
0.04
0.03
0.04
0.03
0.04
0.04
0.05
0.05
0.05
0.05
0.05
0.05
0.06
0.05
0.05
0.05
0.05
0.06
0.05
0.05
0.04
0.04
0.04
0.04
0.03
0.04
0.04
0.04
0.04
0.04
0.03
0.04
0.04

0.11
0.11
0.11
0.11
0.09
0.1

0.09
0.09
0.09
0.09
0.1

0.09
0.1

0.09
0.09
0.08
0.11
0.1

0.12
0.13
0.1

0.09
0.09
0.11
0.11
0.1

0.09
0.08
0.09
0.08
0.09
0.07
0.08
0.08
0.08
0.09
0.09
0.1

0.09

S
W

—

0.05
0.06
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.04
0.04
0.04
0.04
0.04
0.03
0.04
0.04
0.04
0.05
0.05
0.05
0.05
0.05
0.04
0.05
0.05
0.05
0.05
0.05
0.05
0.04
0.04
0.05
0.05
0.05
0.05
0.04
0.04

0.1

0.11
0.11
0.11
0.06
0.07
0.06
0.11
0.11
0.08
0.08
0.12
0.12
0.11
0.1

0.1

0.1

0.1

0.1

0.06
0.09
0.11
0.11
0.09
0.08
0.14
0.08
0.08
0.09
0.1

0.12
0.12
0.1

0.12
0.11
0.09
0.08
0.11
0.12
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0.02
0.01
0.02
0.02

0.01

0.02

0.03
0.04
0.04
0.04
0.04
0.04
0.04
0.05
0.06
0.06
0.07
0.06
0.05
0.05
0.05
0.05
0.04
0.05
0.04
0.03
0.04
0.05
0.05
0.04
0.03
0.05
0.05
0.05
0.06
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.06
0.07

0.07
0.09
0.08
0.08
0.08
0.08
0.09
0.08
0.09
0.09
0.08
0.1

0.08
0.07
0.09
0.1

0.1

0.09
0.1

0.09
0.09
0.09
0.1

0.08
0.09
0.08
0.11
0.08
0.1

0.08
0.09
0.1

0.11
0.1

0.09
0.1

0.11
0.12
0.08

0.06
0.05
0.04
0.04
0.04
0.05
0.05
0.04
0.04
0.03
0.04
0.04
0.05
0.04
0.04
0.04
0.04
0.04
0.05
0.04
0.06
0.06
0.06
0.04
0.04
0.04
0.04
0.04
0.04
0.03
0.04
0.04
0.04
0.04
0.04
0.05
0.04
0.05
0.04

0.1

0.09
0.09
0.08
0.09
0.09
0.08
0.11
0.09
0.08
0.1

0.1

0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.08
0.08
0.07
0.11
0.09
0.1

0.1

0.1

0.09
0.09
0.09
0.1

0.09
0.09
0.1

0.12
0.12
0.11
0.1
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0.04
0.04
0.04
0.04
0.03
0.04
0.04
0.03
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.05
0.04
0.05
0.04
0.04
0.04
0.04
0.04
0.05
0.04
0.04
0.04
0.04
0.05
0.04
0.04
0.05
0.04
0.04
0.05
0.04
0.04
0.04

0.1

0.07
0.1

0.1

0.09
0.1

0.1

0.1

0.09
0.08
0.09
0.11
0.09
0.09
0.08
0.09
0.08
0.09
0.1

0.09
0.1

0.09
0.09
0.09
0.09
0.09
0.09
0.11
0.09
0.08
0.08
0.08
0.09
0.1

0.1

0.08
0.1

0.08
0.08
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0.05
0.04
0.04
0.04
0.04
0.05
0.05
0.04
0.04
0.05
0.05
0.05
0.04
0.04
0.04
0.05
0.04
0.04
0.04
0.04
0.05
0.04
0.04
0.03
0.03
0.04
0.04
0.04
0.04
0.04
0.03
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
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191 0.08 0 0.05 0.1 0 0.04 0.1 0 0.06 0.09 0 0.04  0.11 0 0.04  0.09 0 0.04
192 0.11 0 0.06 0.1 0 0.05 0.1 0 0.05 0.1 0 0.04 0.12 0 0.05 0.07 0 0.03
193 0.11 0 0.06 0.13 0 0.05 0.1 0.1 0.05 0.09 0 0.04  0.11 0 0.04  0.09 0 0.04
194 0.09 0 0.05 0.13 0 0.05 0.08 0 0.03 0.1 0 0.04  0.09 0 0.03 0.08 0 0.03
195 0.11 0 0.06 0.12 0 0.05 0.08 0 0.03 0.1 0 0.04  0.09 0 0.03 0.08 0 0.03
196 0.08 0 0.05 0.13 0 0.05 0.1 0 0.04  0.11 0 0.04 0.1 0 0.03 0.08 0 0.03
197 0.09 0 0.05 0.09 0 0.05 0.09 0 0.04  0.09 0 0.04 0.1 0 0.03 0.11 0 0.04
198 0.1 0 0.06 0.09 0 0.05 0.09 0 0.03 0.1 0 0.04  0.09 0 0.04  0.07 0 0.03
199 0.11 0 0.05 0.1 0 0.05 0.08 0 0.03 0.12 0 0.04 0.1 0 0.04  0.08 0 0.03
200 0.1 0.03 0.06 0.1 0 0.04 0.08 0 0.03 0.08 0 0.04 0.1 0 0.05 0.08 0 0.03
Control (mm) Infected (mm)
Day 1 R1 R2 R3 R1 R2 R3
Max  Min Average Max ~ Min Average Max ~ Min Average Max ~ Min Average Max ~ Min Average Max ~ Min Average
1 0.04 0 0.02 0.06 0 0.03 0.05 0 0.03 0.13 0.02 0.07 0.15 0 0.06 0.09 0 0.05
2 0.04 0 0.01 0.06 0 0.03 0.05 0 0.03 0.12 0 0.06 0.15 0 0.06 0.11 0 0.05
3 0.06 0 0.02 0.06 0 0.02 0.05 0 0.02 014 0 0.07 014 0 0.06 0.09 0 0.05
4 0.05 0 0.03 0.06 0 0.03 0.06 0 0.03 0.13 0 0.06 0.13 0 0.06 0.11 0 0.05
5 0.05 0 0.03 0.06 0 0.02 0.05 0 0.01 014 0 0.06 0.12 0 0.06 0.11 0 0.05
6 0.05 0 0.02 0.07 0 0.02 0.07 0 0.02 0.12 0 0.06 0.12 0 0.06 0.11 0 0.05
7 0.04 0 0.02 0.07 0 0.03 0.07 0 0.02 0.11 0 0.06 0.12 0 0.06 0.1 0 0.05
8 0.04 0 0.02 0.07 0 0.02 0.07 0 0.02 0.11 0 0.06 0.13 0 0.06 0.12 0 0.05
9 0.06 0 0.03 0.06 0 0.02 0.05 0 0.02 0.12 0 0.06 0.12 0 0.07 0.12 0 0.05
10 0.05 0 0.02 0.05 0 0.03 0.04 0 0.02 0.12 0 0.06 0.13 0 0.06 0.11 0 0.06
11 0.07 0 0.02 0.06 0 0.03 0.04 0 0.02 0.12 0 0.06 0.11 0 0.06 0.12 0 0.05
12 0.05 0 0.03 0.06 0 0.02 0.07 0 0.02 0.11 0 0.06 0.11 0 0.06 0.12 0 0.05
13 0.06 0 0.02 0.05 0 0.02 0.04 0 0.02 0.13 0 0.06 0.1 0 0.06 0.12 0 0.06
14 0.05 0 0.02 0.05 0 0.02 0.04 0 0.01 0.12 0 0.05 0.13 0 0.07 0.13 0 0.06
15 0.07 0 0.03 0.04 0 0.02 0.05 0 0.03 0.11 0 0.06 0.1 0 0.06 0.14 0 0.06
16 0.05 0 0.03 0.05 0 0.02 0.07 0 0.03 0.12 0 0.05 0.11 0 0.06 0.11 0 0.06
17 0.09 0 0.02 0.06 0 0.02 0.09 0 0.03 0.11 0 0.05 0.11 0 0.06 0.12 0 0.06
18 0.01 0 0.03 0.06 0 0.02 0.07 0 0.03 0.11 0 0.05 0.1 0 0.05 0.12 0 0.06
19 0.07 0 0.03 0.05 0 0.02 0.15 0 0.03 0.13 0 0.05 0.12 0 0.07 0.13 0 0.06
20 0.04 0 0.02 0.05 0 0.02 0.05 0 0.03 0.11 0 0.05 0.11 0 0.06 0.2 0 0.06
21 0.05 0 0.02 0.04 0 0.03 0.02 0 0.04 0.12 0 0.05 0.1 0 0.06 0.12 0 0.05
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22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
4
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

0.05
0.05
0.06
0.05
0.05
0.05
0.05
0.07
0.07
0.06
0.07
0.04
0.05
0.05
0.06
0.05
0.05
0.06
0.05
0.06
0.07
0.08
0.06
0.06
0.06
0.06
0.06
0.05
0.06
0.06
0.07
0.06
0.05
0.07
0.08
0.06
0.08
0.07
0.08
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0.02
0.02
0.02
0.02
0.03
0.03
0.03
0.03
0.03
0.02
0.02
0.02
0.02
0.02
0.03
0.03
0.03
0.03
0.02
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.02
0.02
0.03
0.03
0.02
0.03

0.07
0.08
0.06
0.06
0.06
0.07
0.06
0.08
0.05
0.05
0.05
0.06
0.06
0.05
0.05
0.08
0.08
0.08
0.07
0.08
0.07
0.08
0.08
0.07
0.09
0.09
0.09
0.08
0.06
0.06
0.05
0.06
0.06
0.06
0.06
0.07
0.05
0.06
0.05
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0.03
0.03
0.02
0.02
0.02
0.03
0.02
0.02
0.03
0.02
0.03
0.03
0.04
0.03
0.03
0.02
0.03
0.03
0.03
0.02
0.03
0.04
0.04
0.03
0.03
0.04
0.03
0.03
0.03
0.03
0.02
0.03
0.03
0.03
0.02
0.03
0.02
0.02
0.02

0.19
0.04
0.11
0.13
0.15
0.09
0.17
0.05
0.04
0.05
0.06
0.06
0.07
0.07
0.08
0.08
0.06
0.07
0.06
0.04
0.09
0.05
0.05
0.03
0.04
0.05
0.05
0.05
0.04
0.03
0.03
0.04
0.03
0.04
0.03
0.05
0.08
0.09
0.09

SO OO OO DD OO OO OO OO DD ococoooco0o

0.03
0.02
0.02
0.02
0.03
0.03
0.03
0.02
0.02
0.03
0.02
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.02
0.02
0.02
0.02
0.01
0.03
0.02
0.02
0.02
0.02
0.01
0.01
0.02
0.01
0.02
0.02
0.02
0.04
0.05
0.05

0.11
0.13
0.13
0.13
0.16
0.16
0.16
0.15
0.17
0.14
0.13
0.16
0.14
0.13
0.15
0.15
0.13
0.16
0.14
0.15
0.12
0.12
0.13
0.27
0.11
0.11
0.13
0.12
0.13
0.14
0.14
0.12
0.11
0.12
0.12
0.13
0.11
0.12
0.12
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0.05
0.06
0.06
0.06
0.06
0.06
0.07
0.06
0.06
0.06
0.06
0.05
0.05
0.05
0.05
0.06
0.05
0.06
0.05
0.05
0.06
0.06
0.06
0.08
0.06
0.06
0.06
0.07
0.07
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06

0.13
0.1

0.12
0.11
0.23
0.1

0.13
0.16
0.09
0.13
0.14
0.13
0.13
0.12
0.11
0.12
0.12
0.11
0.12
0.11
0.12
0.12
0.14
0.12
0.17
0.12
0.15
0.11
0.15
0.12
0.11
0.1

0.15
0.16
0.14
0.23
0.14
0.17
0.15

=NeloBelolo oo oo oo el el Ne oo oo el = - Ne ool eolo e oo Heol = Ne =X

0.06
0.06
0.05
0.06
0.07
0.06
0.05
0.06
0.05
0.06
0.06
0.06
0.06
0.06
0.05
0.06
0.05
0.05
0.05
0.07
0.06
0.06
0.07
0.06
0.06
0.06
0.06
0.06
0.05
0.05
0.06
0.06
0.06
0.07
0.07
0.06
0.07
0.07
0.06

0.12
0.12
0.1

0.12
0.11
0.19
0.22
0.13
0.1

0.13
0.1

0.1

0.13
0.22
0.11
0.14
0.13
0.12
0.12
0.12
0.14
0.14
0.12
0.11
0.11
0.14
0.15
0.14
0.13
0.13
0.11
0.14
0.22
0.14
0.15
0.13
0.18
0.15
0.15
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0.05
0.05
0.05
0.06
0.05
0.05
0.06
0.04
0.04
0.05
0.05
0.04
0.06
0.06
0.06
0.06
0.06
0.06
0.07
0.07
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.05
0.05
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.05
0.07
0.06
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61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

0.06
0.08
0.07
0.08
0.08
0.08
0.11
0.11
0.1

0.11
0.09
0.09
0.1

0.09
0.09
0.1

0.09
0.11
0.11
0.09
0.08
0.08
0.09
0.11
0.1

0.08
0.09
0.09
0.09
0.09
0.13
0.13
0.14
0.14
0.14
0.12
0.11
0.1

0.09
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0.03
0.03
0.03
0.03
0.04
0.03
0.03
0.04
0.03
0.04
0.04
0.04
0.03
0.03
0.04
0.04
0.03
0.04
0.04
0.04
0.03
0.03
0.03
0.04
0.04
0.03
0.03
0.03
0.04
0.04
0.04
0.04
0.05
0.05
0.03
0.04
0.04
0.04
0.04

0.06
0.07
0.08
0.07
0.07
0.07
0.07
0.06
0.07
0.06
0.05
0.08
0.07
0.06
0.08
0.08
0.07
0.08
0.07
0.09
0.08
0.09
0.1

0.09
0.07
0.07
0.06
0.07
0.07
0.08
0.07
0.08
0.07
0.06
0.08
0.07
0.11
0.15
0.08
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0.03
0.03
0.03
0.03
0.02
0.02
0.03
0.03
0.03
0.02
0.02
0.02
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.04
0.04
0.03
0.03
0.04
0.04
0.06
0.06
0.04

0.08
0.08
0.08
0.07
0.07
0.06
0.07
0.07
0.06
0.06
0.05
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.06
0.09
0.08
0.09
0.07
0.08
0.09
0.08
0.08
0.13
0.09
0.06
0.03
0.04
0.04
0.04
0.03
0.04
0.04
0.03
0.05

0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.03
0.03
0.03
0.03
0.02
0.02
0.01
0.02
0.02
0.02
0.01
0.02
0.04
0.05
0.04
0.03
0.03
0.03
0.03
0.04
0.04
0.03
0.01
0.01
0.02
0.02
0.02
0.01
0.02
0.01
0.02
0.03

0.12
0.12
0.13
0.11
0.1

0.12
0.13
0.13
0.14
0.14
0.1

0.13
0.12
0.12
0.11
0.15
0.15
0.12
0.13
0.11
0.11
0.13
0.15
0.13
0.12
0.11
0.11
0.12
0.13
0.12
0.15
0.15
0.14
0.14
0.15
0.12
0.1

0.14
0.11
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0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.05
0.05
0.05
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.05
0.06
0.07
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.05
0.06
0.06
0.06
0.05
0.06

0.13
0.12
0.11
0.14
0.14
0.14
0.21
0.13
0.13
0.14
0.13
0.12
0.11
0.13
0.12
0.11
0.12
0.12
0.15
0.15
0.76
0.13
0.11
0.12
0.11
0.12
0.13
0.12
0.13
0.11
0.11
0.13
0.13
0.11
0.1

0.09
0.1

0.09
0.09
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0.06
0.05
0.06
0.05
0.06
0.06
0.06
0.05
0.05
0.06
0.06
0.06
0.06
0.06
0.06
0.05
0.05
0.05
0.06
0.06
0.13
0.06
0.06
0.05
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.05
0.05

0.13
0.13
0.15
0.12
0.15
0.16
0.27
0.16
0.14
0.12
0.12
0.14
0.12
0.12
0.13
0.11
0.1

0.1

0.13
0.11
0.1

0.11
0.1

0.2

0.12
0.11
0.11
0.12
0.13
0.11
0.12
0.12
0.13
0.11
0.26
0.13
0.12
0.14
0.13

S O

[OS

0.07
0.06
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.05
0.05
0.06
0.06
0.06
0.07
0.06
0.06
0.06
0.06
0.05
0.06
0.06
0.06
0.06
0.06
0.07
0.07
0.06
0.06
0.05
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100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138

0.12
0.11
0.12
0.11
0.11
0.11
0.09
0.1

0.09
0.08
0.08
0.09
0.09
0.09
0.11
0.11
0.1

0.09
0.09
0.09
0.08
0.09
0.1

0.14
0.13
0.13
0.13
0.12
0.11
0.12
0.12
0.1

0.12
0.1

0.11
0.13
0.12
0.11
0.11
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0.04
0.04
0.04
0.04
0.04
0.05
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.05
0.04
0.04
0.05
0.05
0.05
0.04
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05

0.08
0.07
0.07
0.08
0.07
0.07
0.08
0.09
0.09
0.08
0.09
0.09
0.09
0.09
0.09
0.11
0.08
0.09
0.1

0.1

0.09
0.08
0.09
0.09
0.09
0.1

0.1

0.07
0.09
0.09
0.09
0.09
0.08
0.1

0.09
0.09
0.09
0.11
0.1
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0.03
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.05
0.04
0.04
0.04
0.04
0.04
0.04
0.05
0.04
0.04
0.04
0.04
0.04
0.03
0.04
0.04
0.04
0.04
0.04
0.04

0.05
0.06
0.06
0.07
0.07
0.09
0.06
0.06
0.07
0.05
0.08
0.1

0.1

0.7

0.05
0.06
0.07
0.07
0.05
0.05
0.05
0.06
0.06
0.09
0.12
0.12
0.11
0.07
0.08
0.07
0.07
0.07
0.04
0.05
0.05
0.05
0.05
0.05
0.04

oo
(e}
=
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0.03
0.03
0.03
0.04
0.05
0.04
0.04
0.03
0.04
0.04
0.04
0.04
0.04
0.04
0.03
0.02
0.03
0.03
0.02
0.01
0.02
0.03
0.03
0.04
0.05
0.05
0.04
0.03
0.03
0.04
0.04
0.04
0.03
0.02
0.03
0.04
0.03
0.03
0.02

0.1

0.12
0.11
0.1

0.12
0.12
0.14
0.12
0.11
0.13
0.12
0.12
0.1

0.13
0.12
0.09
0.11
0.12
0.12
0.11
0.11
0.11
0.14
0.13
0.13
0.12
0.11
0.12
0.13
0.1

0.12
0.1

0.1

0.08
0.12
0.1

0.22
0.12
0.12
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0.05
0.06
0.05
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.05
0.05
0.06
0.05
0.05
0.05
0.04
0.04
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.04
0.04
0.04
0.05
0.05
0.05
0.05
0.05

0.25
0.11
0.28
0.12
0.09
0.14
0.13
0.12
0.12
0.11
0.14
0.13
0.13
0.16
0.12
0.13
0.14
0.11
0.11
0.22
0.1

0.11
0.12
0.11
0.15
0.12
0.14
0.09
0.09
0.1

0.11
0.09
0.11
0.1

0.1

0.13
0.1

0.1

0.13

0.06
0.05
0.07
0.06
0.05
0.06
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.06
0.06
0.05
0.05
0.06
0.06
0.06
0.05
0.06
0.05
0.05
0.06
0.06
0.05
0.05
0.05
0.05
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.05
0.06

0.13
0.11
0.15
0.11
0.11
0.12
0.12
0.13
0.13
0.11
0.14
0.11
0.12
0.12
0.11
0.11
0.1

0.11
0.1

0.1

0.6

0.13
0.09
0.12
0.11
0.1

0.11
0.11
0.09
0.11
0.11
0.74
0.1

0.1

0.13
0.1

0.26
0.11
0.11
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0.05
0.06
0.06
0.05
0.05
0.05
0.05
0.06
0.06
0.06
0.06
0.07
0.05
0.06
0.05
0.05
0.04
0.05
0.05
0.05
0.1

0.06
0.05
0.06
0.06
0.06
0.06
0.06
0.06
0.05
0.06
0.08
0.06
0.06
0.06
0.05
0.07
0.06
0.05
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139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177

0.1

0.12
0.12
0.11
0.12
0.11
0.12
0.12
0.13
0.11
0.11
0.12
0.12
0.11
0.12
0.11
0.11
0.1

0.11
0.11
0.11
0.11
0.12
0.1

0.12
0.12
0.12
0.12
0.12
0.1

0.11
0.1

0.11
0.12
0.11
0.1

0.1

0.09
0.1

0.04
0.05
0.05
0.05
0.05
0.05
0.06
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.06
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.04
0.05
0.04
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.04
0.04

0.12
0.11
0.12
0.11
0.1
0.1
0.1
0.15
0.11
0.09
0.11
0.1
0.1
0.1
0.09
0.09
0.09
0.18
0.09
0.1
0.1
0.11
0.1
0.1
0.1
0.11
0.09
0.1
0.09
0.1
0.1
0.11
0.12
0.12
0.13
0.12
0.11
0.1
0.15
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0.04
0.04
0.05
0.05
0.04
0.05
0.06
0.06
0.05
0.04
0.04
0.04
0.06
0.06
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.05
0.05
0.06
0.06
0.06
0.06
0.06
0.06

0.04
0.04
0.04
0.03
0.04
0.04
0.04
0.04
0.06
0.05
0.06
0.07
0.12
0.13
0.14
0.12
0.11
0.09
0.1

0.08
0.07
0.07
0.08
0.07
0.06
0.06
0.06
0.06
0.04
0.04
0.05
0.04
0.06
0.09
0.1

0.1

0.11
0.11
0.08

0.02
0.03
0.02
0.01
0.02
0.02
0.02
0.02
0.03
0.03
0.02
0.02
0.06
0.07
0.07
0.06
0.06
0.06
0.06
0.06
0.04
0.04
0.04
0.03
0.03
0.02
0.02
0.03
0.02
0.02
0.03
0.02
0.03
0.04
0.07
0.07
0.05
0.05
0.04

0.28
0.25
0.09
0.09
0.08
0.09
0.11
0.08
0.09
0.08
0.08
0.08
0.09
0.18
0.11
0.09
0.1

0.1

0.1

0.11
0.11
0.11
0.1

0.12
0.1

0.1

0.11
0.09
0.9

0.85
0.17
0.17
0.24
0.17
0.17
0.11
0.13
0.11
0.09
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0.08
0.06
0.04
0.05
0.04
0.05
0.05
0.04
0.05
0.04
0.03
0.04
0.04
0.04
0.04
0.04
0.05
0.05
0.05
0.05
0.05
0.05
0.04
0.05
0.04
0.05
0.05
0.04
0.13
0.09
0.05
0.06
0.07
0.05
0.05
0.05
0.05
0.05
0.04

0.12
0.11
0.12
0.11
0.11
0.09
0.11
0.12
0.13
0.21
0.09
0.09
0.11
0.12
0.12
0.08
0.08
0.09
0.1

0.09
0.13
0.1

0.11
0.1

0.12
0.11
0.12
0.14
0.1

0.1

0.1

0.12
0.1

0.11
0.1

0.11
0.09
0.1

0.08
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0.05
0.05
0.05
0.05
0.05
0.05
0.04
0.04
0.05
0.06
0.04
0.05
0.05
0.04
0.05
0.04
0.04
0.04
0.04
0.05
0.04
0.05
0.04
0.04
0.05
0.04
0.05
0.05
0.05
0.05
0.04
0.05
0.04
0.04
0.04
0.04
0.04
0.04
0.04

0.1
0.11
0.09
0.1
0.1
0.11
0.1
0.1
0.1
0.09
0.1
0.81
0.13
0.09
0.08
0.14
0.1
0.18
0.15
0.11
0.14
0.1
0.15
0.12
0.11
0.1
0.1
0.1
0.1
0.11
0.1
0.09
0.1
0.1
0.09
0.1
0.09
0.1
0.09
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0.05
0.05
0.05
0.05
0.05
0.05
0.04
0.05
0.06
0.05
0.05
0.06
0.06
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.06
0.06
0.06
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.04
0.04
0.04
0.04
0.05
0.04
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178 0.1 0 0.05 0.09 0 0.04 0.07 0 0.04 0.11 0 0.04 0.09 0 0.04 0.22 0 0.04
179 0.1 0 0.05 0.1 0 0.04 0.07 0 0.04 0.1 0 0.05 0.11 0 0.04 0.24 0 0.06
180 0.11 0 0.05 0.11 0 0.05 0.07 0.02 0.05 0.09 0 0.05 0.11 0 0.04 0.08 0 0.04
181 0.09 0 0.05 0.11 0 0.04 0.07 0.01 0.04 0.09 0 0.05 0.09 0 0.03 0.1 0 0.04
182 0.09 0 0.04 0.1 0 0.05 0.07 0 0.04 0.09 0 0.04 0.11 0 0.04 0.09 0 0.04
183 0.1 0 0.05 0.09 0 0.05 0.07 0 0.04 0.08 0 0.05 0.13 0 0.04 0.1 0 0.04
184 0.1 0 0.04 0.09 0 0.04 0.06 0 0.03 0.11 0 0.04 0.12 0 0.05 0.09 0 0.05
185 0.12 0 0.06 0.12 0 0.04 0.05 0 0.02 0.12 0 0.05 0.1 0 0.05 0.09 0 0.05
186 0.11 0 0.06 0.09 0 0.04 0.04 0 0.02 0.1 0 0.05 0.09 0 0.04 0.1 0 0.04
187 0.1 0 0.05 0.12 0 0.04 0.04 0 0.02 0.11 0 0.05 0.12 0 0.05 0.1 0 0.04
188 0.1 0 0.04 0.11 0 0.04 0.04 0 0.01 0.13 0 0.06 0.11 0 0.05 0.12 0 0.04
189 0.04 0 0.04 0.12 0 0.04 0.03 0 0.01 0.13 0 0.05 0.1 0 0.05 0.13 0 0.05
190 0.1 0 0.05 0.11 0 0.04 0.03 0 0.01 0.1 0 0.05 0.12 0 0.06 0.13 0 0.04
191 0.09 0 0.05 0.1 0 0.05 0.06 0 0.03 0.12 0 0.05 0.11 0 0.06 0.13 0 0.04
192 0.1 0 0.04 0.11 0 0.04 0.08 0 0.03 0.12 0 0.05 0.12 0 0.04 0.14 0 0.05
193 0.1 0 0.04 0.12 0 0.05 0.03 0 0.04 0.1 0 0.05 0.14 0 0.05 0.14 0 0.04
194 0.09 0 0.04 0.11 0 0.05 0.07 0 0.04 0.1 0 0.05 0.13 0 0.05 0.12 0 0.04
195 0.09 0 0.05 0.12 0 0.04 0.08 0 0.05 0.09 0 0.05 0.12 0 0.05 0.16 0 0.04
196 0.1 0 0.04 0.12 0 0.05 0.09 0 0.06 0.1 0 0.05 0.14 0 0.05 0.15 0 0.04
197 0.1 0 0.05 0.1 0 0.06 0.1 0.02 0.06 0.12 0 0.06 0.14 0 0.05 0.15 0 0.04
198 0.1 0 0.04 0.15 0 0.06 0.01 0 0.04 0.12 0 0.06 0.18 0 0.06 0.12 0 0.04
199 0.1 0 0.04 0.12 0 0.06 0.09 0 0.04 0.1 0 0.05 0.13 0 0.06 0.09 0 0.04
200 0.09 0 0.04 0.11 0 0.06 0.08 0.02 0.04 0.09 0 0.05 0.13 0 0.05 0.14 0 0.05
Control (mm) Infected (mm)
Day 2 R1 R2 R3 R1 R2 R3
Max  Min Average Max ~ Min Average Max ~ Min Average Max ~ Min Average Max ~ Min Average Max  Min Average
1 0.06 0 0.03 0.06 0 0.02 0.06 0 0.02 0.04 0 0.03 0.12 0 0.06 0.11 0 0.08
2 0.06 0 0.03 0.06 0 0.02 0.04 0 0.03 0.06 0 0.03 0.15 0 0.06 0.12 0 0.07
3 0.07 0 0.03 0.05 0 0.02 0.06 0 0.04 0.04 0 0.02 0.14 0 0.06 0.1 0 0.07
4 0.06 0 0.03 0.04 0 0.02 0.05 0 0.03 0.03 0 0.01 0.14 0 0.06 0.1 0 0.07
5 0.06 0 0.03 0.07 0 0.03 0.04 0 0.02 0.1 0 0.03 0.12 0 0.06 0.11 0 0.07
6 0.06 0 0.03 0.06 0 0.03 0.04 0 0.02 0.03 0 0.01 0.12 0 0.06 0.12 0 0.07
7 0.08 0 0.03 0.06 0 0.03 0.06 0 0.03 0.03 0 0.01 0.14 0 0.06 0.12 0 0.07
8 0.08 0 0.04 0.06 0 0.03 0.05 0 0.02 0.03 0 0.01 0.15 0 0.06 0.11 0 0.05
9 0.07 0 0.04 0.06 0 0.03 0.07 0 0.03 0.03 0 0.01 0.14 0 0.05 0.12 0 0.05
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10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
4
43
44
45
46
47
48

0.07
0.07
0.08
0.06
0.07
0.08
0.01
0.07
0.07
0.07
0.07
0.07
0.07
0.06
0.06
0.07
0.07
0.06
0.09
0.08
0.08
0.07
0.07
0.07
0.08
0.06
0.08
0.07
0.08
0.06
0.05
0.08
0.06
0.07
0.07
0.07
0.08
0.07
0.07
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0.03
0.03
0.04
0.03
0.04
0.04
0.04
0.04
0.03
0.04
0.04
0.03
0.03
0.03
0.03
0.03
0.03
0.04
0.04
0.04
0.04
0.04
0.04
0.03
0.04
0.04
0.04
0.04
0.03
0.03
0.03
0.04
0.03
0.04
0.04
0.03
0.04
0.04
0.04

0.05
0.05
0.06
0.07
0.08
0.06
0.06
0.07
0.08
0.08
0.07
0.07
0.06
0.06
0.07
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0.08
0.07
0.07
0.07
0.08
0.07
0.07
0.07
0.07
0.07
0.07
0.07
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0.06
0.07
0.07
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0.07
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0.07
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0.07
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0.03
0.03
0.03
0.02
0.03
0.03
0.03
0.02
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.04
0.04
0.04
0.03
0.04
0.04
0.04
0.04
0.04
0.04
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.04
0.03
0.03
0.04
0.03
0.03
0.03

0.08
0.08
0.08
0.07
0.07
0.08
0.08
0.09
0.08
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0.06
0.07
0.06
0.06
0.06
0.04
0.06
0.07
0.06
0.07
0.06
0.06
0.07
0.06
0.04
0.05
0.04
0.05
0.05
0.06
0.05
0.05
0.04
0.05
0.06
0.06
0.06
0.06
0.07
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0.03
0.04
0.04
0.03
0.03
0.03
0.04
0.03
0.03
0.03
0.03
0.04
0.03
0.02
0.03
0.02
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0.02
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0.07
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0.08
0.08
0.07
0.08
0.08
0.07
0.07
0.08
0.09
0.1

0.09
0.08
0.12
0.1

0.09
0.11
0.12
0.09
0.12
0.07
0.06
0.05

0.04
0.01
0.05
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.03
0.03
0.02
0.03
0.02
0.03
0.06
0.06
0.03
0.04
0.04
0.03
0.06
0.06
0.06
0.06
0.06
0.04
0.06
0.06
0.06
0.05
0.03
0.03
0.02

0.13
0.16
0.11
0.11
0.12
0.12
0.11
0.11
0.12
0.11
0.12
0.11
0.12
0.12
0.11
0.12
0.1
0.12
0.12
0.13
0.1
0.1
0.09
0.09
0.1
0.11
0.1
0.11
0.11
0.1
0.1
0.11
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0.1
0.09
0.1
0.1
0.1
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0.06
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0.05
0.05
0.05
0.05
0.05
0.05
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0.05
0.05
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0.07
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0.06
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0.12
0.1

0.1

0.11
0.1

0.1

0.1

0.11
0.09
0.1

0.11
0.1

0.1

0.1

0.09
0.11
0.12
0.12
0.11
0.11
0.13
0.13
0.13
0.14
0.13
0.12
0.12
0.12
0.11
0.12
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0.05
0.05
0.05
0.07
0.07
0.07
0.07
0.07
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.07
0.07
0.07
0.08
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.06

155




49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87

0.08
0.08
0.08
0.07
0.08
0.08
0.07
0.09
0.08
0.09
0.09
0.09
0.09
0.08
0.08
0.08
0.07
0.06
0.07
0.07
0.08
0.09
0.08
0.06
0.07
0.06
0.07
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0.07
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0.07
0.07
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0.03
0.03
0.03
0.03
0.03
0.03
0.04
0.04
0.04
0.04
0.03
0.04
0.03
0.03
0.03
0.03
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0.04
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0.04
0.04
0.04
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0.08
0.09
0.09
0.08
0.08
0.08
0.09
0.07
0.08
0.15
0.06
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0.03
0.02
0.03
0.03
0.04
0.04
0.03
0.04
0.04
0.04
0.04
0.06
0.04
0.03
0.03
0.03
0.03
0.04
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0.04
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0.12
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0.06
0.06
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0.08
0.08
0.07
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0.11
0.12
0.11
0.11
0.11
0.11
0.11
0.11
0.14
0.12
0.11
0.11
0.12
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0.13
0.11
0.12
0.12
0.12
0.12
0.12
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0.07
0.07
0.07
0.07
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0.07
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0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.05
0.04
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88 0.09 0 0.04 0.07 0 0.04 0.07 0 0.04 0.08 0 0.04 0.14 0 0.07 0.08 0 0.04
&9 0.08 0 0.04 0.07 0 0.04 0.08 0 0.03 0.08 0 0.03 0.14 0 0.07 0.14 0 0.07
90 0.09 0 0.04 0.08 0 0.04 0.09 0 0.04 0.12 0 0.04 0.13 0 0.07 0.14 0 0.07
91 0.07 0 0.04 0.07 0 0.04 0.1 0 0.04 0.08 0 0.04 0.13 0 0.07 0.15 0 0.07
92 0.07 0 0.04 0.07 0 0.04 0.09 0 0.04 0.07 0 0.03 0.12 0 0.07 0.15 0.01 0.08
93 0.09 0 0.04 0.08 0 0.04 0.08 0 0.04 0.08 0 0.04 0.12 0 0.07 0.13 0 0.07
94 0.08 0 0.04 0.07 0 0.04 0.09 0 0.04 0.07 0 0.06 0.13 0.03 0.08 0.13 0 0.07
95 0.09 0 0.04 0.07 0 0.03 0.07 0 0.03 0.08 0 0.04 0.13 0 0.07 0.14 0 0.07
96 0.08 0 0.04 0.08 0 0.03 0.09 0.01 0.04 0.07 0 0.03 0.14 0 0.07 0.14 0 0.06
97 0.08 0 0.04 0.08 0 0.03 0.08 0 0.04 0.06 0 0.03 0.14 0 0.07 0.12 0.03 0.07
98 0.09 0 0.04 0.08 0 0.04 0.08 0 0.04 0.07 0 0.03 0.13 0 0.07 0.15 0 0.07
99 0.08 0 0.04 0.07 0 0.03 0.08 0 0.04 0.07 0 0.03 0.13 0 0.06 0.13 0 0.08
100 0.07 0 0.04 0.08 0 0.04 0.07 0 0.04 0.09 0 0.03 0.11 0.03 0.05 0.14 0 0.07
101 0.09 0 0.05 0.08 0 0.04 0.06 0 0.04 0.08 0 0.03 0.12 0.04 0.05 0.13 0 0.07
102 0.09 0 0.04 0.08 0 0.04 0.08 0 0.04 0.08 0 0.03 0.14 0 0.05 0.14 0 0.08
103 0.08 0 0.04 0.07 0 0.04 0.07 0 0.03 0.07 0 0.03 0.15 0 0.05 0.12 0 0.07
104 0.07 0 0.04 0.08 0 0.05 0.06 0 0.03 0.07 0 0.02 0.12 0 0.06 0.12 0 0.08
105 0.09 0 0.04 0.08 0 0.04 0.08 0 0.03 0.07 0 0.04 0.11 0 0.07 0.12 0.03 0.08
106 0.09 0 0.04 0.08 0 0.05 0.08 0 0.03 0.06 0 0.03 0.12 0 0.07 0.12 0 0.07
107 0.07 0 0.04 0.08 0 0.05 0.08 0 0.04 0.08 0 0.03 0.13 0 0.08 0.13 0.04 0.08
108 0.07 0 0.04 0.09 0 0.05 0.08 0 0.04 0.08 0 0.03 0.13 0 0.08 0.13 0.04 0.08
109 0.06 0 0.04 0.07 0 0.04 0.08 0 0.04 0.07 0 0.03 0.14 0 0.07 0.12 0.04 0.08
110 0.07 0 0.04 0.09 0 0.05 0.08 0 0.03 0.08 0 0.04 0.13 0 0.07 0.12 0 0.08
111 0.07 0 0.04 0.09 0.01 0.05 0.06 0 0.03 0.07 0 0.03 0.13 0 0.07 0.12 0.03 0.08
112 0.07 0 0.04 0.08 0 0.05 0.07 0 0.03 0.08 0 0.02 0.08 0 0.05 0.12 0 0.08
113 0.07 0 0.04 0.08 0 0.05 0.08 0 0.04 0.1 0 0.03 0.08 0 0.05 0.12 0.02 0.08
114 0.07 0 0.04 0.08 0.01 0.05 0.09 0 0.04 0.11 0 0.04 0.14 0.03 0.06 0.12 0.03 0.06
115 0.08 0 0.04 0.09 0 0.05 0.09 0 0.05 0.08 0 0.03 0.12 0 0.07 0.12 0.03 0.07
116 0.08 0 0.04 0.07 0 0.04 0.07 0 0.03 0.07 0 0.04 0.12 0 0.07 0.13 0.02 0.07
117 0.07 0 0.03 0.07 0 0.04 0.09 0 0.04 0.1 0 0.04 0.14 0.02 0.08 0.12 0 0.07
118 0.08 0 0.04 0.07 0.01 0.04 0.09 0 0.05 0.12 0 0.05 0.13 0 0.07 0.14 0 0.08
119 0.07 0 0.04 0.07 0 0.04 0.09 0 0.04 0.15 0 0.04 0.12 0 0.07 0.14 0 0.08
120 0.07 0.01 0.04 0.07 0 0.04 0.07 0 0.04 0.09 0 0.03 0.12 0 0.07 0.13 0 0.08
121 0.07 0 0.04 0.09 0.02 0.05 0.07 0 0.04 0.09 0 0.03 0.12 0 0.07 0.14 0 0.08
122 0.07 0 0.04 0.08 0 0.04 0.08 0 0.05 0.11 0 0.04 0.12 0 0.07 0.14 0 0.08
123 0.09 0 0.05 0.07 0.01 0.04 0.08 0 0.04 0.09 0 0.05 0.11 0 0.07 0.14 0 0.08
124 0.1 0 0.05 0.06 0 0.04 0.09 0 0.05 0.09 0 0.05 0.12 0 0.07 0.14 0.03 0.08
125 0.08 0 0.05 0.07 0 0.04 0.07 0 0.05 0.09 0 0.06 0.12 0 0.07 0.14 0 0.08
126 0.08 0 0.05 0.09 0 0.04 0.08 0.01 0.05 0.08 0 0.06 0.14 0 0.07 0.15 0 0.08
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0.08
0.09
0.08
0.1

0.11
0.09
0.09
0.08
0.08
0.07
0.08
0.08
0.07
0.08
0.08
0.08
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0.08
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0.09
0.11
0.09
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0.09
0.06
0.08
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0.08
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0.12
0.09
0.08
0.09
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0.09
0.1

0.1

0.11
0.1

0.09

0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
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0.04
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0.04
0.04
0.04
0.03
0.04
0.04
0.04
0.04
0.05
0.04
0.04
0.05
0.05
0.05
0.06
0.05
0.06
0.06
0.05
0.05
0.05
0.06
0.05
0.05
0.05
0.05
0.05
0.05
0.05
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166 0.09 0 0.05 0.1 0 0.04 0.08 0 0.05 0.009 0 0.06 0.12 0 0.07 0.14 0 0.08
167 0.1 0 0.05 0.09 0 0.04 0.1 0 0.05 0.04 0 0.02 0.12 0 0.07 0.14 0.02 0.08
168 0.1 0 0.05 0.09 0 0.04 0.09 0 0.05 0.06 0 0.02 0.13 0 0.07 0.13 0 0.08
169 0.11 0.02 0.05 0.1 0 0.05 0.12 0 0.05 0.04 0 0.02 0.12 0 0.07 0.13 0 0.07
170 0.1 0.01 0.05 0.11 0 0.05 0.11 0 0.05 0.06 0 0.06 0.13 0 0.07 0.15 0 0.08
171 0.11 0 0.05 0.09 0 0.05 0.12 0 0.05 0.01 0 0.06 0.13 0 0.07 0.15 0.01 0.07
172 0.11 0 0.04 0.1 0 0.05 0.11 0 0.05 0.02 0 0.01 0.13 0 0.07 0.15 0 0.08
173 0.12 0 0.05 0.1 0 0.05 0.11 0 0.06 0.04 0.01 0.02 0.13 0 0.08 0.14 0.02 0.08
174 0.1 0 0.04 0.11 0 0.06 0.1 0 0.05 0.01 0 0.06 0.12 0 0.07 0.14 0.02 0.08
175 0.09 0 0.04 0.1 0 0.05 0.09 0.02 0.06 0.04 0 0.01 0.12 0 0.07 0.14 0 0.08
176 0.1 0 0.04 0.09 0.01 0.05 0.1 0.01 0.05 0.02 0 0.01 0.12 0 0.08 0.15 0 0.07
177 0.1 0 0.05 0.08 0.01 0.05 0.09 0.02 0.06 0.02 0 0.01 0.11 0 0.07 0.15 0 0.07
178 0.09 0 0.04 0.09 0 0.04 0.12 0.03 0.06 0.01 0 0.06 0.12 0.01 0.07 0.15 0 0.07
179 0.09 0 0.04 0.1 0 0.06 0.09 0.02 0.05 0.02 0 0.06 0.11 0 0.07 0.16 0 0.07
180 0.09 0 0.04 0.11 0 0.05 0.1 0 0.06 0.03 0 0.06 0.13 0 0.07 0.15 0 0.08
181 0.08 0 0.05 0.1 0 0.05 0.09 0.03 0.05 0.02 0 0.06 0.13 0 0.07 0.14 0 0.07
182 0.09 0 0.05 0.11 0 0.05 0.1 0 0.05 0.02 0 0.06 0.14 0 0.07 0.14 0 0.08
183 0.09 0 0.06 0.1 0 0.05 0.09 0.01 0.05 0.02 0 0.06 0.13 0 0.07 0.15 0 0.09
184 0.09 0 0.06 0.11 0 0.05 0.09 0 0.05 0.02 0 0.06 0.13 0 0.06 0.15 0 0.08
185 0.09 0 0.05 0.11 0 0.05 0.1 0 0.05 0.03 0 0.01 0.13 0 0.07 0.15 0 0.08
186 0.09 0 0.05 0.11 0 0.05 0.09 0.02 0.05 0.02 0 0.01 0.13 0 0.08 0.15 0 0.08
187 0.1 0 0.05 0.08 0 0.05 0.1 0 0.04 0.04 0 0.01 0.14 0 0.07 0.14 0 0.08
188 0.11 0.02 0.05 0.08 0 0.05 0.1 0 0.04 0.01 0 0.06 0.12 0.01 0.07 0.14 0.02 0.08
189 0.1 0 0.05 0.1 0 0.05 0.09 0 0.04 0.01 0 0.06 0.12 0 0.06 0.14 0 0.08
190 0.09 0 0.05 0.1 0.02 0.06 0.09 0 0.04 0.02 0 0.06 0.12 0 0.07 0.14 0.02 0.08
191 0.09 0 0.05 0.1 0 0.06 0.08 0 0.04 0.01 0 0.06 0.12 0 0.07 0.15 0 0.07
192 0.1 0 0.05 0.1 0 0.06 0.09 0.01 0.05 0.01 0 0.06 0.11 0 0.07 0.15 0 0.08
193 0.1 0 0.05 0.1 0 0.06 0.09 0 0.05 0.02 0 0.06 0.12 0 0.07 0.15 0 0.08
194 0.1 0 0.05 0.09 0 0.06 0.09 0.02 0.06 0.02 0 0.06 0.11 0 0.07 0.15 0 0.08
195 0.12 0 0.05 0.1 0 0.07 0.09 0.02 0.06 0.01 0 0.06 0.12 0 0.07 0.15 0.03 0.07
196 0.09 0 0.06 0.1 0 0.07 0.09 0 0.05 0.01 0 0.06 0.12 0 0.07 0.14 0.01 0.07
197 0.09 0 0.06 0.1 0 0.07 0.09 0 0.05 0.03 0 0.06 0.11 0 0.07 0.14 0 0.07
198 0.09 0 0.06 0.11 0 0.06 0.09 0 0.05 0.02 0 0.06 0.12 0 0.07 0.14 0 0.07
199 0.08 0 0.06 0.13 0 0.06 0.11 0 0.05 0.01 0 0.06 0.08 0 0.05 0.15 0.02 0.07
200 0.1 0 0.06 0.12 0 0.06 0.1 0 0.05 0.02 0 0.06 0.09 0 0.05 0.14 0.03 0.06
Control (mm) Infected (mm)
Day 3 R1 R2 R3 R1 R2 R3
Max Min Average Max Min Average Max Min Average Max Min Average Max Min Average Max Min Average
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79 0.12 0 0.08 0.04 0 0.01 0.13 0 0.05 0.09 0.03 0.06 0.14 0 0.07 0.11 0 0.07
80 0.1 0 0.07 0.03 0 0.01 0.11 0.01 0.05 0.09 0.01 0.06 0.12 0 0.07 0.11 0 0.09
81 0.09 0 0.05 0.06 0 0.02 0.12 0 0.05 0.11 0 0.05 0.12 0 0.07 0.11 0.04 0.09
82 0.1 0 0.04 0.09 0 0.04 0.1 0 0.06 0.12 0.03 0.05 0.13 0 0.07 0.11 0.06 0.09
83 0.11 0.01 0.05 0.11 0 0.07 0.1 0 0.06 0.11 0.03 0.07 0.13 0 0.07 0.11 0 0.08
84 0.09 0 0.05 0.1 0 0.07 0.11 0 0.05 0.12 0.03 0.07 0.11 0 0.07 0.11 0 0.09
85 0.08 0 0.04 0.1 0 0.07 0.12 0 0.05 0.11 0.03 0.07 0.12 0 0.07 0.33 0.05 0.11
86 0.1 0 0.04 0.08 0 0.05 0.11 0 0.05 0.12 0 0.07 0.13 0 0.07 0.12 0.04 0.09
87 0.09 0 0.04 0.1 0 0.05 0.09 0 0.05 0.12 0.03 0.07 0.13 0 0.07 0.11 0 0.09
88 0.09 0 0.04 0.09 0 0.05 0.11 0 0.05 0.11 0.03 0.07 0.12 0 0.07 0.12 0.04 0.09
89 0.08 0 0.04 0.1 0 0.05 0.11 0 0.05 0.12 0.01 0.07 0.13 0 0.07 0.12 0 0.1

90 0.08 0.02 0.05 0.09 0 0.05 0.1 0 0.05 0.15 0.02 0.08 0.12 0 0.07 0.12 0 0.1

91 0.09 0 0.04 0.1 0 0.04 0.11 0 0.06 0.13 0 0.08 0.13 0 0.07 0.12 0.07 0.1

92 0.08 0 0.04 0.1 0 0.04 0.12 0 0.05 0.12 0 0.08 0.13 0 0.07 0.12 0 0.1

93 0.08 0 0.03 0.08 0 0.04 0.1 0 0.05 0.11 0 0.07 0.13 0 0.08 0.13 0 0.09
94 0.07 0 0.03 0.09 0.01 0.04 0.1 0 0.06 0.11 0 0.08 0.15 0 0.07 0.15 0 0.09
95 0.07 0 0.03 0.07 0 0.04 0.12 0 0.06 0.1 0 0.08 0.12 0 0.07 0.12 0 0.08
96 0.09 0 0.03 0.09 0 0.04 0.1 0.02 0.06 0.12 0 0.08 0.18 0 0.07 0.14 0 0.05
97 0.07 0 0.03 0.08 0.01 0.04 0.1 0.04 0.06 0.13 0 0.08 0.11 0 0.07 0.11 0 0.05
98 0.05 0 0.03 0.06 0 0.03 0.1 0.04 0.06 0.12 0 0.07 0.12 0 0.07 0.12 0 0.05
99 0.08 0 0.04 0.06 0 0.03 0.1 0 0.05 0.11 0 0.06 0.12 0 0.06 0.12 0 0.04
100 0.09 0 0.03 0.07 0 0.03 0.12 0 0.05 0.11 0 0.05 0.11 0 0.06 0.11 0 0.03
101 0.1 0 0.03 0.05 0 0.02 0.12 0 0.05 0.1 0 0.06 0.11 0 0.07 0.09 0 0.05
102 0.07 0 0.02 0.06 0 0.02 0.12 0.02 0.05 0.09 0 0.05 0.14 0 0.07 0.09 0 0.03
103 0.1 0 0.04 0.05 0 0.02 0.11 0 0.05 0.12 0 0.05 0.13 0 0.07 0.26 0 0.06
104 0.12 0 0.05 0.05 0 0.03 0.11 0 0.04 0.11 0 0.06 0.12 0 0.06 0.07 0 0.04
105 0.1 0 0.05 0.05 0 0.03 0.11 0 0.04 0.28 0 0.05 0.12 0 0.06 0.11 0 0.05
106 0.08 0 0.04 0.07 0 0.03 0.11 0 0.04 0.3 0 0.05 0.12 0 0.06 0.09 0 0.05
107 0.08 0 0.03 0.08 0 0.03 0.11 0 0.04 0.09 0 0.04 0.11 0 0.06 0.64 0 0.07
108 0.08 0 0.04 0.1 0 0.05 0.1 0 0.04 0.08 0 0.04 0.12 0 0.07 0.1 0 0.05
109 0.08 0 0.04 0.11 0 0.06 0.09 0.01 0.04 0.09 0 0.05 0.12 0 0.07 0.1 0 0.07
110 0.08 0 0.04 0.11 0 0.06 0.09 0 0.04 0.11 0 0.05 0.12 0 0.06 0.12 0 0.07
111 0.07 0 0.04 0.1 0 0.05 0.09 0 0.04 0.11 0 0.06 0.14 0 0.08 0.11 0 0.08
112 0.08 0 0.04 0.09 0 0.04 0.09 0.02 0.05 0.12 0 0.06 0.11 0 0.07 0.12 0 0.08
113 0.07 0 0.04 0.07 0 0.04 0.09 0.02 0.05 0.11 0 0.07 0.11 0 0.07 0.13 0 0.09
114 0.06 0 0.04 0.07 0 0.04 0.08 0 0.04 0.11 0.01 0.07 0.11 0 0.07 0.12 0 0.09
115 0.07 0 0.05 0.07 0 0.03 0.14 0 0.05 0.13 0 0.08 0.11 0 0.08 0.12 0 0.09
116 0.07 0 0.04 0.07 0 0.04 0.13 0 0.05 0.12 0.01 0.08 0.11 0 0.07 0.12 0 0.09
117 0.08 0 0.04 0.06 0.01 0.04 0.1 0 0.04 0.12 0 0.08 0.13 0 0.08 0.11 0 0.09
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157 0.1 0.03 0.05 0.09 0 0.06 0.12 0.01 0.05 0.11 0 0.06 0.14 0 0.07 0.14 0 0.07
158 0.09 0 0.06 0.12 0 0.06 0.11 0 0.05 0.13 0.01 0.06 0.14 0 0.07 0.16 0 0.07
159 0.1 0 0.05 0.12 0 0.06 0.1 0 0.05 0.11 0 0.06 0.13 0 0.07 0.18 0.04 0.08
160 0.1 0.02 0.05 0.12 0 0.05 0.11 0 0.05 0.1 0 0.05 0.12 0 0.05 0.14 0 0.07
161 0.1 0 0.05 0.11 0 0.04 0.11 0 0.05 0.1 0 0.05 0.14 0 0.07 0.14 0 0.07
162 0.08 0 0.05 0.12 0 0.05 0.1 0 0.05 0.09 0 0.04 0.14 0 0.07 0.13 0 0.07
163 0.06 0 0.04 0.12 0.01 0.05 0.1 0 0.05 0.09 0 0.03 0.13 0 0.07 0.12 0 0.06
164 0.08 0.03 0.05 0.11 0 0.04 0.08 0.02 0.05 0.1 0 0.03 0.14 0 0.07 0.12 0.03 0.06
165 0.07 0 0.04 0.1 0 0.04 0.07 0 0.05 0.07 0 0.03 0.12 0 0.05 0.12 0 0.06
166 0.07 0 0.04 0.1 0 0.05 0.08 0 0.05 0.05 0 0.03 0.13 0 0.05 0.11 0 0.06
167 0.08 0 0.04 0.08 0 0.05 0.1 0 0.05 0.06 0 0.03 0.12 0 0.05 0.11 0 0.06
168 0.08 0 0.04 0.09 0 0.04 0.1 0 0.05 0.09 0 0.03 0.13 0 0.05 0.1 0.05 0.07
169 0.06 0 0.03 0.07 0 0.04 0.1 0.01 0.05 0.1 0 0.04 0.13 0 0.05 0.1 0.04 0.08
170 0.09 0 0.04 0.06 0 0.04 0.09 0 0.06 0.1 0 0.06 0.13 0 0.05 0.11 0 0.08
171 0.05 0 0.03 0.06 0 0.04 0.12 0 0.06 0.12 0 0.07 0.13 0 0.05 0.14 0 0.09
172 0.07 0 0.03 0.06 0 0.05 0.09 0.02 0.05 0.11 0 0.06 0.12 0 0.05 0.13 0 0.09
173 0.07 0 0.03 0.07 0 0.05 0.09 0 0.05 0.11 0 0.07 0.12 0 0.05 0.13 0 0.09
174 0.06 0 0.03 0.06 0 0.04 0.09 0 0.06 0.11 0 0.07 0.12 0 0.05 0.12 0 0.1

175 0.05 0 0.02 0.06 0 0.03 0.09 0 0.05 0.11 0 0.07 0.13 0 0.05 0.13 0.05 0.1

176 0.06 0 0.03 0.05 0 0.03 0.09 0.03 0.06 0.12 0 0.08 0.15 0 0.05 0.12 0 0.1

177 0.07 0.01 0.04 0.05 0 0.03 0.09 0 0.05 0.11 0 0.08 0.09 0 0.05 0.12 0 0.1

178 0.08 0 0.04 0.05 0 0.03 0.09 0 0.06 0.12 0.01 0.08 0.08 0 0.05 0.13 0 0.1

179 0.08 0 0.05 0.06 0 0.02 0.09 0 0.06 0.11 0 0.08 0.09 0 0.05 0.14 0 0.1

180 0.09 0 0.04 0.05 0 0.02 0.09 0 0.06 0.13 0.01 0.08 0.08 0.03 0.05 0.14 0.04 0.1

181 0.06 0 0.05 0.06 0 0.02 0.09 0 0.05 0.12 0 0.09 0.08 0.02 0.05 0.13 0 0.1

182 0.11 0 0.06 0.06 0 0.03 0.08 0 0.05 0.12 0 0.09 0.15 0 0.05 0.13 0 0.09
183 0.13 0 0.07 0.08 0 0.04 0.09 0 0.05 0.12 0 0.09 0.13 0 0.05 0.13 0 0.1

184 0.13 0 0.06 0.08 0 0.04 0.08 0.03 0.05 0.12 0.01 0.09 0.16 0 0.05 0.14 0.05 0.1

185 0.11 0 0.06 0.08 0 0.04 0.08 0.02 0.05 0.12 0 0.08 0.15 0 0.05 0.13 0 0.09
186 0.11 0 0.06 0.11 0 0.05 0.09 0 0.04 0.12 0 0.08 0.15 0 0.05 0.13 0 0.08
187 0.11 0 0.05 0.11 0 0.06 0.09 0 0.04 0.13 0 0.08 0.14 0 0.08 0.13 0 0.07
188 0.1 0 0.05 0.13 0 0.07 0.09 0 0.05 0.12 0 0.08 0.17 0 0.07 0.15 0.03 0.08
189 0.1 0 0.05 0.14 0 0.08 0.11 0 0.05 0.12 0 0.07 0.18 0 0.07 0.14 0.04 0.07
190 0.09 0 0.04 0.13 0 0.06 0.09 0.02 0.05 0.11 0 0.06 0.18 0 0.07 0.13 0 0.07
191 0.12 0 0.05 0.11 0 0.06 0.08 0 0.05 0.15 0 0.06 0.16 0 0.07 0.14 0 0.07
192 0.12 0 0.05 0.09 0 0.06 0.09 0 0.05 0.11 0 0.06 0.15 0 0.07 0.14 0.03 0.07
193 0.11 0 0.05 0.11 0 0.05 0.09 0 0.05 0.13 0.03 0.06 0.15 0 0.07 0.13 0.02 0.07
194 0.09 0 0.05 0.1 0 0.06 0.08 0 0.05 0.12 0 0.06 0.16 0 0.07 0.13 0 0.08
195 0.08 0.03 0.05 0.1 0 0.06 0.11 0.02 0.06 0.1 0 0.06 0.14 0 0.07 0.12 0.03 0.09
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196 0.07 0.02 0.05 0.09 0 0.05 0.1 0 0.05 0.13 0 0.07 0.14 0 0.07 0.92 0 0.13
197 0.08 0 0.04 0.09 0 0.05 0.09 0.02 0.05 0.11 0 0.05 0.18 0 0.07 0.15 0 0.09
198 0.07 0 0.04 0.09 0 0.05 0.11 0.02 0.06 0.12 0 0.05 0.12 0 0.05 0.12 0 0.09
199 0.09 0 0.05 0.11 0 0.05 0.11 0 0.06 0.12 0 0.06 0.15 0 0.05 0.13 0.07 0.1

200 0.08 0.01 0.04 0.09 0 0.04 0.1 0 0.05 0.11 0 0.07 0.13 0 0.05 0.13 0 0.1

Control (mm) Infected (mm)
Day 4 R1 R2 R3 R1 R2 R3
Max  Min Average Max ~ Min Average Max ~ Min Average Max ~ Min Average Max ~ Min Average Max ~ Min Average

1 0.09 0 0.05 0.1 0 0.05 0.07 0 0.03 0.1 0.04 0.06 0.09 0.01 0.05 0.14 0 0.08
2 0.1 0 0.05 0.11 0 0.05 0.09 0 0.03 0.09 0 0.05 0.1 0.01 0.06 0.14 0 0.08
3 0.1 0 0.05 0.1 0 0.05 0.09 0 0.04 0.1 0 0.05 0.1 0 0.07 0.14 0 0.08
4 0.1 0 0.05 0.1 0 0.05 0.09 0 0.03 0.1 0 0.05 0.1 0 0.07 0.14 0 0.08
5 0.1 0 0.05 0.11 0 0.05 0.09 0 0.04 0.1 0 0.06 0.1 0.03 0.07 0.13 0 0.08
6 0.09 0 0.05 0.11 0 0.05 0.1 0 0.04 0.1 0.01 0.07 0.1 0 0.07 0.13 0 0.09
7 0.09 0 0.04 0.11 0 0.05 0.08 0 0.04 0.11 0 0.07 0.1 0 0.06 0.13 0 0.09
8 0.1 0 0.05 0.11 0 0.05 0.08 0 0.02 0.11 0.01 0.08 0.09 0.03 0.06 0.15 0 0.09
9 0.1 0 0.05 0.1 0 0.05 0.04 0 0.02 0.11 0 0.08 0.09 0 0.05 0.18 0.02 0.1

10 0.09 0 0.04 0.11 0 0.05 0.05 0 0.02 0.11 0 0.08 0.09 0 0.04 0.19 0.05 0.1

11 0.08 0 0.05 0.11 0 0.05 0.05 0 0.01 0.12 0.05 0.08 0.08 0 0.04 0.17 0.06 0.1

12 0.09 0 0.05 0.09 0 0.04 0.02 0 0.01 0.12 0.05 0.08 0.1 0 0.04 0.14 0.04 0.1

13 0.08 0 0.05 0.09 0 0.05 0.02 0 0.01 0.11 0.04 0.08 0.1 0 0.06 0.13 0 0.09
14 0.09 0.01 0.05 0.11 0 0.05 0.04 0 0.02 0.11 0 0.08 0.1 0 0.06 0.14 0 0.1

15 0.08 0 0.05 0.1 0 0.05 0.05 0 0.04 0.11 0.04 0.08 0.1 0 0.07 0.13 0.05 0.1

16 0.09 0.01 0.05 0.08 0 0.05 0.04 0 0.01 0.1 0.05 0.08 0.1 0 0.06 0.13 0.06 0.1

17 0.09 0 0.04 0.12 0 0.05 0.11 0 0.05 0.12 0.05 0.08 0.1 0 0.06 0.12 0 0.09
18 0.09 0 0.05 0.11 0 0.04 0.11 0 0.05 0.11 0.04 0.08 0.11 0 0.07 0.13 0 0.09
19 0.09 0.01 0.05 0.12 0 0.05 0.11 0 0.05 0.12 0.04 0.09 0.11 0 0.08 0.13 0 0.09
20 0.09 0 0.05 0.06 0 0.03 0.12 0 0.05 0.12 0.05 0.1 0.11 0 0.07 0.13 0 0.08
21 0.09 0 0.05 0.06 0 0.02 0.12 0 0.05 0.13 0.06 0.1 0.12 0 0.08 0.12 0 0.07
22 0.09 0.02 0.05 0.08 0 0.04 0.11 0 0.05 0.12 0 0.09 0.1 0 0.07 0.12 0.05 0.08
23 0.1 0 0.05 0.07 0 0.04 0.11 0 0.05 0.12 0.04 0.08 0.11 0.06 0.08 0.14 0.05 0.08
24 0.09 0.02 0.05 0.08 0 0.04 0.1 0 0.05 0.11 0.03 0.07 0.12 0 0.09 0.15 0.04 0.08
25 0.1 0 0.05 0.05 0 0.03 0.11 0 0.05 0.1 0 0.06 0.14 0 0.09 0.2 0 0.08
26 0.1 0 0.05 0.08 0 0.04 0.09 0 0.05 0.19 0.01 0.05 0.12 0.06 0.09 0.18 0.04 0.09
27 0.1 0 0.05 0.1 0 0.05 0.1 0 0.05 0.08 0 0.05 0.12 0 0.09 0.21 0.04 0.09
28 0.09 0 0.05 0.1 0 0.06 0.09 0 0.05 0.17 0 0.04 0.12 0 0.09 0.18 0.04 0.09
29 0.12 0 0.05 0.11 0 0.06 0.11 0 0.05 0.07 0 0.03 0.11 0.05 0.09 0.16 0 0.08
30 0.11 0 0.05 0.1 0 0.06 0.1 0 0.05 0.06 0 0.03 0.12 0 0.08 0.19 0.05 0.08
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109 0.11 0 0.05 0.11 0 0.05 0.1 0 0.05 0.12 0 0.08 0.06 0 0.03 0.14 0 0.1

110 0.09 0 0.05 0.11 0 0.05 0.09 0 0.04 0.12 0 0.09 0.07 0 0.04 0.13 0 0.8

111 0.1 0 0.05 0.1 0 0.05 0.08 0 0.04 0.12 0 0.09 0.07 0 0.04 0.14 0.08 0.11
112 0.11 0 0.06 0.12 0 0.05 0.08 0 0.04 0.12 0.05 0.1 0.09 0 0.05 0.14 0.08 0.11
113 0.12 0 0.06 0.1 0 0.05 0.1 0 0.04 0.12 0.06 0.1 0.07 0 0.05 0.13 0 0.1

114 0.12 0.01 0.05 0.1 0 0.05 0.07 0 0.04 0.12 0.02 0.09 0.09 0 0.06 0.14 0 0.08
115 0.1 0 0.06 0.09 0 0.05 0.08 0 0.04 0.12 0.03 0.1 0.09 0 0.07 0.13 0 0.07
116 0.1 0 0.05 0.09 0 0.05 0.11 0 0.04 0.12 0.03 0.1 0.1 0.03 0.07 0.13 0 0.08
117 0.1 0 0.05 0.11 0 0.05 0.09 0 0.04 0.12 0.01 0.1 0.12 0 0.08 0.12 0.05 0.08
118 0.12 0 0.05 0.11 0 0.05 0.09 0 0.05 0.12 0.03 0.09 0.12 0.06 0.09 0.14 0 0.07
119 0.12 0 0.05 0.1 0 0.05 0.1 0 0.04 0.13 0.03 0.1 0.13 0 0.1 0.13 0 0.06
120 0.11 0 0.05 0.1 0 0.05 0.09 0 0.05 0.13 0.06 0.1 0.14 0.05 0.1 0.14 0 0.06
121 0.1 0 0.05 0.11 0 0.04 0.09 0 0.04 0.13 0 0.1 0.13 0 0.1 0.14 0 0.07
122 0.11 0 0.06 0.09 0 0.05 0.1 0 0.05 0.12 0.08 0.1 0.13 0 0.1 0.13 0 0.06
123 0.11 0 0.05 0.1 0 0.05 0.09 0 0.04 0.13 0 0.09 0.13 0.06 0.1 0.12 0.03 0.06
124 0.12 0 0.06 0.11 0 0.04 0.09 0 0.05 0.14 0 0.08 0.12 0.06 0.1 0.11 0 0.06
125 0.11 0 0.06 0.09 0 0.04 0.08 0 0.05 0.13 0.05 0.08 0.12 0.05 0.09 0.1 0 0.07
126 0.1 0 0.06 0.11 0 0.05 0.1 0 0.04 0.13 0 0.8 0.12 0 0.09 0.11 0 0.07
127 0.12 0 0.06 0.1 0 0.05 0.11 0 0.05 0.12 0 0.07 0.12 0.06 0.1 0.12 0 0.07
128 0.12 0 0.06 0.11 0 0.05 0.09 0 0.05 0.11 0 0.07 0.12 0 0.1 0.14 0 0.09
129 0.11 0 0.06 0.1 0 0.05 0.09 0 0.05 0.12 0 0.06 0.13 0 0.1 0.14 0 0.09
130 0.12 0 0.06 0.09 0 0.04 0.1 0 0.05 0.09 0 0.05 0.15 0.08 0.11 0.13 0 0.09
131 0.11 0 0.06 0.1 0 0.05 0.12 0.02 0.07 0.09 0 0.06 0.13 0 0.09 0.14 0 0.09
132 0.12 0 0.05 0.12 0.01 0.07 0.13 0 0.07 0.08 0 0.05 0.14 0.06 0.1 0.16 0 0.1

133 0.11 0 0.06 0.13 0 0.06 0.13 0 0.07 0.08 0 0.05 0.14 0 0.09 0.14 0.03 0.1

134 0.12 0 0.06 0.15 0 0.07 0.12 0.02 0.07 0.08 0 0.05 0.14 0 0.08 0.13 0 0.08
135 0.12 0 0.06 0.15 0 0.07 0.13 0 0.07 0.09 0 0.06 0.12 0 0.08 0.14 0.04 0.1

136 0.12 0 0.06 0.15 0.01 0.07 0.12 0 0.07 0.1 0 0.07 0.11 0 0.07 0.13 0 0.1

137 0.12 0 0.05 0.16 0 0.06 0.14 0.02 0.07 0.12 0 0.08 0.1 0 0.07 0.14 0.07 0.1

138 0.12 0 0.06 0.18 0 0.07 0.13 0.03 0.07 0.12 0 0.09 0.11 0 0.07 0.14 0 0.09
139 0.12 0 0.06 0.16 0 0.06 0.13 0 0.07 0.12 0 0.09 0.11 0.03 0.06 0.14 0 0.11
140 0.12 0 0.06 0.1 0 0.04 0.17 0.02 0.07 0.13 0.06 0.1 0.08 0 0.06 0.14 0 0.1

141 0.11 0 0.05 0.1 0 0.04 0.13 0.01 0.07 0.13 0.05 0.1 0.08 0 0.06 0.14 0 0.11
142 0.12 0 0.06 0.1 0 0.04 0.14 0 0.07 0.12 0 0.1 0.08 0 0.06 0.15 0 0.11
143 0.11 0 0.06 0.09 0 0.05 0.12 0 0.05 0.18 0.07 0.1 0.08 0 0.05 0.13 0 0.09
144 0.12 0 0.05 0.1 0 0.05 0.12 0 0.05 0.13 0 0.1 0.08 0.03 0.06 0.15 0.07 0.11
145 0.12 0 0.05 0.1 0 0.05 0.11 0 0.05 0.13 0 0.1 0.11 0.02 0.07 0.14 0 0.1

146 0.11 0 0.05 0.1 0 0.05 0.1 0 0.05 0.13 0.04 0.1 0.12 0 0.07 0.13 0 0.09
147 0.1 0 0.05 0.09 0 0.05 0.12 0 0.05 0.16 0.07 0.11 0.11 0 0.08 0.13 0.04 0.09
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187 0.11 0 0.05 0.07 0 0.03 0.14 0 0.07 0.12 0 0.07 0.13 0.05 0.1 0.13 0 0.08
188 0.1 0 0.05 0.07 0 0.02 0.15 0 0.07 0.12 0 0.07 0.13 0.06 0.1 0.15 0.01 0.09
189 0.1 0 0.05 0.04 0 0.02 0.13 0 0.07 0.12 0.03 0.07 0.13 0.07 0.1 0.13 0 0.1

190 0.1 0 0.04 0.06 0.01 0.03 0.12 0 0.06 0.1 0.03 0.07 0.15 0 0.1 0.14  0.02 0.1

191 0.09 0 0.05 0.09 0 0.03 0.11 0 0.06 0.1 0 0.06 0.13 0.06 0.1 0.17 0 0.11
192 0.1 0 0.05 0.07 0 0.03 0.12 0 0.06 0.11 0.05 0.07 0.12 0.08 0.1 0.15 0 0.1

193 0.11 0 0.04 0.04 0 0.02 0.12 0 0.06 0.11 0 0.07 0.12 0.04 0.1 0.16 0.03 0.1

194 0.09 0 0.04 0.12 0 0.05 0.12 0 0.06 0.12 0.05 0.08 0.13 0.06 0.09 0.18 0 0.11
195 0.11 0 0.05 0.12 0 0.05 0.12 0 0.05 0.12 0 0.08 0.12 0 0.09 0.18 0.05 0.11
196 0.1 0 0.05 0.11 0 0.05 0.12 0 0.05 0.12 0 0.1 0.11 0.05 0.09 0.16 0 0.1

197 0.11 0 0.05 0.1 0 0.05 0.11 0 0.05 014 0 0.1 0.01 0.04  0.07 0.16 0 0.11
198 0.1 0 0.05 0.12 0 0.06 0.1 0 0.05 0.15 0 0.1 0.11 0 0.07 0.14  0.06 0.11
199 0.09 0 0.04 0.13 0 0.07 0.12 0 0.05 0.15 0 0.11 0.11 0 0.07 0.15 0.07 0.11
200 0.1 0 0.05 0.13 0.01 0.07 0.12 0 0.05 0.15 0.01 0.11 0.1 0 0.06 014 0 0.09

Control (mm) Infected (mm)
Day 5 R1 R2 R3 R1 R2 R3
Max  Min Average Max ~ Min Average Max ~ Min Average Max ~ Min Average Max ~ Min Average Max ~ Min Average

1 0.08 0 0.04 0.07 0 0.03 0.09 0 0.03 0.1 0 0.06 0.11 0 0.05 0.11 0 0.06
2 0.09 0 0.04 0.07 0.01 0.04 0.09 0 0.03 0.1 0 0.06 0.12 0 0.06 0.12 0 0.07
3 0.08 0 0.04 0.07 0 0.03 0.09 0 0.03 0.1 0 0.06 0.12 0 0.06 0.1 0 0.06
4 0.09 0 0.04 0.09 0 0.04 0.1 0 0.03 0.12 0.02 0.06 0.11 0 0.06 0.11 0 0.07
5 0.09 0 0.04 0.01 0 0.04 0.08 0 0.03 0.11 0 0.06 0.1 0 0.06 0.12 0.02 0.07
6 0.09 0 0.04 0.09 0 0.04 0.08 0 0.03 0.13 0 0.07 0.13 0 0.06 0.11 0 0.06
7 0.07 0 0.03 0.06 0 0.03 0.06 0 0.03 0.15 0 0.07 0.12 0 0.06 0.1 0.02 0.06
8 0.09 0 0.03 0.08 0 0.04 0.07 0 0.02 0.1 0.01 0.06 0.1 0 0.06 0.09 0 0.06
9 0.09 0 0.04 0.08 0 0.04 0.06 0 0.03 0.09 0.02 0.06 0.11 0 0.06 0.09 0.01 0.06
10 0.1 0 0.04 0.07 0 0.03 0.09 0 0.04  0.11 0.01 0.05 0.1 0 0.06 0.1 0 0.06
11 0.09 0 0.04 0.1 0 0.04 0.07 0 0.03 0.1 0 0.06 0.1 0 0.06 0.1 0 0.06
12 0.08 0 0.03 0.07 0 0.03 0.09 0 0.04 0.12 0 0.06 0.18 0 0.06 0.1 0 0.06
13 0.09 0 0.03 0.08 0 0.03 0.09 0 0.04 0.1 0 0.05 0.1 0 0.06 0.1 0 0.06
14 0.1 0 0.04 0.09 0 0.04 0.07 0 0.03 0.1 0 0.05 0.1 0 0.06 0.12 0 0.06
15 0.08 0 0.04 0.08 0 0.03 0.09 0 0.04 0.12 0 0.05 0.1 0 0.06 0.11 0 0.06
16 0.09 0 0.04 0.1 0 0.04 0.09 0 0.04  0.09 0 0.05 0.11 0 0.07 0.11 0 0.06
17 0.09 0 0.04 0.11 0 0.04 0.1 0 0.04  0.09 0 0.05 0.22 0 0.08 0.12 0 0.06
18 0.1 0 0.04 0.09 0 0.04 0.09 0 0.04  0.11 0 0.05 0.13 0 0.07 0.1 0 0.06
19 0.08 0 0.04 0.1 0 0.04 0.08 0 0.04  0.11 0.02 0.06 0.18 0.04  0.07 0.11 0 0.06
20 0.1 0 0.04 0.08 0 0.04 0.09 0 0.04 0.1 0 0.06 014 0 0.07 0.12 0 0.06
21 0.11 0 0.04 0.08 0 0.04 0.08 0 0.04 0.18 0 0.06 0.1 0 0.06 0.11 0 0.06
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0.1
0.08
0.09
0.09
0.08
0.08
0.11
0.08
0.08
0.08
0.1
0.08
0.08
0.08
0.09
0.09
0.1
0.1
0.08
0.11
0.1
0.08
0.08
0.1
0.1
0.1
0.1
0.11
0.08
0.08
0.08
0.1
0.1
0.09
0.09
0.1
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0.04
0.04
0.04
0.04
0.04
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0.04
0.04
0.06
0.06
0.06
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0.06
0.06
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0.1
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0.06
0.03
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.03
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.03
0.04
0.04
0.04
0.04
0.04
0.05
0.05
0.05
0.06
0.06
0.06
0.06
0.06
0.05
0.03
0.04
0.04
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0.09
0.08
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0.1

0.1

0.08
0.1

0.1

0.08
0.07
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0.1

0.1
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0.03
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0.04
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0.11
0.11
0.11
0.12
0.09
0.11
0.1

0.11
0.12
0.13
0.11
0.12
0.12
0.11
0.11
0.11
0.09
0.09
0.08
0.09
0.08
0.09
0.08
0.09
0.09
0.08
0.14
0.09
0.21
0.08
0.09
0.09
0.24
0.11
0.27
0.11
0.1

0.09
0.1

0.06
0.06
0.06
0.07
0.07
0.07
0.06
0.06
0.06
0.07
0.07
0.07
0.06
0.06
0.06
0.05
0.05
0.05
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0.1
0.16
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0.08
0.06
0.06
0.07
0.06
0.06
0.07
0.07
0.07
0.08
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.07
0.06
0.06
0.06
0.07
0.07
0.07
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0.07
0.07

0.11
0.11
0.11
0.12
0.12
0.12
0.11
0.11
0.12
0.1

0.11
0.12
0.11
0.12
0.16
0.11
0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.11
0.11
0.12
0.11
0.12
0.14
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0.11
0.1
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0.15
0.15
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0.06
0.06
0.06
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.06
0.07
0.07
0.08
0.07
0.08
0.08
0.08
0.08
0.08
0.07
0.07
0.07
0.07
0.07
0.08
0.07
0.07
0.07
0.07
0.08
0.08
0.08
0.08
0.07
0.07
0.07
0.08
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61
62
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70
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74
75
76
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82
83
84
85
86
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88
89
90
91
92
93
94
95
96
97
98
99

0.09
0.09
0.09
0.09
0.1

0.09
0.1

0.11
0.12
0.09
0.08
0.07
0.08
0.08
0.09
0.08
0.07
0.06
0.08
0.09
0.08
0.09
0.08
0.09
0.09
0.09
0.08
0.08
0.09
0.09
0.09
0.09
0.09
0.1

0.1

0.09
0.09
0.09
0.09

0.04
0.04
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.03
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0.04
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100 0.09 0 0.04 0.08 0 0.04 0.1 0 0.06 0.08 0 0.06 0.1 0 0.06 0.11 0 0.07
101 0.08 0 0.04 0.07 0 0.04 0.1 0 0.06 0.09 0 0.06 0.13 0 0.06 0.12 0.03 0.07
102 0.11 0 0.04 0.08 0 0.03 0.1 0 0.06 0.27 0 0.06 0.1 0 0.06 0.11 0.03 0.07
103 0.09 0 0.05 0.08 0 0.03 0.09 0 0.06 0.1 0 0.06 0.12 0 0.07 0.11 0 0.07
104 0.1 0 0.04 0.08 0 0.04 0.1 0 0.06 0.08 0.01 0.06 0.11 0 0.07 0.13 0 0.06
105 0.09 0 0.04 0.09 0 0.04 0.09 0 0.06 0.09 0 0.06 0.11 0 0.06 0.11 0.02 0.07
106 0.09 0 0.05 0.07 0 0.04 0.09 0 0.06 0.09 0 0.06 0.17 0 0.07 0.11 0 0.06
107 0.09 0 0.05 0.09 0 0.04 0.08 0 0.06 0.09 0 0.06 0.1 0 0.07 0.11 0 0.06
108 0.09 0 0.04 0.07 0 0.04 0.08 0 0.05 0.11 0.01 0.06 0.1 0 0.07 0.11 0 0.07
109 0.09 0 0.03 0.09 0 0.04 0.08 0 0.04 0.1 0 0.06 0.09 0 0.07 0.11 0 0.07
110 0.1 0 0.04 0.08 0 0.04 0.09 0.01 0.06 0.09 0 0.06 0.1 0 0.06 0.11 0 0.07
111 0.11 0 0.04 0.08 0 0.04 0.08 0 0.05 0.09 0 0.06 0.12 0 0.07 0.12 0 0.08
112 0.11 0 0.04 0.08 0 0.04 0.09 0.01 0.06 0.09 0 0.06 0.12 0 0.07 0.14 0 0.07
113 0.1 0 0.04 0.08 0 0.04 0.1 0.01 0.06 0.09 0 0.06 0.1 0.02 0.07 0.11 0 0.08
114 0.1 0 0.04 0.07 0 0.04 0.09 0 0.06 0.09 0 0.06 0.11 0 0.07 0.12 0.03 0.08
115 0.1 0 0.04 0.07 0 0.04 0.09 0 0.06 0.11 0 0.07 0.11 0 0.07 0.12 0.02 0.08
116 0.09 0 0.04 0.08 0 0.04 0.08 0 0.06 0.09 0 0.07 0.11 0 0.07 0.18 0 0.08
117 0.09 0 0.04 0.1 0 0.05 0.08 0 0.05 0.11 0 0.06 0.11 0 0.07 0.16 0 0.07
118 0.08 0 0.04 0.1 0 0.05 0.09 0 0.05 0.11 0 0.06 0.09 0.02 0.06 0.11 0 0.07
119 0.1 0 0.05 0.09 0 0.06 0.09 0 0.04 0.11 0 0.07 0.09 0.02 0.06 0.18 0 0.09
120 0.08 0 0.04 0.09 0 0.06 0.08 0 0.04 0.15 0 0.06 0.09 0 0.06 0.16 0 0.09
121 0.09 0 0.05 0.08 0 0.06 0.09 0 0.04 0.12 0.01 0.06 0.09 0.02 0.05 0.15 0 0.1

122 0.08 0 0.05 0.08 0 0.04 0.08 0 0.04 0.13 0 0.06 0.09 0.03 0.06 0.16 0.03 0.09
123 0.09 0 0.05 0.09 0 0.04 0.09 0 0.04 0.12 0 0.06 0.09 0 0.06 0.13 0 0.08
124 0.09 0.01 0.06 0.09 0 0.04 0.09 0 0.04 0.11 0 0.06 0.1 0 0.06 0.15 0 0.08
125 0.09 0 0.06 0.09 0 0.04 0.08 0 0.04 0.09 0.04 0.06 0.1 0 0.07 0.15 0 0.08
126 0.1 0 0.05 0.09 0 0.04 0.09 0 0.04 0.08 0.02 0.06 0.11 0 0.07 0.12 0 0.06
127 0.09 0 0.05 0.11 0 0.04 0.1 0 0.04 0.08 0 0.06 0.09 0.03 0.07 0.12 0 0.06
128 0.09 0 0.05 0.09 0 0.04 0 0 0.04 0.09 0.03 0.06 0.1 0 0.07 0.14 0 0.06
129 0.09 0 0.05 0.08 0 0.04 0.07 0 0.04 0.09 0 0.06 0.1 0 0.07 0.1 0 0.06
130 0.09 0 0.05 0.09 0 0.05 0.09 0 0.04 0.09 0 0.06 0.1 0 0.07 0.12 0 0.07
131 0.09 0 0.04 0.08 0 0.04 0.09 0 0.04 0.09 0 0.06 0.1 0.02 0.07 0.12 0 0.06
132 0.08 0 0.05 0.08 0 0.04 0.08 0 0.04 0.09 0 0.06 0.11 0.02 0.07 0.12 0 0.07
133 0.08 0 0.05 0.07 0 0.05 0.09 0 0.04 0.1 0 0.07 0.1 0 0.07 0.1 0 0.06
134 0.08 0 0.05 0.08 0 0.06 0.08 0 0.04 0.1 0 0.06 0.12 0 0.07 0.1 0.03 0.06
135 0.08 0 0.05 0.07 0 0.06 0.09 0 0.04 0.09 0 0.07 0.13 0 0.07 0.11 0 0.06
136 0.08 0 0.05 0.09 0 0.04 0.09 0 0.04 0.1 0 0.07 0.12 0.02 0.08 0.11 0.02 0.06
137 0.08 0 0.04 0.08 0 0.04 0.09 0 0.04 0.12 0 0.07 0.12 0.03 0.07 0.13 0 0.07
138 0.09 0 0.04 0.09 0 0.05 0.09 0 0.05 0.12 0.02 0.07 0.13 0.04 0.08 0.11 0 0.06
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0.08
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0.11
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178 0.11 0 0.05 0.1 0 0.05 0.1 0 0.06 0.11 0 0.07 0.11 0 0.06 0.15 0 0.09
179 0.11 0.01 0.05 0.1 0 0.05 0.1 0 0.05 0.09 0 0.06 0.13 0 0.06 0.13 0 0.08
180 0.09 0 0.05 0.09 0 0.05 0.11 0 0.05 0.12 0 0.07 0.11 0 0.06 0.12 0 0.07
181 0.09 0 0.05 0.1 0 0.05 0.11 0 0.05 0.09 0 0.06 0.12 0 0.06 0.11 0.04  0.07
182 0.09 0 0.04 0.09 0 0.05 0.11 0 0.05 0.08 0 0.06 0.09 0 0.06 0.11 0 0.06
183 0.09 0 0.05 0.1 0 0.05 0.12 0 0.05 0.07 0 0.06 0.09 0 0.06 0.12 0 0.06
184 0.09 0 0.05 0.1 0 0.05 0.12 0 0.05 0.07 0 0.06 0.11 0 0.06 0.12 0 0.06
185 0.12 0 0.05 0.12 0 0.05 0.1 0 0.05 0.06 0 0.06 0.1 0 0.06 0.1 0 0.05
186 0.12 0 0.05 0.11 0 0.05 0.1 0 0.05 0.07 0 0.06 0.11 0 0.06 0.12 0 0.05
187 0.09 0 0.05 0.11 0 0.05 0.1 0 0.04  0.09 0 0.06 0.1 0 0.06 0.12 0 0.06
188 0.1 0 0.05 0.1 0 0.05 0.1 0 0.04 0.1 0 0.06 0.1 0 0.06 0.12 0 0.06
189 0.09 0 0.05 0.09 0 0.04 0.11 0 0.05 0.1 0 0.06 0.09 0 0.06 0.11 0 0.06
190 0.09 0 0.05 0.11 0 0.05 0.12 0 0.05 0.09 0 0.06 0.13 0 0.06 0.12 0 0.06
191 0.09 0 0.05 0.09 0 0.04 0.11 0 0.05 0.09 0.01 0.06 0.13 0 0.07 0.13 0 0.06
192 0.1 0 0.05 0.08 0 0.04 0.11 0 0.05 0.1 0 0.06 0.16 0 0.08 0.19 0 0.06
193 0.09 0 0.05 0.09 0 0.04 0.11 0 0.05 0.09 0 0.06 0.13 0 0.07 0.15 0 0.06
194 0.09 0 0.05 0.1 0 0.05 0.11 0 0.05 0.1 0 0.06 0.11 0 0.06 0.12 0 0.06
195 0.1 0 0.06 0.08 0 0.04 0.12 0 0.05 0.13 0 0.06 0.11 0 0.06 0.19 0 0.06
196 0.12 0 0.06 0.1 0 0.05 0.1 0 0.05 0.12 0 0.06 0.12 0 0.05 0.19 0 0.06
197 0.11 0 0.06 0.1 0 0.05 0.12 0 0.05 0.09 0 0.05 0.11 0 0.06 0.19 0 0.06
198 0.1 0 0.05 0.11 0 0.05 0.09 0 0.05 0.09 0 0.06 0.09 0 0.05 0.1 0 0.06
199 0.1 0 0.05 0.09 0 0.05 0.1 0 0.05 0.09 0 0.06 0.08 0 0.05 0.11 0 0.06
200 0.12 0 0.05 0.01 0 0.05 0.1 0 0.04 0.07 0 0.06 0.09 0 0.05 0.1 0 0.07
Control (mm) Infected (mm)
Day 6 R1 R2 R3 R1 R2 R3
Max  Min Average Max ~ Min Average Max ~ Min Average Max ~ Min Average Max ~ Min Average Max ~ Min Average
1 0.07 0 0.04 0.07 0.01 0.04 0.07 0 0.04  0.13 0 0.06 0.1 0 0.05 0.08 0 0.06
2 0.06 0 0.04 0.08 0 0.04 0.07 0 0.04 0.12 0 0.06 014 0 0.06 0.09 0 0.06
3 0.08 0 0.04 0.08 0 0.04 0.07 0 0.04 0.12 0 0.06 0.12 0 0.06 0.1 0 0.06
4 0.06 0 0.04 0.08 0 0.04 0.07 0 0.04  0.11 0 0.06 0.12 0 0.06 0.09 0 0.06
5 0.06 0.01 0.04 0.07 0 0.04 0.07 0 0.04 0.1 0 0.06 0.12 0 0.06 0.09 0 0.06
6 0.07 0 0.05 0.07 0 0.04 0.07 0 0.04  0.11 0 0.06 0.13 0 0.06 0.09 0.02 0.06
7 0.07 0 0.04 0.07 0 0.04 0.07 0 0.04 0.13 0 0.06 0.12 0 0.06 0.09 0 0.06
8 0.07 0 0.04 0.07 0 0.04 0.08 0 0.04  0.13 0 0.06 0.12 0 0.05 0.09 0 0.06
9 0.08 0 0.05 0.06 0 0.04 0.08 0 0.05 0.11 0 0.06 0.12 0 0.06 0.09 0 0.06
10 0.08 0 0.04 0.08 0 0.04 0.09 0 0.04 0.12 0 0.06 0.12 0 0.06 0.08 0 0.06
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167 0.09 0 0.05 0.11 0.02 0.05 0.08 0.01 0.05 0.13 0 0.07 0.14 0.02 0.08 0.11 0 0.07
168 0.09 0.02 0.05 0.11 0 0.05 0.1 0 0.05 0.13 0 0.08 0.15 0 0.08 0.15 0 0.09
169 0.09 0.03 0.05 0.08 0 0.05 0.08 0 0.05 0.12 0.03 0.07 0.13 0 0.08 0.13 0.03 0.09
170 0.09 0 0.05 0.09 0 0.05 0.08 0 0.05 0.12 0 0.07 0.13 0 0.08 0.13 0 0.09
171 0.1 0 0.06 0.08 0.03 0.06 0.09 0 0.05 0.13 0 0.07 0.13 0 0.07 0.13 0 0.09
172 0.1 0 0.06 0.09 0 0.05 0.09 0 0.06 0.13 0 0.07 0.14 0 0.08 0.14 0 0.09
173 0.11 0.02 0.06 0.1 0.03 0.06 0.09 0.03 0.05 0.13 0 0.07 0.13 0 0.07 0.14 0 0.09
174 0.1 0 0.06 0.08 0 0.06 0.09 0.02 0.06 0.13 0 0.07 0.12 0 0.07 0.12 0 0.1

175 0.09 0.02 0.06 0.09 0 0.06 0.09 0 0.05 0.12 0 0.07 0.14 0 0.08 0.12 0 0.1

176 0.07 0 0.05 0.09 0 0.06 0.09 0 0.06 0.12 0 0.06 0.13 0 0.08 0.14 0.04 0.1

177 0.08 0 0.05 0.1 0 0.05 0.09 0.02 0.06 0.11 0 0.06 0.13 0.02 0.08 0.12 0 0.09
178 0.08 0.01 0.05 0.11 0 0.05 0.1 0.02 0.05 0.11 0 0.05 0.12 0 0.06 0.12 0 0.09
179 0.08 0 0.06 0.09 0 0.05 0.11 0 0.06 0.12 0 0.05 0.12 0 0.06 0.14 0.05 0.09
180 0.08 0.01 0.05 0.1 0 0.06 0.1 0 0.06 0.13 0 0.05 0.15 0 0.06 0.12 0 0.08
181 0.1 0.02 0.05 0.1 0 0.05 0.11 0.02 0.06 0.15 0 0.06 0.15 0 0.07 0.13 0 0.08
182 0.08 0.01 0.05 0.1 0 0.05 0.1 0 0.06 0.14 0 0.06 0.13 0 0.07 0.16 0 0.09
183 0.08 0 0.05 0.1 0 0.05 0.12 0 0.06 0.16 0 0.06 0.13 0 0.07 0.15 0.05 0.09
184 0.09 0 0.05 0.1 0 0.05 0.12 0 0.06 0.14 0 0.06 0.11 0 0.05 0.13 0 0.08
185 0.09 0 0.05 0.09 0 0.05 0.13 0 0.06 0.15 0 0.06 0.11 0 0.05 0.12 0 0.08
186 0.1 0 0.04 0.12 0 0.05 0.11 0 0.05 0.16 0 0.07 0.12 0 0.06 0.12 0 0.08
187 0.09 0 0.04 0.1 0 0.05 0.1 0 0.05 0.13 0 0.07 0.13 0 0.06 0.14 0 0.09
188 0.09 0 0.04 0.1 0 0.05 0.12 0 0.05 0.15 0 0.08 0.12 0 0.07 0.14 0 0.08
189 0.09 0 0.04 0.1 0 0.05 0.1 0 0.05 0.14 0 0.06 0.12 0 0.06 0.13 0 0.08
190 0.09 0 0.05 0.1 0 0.05 0.12 0 0.05 0.12 0 0.08 0.11 0 0.06 0.14 0 0.09
191 0.08 0 0.05 0.11 0 0.05 0.12 0 0.05 0.12 0 0.08 0.11 0 0.07 0.12 0 0.09
192 0.08 0 0.04 0.11 0 0.05 0.11 0 0.04 0.12 0 0.07 0.12 0.01 0.07 0.13 0 0.08
193 0.07 0 0.05 0.1 0 0.05 0.1 0 0.05 0.13 0 0.08 0.15 0 0.07 0.13 0 0.08
194 0.08 0 0.04 0.1 0 0.05 0.1 0 0.04 0.13 0 0.09 0.13 0 0.09 0.14 0 0.09
195 0.08 0 0.04 0.1 0.01 0.05 0.11 0 0.05 0.12 0 0.08 0.13 0 0.08 0.15 0 0.09
196 0.1 0 0.05 0.11 0 0.05 0.1 0 0.05 0.12 0 0.08 0.13 0.02 0.09 0.17 0 0.09
197 0.08 0 0.04 0.1 0 0.05 0.12 0 0.05 0.12 0 0.09 0.15 0 0.09 0.16 0 0.1

198 0.08 0 0.05 0.13 0 0.05 0.1 0 0.05 0.12 0 0.08 0.13 0 0.09 0.13 0 0.08
199 0.08 0.02 0.05 0.12 0 0.05 0.09 0.02 0.05 0.12 0.01 0.08 0.14 0 0.08 0.13 0 0.09
200 0.07 0 0.04 0.12 0 0.05 0.1 0 0.05 0.13 0 0.08 0.12 0 0.08 0.14 0 0.09

Control (mm) Infected (mm)
Day 7 R1 R2 R3 R1 R2 R3
Max Min Average Max Min Average Max Min Average Max Min Average Max Min Average Max Min Average

1 0.07 0 0.03 0.02 0 0.01 0.05 0 0.02 0.13 0 0.06 0.12 0 0.07 0.23 0 0.08
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119 0.08 0 0.06 0.06 0 0.01 0.06 0 0.03 0.11 0 0.07 0.15 0 0.07 0.12 0 0.08
120 0.08 0.01 0.06 0.05 0 0.03 0.06 0 0.03 0.11 0.04 0.07 0.15 0 0.08 0.12 0 0.08
121 0.07 0.01 0.06 0.05 0 0.03 0.06 0 0.03 0.12 0 0.07 0.14 0 0.08 0.13 0 0.08
122 0.09 0 0.06 0.05 0 0.03 0.06 0 0.04 0.12 0 0.08 0.14 0 0.09 0.12 0 0.08
123 0.08 0 0.06 0.06 0 0.03 0.07 0 0.04 0.11 0 0.08 0.13 0 0.08 0.12 0 0.08
124 0.06 0 0.06 0.06 0 0.03 0.07 0 0.04 0.27 0 0.1 0.14 0 0.09 0.15 0 0.08
125 0.08 0 0.06 0.06 0 0.03 0.06 0 0.04 0.12 0 0.08 0.15 0 0.09 0.13 0 0.08
126 0.08 0 0.06 0.06 0 0.03 0.07 0 0.04 0.12 0 0.08 0.14 0 0.09 0.14 0 0.08
127 0.08 0 0.06 0.05 0 0.03 0.07 0 0.04 0.12 0.02 0.08 0.14 0 0.1 0.12 0 0.08
128 0.09 0 0.04 0.06 0 0.03 0.09 0 0.05 0.12 0 0.08 0.14 0 0.09 0.12 0 0.08
129 0.07 0 0.04 0.07 0 0.03 0.08 0.03 0.05 0.13 0 0.08 0.15 0 0.1 0.12 0 0.08
130 0.08 0 0.04 0.06 0 0.03 0.07 0.02 0.05 0.13 0 0.08 0.17 0 0.09 0.12 0 0.08
131 0.08 0 0.04 0.06 0 0.04 0.07 0 0.04 0.12 0 0.08 0.15 0 0.1 0.12 0 0.08
132 0.08 0 0.04 0.06 0 0.03 0.07 0.01 0.04 0.14 0 0.08 0.15 0 0.1 0.12 0.02 0.08
133 0.08 0 0.04 0.07 0 0.03 0.07 0 0.04 0.11 0 0.08 0.14 0 0.1 0.12 0 0.08
134 0.08 0 0.04 0.07 0 0.03 0.07 0 0.03 0.12 0 0.08 0.15 0.06 0.1 0.12 0.01 0.08
135 0.08 0 0.04 0.07 0 0.03 0.07 0 0.03 0.13 0 0.07 0.17 0 0.1 0.12 0 0.08
136 0.06 0 0.03 0.06 0 0.04 0.06 0 0.03 0.13 0 0.07 0.16 0.02 0.1 0.12 0 0.07
137 0.07 0 0.03 0.06 0 0.04 0.06 0 0.02 0.15 0 0.08 0.16 0 0.1 0.12 0.01 0.08
138 0.08 0 0.04 0.07 0 0.03 0.05 0 0.02 0.11 0 0.07 0.15 0 0.09 0.32 0 0.09
139 0.08 0 0.05 0.06 0 0.03 0.05 0 0.02 0.15 0 0.07 0.14 0 0.09 0.13 0 0.07
140 0.08 0 0.04 0.06 0 0.03 0.05 0 0.02 0.12 0 0.07 0.15 0 0.09 0.13 0 0.07
141 0.08 0 0.04 0.06 0 0.03 0.06 0 0.03 0.13 0 0.07 0.15 0 0.08 0.26 0.01 0.08
142 0.08 0 0.04 0.06 0 0.03 0.06 0 0.03 0.13 0 0.07 0.16 0 0.08 0.13 0.02 0.07
143 0.07 0 0.04 0.06 0 0.03 0.06 0 0.04 0.13 0 0.06 0.17 0 0.08 0.11 0 0.07
144 0.06 0 0.04 0.05 0 0.03 0.05 0 0.03 0.14 0 0.07 0.1 0.01 0.08 0.11 0 0.06
145 0.07 0 0.04 0.06 0 0.03 0.05 0 0.03 0.13 0 0.06 0.17 0.01 0.08 0.12 0 0.07
146 0.07 0 0.04 0.05 0 0.03 0.06 0 0.03 0.15 0 0.07 0.14 0 0.08 0.16 0.02 0.07
147 0.08 0 0.04 0.06 0 0.03 0.07 0 0.03 0.12 0 0.07 0.15 0 0.06 0.12 0 0.07
148 0.07 0 0.04 0.06 0 0.03 0.06 0 0.04 0.14 0 0.07 0.15 0 0.07 0.13 0 0.07
149 0.06 0 0.03 0.08 0 0.04 0.07 0 0.03 0.13 0 0.07 0.14 0 0.06 0.12 0 0.07
150 0.08 0 0.03 0.07 0 0.04 0.09 0 0.06 0.13 0 0.07 0.14 0 0.04 0.12 0.01 0.08
151 0.08 0 0.04 0.08 0 0.04 0.1 0 0.06 0.11 0 0.07 0.13 0 0.05 0.11 0 0.07
152 0.06 0 0.03 0.08 0 0.05 0.09 0 0.06 0.12 0 0.07 0.12 0 0.04 0.14 0 0.07
153 0.07 0 0.03 0.08 0 0.04 0.1 0 0.06 0.23 0.02 0.09 0.08 0 0.06 0.14 0 0.08
154 0.1 0 0.03 0.08 0 0.04 0.09 0 0.06 0.13 0 0.07 0.09 0 0.07 0.14 0 0.07
155 0.09 0 0.03 0.09 0 0.04 0.1 0 0.05 0.11 0 0.07 0.1 0 0.07 0.13 0 0.08
156 0.09 0 0.04 0.09 0 0.05 0.1 0 0.04 0.12 0 0.07 0.11 0 0.07 0.14 0.02 0.08
157 0.12 0 0.04 0.08 0 0.05 0.1 0.02 0.05 0.11 0 0.07 0.11 0 0.05 0.14 0 0.08

184




158 0.13 0 0.04 0.08 0 0.05 0.08 0.03 0.05 0.13 0 0.07 0.11 0 0.05 0.14 0.01 0.08
159 0.12 0 0.05 0.09 0 0.05 0.08 0 0.05 0.12 0 0.07 0.12 0 0.06 0.14 0 0.08
160 0.13 0 0.03 0.08 0 0.05 0.09 0.03 0.06 0.12 0 0.08 0.14 0 0.06 0.12 0.02 0.08
161 0.1 0 0.04 0.07 0 0.04 0.09 0.03 0.06 0.13 0 0.08 0.13 0 0.06 0.13 0.02 0.08
162 0.09 0 0.04 0.07 0 0.05 0.08 0 0.05 0.14 0 0.08 0.15 0 0.07 0.12 0 0.08
163 0.1 0 0.05 0.08 0 0.04 0.06 0 0.04 0.13 0 0.08 0.15 0 0.07 0.13 0 0.08
164 0.09 0 0.05 0.08 0 0.05 0.06 0.01 0.04 0.13 0 0.08 0.13 0 0.08 0.13 0 0.08
165 0.09 0 0.05 0.08 0 0.04 0.06 0 0.04 0.13 0.01 0.08 0.14 0 0.08 0.14 0 0.08
166 0.08 0 0.06 0.09 0 0.04 0.06 0.01 0.04 0.13 0 0.08 0.13 0 0.08 0.14 0.02 0.08
167 0.08 0 0.06 0.08 0 0.04 0.05 0 0.03 0.14 0 0.08 0.14 0 0.08 0.14 0.01 0.08
168 0.07 0 0.06 0.09 0 0.04 0.05 0 0.03 0.13 0 0.07 0.15 0 0.08 0.16 0 0.08
169 0.06 0 0.04 0.08 0.01 0.04 0.04 0 0.02 0.15 0 0.07 0.15 0 0.09 0.14 0 0.07
170 0.08 0 0.04 0.08 0.01 0.04 0.04 0 0.02 0.12 0 0.08 0.13 0 0.09 0.16 0 0.08
171 0.07 0 0.04 0.06 0 0.03 0.05 0 0.02 0.13 0 0.08 0.14 0 0.09 0.14 0 0.07
172 0.09 0 0.04 0.08 0 0.03 0.05 0 0.03 0.12 0 0.08 0.14 0 0.1 0.13 0 0.08
173 0.08 0 0.04 0.07 0 0.04 0.05 0 0.02 0.12 0 0.07 0.14 0 0.1 0.15 0 0.08
174 0.1 0 0.04 0.07 0 0.04 0.06 0 0.03 0.12 0 0.07 0.14 0.05 0.1 0.13 0 0.08
175 0.1 0 0.04 0.07 0 0.03 0.06 0 0.03 0.14 0 0.08 0.14 0.05 0.1 0.13 0.02 0.08
176 0.08 0.01 0.04 0.07 0 0.04 0.07 0 0.04 0.13 0 0.08 0.15 0.04 0.1 0.15 0 0.07
177 0.06 0 0.04 0.07 0 0.04 0.09 0 0.05 0.11 0 0.08 0.15 0.04 0.1 0.12 0 0.07
178 0.08 0 0.04 0.09 0 0.04 0.08 0 0.05 0.12 0 0.08 0.15 0.04 0.1 0.12 0 0.07
179 0.12 0 0.05 0.09 0 0.04 0.09 0 0.05 0.12 0 0.07 0.14 0.05 0.1 0.13 0 0.07
180 0.1 0 0.04 0.09 0 0.04 0.08 0 0.04 0.12 0 0.08 0.15 0.01 0.1 0.12 0.01 0.08
181 0.1 0 0.04 0.09 0 0.04 0.01 0 0.05 0.12 0 0.07 0.14 0.06 0.09 0.12 0 0.07
182 0.11 0.02 0.05 0.08 0 0.04 0.09 0 0.06 0.12 0 0.07 0.14 0 0.09 0.12 0 0.08
183 0.1 0.01 0.05 0.08 0 0.04 0.09 0 0.05 0.12 0.02 0.07 0.14 0 0.08 0.12 0 0.09
184 0.09 0.02 0.05 0.1 0 0.04 0.08 0 0.04 0.12 0 0.08 0.14 0 0.08 0.13 0 0.08
185 0.1 0.02 0.05 0.07 0 0.04 0.07 0 0.04 0.12 0 0.08 0.14 0 0.08 0.13 0.02 0.08
186 0.08 0.01 0.06 0.07 0 0.04 0.08 0 0.04 0.13 0 0.08 0.14 0 0.08 0.13 0 0.08
187 0.09 0.01 0.06 0.07 0 0.04 0.07 0 0.04 0.14 0 0.08 0.15 0.04 0.08 0.14 0 0.08
188 0.09 0 0.06 0.08 0 0.04 0.07 0 0.04 0.27 0 0.09 0.12 0.02 0.07 0.13 0 0.08
189 0.1 0.01 0.05 0.07 0 0.04 0.06 0 0.03 0.12 0 0.07 0.12 0.04 0.07 0.16 0 0.08
190 0.1 0.02 0.05 0.09 0.01 0.04 0.06 0 0.04 0.13 0 0.07 0.12 0 0.07 0.14 0 0.08
191 0.11 0 0.05 0.09 0.01 0.04 0.07 0 0.03 0.12 0.01 0.08 0.12 0 0.06 0.12 0 0.07
192 0.09 0 0.05 0.07 0 0.04 0.06 0 0.03 0.15 0 0.08 0.1 0 0.07 0.14 0.02 0.08
193 0.09 0 0.05 0.07 0.03 0.05 0.05 0 0.02 0.15 0.02 0.08 0.12 0 0.07 0.13 0 0.08
194 0.11 0.01 0.05 0.07 0 0.04 0.03 0 0.02 0.18 0 0.08 0.11 0 0.06 0.14 0 0.08
195 0.09 0 0.04 0.06 0 0.04 0.05 0 0.02 0.13 0 0.07 0.12 0 0.06 0.13 0 0.07
196 0.09 0 0.05 0.06 0 0.04 0.04 0 0.01 0.11 0 0.07 0.1 0.02 0.06 0.12 0.02 0.07
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197 0.08 0 004 006 O 0.03 0.03 0 0.01 0.13 0 007 012 0 0.06  0.11 0 0.07
198 0.08 0 0.04  0.05 0 0.03 0.03 0 0.01 0.13 0 007 014 O 0.07  0.11 0 0.07
199 007 0 004 004 O 0.01 004 0 0.01 014 0 006 019 0 008 012 0 0.07
200 009 0 0.04  0.03 0 0.01 0.05 0 0.02  0.13 0 0.06 0.2 0 008 012 0 0.06
5. Tables of automated gap thickness measurements for AxC157 variety
Control (mm) Infected (mm)
Day 2 R1 R2 R3 R1 R2 R3
Max  Min Average Max ~ Min Average Max ~ Min Average Max ~ Min Average Max ~ Min Average Max ~ Min Average
1 0.16  0.01 0.06  0.13 0 007 007 O 0.05 006 0 0.03 0.11 0.03 0.07  0.05 0 0.06
2 017 0 0.06  0.13 0 007 007 O 006 004 O 002 012 0 0.07  0.05 0 0.06
3 014 0 0.07  0.13 0.02 0.07 007 0.01 0.08  0.05 0 0.03 012 0 0.07 006 O 0.06
4 014 0 0.05 0.1 0 007 007 O 006 004 O 0.03 0.05 0 002 006 O 0.06
5 0.13 0 007 012 0 0.07  0.08 0.02  0.05 0.03 0 0.06 0.1 0 006 004 O 0.06
6 012 0 006 006 O 0.03 009 0 004 009 O 006 008 O 0.05 0.05 0 0.05
7 0.15 0 0.05 004 0 002 009 O 0.05 007 0 0.06  0.11 0 006 004 O 0.03
8 0.13 0 0.05 0.05 0 0.03 009 0 0.05 0.08 0.02 008 0.1 0 0.1 0.03 0 0.01
9 0.13 0 0.05 004 0 0.03 0.11 0 0.05 006 0 0.03 0.1 0 008 009 O 0.06
10 012 0 0.05 0.03 0 0.1 009 0 0.04  0.05 0 0.05 006 0 002 007 O 0.05
11 014 0 0.05 009 0 006 007 O 0.03 0.03 0 006 007 O 0.03 0.08 0.02 0.04
12 0.3 0.02  0.05 007 0 004 009 O 006 009 O 0.05 0.05 0 0.05 006 0 0.03
13 0.3 0 0.04  0.08 0.02  0.08 0.01 0 0.06 0.1 0 0.05 0.11 0 0.06  0.05 0 0.05
14 0.11 0 006 006 O 0.03 0.08 0 006 009 O 0.05 0.05 0 0.03 0.03 0 0.06
15 009 0 0.04  0.05 0 002 007 O 0.06  0.11 0 006 006 O 0.03 0.03 0 0.06
16 0.1 0 0.05 0.11 0 007 009 O 0.03 012 0 0.06  0.03 0 002 009 O 0.05
17 019 0 0.05 0.13 0.02 0.07 0.08 0 0.03 0.13 0 007 006 O 0.03 0.13 0.02  0.07
18 0.11 0 0.06  0.11 0.03 006 006 O 0.06  0.13 0 0.07  0.05 0 0.06  0.11 0 0.07
19 012 0 0.05 0.09  0.01 007 006 O 0.07 012 002 007 007 O 0.06  0.11 0.03 0.06
20 0.13 0 006 007 0 0.08 006 0 0.06 0.1 0 007 006 0 0.06 0.09 0.01 0.07
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Control (mm)

Infected (mm)

Day 4 R1 R2 R3 R1 R2 R3
Max  Min Average Max ~ Min Average Max ~ Min Average Max ~ Min Average Max ~ Min Average Max ~ Min Average

1 0.1 0 0.05 0.8 0.01 0.05 0.1 0 0.06 0.12 0 0.08 0.1 0 0.06 0.1 0 0.08
2 0.09 0 0.05 0.08 0 0.06 0.12 0 0.05 0.13 0 0.08 0.1 0 0.05 0.11 0 0.07
3 0.1 0 0.04 0.09 0.01 0.06 0.1 0 0.06 0.12 0.04  0.08 0.1 0 0.05 0.11 0 0.06
4 0.1 0 0.04 0.1 0 0.05 0.1 0 0.06 0.13 0 0.08 0.09 0 0.09 0.1 0 0.07
5 0.09 0 0.04 0.11 0 0.06 0.11 0 0.06 0.17 0 0.08 0.09 0 0.08 0.1 0 0.06
6 0.12 0 0.05 0.11 0 0.05 0.1 0 0.06 0.12 0.02 0.07 0.1 0 0.05 0.11 0 0.06
7 0.11 0 0.05 0.1 0 0.05 0.1 0 0.06 0.12 0.01 0.07 0.1 0 0.06 0.11 0 0.06
8 0.1 0 0.05 0.09 0 0.05 0.12 0 0.07 0.12 0 0.07 0.13 0 0.08 0.09 0 0.05
9 0.1 0 0.06 0.11 0 0.06 0.13 0.03 0.07 0.13 0 0.07 0.13 0.01 0.08 0.09 0 0.09
10 0.1 0 0.06 0.11 0 0.06 0.12 0 0.07 0.12 0.02 0.08 0.13 0.01 0.06 0.1 0 0.06
11 0.11 0 0.05 0.12 0 0.06 0.12 0 0.06 0.14  0.03 0.07 014 0 0.08 0.09 0 0.05
12 0.1 0 0.05 0.11 0 0.05 0.13 0.03 0.07 0.17 0.02 0.08 0.15 0 0.07 0.1 0 0.07
13 0.1 0 0.06 0.11 0 0.06 0.13 0 0.07 0.16 0.02 0.07 0.16 0 0.06 0.09 0 0.07
14 0.11 0 0.06 0.12 0.01 0.06 0.12 0 0.06 0.12 0.01 0.07 014 0 0.07 0.09 0 0.08
15 0.1 0.01 0.06 0.11 0 0.07 0.12 0 0.06 0.12 0.01 0.07 0.13 0 0.07 0.1 0 0.1

16 0.09 0.02 0.06 0.11 0 0.07 0.12 0 0.06 0.11 0.01 0.06 0.15 0 0.07 0.11 0 0.05
17 0.1 0.01 0.06 0.13 0.03 0.08 0.12 0 0.06 0.1 0 0.06 0.15 0 0.08 0.09 0 0.06
18 0.1 0.01 0.06 0.11 0.03 0.07 0.12 0 0.07 0.11 0 0.05 0.15 0 0.08 0.1 0 0.06
19 0.11 0.02 0.06 0.12 0 0.08 0.12 0 0.07 0.12 0 0.05 0.15 0 0.09 0.09 0 0.05
20 0.1 0 0.05 0.12 0 0.09 0.13 0 0.07 0.12 0 0.05 0.17 0 0.08 0.1 0.01 0.06

Control (mm) Infected (mm)
Day 6 R1 R2 R3 R1 R2 R3
Max  Min Average Max ~ Min Average Max ~ Min Average Max ~ Min Average Max ~ Min Average Max ~ Min Average

1 0.05 0 0.06 0.11 0 0.07 0.08 0 0.06 0.05 0 0.03 0.04 O 0.1 0.15 0.01 0.09
2 0.06 0 0.06 0.11 0 0.06 0.08 0 0.06 0.08 0 0.04  0.07 0 0.06 0.19 0 0.11
3 0.04 0 0.06 0.17 0 0.07 0.05 0 0.03 0.06 0 0.04 0.12 0 0.07 0.23 0 0.13
4 0.06 0 0.03 0.05 0 0.04 0.05 0 0.06 0.09 0 0.04  0.05 0 0.07 0.11 0 0.06
5 0.06 0 0.03 0.07 0 0.04 0.06 0 0.07 0.08 0 0.03 0.12 0 0.06 0.12 0.03 0.08
6 0.06 0 0.03 0.07 0 0.04 0.07 0 0.07 0.06 0 0.03 0.08 0 0.04 0.23 0 0.12
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Figure 70: Average gap size distribution in control (blue) and infected (red) wheat leaves AxC157 variety extracted
from automated segmentation, for D2, D4, and D6 after inoculation, with superimposed Gaussian fits. The
histograms use a bin width of 0.01 mm

The data are available in Google Drive and can be exported for further analysis.

https://docs.google.com/spreadsheets/d/1IEW00Z92LVt7AvnPS3CfLGplhW1G-
Asoz/edit?usp=sharing&ouid=102742141539264065722&rtpof=true&sd=true
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Abstract: Visualizing the microscopic structure of plants in vivo, non-invasively, and in
real-time is the Holy Grail of botany. Optical coherence tomography (OCT) has all the
characteristics necessary to achieve this feat. Indeed, OCT provides volumetric images
of the internal structure of plants without the need for histological preparation. With its
micrometric resolution, OCT is commonly used in medicine, primarily in ophthalmology.
But it is seldom used in the field of botany. The aim of the present work is thus to review the
latest technical development in the field of OCT and to highlight its current use in botany,
in order to promote the technique and further advance research in the field of botany.

Keywords: optical coherence tomography; plant; non-invasive; in vivo; real-time

1. Coming of Age

Optical coherence tomography (OCT) is, at its core, an interferometric imaging tech-
nique. One of the first uses of low-coherence interferometry induced by backscattering
within soft tissues was by Fercher et al. in the 1980s [1]. In this pioneering work, Fercher
et al. succeeded in measuring the optical length of the human eye in vivo. After nearly
a decade of technical development, the first OCT setup was demonstrated in 1991 [2-5]
by Fujimoto et al. In comparison to Fercher’s single-point imaging, OCT provides cross-
sectional and three-dimensional imaging of soft tissues while remaining noninvasive [6].
Five years later, the first commercial OCT instrument was launched [7] and was rapidly
implemented for healthcare applications. Today, in light of its imaging capabilities and
practicality, OCT is routinely used by ophthalmologists to examine patients [8]. However,
using OCT imaging as a non-invasive and real-time technique to investigate plants tissue
remains rare. Its first use in the field of botany was reported by Sapozhnikova et al. in
2004 [9]. In this work, the team described their ability to directly visualize the dehydration
and rehydration dynamics of Tradescantia pallida (Rose) leaves. The penetration depth was
about 1-2 mm and the spatial resolution was about 15 pm [9]. OCT techniques have, since
then, greatly improved in terms of scan rates, contrast, sensitivity, and phase-stability [2,10].
For example, from an initial~400 axial scans (A-scans) per second [11], OCTs are now
commonly running at hundreds of kHz [12], thus improving spatial and time resolution.
These improvements in acquisition speed and precision are paving the way for real time
functional imaging in all scientific fields.

Time-domain OCT (TD-OCT), which was the first type of system, was using a moving
reference mirror to capture images, but it was slow and had limited resolution. Fourier-
domain OCT (FD-OCT), which was later developed, instead uses Fourier transformation,
thus improving speed and image quality. The development of swept-source OCT (SS-OCT),
in particular, further enhanced imaging depth and speed by making use of novel tunable
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lasers. All these advancements make OCT ready for agricultural applications, such as
effective plant health monitoring and food quality assessment [11,13-15].

2. Concepts and Characteristics of OCT

The common feature of OCT systems is their ability to generate non-invasive, high-
resolution, depth-resolved images of soft tissue solely by collecting backscattered light [16,17].
This backscattered light is then made to interfere with a reference light originating from
the same initial light source to produce an interferogram, be it a fixed wavelength laser, a
swept-source laser, or a superluminescent diode [18]. And since backscattering is the result
of a variation in refraction index between differing intrinsic structural components, analysis
of the interferogram allows the retrieval of this depth-resolved structural information.

In comparison to the narrow light sources and long coherence lengths typically used in
Michelson interferometry [19], OCT benefits from spectrally broadband light sources with
low temporal coherence and high spatial coherence, which improves the depth resolution
of the resulting images [14]. The sample arm of this low coherence interferometer is often
extended via an optic fiber for hand-held applications. This feature enables the OCT systems
to be adapted to target samples, which is advantageous for in vivo biological applications.

OCT can be performed either in the time or spectral domain. On the one hand, as
introduced earlier, TD-OCT produces tomographic images by oscillating a reference arm
mirror of the interferometer to create temporal interferences. On the other hand, Fourier-
domain OCT (FD-OCT) generates the spectral interferogram by mixing the broadband
backscattered light from the sample with the reference light without changes in the reference
arm length [20]. Because the core of FD-OCT is devoid of moving parts and because
Fourier analysis of spectral interferogram is fast, the technique has the advantage of being
~100 times faster than TD-OCT [21,22] while being more robust for in-field applications.
The FD-OCT family includes both the Sprrctral domain OCT (SD-OCT) as well as SS-OCT.
While SD-OCT still uses a spectrometer with a dispersive element and a relatively slower
detector array, the SS-OCT benefits from an optical source which rapidly sweeps a narrow
linewidth over a broad range of wavelengths. In SS-OCT, each wavelength is then detected
sequentially during each sweep by a high-speed photodetector. This technical feat allows
SS-OCT to reach hundreds of kHz in image acquisition rates, thus increasing in reliability
when monitoring moving objects [23]. Note that when it comes to scanning speed, typical
TD- and SD-OCT still requires scanning of either the reference mirror or of the excitation
wavelength, respectively, to produce an entire b-scan. This scanning requirement can be
bypassed in “single-shot” OCT systems, which can acquire full b-scan at every shot by
using a broad light source and a diffracting element to record each wavelength separately
and simultaneously via photodetector arrays [24]. However, even if each b-scan is taken
virtually instantaneously, the processing of each scan might take up to 140 ms [25].

In term of image quality, the axial resolution (Z-axis) typically depends on the band-
width of the OCT light source; the lateral resolution (X-Y plane) is usually given by the
numerical aperture of the microscope objective used, as depicted in Figure 1. Resolutions
of both axis are typically in the order of 1-10 um in OCT systems [26,27]. The sensitivity,
on the other hand, is related to a combination of factors, including laser power (typically in
the uW range to avoid damaging the tissues), scattering [28,29] (which can be enhanced
with contrast agents), and scanning speed (of up to MHz for FD-OCTs).

Overall, OCTs are technically simple, compact, robust, and adaptable to various
environments, which make them ideally suitable for biological applications.
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Figure 1. Principle of interferometry with beam propagation through optic fiber for hand-held
applications. The sample is scanned laterally (X-Y) through sets of galvanometers. Created by
the authors.

3. Popularity of OCT in Botany

Owning to its many advantages, OCT has been extensively utilized in the medical
field for various health applications and, more specifically, in ophthalmology, cardiology,
and dermatology. The widespread adoption of OCT is illustrated by the ever-increasing
number of publications pertaining its use in the medical field, numbering in the tens of
thousands every year, as shown in Figure 2. In comparison, following the same metric, the
use of OCT in botany is about fifty times less prevalent. This wide disparity between the
use of OCT in the medical field and in botany is actually surprising given the comparable
suitability and potential impact this technique has on both fields.

Yearly publications pertaining to OCT

35,000 700
30,000 600
25,000 500
20,000 400
15,000 300
10,000 200

5,000 100

0
1985 1990 1995 2000 2005 2010 2015 2020 2025

0

—O—Medical Field —@—Botany

Figure 2. Annual number of OCT-related publications (blue) compared to the number of publications
specific to the field of OCT applied to botany (In medical field: using keyword search: “optical
coherence tomography” OR medical field. In botany: using keyword search: “optical coherence
tomography” botany OR plant OR leaf OR seed OR plant’s root).

4. Comparison with Alternative Techniques

To better appreciate the potentialities of OCT in plant biology research, it is useful to
compare it with common imaging techniques that are readily used in the field. And beyond
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the various technical characteristics of each imaging tool, the following discussion also
includes practicality and ease of access, which is where OCT’s primary strengths reside.

1. The highest resolution technique available is X-ray tomography (XCT). This system
provides 3D rendering of the internal structures of plant tissue with nanometric
resolution [30,31]. Samples can be as large as a whole plant (e.g., 40 cm tall), depending
on the size of the sample chamber, but it is not field-applicable [32]. Furthermore,
high X-ray dose causes ionization, which disrupts and damages the plant [33-35].

2. Hyperspectral imaging (HIS), which includes UV reflectance imaging [36,37], serves as
anon-invasive and efficient tool for studying plants and whole crops. Although such
spectroscopic method is in theory diffraction limited, HIS’ resolution is typically low
given the sensor size and its distance from the object [38]. Although HIS typically has
the lowest spatial resolution [39], it is the most practical for field application, offering
insights into the health, physiology, and interactions of plants with their environment.

3. Raman microscopy is often used as a convenient and non-invasive way to monitor
the presence of specific molecules in tissues. Molecules are categorized by the vi-
brational signature of their functional groups [40]. For this technique, no sample
preparation is needed; it is non-destructive and is highly sensitive, which makes it
field-applicable. The past decade has seen the development of universal multiple
angle Raman spectroscopy (UMRAS) for monitoring functional groups of embedded
molecules, thus paving the way for 3D Raman imaging [41,42]. But to characterize
tissues solely based on the functional groups of its constituting molecules is not at
all trivial, and variations among research teams makes it difficult to obtain replicate
measurements [43].

4. Laser-induced fluorescence (LIF) is commonly used, like HIS, to remotely assess
whole leaves, plants, and even crops [44]. It allows for real-time imaging and is
non-invasive [45]. LIF typically gives information about the presence of chlorophyll
via its induced fluorescence [45]. Consequently, LIF is restricted to monitoring chloro-
phyll and other highly fluorescent molecules within tissues, without revealing direct
information about the tissue’s internal structure.

5. Magnetic resonance imaging (MRI) is another non-invasive, non-destructive imaging
technique, which also provides three-dimensional images. It also allows for whole
plant investigation [46] and is non-invasive [47]. However, MRI has a typical axial
resolution of 1.5-2.0 mm [18,48] and is not field-applicable.

6.  Ultrasound imaging is another 3D imaging technique which uses sound instead of
radiation. It can be used to investigate plant tissue and water movement within
it [49]. Ultrasound imaging benefits from a significantly higher penetration depth
compared to OCT, typically up to several centimeters depending on the frequency
used. However, it has lower axial and lateral resolution compared to OCT [50], often
around 10 to 100 times lower, ranging from about 50 pm to 500 um [51] while OCT’s
axial resolutions typically range from 1 to 15 um [49-51]. Ultrasounds have been
shown to directly affect plants, albeit in a positive way [52].

Hence, in light of the conventionally used imaging techniques, it is understood that
OCT represents a powerful compromise between resolution and practicality, bringing 3D
imaging into the field for real-time analysis.

5. The Various Variants of OCT

The suitability and potential impact of OCT in the field of botany can be further appre-
ciated by exploring the different types of OCT systems that have already been employed in
botany. Benefiting from its technical simplicity (compared to alternative imaging systems),
OCT is highly suitable for a range of multimodal imaging techniques:
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5.1. Polarization-Sensitive OCT

Polarization-sensitive OCT (PS-OCT) benefits from the ability of fibrous structures in
altering the polarization of light. Because different tissues alter the polarization of light
differently, this system provides an added layer of contrast, that of polarization, on top of
the typical grey-scale OCT images. For example, it allows differentiation between distinct
cellular layers that would otherwise appear as the same grey-shade [53]. More specifically,
it measures birefringence, which reflects tissue organization by assessing how light slows
differently along specific axes, with the fast axis orientation indicating the preferred di-
rection of light propagation within the tissue, and the degree of polarization uniformity
(DOPU) helping identify regions with uniform or disrupted polarization properties.

PS-OCT can be further extended by applying the Mueller matrix method to capture
diattenuation, which describes how tissue differentially absorbs or transmits polarized
light. This provides additional contrast for distinguishing subtle tissue characteristics [54].

5.2. Full-Field Optical Coherence Tomography (FF-OCT)

Full-field OCT is a technique that differs from time-domain and frequency-domain
OCT by producing tomographic images without scanning a light beam using galvanometer
scanners [55,56], similar to the “single-shot” OCT system discussed earlier [24,25]. Instead,
the entire sample is illuminated with a light of extremely short coherence. The tomographic
images are thus obtained in the en-face orientation (orthogonal to the optical axis) by a
Linnik-type interferometer. Accordingly, full-field OCT is also called en-face OCT or, more
commonly, full-field optical coherence microscopy (OCM). The transverse resolution of
full-field OCT is similar to that of conventional microscopy (~1 um) but has the advantage
of being non-invasive and not requiring any histological treatments. The axial resolution,
determined by the spectral properties of the illumination source, is also of the order of

1 um [57].

5.3. Spectroscopic Optical Coherence Tomography (S-OCT)

S-OCT differs from standard OCT by further analyzing the spectrum of the backscat-
tered light [58,59]. Analogous to the PS-OCT, S-OCT provides additional contrasts which
consist of the spectral blue- or red-shift of the backscattered light's maximum amplitude.
Accordingly, by monitoring the spectrum of the scattered light, structures that selectively
absorb part of the incident light can thus be distinguished.

5.4. Biospeckle OCT (bOCT)

Biospeckle imaging consists of analyzing the backscattered light from a coherently illu-
minated object. Typically, for static objects, the backscattered rays interfere with themselves
and create a speckle pattern that is unique to the object’s surface and internal structure
(depending on the penetration depth of the light used). If the objects are biological samples,
the flow of their constituent parts (e.g., flow of red blood cells through veins [60]) will
generate a continuously evolving speckle pattern called biospeckle. Biospeckle OCT (bOCT)
is also known as “dynamic OCT” [61], as well as “OCT angiography” or “optical coherence
angiography” [62]. Monitoring biospeckles over time helps assess the level of physiological
activity of the sample. Thus, in comparison to OCT, bOCT provides an additional contrast
which consists of the physiological activity of the sample.

5.5. Inverse Spectroscopic OCT (ISOCT)

In this variant of OCT, the signals are further analyzed to extract depth-dependent
absorption and scattering parameters [63]. Indeed, attenuation in OCT describes the
weakening of the light signal as it passes through tissue, caused by both absorption and
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scattering. The more attenuation there is, the weaker the OCT signal becomes, which can
affect the clarity and quality of the resulting images [64]. Thus, by monitoring the changes
in scattering intensities, it then becomes possible to infer about the concentration and size
of the scattering particles at various depths.

While many more types of OCT are currently employed in healthcare, the few that
have been selected here are among those that have been demonstrated in botany in only
the last decades, showing that the field is fast developing.

6. Use of OCT in Botany

As already alluded to, the use of OCT in ophthalmology has grown to the point where
it is now an indispensable tool in the field. But OCT’s abilities to investigate in real-time
soft tissues without histological preparations, and without incurring radiation damages,
are equally suited for botany. Plants, like skin and retinae, are comprised of soft tissues
that can be subject to the exact same type of investigations, as demonstrated subsequently.

6.1. OCT for Non-Invasive Investigation of Crop Types

Because OCT uses scattered light to probe the internal structure of tissues, the depth
and overall quality of the images depend on the type of tissues investigated. For example,
while OCT can image the whole cross section of a soft Arabidopsis leaf [65—-67], the same
equipment is barely able to image the first cell layer of a sturdy tomato leaf due to insuffi-
cient light penetration [68]. Indeed, the denser the sample, the greater the absorption and
the less scattered light is collected from the sample’s internal structures. This phenomena is
illustrated in J.C. Clements’ work on thick lupin seeds [69]. In this study, although OCT was
used to distinguish between different species by looking at differences in hull thicknesses,
as shown in Figure 3, the penetration depth was limited to ~200 um with no discernable
structural element within specific layers.

ol
oy UL LT ,Mﬁ,ﬁz

Figure 3. OCT images show the layers of lupin seeds. (1) is the first palisade layer. (2) is the second
palisade layer. The scale bar is 50 pm. Figures were adapted from [69].

On the other hand, water-rich samples, such as onions [70], kiwi, and orange fruits, [67]
allow the visualization of individual vacuoles up to 1 mm under the surface, as depicted
in Figure 4. It is, however, important to note that penetration depth within tissues is
wavelength-dependent. But overall, near-IR is ideally suited for plant investigations [71].

In another example, OCM has been used to investigate the soft Arabidopsis plant [72,73].
Along with the vacuoles, OCT was successful in visualizing other subcellular structures
such as the trichomes’ nuclei and organelles. OCT was similarly successful in distinguishing
distinct stages in the senescence of leaves by monitoring texture changes at differing
yellowing stages [74].

Although dense samples typically yield limited imaging depth, complementary image
processing can help circumvent the limited resolution and extract additional information
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such as particle size and concentrations. For example, ISOCT has been used to estimate
depth-resolved concentrations of chlorophylls in corals [75].

Overall, by providing details of internal structures, OCT has been demonstrated to be
a fast and reliable tool to investigate and differentiate between crop types.

Parenchyma cell vacuoles

Figure 4. An OCT image of the kiwifruit parenchyma cell vacuoles. Figure adapted from [67]. Scale
bars are 1 mm.

6.2. OCT to Study Plant’s Responses to Biotic Stresses

Although OCT’s typical micrometric resolution does not allow for direct visualization
of fungi, it can still be used to differentiate between infected and non-infected crops
whenever the infection alters the plant’s overall internal structure. For example, OCT has
been used to study the morphological changes in response to Anthracnose [76], a fungal disease
that typically causes dark lesions on leaves [77]. It has been used to follow the development
of a progressive rind breakdown disorder in ‘Nules clementine’ mandarin [65-67] via the
progressive collapse of oil glands. Similarly, OCT has been used to detect pathological
infections such as Venturianashicola, which causes pear scab disease [78-80]. It has also
been used to investigate the gray leaf spot disease in Capsicum annuum leaves [81], to
diagnose marssonina blotch disease in apple leave [82], to detect melon seeds infected
with the Cucumber green mottle mosaic virus [83,84], to investigate fungal (Botrytis allii)
and bacterial (Pseudonionas sp.) infection in onions [82,85], to detect Anthracnose fungus-
infected tomato seeds [86], to investigate virus-infected orchid plant leaves [87,88], and to
detect defects and rot in onions [80,85]. Considering these various applications, OCT has
demonstrated to be an ideal diagnostic tool for the quality control of crops, allowing for
early treatment and reducing waste.

6.3. OCT to Study Plant’s Responses to Abiotic Stresses

Beyond the visualization of plants” morphological changes induced by infections,
OCT can effectively monitor the effects of environmental changes. For example, OCT was
used to study the effect of drought and rehydration on leaf morphology [89], as well as to
study the effect of ozone stress on Chinese chives (Allium tuberosum) leaves [90]. Similarly,
the advantages of OCT over more advanced techniques, such as confocal microscopy and
micro-CT, were further demonstrated while monitoring the effects of preharvest fertilization
treatments and of fruit storage on fruits such as apples [91] and kiwi [92].

These last examples illustrate that OCT is also suited to studying the effects of envi-
ronmental factors incurred through urbanization and industrialization.

6.4. OCT for Investigation of Live Responses

Since OCT measurements are non-invasive, successive measurements can be performed
at the same location without altering the plant’s metabolism and physiological functions.
This characteristic enables the investigation of time-resolved dynamics of structural changes
within a specific section of the plant. And given the fast acquisition speed of OCT, the time
laps between measurements can be easily adjusted to the process under investigation.
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In this manner, the internal changes induced by the rotting of apples could be followed
over the course of 25 days [80]. The spread of rot was evidenced by a gradual increase of
the infected region in a lateral direction and a gradual disappearance of the cuticle, wax,
epidermis, and hypodermal layers. In another instance, OCT was successfully used to
monitor the emergence of roots from switchgrass seeds over a lap of 21 h [93,94]. Similarly,
the effect of ozone on the internal cell structure of Chinese chives leaves was investigated
via bOCT [95,96]. The technique was effective in distinguishing changes only a few hours
after ozone exposure.

In faster timescales, OCT was also used to monitor modifications in the distribution
and structure of chloroplasts in tobacco, only minutes after inoculation of the bacterial
elicitor harpin protein [97].

Finally, through continuous monitoring, OCT was used to investigate signaling mech-
anisms in real time, as shown in Figure 5. It was then possible to follow the propagation of
slow wave potential, induced by laser burn, across a young tomato plant [98].

Translations  Changes

—— Integral RMS in shape
— Intral (sign dependent) =

Change, a.u.

Time, min

Figure 5. Time-resolved integrated A-scans difference image of a tomato leaf after laser burn. The
red curve represents the integral accounting for changes in sign (normalized), while the black curve
indicates the magnitude of the squared root of the integral (normalized and adjusted vertically for
clarity). Each integral corresponds to specific cellular changes depicted to the right. The feature
observed between 0 and 0.5 min is partially attributed to light scattering caused by a 30 s wounding
laser pulse (zone 1). The shaded purple area (zone 2, black arrows) denotes the anticipated changes
in the shape of the adjacent leaf. The shaded green area (zone 3) denotes the translational relaxation
of the leaf. Adapted from [98].

7. The Future of OCT

Although the vast majority of research involving OCT still pertains to the medical
field, this brief review demonstrates the suitability of OCT in botany as well. In comparison
to current imaging tools, OCT suffers from a resolution which seems limited to ~1 um, re-
gardless of the equipment type. The technique, however, hugely benefits from its simplicity,
real-time acquisition, and non-invasiveness. OCT is thus prone to develop in research fields
that require site-specific, systematic and/or real-time monitoring. As such, OCT is ideal for
systematic screening of fruits and vegetables for quality control purposes. It is also ideally
suited for real-time monitoring of responses to biotic and abiotic stresses. It is noted that
across the board, the quality of OCT images is often speckled, which is a common issue in
coherence-based imaging techniques [99]. Fortunately, with the advent of machine learning
algorithms, while speckle noise can be treated directly [100], further qualitative information
can be more efficiently and effectively extracted by automated image processing such as
registration and segmentation [101].

Given the simplicity and robustness of the equipment, it is a matter of time until OCT
is applied for field experiments and finds its place in a farmer’s toolbox for direct crop
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screening. Hand-held OCT are currently being developed [93,94,102]. The impact of a
portable OCT is huge and is attracting attention, as illustrated by the funding of projects
aimed at its development [103], even if the vast majority of these projects are still dedicated
to clinical purposes.

Funding: This research was funded by the Biotechnology and Biological Sciences Research Council
(BBSRC), grant number BB/X005097/1, as well as the UKRI, in accordance with their Open Access
Policy, for covering the article processing charges.

Acknowledgments: The authors thank the Embassy of Libya and The University of Sheffield for
their generous funding. The authors also acknowledge the support from BBSRS (BB/X005097/1)
for pump-priming the project. For the purpose of open access, the author has applied a Creative
Commons Attribution (CC BY) license to any Author Accepted Manuscript version arising.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Fercher, A; Roth, E. Ophthalmic Laser Interferometry. In Proceedings of the 1986 International Symposium, Innsbruck, Austria,
6-12 July 1986; Volume 0658.

2. Drexler, W,; Liu, M.; Kumar, A; Kamali, T.; Unterhuber, A.; Leitgeb, R.A. Optical coherence tomography today: Speed, contrast,
and multimodality. ]. Biomed. Opt. 2014, 19, 071412. [CrossRef] [PubMed]

3. Fujimoto, ].G; Puliafito, C.A.; Margolis, R.; Oseroff, A.; De Silvestri, S.; Ippen, E.P. Femtosecond optical ranging in biological
systems. Opt. Lett. 1986, 11, 150-152. [CrossRef] [PubMed]

4. Huang, D.; Swanson, E.A_; Lin, C.P; Schuman, |.S.; Stinson, W.G.; Chang, W.; Hee, M.R ; Flotte, T.; Gregory, K.; Puliafito, C.A.;
et al. Optical coherence tomography. Science 1991, 254, 1178-1181. [CrossRef] [PubMed]

5. Fujimoto, ].G. Optical coherence tomography for ultrahigh resolution In Vivo imaging. Nat. Biotechnol. 2003, 21, 1361-1367.
[CrossRef]

6.  Drexler, W. Optical Coherence Tomography. In Encyclopedia of the Eye; Dartt, D.A., Ed.; Academic Press: Oxford, UK, 2010;
pp- 194-204.

7. Scholtz, S.; MacMorris, L.; Langenbucher, A. The 30-Year History of Optical Coherence Tomography of the Human Eye.
Ophthalmol. Times Eur. 2021, 17, 06.

8. Li, M.; Landahl, S.; East, A.R.; Verboven, P.; Terry, L.A. Optical coherence tomography—A review of the opportunities and
challenges for postharvest quality evaluation. Postharvest Biol. Technol. 2019, 150, 9-18. [CrossRef]

9.  Sapozhnikova, V.V.; Kamensky, V.A.; Kuranov, R.V,; Kutis, L.; Snopova, L.B.; Myakov, A.V. In Vivo visualization of Tradescantia
leaf tissue and monitoring the physiological and morphological states under different water supply conditions using optical
coherence tomography. Planta 2004, 219, 601-609. [CrossRef]

10. Bouma, B.E,; de Boer, ].F,; Huang, D.; Jang, L-K.; Yonetsu, T.; Leggett, C.L.; Leitgeb, R,; Sampson, D.D.; Suter, M.; Vakoc, BJ.; et al.
Optical coherence tomography. Nat. Rev. Methods Primers 2022, 2, 79. [CrossRef]

11. Gabriele, M.L.; Wollstein, G.; Ishikawa, H.; Kagemann, L.; Xu, J.; Folio, L.S.; Schuman, J.S. Optical coherence tomography: History,
current status, and laboratory work. Investig. Ophthalmol. Vis. Sci. 2011, 52, 2425-2436. [CrossRef]

12.  de Amorim Garcia Filho, C.A.; Yehoshua, Z.; Gregori, G.; Puliafito, C.A.; Rosenfield, P.J. Chapter 3—Optical Coherence
Tomography. In Retina, 5th ed.; W.B. Saunders: London, UK, 2013; pp. 82-110.

13. Nanda, T,; Liang, M.C.; Duker, J.S. Optical Coherence Tomography. 2021. Available online: https://retinahistory.asrs.org/
milestones-developments /history-of-oct?utm_source=chatgpt.com (accessed on 1 April 2025).

14. Zeppieri, M.; Marsili, S.; Enaholo, E.S.; Shuaibu, A.O.; Uwagboe, N.; Salati, C.; Spadea, L.; Musa, M. Optical Coherence
Tomography (OCT): A Brief Look at the Uses and Technological Evolution of Ophthalmology. Medicina 2023, 59, 2114. [CrossRef]

15.  Fujimoto, J.; Swanson, E. The Development, Commercialization, and Impact of Optical Coherence Tomography. Investig.
Ophthalmol. Vis. Sci. 2016, 57, OCT1-OCT13. [CrossRef] [PubMed]

16. Fercher, A.F; Drexler, W.; Hitzenberger, C.K.; Lasser, T. Optical coherence tomography—Principles and applications. Rep. Prog.
Phys. 2003, 66, 239. [CrossRef]

17. Gao, W.; Wu, X. Differences between time domain and Fourier domain optical coherence tomography in imaging tissues.
J. Microsc. 2017, 268, 119-128. [CrossRef]

18. Popescu, D.P; Choo-Smith, L.-P; Flueraru, C.; Mao, Y.; Chang, S.; Disano, J.; Sherif, S.; Sowa, M.G. Optical coherence tomography:

Fundamental principles, instrumental designs and biomedical applications. Biophys. Rev. 2011, 3, 155-169. [CrossRef]

198



Sensors 2025, 25, 2467 10 0f13

19.

20.

21

22

23.

24.

25,

26.
27

28.

29

30.

31.

32

33.

34.

35.
36.

37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

Comsa, G. The Coherence Length in Molecular and Electron Beam Diffraction. In Dynamics of Gas-Surface Interaction; Springer
Series in Chemical Physics; Benedek, G., Valbusa, U., Eds.; Springer: Berlin/Heidelberg, Germany, 1982; Volume 21.

Nassif, N.; Cense, B.; Park, B.H.; Pierce, M.C; Yun, S.H.; Bouma, B.E.; Tearney, G.J.; Chen, T.C.; de Boer, ].D. In Vivo high-resolution
video-rate spectral-domain optical coherence tomography of the human retina and optic nerve. Optf. Express 2004, 12, 367-376.
[CrossRef]

Leitgeb, R.; Hitzenberger, CK.; Fercher, A.E. Performance of fourier domain vs. time domain optical coherence tomography. Opt.
Express 2003, 11, 889-894. [CrossRef]

de Boer, ].E; Cense, B.; Park, B.H.; Pierce, M.C.; Tearney, G.].; Bouma, B.E. Improved signal-to-noise ratio in spectral-domain
compared with time-domain optical coherence tomography. Opt. Lett. 2003, 28, 2067-2069. [CrossRef]

Aumann, S.; Donner, S.; Fischer, J.; Miiller, F. Optical Coherence Tomography (OCT): Principle and Technical Realization. In
High Resolution Imaging in Microscopy and Ophthalmology: New Frontiers in Biomedical Optics; Bille, J.E, Ed.; Springer International
Publishing: Cham, Switzerland, 2019; pp. 59-85.

Torre-Ibarra, M.H.D.1; Ruiz, P.D.; Huntley, ] M. Double-shot depth-resolved displacement field measurement using phase-contrast
spectral optical coherence tomography. Opt. Express 2006, 14, 9643-9656. [CrossRef]

Teramura, Y.; Suekuni, M.; Kannari, F. Two-dimensional optical coherence tomography using spectral domain interferometry.
J. Opt. A Pure Appl. Opt. 2000, 2, 21-26. [CrossRef]

Lumedica OQ Labscope 2.0. Available online: https:/ /www.lumedicasystems.com /oq-labscope/ (accessed on 1 April 2025).
Sahyoun, C.C.; Subhash, H.M.; Peru, D.; Ellwood, R.P; Pierce, M.C. An Experimental Review of Optical Coherence Tomography
Systems for Noninvasive Assessment of Hard Dental Tissues. Caries Res. 2019, 54, 43-54. [CrossRef]

Fercher, A. Optical coherence tomography-development, principles, applications. Z. Fiir Med Phys. 2010, 20, 251-276. [CrossRef]
[PubMed]

Fujimoto, J.G. Optical Coherence Tomography: Principles and Applications. Rev. Laser Eng. 2003, 31, 635—642. [CrossRef]
Fayad, LM. CT Scan Versus MRI Versus X-Ray: What Type of Imaging Do I Need? Available online: https:
/ /www.hopkinsmedicine.org/health/treatment- tests-and-therapies / ct-vs-mri-vs-xray#: ~:text= A%20CT%20scan, %200r %20
computed, fast%20(about%20one%20minute) (accessed on 1 April 2025).

Staedler, Y.M.; Masson, D.; Schonenberger, J. Plant tissues in 3D via X-ray tomography: Simple contrasting methods allow high
resolution imaging. PLoS ONE 2013, 8, €75295. [CrossRef] [PubMed]

Cnudde, V.; Boone, M.N. High-resolution X-ray computed tomography in geosciences: A review of the current technology and
applications. Earth-Sci. Rev. 2013, 123, 1-17. [CrossRef]

Zappala, S.; Helliwell, ].R.; Tracy, S.R.; Mairhofer, S.; Sturrock, C.J.; Pridmore, T; Bennett, M.; Mooney, SJ. Effects of X-Ray Dose
on Rhizosphere Studies Using X-Ray Computed Tomography. PLoS ONE 2013, 8, €67250. [CrossRef]

Sasi, G.S. Responses of some plants to treatment with industrial ceramic—Waste water sludge. In Botany; Ain Shams University,
Egyptian Universities Libraries Consortium (EULC): Cairo, Egypt, 2019; pp. 62-147.

Chaturvedi, A; Jain, V. Effect of Ionizing Radiation on Human Health. Int. ]. Plant Environ. 2019, 5, 200-205. [CrossRef]

Heath, M.; St-Onge, D.; Hausler, R. UV reflectance in crop remote sensing: Assessing the current state of knowledge and extending
research with strawberry cultivars. PLoS ONE 2024, 19, €0285912. [CrossRef]

Liu, H.; Lee, S.-H.; Chahl, J.S. An evaluation of the contribution of ultraviolet in fused multispectral images for invertebrate
detection on green leaves. Precis. Agric. 2016, 18, 667-683. [CrossRef]

Hyperspectral Imaging in Agriculture and Vegetation. Available online: https:/ /www.specim.com/hyperspectral-imaging-
applications/agriculture-and-vegetation /#:~:text=Crop %20Heal th%20Assessment, nutrient%20deficiencies, %200r%20water%
20scarcity (accessed on 1 April 2025).

Wang, X.; Hu, Q.; Cheng, Y.; Ma, J. Hyperspectral Image Super-Resolution Meets Deep Learning: A Survey and Perspective.
IEEE/CAA |. Autom. Sin. 2023, 10, 1668-1691. [CrossRef]

Rostron, P; Gaber, S.; Gaber, D. Raman Spectroscopy, Review. Int. |. Eng. Tech. Res. (IJETR) 2016, 6.

Kuhar, N; Sil, S.; Verma, T.; Umapathy, S. Challenges in application of Raman spectroscopy to biology and materials. RSC Adv.
2018, 8, 25888-25908. [CrossRef] [PubMed]

Sil, S.; Umapathy, S. Umapathy, Raman spectroscopy explores molecular structural signatures of hidden materials in depth:
Universal Multiple Angle Raman Spectroscopy. Sci. Rep. 2014, 4, 5308. [CrossRef] [PubMed]

Dong, D.; Zhao, C. Limitations and challenges of using Raman spectroscopy to detect the abiotic plant stress response. Proc. Natl.
Acad. Sci. USA 2017, 114, E5486-E5487. [CrossRef] [PubMed]

Saito, Y.; Saito, R.; Kawahara, T.D.; Nomura, A.; Takeda, S. Development and performance characteristics of laser-induced
fluorescence imaging lidar for forestry applications. For. Ecol. Manag. 2000, 128, 129-137. [CrossRef]

Wan, W.; Su, J. Study of laser-induced plant fluorescence lifetime imaging technology for plant remote sensing monitor. Measure-
ment 2018, 125, 564-571. [CrossRef]

Peelle, J. Introduction to MRI. Available online: http:/ /jpeelle.net/mri/general / preliminaries.html (accessed on 1 April 2025).

199



Sensors 2025, 25, 2467 11 0f13

47.
48.

49.

50.

51.

52,

53.

54.

55.

56.

b7

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Van As, H.; Scheenen, T.; Vergeldt, EJ. MRI of intact plants. Photosynth. Res 2009, 102, 213-222. [CrossRef]

Zhang, S.; Uecker, M.; Voit, D.; Merboldt, K.-D.; Frahm, J. Real-time cardiovascular magnetic resonance at high temporal
resolution: Radial FLASH with nonlinear inverse reconstruction. J. Cardiovasc. Magn. Reson. 2010, 12, 39. [CrossRef]

Toma, M.; Vinatoru, M.; Paniwnyk, L.; Mason, T. Investigation of the effects of ultrasound on vegetal tissues during solvent
extraction. Ultrason. Sonochem. 2001, 8, 137-142. [CrossRef]

Fujimoto, ].G.; Pitris, C.; Boppart, S.A.; Brezinski, M.E. Optical coherence tomography: An emerging technology for biomedical
imaging and optical biopsy. Neoplasia 2000, 2, 9-25. [CrossRef]

Laschke, M.W.; Kérbel, C.; Rudzitis-Auth, ].; Gashaw, L; Reinhardt, M.; Hauff, P.; Zollner, T.M.; Menger, M.D. High-resolution
ultrasound imaging: A novel technique for the noninvasive in vivo analysis of endometriotic lesion and cyst formation in small
animal models. Am. J. Pathol. 2010, 176, 585-593. [CrossRef]

El-Sattar, AM.A.; Tawfik, E. Effects of ultrasonic waves on seedling growth, biochemical constituents, genetic stability of
fenugreek (Trigonella foenum-graecum) under salinity stress. Vegetos 2022, 36, 1427-1436. [CrossRef]

Pircher, M.; Hitzenberger, C.K.; Schmidt-Erfurth, U. Polarization sensitive optical coherence tomography in the human eye. Prog.
Retin. Eye Res. 2011, 30, 431-451. [CrossRef] [PubMed]

Cense, B.; Chen, T.C.; Park, B.H.; Pierce, M.C.; de Boer, ].F. In Vivo depth-resolved birefringence measurements of the human
retinal nerve fiber layer by polarization-sensitive optical coherence tomography. Opt. Lett. 2002, 27, 1610-1612. [CrossRef]
[PubMed]

Aguirre, A.D.; Fujimoto, ].G. Optical Coherence Microscopy. In Optical Coherence Tomography: Technology and Applications; Drexler,
W., Fujimoto, ].G., Eds.; Springer International Publishing: Cham, Switzerland, 2015; pp. 865-911.

Leitgeb, R A. En face optical coherence tomography: A technology review [Invited]. Biomed. Opt. Express 2019, 10, 2177-2201.
[CrossRef]

Dubois, A.; Boccara, A.C. Full-Field Optical Coherence Tomography. In Optical Coherence Tomography: Technology and Applications;
Drexler, W., Fujimoto, ].G., Eds.; Springer: Berlin/Heidelberg, Germany, 2008; pp. 565-591.

Morgner, U.; Drexler, W,; Kartner, FX.; Li, X.D.; Pitris, C.; Ippen, E.P; Fujimoto, ].G. Spectroscopic optical coherence tomography.
Opt. Lett. 2000, 25, 111-113. [CrossRef]

Oldenburg, A.L.; Xu, C.; Boppart, S.A. Spectroscopic Optical Coherence Tomography and Microscopy. IEEE |. Sel. Top. Quantum
Electron. 2007, 13, 1629-1640. [CrossRef]

Fujii, H.; Nohira, K.; Shintomi, Y.; Asakura, T.; Ohura, T. Blood flow observed by time-varying laser speckle. Opt. Lett. 1985, 10,
104-106. [CrossRef]

Azzollini, S.; Monfort, T.; Thouvenin, O.; Grieve, K. Dynamic optical coherence tomography for cell analysis [Invited]. Biomed.
Opt. Express 2023, 14, 3362-3379. [CrossRef]

Spaide, R.F; Fujimoto, ].G.; Waheed, N.K.; Sadda, S.R.; Staurenghi, G. Optical coherence tomography angiography. Prog Retin.
Eye Res. 2018, 64, 1-55. [CrossRef]

Hope, J.; Goodwin, M.; Vanholsbeeck, F. Inverse spectroscopic optical coherence tomography (IS-OCT) for characterization of
particle size and concentration. OSA Contin. 2021, 4, 2260-2274. [CrossRef]

Gong, P.; Almasian, M.; Van Soest, G.; De Bruin, D.M.; Van Leeuwen, T.G.; Sampson, D.D.; Faber, D.]. Parametric imaging of
attenuation by optical coherence tomography: Review of models, methods, and clinical translation. J. Biomed. Opt. 2020, 25,
040901. [CrossRef] [PubMed]

Hettinger, J.; Mattozzi, M.d 1.P; Myers, W.R.; Williams, M.E; Reeves, A.; Parsons, R.L.; Haskell, R.C.; Petersen, D.C.; Wang, R.;
Medford, ].I. Optical Coherence Microscopy. A Technology for Rapid, in Vivo, Non-Destructive Visualization of Plants and Plant
Cells. Plant Physiol. 2000, 123, 3-16. [CrossRef] [PubMed]

Magwaza, L.; Ford, H.D.; Cronje, PJ.; Opara, U.L.; Landahl, S.; Tatam, R.P;; Terry, L.A. Application of optical coherence
tomography to non-destructively characterise rind breakdown disorder of ‘Nules Clementine’ mandarins. Postharvest Biol.
Technol. 2013, 84, 16-21. [CrossRef]

Loeb, G.; Barton, J. Imaging botanical subjects with optical coherence tomography: A feasibility study. Trans. Am. Soc. Agric. Eng.
2003, 46, 1751-1757. [CrossRef]

Kutis, I; Sapozhnikova, V.V.; Kuranov, R.V.,; Kamenskii, V.A. Study of the Morphological and Functional State of Higher Plant
Tissues by Optical Coherence Microscopy and Optical Coherence Tomography. Russ. |. Plant Physiol. 2005, 52, 559-564. [CrossRef]
Clements, ].C.; Zvyagin, A.V,; Silva, K. K.M.B.D.; Wanner, T.; Sampson, D.D.; Cowling, W.A. Optical coherence tomography as a
novel tool for non-destructive measurement of the hull thickness of lupin seeds. Plant Breed. 2004, 123, 266-270. [CrossRef]
Ullah, H.; Hussain, F; Ahmad, E.; Ikram, M. A rapid and non-invasive bio-photonic technique to monitor the quality of onions.
Opt. Spectrosc. 2015, 119, 295-299. [CrossRef]

Wedding, B.B.; Wright, C.; Grauf, S.; White, R.D. Wavelength variation of the depth of penetration of near infrared radiation
in’Hass’ avocado fruit. Technol. Hortic. 2024, 4, €008. [CrossRef]

200



Sensors 2025, 25, 2467 12 0f13

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Veraverbeke, E.; Van Bruaene, N.; Van Oostveldt, P.; Nicolai, B.M. Non destructive analysis of the wax layer of apple (Malus
domestica Borkh.) by means of confocal laser scanning microscopy. Planta 2001, 213, 525-533. [CrossRef]

Reeves, A.; Parsons, R.L.; Hettinger, ].W.; Medford, ] .I. In Vivo three-dimensional imaging of plants with optical coherence
microscopy. J. Microsc. 2002, 208 Pt 3,177-189. [CrossRef]

Anna, T.; Chakraborty, S.; Cheng, C.-Y.; Srivastava, V.; Chiou, A.; Kuo, W.-C. Elucidation of microstructural changes in leaves
during senescence using spectral domain optical coherence tomography. Sci. Rep. 2019, 9, 1167. [CrossRef] [PubMed]

Spicer, G.L.C.; Eid, A.; Wangpraseurt, D.; Swain, T.D.; Winkelmann, J.A.; Yi, J.; Kiihl, M.; Marcelino, L.A.; Backman, V. Measuring
light scattering and absorption in corals with Inverse Spectroscopic Optical Coherence Tomography (ISOCT): A new tool for
non-invasive monitoring. Sci. Rep. 2019, 9, 14148. [CrossRef] [PubMed]

Wijesinghe, R.E.; Lee, S.-Y.; Ravichandran, N.K.; Shirazi, M.E.; Moon, B.; Jung, H.-Y.; Jeon, M.; Kim, J. Bio-photonic detection
method for morphological analysis of anthracnose disease and physiological disorders of Diospyros kaki. Opt. Rev. 2017, 24,
199-205. [CrossRef]

Anthracnose Plant Disease. Science & Tech. Available online: https:/ /www.britannica.com/science /anthracnose (accessed on
1 April 2025).

Wijesinghe, R.; Lee, S-Y.; Ravichandran, N.K.; Shirazi, M.E; Kim, P,; Jung, H.-Y,; Jeon, M.; Kim, J. Optical screening of
Venturianashicola caused Pyruspyrifolia (Asian pear) scab using optical coherence tomography. Int. |. Appl. Eng. Res. 2016, 11,
7728-7731.

Wijesinghe, R.E.; Lee, S.-Y.; Kim, P; Jung, H.-Y.; Jeon, M.; Kim, J. Optical sensing method to analyze germination rate of Capsicum
annun seeds treated with growth-promoting chemical compounds using optical coherence tomography. J. Bioned. Opt. 2017,
22,91502. [CrossRef]

Wijesinghe, R.E.; Lee, S.-Y.; Ravichandran, N.K.; Shirazi, M.F; Kim, P; Jung, H.-Y,; Jeon, M.; Kim, J. Biophotonic approach for the
characterization of initial bitter-rot progression on apple specimens using optical coherence tomography assessments. Sci. Rep.
2018, 8, 15816. [CrossRef]

Ravichandran, N.K.; Wijesinghe, R.E.; Shirazi, M.F,; Park, K.; Lee, S.-Y.; Jung, H.-Y,; Jeon, M.; Kim, J. In Vivo Monitoring on
Growth and Spread of Gray Leaf Spot Disease in Capsicum annuum Leaf Using Spectral Domain Optical Coherence Tomography.
J. Spectrosc. 2016, 2016, 1-6. [CrossRef]

Lee, D.-H.; Back, C.-G.; Win, N.K.K.; Choi, K.-H.; Kim, K.-M.; Kang, L.-K.; Choi, C.; Yoon, T-M.; Uhm, ].Y.; Jung, H.-Y. Biological
Characterization of Marssonina coronaria Associated with Apple Blotch Disease. Mycobiology 2011, 39, 200-205. [CrossRef]

Lee, S-Y.; Lee, C.; Kim, J.; Jung, H.-Y. Application of optical coherence tomography to detect Cucumber green mottle mosaic virus
(CGMMV) infected cucumber seed. Hortic. Environ. Biotechnol. 2012, 53, 428-433. [CrossRef]

Lee, C.; Lee, S.-Y.; Kim, ].-Y,; Jung, H.-Y.; Kim, . Optical sensing method for screening disease in melon seeds by using optical
coherence tomography. Sensors 2011, 11, 9467-9477. [CrossRef]

Ford, H.; Tatam, R.; Landahl, S.; Terry, L. Investigation of disease in stored onions using optical coherence tomography. In
Proceedings of the IV International Conference Postharvest Unlimited, Leavenworth, WA, USA, 22-26 May 2011; Volume 945,
pp. 247-254.

Yoon, T.; Lee, B.H. Identification of Fungus-infected Tomato Seeds Based on Full-Field Optical Coherence Tomography. Curr. Opt.
Photonics 2019, 3, 571-576.

Tzu Hao, C.; Tan, KM.; Ng, B.K,; Razul, S.G.; Tay, C.M.; Chia, T.E; Poh, W.T. Diagnosis of virus infection in orchid plants with
high-resolution optical coherence tomography. J. Biomed. Opt. 2009, 14, 014006.

Meglinski, I.; Buranachai, C.; Terry, L. Plant photonics: Application of optical coherence tomography to monitor defects and rots
in onion. Laser Phys. Lett. 2010, 7, 307-310. [CrossRef]

Sapozhnikova, V.; Kamensky, V.; Kuranov, R. Optical coherence tomography for visualization of plant tissues. In Proceedings of
the International Conference on Lasers, Applications, and Technologies 2002, Moscow, Russia, 2227 June 2002; Volume 5149.
Srimal, L.K.T.; Rajagopalan, U.M.; Kadono, H. Optical Coherence Tomography biospeckle signal analysis to investigate response
of plant leaves to ozone. In Proceedings of the 23rd Congress of International Commission for Optics (ICO23), Santiago de
Compostela, Spain, 26-29 August 2014.

Verboven, P; Nemeth, A.; Abera, M.K.; Bongaers, E.; Daelemans, D.; Estrade, P; Herremans, E.; Hertog, M.; Saeys, W.; Vanstreels,
E.; et al. Optical coherence tomography visualizes microstructure of apple peel. Postharvest Biol. Technol. 2013, 78, 123-132.
[CrossRef]

Li, M.; Verboven, P; Buchsbaum, A.; Cantre, D.; Nicolai, B.; Heyes, J.; Mowat, A.; East, A. Characterising kiwifruit (Actinidia sp.)
near skin cellular structures using optical coherence tomography. Postharvest Biol. Technol. 2015, 110, 247-256. [CrossRef]
Wijesinghe, R.; Lee, S.-Y.; Ravichandran, N.K.; Han, S.; Jeong, H.; Han, Y.; Jung, H.-Y.; Kim, P; Jeon, M.; Kim, J. Optical coherence
tomography-integrated, wearable (backpack-type), compact diagnostic imaging modality for in situ leaf quality assessment. Appl.
Opt. 2017, 56, D108-D114. [CrossRef]

201



Sensors 2025, 25, 2467 13 0f13

94.

95.

96.

7.

98.

99.

100.

101.

102.

103.

Larimer, C.J.; Denis, E.H.; Suter, ].D.; Moran, ].J. Optical coherence tomography imaging of plant root growth in soil. Appl. Opt.
2020, 59, 2474-2481. [CrossRef]

Srimal, L.K.; Kadono, H.; Rajagopalan, U. Optical coherence tomography biospeckle imaging for fast monitoring varying surface
responses of a plant leaf under ozone stress. In Proceedings of the 2013 SPIE, SPIE SeTBio, Yokohama, Japan, 23-26 April 2013;
Volume 8881.

Srimal, L.K.T.; Rajagopalan, UM.; Kadono, H. Functional optical coherence tomography (fOCT) biospeckle imaging to investigate
response of plant leaves to ultra-short term exposure of Ozone. J. Phys. Conf. Ser. 2015, 605, 012013. [CrossRef]

Boccara, M.; Schwartz, W.; Guiot, E.; Vidal, G.; De Paepe, R.; Dubois, A.; Boccara, A. Early chloroplastic alterations analysed by
optical coherence tomography during a harpin-induced hypersensitive response. Plant J. 2007, 50, 338-346. [CrossRef]
Williams, J.; Lin, W.C.; Li, W.; Wang, S.; Matcher, S.J.; Chauvet, A.A.P. Translating Optical Coherence Tomography Technologies
from Clinical Studies to Botany: Real Time Imaging of Long-Distance Signaling in Plants. In Proceedings of the Optical Coherence
Tomography, Washington, DC, USA, 20-23 April 2020.

Cheong, H.; Devalla, S.K.; Chuangsuwanich, T.; Tun, TA.; Wang, X.; Aung, T,; Schmetterer, L.; Buist, M.L.; Boote, C.; Thiéry, A.H.;
et al. OCT-GAN: Single step shadow and noise removal from optical coherence tomography images of the human optic nerve
head. Biomed. Opt. Express 2021, 12, 1482-1498. [CrossRef]

Ramachandiran, R.; Gayathri, K.; Ishwariya, A.; Roopa, G. A Survey on Speckle Removal for Optical Coherence Tomography
Images. In Proceedings of the 2019 IEEE International Conference on System, Computation, Automation and Networking
(ICSCAN), Pondicherry, India, 29-30 March 2019.

Rueckert, D.; Schnabel, J.A. Registration and Segmentation in Medical Imaging. In Registration and Recognition in Images and
Videos; Cipolla, R., Battiato, S., Farinella, G.M., Eds.; Springer: Berlin/Heidelberg, Germany, 2014; pp. 137-156.

Rufai, S.R. Handheld optical coherence tomography removes barriers to imaging the eyes of young children. Eye 2022, 36, 907-908.
[CrossRef]

Handheld Optical Coherence Tomography. 2024. Available online: https:/ /cordis.europa.eu/project /id/871312 (accessed on
1 April 2025).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/ or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

202



2. Optical coherence tomography for early detection of crop infection

Sasi et al. Plant Methods (2025) 21:92
https://doi.org/10.1186/513007-025-01411-7

Plant Methods

Optical coherence tomography for early e

detection of crop infection

Ghada Salem Sasi', Stephen J. Matcher? and Adrien Alexis Paul Chauvet'”

Abstract

Background Fungal diseases are among the most significant threats to global crop production, often leading to sub-
stantial yield losses. Early detection of crop infection by fungus is the very first step to deploying a timely and effec-
tive treatment. Early and reliable detection is thus key to improving yields, sustainability, and achieving food security.
Conventional diagnostic methods are however often destructive, slow, or requiring visible symptoms which appear
late in the infection process. To overcome these challenges, we propose using optical coherence tomography (OCT)
as an innovative imaging tool to provide cross-sectional and three-dimensional images of the plant internal micro-
structure non-invasively, in vivo, and in real-time.

Results We demonstrate the use of low-cost OCT to monitoring wheat (cultivar AxC 169) when infected by Septo-
ria tritici. We show that OCT analysis can effectively detect signs of infection before any external symptoms appear.
Although OCT cannot directly visualize fungal hyphae, OCT reveals apparent morphological changes of the meso-
phyll where the fungal filaments are expected to develop. This study thus focuses on monitoring and correlat-

ing changes within the mesophyll structural organisation with the state of infection. It results in distinct statistical
difference between intact and infected wheat plants two days only after infection. We then demonstrate the use
of machine learning (ML) for high throughput segmentation of OCT scans, providing a foundation for future auto-
mated fungus-detection analysis.

Conclusions This work highlights the potential of OCT, combined with ML tools, to enable rapid, non-invasive,
and early diagnosis of crop fungal infections, opening new avenues for precision agriculture and sustainable disease
management.

Keywords Optical coherence tomography, Wheat, Septoria, Machine learning

Introduction nutritional content makes it a key source of protein, car-

Wheat is cultivated in about 122 countries, with China,
India, and the USA being major producers [1-3]. In the
UK, wheat constitutes 58% of crops grown and yields
approximately 15 million tons annually [4-6]. Its rich
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bohydrates, and fibers, forming the basis of foods like
bread, pastries, and pasta [2, 7-10]. Wheat is, however,
susceptible to various diseases amongst which the most
potent are the wheat blast, Fusarium Head Blight, and
Zymoseptoria tritici [11-14]. The latter especially is a
devastating fungus which can cause up to 40% yield loss
in wheat crops [15]. Septoria is thus a major concern for
agriculture in the UK and Europe. Furthermore, this fun-
gus propagates rapidly under favorable humid conditions,
which is specifically relevant to the UK and continental
Europe. Global efforts to help farmers anticipate Septoria
outbreaks are being actively developed. These measures

©The Author(s) 2025. OpenAccess Thisarticleis licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium orformat, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and yourintended use s not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http~//creativecommons.org/icenses/by/4.0/.
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focus on both prophylactic and curative strategies. For
example, the Agriculture and Horticulture Development
Board (AHDB) [16] and UK Crop Science [17], which
conducts thorough research on Septoria, already pro-
vides with clear guidelines on how to prevent and how to
treat Septoria outbreak. Such outbreaks are commonly
controlled using fungicides [14]. However, the key to suc-
cessful fungicide treatment is the timeliness of the treat-
ment. Delaying the treatments until external symptoms
are visible can significantly decrease their efficacy [18].
Yield recovery may be limited to 10-30% compared to
preventative treatment, which can save up to 70-90% of
potential yield [19-21]. With respect to preventive treat-
ments, it has been shown that triazole-based products,
for example, are sustainable and effective when applied
before infection. But the overuse of such prophylactic
strategies nevertheless results in a decline in treatments
efficacy from 60 to 90% [20]. It is then critical to detect
and treat the infection as early as possible so as to limit
the overuse of fungicides while preserving crop yields
[22].

The fungus of concern in this study is formerly known
as Mycosphaerella graminicola also known as Zymosep-
toria tritici is the pathogen causing Septoria tritici blotch
(STB), and results in yellow necrotic spots on the leaves
[23]. STB life cycle is expected to last about three to four
weeks in open-air fields [24, 25]; When infection occurs,
spores develop into hyphae which enter through the
leaves stomata and proliferate within the mesophyll as
depicted in Fig. 1.

After colonizing the whole leaf, STB grows into fruit-
ing bodies (pycnidia), through an asexual sporulation,
to give fungal spores at the tip of hyphae (conidia) [27].
The symptoms, e.g. yellow spots that turn brown, usu-
ally appear on the leaves within two to three weeks only
after infection [28, 29]. It is the subsequent necrosis of
the leaves and the plant that causes significant yield loss
every year [30]. It is important to note that the different
stages coexist [26]. Since a single hyphae penetration
(stage 3) suffice to initiate colonisation of the mesophyll
(stage 4), it is expected that surface exploration (stage 2)
of the majority of the hyphae, which have not yet “found”
stomata to enter, progresses concomitantly with the first
colonisation event.

There exist already various techniques to help detect
and quantify STB. On the one hand, the most accurate
includes imaging techniques, such as high-resolution
microscopy [54], and molecular testing, such as poly-
merase chain reaction (PCR) [31]. However, these tech-
niques are also the most cambersome given the necessity
to process the sample beforehand and the need to access
large-scale facilities. On the other hand, more practical
and field-applicable techniques often suffer from lower
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precision. For example, RGB Imaging [32] can be use-
ful for plant health studies but is generally insensitive to
early-stage infections [33]. In another instance, multi- or
hyperspectral imaging (HSI) is increasingly used in field
[34-36]. These techniques are non-invasive and field-
deployable, which makes them ideal for remote evalu-
ation of a crop’s health [37, 38]. These techniques rely
on the spectral changes that are either intrinsic to the
plant (e.g. via changes in fluorescence [39]) or surface
level (e.g. via changes in pigmentation [33]). However,
spectral changes are direct consequences of molecular
alteration, and thus, they occur when the plant is already
prone to severe stresses, and oftentimes, already dam-
aged [40]. However convenient and reliable, HSI thus
detects the spectral signature associated with the chlo-
rosis of wheat leaves [41]. It thus assesses the extent of
infection within an already damaged crop. The same
impediment is true when using other indices such as
temperature and humidity, since they are primarily based
of spectroscopic data [42]. Ideally, we require a technique
capable of detecting early stages of infection, before the
plant shows any external signs of stresses. To this end,
we suggest using OCT instead, to benefit from its non-
invasiveness, its real-time imaging, and potential field
applicability. OCT is commonly used in the medical field,
and more specifically in ophthalmology. However, given
the advantages of OCT, i.e. non-invasive, in-vivo, 3D ren-
dering, and real-time imaging [43], it is equally suitable
for plants [44]. Given the practicality of the technique,
OCT is increasingly used in plant imaging for various
purposes. It is for example used for straightforward non-
invasive assessment of plant’s internal structure [45] as
well as for investigation of plant’s response to biotic and
abiotic stressors [46, 47]. OCT can even be used for live
responses to stressors, with a temporal resolution rang-
ing from several days [48] down to hours [49, 50] and
even seconds [51]. Furthermore, benefitting from a sim-
ple technical layout and robust optical components, OCT
suitable to multimodal imaging [44]. Multimodal OCT
variant includes for instance, polarization-sensitive OCT
[52], spectroscopic OCT([53, 54], biospeckle or dynamic
OCT [55, 56], and inverse spectroscopic OCT [57, 58].
In each case, the acquired data is further processed to
provide an added layer of contrast, which can help differ-
entiate structural elements that would otherwise remain
indistinguishable.

We here demonstrate the suitability of standard OCT
by using a low-cost compact commercial system to
acquired cross-sectional images of leaves (~6X2 mm)
with a~10 pm resolution. This integrated system is
considered low-cost (<£10 k) [59] compared to the
better performing ones which starts at £40 k onward
[60]. And although the system only resolves the first
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Fig. 1 Confocal image stacks of infection process of Septoria tritici at different stages in wheat plants. The plants'epidermis (grey) and chloroplasts
(red) are detected by their auto-fluorescence. The green fluorescence is an effect of cytoplasmic eGFP expression in the cells of the fungus. Scale
bars: 20 um. Figure reproduced from [26]. A Stage 1,'Surface Resting": Spores settle on the surface of leaves. B Stage 2,'Surface Exploration”:

Spores form an infectious hypha to infect leaves through stomata. C Stage 3,'Stoma Penetration”: Penetration of the host by the hyphae

through the stomata apertures. D Stage 4,'Mesophyll Colonization": Colonization of mesophyll by fungus, but with no visible symptoms of infection.
E Stage 5,'Fruiting Body Initiation": The hyphae grow and fills the inner space. This is a necrotrophic phase, where signs of infection on the leaf can
be seen. F Stage 6,'Fruiting Body Maturation": The substomatal cavity fills with filaments, fruiting body, and pycnidium, to initiate spore production

3-5 cell layers, this resolution is sufficient to moni-
tor internal structural differences between intact and
infected leaves. The project thus consists of examining
the internal structure of leaves through cross-sectional
OCT images. The hypothesis is to indirectly monitor
the growth of the fungus within the mesophyll, which
is expected to push apart the different cell layers. And
although the fungus filaments are too small (~2 pm in
diameter [61]) to be seen with the current OCT reso-
lution, the overall structure of the mesophyll is readily
monitored.

In this work, we suggest analysing differences in mes-
ophyll structure between control and infected leaves
to provide insights about the state of infection and
tissue integrity. In healthy control leaves, thinner and
more uniform cell layers typically indicate intact tis-
sue structure. Conversely, in infected leaves, the moni-
tored increase in layer thickness and irregularity of the
cell layers may suggest structural degradation, possibly
due to the accumulation of fungal material between the
cells [62, 63].
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Material and methods

The wheat for this proof-of-concept experiment
belongs to the Avalon and Cadenza (AxC) 169 variety.
This variety lacks a resistance gene against Septoria,
making it more susceptible to Septoria, and ensuring
effective pathogenesis. The seeds are grown in M3 com-
post supplemented with 0.5 g osmocote. Six plants were
grown for this specific experimental run: three control
plants and three plants destined to be infected. The
plants were incubated at 20 °C, in a 14-h:10-h a light—
dark cycle, at 61% of relative humidity, and levels of car-
bon dioxide was kept at 455 ppm (i.e. 55 ppm above the
usual ~400 ppm outdoors level, which enhances plant
growth [64]), these adjustments were made as part of
the experimental conditions set for all growth cham-
bers. The inoculation was performed when the plants
were 21-day old.

Regarding the inoculum, Zymoseptoria tritici IPO323
[65] was incubated during 45-60 days on potato dex-
trose broth (PDB) media composed of 24 g/L of PDB
and 15 g/L f Agar mixed with 1000 ml of ultrapure water
(resistivity 18 MQ-cm, Type I). Inoculation was per-
formed via spray to mimic the natural spread of spores
in high humidity atmosphere. The spray solution is pre-
pared by adding 10 mL of 0.01% Tween 20 in water to a
petri dish containing black heads (pycnidia spores). The
spores are then gently scraped off using a sterile spatula
and poured into a Falcon tube [17, 65]. Twenty pL of the
supernatant was placed onto a counting chamber, ensur-
ing the liquid spread evenly between the chamber and the
cover slip. Excess liquid was removed using tissue paper.
Spores were observed at 20X magnification using a Leica
microscope. After allowing the spores to settle, they were
counted, and the inoculum was adjusted accordingly,
using sterile Tween 20 water, to achieve a concentration
of 1x10° spores/mL [36].

For inoculation, the plants were taken out of the
growth chamber and placed inside a laminar airflow.
The inoculum was sprayed on the top sides of the second
newest leaf (GS31, following Zadoks system [66]). After
inoculation, plants were covered with propagator lids (to
maintain high humidity). The plants were then watered
and placed in a sealed propagator and placed back in the
growth chamber for 24 h recovery [67]. Although the
control plants were left untreated, both the inoculated
and controlled plants were regularly sprayed with puri-
fied water, via the control system of the growth chamber,
so as to keep a high (61%) humidity level.

Scanning electron microscope (SEM) is used for high
resolution imagining of surface morphology[68, 69]. In
this study, it was used specifically to verify the state of
infection at later stages. This study made use of a Hitachi
TM3030Plus benchtop SEM.
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The OCT system used is an OQ LabScope, ver-
sion 2.0, from Lumedica using a superluminescent
diode with central wavelength at 840 nm. The system
generates 512X 512-pixel images, with axial resolu-
tion of ~6 pum, and a lateral resolution of 15 um. Daily
OCT scans were collected to monitor the progression
of the infection for a 14-day period after inoculation.
Readings were taken from the three infected plants
and from the three control plants. Scanning was per-
formed midway along the leaf’s length, beside the main
vein. Incomplete scans (i.e. in which the edge of the leaf
appear) are dismissed for the automated analysis. A
typical volumetric (c-scan) is shown in Fig. 2.

This study focusses on analysing the extend of the
dark regions appearing within the mesophyll, called
“gaps’, as shown in Fig. 2 (marked by arrows), by first
manually processing the OCT scans using the FIJI
image analysis software. Building upon the encouraging
results from the manual analysis, a machine learning
(ML) algorithm was developed in collaboration with
Cyber Infrastructure Systems (CIS, http://www.cisin.
com) to automatically segment these apparent gaps
and classify the leaves. The Python code designed for
OCT segmentation is a PyQt5-based GUI application
that uses OpenCYV, TensorFlow, NumPy, and Pandas for
image processing and ML-based analysis. After train-
ing, the U-Net model (unet_masking3.keras) is used for
generating segmentation masks via MaskThread class.
The code is provided in supplementary information
(SI), and the software is made available for download
following this link:

https://drive.google.com/drive/folders/1DJm3
OZHfK-P-XSRXGMtpxgSx51 WnVNsF?usp=sharing

In both the manual and the automated procedure,
the analysis focuses on the thickness of these apparent
gaps between the second and third upper layers of the
mesophyll.

4 Trichomes

Upper epidermis

Fig. 2 3D OCT images (C-scan) of a control wheat |eaf. Each spike
above the upper epidermis represents a trichome. Only the first few
cell layers of the mesophyll are distinguishable. The arrows point

to the "gaps” discussed subsequently. The image has a range of 5mm
x5mm and is generated using 300 consecutive b-scans, each
separated by ~0.017 mm
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Results

The effectiveness of the inoculation procedure is demon-
strated in Fig. 3, where filaments can be seen emerging
from the stomatal pores of infected leaves.

It is also worth noting that healthy leaves already have
air gaps within their mesophyll (as shown in Fig. 2) used
to facilitate gas exchange [70]. These air gaps, which are
expected to appear dark in OCT B-scan, are thus indis-
tinguishable with the low-density components of the
cells (e.g. the cytoplasm). All what OCT scans shows
are regions of high density (e.g. cell’s nucleus and vacu-
ole). The apparent gaps monitored in OCT images,
shown in Fig. 4, thus correspond to low-density regions,
which includes the air network, the surrounding of the

wheat plant 12 days after inoculation by Septoria (B, €). The circled
hyphae emerging from the stomata pores illustrate an advanced
colonisation (stage 4) with signs of necrosis (deflated cells, stage 5)
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plant cells’ nucleus and vacuole, and possibly the fungus
hyphae. These apparent gaps are however highly hetero-
geneous and not easily distinguished given the uneven
leaf morphology. As such it was decided to restrict the
analysis to the thickness (or height) of the apparent gap.

These apparent gaps notably increase when the plant
is infected, while the leaves are still green and seem-
ingly healthy, as shown in the subsequent Table 1. Table 1
shows the average thickness of the gaps present in a
selection of 20 OCT B-scans out of each volumetric read-
ing, for both control and infected leaves, ranging from
day 0 (i.e. right before inoculation) to day 1 (i.e. 24 h after
inoculation) and up to day 7. Every day, one reading was
performed per plant, on the three different controlled
and on the three different infected plants.

Only the first 7 days are here presented, while the
leaves do not show any visual signs of infection. Images
of the subsequent chlorosis and necrotic stages, from day
8 to 14, can be found in SI. When analysing the individ-
ual measurements used to compute the averages shown
in the above table, the measured gap thicknesses reveal
distinct trend between control and infected leaves, as
depicted in Fig. 5. From day 2 after inoculation onward,
infected leaves exhibit consistently larger gap thicknesses,
exceeding 0.05 mm in average, while measurements on
control leaves remains below or around that value. Fur-
thermore, the width of the Gaussian-fit for the infected
leaves group is typically broader (FWHM ~ 0.2 compared
to that of the control group (FWHM ~0.15). Accordingly,
the apparent gaps in infected leaves are more heteroge-
nous than those in control leaves.

The superimposed histograms from the control and
infected groups reveal distinct statistical differences
in the gap size and distribution. From the average gap

Fig. 4 Individual OCT cross section (B-scan) of control wheat leaf (A, €) and infected wheat leaf taken 3 days after inoculation (B, D). The arrows
in Aand B indicate the gap between the second and third cell layers. Scale bars represent 1 mm. The yellow contour in C and D are examples

of manual segmentation. Scale bar represents 1 mm.
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Table 1 Mean thickness of the gaps from day 0 (right before inoculation) to day 7 (after inoculation) of control and Septoria-infected
wheat leaves (One reading per plant, on three different controlled and three different infected plants)

Control Infected
R1 R2 R3 R1 R2 R3
Day0 0.055+0018 0.046+0.016 0048+0.017 0.045+0.015 0.0463+0.015 0.049+0017

Day1 0.044+0.015

Day2 0039+0.014

Day3 0039+0.014

Day4 0.042+0.015

Day5 0.049+0.02

Day6 005+0017

Day7 0.044+0.02

0.038+0.015 0041+0014

0.041+£0.014 0043+0016

0.039+£0.013 0042+0.014

0.049+0.015 0046+0.013

0.049+002 0054+0.02

0.047+0.018 0053+0.02

0.04+0017 0046+0.02

0.0543+£0.009 005+0015

0.051+0019 0.068+0026 0.067+0.024
E—

0.067 £0.024 0.075+0027 0.082+0.028
—

0.076 +0.024 0.082+0.03 0.073+0.024
E—

0.068 £0.03 0.069 £0.03 0.083+0.03

0.082£0.04 0.063+0.024 0.067+0.02

0.073+£0.024

0.083 £0.03 0.07+0.024

Every mean value is an average of 250 individual thickness measurements taken manually from a selection of 20 OCT B-scans out of each volumetric reading (C-scan).
For each day, a single image of the leaf (out of the three available control and infected plants) is shown to appreciate the lack of external symptoms until day 7.

values, we could theoretically set a threshold value for
the average gap’s thickness of 0.05 mm, above which the
leaf is classified as infected. If such was the case, effective
assessment of infection could already be made from day 1
and affirmed from day 2 after inoculation.

To further benefit from OCT fast scanning rate and
systematically processing large stacks of OCT images,
a bespoke machine learning (ML)-based software for
image segmentation was used instead of the manual
labelling. The automated analysis is based on the same

concept as the previous manual analysis: it aims to seg-
ment the apparent gap between the second and third
cell layer and compute its averaged thickness. Example
of the automated segmentation is shown in Fig. 6.

In comparison to the previous analysis, for each day
and for each of the three OCT volumetric (C-scan)
readings on control and infected plants, 200 images
are selected (instead of 20 for the manual analysis) and
analysed using the ML-based software. The computed
average thickness of the segmented gap from each
image is used to build the histograms shown in Fig. 7.
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Fig. 5 Gap size distribution for manual thickness measurements from day 0 (D0) to day 7 (D7). Superimposed histograms of control (blue)
and infected leaves (red) groups with their Gaussian fits. The histograms used a bin width of 0.01 mm.

Fig. 6 Examples of automated segmentation using OCT image analysis to classify the spacing between the second and third cell layersin a control
wheat leaf (A) with its segmented area (B, green overlay), and an infected leaf (C) with its segmented are (D, green overlay), 2 days after inoculation.

The results from the ML-based image analysis appear
more scattered compared to the previous manual analy-
sis. This scattering might be a direct consequence in the
apparent difficulty in adequately segmenting the OCT
images, which is in part due to the uneven leaf struc-
tures, as discussed subsequently. Although histograms
resulting from the automated segmentation analysis are
not as consistent compared to those generated from the
manual analysis, a similar pattern nonetheless emerges.
Starting from day 1 after inoculation, the apparent
gaps in infected leaves are statistically and consistently
larger compared to those in intact leaves. And similarly,

the widths of the Gaussian fits in infected leaves are
also larger compared to those in controlled leaves.

It is also important to note that the ML-based segmen-
tation software was here trained using the AxC 169 vari-
ety. The same automated procedure was used on images
taken from another variety (AxC 157, same parentage but
different genotype) and yielded, to a lesser extent, simi-
lar results (i.e. broader Gaussian fit and shifted Gaussian
centre toward larger gap size for infected leaves, results
shown in SI). One main difference between the two vari-
eties is that intact leaves from cultivars AxC157 already
have larger apparent gaps between the second and third
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Fig. 7 Average gap size distribution in control (blue) and infected (red) wheat leaves extracted from automated segmentation, from day 0 (D0)
to day 7 (D7) after inoculation, with superimposed Gaussian fits. The histograms use a bin width of 0.01 mm

cell layers (of~0.06 mm). Therefore, the distinction
between infected and control became challenging when
considering only the average gap size, as it will be dis-
cussed subsequently.

Discussions

Our objective is to benefit from OCT ability to see
through soft tissues to evaluate the state of infection
over time. Although various features of the leaves were
investigated, such as spacing between cell layers, cell
appearances, number and length of trichomes, this study
focuses on the former due to the absence of clear trend
and difficulties to capture accurate data for the others.
This study therefore solely reports on the average gap
size within the mesophyll, with the aim of correlating the
monitored changes with fungal growth. And while OCT
cannot directly visualize fungal hyphae, this study reveals
that the apparent spacing between cell layers increases
where the fungal hyphae are expected to develop. Indeed,
damaged tissues have a lower refractive index compared
to healthy cells [71-73]. As a result, it is possible that the
damaged tissues scatter less light compared to healthy
ones and thus appear darker or dark (i.e. as a gap) on the
OCT scans.

This increase in gap thickness and heterogeneity of the
gap size is thus expected to be a direct result of the meso-
phyll colonisation by the hyphae (stage 4). As discussed
earlier, colonisation of the mesophyll is initiated by the
very first hyphae intrusion through a stoma (stage 3). The
fact that we start monitoring an increase in gap thickness

as early as 24 h after inoculation (instead of day 3, as per
Fantozzi, E., et al. [26]) can be a result of our choice of
cultivar. Indeed, AxC 169 was chosen because of its
increased vulnerability to Septoria. It is also possible
that inoculation via spray facilitates entry of the develop-
ing hyphae through the stomata. It has been shown that
spore germination typically occurs within 12 h after con-
tact with a leaf when humidity levels are high [30]. And
while the presence of water droplets is not expected to
trigger any direct reaction from the stomata, the overall
increased humidity due to the spray implies that most
stomata will be open [74], thus facilitating entry of the
hyphae within the first few hours. It is important to note
that our controls were only water sprayed, in accord-
ance with previously published works, also on wheat,
and similarly infected by Septoria [75-78]. The spraying
of purified water was automatically performed within the
chamber to preserve a humidity level of 61%. It is worth
highlighting that both control and inoculated plants are
regularly sprayed with purified water to maintain the high
humidity level. Furthermore, the estimated concentra-
tion of Tween in the final spore-loaded solution is about
0.01%, which is significantly less compared to the 0.1%
and 1% used in the previous works on wheat infected by
Septoria in which water-sprayed controls were also used.
While we do not expect such a low Tween concentration
to trigger a systemic response, we do expect the coloni-
sation by Septoria to trigger such a response. Because
the response monitored (increase in gap size) seems to
reach a maximum by day 2, as illustrated in Fig. 5, and
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does not change until necrosis happens, we are confident
that the effects measured are triggered by the pathogen
rather than the surfactant or by the spraying procedure.
It is, however, possible that upon the first intrusion event,
before full colonisation takes place, the whole plant reacts
by modifying its mesophyll structure, which might give
rise to the increased in apparent gap thickness. If such
is the case, this study still demonstrates that OCT can
effectively be used to detect early signs of infection. This
work thus demonstrated that monitoring intercellular
spacing via OCT enables distinct classification between
infected and intact plant from day 2 after inoculation,
while visible signs of necrosis only appear on day 7.

In comparison to alternative non-invasive and simi-
larly field-applicable methods, OCT has the advantage
of being sensitive to changes that precede any discol-
ouration or alteration of the plant’s spectral signature.
Indeed, the remote monitoring of the plant’s pigmenta-
tion, fluorescence, temperature or water level often rely
on multi- or hyperspectral data analysis [37, 38, 42]. It is
difficult to directly compare our results with field applica-
tions of multi- and hyperspectral monitoring because the
chosen variety is inherently more susceptible to Spetoria.
The Septoria life cycle is consequently shorten compared
to that in actual crops. But the fact that we can monitor
infection-driven changes before any external signs appear
demonstrates that detection via OCT precedes detection
via multi- or hyperspectral techniques. As exemplified
in Fig. 5 and 7, a distinction between infected and non-
infected is monitored at least 5 to 6 days before the plant
displays any yellow spots (shown in Table 1, day 7).

We concede that both methods, the manual labelling
and the ML-aided labelling, are prone to biases. On the
one hand, for example, manual labelling tends to focus
on areas where a gap is clearly visible, thus neglecting
sections of the mesophyll which may display a relatively
smaller gap within the same B-scan. On the other hand,
the automated segmentation is challenged with uneven
leaf surfaces. The benefit of the ML-based analysis over
the manual labelling is evidently its systematicity and
its ability to analysed data at high throughput. Overall,
whether manual or ML-based, the current analysis, with
its unique distinguishing parameter, is already promising
in differentiating between infected and intact plants.

We remind that our ML-based model was trained and
tested on AxC 169. When the same model was applied
to AxC 157, it led to more mitigated conclusions (see
SI). Indeed, the fact that intact AxC 157 leaves already
display gaps that are similar in size to those monitored
in infected plants indicates that a single distinguishing
parameter (i.e. gap thickness) might not be sufficient
when assessing differing cultivars. To circumvent this
limitation, it is planned to pursue such studies to include
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more parameters, such as to take into account the
3-dimentional shape of the gaps since it is readily avail-
able from the OCT volumetric C-scans. Additionally, we
hope to improve training model by expanding our study
to multiple wheat varieties. Furthermore, while the plants
in our study were grown under controlled conditions,
we acknowledge that field environments will introduce
additional variability, such as fluctuating temperatures,
humidity levels, soil composition, and pathogen exposure
that cannot be fully replicated in a growth chamber. It is
thus necessary to study the impact of these environmen-
tal factors onto the mesophyll to further evaluate OCT'’s
field applicability. Nevertheless, the core physiological
and structural responses observed in this work (e.g., mes-
ophyll disruption detectable by OCT as early as two days
after infection) are expected to manifest similarly in field-
grown plants.

Conclusions

In this proof-of-concept experiment, we demonstrate
low-cost OCT to be ideally suited to monitor minute
structural changes within the mesophyll. OCT is here
used to effectively detect the increased intercellular spac-
ing induced by the inoculation of pathogens. The moni-
tored changes, taken as direct indication that the leaf is
being colonized by the pathogen, demonstrate that OCT
can be used to detect infections even before any visible
signs appear on the plant. Systematic analysis of several
thousands of images acquired, over time and non-inva-
sively, is made possible by using bespoke ML-based anal-
ysis. And although the analysis currently relies on a single
parameter (apparent gap thickness), statistical differences
between controlled and infected leaves is established
from day 2 after inoculation. Accordingly, OCT imaging
holds the promise for quick and accurate identification of
infection, even at an asymptomatic stage. The application
of OCT coupled with ML analysis thus presents a valu-
able opportunity to effectively assess crop health. By har-
nessing and combining these cutting-edge technologies,
this work contributes to advancing agricultural practices
by providing with a tool that may enable timely treat-
ments, help reduce crop losses, and achieve global food
security.

This work also highlights current limitations of using
OCT for detection of infection. OCT cannot directly
visualize fungal hyphae, and its penetration depth may
be insufficient for imaging thicker plant tissues. Fur-
thermore, ML-based segmentation models require fur-
ther validation to ensure it is applicable across different
plant species and can distinguish between the various
biotic and abiotic stressors. Despite these challenges,
this research highlights the promise that OCT holds,
when combined with ML analysis, as a non-destructive,
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real-time imaging technique to transform precision
agriculture and promote sustainable crop disease
management.

Future work

While the resolution of the OCT images is set by the sys-
tem optoelectronic components, the current software
used for image segmentation can be readily improved.
The ML based analysis software was trained specifi-
cally on a single wheat variety (AxC 169). Future work
will expand the dataset to include multiple wheat varie-
ties and potentially correlate with other plant species to
improve the robustness of the model. Further experimen-
tal runs are also required to disentangle the morphologi-
cal responses triggered by environmental factors such as
variability in temperature and in humidity, as well as vari-
ability in soil and atmospheric composition. Additionally,
to differential between multiple stressors, it may become
required to incorporate other measurables, such as gap
density, gap volume and overall structural heterogeneity
of the leaf. Including multiple parameters in the analy-
sis could significantly advance the technique’s precision.
Given these necessary improvements, the path to make
OCT an integral item in a farmer’s toolbox is still long
but is definitively underway.
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