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Abstract

This pexejl ®@ctes Opti cal Coherence Tomography
technioguwWetect early sig@W€Totannbectaipehn i ed p
sectionadi mends  mhhmpals pbhanot os tnrounntverksiyyw Vvi amd

i n -riemé. This puts forward a very exciting
under st pnainn@gsofr espphaat tatnaeda tdribssesacsres ,managen
traditionally finds wide applicabhbabmol agyned
i mage the retindhwietleparmocghhme es@ti ut hiost.hechno
realm of Dbotany. Mor e snp @ ctithoer crad dwphgenadt éh gol fa I jt
when i nfseecpttebdn ibhyhi s ai m, OCT provides detail
without affecting the plant, which enabl es ¢
and devel opmeSpecoff itchad | yl, anthe study monitor
infecSept.®hyi &8 proj ect tapusooioomroehpsipdmarss ttroat e
t hdee tieocne aorfl y si gns afmgxnéieglabhoe bebobeée.

The principal strength of OCT |ies in its a
damaging the plant, all owing continuous moni
noinnvasive capacatthyd giesacdri wmi,alwhfiacrh i n turn n
and minimizes chemical treatment use. l n my
techniques such as confocal mi croscopy, epi f
mi croscopy ( SEdMuaanlal peaigs iadnedi NMJATE IAB], conf i rr
reliability.

However, OCT also presents certain |imitatio
its penetration depth in dense plant tissue
addition, interpretation of @Gd dmagestedqusi
to extract meani ngf ul dat a. I n this study, (

devel opment of custhad ed ds anmpmein tnaet il cem r ad fntgw a
rapi d, aut omat ed OCT i mage anal ysi s, pr odu

significantly enhancing the efficiency of pl



The OCT analyser software, based on machine

structure of |l eaves to enable gap thicknes
However, the current version of the )sofTtowar ¢
i mprove its robustness, t owi || need to be
measur ement s, whet her performed manually or
in this study to ensure availability for oth
Overall, the integration of OCT with ML is h

opportunities for agricultural applications
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Thesis outline

1.Gener al Objectives

The goal is to use Optical Coherence Tomography (OCT) as a novel imaging tool to provide
crosssectional and thredimensional monitoring of plant microstructures in vivo, on
invasively, and in real time for the detection of early pathogenic infections.

The project consists of:

Selecting adequate crop (i.e. wheat)

Growing the selected plant

Selecting the appropriate fungus (Septoriatritici )
Growing the selected fungus

Developing effective inoculation methods

Monitoring developmenof infection usingepifluorescencesonfocal and SEM microscopy

N o g M wDdhd e

Monitoring progressionof infection at various stages (Day®14 after inoculation) by

performing daily OCT scans using the Lumedica system.

8. Compare OCT datgontrol and infected leavesjith data obtained frorapifluorescence,
confocal and SEM microscopy

9. Performmanual segmentatianalysis on OCT dafar both control and infected plants at
each time point (Day8-7 afterinoculation)using FIJI image software

10. Perform automated segmentation analysis on OCT data for both control and infected plants

at each time point (Day$i7 after inoculation) using custom software developed

specifically for this project.

2.Chapter organization

This thesis is organized into the following chapters

Chapters | provide a general introduction, including a review of relevant literature and the
fundamental concepts underlying this reseaitincludes 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 stregpdoriainfection).

Chapter Il discussethe methodologies employed throughout the thesis. This chapter included

a detailed introduction to OCT image calibration using FIJI System softaareell as @



overview of the Lumedica OCT system and the microscopy techniques utilized in the research.
It also includes the methodologyplantgrowthand thenoculation protocobf Septoria tritici

fungus.

Chapter Il corresponds ta comparative studyetweenOCT imaging and SEMt different
stagesof wheat plant development, from germination to seed formation. This analysis
illustratesthe strengths and limitations of OCTasimagingtool in botany

Chapter IV corresponds ta comparative studyetweenOCT imaging and SEMt different
stagesof wheat(v a r Ag CY) GhfectionsbyZy mosept oaa wasSierpgtbr caci
b | o( ® hBhis analysisllustratesthe strengths and limitations of OCTasimagingool

in monitoring the development of infectiomhis study serves as a proof of concept that

infection can be related to structural changes within the mesophyll.

Chapter V corresponds tadetailedanalysisof OCT images takedaily, from dayOto 7 after

inoculation (before any visible signs appeaihe analysis isbased on manual image
segmentation thdbcusse®n the apparengap thicknesss marker of infection. This chapter
furtherexplores the potentialf automatng such an analysissing a bespoke machine learning

software.



Chapltlemt roducti on

1.0CT concepts, popularity and advantages

Visualizing the microscopinow asti ved tyuyurnnadfsi pilha
holy grail of botany. Optical coherence tomo
to achieve this feat. I ndethle O€CTepmalvi stesu v

without the need for hi st ot ogneecsewilcup i epar aOC
commonly wused in medicineButsaduse opht hal fmio ¢
i's seldom. The aitmhwd ttd er epwieesve ntth evolra&kt d sst t «
field of OCT and to hi,ghilntgdhtdedmotcas atnlden tt alcs

further advance research in the field of bot

a)Comionfg age

Optical coherence tomography (OCT) is, at it
of the firxootheuxrexseofi ntewferometry induced by
was by Fercher [df] Ianl .t hiime tpheonke®80ang wor k, F
measuring the optical |l ength of the human e
devel opment , the first OCT] Bs]ey upujwiamo tdee me® in s
comparison to-pbenthemiagi sagngiOeEdct ipocmah daad c
di mensi onal i maging of sof [ 6tiFsi svuee sy evalrisl € art &
commer ci al OCT i ns[tfunmrde nmtaswasapliadrychemp!| e men
applications. Today, in light of 1its imaging
by ophthal mol ogi s[t8] Howewearmi nwes ipmg {i @Qvia si i nvaeg i
and -triemmel technique to investigate plants tis

botany was reported by9Fdmpmozhmisk ovoa ket tdle. tie

ability to directly visualize Triamaddedelandrn at ipa
(Rose) |l eaves. The p&nentnr aatnido nt hdee pstpha twaasl arbec
15mg9] OCT techniques have, since then, great

sensitivi-syab@ndtlyojyasexampl e, from -apnanse)ti a
per slelg]lODICTs are now commonl y[ InAjnrmiusg iarprihw
spatial and time resolution. These i mproveme

the way for real time functional i maging in



Ti deo mai n O@AT)(, TDwhi ch was the first type o

reference mirror to capture i mages,ddmdint w
OCT {OKED) , whi ch was | ater devel opedus i nste
i mproving speed and i mage @Gwalicty OCThg SbGave
particular, further enhanced i maging depth &
All these advancements make OCT efefaedgt if e m@lg
heal th monitoring ahtd1fi&6pPp8 quality assessmen

b) Concepts and characteristics of OCT
The common feature of OCT s yisntveanssi-vess othhueg hro na,

deprtehs ol ved i mages of soft tissulel6G, 0l Bhlysby

backscattered I ight is then made to interfer
initial | ight source to produce an -souecéero
|l aser, or a sulpp®&8]Anm nseisncceen tb adci kosdceat t er i ng i
refraction i ndex bet ween di ffering i ntrins
interferogram all owseshbhkevedtstevatuobal thnsod
I n comparison to the narrow | ight sources

Mi chel son i[nlt9¢OCdr omaeefyts from spectrally b

tempor al coherence and high spati al coher en:
resul tinyd]Tmaegessampl e arm of this | ow cohere
via an optidhefdbamppforcabhiaods. This feature
adapted to target samples, which is advantag

OCT can be performed either in the time or spectral domain. On the one hand, as introduced
earlier, TDOCT produces tomographic images by oscillating a reference arm mirror of the
interferometer to create temporal interferences. On the other hand, flmmiain 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 [2@htBecause the

core of FDOCT is devoid of moving parts and because Fourier analysis of spectral interferogram
is fast, the technique has the advantage of being ~100 times faster H@@TIR1, 22]while

being more robust for #ield applications. The FEDCT family includes both the $gtral

domain OCT (SBOCT) as well as S®CT. While SDOCT still uses a spectrometer with a
dispersive element and a relatively slower detector array, #H@C3Sbenefits from an optical
source which rapidly sweeps a narrow linewidth over a broad rangevefemgths. In S®CT,

each wavelength is then detected sequentially during each sweep byspdedhphotodetector.



This technical feat allows SSCT to reach hundreds of kHz in image acquisition rates, thus
increasing in reliability when monitoring moving obje¢23]. Note that when it comes to

scanning speed, typical Fand SDOCT still requires scanning of either the reference mirror or

of the excitation wavelength, respectively, to produce an entseam. This scanning
requirement can b bQ@PBssesdst e ms ,iswhhnsgdnlat can a
every shot by using a broad light source and a diffracting element to record each wavelength
separately and simultaneously via photodetector afgalls However, even if each-d4ran is

taken virtually instantaneously, the processing of each scan might take up to[28)l ms

| n soefr m mage qual ity ;axtitke axipdlc arl d syo ldwetpiecrd s(
the OCT |light sourcey; ptlhaenel) atier auls urad 4 o/l ugtiivoe
aperture of the microscope objestoVvebasbhdaxagn
typically iih0o t®Gm iom dg@Téof yENle msensi ti vity, o
is related to a combination of factors, incl
damaging the t[i2s8s,0ek9)]chscanhtbei eghanced witt
scanning speed (OCfTsyp to MHz for FD

Detector
o oo o

Broadband
. =
light source | Beamsplitter |4
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Juileneosyoeg
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opperations sy
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FigurePrinciple of interferometry wi thhe |bde aanp pplriocpaatgi aotnis
sampl e i s scaYynned rloautgehr asleltys (0¥ gal vanometers.
Overall, OCTs are technically simple, compac
which make them ideally suitable for biologi



c)Popularity of OCT in botany
Owihg its many advantages, OCT has been ext

vari ous heal th applications andar dmoorl eorgdg p e C
dermatol ogy. The widespread adopgptrieasi afg @QMmb
publications pertaining its use in the medic
y e as,hoavfiguiehl n comp afralslomwi ng the same metric,
is about fifty times | ess prevalent. This wi
field and in botany is actwually surprising g
thisiqeehimas on both fields.

Yearly publications pertaining to
35000 700
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25000 500
20000 400
15000 300
10000 200
5000 100

0 0
1985 1990 1995 2000 2005 2010 2015 2020 2025

Medical Field —e@— Botany

Figure2: Annual number of OCTelated 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 selar "optical coherence tomography" botany OR plant OR leaf OR
seed OR plantés 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 thedfedtudy And beyond the

various technical characteristics of each imaging tool, the following discussion also includes

practicality and ease of access, which is wh

1. Highesol uti on microscopy [54], and genetic
(PCR3.0hese technigqgues are the most cumber :
the sample beforehandsaalde tfhac inleietdi ¢ ©. ac c ¢

2. RGB I magimpg e practiapapl i anbdl ¢i ekdhni ques
| ower paoaercilsd onsef ul for plant heal t-h stud

stage i[32f ecti ons



. The highest resol uti-nay ttecmaongqaghyav@XCh)b.l
provides 3D rendering of the i ntreersnoallutsitonu
[ 33, H4ampl es can be as | arge as a whol e p
size of the sampl e -acphpalmpcgdabh IF ebrutt h e rtsma nse ,n ohti
dose causes ionization, wh33x8h di srupts anct
Hyperspectral imaging (&), which includes UV reflectance imagifig0, 40} serves as

a noninvasive and efficient tool for studying plants and whole crops. Although such
spectroscopic method is in theory diffraction limited)&iSr es ol ut i on i s typi
the sensor size and its distance from the objagt Although HS typically has the lowest

spatial resolutionfd?2], it is the most practical for field application, offering insights into

the health, physiology, and interactions of plants with their environment.

. Raman microscopy i s oft einnwasseidv ea swaay ctoon vne
presence of specific molecules in tissues
signature of t h[ed4d.3] Ffoun ctthiiosn atle cghrnao ugpuse , no

needed;destigcniowe and i s hifgtlell yd saengdhietciabd
past decade has seen the development of wu

( UMRAS) for monitoring functional groups o
for 3D RamadM ,i mBbgti ntgo characterize tissues
groups of its constitutiimgaadndilticiud elst itso n

replicate dnea sgtackkewbeptt.6kri ng

. Lasiemduced fluorescence (LI F) iremodmmhynlay s
|l eaves, pl antfs4,7]ahdackeinmnsec fionpasgrienagl vas d vies
[ 48]LI F typically gives information about
fluor gA4c8gComasequent | vy, LI'F is restricted

highly fluorescent mol ecul es within tissu

the tissuebs internal structur e.
. Magnetic resonance i magnwngp 4MNRti@grs tirsucam o te
i maging technique, -whmehsiatsal proageases It

whol e pl ant[ SiOnNHewteivgat i MRI has a {12.p0 cal
mm[ 18 ,anb&dl]i s -ampa@tl ifciadll ck .

. Ultrasound i maging is another 3D imaging
radiati on. It can be used to invepbRpate
Ultrasound i maging benefits from a signitf
OCT, typically wup to sever al centimeters
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has | ower axi al and | at gb,8d8lofrteessrol aatowmd cb
ti mes | ower , ranging f5%m ladboOCT&H &Oxmi 4dlo
typically ranpé24rodmtiasoumsOmave been st

pl ant s, al bei tbyi prampbobshngi weedayer mi nat i
uptake, and increasin[ghtulseful chemical pro
Hence, in | ight of the conventionally wused
represents a power ful compromi se between r es:s

into the -tfiined danfalry sriesa.l

2.0CVariant s
Theuitabpbientadd®OCimpadhnte dield of botany cat

by exploring the different types of OCT syst
Benefiting from its technical simplicity (c

hi ghly suigteabofe niuolrt iamodaanl | magi ng technique

a)Pol ariszatsiionmnve OCT
Pol ariszati on v-@CD)ICTbhdwPsf its from the ability

t he polarization of | ight. Because different
system provides an added altayyear, ofn damspt aolde tt h e
OCT i mages. For exampl e, it allows different
ot her wi se appearhapls6 JtNcer es asnpee cgirfeiycal | vy, it n
which reflects tissue organization by assess
with the fast axis orientation indicating t*h
ti ssulee ddegrdee of polarization uniformity (D
or disrupted polarization properties.

PSCT <can be further extended by applying
di attenuation, which describes how tissue di

This provides additional contrast57pr distin

b)Fufield OCT
Fufiel d RGCYTi s a technique -ddmai rdidrfedofsrad quoem c

OCT by producing tomographic I mages without
scann®8,s 59mi |l ar sthottoh©CAsisyglt e[n2 4d,.i sZkchustsead e
the entire sample is illuminated with a |ig



i mages are thubaobdtaiinedt ani ome( ent hog-onal t
type interferomefeerldAOCIr disAgddys o C@HE Il bed @
commonlfyi,elfdulopti cal coherence m3calrwtsicomp yo f( Of
field OCT is similar t oDlenm)atb uotf hcaosn vtehnet iaodnvaal n
noinnvasive and not requiring any histologi ce

by the spectral propeetiies adlfsddngf6i0t]h e mo mae n

c)Spectroscopic OCT
SpectroscSOCiydi PCeds¢ ahdamd OCT by further ana

the backsclaGl er édn]all oghu®CTt,®CIT hepr &%i des add
contrasts which comrs igssteidfotf otfh et hsep ebcatcrkaslc abtlt ueel
amplitude. Accordingly, by monitoring the s

sel ectirwelpyarabsd the incident | ight can thu:

d)Bi ospeckl e OCT

Bi ospeckl e i maging consists of analyzing the
object. Typically, for static objects, the b
a speckle pattern that imt ernnaluesttroucdthuwer e b(jdk
penetration depth of the | ight wused). I f th
constituent parts (e.g. fbBiwiolfl rgan érl aotoed & e
evolving speckle pattern called biospeckle.
Adynami[c6,D&ATso0 wel |l as AOCT angiographyedbd]Jor fc
Moni toring biospeckles over time helps asses
Thus, i n comparison to OCT, bOCT provides a
physi ol ogi cal activity of the sampl e.

e)Dynamic OCT
A recent study demonstrates that dynamic OC

capabl ec orft rha$gthe et amekb BD vi sualization of p
fungal hyphae, w6.6 hHowelvievri,ngi tteiaslessiugeise bdt ot
|l i mited due to the complexity of data interp
software for i mage processing and segment at
dynamic processes occurriwgilwet@&OGT pblamer e

contrast and the ability to monitor cellular



certain scenarios due to its simplimakiyngf as
it suitabl escfadre raadpetls,s Medrrtgse

f)Ilnverse Spectroscopic OCT
Il n this variant of OCT, the sdgpahdemtr ealbsot

and scatter[iénidg!l pdeathet at senuation in OCT des
signal as it passes through tissue, caused
attenuation there 1is, the weaker the OCT si
gual i eyresul hieng Thmagedy monitoring the char
it then becomes possible to infer about the
various dept hs.

Whil e many more types of OCT are currently e
selected here are among those that have been

showing that the field is fast developing.

3.Use of OCT in botany
As already alluded to, the use of OCT in oph

an indispensable tool i n the fiteilme sSBaftt OCTS
without histological prepam adamaages . ,anar evi @ diw
for botany. Plants, |like skin and retinae, a
exact same type of investigations, as demons
a)OCT f ernvnaosni ve i nvestigation of crops

Because OCT uses scattered |ight to probe th

gual ity of the i mages depend on the type of
i mage the whole Amraolsist e[E&dtls] otnh eo fs aames oefgqtui p me
able tofimadge otthda bBayedy tomato | eaf due to
[ 72]I ndeed, the denser the sample, the great
coll ected from the samplebs internal structu
work on thi[ck3]llnmpitrhiseesdsdy, although OCT w
di fferent species by Il ooking at di fferences
penetration depthemwwst hi mbt e@d ster Ar290e st r u

specific | ayers.
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Figure3: OCT i mages shlowpititd )|l avsetheoffirst palisade | ayer.
The scal@an.bd&r gius es0 wgdr7r8]ladapted from

On the othern chasd mpwatse7,4]kdtwiags amflitéatdboge f

the visualization of individaal depbiguefeas i np
lits, however, i mportant to note that penetra
But ovetRIIls ndenlly suitegd]for plant invest

Parenchyma cell vacuoles

Figured:An OCT i mage of the kiwifruada ptae[d/rBechaylmea bcaerlsl avraec
mm.

Il n another example, OCMhbawaketpy®sgtdlod t apfpth e
Arabi dop[siB]l ephn@anwi th the vacuol es, OCT was
subcel l ul ar structures such as the trichome
successful in distinguishing distinct stages
chanagtesdi f fering[ #&]l | owi ng stages

Al t hough dense samples typically vyield I 1 m
processing can help circumvent the | imited r

as particle size and concentrationes.dd&mtrh ex

resolved concentratifoh%] of chlorophylls in c
Overall, by providing details of internal st
reliable tool to investigate and differenti a

11



b)OCT to study plantés responses to biotic si
Al t hough OCT6s typical micrometric resolutio

it can stil]l be used to dinfeceadi atepbdeivive
infection alters the pl ant 6GCTo vhearsa Ible einn tuesrenda
t he morphol ogi cal Anhawnr ge&0diamre fruensgpad n sdei steca s e
causes dar k || @%]Jlotn sh aosn bl eeceand eusseel do ptnoe nfto lolfo wa tpl
rind br eakdoNwnl edsi scobrednearn[ticB®lgdtah e pr ogressi ve
of oi |l gl ands. Simil adrdtyectOCplathaod obeeal uba
Venturi gnawhhiccholcaause$ 8R@Llattsbab dbseabesni ge
the gray | ea€apyiodu ndliessgve@ssgm D n dmaar gsnsobshed h a h

di sease I h8&ppdbedéreave mel on seeds infected
mos ai c[ 8v7i,r ud8®] i nv e sBioitgraytel s nuahl glitdscet(ledroisgpln R (s

infectior 8i6n @&mM/o] ochest ect Ainrt fhe atcendd s g OMdith@ u s e ¢
investi-gaptecwveduer dild, pA2ddhtt d edhevteesct def ect
[ 84,. 8]nsi dering these various application:
di agnostic tool for the quality control of ¢
Whil e O@Gf doeectly i dentiitf yc atnh ed eetxeacctt sptartuhcot

ti ssues caused by infection, including tissu

c)OCT to study plandtbtses®sponses to abiotic
Beyond the visualization of plantsd morphol

effectively monitor theaeffbetsse abienhvir ehme
structure, tissue thFoknesamphaed @®@&Tewasonste
of drought and rehydr93t]iaen wen || eaasf tmorsghdalyo
stress on Chlilnieusne fcunhb efra@geldmn mi | ar |y, t he adv:
over more advanced techniques,-C3uchveas ¢€tant

demonstrated while monitoring the effects o
storage on fru98md Juachli as appl es

These | ast examples illustrate that OCT i s a
factors incurred through wurbanization and 1in
d)OCT for i nvestigation of | ive responses

Since OCT meas-unemsntv¥e, asBCODB6BSIi Ve measur eme

same | ocation without altering the plantods

12



characteristic enablitesothedi dyeamigatofonsiorfu

a specific section of the plant. And egi ven
bet ween measurements can be easily adjusted
Il n this manner, the internal changes inducec

t he cour s[e8.40]fT h25 spaysad of rot was evidenced
region in a | ateral direction and a gradual
hypoder mal | ayers. I n another instance, OCT
of roots from switchgr97s,s B8jaidlsarolvye,r tahd aef f

the internal cel | structure of Ch9 %,esEDHdhi v e
technique was effective in distinguishing c¢ch
I n faster timescal es, OCT was also wused to
structure of <chloroplasts in tobacco, only

harpin[ podbdb} ein
Finally, through, cOQT iwma uwss an ntid oirnwegsti gat

real ti me. It was then possible to follow t
|l aser burn, acrops$02] young tomato pl ant
I L s Translations  Changes
Integral RMS in shape
g Integral (sign dependent) ‘ .
g 1.0+
2
(6]

(=4
o
1

@ ¢
O ¢

0.0 4

Time, min

FigtreT-rmeol ved -snaeagradtiédfeAence i mage of a tomato |
represents the integral accounting for changes in sig
of the squared rmoalti zoefd tahned iandtjeugsrtaeld (vneorrt i cal ly for c
specific cellular changes depicted to the right. The
to light scattering caused) byThe 39hadedumpmui migel asea (
denotes the anticipated changes in the shape of the
transl ational relaxatfloe@a] of the | eaf. Adapted from

4 . ThgrospécO&T botany

Al t hough the vast majority of research invol
brief review demonstrates the suitability of
i maging tools, OCT suffers f+rdpmOm, recsganudl e
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equi pment type. The technique, howetvieme hu
acqui sittHoomnwv,asanwdneosn. OCT is thus prone to
si-geeci fic, systemat monahdfongrafb fouch,ysODE@-
screening of fruits and vegetables for qual.
ti me monitoring of responses to biotic and a

guality of OCT edhagwbiicé obtancejmeaekldi s magi n

—+

ec hnlilgu3)sortunately, with the advent of mac
noi se can be[ 1ltOrdefau retdh eri rewalliyt ati ve i nfor mat
effectively extracted by automated 1 mage pr

[ 10GiJlven the simplicity and robustness of th

applied for field experiments and finds its
Hanrhdel d OCT are cur r[en/t,] yO 8bTeh B0gh Jndpeavcetl oopfe da p o
huge and is attracting attention, as i 11 us
devel oponeart er , adoption by farmers wil/l dep
benefits. Devices must also be durapl@7]and
even i f the vast majority of these projects

5.WheanSTB
This <chapter provides an overview of the b

reseabept omibd ot ciht i( SITB) i n wheat. It is diwvi
part introduces the wheat <crop, i ncluding it
on the Zadoks system), |l eaf structuretsand t
The second part focuses on STB, detailing it

and mor phol ogicalitcbaanbatyeridsitfifcess.enAddp!l ant

techniques are compared, with particular em
summary of the key points that establish the
1. Wheat

a)Gl obal i mpact

Wheat i's cultivated in about 122 countries,

produ[cle&0I]n t he UK, wheat constitutes 58 %
approximately 15 [milllI3i]ldn stomnshamuaallity onal {
source of protein, carbohydrates, and fibers
padtlab9-11Y¥WHeat i s, however, vul nerable to v

14



most potent arfe stlHeawh 84yingddteastt grru sat st,r ipdwede
mi |l dew, and vailBRRiuIheobbatttencedepacit alktli pwygi $§un
can cause up to 40%[Vi2&f dtibsoisshusn avhmajtorcr o
agriculture i nFurhtehd@im@angu&upoppagates rapid
humi d conditions, which is specifi.cGhlobwalrel
efforts to hel Pefdtaouniclxrsaasksheicngpatbeti VTeéye de
measures focus on both prBphykaempteandgriuce
Horticulture DevelldpRagdhtUKBoGrr f[dh I A\MilDéBhddeu c t s

thorough Septeabhicgpadwi des with clepregendeand
how t 8eptowmttbar eak . Suwcc oaonumonrleyakcsont ff dl2lldd us
Howevéde, key to successful fungici deeltayiarngnen
the treatments wuntil external symptoms ar e
[ 12%]eld recovery iR ke mpiamieded ot @pr®ent at.
can savedoOup otfo pr7o0ff 6 AtRIBa IWi yihelrddspect to preve
has been sholwamsddhapgr adduatzo,l ef or exampl e, are
applied before infection. But the overuse of
a declind si mreftfriecaatcrge iff T 2I'7m] 9t0h% st ob e6cOo0%ne s cr uci

treat the infection as early as[p295ible so

b)Cl assi f ihceaatti odne wéfl o mg e 6
Fol | owiAmgg itchue t ure and Horti(AWDByr ehPavelhopme

and the Wheat[IBAaik midmg ypwedss igéiea g e ms

1T Zadok®#rovi desdidgittai ¢ @dli, ng wloor iGrSEWt)h st age:
f Haun Focuses on | eaf production.

1T Feekas:gel denti fies main stages but | acks de

T Waddi ngtCorvers spi ke devel opmemaf ome btalrd eo/p &

of a .fl ower

UnderstandingstbheaemeaTsatbdepdss icnf oci a&lf fecti ve t

treatments I|li ke fertiThee®S @PGrsawtch désagea)ndn
stages within the Zadoks Growth Scal e, a SYy¢
crops | i ke wheat. -dihgist scad e tpag ovp aecisf ya d avoh
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di gig9t) (rkepresents the main growth Bhegxred®end.
di git provides subdivisions of t hat stage,
progress withiMoreaexX@Smpdlienn Dstyage.ed (st,art of
GS99: harvddt ablcedstnggesystem hel ps resear che

stages for optimal .crop management activitie

Tabl®mmary with key notes about the main wh
accor iamg ktso sy st em.

Growth Stag|/Description Key Points

GS0BSs19 Germi nati on Emergence date
Gr owt h startslseedlings appea
kernel's (kemelim|seed viability

individual grain or seeda n|{emer gence.
proceeds to |

GS26S29 Lateral shoot|Till ers affect
from the planjdevel opment and
al so begin here
Stem EIl ongia|Fi nal spi kel e|Ter mi nal 3 i bdotasdr
GS39) el ongates, fllto identify.
Booting and the ear i|Headi nig nbeaatseur e g
(GSIs649) the flag |l eaf|of spikes emerg
Headi ng

( GSIB®59)

FI ower i n@S6(YAnt her s rel eqHi ghly sensi tiy
gradient in flflowering ti me
spi ke is comm|{spike.

Mi | k and Early kernel Hard dough stag

Devel opmenit|{stage), folloymaturity; kern

GS89) size and dry |moisture
(dough stage)

Ri peni ni6SOG Ker nel moi stu/Marks the final
1B14%, suitabllharvest readine

Generation |Varies by wheVernalization r

Greenhouse |wheat i18akest Bywheat ; "speed
vari etii4smortthaccel erate grow

daylight.

The elongabhi whephapsantksariown &sS s3tlem ne [tohneg az:
systems a specific growth stage in cereal C |
pl ant begins to grow lt3allllteri sasa tdrei tsitean edtoan
susceptible to [dli3%2¢asessi mpohtasntSTB note tha
referred to as seed | eaves, as they are par
subsequent | eaves, known as true | eaves, k
phot osynt3lBési s
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There are various strategies to inoculate pl
sprayi ngeptSipnicceads thfoRdmbprlagi agris a suit
met hlond .t hi s case, the second newest | eaves w

c)General structure of a plant | eaf
In summary, plant leaves contain two lay@tsch known aphotosynthetic tissue: the palisade

and spongy mesophyll. While the palisade mesophyll congoiseghtly packed columnar
cells, the structure of the spongy mesophyll remains less defined and is frequently regarded as

a random assembly of irregularly shaped dqéBz!].

FigtiTlkee figure showsethéwmdladgmdt. urFe gucacfreb3@sdapt ed from

The devel opment of whealti kpel asnttr utcrtiua hesmeosn, tsl

begins in the early stages of the plant's 1|1
formation occurs | ater as trhentpdlanftaoadrus esu
temperature, and stress. Increased |ight exp

and density, as trichomes hel g 1s5308i0Oe]IMb rteloes eprl,
trichome characteristics can act as stress
environment[all4dHdavredrietri, orexcessi ve stprleasnst nrhaeyaf
heal th

d)Whewaarieties
There are different wheat types, e.g., AABBD

these types, varieties such as AvalSept pA) aar
tri,tiwdith Avalon being relatively more susce
Researchers aim to Smptmywy ecawh€aitng eAv asltam c(es
Cadenza (resistant) to create tHel4rMNnaldomedls C:
of varieties are cultivated in the UKA43incl |
144]
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2.Septoaortibé&cot ch STB

a)l mpact and classification of STB
Septorbadaotcht SGB i s a disease caused by fung

di seases of wheat|[ 14#bntdh ec alitsresp enean oUW nadoadma g e
sprindg lwkRdat

The pathogen was first Sleepstcoriilde adt maist it RiEB )Cc aiun
by Desnjalzde@eldebat erMed asphderdl (alu gk alm) nd c 0% al
was first recorded in New 1Zdd7ajliancdalily TD925%i W
i mportant, its significance increased in 194
and | ower | eaf surfaces was observed.-These
brown to black spol%53,n twheadi cgaogpes . h &HBI nlreen
particularly during periods of cool, wet wea

of considerable economifjcldMmmportance in many

Wheat is deeply affected by abiotic stress such as the ones induced by climate[bhdnge
149]and affected by biotic stress suchasfurjfgG6].1 it s t ypi cal ly t he most
aff ect i[nlgl 8w Wresa&tdy will focus on the biotic stress®eptoria

The germination oSeptoriaoccurs in two steps
1 Asexual Reproduction or formation of spores

STB s characterized by the production of conitliagal spores at the tip of hyphae, within
pycnidiafruiting bodies, due to asexual sporulation, that is, the process or formation of spores
[152].

1 Sexual Reproduction

These fruiting bodies or asci are dark broamd about68-114 um in diameter. The asci
containing ascospores are approximatehl41x 3340 um and develop within lesioifis1l 4 6 ]

The fungus has a mating system for producing fruiting bodies that would develop beneath the
host's epidermisSpore germination typically occurs within 12 hours of contacting a leaf when
humidity levels are higlh 1 4 Both sexual (ascospores) and asexual (conidia) spores can
germinate on the | eaf surface, indepdhmdent o

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 browWh53, 154] This can, in subsequent time, leachézrosis

of leaves and of the whole plant, which causes a huge loss in yield arjhGall{55]

b)Septorilafericyicti

Entry of ascospores _ o . .
into the leaves Primary infection: Lesions on wheat develop pycnidia

via stomata j —\ /——\‘

Secondary spread of pycnidiospores
up plants by contact and
rain dispersal

Primary infection
of plants is by

airborne
ascospores.
Pycnidium
5 Pseudothecia and
pycnidia develop within lesions
y S
el Pathogen overwinters as myceli. i
pycnidia and pseudothecia on crop

debris, autumn sown crops and volunteer
hosts.

FigubDé seaseSepyttcidnreivmhfeat . Thi s [fli5ddre adapted from

Septoria fttdiasisecifi ed as Ascomycota or as sept

are divided into cell[sl5aand all septa has | it
Accor dilnsge @eoptfoungus cel |l stHyghaeabki cbnbrahnstht
in all directions to secrete enzymes to bre
mol ecul es St mend. a2 .wal | bet ween individual
compartmentalization of the cells and thus f
organell es and nutrients from one cell to ai

cel |l s.Sepamwporae typi/cdlnldy shasScethptoepa maagur e

approximately 2.6 x 62.5 Om. Al septa can b
another, from one crop to the next. The init
spots of STB on the | eaved heayobegséemavastt e

i nfecYecduolBdAgs ph I mportant role in.storing

The life cycle ofSeptoriawas discussed 56, 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 @um in diametef160]) which penetratsthe interior leaf through stomata.
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Following detection of pathogenhe plant's immune response and cell death mechanisms
developedenabling the hyphae to grow within the plant tig46d ). Spore germination occurs
after at least 20 hours of high relativemidity (Figure8) .

Figure8: The di agram s hSemstwtirlidai eex tt dvr€ta pmeefa o p iy iISmmagd birfiaom |
Cyc,Yehb Tuaohbaen h &6 2]

After 24-48 hours of pathogen attanknt the fungus grows irthe spaces between the
mesophyll cells. During this time, the disease is not visible to the reyesdnd the young

plant still looks green and healthy. Macroscopic disease symptoms generally do not appear
until 7112 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 calledliteead
hyphae).

After 2i 8 days of contact, the hyphae extend within the mesophyll tissuecgunatenutrients

from the plant apoplast. During this biotrophic phase, the infection is typically symptomless,
as the host cells remain largely intact. The mesophyll cells begin ragdly, and visible
symptoms (yellowesiong usually appear around 11118 days after infection. Theextphase

of the infection cycle iseferred to aginecrotrophi@, in which extensive cell death and tissue
necrosis occur, contrasting with therker 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 gengkpores, 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 pso 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 stagethe yellowspotson theleaf tissuedue to the pathogen's effect on the plant's
ability to produce chlorophyll, which is needed for photosynthd€i8]. 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)ccurs 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 lght, fluorescent and confocal microscopies, but none of these are sagable
they are destructiveThe goal is thus to evaluate if OCT, which is adaptable for field

measurement, can also be used for early detectimrfieation.

c)Resi st aRgengkenien(wheat plants
Most wheat wvarieties have only partial resis

but the di sease [1d3e 174 Some ailtivarg, like Cadenza,warry the Stb6
gene, which provides strong resistance against certain isolagmobkeptoria tritigi such as
IPO323[165]. Studies have shown that many European cultivated varieties remain partially
susceptible to STBL66]. This allows for fast evolution and adaptation of the pathogen to new
environmental and agricultural conditions, such as use of fungidi@@ 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)Geneti cSedortiofrti ai t ri ti ci
Many studie§168-170] have showrthatZ. tritici expresesa high level of genetic variability.

This variability has been partly attributed to genetic drift and frequent chromosomal
rearrangemen{d 71]. Genetic drift is defined as the random change in the frequency of alleles

in a population over generatiofi&2]. It thus occurs in small populations or when the effective
population size has become small throsghculturing. Further, chromosomal alterations like
chromosomal translocations, duplication and deletions increase genetic diversity, hence fitness
of the pathogefil73, 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 pressufeultured on artificial medjato retain pathogenicity factgrand
storing inoculum in anoxic conditioif$75]. 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 possifl€6], 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)Mor phol ogy and MiSepottosroippai €« i Revi ew of
Many | iterati@2Bes liMdvisé W]t ed Stelpeioapipae guadceut

medFag@r &A)t, Ssepdpatilmogens symptoms in the whe
of i nfFeicgt@roenB) ( AdMdii¢cin osadpifyfd gidlma gelsleutt ren
appear @aepgtfouoifgaus hi n i nfected | eaves.

Figaasheowst hA) appSaerpamodcaonf t.Er gume d ox df abpdi{6@ ¢ mpt oms and
signs of wheat Slegpaweasd aarefrg ds edsfing lhmé & a df abpRidle] d
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A Stage1:

Stage 2: Cc Stage 3:
Surface resting

Surface exploration Stoma penetration

Stage 4: E Stage 5: Stage 6:
Mesophyll colonisation Fruiting body initiation Fruiting body maturation

Plant cell wall

' X W st
A Y I G T

N WA

FigubeConfocal i mage st &Bxelkd oo fiadi ndfiefdftieicdenn tp rsotcaegsess oifn
pl antsé epidermis (grey) and efhlluoorroepsicaesntcse .( rTehde) garreee nd
an effect of cytoplasmic eGFP expression eidn[ftirfio@M cel | s
(A) Stage 1, "Surface Resting": Spores settle on the
form an infectious hypha to infect | eaves through st
host by t he thhyep hsateo mahtrao ugher t ur es. (D) Stage 4, " Me ¢
mesophyl | by fungus, but with no visible symptoms of
hyphae grow and fills the i nwmheear es psaicens Tdfi si n fse cat inoenc
seen. (F) Stage 6, "Fruiting Body Maturation": The s
pycnidium, to initiate spore production.

After colonizbENB ghewsshoheol embiting bodies
sporul ati on, to give fungal[] 15®2dTrhees sayt mptthoemst,
yell ow spots that turn brown, usuabhlgyaepear
infeclb®n 154]i s the subsequent necrosis of
significant y|[&bB8]l oss every year

't 1 s i mportant toconettéd §g®@Hatet hesderfl aetdypha
(stage 3) suffice to iIinitiate colonisation c
exploration (stage 2)t lodd vteh enfomha jydettitsiy ceonét teterh e

progresses concomitantly with the first colo

23



The baeb@ebder eseexnampl es of methods with spec

outlining their advantages and disadvantage:
i maging syseémpilantheesearch.
Tab2G® mpari son of visualization methods for ¢
Method Sample Live 3D Specificity/ Advantages Disadvantages
Preparation | Imaging Sensitivity
Optical Minimal Yes Yes | Moderate In vivo imaging | Cost: Moderate to high.
Coherence andnon Limited contrast in some
Tomography invasive sampleg180].
(OCT) technique[23].
Traditional Extensive No No Moderate Simple andow- | -Potential sample
Clearing and cost[181] distortiondue to
Staining hazardous chemicaisd
reagents
-Lack of specificity in
staining
Antibodies Extensive Yes Yes High High specificity | -Cost: High.
with Confocal and sensitivity | -Photobleaching183].
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 ow
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. -Cancergllergy, and
(GM) with Development) Resistance to | toxic forinsect 1 9 1
Confocal pathogen$188- | -Confocal haslew
Microscopy 190]. scanning process
TabRPeomp es sever al visualizati on techni que:
highlighting their specific applications, st
t o proviedseo lhuitgghe ot i amalksi mages -iofwgdiand { adel
free manner. Unl i ke tradi onal clearing anc
destruttioemsapmi emar ati on. Whil e confocal mi
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without antibodies or genetic modification)

they typically require fluorescent | abeling.
(SEM) delivers ultrastructestadludtitae | sdbmpl & n
Light sheet microscopy provides fast i magi ng
and | abeling steps. Hn meontnmragstn,g OCT iertalclte
especially advant agtewdiise sf.orHolwernwgirt, u do@GTad s I
relatively |l ower resolution at the cellul ar
Despite these constraints, Its speed, mi ni m
changes makel OCoOmpl ponweartfauy t ool i n plant pa

3.Conclusion
Wheat is one of the most vital staple crops

for billions of people and playing a <criti
productivity is increasinglSeptlordatodmcdrd i myh ifc
can cause substantial yield |l osses. As the g
accelerates the spread and severity of pl a
sustainable methods for efrlpyoudtheedakosnbaod

increasingly important.

To address this challenge, OCT -imv ggiope,s eidn a
re@ail me monitoring of plant micreecttr wntadr eaan.d
di mensi onal visualization aftiahteonaltpktant
before visible symptoms appear. By gaining |
may provide a valwuable means of meHdciotnocreipntg d
validation, the aningues' st of ecavsailbuialtiet yt hfeo rt efcihe

to more effective disease management and enh
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ChapltilerMat eri al and met hods

Thi s smprcdaswihheh technical c harvaicstuealiiszta tciso no fm

employed in this study, as well as the metho

1.0ptical Coherence Tomography (OCT)
This section wil/ di scuss the wuse of OCT i

application for the earTlhye deutneectiicoan OCo0¥ LpalbaSn

i maging system (version 2.0) is wutilized in

As men©OiICdned, based on-ctolhergpmicreciimiterdferlomet |
Il i ght with a short cohersntet-t emtgitcdn masl® ignear
Broadband | ight sources, such as superl umin
acehie the | ow coherence | eng[t ho@delc essyssa reymsf oorf
use -innefarrared (NIR) | ight, typiiad@bDy2ad thin a

OCT systems ar e ussecdan-oc @ greBre& aant A eiid heirn Al e

Bscans is two di mencs¥M2®ncamdscorrcesponadft o ha

systems c@scagrenwehiatle it corresponds to a 3D
sampile3]

FigutPéd cture of the Lumedica OQ LabScope OCT imaging
The OQ Labscope i2s 0Oac blsabane diugnreedd cfaor r esear ch
It is currently | ocated in the universityos
gr owrh)e. Lumedi ca OQ .lDasb sa®@C fFeDs yasstod ihem s2 muc h f e
i mage acqui ©ICt[iloond ,,t hlm9In3 Jorvdi n g1l 3 &0 Ot ol icnaepst upreer
which 1s criticraésdlout ipemwalute phtgh ma ggihng scan:
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artelfflamdcording to the [cbhIMP@CY' sgmdeEreat asa ndh:
512 pixel i mages, -Wwsm hanax iaanl i rmeasga |B8ugtmdoenp adnfd o!
| ater al resmol Thieohight 15ource is a superl umi

wavelength 840 nm.

Vol umetric i mages (7x5x5mmll 2 Baamagcehn esreapt aerda tbey

98Zm.The scanner can either be handhel d or mo

The OCT imaging system was modi fied to bette
of the current Lumedi ca OCTSeptloyepilaae asuitth
penetrate and extend within th&hmedesegtwpledpr
a scanner stand consisting of a base, a gl a
and a vertical stage with adjAudsdiatbiboenseclalayme t

hol der was wused iinatnoe addi nafmi man ureolt i ope raatt i f a

stabfFil gtte

Scanne
The vertical
Tt hexqugdown d)
Hol der for
\
Gl ass pl ate pwiatched —
the plant |l eaf posit

Base/v

Figu2eLumedica OCT imaging setup.

The experi ment began when the wheat plants w

Day 0, i mmedi ately before i noRBaillay i ©@T sandann
along with morphol ogi cal observations, was u
l eave Axddt Yahe ety -weveekr paertiwood. The aim was to
the ef$Septosr iqdt htertiygpiécd | PO 32 3) infection on
structure, while maintaonsngtdaetgi hed Bmecaoar d
was taken from three different plants. Scann
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specifically from the wedge beside the ma i n

physiological changes in theTkesamal appgox»hn
posi tiucredwasvery examined | eaf.

aPCT mageal i bration using FIJIlI System softwal
Al t hough the Lumedica i mages have a resol uti
i's refhlue rtedo axes are independent of each ot
wavel ength used and the transversal range 1is
The aim is to calibrate the OCT i mages acqui
scientific iIimage analysis suchSaptsepsaraensa tainodn

hyphaken this aim, the plan is to take OCT i m

stack of micrDbhleompiecygd acepl aaltiedes from Ther |

FI'JI software will then be used to measure t
scale bar on the i mage.

The slides have a |l ength (longest edge=75mm
edge=1mm). These slides were placed on top ¢

so t hatl otohkes eldigkee gL B e ai r

5 microscope slides = 5.03
mm with digital caliber.

1 slide = 1.006

Fi gu3A& nown thicknesses and |l engths of the glass plate
slightly shifted from one another so that the edge | o
Throgelepd atreesed t o facil it atleatcerl dlbThaant da gahxaibd la.k

corresponds to thewodiobhpegxarnsal Idelf ithe dalbegt (i gh
| at ercadr raexsipsonds t o tthwo dotyheapdetrispse ndle fciumn eaad b
begdmM Bl gL % e
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Q OCT light
Axi al /" \

/ \
/ \
/ \_
/ Latlkra
G \ >
- —
/ \

Tissue

F i g 1 4Skows the difference between the lateral and axial axis.

Accordi2nyg, tlg3he Z2®0]l owing section outlines t
used during the calibration process.

T Set Scale for Lateral (X/'Y) Calibration
| b he f itrhset gsltaesps, ep llhedaeddzench dtakd yscamsers howand n

Fi glubTehe -&XiYs in the OCT system represents tl

across the sample. surface during scanning

/

Fi gubSedtinye sl i des horizontally (laid flat) to calibr

Theoftaowfareumedi ca OCT system starts by <clicl
pressing the (start scan) buttokbhhéd&kgelthe main

Thiemage should be dragged into the FIJI i mag
of known thickness of microscope slide. The
10®i xel s.
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FiguBeUsing the Iline tool i n cholrJrle sihmangde Ttoe keowl lbhowsn
pixels [ mm.

1T Set Scale for Axial (Z) Calibration
Il n the second step)] aceet Fb g epLax ies imu stth e e

systemresents the optical path | ength, which
i s based on how Itiigshsu3ef r avel s t hrough the

Figu7Setting the slides vertically (on edge or tilted

The iimangpeor t edas mowhiFd1WBrend | ¢ mei sttoiolli zed t o me
the | ength of 1 mm thickness of the microsc

equaldOotpixel s.
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Figu8eUsing the 1
The i mage scal e
pixels/ mm, with

showhi gh9 e

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

Fi gu9Fd gét ospetafil@en 2 D

i mag® ot @i lkedw Houn. n

was$ heepi xal FwjdthlRasarhadl heiwgl

pi xel aspect

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

unscaled imagé- i g 21 P The same data can then be applied to automatically generate scale

bars on all unscaled Lumedica images, as showniing 2 & e



(Fiji Is Just) Image) Analyze Particles. - o X
File Edit Image Process [[NENEZN Summarize

EI' O|z|©| /| £ |% \| A Distibution AR AR ks
Vand (tracing) tool Label i
= Clear Results r

Set Measurements
5.12x0.51 mm (512x512); 16-bit, 512K
. ——

Set Scale

Calibrate |
Histogram Ctri+H
Plot Profile Ctri+K ¢
Surface Plot

Gels AR

3D Objects Counter Fractal Box Count
3D OC Options
Skeleton

Analyze Line Graph
,| Curve Fitting.

Colocalization PIRROIMarager

Color Histogram

Directionality Calibration Bar.

Synchronize Windows

Shape Index Map

Helmholtz Analysis Grid
3D Surface Plot Sync Windows
Classification *|  Sync Measure 3D
Figadid ustrates the process of navigating to ' Analyz

File Edit Image Process Analyze Plugins Windoy
| || el .l la

{ l
[-i-lscaleBar X A‘/O'm d

Width in mm

17

Heightin mm

Thickness in pixels

i

Font size 4
Color: m
Background: m
Location: ’W

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

_OK | cancel

Fig2teShows the scale in the FI JI i mage which aut omat
When i maging a | eaf, t he L usnean)c ai MLdgie ss,y swtled
cressesstion is taken across thees@@pl epst emdt
t h ossec abB s, (width vs depistkt)ani {two da hv wisu destprt ih

form 3D i mages.

b)Detection of Small Particles Using the Lum
The aim is to evadiuradcetsioyvhe € h$ a @ tSIpnwsabath i ¢ h

have a ot 2e@o{fl4do5determine the resolution o
various sizes were imaged. Surgical threads

were first used to assess the minimum detec
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included threads with diameters of 0. 35 mm,
spidewi tsh & di ameter Fmavwdseru ssendamr tOh ér7  enwna |

systembés sensitivity. AlI materi al s, incl udi
OCTA single str amd cehmalslpedetrhasnl &, 07 mm in d
for this experiment and carefully placed on
The prepared slide was then scanned using th

was cl| ead,l yasdeBheg2eei n

Figa2Dd ameter of the spideremy shnghe akiahddi se@tOdnm

The thread width was then measuredcdmwsimg FI J
the calibr atiocdme, dvd sdarhi boefd t he t hread from th

to be approximately 0.01 mm.

My results demonstrate that the Lumedica OCT

or e€mOThe | ower I i mi t of detection remains
approximately 0.01 mm is | i kSeelpyt oy pfafhi ci er
chall enge i s the nTahien nfeoxctu ss toefp twhiilsl sbheec ttioo nf.

new i maging modaldi werfoironadi wenvdoi tolmtradoe moni t

mi crostructures within plants.

2.Conf ocal mi croscopy
Confocal ims$caogseppypot entoi svunalgii 2sg ritleslt hitrilega e

hyphae and sp&repdwioti hat met if sty elsa 0D fs v amdls . ad
st udye mtgorr fi eac twih@mldamins .

Confocal microscopy was developed to improve fluorescence microdt@pyvides 2D and

3D images of stained samples with calcofluor white stain (CWS) at wavelength&Ham.
Epifluorescencenicroscopy makes use of hightensity UV to continuously illuminate the
sample. As a result, the higitensity UV light causes photobleaching, and the image obtained
becomes blurred because of out of plane signal. To counter such problems, confocal
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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 fluorescernhbglomes from above

and below the focal plane amslblocked202, 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 structuri94.

Confocal Microscope

rotating laseM
mirrors ;
@ /o detector

e 3

screen

E+HRq¢ qREP R with
- g pinhole

A

fluorescent x 1304 134

sample

F i g 2 3Tae principle of confocal microscop¥his version was enhanced based on the original image from
[205].

As shown inF i g 2 Bcenfocal microscopynakes 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 toscan 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 scang203]. The maximum magnification of a confocal microscope is 1000x and it has a
resolution around 180 nnin 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.

B3.Epifluorescence microscopy

Epi fluorescence microscope 1is a combinati on
mi croscopy which it emits a range of el ectrc
the excitation and emission | ighatmimatped pamea
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t

mitted the sdmRe)6dabndecttheret dremsfiepi 06 i s Gre
sameo7]

t is possible to fluor dddOEleumi es ostO@ emit
ommonly wused in biology to study <cells in ¢
xcite a fluorescent molecule called a fluor
escribe as a zerucemas s igrmd ahbrl ea tpoh oproond whe
rom a higher energy | ¢20BJAtodi@gi §t @awerc ama e
pifluorescence microscopes can capture the

oem[020n]i ch is the | ateral remgRAOil oin thfi st Isa

we used the Olympus BX51 at APS Microscopy a

4

.Scanning el edS3EMN microscop

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®B0kis

based on the interactions electrons[ 2 1 Hnhanced by the inclusion of a digital camera

within the system, SEM enables the capture of specimen images along with scale bars for

accurate measuremefithis study employed the Hitachi TM3030Plus benchtop SEM at the
APS Microscopy and Histology Unit (MHU), lab C41, University of Sheffield.

The principle of SEM involves the utilization of an electron beam, rather thar{ light tb ]

generate images with nanomes@aleresolution E i g B 4 Electronsare emittedrom 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].SEM, condenser lenseaso referred amagnetidenses,

areused 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 lendBoth the condenser and objective lenses are

electromagnetic lens¢®12]. 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 [B].

35



SCANNING ELECTRON
MICROSCOPE

U Electron source

—
TR

Condenser lens

Scan coils

Secondary ©

electron detector

& Objective lens

Fi g @ dThis 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 previ ousSBEM nternetaitoensedan i mage by scanning e
surface of a srpeescoil nuetn. Bwie# mmeatytegghe met hod i nc
freezing of the plant tissue followed by fre
then coated with a thin | 4au8Pdoftimies aéxpadi v
samples did not need to be frozen, as the ai
to compare trichome ®Beppholi @ad¥cliéfomi eanalnd oa fv

emer gedierptfarfam t he st omat a.

5.TradiCli @eamaanitgai ni ng
The purposef stainingis todirectly visualizethe various structures within wheat plant leaf

before and afteBeptoriainfection. The sample preparation is as follow:

a)Hancdut sectioning
The procedure was determined according to the method descrilf2ti3yThe thin sections

of leaf are created by laying the leaf on the microscope slide position and chopping in an up
anddown motion at a perpendicular angle to the long axis of the leaf. Sections that are too
thick and sections that are not oriented correstipuld 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 itst laighly 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 solvémtsnicroscopic studief214]. There are

other organic solventan be ussuch as chloroformand ethanofemoves surface waxes as
reported in[215]. This method is useful for studying the outer surface of control leaves,
including structuresuch astomataff i g 21 b loweverit is not applied to infected leaves,

as the organic solvents can wash away the hyphae, preventing observation of fungal

morphology.
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FighbsShosst omata in a ceadmeagldl. widat i I magfe W&s taken unde
removing the wax from the | eaves to make a stomata in

c)Staining and Confocal Mi croscopy
Calcofluor WhiteStain (CWS) wasemployed tadirectly visualiseSeptoriadisease on wheat

leavesCWSis commonly used to detect fungal cell walls, providing a fluorescent signal under
ultraviolet light This technique was chosenfor this studyfor its effectiveness in accurately
identifying and characterizineptoriadisease 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 stébeptoria 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% wi/v solution potassium hydroxide with the formula (KOH). The KOH solution
was prepared, according [@18], 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 x1000 magnification.

Several fluorophores have been utiliZzed microscofc studies orSeptoriaand other plant
pathogens. Such fluorophores are selected for specific binding to certain cellular components
and become observable with fluorescence microscoplye ecitation wavelength
approximately 340380 nm (typically UV or neatJV light), and enissionwavelengtharound

435 480 nm, resulting in a bluehite fluorescenceshen the samples stained with CWS.

If Septoriais genetically modified to produce GFP, its hyphae will glow under a fluorescence
microscope, making them easy to seeler 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 microscopyh e Ol ympus BX51 microscope
Mi croscopy and Histology Unit ( MHU) , |l ab C4
study.

These imaging techniqueisg. Light microscopyepifluorescence microscopynd confocal
microscopy andstained wheat leavegith CWS enabledexamiration ofthe morphology of
fungal pathogens and their development within plant tissues, laying the groundwork for OCT

experimentsThiswill be detailedn next chapters.

6.Pl ant materi al
Seedsre key sources of carbohydrates in diets around the y2419 Most wheat grains are

between 8 mm in length and weigh betwe2B-50 md220, 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 foofr o ntcheipst pdixedoadrnigmedn ttAx C 169 and A

vari.etlihees seeds are grown in M3 compolshe sur
Osmocote fertilizer, rich of organic and mi
opti mal devel opment of the plants. 't includ

6. 6% Nitrate-NnjtmBodén AMMOBI adNal% 18R htorsopgheonr u (s
pentoxide (P205), soluble in neusobhublbemoni?
Potassium oxide (K2O0O) ,s clodhlbd)e, i 2% wMa germre s(il2m
with 1. 3%-slodiurbd ewa tTgmcclke. &8 Mot esn (B), 0. 050
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0.45% Il ron (Fe), 0.08% of which is chel ated
Mol ybdenum (Mo), and 0.015% Zinc (Zn) .

7.Gr owhahmbQG r s
| n t6otpalangrsofwereeek per i mewhoal resul ts are disc

Il MnW cdntrol plants and 3 Tihleamiearnd esisrt d inkeadt &
AC, im0 ddargkhtcycl e, at 61% of relative hui
was kept at 455 ppm (i.e. 55 ppm ebbaecéhpl i
growei}thd seedj u ssiveneeatd e as part of the experi me
growt h cThhéembemnud tadan toend when2 M Aol .l ant s wer e

8.l nocuwiadtkpmhoria tritici

Regar ecdsolpiud medgrae p afr @tuinagysno s etprt iotrii @aff 22 £jJ03 2 3
was i ncubated on (PDpBretdd aDexotnrpoossee dBrodt 24 g/ L
Agar mixed wl@medddm twdsthemful d be noted that

for extended periods may increase the risk ¢
the sporelsospkasion.vwsapr performedi c the na
sporesgh hatmmdsfiher espr awagroempdrneodh by adding
0.01% Tween 20 in water to a petri di sh cont
are then gently scr agpremlo uorfefd uisnitnop lad 4Fs& IBcRodn] et |
OL of the supernatant was placed onto a cour
bet ween the chamber and the cover sBpprekExce
were observed ausi2Dgi amagmi trcatopae.

g26Pey c nibdiaz k sporesédé growth i n Rdtarnmendiss hweobes errvaends f
e Petri dish to a slide microscof®l] yimpe isBéHd ewasa t
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model is for direct obserMaanmopl evngthhhuti captBF8 n@mi anm

O.fd using FIJI measurement tool
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o
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Fi gBY eShSoewstosursmensi on in the conical flask. A drop fr

examination. The i mage was taken asdarLéheal mngtéel mis
observation witho®StatapbaWi @tgl0i onfa gtelse 6p06Bbe®mi asbergwE
measurememtcomiod ast to the filamentous morphol ogy ob
appeared dar kHowavherspotwe reev adleri ved from confirmed I P

were consi der ed. rtamiroteciudirutmat i ve of

Toalccatlhmg i nocul umFokowimgctee nnethaal tdésoribed {225], the
counting chamber consists of sections as showmi iy 2 8 Bhe 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 agith are 16 squares on the chamber.

Figure28: How the counting chamber looks under a microscope. The image adaptd@26im
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Af tsqpprowerse counted, using the formul a:

w — o
Wher e:
T ClE€oungpdr es
T V1= Vol ume of (rergqaulremd)t o use
1T C2= Desired concentration (1 T 10 [/ ml)
T V2= Final volume required (20 ml)

Thei nocuwausm adj ust edusmangorsdiergllyet oTwae@a?2 @veva
concentration df2217]1 10 spores/ mL

For inoculation, the plants were taken out c

airfl ow.ocwha ms ppnaa yneidx t ur e of t heni ndiecultwmp i

of the second newest | eaf[] 130%$8flt, erf oil d @mavu Inat i
wercoevered with propagator. | THe ptanmai wéaent
and placed in a sealed propagator and pl aced
[ 22181 | i mportant to note that our controls

previously published wor ks, 8¢ pbododh®AvhTehaet , a
spraying of purified water was automaticall

humi dity | evel of 61 %.

It i shiwgohrltithdhhbatoit mg contr ol and inocul ated pl a
purified water to maintain the high humidit)
was heddurwianyg t he exper i meensttail matuend cFourrctehretrrmeot
in the 4 iomaadledsigsoiaebtoiuotn 0 .s0 D%, flvelsicso hcloysp ar ed
0.%and 1%thhxsedrievi ous wor K pdwhrivsbdesad u snd de cw aet
sprayedTbentefole, it is unlikely that such a
a systemic response; rat Beptiowetalex pfead¢t arh an e

for such a response.
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9. Alternative SyZyemmsepoo mbpbaraud want n g i

There are several alt2z2ymas e pteo mip&® utt misnt b@iy op ©

petri dish/pycnidia scraping method.

a)lsolation of spores from wheat | eaf
Following the procedure described [2B3], in order to isolate wildype strain IPO323 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 ly 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

Foll owing the mezaZidold d&gawoisleed dbRCaB 2t3r, i t1li0Oc ig
yeast extract and 10 g of sucQosedanet wel hv
sterilizatSiepnopdoaeissdlr@amecontaminated pl ates
the spores should be scraped off with 20 Ol
a steridred stplad ud ws pternasn sofmeawaesdatt hé h as k

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
guantities of l i qui d (1000 ¢énder otaoRetri @ishniAng Se
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 (208ag kept inthe darkforT 0 days. Spor es?o
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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Chapt #Gomparative Study of OCT I maging

Il n this study, di fferent tissue types (other
and | imitations of wusing OCT for these tissu
OCT signals can penetratetbhhiscoakfiontenbal et
changes <caused by biotic and abiotic stres
applications.linntmliantchapsearch he growth stacg
the Zadoks system, deit i | besdngc t feleidC Ts @ crtaiga
comp®€Cdsnages with t hloisgeh to bniaci BnBebild oupbeai Snfgaem @& n t

of th&uphaatcorrethme i oinr éongthhs gaand | i mi tatio

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

leaves.Basically, according to Zadoks systere tmature wheat plant is made up of roots
(GS0009), shoot and tillering (stem and leaves) (G39) asshown inF i g B §Ae 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 photosynthelisk i g A ®Beshows the cras section of a
control wheat plant leafThe image was taken under a light microscop@s yellowish
background generally characterizes older light sources using tungsten or haloge28&ps
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 sigha

characteristics.
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Leaves

<4——— Trichomes

Upper epidermis

} Mesophyll
o,/ _

Lowe epidermis

Roots
/ Veins (vascular bundle)

200 pm

lem

FigRpnema)Showse texter nal parts of the wheat (Bl armtlseswshe a

section of a caoaglrd)l. whne atthilse aifma(g8e, each spi ke in t|
vascul ar bundle is a longitudinalatshkba undeheamiddhe
scale bar. 200 micron

a)Leaf

Theekt gbr g8Pei s -dai mehnr®i@dmemlge of a co800H 0B wh
scan i.madhges)i stance -dbedaweenneactteOCiToBrecr e:

scan with pmopsTm 49&3$T,heirefore, the:55pranci/ng i
(), which equals 5 / 299 = 0.016 mm.

Scanni ng warsi dmweryf ocarl nmendgy ,t hkee diedad 0tdhndc emmapitl re t vee
scans (i . e. in whichatbededgpesoédther | elaé
(because the | eafds edge misleads theé\ autom

typical vodambowRicg®@e

Il n this image, we -bbkerseruciochesmesarervhsaib
of theket |l eaf also worth noting that heal t hy |

mesophyll to fajc236]tate gas exchange
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Trichomes

Upper epidermis «— Mesophyll
(upper surface of

the leaf)

Fi g8 0Teh r-ckiemensi onal -O€Can) measfpead idcor®o sosf a control wheat |
spi ke above the upper epidermis represents a trichom
using 300 secRsscuUriawyd OB ddarmat.ed b

b.Spi kel et s
After six months of cultivation and regular watering twice a week, a thickstesdt(F i gur e

3 Lwill wrap around the spikelet (GS &9), 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
FigBteThe arrow indicates the area where spikelets ar
NexXt gBrgde usO@D itrhsegsthngm t o I mage the area
produced i(nt htehearfruotw)r.e Thr weglt anhes e®CT hiemd ¢
protecting t,hearydutnlge sTpodklesdi ventamdaen ds rpve i.kt dhl i emt
| eaf sheath, whOCTh hmasy p oddri cpperee ttrhaatti on dept
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— B

Hollow centre
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Fi gB2eAlhr-éiemensi onalC-sOCarf)i magheat | eaf
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st e mC-Scuarnr ound e

has a range of 5mm x SHSIo nasnedc-sitsaMm@PR rmBessesctta d nu OICATg | mage of
stem surrounded by a | eaf s h etha vhe, v ewh, i cthh ep riontaegcet sd otehse nyootu nc

spi kelet within the hollow stem.

After three months, the leaf sheaémovedand the first spikelet became visible (GS58)

(thearrowinFi g3 3R e

Fi gBB3emage ofswhlkelcéhssspi kel et caftairn® amomhéewsf lodbr ¢the

Scale bar i s 1lcm.
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lem

Fi g84 ePAAY lupse mbgewheat ¢ nd pii sl ¢l ®r et s
of the wheat plant.

(Byrandieagmam
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After three weeks, the first signs of flowering were observed (G830AL 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 vegetatthe 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 (T$E37].

c.Fl orets
According toF i g 3 $ame observationanbemade 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 thetisky, receptive surface of the stigma, which attaches the pollen, after which
they move to th@vary, 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 lemmf238-240].

lcm
FigBseAnatomy of wheat planf 2f4l1dret. The figure adapt

The floret will shbetiemagadi nei hgeOCTHner struc
The inmxgrd g8 BAenad rB,pr esedinmen ssionadndalhmeasi onal o)
i mages of AwhcecartdiBM@ ¢tsce . br act s, i n an I mmatur
the reproductive organs oMmarkedThegsaee: malde

of tissue called glume, the middle circle ca
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Lemma

Fi g86(8) The tdhirneeensi o(@alc al@Ifdst rate the bracts enclosing
i mag&can has a range of 5mm 51 @%mns exrsdk iaipn B8N hipee ntewa t e d

di mensi onal OCT image effectively illustrates the oL
(specifically the glume, | emma, and palea). However,
the innef s$heustampéeo

Theol | swicing on involves dissecting the flore

antfegBraeki g8 Buesitmge e.z elrhsese components will

examination unded ®SENM fasclveil que

lem

Fi gBfShows the anthers pushed up the floret for pollin
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lcm lcm
FigB8eThe samples had been prepared for SEM technique
| n rneket g(FriegsB PAe anthi B) sxpldygrest hemagear pf and
using SEM and 1[I ight mi croscopy. We wi | | t het

those obtained using OCT imaging techniques.

"

. (
& Anther

Fi g9 eS8AQwshe ovary, a component of the female reprodu
representing the male reproductive organ of the fl owe

upwards to reveal t HheScuaplpeerbapror2tmnmn of the samp
Accor di2n4gg3 ttrore ant her normally contains two |
total, four chambers for a single anther.
pollination process.
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Fi ga#a®deAnt her under a |light microscopre shows the 4 cha
The size of pollen, iem( @ &0 &rd4dp Immhraanges vfergyms

visible with a naked eye. However, t he anth
[244]and it width i[®24&rfjound 0.5 to 1.4 mm

i g4t efAp arrow indicates that the front view shows t
ocated at the back. TShceasl ee  cbhdaBn)b2e Pds hslcetrfatr @mdope | bén t F
h

F
|
chambams$ hef freraoarnderrzet dSheea Ifee rimmal re 500/0u | e

50



Fi g@a2Tehe poll en, represented by the circle, is on its

process in plants is underway, Sidalienabterl ylnmne.adi ng t o

Previiomisd 3y8eisde was prepared.lfmot h8EMeax amierc &
scanning was performed on the same prepared
ovary amtdfkéaddedFd g4 edndgu’b e

.

———— Anther

Fi g43Tebr-eléd mensi onal 50&TRkimsawan ant her andC8cportaogeof
5mm x 5 mm.

Fi ga44Tehr-édemensi onalCOdCaln)i mafget {e ant her, thel.l5efTngt h of
mm, and its wi Bthhm by pgrldxXxi manta@ley ane.akbas eamenasge of 5mr
i s generbaliCoch sesisc@us. B

ter | ayer C

Fi gdbeA)Wwa@i mensi onal ArOCofwsi margcki.cate the ou
the three cha

struc(tBuyr €fswmensi onalTh ® @ Tagiesbamgdei.c at e t hat
scale bar is 1 mm
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During examination under a light microscope, a tiny, elongated insect was obsewédg
aroundtheovaryT hi s i nsect 1 s c¢ o mmpsark known tocontributate a t h
pollination, with a single thrip capable of carrying anywhere from 10 to 50 pollen {24Bis

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
recommendedThe control of thrips and sciarid fliesnvolves pladng Petri dishes with

biocontrol agents in the growing cabinets, which are natural insect predators. Because these
pests can easily enter growing aresspecially through Levington M3 compptgchnicians

recommend using biocontrol regularly to help prevent outbreaks.

After nineten months of cultivation, the spikelet of whdatnsyellow as they prepare for
k e r nseddiermaifiord flopvering to maturityGS7079).

lem

FigaBeForanilngwyspi kafees nfnwhmanhths of plantation.

d.Seeds
Grains (Hard dough stage GS 58) and then seétdsest Ripeness GS 9®) are the last

growth stage of wheat plants. Thaye the result of florets developing into kernels after
pollination and fertilization The harvestedseed was cut using razor blades for surface
scanning. The seed can be divided into three main[24it§ as shown irSEM imageFi gur e
4 Band OCT imageK i g 4 B (&) thebranor outer layer, which is rich with fibers, vitamin

B, and contains trace minerals such as E&y,Mn, and Zrj248] as well as phytochemicals
such as phenolic acids and caroten¢i®9]; (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
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source ofvitamin B and E, and also contains trace minerals, phytochemicals and unsaturated
lipids [247].

lem

Fi g447TSeme harveste® wmeatn deedys h a-8d .mgi ght bet ween 3

Fi g@48Tehe structure of wheat .Tghreaisne eids cdaenp ibcet eddi viind eSdE M n
parbtrsan or ,pheteentiayper m doired i.neBemal leaypanr 2 mm.

Endosperm ————yp. Bran
Outer Layer

Inner

Layer

Fi gdeTehr-demensi onal -OCanth enafglee tCr gcdTummee seed can be di
three main parts, bran or outer | &8ean hhse andasper m
5mm and i s goelkemastecd tlbasmisn @B
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2.Coqudsions
This chapter explored the morphology of the

using OCT and SEM, with a focus on evaluatin
to t hestweblli shed SEM met hod. The ifalndamdg st

Il i mitations -ionffvadTv east oaolnoinn agricul tur al i m
external St r@CT ugwecsc eods fwmhlelayt .captured detail
of pl ant Sstructures, sachamgemeantchoimebr ant d
mor phol ogy of florets and spikelets. l'ts ab
all owed for the visualization of surface tex
for destructitvieons amiphlies pcraeppaabrial ity i s espec

studies where repeated Howgveg, od keyelt msta
was the restricted penetration depth of OCT

tiesusuch as the i mmature spikelets within t
stem successfully, OCT could not visualize t
and i nfveatnearl iantrerfaces hindemel aghgnsr avms imi
i mitations of OCT in hi ghly scattering m ¢
interpretation when i nt@vwenrad |l | f, eatttue efi mdieng

application of OCT -aaess tar wdatliiuveb,liemago onlg fodr pnlc
mor phol ogy, particularly for tissues with hi
groundwor k for further exploration of OCT

infections, in eartwagrwwth $bSragddreeped in
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Chapltveerval uahéenguiotfaliCITi ttyor Early Detection

l1.Introduction
The scgeaestion drivca@CT hdest eacotnHee@itrsd:ryi a t r i

i nf ecitni omlse at |l eaves beforAnsvwesriibng tshyimgpt @ m
i mportant because early detection is <critic
detection met hods, including visual I nspec:

significant ti ssue dgmagd ,hashemccat r gad.eaByn
effective, and crop yield is already comproa
identifying microstrucewelal befh@ameg e aearn o stihse
transform plant patyhmpltoognath y an alglniorsg spr €l hi
timely and targeted interventions, reducing

ulti mately i mpr 6oisdgucrnay.health and

The wheat | eaf comprises tehiréer pidsophyalnidt er

t hvaesctlsgreé&OHewi decomsi sts of |l ong cylindrical
is covered by a cuticle cont diz2nsilnlghiss rvwaixg | sye
as the first Iine of defense against biotic
ul traviol et l ight and conhydbaoaphobtteamnibtreg & |

surface. Additioobhh myuf22B5ékcTlse asasanulaart it i s
veins within parenchyma tissue consisting of
surrounded by [pas®ibobymasophlystl cells conta
contain photosynthetic machinery 2to sesaoaguaer |
(carbohydif @266 Rudbndsc® is a central protein it
58% of t he tot al sol ubhl2é 7 pPrhoottecisny nt h e smihse a't
photosynthesis is a | ar[gz5&lontributor to gra

To maxi mi ze crop survival an da mrde dtuhceei rt heen wisreo
i mp,eatr |l y detection oOCT nifse cptrioopnoss eids aess sae nnto vi
provi deectriocsmsaddi mads it damala,si-veme rmahnhi t ori ng

mi crostructures in vivo. Thisihétehdafigme ai g
show any visible signs of infection and to

sta@Peese the techni-gfuenpaptest abpe, ptbefgoal [
the field.
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As di s cus sletdd etne ccth agontde rqaurmanrt g ftyhe& TBar i ous t ec
hyperspectr i micmaa@isnqg( ¥desads e i-iorf via seisvdennoens
efficacy, and abili22y ,t 2B ®dwe b6 |wboVvVeniceonpsa
HSonly detects the spectral signature associ
assesses the extent of infection within an

technique that caSepdéeaécr et hecpossenoé ohe |

This chaptethwi strermgmheaeand | imitations of
pat hoSpeencsi.foinc avhleya,Ax C et & 8,8 entf ye c t Sedp tuwoirrtiitiadi hcei
witgpe PO 323). In this experiment, we wil!/|

OCT de&teepdcdosd al i nk the results with findings

mi croscopy and SEM.

2.Ressul t
The first step in this proof of concept was

Septorifaantguist itoi ensure effective preparatio

sympt oms. Using a more resistant variety wolL
both AxC169 and AxC157 wheatSewa (owatgdpees satrreaih
| PO323) , with yellow spbdltls dapymélazndigysaapgpt D
i nocul ati on, respectively. Therefore, AxCl6

research.

The following tdhekeroanl pmesphbbsogy observed
experiments dursiany@nt yeoperi eafois shown per
and infedtedgpldertwith microscopic and SEM i
and absSempdcorodt magrnensgul t s ar ewitth®ETn tceocnhpnairgeude .

a)External mor phol ogy
TheexigargbPepresents daf |l pooolhbhsmovktinfeaosterdo |

|l eaveSemwtiarhi aSymptoms, suchegsany ¢ loDaw p/ part d in
progressively incrDagsdd.in severity through
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b)Epi fl uorescence microscopy
The aim of this expatanodk nitnfiet et eow iedSdenppaabrre a

t ristiixcidays after iunnodceurl aatni oenp, i fulsuionrge sCVeSh c e n
is that fungal I|heygaumasgbiinBwi hé shédenedd appear
structures around the stomata due to the bir
the control | eaves are expebseadsyesh@pwpernas cl
SITA)

Figbhtel) a conzddadl d)eadt qi

ned h CWS, Sepgt ¢B)aisrihth
(after 6 daysst aifn eidn owiutl ha tG WS
fu
e

t

) (A) appears there is nc
cells while (B) shows the n S
mi croscope g9gcalwe thharand &@Xc i i e

gu grows within mesophy
n ngge Ovarvre.l engt h bet we

c)Visualization of Trichomes with SEM

This study wutilized SEM to observeAs hehewif ek
Fi guYfaengal stress clearly damages tRegurecho
52This damage makes it difficult to accurat
OCT images due to their blurriness. Given t
analysis of the inner tissue structures of i

Fi gb?2 eSEM i magiensf eocft ead nwhneat | eaf, il |Sicsalreathhenrg 300 ch
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FighBRresents SEM i mages ,0f@dmyndakénchédewhélt dhgaf of
SEM i mage reveal some broken trichomes, which correl
number of trichocmoad eicMba®CBOi mages.

d)Vi sualization of Septoria hyphae with SEM
Figbhdid | usrtorsa® ®tsi on c ututsiendg vansdua3EM e fungal

the meJomaglls. reveal fungal hyphae between t
(B and C), co-mpaeetdedol et (AN.

100pum 100um 50pm

Figure54: Cross section cutting and SEM of wheat leaf; 8y old. (A) Control leaf. (Band Q infected leaves
after 10 days of inoculation.

e)Confocal mi croscopy
Confocal mi croscopy prov-Hichdsec2@daneald3D ainmag

|l eaFe g bblei gbpHkEei gbi7e aFrnidg®Bset ai ned with CWS at
wavel eng8&htmmioOl | umi n6t ey whael eReamglee good qual
t o d®dpetcdpdraes and hyphae through stomat a.

Figh@ 8) and p(oC)ess hwivt sbeat weensBomatdall, days
compared t@@igbheAgAbher o, hwepehkasl structures ha
(Fi gbhh®De , baynd hr ead 1t woeckud Bei baongal growth progr

stage, aFsi gsbhe@vn i n

Measurements of both the length and widthh&f hyphae irFigure 56 (E) were conducted
using FlJl image software. The averhgphad engt h was 142.84 e€m, and

thickness was 2.302 &m.
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Fi gb52eD i magkeatf oieBgf(dA) : A control wheat | eaf with CW
(wavel ed@t8h (3nBQ C, D and D): four sSaenpptloersa éoff@ awhseiacti | e
of inoculation and stained with <calcofluor white st
(wavel erd®Bt8h n3mQ esncal e bar 50
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Fi gb6eShows the co2bf o ma bwehsei atto oldeegofpdd) 382 contr ol (B) in
Septorigdat grrid idcdys of inocdlagt dp ni n {Septteodr vi(lwlefeklie irlit @ afi  (
days of inoculat3@myl d) D) n Seecoptt edr ti(vehl fetlaefir t 2c iweeks of i n
(E) a wheaatyl d¢ af n (Seeptteod i(véi ftiheeretkisciof i nocul ati on) . Al
and esichgatviedmngt h-4b8e8t wene.n (305)0 WhiSte@ tloyrp lmaves ¢ omeé cau te f
stomata andlircead earsppowesi mround the stomata (E) the in
within the mesophyl !l and the plant has reached a crit
f)3D Confocal Mi croscopy | mages

Threedimensional images of stomata were obtained using confocal microscopy from both
control (noninfected) andSeptoria triticrinfected leaves at 15 days and 3 week®r
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

30um 30um 30um
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Figh?7TeConfocal mi croscopy 3D images-iofeéd4ed $eamns ¢B)
l eaf after two weeks of inoculation. The i mage shows
(C) shows the myceki tmatindtaekeeaat wot weegka after inocul
A B

25um 25um

FigbasgA) Confocal mi croscopy 3D i mag@aylodf) 1t0a8k eBh sacfatnesr
weeks of inoculation, arrowB) shibowsa tltlee i mync eolni unrh eu nt g
| eaf

g)OCT imaging system
Thissecti on pdemens sohbhlam@Cmpiamages-i of enbad an
infected | eav8eseptionfiogcstei rovne ahpopwetaer csh rfli sqguoeg et h e

5%
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Day Mo ¢ k I nfecte

2(A)

2(B)

o o 2o
4 g,x;:;,f?e“‘_""ﬁv' 2.2 WP

11

Figbh®Representati ve -s3cDan®CT 5 namgels § Cmm) of wheat | eav
generated froms8@Bscofbdaocgesy edBdtearfi & ft g witcit i aamiecamdeal ev it g
across multiple time points. I nfected | eaves show pro
thinning trichomes, and tissue coll apse, comphred to
t hSee ptloirfiema cycl e, from early colonization to necrotrof

| Fi g9 eExpbdme edihmeresi onal -OCans mafgers wiCeat pl
at-datyl d, taken al orSg atnh eh alse aaf & sa nlgeen gotf h .5 mGn x

using 300 seca®mscutive B

For this experiment, a contr ol Sesptagedinesgi olhV w
radi befone sprayi ngTlhiet $e pteou & hew slsecapvleasc.e d it
l aminar flow cabinet within the | aboratory e
(@@f 254 nm. The exposure routine consisted

radiation per session.

OCT i1 oma ghea(yAr)2yveal s t he eSfefparsmensexmpmposiongV
and then sprayedaghdjywheBbot hbhypepsgépRgs8 start t

mar ked by either the absence of trichomes or
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Further mor e, the main vein oThrtlke rlepdveat e:1
performed, al/| showing the sTa&hme rpehsenlotnse,n owmh i
attributed to tBEevapgreape rathiiecsh ocfonffdehgvhéat ty
subjected t o UV radiation, the pPRO2ONR6BY) ¢
ConsequentliISeptwwdmt it bonhsi s exposed to UV rad
|l eaves, it accelerates the infection process
presence of acid and alcohol in the solutio
dameagae resulting in the r emovHol weovfert,r itchheornee s
data showi ngSepasdusipad n < ie dahshset i gne ho. métea httiaciin s

many genes iIinvoNAedamage efprao hREYH éDxpfodslue S
preferable to | eave the control | eaves spr ay
in order to preserve their natural state.

On day 2, B,orQanld re cntaegded &eladv,e ssh 2ws t he upper
wheat | eaf, showing the trichomes appearing
space. Unli ke the infected | eaves, t Heirr tri
than the controlSephkerf eAccycldd8ndchaofunesr 024 pat
attachment, the fungus grows in the spaces [
as indicated by the arrows.

On day 4, there are primary signs of damage
Visible to tshewkRalg@® e ©On e4D a §6s, and 8, the arr
i mages of infected wheat | eaves, aged 16, 18
gaps compared to the control. hiyhphwadftsi mttthae
mesophyl |l , as observed in compar iSseoprtlowifi®mah t |
cycl8,da&2ys after contact, the hyphae extend v
space to collapse and become destroyed, as |
On day 11, OCT f o%eptndmBiégledl, |telaev epelwli ale spot
areas on the | eaves appear under OCT damage
of fungus in the | ater Sstpatpegd e@o tly8& hdkgywxdl lafnt
infection, this phase in the infection cycl e
| eaf increasingly becoming yell ow afhldede own
dead cell s can sttihlel OCeTl eiansaeg eesl inta yt oirrsd i raencdt
ongoing responge@sésbto26bgse signals
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I n the next geameinen,onadmeOCiTwiO@agemages Enrnpl
infectednbhedt adnrlt e addaeygddir galge

Day Mock Infected

e T S ey

‘-in_a.'s_.-..-_.—-——

FigbExpl or € wsiomen s i oinmd gtes@ p s ef odatcaont r ol and infect
Sept,bovhae at sptlaarnttishagyl,&dda k2h al ong The sealfdsbaarenigs hlmm.

Fig@emonstrates OCTO0s -adefguacygmpyctusc ammar d
acqui r-see cctrioosmsa l i mages of | eaves (~6 1 2 mn
resolAlttitopcnlhgeh sormsitye motl ve s thicredtl ,3 a@aydarss iresol ut
suf fi anoenittnotresrtrraulct ur al di ffer encelse ablebtgwe e n

profbaoas odneixatngeniinngt er nal tatrrovgdsess e®O0hal eav
i magehe hypothesis is to itrfleuws cwiltyhinmo ntihteo rme
which is expected to pusrd agplatrtawglee dj gHaea e
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too small (~[21000}fi o« WKie asne¢e®rvi a OCT, the spac

readily monitored.

On day 2, OCT image for the3 icneflec tleady elresa vaerse,
the control &epfloirfAea ccoyrcd iBen, ocafotse rof24pat hogen
fungus grows in the spaces between the mesofj

the arrows.

On days 4, 6 and 8, the arrows in the wheat

indicate the <coll apse of the hppbvdad hpacdsce

mesophyl |l , as observed in compar iSseoprtlowifi®mh t |
cycli8,da2ys after contact, the hyphae extend v
space to collapse and become destroyed, as i

On day 11, OCT f o%eptindriégledl, |telaev epelwli aww spot
areas on the | eaves appear under OCT damage
of fungus in the | ater Sstpatped e@o tlyd& hdkgyxdl lafnt.
infection, this phase in the infection cycle

|l eaf i ncreasingly becoming yellow .and brown

3.Conclusi on
Septhoyphaae can be directly identified using ¢

high resolution of these techniqgues. However
increased gaps i,n atshe xmesd ghlynligha |tr i¢ésgdupde ¢ ¢ 0® & t

chapter, a detailed analysis of these appare

66



ChapV:Early detection of infection via OC

Eardegt ectcir@omp s o fibryf efcutnigouls i s the very first s
effective treat ment . Early and reliable dete
and achi evi nlghifso dsgétmedaysttireatpseoef t®@WMi t or i ng
whe(actu | Axi G alr6v@h e n i e petddrreidd ity sshtesawttpt OCT anal
caemf f ect i welgysdfedfcetciton before any AKXtd&Tn@h s
cannot directHywyplvaes,ualDCTZzer dwerglad t hat appar et
wher d unmhhgplae expect.@d st otdhguesv efl cocpu sesanan mon
corretlhreeso@by bk ruct umwalt hotdha&niss &t elo mdn i anrf alcyt
shows distinct difference between intact and
infe€&tnahly, machi nfeorl ehairgnhisnegg nesacofypdul bispe & n s

providing a f ocauwntdoamaitoedde ffeucntgfuosh uaeal ysi s

l.lntroduction
The scqgeweadtiifarc addressed here is: Can aut oma:

detect and di fifnedruecnretdi astte uicrnt fuecatli ccrhanges i n
i mportant because while manu-abnsemme@d¢taiswen
and I mpracsicaalk monitargeg. Automating the s
throughput, consistent analysis of | eaf micr
infections acrossopstebevekbopiropg popubfati mag
OCT data is therefore essenti al for scaling

precision agriculture systems.

Sever al software ‘tool s have been speci fica
segmentati on, pri mari Inyoswi tnhoitna bt e i me doipchatlh
cardi ol ogy. Many of these (tMLal goi ntlompot at e
segmentation accuracy and support automati o
intervention. Fars eaxaasnepohmea,t i lci wseolfaywearr e desi g
retinal |l ayers and detecting plabMBo)2 &1, €36 SJu

Ot her tools have been developed sgde&9flijlcal I
cardiac OCT i maxygaZ 5agmdk nftart itome anal ysi s of
condi[t2i706n.s 27 7]
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Il n comparison, there are currently no widel
devel oped specifically for plant research th
domai n. Researchers working witdenG@ualpmsepl a
i mage analysis platforms or develop custom &
pl ant microstructures. Comniomalgye dWdfA G LIAB Ol s i

which offer flexibility for custom segmentat

Given this context, this chapMetreownilg uwéd ss cfucsi
segmentation and analysis of OCT i mages in
i mproving the accuracy, efficienegi,esand scal

This work admé$feomasnaplypllbedtwewent wroent r ol an
|l eatvesovi deab owsti ghlis i Ithatdiée s sme i ntegrity. I n
|l eaves, t hinner celnedy emasr et ywpn icfadd m indicat e
Conversely, itnhe nnioanantteodtligse @ v etamidc kK@ ggyls aorf t he
cel |l mMaay eswsggest Sstruacd sudrdadl y tdoe gtrlaed ada ¢ oummu | at
mat ebreitaneep [ 16O, 184]

2. Resul ts

a)SEMmages
The effectiveness ofdadrcn Sitriroagédicewvineg p 8@reo c e d u

be ®enem gi ng from oahefetodadthadywypesfetser 1 nocul
stage, vi s fiybelled osspamsmptocrissy eady pr es eTnhti sont etshte i
essenti al to confirm that al | OCT segment a
corresponds to fungal devel opment, even when
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B
Fi g6itSeEM i mages showing control wheat plant (A), and
Septoria (B). Arrows indicaThi hypbaoereedpacrmndsedt atarst a

colonisation (stage 4) with signs of necrosis (defl at

b)Manwalg menaf@a@T oinmage

|t i's also worth noting that healthy | eaves
showlki ga6PA@whi ch it wuses to[f286IiBluitt atthee sgea si net
spaces notably increaswh wdéehatbdswt gpleaemt aing

seemi ngl,ys mewahit hégydlBe D.

Figaeledi vBdoah -Dhf elode)dvhoelat( A)eiaaifdect ed whaaty sl eadft et al
i nocu(BYiTor arr olwesrgpiceme i waeée Bhe setodnd Sxesd eplbias e nt
Imo( C anxdampl € of mandal t &eg foéen duasti ihbgee rfsr eehand Tool w
i mafgamcon{Cyl and anwhedtelcltbsedfs( R t er i nocul ation.

These interstitial spaces, or dark regions,
di stinguished (given the uneven | eaf mor pho
analysis to the thicknessl l(orahegamt) of the
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The f ot &abTvaebB)e s hoavsertdngec khetsbhe gapss elrecteind n |
20 OCT scans out of,femcbowvwblomatrotangddigmg
fraa(@i . e.beafigrha i n®awy(lid.td.on)4h aftetroibaywud.at
Every dewpdiammge empleor mé dietr,eeondi ff erent contro

infected plants

Tabld:e Mean thickness of the apparent gap fro

(after i1inocul ati oheptdofOneweh e ®tadi egv eoer wipttant ,
controlled and 3 different infected plants).
thickness measurements taken manually from
volumetric readmihg. aFernglehi thage of the in
appreciate its | aTtke od n ifetamfraniahaet Iy Metio s|ag i on
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
\.
lcem Aem . lcm
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
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 i lem lem
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

lcm

icm

lcm
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When analysinghe individual measurementised to compute the averages shown in the above

table themeasurd gap thicknesssreveal distinctrendbetween control and infected leayes

as depicted inFi g 6 BEr o m ldaftiey inoculation onwardinfected leaves exhibit
consistentlylarger gap thicknessesexceethg 0.05 mmin average while measurements on

control leavesemains below or around theatlue. Furthermoreghe width of the Gaussiafit

for theinfectedleaves grougs typically broadefFWHM ~0.2 compared to that of theontrol

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 colonisatibe hyphae

(stage 4)However, other fungahssociated factors may also contribute, such as the recognition

of fungal PAMPs by plant immune receptors or changes in water potential arising from altered
stomatal behavio278, 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 Baasqzer,

E.,etal[| 17®dn be a result of our ohoiwae yacfhosweint,
which is considered one Sept.dthieda yarmi sDi @0 s S
inocul ation via spray facilitates lehastbeey of t
shown that gore germination typically occurs within 12 hoafser contactwith a leaf when

humidity levels are high [30And whi l e the presence of water

trigger any direct reaction from the stomat

i mplies that mosf280pmasafwawicil i batopgnentry
first 24 hours. |t is also possible that wup
takes place, the whole plant reacts by modif
to tkaskedcin apparent gap thickness. | f swuch

OCT can effectively be used to detect wearly

intercellular spacing.
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200
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200
0 - -
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HU 0.02 0.04 0.06 0.08 0.1 0.15
Gap gmnge
Fi g6B¢¥oisd destr i bmanwal thickness measur.eSuegretrs mproemd D

hi st og rcamtsbl aulfe )(n fae detaevde sigf © u p st wsigiths § itBsme hi st dag rbainms us e
width mfi 0.01

It can be seen iR i g & &hat the superimposed histograms show the distributions of the two
groups (control and infectedye clearly different From the average gap values, we could
theoretically set a threshold value for the
leaf can be classified as being infected. If such was the case, effective assessment of infection

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

The following section introduces a custom
project, to perform aut omao & emdstielménre ntt reda n otnh e
detection of infection, to clarify that we a
the fungus itself.

c)Aut omadgegmrdent ati on of OCT i mage
Building upon the enmanuuvalgi amgalrysiud,t sa f maaenh |

algorithm was devel op€dbeirn Icndl8lpasit cériasts yor ne

http:// www.ociasuitrooncacdm cal |y seagmend!| d& hieisfey atplpe
TePyt hon code designed foba®&€d GEHQgmappht cani
OpenCV, Tensor Fl ow, NumPy, aNlbdbb®aeadadhdley s i sn.
trai heMi@gt tmodel (unet _masking3. keras) IS us
viMas kT Thr ellde cd @ades . i sp pemodiided i n
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http://www.cisin.com/

The automated procedure, |ike the manual one

gaps between the second and third upper | aye

To further benefit from OCTQgsr ofcaessts s sn@a fit sai r ngge
OCT magesbhe ammake ne (IMd@a sne chgs of t wsaergemefnetiead ii nmang e

used instead of the manual l abelling. The au
the previous manual analysis: it aims to seg
cell wianwen the definedame@egcompofeiinteraser &

Example of the autshimathe gmdegment ati on i s

F i g & #Egamples of automated segmentatiging OCT image analysis to classify the spacing between the
second and third cell layeirs a control whealeaf (A) with ROI (B), and an infected leaf (C) with RQ@D), 2
daysafterinoculation.

Il n comparison to the previous analysis, for
readings on cont 260 aadsed sefcetnesdeda gl ant 280 f or
anal ysis) and a+dalsyse dlonies woaagnept uhtee dMLav er age t

segmented gap from each i malgeewRisg@ubseed t o bui
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[ control
400 |:] Infected

L
D1 2007 i i 2
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1
Il 1
400~
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Av e rqags me)
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The resultdabedmi mbhgeMbnal ysi s appear more s
manual anal ysi s. This scattering might be a
adequately segmenting the OCT inmalgeeasf, swhriuccht
Althbughograms resulting from the automated
compared to those generated from the manual

Starting from day 1 gfpserinnbotibatedn| eatniesa

compared to those in intact | eaves. And si mi
|l eaves are also | arger compared to those in
coul d bearukseerds atso mmut omatically distinguish

| taliso I mportaMiLbasedos eg mhaawwead hteenr e tr ai ned
AxC 169 variety. The same automated procedu
vari ety and Cyilesl7ded, to a | esser extent, sim
shiftedc&atuswarach | arger gap tdiizse ofuadrcoimef e st «
with the expectation that the Cadcesmuidda sbasdkgvn
SIOne main differ eeracgigeesti eitswetehna tt hienttédwoCl b & av e s
haeeal r d adggpeparebet gagecome anlday@Eoifs d~ cOe.l06 mr
Therefore, t he disti nctanonnotb ebtewebeans eidn foenc tae ds

value across different cultivar s.

Overlma€ by Mé-hbased analysis, with its unique di

already be promising in differentiating betw
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a single threshold value might not be commi
l i mi tati ont,o ipts visshigmlisoa ninnecdl ud e smotroe tpaakrea mentteor
thei3nenti onal shape of the gaps since it is
Additionally, the training model wi || be I mj

varieties.

3.Conclusions
Il n t hitodc opnrcoeopft e x georsit meOCtT, wlasw demonstrated t

for effective detection of infectbpastseimmatfioc
anal ysis of sever al t housands-i V¥ a siinmaegleys, aicsc
possi bl e byMlisasaegdah § A\malk eal t hough the anal ysi
single paramet er (cd pzhaafrfeenrt e ngcaeps tbha tcvkeneens sggn't
|l eaves can be seen fraoandid@Tyli mdgiemg i momlcdud att
for gui ck and accurbge eivekentatf i @@t awempt o me
application of OCT tbppétednwsta Wit aabd g9 8
cropbs health more eftfreecattimeenitys . anBdy ehmaniimlicesss m:
t hecsuet £idgge teeBhbsogvor k ptaor e s e vihheygw aoynu Izt ur a
practices bymhelgang ¢dmomel ssses, enhance s

gl obal food security.
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ChapVieGoncl asBonhure Wor k

1.Conclsusi on

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

research questions:

1. Why werewheatplantschosen as the hoSgeptoriaas 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 detec®eptoria triticiat early stages of infection?

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

N o g A~ w

How can machine learning (ML) enhance OCT image segmentation and af@lysis
plant research

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

To address these questionseat 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 aalue
many countries rely on it to support their national incowtgch makes this crop particularly
interesting for plant researc8eptoria triticiis a fungal pathogen that infects wheat and can
cause Yyield losses of up to 40®Reducing its impact and minimizing the need for chemical
treatments were central aims of this stu@ZT is a live imaging technique that operates in
real time and in vivo. It provides nanvasive crossectional and thredimensional images,
making it well suited for plant research. This probiconcept study demonstrates its capability

and highlightgts potential for broader application in plant science.

AxC169 variety seeds from this mapping population are widely available in research seedbanks
and have weltharacterized resistance and susceptibility traits. The parental lines, Avalon and
Cadenza, differ markedly in their respons&éptoria triticiblotch (STB), with Avalon being

77



susceptible and Cadenza resistant. Using Cad
and effective breeding approach. Crossing these lines introduces resistance alleles into

Aval onds background, produci ng ofrorfomiptraitsng t h e
with Cadenzads resi stance.-dodumented pgplatiert is c al | y

therefore ideal for testing OCT as a phenotyping tool.

A reliableSeptoria triticiinoculation 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
responseslThese microscopic observations were essential for comparing direct visualization

methods with OCT imaging.

Chaptes 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 uswig significantly enhances processing efficiency.
This opens promising pathways for hititroughput phenotyping and reahe plant disease
monitoring. While automated OCT segmentation is w@sthblished in medical imaging,
especially in ophthalmology andrd#logy, its application in plantcgences 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 imaigickger plant tissues.
However, the penetration depth is adequate for studying leaves under biotic and abiotic stress,
where OCT can provide detailed depth profifesrthermore, Mkbased 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 reseaechromising antighlight the potential

of OCT as a nowlestructive, rapid imaging technique capable of detecting early structural
changes associated with fungal infections. The integratidnLofoolsis amplified withthis
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 WorKk
Aval on and Cadenza are both UK winter and sp

as commerci al varieties but | ater became e
popul ations, such as the Avalon 1 tCadiemmrao\ e\
resi stSermpde rtibah ot ciht i( SITB) . Il n this research,

used to build on previous genetic studies an
mor phol ogi cal examinatioecommendedutre appky

to the parental | ines, Avalon and Cadenza, a
ho®@eptdhaeveaeal ops in Avalon and why Cadenza exh
This research focuses on AxC169, but extend
AxCl157, could provide valuable baseline dat

5

across genotypes. Additismnallksgedap mlbyietg o0C
stresses coul d reveal whet her similar chan
environment al stress, thereby allowing diff

ti ssue alterations.

The current software, which is based on Pyth
specifically on a single wheat variety (AxC
include multiple wheat varietieoerahdzabheér t
robustness of the model . Further mor e, addi f
classification capabilities, enabling the s
whet her a | eaf i's infectfaulhcoti ohalilthwycouhd
enhance its wutility in precision agriculture

di agnosis across diverse crops.

|l neal, fiitelwdi | | al so be critical t o Sdeeptteorrmian e
infection from other fungal pat hogens or en
environment al stress typically affects all/l p
fungal infections wusually i mbiaghl iogmhtys stome
educate farmers on how to collect OCT i mages
OCT ansbtfyzwar e t o0 edxattraact meaningf ul

The findings for AxC169 and spornees eenxt peedr ianse nExs

the SI, provide a foundati oanrfleosre asrucchhe rasn atloy s
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their own statistical t estvsi aorGoeoxgpter wdortihvee . e
val uabl e t o perform moreniradodorbobusn st at igsatpi
measur.emewndtie sass tor cadlcwéstiba gbamptitativel
bet ween groups. When <comparing two groups,

observed differences are r eatlesotr hceol uptsd eahsasvees
the means of two grouppvaliudd epr svighae d itchaentgry
observed differencevalose(bygmmbmainge<s BA.DBW
significance. Such analyses Cacsdiladypgnaé msgi) s a

provide stronger, quantitative evidence of g

|l ntegrating OCT with additional bi omar ker s ¢
potential, stomat al conductance, or chl orop
analysis of crop stress physi ol otgyr,esmpmdmgamnd n
far mer s.

Finally, for widespread adoption in agricult
be e6sectf veendbgy and portable, ensuring pr

f ar mer s.
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Appendices for Chapter V

1.Coll abortahe o@l Yi¢c¢dmpany

This coll aboration involves the University ¢
Infras¢(€ustuhetp:// www. cisin.com). CI'S off el
custom software application develofwmbdrertr. Cl

I nfrastruetCeneyal"Cl 8HiI a' s Largest Technol og

https:// www. cil SsSin. com/

2.0CT Leaf Analyzer User Guide (provided by ¢

a)Appli ©Gaeronew

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 prdatisv these
panels.

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

O Load OCT Image Button: Opens a dialog to manually select an image or folder.

i iApplying Segmentation and Hi
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.

i i Generating I nsights

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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c)l mage and Analysis Details

0 Image Details: Shows current image information (name, size, shape, format).
0 Analysis Results Displays segmentation outcomes, measurements, and
classifications related to the highlighted inner space.
d)Wor king of infected | eaves detection and

We labelled the infected areas on images of leavesidoking regions that displayed the

infected area. These annotated imagese then utilized to train a-Net model, which is

particularly effective for image segmentation tasks. The trainBi@tunodel can automatically

S

detect and outline the infected areas on new, unseen leaf images by generating masks that

highlight these regns. This approach enables efficient and automated detection of leaf

infections.

e)Pythostcaude ure 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:

i . Tensor Fl ow: Used f or -Noeuti |ndoidnegl

atnod stergamiennitn gt

bet ween the | ayers in the OCT i mages
prediction model that pdadectiedn mocage i s i
i iQpenCV: Empl oyed for preprocessing the OCT
grayscale i f necessary, and enhancing i mage
i PyQt5: Utilized to create the graphical wuse
includes setting wup the panels for di spl a

asi mpl ementaitdilgophéudcagonal ity

segmentati on, and generating insights.

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

T Python code
i mport cv?2

i mport os
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i mport sy
i mport nu
i mport pa
i mport te
from PIL
i mport | o
from PyQt
from PyQt

from PyQt
QHBoxLayo

# Configu

l oggi . b
%( message

>
(o]

class Pro

cl ass Mas

Thread t

mask _gen

progress _

S

mpy as np

n

das as pd
sorflow as tf

mport Il mage

ging

. Qt Core import Qt, QSize, QThread, pyqgt Sign

. Qt Gui i mport QPi xmap, Ql mage

. Qt Widgets import QApplication,

QMai nWi ndow

t, QWi dget , QFi | eDi al og, QText Edi t QProgre

e |l ogging

asicConfig(filename="test-%(dg'v.ellnawmel) sl oggir
) s’ )
gressDial og(QProgressbDialog):

k

ogress dialog that extends QProgressDialog

t (sel f, parent =None):
init__(parent)

Wi ndowModal ity (Qt. WindowModal)
WindowTitle("Progress")

Mi ni mum( 0)

Maxi mum( 100)

Val ue(0)

alue(sel f, value):

Val ue(val ue)

Thread(QThread):

handle i mage masking operations asynchrono
rated = pyqtSignal (np.ndarray, dict)
updated = pygtSignal (int)
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def _ _init__(self, i mage_app_instance, i mage, mas ki n

super (). __init__()

self.image_app_instance = image_app_instance
self.image = i mage

sel f. masking_model = masking_model

sel f.predict_using_thickness_data_model = predict _u
self.is_running = True

def run(self):

mask = self.image_app_ingtl8bd¢e. generate_mask(sel f .
i mage_with_boundary = self.image_app_instance.creat
filled_mask_area_image = self.image_app_instance. fi
straighten_image = self.image_app_instance.straight
thickness_ _data = self.image_app_instance. calcul at e _
df = pd. DataFrame(thickness _ dat a)

results = self.predict_using_thickness_ data_model .
tag =l nfNeated" if results[0] > 0.5 else "I nfected"
details = {"tag": tag, "max": round(df["max"'"][O0], 2)
ound(df["avg"'][O0], 2)}

sel f. mask_generated.emit(np.array(filled_mask_area_
def stop(self):

self.is_running = False

class I nsightsThread(QThread):

Thread for generating insights across multiple i mage

i nsights_generated = pyqtSignal (dict)

progress_updated pygt Signal (int)

def _ _init__(self, image_app_instance, file_paths, n
super (). __init__¢()

sel f.image_ _app_instance = image_app_instance
self.file_paths = file_paths

sel f. masking_model = masking_model

sel f.predict_using_ _thickness data_model = predict __u
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el f.is_running = True

f run(sel f):

traighten_image = []

otal files = len(self.file_paths)

or idx, file_path in enumerate(self.file_paths):
if not self.is_running

break

img_for_calculation = cv2.imread(file_path, cv2.1N\
if img_for _calculation is not None:

mask = self.image_app_instance.generate_mask(i mg._
i mage_with_boundary = self.image_app_instance. cr e
straighten_image. append(self.image_app_instance. s
sel f.progress_updated.emit(int((idx + 1) * 90 [/ to
f straighten_i mage:

thickness _data = self.image_app_instance. calcul at e
self.progress_updated.emit(95)

df = pd. DataFrame(thickness _ dat a)

results = self.predict_using_thickness data_model
mean_df = df . mean(axis=0)

mean_df _for _pred = pd.DataFrame([{'"min'": mean_df["
n_df["avg']}])

mean_result = self.predict_using_thickness_ dat a_ mga
tag =l AfNeated" if mean_result[0] > 0.5 else "Infec
details = {

"tag": tag, "max": round(mean_df _for _pred[' max"']][
“min" round(mean_df _for _pred['"min"][O0], 2),
"avg": round(mean_df _for _pred['avg'][O0], 2),

"tot al i mages": len(results),

"detecitemdeaoawooed i mages": I|list(results).count (1),
"detected infected images": I|list(results).count (0O
}

self.insights_generated.emit(details)
self.progress_updated.emit(98)
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self.progress_updated.emit(100)
self.finished.emit/()

def stop(self):

self.is _running = False

class Label (QLabel):

Custom QLaba&tdrwipt hs udprpaogr t f or i mages or i mage folder

i magelLoaded pyqgt Signal ()
def init__(self, title, parent):
super (). __init__(title, parent)

sel f.set AcceptDrops(True)

self.file_paths = []

def dragEnterEvent (self, e) :
i f e. mi meData(). hasUrl s():

e.accept ()

el se
e.ignore()

def dropEvent (self, e) :
m = e. mi meDat a()

i f m. hasUrl s():

for wurl in m.url s():
if wurl .isLocal File():
file_path = wurl.toLocal Fil e()

if os.path.isfile(file_path):

self.file_paths = T[]
self.window().load_image(file_path)
sel f.window().image_count | abel.setText (f"] mage

elif os.path.isdir(file_path):
self.currlnt _index =
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cl ass |

mai n _

i mage_

i mage
sel f

sel f

.original | abel

mage_files = [f

for f in os.listdir(file_path)

el f.file_ paths = [Jos.path.join(file_path, f) f
el f.load_next _image()

ad _next_ _image(sel f):

| f.file _paths and se-llf. current _index < |l en(sel
.current _index += 1

.window().l oad_image(self.file_ _paths[self.curr
.imagelLoaded. emit ()

ad_previous_image(self):

Il f.file_paths and self.current_index > 0:
.cur-+reht _index
.window().load_image(self.file_paths[self.currtr
.imagelLoaded. emit ()

mageApp( QMai nW

pplication wind
init__(self, ma
(). __init__¢()

. masking_model =

.setup_ui ()

—

up_ui (sel f):

.setWindowTitl e(

.set Geometry (100

al _widget = QW

ndow) :

ow for the OCT

Leaf Analyzer.

sking _model, predict_using_thic

masking_model

.predict _using_thickness_ _data_model = predict

"OCT Leaf Analyzer")

, 100, 1000, 600)

dget (sel f)

.set Alignment ( Qt .

.setCentral Widget(central widget)

| ayout = QVBoxLayout (central _widget)
container = QWi dget ()
_layout = QHBoxlLayout (i mage_container)
.original _| abel = Label ("Drag and Drop i mage

Al ignCenter)
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i mage_ | ayout. addWi dget (self.original _| abel)

sel f. masked _ | abel = QLabel (""", self)

self. masked_I| abel .set Alignment (Qt. AlignCenter)

i mage | ayout.addWi dget (self. masked | abel)

main_| ayout. addWi dget (i mage_container)

button_Il ayout = QHBoxLayout ()

self.load_button = QPushButton("Load OCT I mage", se€
self.load_button.clicked.connect(self.load_i mage)
button_| ayout.addWi dget (self .l oad_button)
self.mask_button = QPushButton("Apply Masking", sel
sel f.mask_button.clicked.connect (self.apply_mask_as
button_| ayout.addWi dget (self.mask_button)

sel f.generate_insights_button = QPushButton(" Gener a
self.generate_insights_button.clicked.connect (self.
button_| ayout.addWi dget(self.generate_insights_butt
sel f.details_textedit = QTextEdit(self)

sel f.details_textedit.setReadOnly(True)

mai n_| ayout.addLayout (button_1|l ayout)

main_|l ayout.addWi dget (self.details_textedit)
arrow_| ayout = QHBoxLayout ()

sel f.prev_button = QPushButton("Previous", sel f)
sel f.prev_button.clicked.connect(self.original | abe
arrow_Jl ayout.addWi dget (self.prev_button)

sel f.image_count _| abel = QLabel (""", self)

sel f.image_ _count | abel.setAlignment (Qt. AlignCenter)
arrow_I| ayout. addWi dget (self.image_count _| abel)

sel f.next_ _button = QPushButton("Next", self)
self.next_button.clicked.connect(self.original _| abe
arrow_| ayout.addWi dget (self.next _button)

mai n_| ayout.addLayout(arrow_| ayout)

self.setStyl eSheet ("""

QMai nWi ndow {
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backgcouond: #37474F,;
}

QPushButton {
backgcoltond: #FFC107;
color: #37474F;
bor-dadi us: 15px;
padding: 10px;

mar gi n: 6pXx;

fosatze: 14px;

}

QPushButton: hover {
backgrcouond: #FFD54F;
}

QLabel {

col or : # FFFFFF;
backgrcouond: #455A64;
paddi ng: 5px;
bor-dadi us: 5px;

f o-at ze: 16px;

f oowei g h tb:olsde mi

}

QText EdAi t QLineEdi t {
backgrcouond: #CFD8DC;
color: #37474F,;
foatze: 14px;
border: none;
padding: 5px;

bor-dadi us: 5px;

")

sel f.original _I abel .i magelLoaded. connect (self.update
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def

def

Ap

def

St

|l oad_i mage(self, file_path=None):

ad an image from the file dialog or f
not file_path

ptions = QFileDialog. Options{()
ile_path, _ = QFileDialog.getOpenkFile
eg *.bmp *.tif *,tiff)", options=opti
file_path:

el f.image = cv2.imread(file_path, cv 2.
el f.image = cv2.resize(self.image, (5
f self.image is not None:

sel f.display_image(sel f.image, sel f.o
self.update_details(file_path)

I f. masked_ | abel clear ()
apply_mask_async(self):

ply mask to the | oaded image asynchro
self.image is not None:

el f.progress_dialog = ProgressDial og(
el f.progress_dialog. show()

el f.progress_dialog.setlLabel Text (" App
el f. mask_thread = MaskThread(sel f, s e
.predict _usinBotchpckhesg&ndata wmadeéeb).
el f. mask _ thread. mask_generated. connec
el f. mask_thread. progress_updated. conn
el f. mask_thread. finished.connect (self.
el f.progress_dialog.canceled.connect (
el f. mask_thread. start /()
stop_mask_thread(sel f):

op the mask thread if it is stildl run

rom a droppe

Name(sel f,
ons)

| MREAD_COLC

12, 512), in

riginal _| abe

nousl y.

sel f)

' ying Maskin

I f. i mage. cop
Manual . xl s
t(self.show_
ect (self.upd

progress _di

sel f.stop_ms

ning.
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if self.mask_thread.i sRunning():
self.mask_thread. stop()
ef generate_insights_for _all (self):
Generate insights for all/l i mages |l oaded into the arg
if not self.original | abel.file_paths:
return # No files |l oaded, exit the function
self.progress_dialog = ProgressDialog(self)
self.progress_dialog. show()
sel f.progress_dialog.setlLabel Text (" Generating I nsig
self.insights_thread = InsightsThread(self, sel f.or
Il f.predict _using_thickness_ _data_model)
self.insights_ thread.insights_generated.connect (sel
sel f.insights_thread.progress_updated. connect (self.
self.insights_ _thread. finished.connect(self.progress
sel f.progress_dialog.canceled.connect (self.stop_ins
self.insights_thread. start ()
ef stop_insights_thread(self):
Stop the insights generation thread if it is stildl
if self.insights_thread.isRunning():
self.insights thread. stop()
ef update_progress_bar(self, progress_percent):
Update the progress bar in the Ul
sel f.progress_dialog.set _value(progress _pe nt)

rce
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def show_mask _ _result(self, masked_ i mage, details):

Di splay the masked i mage and details in the UI.
self.display_image(self.image, sel f.original _| abel)
sel f.display_image(masked_ i mage, self.masked_ | abel)
self.show_details(details)

def show_insights(self, detail):

Di splay the insights for all processed i mages in th
details = (f"<b>Total images</b>: {detail["total in

f"<b>Detdantfedcthan i mages </ bi>n:f e{cdteetdaiilnja gdeest' €] c}t<ebdr >r
f"<b>Detected I nfected images</b>: {detail['dete
f"<b>Mean insightsbrf>osbrad"”l i mages</ b>

f"<b>Tag</b>: {detail["'"tag']}<br>"

f*"<b>Maxi mum Thickness</b>: {detail[' ' max"']}mm<br
f"<b>Minimum Thickness</b>: {detail["'"min"]}mm<br
f*"<b>Average Thickness</b>: {detail['"avg']}mm<br
f"<b>Note</ b>: 100px = 1mm")
self.details_textedit.setHtml (details)
def display_image(self, i mage, l abel ) :
Utility function to display an image on a QLabel.
if image is not None:
if Ien(image. shape) == 3:
height, width, channel = image.shape
el se:
height, width = image. shape
i mage = cv2.cvtColor(image, cv2. COLOR_BGR2RGB)
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bytesPerlLine = 3 * width

ql mg
pi xmap =
pi xmap =
Il abel

= Ql mage(i mage. data, width,

QPi xmap. froml mage(qgl mg)

pi xmap.scaled(QSize(512,

.setPixmap(pi xmap)

def | oad_model (pat h):

i f get

# Whe

mo d e |

mo d e |

l oggin

exce

exce

tf.comp

predict _

masking

app

wi ndow

wi ndow.

Ten

pat

pat

pat

at .

mo

QApp

sho

vli.enabl e eager _executi on

ing_thickness_data_model
del = |l oad_model ('"unet _ ma
' ication(sys.argv)
mageApp(masking_model , pr
w( )

height, bytesPerl

512) , Qt . KeepAscy

sor Fl ow model from a specified path.
r(sys, "frozen' , Fal se) :
unning as a Pylnstaller bundl e
h = sys. MEI PASS
unning as a script
h = os.path.dirname(os. path. abspath(__file
h = os.path.join(base_path, path)
f.keras. model s. |l oad_model (model _path)
info(' Model |l oaded successfully from main')
del
eNot FoundError:
rror (' Model file not found. Pl ease verify
eption as e:
rror (f'"Failed to |l oad model: {e}"')
== " __main_ _

()

l oad_model (" cl &

sking3. keras')

edict _using_thick
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sys.exit(app.exec_())

f)The software's operational steps
This section outlines the steps inyvolugsedgin
figures to provide visual guidance.

Orag and Drop image of folder here

103c OCT mage

Geneale insights for all

FigeeSeows the home page of the OCT I mage Segmentation

Drag and Drop it der here

B

Py, L0ad OCT image

Apply Masking

Generate insights for all

Fi gy eDrag OCT i mage or data set to the fALoad OCT i ma

Load OCT image

Figa8hen, click on fAapply masko option on OCT image/ s

The software can automatically anal yse the
i nformation such as maxi mum, mi ni mum, and av
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T TIOR ST oo

Load OCT image

Apply Masking
Tag:infected

Generate insights for all

Fig69De monstrates the key information, including the r
their averages, as a result of masking the gap.
The OCT analyzer software is available for d
https://drive.google.com/filel/ld/1xDpi NglyM85
| i nk

3.Tabl eanwdl myameabuckmes$fsCl69 variety
The following tables illustrate the total nu
measurements in the AX50160CTvairmadegs Wwernet al

segmentati oi@ efel i he afyier st p2rf ormed using t he
control and infected | eaves, three readings

107
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Day O
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
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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
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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
1901 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 Day 3
OCT
images Control I nfected Control I nfected
1 2 3 1 2 3 1 2 3 1 2 3
1 0.04 0.04 0.0 0.06 0.04 0.0 0.02 0.03 0.04 0.03 0.09 0.07
2 0.03 0.05 0.01 0.07 0.07 0.10 0.04 0.07 0.05 0.06 0.0 0.07
3 0.05 0.03 0.06 0.05 0.08 0.07 0.0 0.03 0.02 0.07 0.03 0.06
4 0.01] 0.03 0.03 0.03 0.04 0.04 o0.03 0.04 0.0 0.07 0.10 0. 08¢
> 0.01, 0.01 0.02 0.04 0O0.120 0.0 0.05 0.03 0.04 0.0 0.07 0.05
6 0.03] 0.04 0.05 O0.05 0.06] 0.122 0.05 0.04 0.03 0.07, 0.05 0.05
’ 0.03] 0.05 0.02 0.06/ 0.04 0.02 0.07 0.014 0.04 0.08 0.05 0.07
8 0.04 0.03 0.04 0.0794 0.05 0.02 o0.07 0.03 0.04 0.09 0.04 0.07
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0.04/ 0.04 0.03 0.04 0.06 0. 01 0.1 0.06 .07
10/ 0.03] 0.02 0.03 0.04 0.05 0.01 0.09 0.07 .1
11/ 0.03] 0.05 0.02 0.04 0.03 0.02 0.09 0.08 0.11
12/ 0.04| 0.02 0.04 0.03 0.10 0.04 0.06 0.06 0.04
13/ 0.04| 0.02 0.03 0.06/ 0.06 0. 03 0.04 0.08/ 0.13
14| 0.04| 0.04 0.05 0.03 0.07 0.04 0.04 0.12 0.08
15/ 0.03] 0.02 0.04 0.04 0.06 0. 02 0.04 0.11] 0.08
16| o0.02| 0.02 0.02 0.04 0.05 0. 03 0.04 0.059 0.11
17/ 0.03|] 0.03 0.03 0.0 0.04 0.03 0.06/] 0.04 0.08
18| 0.02| 0.04 0.03 0.04 0.07 0.02 0.05 0.05 0.009
19/ 0.02| 0.04 0.01 0.03 0.05 0.02 0.02 0.05 0.08
200 0.04| 0.03 0.02 0.01 0.07 0.04 0.09 0.08 0.07
21/ 0.07| 0.04 0.03 0.03 0.08¢ 0. 02 0.05 0.07 0.05
22| 0.04| 0.06/] 0.07 0.07 0.06 0.02 0.06 0.04 0.05
23| 0.04| 0.04 0.03 0.02 0.07 0. 04 0.09 0.12 0.07
24| 0.03] 0.05 0.03 0.04 0.0H5 0.03 0.100 0.13 0.05
25| 0.03] 0.05 0.06 0.06 0.086 0.04 0.07 0.12 0.08
26| 0.02] 0.02 0.01 0.05 0. 07 0. 03 0.05 0.06 0.11
27/ 0.06|] 0.06 0.05 0.04 0.04 0. 02 0.04 0.09 0.04
28| 0.06|] 0.04 0.02 0.07 0.05 0. 03 0.06/ 0.07/ 0.07
29| 0.04| 0.04 0.03 0.07 0.05 0.03 0.05 0.08 0.05
30 0.06/ 0.02 0.04 0.0 0.07 0.04 0.05 0.09 0.009
31| 0.01] 0.06/ 0.02 0.09 0.08 0.04 0.06 0.11] 0.09
32| 0.05| 0.03 0.04 0.09 0.0§ 0.04 0.08 0.05 0.009
33| 0.03/ 0.02 0.06 0.07 0.086 0. 03 0.04 0.06 0.005
34/ 0.03| 0.02 0.02 0.07 0.03 0.03 0.02 0.09 0.09
35| 0.02| 0.02 0.03 0.08 0.08€ 0.03 0.04 0.0 0.08
36 0.04 0.0 0.03 0.05 0.05 0.05 0.03 0.08 0.05
37/ 0.05| 0.02 0.06 0.07 0.05 0.04 0.09 0.07/ 0.085
38| 0.05| 0.02 0.05 0.0 0.0¢ 0.04 0.01 0.06] 0.08
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39

0.04, 0.07 O0.06 0.024 0.07 0.0 0.03 0.04 0.02 0.06)] 0.06] 0.009
40 0.03] 0.03 0.02 0.0 0.04 0.04 0.04 0.03 0.04 0.08 0.04 0.09
41 0.03] 0.03 0.04 0.12 0.04 0.04 0.03 0.03 0.05 0.1 0.12 0. 06
42 0.03] 0.04 0.03 0.09 0.04 0.04 0.04 0.01 0.04 0.13 0.1 0. 08
43 0.01] 0.02 0.04q 0O0.04 0.04 0.06 0.01 0.03 0. 05 0.1 0.08 0.08
44 0.03| 0.05 ©0.03 0.04 0.03 0.07 0.04 0.06 0.04 0.08 0.05 0.06
45 0.02| 0.02 0.04 O.06] 0.0 0.07 0.02 0.05 0.03 0.09 0.08 0.06¢8
46 0.03/ 0.03 0.04 0.07/ 0.0 0.09 0.02 0.024 0.05 0.05 0.05 0.07
a7 0.02| 0.05 0.05 0.03 0.04 0.06 0.02 0.02 0.04 0.0 0.07 0.08
48 0.07/ 0.06] 0.04 0.04 0.04 0.04 0.04 0.04 0.06 0.0 0.09 0.07
49 0.02] 0.06 0O.04 0O0.08 0O0O.05 0.0 0.04 0.02 0.04 0.03 0.06 0.05
50 0.01| 0.02 0.03 0.08 0.06/] 0.071 O0.05 ©0.02 0.04 0.0 0.0 0.06
o1 0.02| 0.06f 0.06] 0.02 0.08 0.09 0.0 0.03 0.04 0.03 0.06] 0.04
52 0.05| 0.07 0.03 0.03 0.09 0.07 0.03 0.04 O0.03 0.04 O0.06] 0.11
53 0.01 0.0 0.04 0.03 0.08 0.009 0.04 0.04 0.06 0.0 0.06 0.1
o4 0.02| 0.02 0.03 0.03 0.05 0.07 0.05 0.04 0.04 0.06] 0.10 0. 06
55 0.03] 0.05 0.03 0.06] 0.09 0.05 0.03 0.04 0.03 0.07 0.07 0. 07
56 0.01] 0.03 0.06 0.06 0.07 0.03 0.04 0.07 0.04 0.05 0.068 0.07
S7 0.03, 0.03 0.01 0.04 0.06f 0.04 0.0 0.05§ 0.06 0.03 0.06 0.09
58 0.04] 0.01 O0.06 0.03 0.03 0.05 0.04 0.05 0.04 0.09 0.068 0.068
59 0.01), 0.03 0.01 0.02 O0.06 0.1737 0.03 0.04 0 0.06 0.05 0.04
60 0.03] 0.05 0.06 0.0 0.0 0.1 0.03 0.02 0.0 0.07 O0.12 0.09
61 0.02] 0.02 0.03 O0.06] 0.0 0.07/ 0.05 ©0.03 0.03 0.03 0.07 0.07
62 0.04, 0.08 0.00 O0.07/ 0.0§5 0.07 0.03 0.03 0.04 0.04 0.121] 0.08
63 0.03] 0.04 0.04 0.024 0.0 0.08 0.02 0.04 0.04 0.0 0.0§5 0.07
64 0.03/, 0.03 0.05 0.0q 0O.04 0.039 0.04 0.03 0.03 0.05 0.05 0.1
65 0.04 0.02 0.02 0.0 0.0 0.04 0.04 0.03 0.05 0.04 0.03 0.04
66 0.05| 0.04 0.03 0.0 0.01 0.05 0.03 0.03 0.0 0.03 0.04 O0.11
67 0.04, 0.06] 0.03 0.04 0.06] 0.04 0.04 0.04 0.04 0.04 0.04 0. 07
68 0.01| 0.06] 0.02 0.079 0.0414 0.1 0.04 0.03 0.03 0.05 0.05 0.0272
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9] 0.00| 0.04 0.02 0.04 0.05 0.06 0.03 0.04 0.04 0.06 0.04 0.13
0] 0.04/ 0.04 0.06 0.0 0.07 0.0¢ 0.03 0.04 0.05 0.05 0.0 0.09
/4] 0.02| 0.01 0.04 0.04 0.10[ 0.04 0.03 0.0 0.05 0.07 0.07 0.09
2] 0.02| 0.03 0.02 0.04 0.07 0.07 0.01 0.03 0.05 0.07 0.09 0.10
/3] 0.01| 0.02 0.02 0.04 0.07 0.08 0.04 0.02 0.03 0.08 0.09 0.08
4] 0.03/ 0.03 0.05 0.04 0.09 0.06 0.03 0.0 0.03 0.0 0.09 0.08
> 0.04/ 0.04 0.03 0.05 0.09 0.0¢ 0.03 0.04 0.05 0.05 0.05 0.09
6] 0.03/ 0.03 0.02 0.04 0.09 0.0¢g 0.02 0.03 0.02 0.05 0.06 0.09
7) 0.02| 0.06/] 0.02 0.06 0.07 0.07 0.04 0.03 0.05 0.07 0.09 0.04
8] 0.03/ 0.03 0.07 0.06 0.0€f 0.13 0.0 0.02 0.03 0.04 0.11 0.09
] 0.02| 0.07 0.02 0.04 0.07 0.15 0.03 0.05 0.06/ 0.04 0.06 0.11
80| 0.04/ 0.05 0.02 0.03 0.06 0.10 0.02 0.04 0.03 0.03 0.04 0.07
81| 0.02 0.01 0.03 0.05 0.07 0.07 0.03 0.09 0.05 0.04 0.08 0.05
82| 0.04| 0.04 0.02 0.05 0.1| 0.06 0.04 0.06 0.01 0.05 0.08 0.086
83| 0.02 0.02 0.03 0.04 0.04 0.06 0.04 0.04 0.02 0.08 0.05 0.06
84| 0.02| 0.06 0.03 0.079 0.05 0.06 0.03 0.04 0.04 0.08 0.06] 0.086
85| 0.02| 0.02 0.05 0.05 0.07 0.05 0.05 0.07 0.01 0.06 0.09 0.03
86| 0.02) 0.03 0.03 0.06/ 0.07 0.08 0.03 0.04 0.05 0.06 0.03 0.05
87| 0.05 0.03 0.03 0.0§ 0.08§ 0.06 0.06] 0.04 0.05 0.0§5 0.11 0.10
88| 0.03/ 0.03 0.03 0.079 0.11 0.04 0.04 0.04 0.05 0.06 0.08 0.02
89| 0.04/ 0.03 0.02 0.0 0.09 0.12 0.06] 0.04 0.03 0.04 0.07 0.08
0| 0.02) 0.03 0.02 0.05 0.10 0.04 0.03 0.05 0.04 0.08 0.08 0.11
91 0.02| 0.02 0.03 ©0.09 0.10 0.0 0.03 0.05 0.05 0.06 0.14 0.07
92| 0.03 0.02 0.03 0.0 0.0 0.07 0.04 0.02 0.04 0.0 0.19 0.10
9| 0.02/ 0.0 0.04 0.05 0.04 0.09 0.03 0.02 0.03 0.05 0.0 0.10
94| 0.06 0.02 0.04 0.09 0.08 0.08 0.02 0.03 0.03 0.07 0.05 0.04
9| 0.05 0.04 0.06 0.06/ 0.08§ 0.05 0.03 0.05 0.04 0.03 0.03 0.06
%| 0.02 0.02 0.05 0.06/ 0.07 0.10 0.04 0.03 0.05 0.07 0.10 0.0¢9
97| 0.05/ 0.04 0.04 0.095 0.06 0.09 0.03 0.03 0.05 0.08 0.08 0.08
%] 0.05/ 0.02 0.04 0.05 0.05 0.0 0.04 0.04 0.07 0.05 0.0 0.05
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99

0.01| 0.08 ©0.02 0.05 0.07 0.07 0.03 0.07 0.07 0.08 0.0 0.08
100| 0. 01| 0.06/ 0.02 0.0 0.10 0.09 0.01] 0.04 0.05 0.08 0.07 0.08
101] o0.02| 0.04 0.07 0.08 0.04 0.1 0.01 0.04 0.03 0.07 0.09 0.10
102 0. 03] 0.01/ 0.02 0.0 0.0 0.07/ 0.04 0.06] 0.05 0.07 0.06 0.09
103| 0.03| 0.03 0.04 0.03 0.09 0.09 0.04 0.04 0.03 0.06] 0.06/ 0.07
104 o0.07 0.05 0.04 0.06 0.07 0.07 0.04 0.03 0.03 0.05 0.04 0.09
105| 0.02| 0.03 0.04 0.05 0.09 0.09 0.03 0.04 0.01 0.05 0.04 0.05
106/ 0.03] 0.07 0.03 0.04 0.0 0.0d3 0.04 0.03 0.04 0.04 0.04 0.08
107| 0.03| 0.03 0.06 0.03 0.0 0.06/] 0.03 0.03 0.04 0.05 0.08 0.06
108| 0. 06| 0.05 0.03 0.04 0.06/ 0.06/ 0.04 0.05 0.02 0.06 0.07 0.04
1091 0.03| 0.04 0.03 0.0 0.0 0.05 0.04 0.05 0.05 0.04 0.08 0.05
110| 0. 03] 0.05 0.05 0.04 0.0 0.04 0.024 0.04 0.04 0.05 0.1| 0.05
1111 0.05| 0.02 0.03 0.04 0.04 0.0 0.03 0.03 0.04 0.04 0.03 0.05
112 0. 02| 0.01 0.08 0.05 0.06/ 0.07 0.04 0.04 0.05 0.05 0.06 0.07
113 0. 03| 0.05 0.03 0.04 0.04 0.11] 0.03 0.03 0.04 0.06 0.09 0.07
1141 0. 05| 0.03 0.03 0.0 0.04 0.08 0.05 0.05 0.04 0.07/ 0.07 0.11
1151 0.02| 0.02/ 0.03 0.09 0.04 0.0 0.02 0.04 0.04 0.07/ 0.04 0.08
116| 0. 04| 0.03 0.02 0.04 0.0 0.07 0.03 0.05 0.04 0.11 0.07 0.07
1171 0. 03| 0.03 0.03 0.05 0.05 0.04 0.03 0.03 0.03 0.03 0.06 0.09
118 0. 04| 0.04 0.04 0.02 0.07 0.04 0.02 0.04 0.03 0.06 0.11] 0.08
1191 o0.04| 0.04 0.03 0.07 0.0 0.05 0.04 0.03 0.02 0.05 O0.1| 0.06
1201 0. 04| 0.02/ 0.04 0.02 0.13 0.0 0.03 0.04 0.02 0.04 0.08 0.05
1211 0. 03| 0.05 0.05 0.04 0.06/ 0.0 0.024 0.04 0.05 0.04 0.13 0.07
1221 0. 03] 0.04 0.02 0.06 0.08 0.06 0.03 0.03 0.03 0.08 0.07 0.04
123 0. 03] 0.03 0.02 0.05 0.10 0.07 0.03 0.04 0.03 0.04 0.06/ 0.06
1241 0. 03| 0.05 0.04 0.06 0.049 0.0 0.024 0.01 0.03 0.07/ 0.04 0.08
125 0. 03| 0.06/ 0.03 0.05 0.05 0.07 0.04 0.03 0.04 0.06/ 0.15 0.08
126 0. 03| 0.04 0.02 0.04 0.06/ 0.03 0.03 0.03 0.03 0.10 0.12 0.08
1271 0. 05| 0.02 0.03 0.03 0.07 0.04 0.04 0.02 0.03 0.07 0.08 0.009
128 0. 02| 0.06/ 0.04 0.03 0.07 0.04 0.04 0.04 0.04 0.06 0.05 0.06




129

0.03, 0.02 ©0.02 0.05 0.09g 0.08 0.0 0.02 0.04 0.06 0.12 0.1
130| o0.o05| 0.02 0.06 0.03 0.039 0.0 0.04 0.04 0.03 0.07/ 0.06/ 0.09
1311 0.03] 0.04 0.02 0.04 0.02 0.0 0.03 0.04 0.04 0.06] 0.05 0.08
132 0.02| 0.0 0.02 0.05 0.04 0.09 0.05 0.05 0.04 0.1 0.08 0.14
133] 0.04| 0.04 0.04 0.05 0.1 0.0 0.05 0.04 0.03 0.02 0.06/] 0.07
134 0.05 0.04 0.02 0.07 0.03 0.07 0.05 0.03 0.06 0.07 0.06] 0.07
135 0.03| 0.05 0.01 0.04 0.0 0.09 0.03 0.0 0.04 0.12 0.06] 0.05
136| 0.06] 0.03 0.03 0.05 0.06/ 0.07 0.024 0.04 0.06] 0.09 0.05 0.08
1371 0.03| 0.03 0.03 0.04 0.09 0.04 0.03 0.05 0.03 0.08 0.04 0.07
138| 0.03] 0.04 0.02 0.0 0.04 0.03 0.06 0.03 0.03 0.02 0.05 0.06
139 0.04| 0.04 0.06/ 0.0 0.05 ©0.04 0.05 0.03 0.02 0.05 0.09 0.07
1401 0. 02| 0.03 0.04 0.03 0.0 0.02 0.05 0.03 0.04 0.05 0.06] 0.07
1411 0.03| 0.04 0.05 0.0 0.04 0.07 0.05 0.02 0.05 0.08 0.07 0.07
1421 0. 02| 0.03 0.04 0.0 0.04 0.07 0.03 0.03 0.03 0.08 0.10 0.07
143 0.02|] 0.02  0.02 0.05 0.0 0.14 0.03 0.03 0.05 0.05 ©0.13 0.11
1441 0. 04| 0.05 0.05 0.03 0.0 0.10 0.0 0.024 0.05 0.06 0.09 0.10
1451 0. 06| 0.03 0.03 0.03 0.09 0.05 0.03 0.05 0.08 0.07 0.05 0.09
1461 0. 03| 0.05 0.04 0.0 0.10 0.06/ 0.04 0.024 0.04 0.05 0.06/] 0.03
1471 0. 04| 0.06] 0.03 0.07 0.07 0.05 0.03 0.03 0.04 0.06 0.1 0.06
148 0. 03| 0.04 0.02 0.05 0.09 0.0 0.03 0.01 0.03 0.06 0.07 0.05
1491 0. 06| 0.04 0.0 0.05 0.07 0.1 0.03 0.03 0.05 0.05 0.05 0.04
150 0. 03] 0.03 0.04 0.07 0.0 0.08 0.03 0.05 0.07 0.06] 0.05 0.05
1511 0.03| 0.03 0.04 0.0 0.05 0.10 0.05 0.04 0.06/] 0.06 0.07 0.08
1521 0. 04| 0.05 0.02 0.04 0.07 0.08 0.01 0.03 0.06 0.09 0.09 0.08
153 0. 06| 0.04 0.0 0.0 0.09 0.10 0.01] 0.02 0.04 0.10/ 0.04 0.07
1541 0. 03] 0.03 0.03 0.0 0.11/ 0o.0d4 0.05 0.03 0.03 0.10 0.05 0.08
155 0. 01| 0.04 0.02 0.06 0.04 o0.04 0.0 0.03 0.02 0.06/] 0.11] 0. 06
156| 0.02|] 0.03 0.03 0.0 0.05 0.06/ 0.03 0.03 0.03 0.07 0.1 0.009
1571 0. 03| 0.04 0.06/ 0.05 0.07 0.05 0.03 0.04 0.04 0.06 0.09 0.07
158 0. 03] 0.02 0.04 0.0 0.05 0.09 0.01 0.04 0.05 0.06 0.06 O0.08
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159

0.06/] 0.05 ©0.08 0.10 0.06/ 0.0 0.04 0.04 0.03 0.05 o0.1| 0.11
160| 0. 04| 0.0 0.03 0.05 0.05 0.06/ 0.04 0.05 0.02 0.08 0.08 0.05
1611 0. 02| 0.04 0.01 0.05 0.07 ©0.04 0.03 0.06 0.02 0.07 0.07 0.07
162 0. 03] 0.02/ 0.05 0.0 0.08 0.09 0.04 0.06] 0.04 0.05 0.08 0.08
163| 0. 03| 0.03 0.03 0.08 0.0 0.09 0.04 0.03 0.04 0.06 0.05 0.009
164 0.02] 0.05 0.03 0.04 0.09 0.08 0.04 0.06 0.04 0.12 0.05 0.1
165| 0. 03| 0.06/ 0.03 0.06/ 0.07 0.11] 0.04 0.04 0.04 0.09 0.05 0.06
166| 0.07| 0.02  0.05 0.0 0.09 0.09 0.03 0.05 0.04 0.03 0.04 0.1
167| 0. 05| 0.05 0.05 0.08 0.08 0.04 0.04 0.04 0.04 0.05 0.08 0.08
168| 0. 03| 0.0 0.03 0.04 0.0 0.08 0.02 0.03 0.05 0.04 0.09 0.07
169 0. 03| 0.03 0.05 0.05 0.100 0.09 0.04 0.04 0.04 0.04 0.08 0.07
1701 0. 03] 0.0 0.06 0.05 0.06/ 0.0 0.0 0.04 0.03 0.06] 0.11 0.04
1711 0. 04| 0.03 0.02 0.04 0.06] 0.04 0.024 0.05 0.06 0.06/] 0.06] 0.11
1721 0.02] 0.08 0.01 0.03 0.08 ©0.0f8 0.02 0.05 0.05 0.07 0.05 0.14
173| 0.04| 0.02 0.04 0.03 0.0 0.09 0.04 0.04 0.03 0.05 0.05 0.07
1741 0. 06| 0.05 0.08 0.08 0.0 0.0 0.05 0.04 0.02 0.08 0.04 0.07
1751 0.03| 0.01 0o.06/] 0.05 0.07 0.07 0.04 0.02 0.03 0.08 0.06 0.08
176| 0.03] 0.03 0.05 0.0 0.08 0.08 0.03 0.05 0.02 0.04 0.11] 0.07
177 0. 04| 0.04 0.04 0.03 0.0 0.03 0.04 0.04 0.05 0.10 0.0 0.10
178 0.02] 0.03 0.03 0.03 0.09 0.07 0.05 0.05 0.03 0.05 0.04 0.1
1791 o0.02|] 0.05 0.06/ 0.04 0.09 0.1| 0.03 0.0 0.03 0.08 0.06/] 0.16
180 0. 05| 0.04 0.02 0.04 0.07 0.05 0.06 0.02 0.04 0.08 0.09 0.10
1811 o0.06| 0.04 0.03 0.04 0.08 0.05 0.02 0.05 0.05 0.08 0.08 0.009
182 0. 03] 0.04 0.03 0.03 0.08 ©0.04 0.03 0.04 0.05 0.08 ©0.068 0.11
183 0. 04| 0.05 0.02 0.04 0.03 0.05 0.02 0.03 0.05 0.08 0.08 0.05
184 0. 03| 0.03 0.02 0.0 0.07 o0.0d9 0.05 0.03 0.03 0.07/, 0.07/ 0.08
185| 0. 02| 0.02 0.03 0.03 0.06/] 0.05 0.04 0.03 0.04 0.06] 0.05 0.06
186/ 0. 04| 0.05 0.02 0.02 0.124 0.05 0.04 0.04 0.04 0.11] 0.0 0.07
187 o0.05| 0.03 0.01 0.04 0.10 0.0 0.05 0.04 0.05 0.05 0.04 0.08
188| o0.02| 0.04 0.05 0.04 0.09 0.03 0.01] 0.07/ 0.06 0.1 0.04 0.05
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189

0.05 0.04 0.06 0.03 0.06 0.05 0.03 0.05 0.04 0.07 0.05 0.08
190 0.02| 0.0 0.05 ©0.04 0.12 0.06 0.05 0.02 0.03 0.10 0.04 0.08
191/ 0.03| 0.01/ 0.05 0.06/ 0.0 0.0 0.03 0.04 0.06 0.07 0.05 0.11
1921 o0.06 0.04 0.03 ©0.09 0.06/ 0.1] 0.02 0.02 0.04 0.07 0.1 0.11
1938 0.03| 0.07 0.05 ©0.04 0.10 0.13 ©0.024 0.04 0.04 0.06] 0.11] 0.12
1941 0.03| 0.04 0.03 ©0.0d9 0.08 0.11 0.04 0.02 0.05 0.09 0.09 0.11
195/ 0.03| 0.04 0.02 ©0.04 0.08 0.03 0.0 0.03 0.0 0.04 0.06/] 0.10
196 0.01| 0.04 0.04 0.07 0.08 0.04 0.03 0.03 ©0.06 0.07 0.10 0.08
197/ o0.06| 0.05 0.03 ©0.05 0.07 0.04 0.0 0.03 0.06 0.08 0.05 0.08
198 0.02| 0.04 0.03 ©0.04 0.07 0.06] 0.03 0.04 ©0.04 0.11 0.10 0.10
199 0.07 0.04 0.04 0.07 0.0 0.0 0.0 0.02 0.04 0.11] 0.14 0.13
200 p.06/ 0.03 0.06/ 0.07 0.07 0.0 0.03 0.05 0.0 0.11 0.06/ 0.009
201 0.04| 0.02 ©0.03 0.07 0.05 0.024 0.05 0.04 0.0 0.1| 0.04 0.06
202 o.05/ 0.03 0.03 ©0.10 0.07 0.07 ©0.03 0.03 0.06/ 0.08 0.14 0.07
203| 0.03] 0.02 ©0.04 0.04 0.08 0.0 0.04 0.04 0.08 0.05 0.13 0.07
204 o0.05/ 0.04 0.04 0.05 0.05 0.0 0.05 0.05 ©0.05 0.09 0.07 0.11
205/ o.05/ 0.04 0.02 ©0.07 0.07 ©0.03 0.07/ 0.04 0.04 0.0 0.11] 0.15
206/ p.04/ 0.0 0.05 ©0.07 ©0.07 0.04 0.08 0.04 0.04 0.09 0.03 0.1
20/l o.06|] 0.03 0.04 0.06 0.07 0.07 0.05 ©0.03 ©0.03 0.05 0.08 0.13
208 p.05 0.03 0.05 0.04 0.06 0.04 0.05 0.03 ©0.04 0.08 0.07 0.08
209 o0.05/ 0.03 0.0 0.0 0.05 0.05 0.03 0.04 0.07 0.06 0.12 0.07
210 o0.08/ 0.02 0.04 0.06] 0.04 0.08 0.03 0.04 0.05 0.06 0.07 0.08
2111 0.04| 0.03 0.0 0.024 0.05 0.07 0.06/ 0.05 0.03 0.08 0.08 0.05
212 0.03/ 0.03 ©0.05 0.05 0.04 0.03 ©0.07 0.07 0.02 ©0.14 0.03 0.08
213 0.04| 0.02 0.02 0.04 0.07 0.07 0.04 0.06/ 0.0 0.11 0.11] 0.10
214/ o0.02| 0.02 0.03 ©0.04 0.05 0.0 0.06 0.05 ©0.03 0.07 0.10 0.09
215/ 0. 05| 0.02 ©0.04 0.0 0.10 0.04 0.05 0.05 0.02 0.06/ 0.09 0.08
216/ o0.06 0.02 0.04 0.08 0.05 0.06/ 0.02 ©0.03 0.07 ©0.12 0.09 0.1
217) o.05/ 0.09 0.07 0.03 0.08 0.07 0.05 0.03 0.05 0.12 0.08 0.08
218 0.02| 0.04 0.08 ©0.03 ©0.06] 0.05 0.03 ©0.04 0.0 0.12 0.13 0.1
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219

0.03/, 0.05 ©0.09 0.07 0.05 0.05 ©0.01 0.04 0.02 0.08 0.08 0.07
220 p. 06| 0.05 0.06] 0.07 0.04 0.08 0.05 0.03 ©0.03 0.11 0.14 0.08
2211 o0.05/ 0.04 0.07 0.08 0.09 0.07 0.0 0.04 0.08 O0.1| 0.10 0.15
222 0.04| 0.05 0.03 0.08 0.10/ 0.06/ 0.03 0.04 0.04 0.0 0.09 0.11
223 0.06/ 0.03 0.05 0.05 0.07 0.0 0.06 0.03 0.04 0.07/ 0.10 0.13
224 o0.02| 0.03 0.05 ©0.07 0.06 0.06 ©0.03 0.04 0.07 0.08 0.09 0.1
225 0. 02| 0.04 0.04 0.03 0.08 0.07, 0.04 0.04 0.06] 0.07/ 0.08 0.08
226/ 0.02| 0.02 ©0.06 0.06 0.08 0.16/ 0.06] 0.04 0.06 0.10 0.07 0.20
2271 0.04| 0.04 0.04 0.05 0.10 0.08 0.05 0.0 0.05 0.06 0.09 0.08
228/ 0.06/ 0.04 0.05 ©0.06] 0.12 0.06 0.02 0.04 0.04 0.09 0.06 0.07
2291 0.04| 0.04 0.05 0.05 0.07 ©0.09 0.04 0.02 0.04 0.11] 0.05 0.10
230 0.04| 0.03 0.04 0.06] 0.12 0.0 0.04 0.04 ©0.03 0.09 0.11 0.07
2311 0.05/ 0.02 ©0.02 ©0.03 0.07 0.07 0.06 0.06 0.06 0.08 0.08 0.15
232 0.04| 0.03 0.04 0.02 0.07 0.06 0.04 0.05 0.03 0.16/ 0.04 0.16
233 0.01| 0.03 0.0 0.04 0.11 0.0 0.04 0.03 0.03 0.08 0.02 0.10
234 0.03/ 0.03 0.08 ©0.06] 0.03 0.08 ©0.05 0.04 0.05 0.09 0.13 0.14
235! 0.05/ 0.03 0.07 0.05 ©0.15 0.13 0.04 0.06/] 0.02 0.06/ 0.05 0.10
236/ 0.03/ 0.03 0.07 0.06] 0.08 0.08 0.02 ©0.06 0.04 0.08 0.1/ 0.10
2371 0.04| 0.02 0.06/ 0.01 0.06/ 0.09 0.02 0.0 0.05 0.05 0.08 0.06
238 0p.02| 0.03 0.05 ©0.05 0.06 0.12 0.01 0.04 0.04 0.05 0.1| 0.08
2391 0.05/ 0.02 ©0.03 0.0 0.12 ©0.05 0.02 0.06 0.05 ©0.08 0.07 0.009
240/ 0.01| 0.03 0.03 ©0.04 0.08 0.06 0.02 0.04 0.05 0.07 0.09 0.12
2411 0.03] 0.08 0.0 0.04 0.07 0.0 0.04 0.04 0.05 0.07/ 0.05 0.07
242 o0.05/ 0.0f4 0.05 ©0.02 ©0.04 0.06/ 0.01 ©0.02 0.07 0.1| 0.05 0.14
2431 0.02| 0.02 ©0.04 0.03 0.16/ 0.07 0.05 0.01 0.04 ©0.05 0.09 0.15
244 o.05/ 0.04 0.06/ 0.03 0.05 0.07 0.04 ©0.04 0.03 0.02 0.08 0.1
245/ 0. 05| 0.06/ 0.09 0.04 0.10 0.08 0.03 0.03 0.04 0.10 0.07 0.08
246/ 0.03/ 0.02 0.05 ©0.03 0.13 0.07 0.03 0.05 ©0.03 0.06/ 0.09 0.009
2471 0.04| 0.02 0.0 0.08 0.13 0.07 0.02 0.0 0.07/ 0.1|] 0.07 0.07
248/ 0.03/ 0.02 0.04 0.06] 0.10/ 0.04 0.06/ 0.05 0.02 0.10 0.06 0.15
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249

.06 .02 . 04 .08 .08 . 07 . 02 .03 0.04 0.09 .07 0.13
250 . 03 .02 .06 .08 .14 .10 .05 .03 0.03 0.04 .04 0.10

Mean .039/0.0410.04]0.0510.0680.060.0380.0390.0420.0670.0750.082

SD .0140.0140.0150.01 .0250.0240.0130.0120.0130.0240.0270.027

Day Day 5
OoCT
images Control I nfected Control Infected
1 3 1 2 3

1/ 0.08 0.05 05 0.08 .11 .05 ©0.03 0.01] 0.05 0.05 0.08 0.06
2/ 0.07 0.03 05 0.08§ .09 .05 0.06] 0.04 0.04 0.09 0.08 0.13
3| 0.02 0.03 04 0.068 .08 .09 0.04 ©0.04 0.06/] 0.08 0.07/ 0.10
41 0.04 0.04 03 0.07 . 05 .05 0.04 ©0.07 0.06/] 0.07/ 0.0 0.1
S| 0.01 0.04 06 0.04 . 07 .06 0.04 0.03 0.0 0.07 0.09 0.05
6/ 0.05 0.03 06/ 0. 12 .13 .05 0.04 0.04 0.04 0.04 0.08 0.08
/| 0.04 0.06 .01 0.09 .12 .04 0.02 ©0.04 0.05 0.0 0.05 0.05
8/ 0.02 0.05 .04 0.05 .08 .05 ©0.05 0.06 0.0 0.07 0.07 0.08
9] 0.03 0.04 .03 0.05 .09 .06/ 0.04 0.09 0.06 0.05 0.03 0.08
10/ o0.05 0.03 .03 0.07 .12 .05 0.07 0.02 0.04 0.08 0.09 0.05
11/ 0.03 0.03 .04 0.068§ .07 .06/ 0.06/ 0.04 0.06/ 0.06/] 0.06/ 0.04
121 p.05 0.01 .02 0.07 . 04 04 0.06 0.05 0.06 0.08 0.06 0.07
13| 0.03 0.02 .05 0.068§ .08 .06 0.04 ©0.05 0.02 0.09 0.10 0.11
141 0.03 0.07 .04 0.07 .06 .09 0.03 0.04 0.02 0.04 0.06 0.08
15/ 0.05 0.03 .03 0.08 .05 .06/ 0.03 0.06/] 0.03 0.04 0.09 0.08
16| 0.02 0.05 .06/ 0.08 .02 .07 0.03 0.06/] 0.04 0.0 0.1 0.04
171 0.04 0.04 .02 0.10 .07 .05 0.03 0.04 0.04 0.04 0.09 0.07
18| 0.07/ 0.03 01| 0.009 .08 .06/ 0.05 0.05 0.03 0.06 0.0 0.009
191 0.05 0.02 03 0.08 12 .05 0.03 0.05 0.06 0.09 0.08 0.08
20l 0.04 0.03 02 0.09 13 .06/ 0.03 0.05 0.04 0.09 0.04 0.04
21| 0.05 0.03 04 0. 14 09 .07 0.02 ©0.04 0.05 0.10 0.02 0.15
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22

0.03 0.04 0.05 0.1| 0.08 0.06/ 0.05 0.04 ©0.03 0.06/ 0.07/ 0.009
23] 0.06/ 0.05 0.04 0.08 ©0.09 0.06 0.05 0.04 0.05 0.06 0.09 0.08
241 0.04 0.05 0.04 0.09 ©0.03 0.08 0.04 0.06/ 0.08 0.07/ 0.05 0.07
25| 0.05 0.03 0.05 0.09 0.07 0.09 0.04 0.03 0.04 0.0 0.06] 0.05
26| o0.06/ 0.03 0.05 0.07 ©0.06 0.07 0.04 0.03 0.03 0.02 0.10 0.07
271 0.03 0.04 0.02 0.0 0.07/ 0.04 0.0 0.04 0.06 0.05 0.06 0.10
28| 0.04 0.05 0.04 0.0 0.08 0.12 0.04 0.02 0.05 0.05 0.068 0.07
29| 0.05 0.05 0.03 0.10 0.04 0.04 0.06 0.04 0.02 0.08 0.07 0.07
30| 0p.01 0.06/ 0.04 0.05 0.06/ 0.02 0.03 0.02 0.04 0.06 0.06 0.08
31| 0.05 0.03 0.02 0.0 0.06 0.03 0.04 0.06/] 0.10 0.09 0.08 0.06
32| 0.04 0.03 0.03 0.03 0.08 o0.08 0.04 0.01 0.03 0.07/ 0.08 0.06
33| 0.05 0.03d 0.07/, 0.09 ©0.10 0.06/ 0.0 0.07 0.04 0.10 0.07 0.08
34/ 0.03 0.03 0.04 0.07 0.09 0.11 0.05 0.05 0.06 0.07 0.1| 0.06
35| 0.04 0.04 0.04 0.02 0.08 0.09 0.02 0.05 0.06 0.06/ 0.09 0.07
36| 0.02 o0.09 0.05 0.0 0.08 0.11 0.04 0.08 0.0 0.07 0.06 0.04
37/ 0.03 0.06/ 0.05 0.09 0.06/ 0.07 0.07 0.08 0.05 ©0.03 0.07 0.15
38| 0.03 0.04 0.02 0.09 0.10 0.07 0.04 0.03 0.03 0.06/ 0.03 0.08
39| 0.04 0.07 0.04 0.08 0.04 0.14 0.04 0.05 0.06 0.06 0.06/] 0.07
40| 0p.03 0.04 0.04 0.09 0.06/ 0.07 0.04 0.01 0.04/ 0.04 0.06/ 0.08
41| 0.03 0.07 0.05 ©0.024 o0.11 0.08 0.05 0.09 0.08 0.09 0.06/] 0.11
42| o0.09 0.06/] 0.04 0.05 0.06/ 0.01 0.03 0.01 0.0 0.07 0.04 0.12
43| 0.03 0.01 0.05 0.06/ 0.09 0.04 0.01] 0.03 0.04/ 0.11] 0.05 0.085
41 0.02 0.05 0.04 0.03 0.14 0.06/ 0.05 0.02 0.03 0.09 0.09 0.009
45| 0.06/ 0.04 0.03 0.0 0.13 0.05 0.03 0.03 0.04 0.09 0.06/ 0.07
46| 0.05 0.04 0.04 0.12 0.06/ 0.09 0.03 0.01 ©0.01 0.07 0.08 0.07
47! 0.02 0.06 0.05 0.07 0.08 0.06/ 0.03 0.06 0.03 0.06 0.04 0.07
48| 0.04 0.02 0.05 0.06 0.12/ 0.05 0.04 0.04 0.03 0.10 0.09 0.08
49| 0.02 0.05 0.04 0.07/ 0.06 0.10 0.04 0.05 0.07/ 0.06 0.08 0.10
50| 0.03 0.06/ 0.02/ 0.08 0.14 0.12 0.04 0.03 0.06/ 0.12] 0.06 0.03
51/ 0.04 o0.09 0.03 0.11 0.06/] 0.10 0.03 0.04 0.07 0.07/ 0.06 0.04




52

0.04 0.03 0.04 0.0 0.07/ 0.12 0.04 0.095 0.05 0.05 ©0.07 0.08
53| 0.04 0.06/ 0.04 0.1| 0.07/ 0.07 0.0 0.02 0.10 0.10 0.06 0.07
54/ 0.03 0.04 0.05 0.05 0.10 0.12 0.04 0.01 0.05 0.04 0.04 0.09
55| 0.03 0.04 0.05 0.05 0.07 0.08 0.05 0.04 0.03 0.10 0.06] 0.07
56| 0.03 0.04 0.02 0.04 0.05 0.08 0.0 0.07 0.01 0.09 0.06/ 0.08
57/ 0.02 0.04 0.05 0.04 0.07/ 0.09 0.0 0.04 0.02 0.07 0.06 0.12
58| 0.02 ©0.09 0.04 0.06 0.09 0.11 0.0 0.05 0.04 0.07/ 0.07 0. 11
59| 0.03 0.04 0.04 0.04 0.07/ 0.05 0.04 0.06/] 0.03 0.09 0.04 0.10
60| 0.02 0.0 0.03 0.04 0.07/ 0.07 0.05 0.02 0.04 0.04 0.068 0.09
61| 0.03 ©0.024 0.06 0.06/ 0.05 0.05 0.0 0.02 0.09 0.07 0.03 0.07
62| p.02 0.04 0.05 0.07 0.05 0.05 0.02 0.03 0.07 0.06/] 0.05 0.09
63| 0.03 ©0.06d 0.03 0.07 0.05 0.06] 0.05 0.05 0.07 0.07 0.08 0.08
64| 0.01 0.03 0.06 0.04 0.05 0.09 0.07 0.04 0.06 0.06/] 0.04 0.12
65| 0.03 0.03d 0.04 0.0 0.09 0.11 0.0 0.04 0.03 0.03 0.08 0.02
66/ 0.04 0.04 0.04 0.0 0.07 0.06/ 0.04 0.04 0.08 0.09 0.06 0.10
67| 0.05 0.06/ 0.04 0.08 ©0.03 0.08 ©0.03 0.04 0.06/ 0.09 0.04 0.08
68| 0.03 0.04 0.05 0.07 ©0.12 0.09 0.0 0.05 0.04 0.09 0.02 0.11
69| 0.04 0.06/ 0.04 0.06 0.05 0.07 0.03 0.05 0.04 0.04 0.09 0.06
70/ 0.05 0.04 0.04 0.0 0.07/ 0.1 0.02 0.08 0.09 0.08 0.1| 0.06
71/ 0.05 0.04 0.04 0.05 0.05 ©0.13 0.09 0.06 0.07/ 0.04 O0.1] 0.04
72| 0.02 0.06 0.04 0.07 O0.05 0.08 0.06/] 0.06] 0.04 0.05 0.10 0.065
73] 0.06 0.06 0.05 0.08 0.03 0.12 0.0 0.05 0.05 0.06/] 0.08 0.06
741 0.03 0.04 0.05 0.10 ©0.06 0.03 ©0.09 0.05 0.09 0.05 0.08 0.16
75 0.05 0.0 0.03 0.08 0.07 0.05 0.05 0.04 0.07 ©0.01 0.05 0.1
76| 0.03 0.04 0.07/ 0.07 0.09 0.06/ 0.08 0.05 0.05 0.07/ 0.04 0.11
77/ 0.04 0.06/ 0.05 0.09 0.07 0.05 0.07 0.05 0.05 0.08 0.08 0.06
78 0.05 ©0.07 0.04 0.05 0.05 0.06 0.04 0.02 0.09 0.06 0.04 0.10
791 0.01 o0.09 0.03 0.07 ©0.07 0.08 0.05 0.08 0.08 0.03 0.04 0.07
80| 0.02 0.08 0.04 0.07 0.05 0.07 0.07 0.06 0.03 0.06 0.06] 0.08
81| 0.03 ©0.0d 0.05 0.07 0.06/] 0.09 0.0 0.06 0.06 0.08 0.05 0.09




82

0.06 0.06/ 0.04 0.10f 0.05 0.08 0.04 0.03 0.08 0.06/ 0.09 0.05
8| 0.04 0.09 0.08 0.10 0.04 0.04 0.04 0.05 0.02 0.08 0.07 0.12
84| 0.05 ©0.04 0.03 0.10 0.08 0.13 0.07 ©0.07 0.02 0.04 0.07 0.08
8| 0.04 0.09 0.04 0.09 0.11 0.06 0.0 0.03 0.02 0.0 0.05 0.1
86| 0.03 0.05 0.0 0.06 0.09 0.04 0.03 0.03 0.03 0.04 0.06 O0.08
87| 0.03 0.07 0.04 o0.11 0.03 0.08 0.04 0.05 0.03 0.09 0.05 0.06
8| 0.04 0.05 o0.09 0.10 o0.15 0.07 0.03 0.04 0.02 0.03 0.03 0.11
8| 0.06/] 0.07/ 0.06/ 0.08 0.07/ 0.06 0.0 0.02 0.06 0.06 0.06 0.07
0| 0.03 0.09 0.0 0.04 0.08 0.07 0.04 ©0.06 0.05 0.06 0.07 0.06
91/ 0.02 0.05 0.06 0.09 0.10 0.04 0.04 0.02 0.0 0.05 0.08 0.08
92| 0.04 0.06 0.04 0.04 0.120 0.07 0.03 0.03 0.0 0.11] 0.07 0.05
98| 0.03 0.07 0.05 0.05 ©0.08 0.07 0.03 0.03 0.07 0.09 0.06 0.06
94| 0.03 ©0.03 0.09 0.07 0.10 0.09 0.07 0.02 0.04 0.1 0.08 0.07
%| 0p.02 0.09 0.04 0.0 0.12 0.07 0.07 0.03 0.02 0.07 0.07 0.08
9%| 0.04 0.04 0.05 0.06/ 0.1 0.1 0.04 0.03 0.07 0.08 0.04 0.11
97! 0.05 0.04 0.04 0.0 0.11 0.05 0.10/ 0.05 0.05 0.05 0.06 0.13
98| 0.03 o0.058 0.09 0.08 0.13 0.08 0.03 0.02 0.07/ 0.09 0.10 0.08
9| 0.02 0.09 0.04 0.04 0.09 0.04 0.02 0.04 0.0 0.03 0.02 0.12
1001 p.07 0.09 0.09 0.10 0.08 0.05 ©0.04 0.05 0.06/ 0.06/] 0.06 0.10
1011 0.07 0.03 0.02 0.0 0.08 ©0.05 0.06/ 0.03 0.01 0.02 0.03 0.05
102 0. 04 0.04 0.05 0.06/] 0.11 0.04 0.03 0.02 0.08 0.06/] 0.07/ 0.009
103| 0.04 0.04 0.05 0.1| 0.07, 0.05 0.04 0.02 0.04 0.08 0.09 0.09
104 o0.05 0.04 0.06/ 0.1] 0.08 ©0.09 0.03 0.04 0.06 0.10 0.06] 0.08
105| 0.03 0.05 o0.06 0.07 0.08 0.08 0.06 0.02 0.05 0.06] 0.07/ 0.05
106 o. 058 0.09 0.03 0.11 0.11] 0.10 0.05 0.09 0.04 0.07 0.05 0.07
107 0.05 0.05 0.04 0.07 0.09 0.05 0.07 0.04 0.02 0.06] 0.09 0.04
108/ 0. 04 0.04 o0.06 0.1 0.06 0.04 0.03 0.04 0.02 0.0 0.11] 0.07
1091 0.05 0.03 0.05 0.1| 0.08 0.04 ©0.04 0.04 0.06/ 0.07/ 0.05 0.08
110 o0.07/ 0.04 0.03 0.14 0.07 0.05 0.06] 0.03 0.07 0.06 0.07 0.05
111/ o0.08 0.07 0.07 0.10 0.11/ 0.0 0.06] 0.05 0.05 0.06/ 0.05 0.10
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112

0.06 0.03 ©0.05 0.08 0.12 0.09 0.03 ©0.06 0.05 0.03 0.04 0.17
1131 0.07 0.06/ 0.05 o0.06] 0.11 ©0.06 0.06] 0.06/] 0.04 0.1 0.05 0.06
1141 0.03 0.08 0.05 0.07 0.1 0.04 0.06 0.02 0.08 0.05 0.07 0.10
115/ 0.02 0.06/] 0.04 0.06] 0.08 0.03 0.04 0.02 0.04 0.12 0.05 0.05
116 o0.06/ 0.06/] 0.04 0.08 ©0.1| 0.05 ©0.08 0.04 0.03 0.04 0.06 0.07
1171 0.05 o0.07 0.07/ 0.08 0.07, 0.06 0.04 0.08 0.05 0.06] 0.06 0.08
118 p.07 0.0 0.0 0.1| 0.10 0.08 ©0.03 ©0.03 0.06/ 0.06/ 0.06 0.05
1191 0.07 0.04 0.04 0.03 0.14 0.09 0.05 0.03 0.05 0.05 0.06 O0.13
1200 0. 04 0.03 0.04 0.07 0.10 ©0.11 0.05 ©0.06/ 0.06 0.07 0.07 0.05
1211 0.03 0.07 0.0 0.06] 0.08 0.08 ©0.06 0.07 0.05 0.1| 0.04 0.07
1221 0.04 0.07 0.07/ 0.0 0.08 0.08 ©0.07 0.07 0.06 0.09 0.06/ 0.08
1231 0.05 o0.089 0.024 0.09 0.10 0.06 0.07 0.05 0.04 0.09 0.08 0.068
1241 0. 03 0.04 0.04 0.12 0.08 0.06/ 0.06/ 0.02 0.05 0.08 0.06] 0.06
125/ 0. 03] 0.0 0.04 0.07 0.14 0.03 0.05 0.05 0.04 0.05 0.11] 0.07
126 0. 04 0.03 0.05 0.07 ©0.1| 0.06/ 0.06 0.01 0.03 0.14 0.05 0.08
1271 0.06/ 0.02 0.04 0.08 0.09 0.09 0.03 0.03 0.03 0.08 0.05 0.10
128/ 0. 05 0.04 0.02 0.07 0.06 0.07 0.08 0.07 0.06 0.06 0.05 0.07
1291 0.03 0.05 0.05 o0.08 0.14 0.08 ©0.01 0.08 0.05 0.05 0.07 0.08
130 0.04 0.03 0.09 0.08 0.1| 0.12 0.04 0.05 0.06/ 0.06/] 0.03 0.08
1311 0.06 0.07 0.05 0.13 0.08 0.1 0.04 0.03 0.02 0.0 0.0 0.07
132 0.02 0.05 0.05 0.09 0.1 0.08 0.04 0.05 0.07 0.04 0.06/] 0.06
1331 0.04 0.06/] 0.06/ 0.06/] 0.05 0.08 ©0.07 ©0.06/] 0.07/ 0.1 0.04 0.08
134 0.04 0.04 0.0 0.06/] 0.12 0.06/] 0.04 0.04 0.04 0.06 0.01 0.10
135/ 0p.03 o0.09 0.05 0.07 0.03 0.10 0.03 0.06/] 0.06] 0.03 0.04 0.05
136| 0.05 0.03 0.04 0.04 0.05 0.05 0.05 0.04 0.06 0.06/] 0.07/ 0.1
137 0.03 0.06/] 0.04 0.04 0.08 0.06 0.04 0.04 0.04 0.07/ 0.02 0.06
138 0. 03 0.0 0.03 0.09 0.09 0.10 0.04 0.04 0.06/] 0.05 0.02 0.1
1391 0.04 0.06/ 0.04 0.05 0.08 ©0.04 0.03 0.04 0.06] 0.0 0.05 0.07
1401 0. 04 0.03 0.04 0.06/] 0.06/] 0.09 0.02 0.06/] 0.04 0.07 0.05 0.07
1411 o0.05 0.06/ 0.0 0.06/] 0.17/ 0.07 ©0.05 ©0.05 0.06/ 0.05 0.02 0.009
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142

0.02 0.06 0.04 0.07 0.09 0.07 0.01 0.03 0.08 0.06/ 0.06 0.07
1431 0.05 ©0.07 0.07 0.06/] 0.07/ 0.09 0.03 ©0.06/ 0.08 0.06] 0.02 0.08
1441 0. 03 0.08 0.06/ 0.0 0.05 0.12 0.04 0.09 0.04 O0.1| 0.10 0.05
145 0.04 0.05 0.07 0.07 0.07 0.08 0.06] 0.04 0.05 0.1 0.06 0.08
146 0.1 0.08 0.06] 0.10, 0.05 0.06 0.08 0.04 0.02 0.14 0.08 0.08
1471 0.06/ 0.09 0.06/ 0.1] 0.09 0.09 0.08 0.04 0.05 0.07/ 0.05 0.009
148 0. 06/ 0.09 0.05 0.08 0.08 0.08 0.05 0.0 0.06 0.08 0.06] 0.07
1491 0.03 0.0 0.0 0.1| 0.11] 0.08 ©0.06] 0.02 0.04 0.09 0.07 0.04
1501 o0.01 0.04 0.05 0.07 ©0.11] 0.1 0.0 0.04 0.06/ 0.09 0.08 0.08
1511 0p.0589 0.0 0.02 0.06 0.19 0.12 0.07 0.01 0.03 0.07 0.1 0.06
1521 0. 05 0.05 0.06/ 0.11 0.13 0.06/ 0.04 0.06 0.06/] 0.08 0.09 0.13
1583 0.03 0.0 0.024 0.09 0.09 0.04 0.05 0.06/] 0.06 0.09 0.09 0.08
154/ 0. 04 o0.06 0.05 0.07 0.08 0.08 0.04 0.05 0.06/] 0.10/ 0.09 0.07
155 p.05 0.06/] 0.06 0.12 0.07 0.05 ©0.04 0.05 0.12 0.07/ 0.05 0.08
156 o0.05 o0.04 0.05 o0.1] 0.11] 0.11 o0.1| 0.05 0.07/ 0.07 0.03 0.07
1571 0.02 0.06/] 0.0 0.04 0.09 0.09 0.06/ 0.06 0.07 0.08 0.05 0.06
158 .05 0.08 o0.06 0.05 0.10 0.08 0.05 0.06 0.04 0.08 0.02 0.009
159 0.04 0.03 0.04 0.10 0.16/ 0.08 ©0.08 0.05 0.06] 0.07 0.05 0.10
160 0. 04 0.03 0.04 0.08 0.12 0.04 0.07 0.06/] 0.06 0.09 0.03 0.15
161 0.02 0.03d 0.04 0.05 0.11] 0.05 0.04 0.07 0.07 0.08 0.04 0.08
162 0.04 0.02 0.0 0.09 0.04 0.11 0.03 0.05 0.05 0.08 0.07 0.04
163| 0.03 0.0 0.0 0.07 0.06/] 0.07 0.06/ 0.06/] 0.03 0.10 0.04 0.08
164 0. 03 0.03 0.03 0.10 0.08 0.07 0.04 0.06/] 0.06/ 0.03 0.02 0.07
165| 0.03 0.04 0.04 0.08 0.06] 0.07, 0.06 0.08 0.07 0.04 0.03 0.07
166 o. 05 0.09 0.03 0.09 0.13 0.08 0.05 0.06 0.05 0.03 0.04 0.11
167 0.05 0.04 o0.06 0.11] 0.13 0.09 0.04 0.06 0.08 0.07 0.04 0.068
168| 0. 04 o0.09 0.07/ 0.17 0.10 0.06] 0.06/ 0.04 0.05 0.02 0.07 0.07
169 o0.04 0.05 o0.06 0.05 0.08 ©0.07 0.04 0.05 0.08 0.04 0.03 0.08
1700 0.02 0.04 0.04 0.08 0.07/ 0.08 ©0.04 0.06/ 0.1 0.05 0.07 0.1
171/ 0.02 0.04 0.05 0.0 0.07/ 0.06/ 0.09 0.05 0.0 0.08 0.05 0.06
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172

0.09 0.07/ 0.04 0.08 0.07 0.04 0.03 0.04 ©0.04 0.02 0.06 0.08
173] 0.04 0.06/] 0.05 0.14 0.09 0.06/ 0.08 0.06/] 0.05 0.04 0.06 0.06
1741 0.03 0.04 0.05 0.09 0.07 0.06 0.06 0.04 0.07 0.08 0.05 0.05
1751 0.03 0.06/] 0.06 0.08 0.04 0.06/ 0.07 0.04 0.07 0.07/ 0.05 0.07
176 0.04 0.0 0.03 0.09 0.09 ©0.11] 0.05 0.04 0.06 0.04 0.04 0.04
1771 0.04 0.04 0.04 0.08 0.06/] 0.08 0.05 0.03 0.04 0.07 0.05 0.06
178 0.03 0.07/ 0.04 0.11] 0.06 0.07 0.06/ 0.08 0.04 0.07 0.07/ 0.07
1791 0.04 o0.09 0.04 0.08 0.12 0.06/] 0.06 0.07 0.05 0.06 0.07 O0.08
180/ o.05 0.03 0.04 0.09 0.07/ 0.11 0.06/] 0.05 0.07 0.06/] 0.068 0.05
181 0.03 o0.09 0.05 0.03 0.13 ©0.05 0.02 0.07/ 0.05 0.04 0.06] 0.08
182 o.05 0.09 0.05 0.06/ 0.10 0.08 0.03 0.05 0.04 0.07 0.04 0.09
183 0.05 0.05 0.0 0.10 0.05 ©0.05 0.05 0.07 0.06/] 0.1 0.05 0.03
184 o. 05 ©0.09 0.05 0.07 0.07/ 0.05 0.02 0.04 0.06/ 0.05 0.04 0.04
185 0. 04 o0.05 0.04 0.1 0.07 0.09 0.07 0.10 0.07/ 0.06/ 0.11 0.06
186| o. 06/ 0.06/ 0.04 0.12 0.09 0.08 0.06/ 0.06 0.08 0.09 0.09 0.11
187 0.04 0.04 0.03 0.09 0.11] 0.05 ©0.08 ©0.09 0.08 0.06/] 0.07/ 0.04
18| 0.04 0.04 0.06/ 0.05 0.04 0.1 0.03 0.04 0.07 0.07/ 0.10 0.13
189 0.04 0.06/ 0.04 0.04 0.08 0.04 0.03 0.07 0.04 0.05 0.08 0.11
190 0. 04 0.0 0.05 0.09 0.07/ 0.09 0.02 0.03 0.06 0.09 0.03 0.07
1911 0.03 o0.09 0.05 0.08 0.07 0.15 0.0 0.02 0.08 0.11] 0.09 0.08
192 0. 04 0.03 0.05 0.02 0.06/ 0.03 0.02 0.06] 0.07/ 0.05 0.10 0.07
193] 0.03 0.05 0.07 0.05 0.03 0.10 0.05 0.07 0.05 0.03 0.09 0.07
194 0. 03 0.03 0.04 0.07 0.07 0.08 0.03 0.05 0.03 0.07/ 0.10 0.10
195/ 0.03 0.09 0.05 0.06 0.13 0.08 0.06 0.05 0.0 0.03 0.08 0.10
196| 0. 04 0.0 0.06 0.06/ 0.15 0.06/ 0.09 0.03 0.06/ 0.07/ 0.0 0.13
1971 0.04 o0.09 0.03 0.08 0.09 0.05 0.03 0.01 0.0 0.04 0.04 0.07
198 0.03 0.04 0.03 0.07 0.09 0.07 ©0.06 0.08 0.01 0.07/ 0.08 0.07
191 0.03 0.05 0.06/ 0.0 0.09 0.06/ 0.03 0.08 0.06 0.07/ 0.14 0.009
200 0. 04 0.05 0.03 0.06 0.06 0.08 0.04 0.08 0.05 0.08 0.09 0.08
201 o0.03 0.04 0.07/ 0.06/] 0.06 0.06/ 0.05 0.08 0.07 0.07 0.07 0.08
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202/ o.049 0.05 0.03 0.05 0.08 0.06/ 0.04 0.05 0.06 0.08 0.06] 0.08
203 0.04 0.0 0.02 0.07 0.08 0.08 0.07 0.09 0.03 0.07/ 0.07 0.05
204/ o.09 0.04 0.07 0.08 0.05 ©0.07 0.04 0.07 0.10 0.07 0.11] 0. 12
205/ p.089 0.06 0.04 0.04 ©0.08 0.06/ 0.04 0.06 0.05 0.08 0.06/ 0.08
206/ o. 068 0.024 0.05 0.05 0.06/] 0.08 0.04 0.05 0.06/] 0.08 0.12 0.06
207 o0.06/] 0.06/] 0.05 0.06] 0.08 ©0.05 0.04 0.0 0.05 0.07 0.07 0.07
208/ 0. 024 0.024 0.05 0.05 0.09 0.09 0.06 0.06/ 0.04 0.08 0.14 0.10
209/ p.03 0.0 0.03 0.08 0.04 0.06/ 0.08 0.07/ 0.07/ 0.12 0.09 0.06
210 0.03 0.06/] 0.03 0.08 0.14 0.05 0.07 0.03 0.0 0.07/  0.10 0.009
211/ o0.06/] 0.05 0.03 0.05 ©0.12 0.05 0.03 0.04 0.07 0.06] 0.08 0.08
212| 0.03 0.07/ 0.04 0.12 0.08 0.08 ©0.03 0.11 0.08 0.04 0.05 0.11
213/ p.09 0.04 0.0 0.06] 0.10 0.03 0.02 0.04 0.11] 0.11 0.07 0.14
214 0o.03 0.04 0.05 0.06/ 0.08 0.05 0.02 0.05 ©0.02 0.05 0.07 0.07
215/ 0.05 o0.06/ 0.03 0.11] 0.08 0.08 0.07 0.02 0.04 0.04 0.09 0.12
216 op.09 0.03 0.02 0.04 0.05 0.04 0.03 0.04 0.04 0.06/ 0.08 0.10
217/ 0.02 0.07 0.03 0.09 0.03 0.06 0.04 0.05 0.05 0.05 0.08 0.009
218| p.03 0.03 0.05 0.08 0.08 0.03 0.01 0.06 0.05 0.05 0.12 0.12
219 0.04 0.05 0.06] 0.04 0.05 0.1 0.06 0.06] 0.09 0.05 0.06 0.16
220/ o.03 0.0 0.07 0.07 0.03 0.08 0.04 0.11 0.03 0.04 0.14 0.13
221/ 0.04 0.04 0.06] 0.05 0.05 ©0.10 0.04 0.04 0.05 0.05 0.06 0.12
222 0,05 0.0 0.05 0.1 0.07 0.09 0.05 0.05 0.05 0.08 0.07 0.07
223 0.05 0.05 0.05 0.09 0.08 ©0.05 o0.06 0.06 0.1 0.08 0.07/ 0.08
2241 o.09 0.02 0.05 0.1 0.1 0.13 0.04 0.08 0.05 0.08 0.06/ 0.14
225 0.04 0.03 0.03 0.10 0.08 0.10 0.05 0.08 0.06] 0.08 0.10 0.07
226/ 0. 03 0.03 0.04 0.09 0.08 ©0.06/ 0.06/ 0.04 0.04 0.06/ 0.1| 0.08
227 0.06] 0.04 0.05 0.09 0.05 0.1 0.02 0.05 0.06 0.07 0.09 0.14
228/ 0. 03 0.03 0.03 0.08 0.05 0.06/ 0.03 0.05 0.07 0.13 0.09 0.08
229 o0.05 0.04 0.06 0.09 0.06] 0.07 0.06 0.05 0.07/ 0.03 0.09 0.11
230 p.09 0.04 0.04 0.08 0.05 ©0.09 0.04 0.05 0.06/] 0.05 0.04 0.06
231/ 0.05 0.024 0.03 0.05 0.03 ©0.08 0.06 0.02 0.10 0.02 0.14 0.009
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232

0.03 0.05 0.03 0.06/] 0.07/ 0.08 0.05 ©0.01 0.03 0.0 0.12 0.14
233 0.05 0.024 0.06 0.10 0.09, 0.06 0.07 0.0 0.04 0.02 0.12 0.009
234 0,03 0.07/ 0.04 0.08 0.09 0.08 0.05 0.07 0.03 0.07 0.04 0.009
235 0.03 0.04 0.03 0.07, 0.06 0.06 0.03 0.06/] 0.08 0.05 0.11] 0.10
236 0.05 o0.06 0.0 0.05 0.07 0.07 0.05 0.04 0.05 0.07 0.11 0.16
237/ 0p.07 0.05 0.04 0.09 0.06 0.10 0.03 0.04 0.04 0.13 0.07 0.07
238 0.04 0.04 0.02 0.05 0.09 0.06 0.05 0.04 0.02 0.06 0.08 0.14
239 0.05 o0.08 0.06] 0.07, ©0.12 0.06 0.06/ O0.1| 0.06/] 0.09 0.06] 0.08
240/ 0,07/ 0.04 0.01 0.06/] 0.10 0.05 0.02 0.01] 0.04 0.07/ 0.07 0.15
241/ 0.06/] 0.03 0.04 0.06] 0.05 ©0.07 0.05 0.07/ 0.06] 0.10 0.09 0.07
242/ 0,03 0.0 0.04 0.06/] 0.10, 0.05 0.03 0.0 0.07 0.08 0.08 0.11
243 0.04 0.03 0.04 0.09 0.06] 0.07 0.04 o0.06 0.06 0.11] 0.10/ 0.009
244 0. 03 0.04 0.02 0.06§ 0.09 0.07 0.07 0.05 0.04 0.04 ©0.08 0.15
245/ 0.03 0.03 0.03 0.07, 0.04 0.07 0.05 0.06] 0.03 0.06 0.16] 0.06
246/ 0.04 0.04 0.0 0.07 0.08 0.08 0.09 0.04 0.06 0.04 0.10 0.04
247 0.04 0.05 0.0 0.07 0.07 0.07 0.08 0.03 0.07 0.04 0.17 0.009
248/ 0.04 0.0 0.05 0.06/ 0.04 0.07 0.05 0.04 0.03 0.05 0.09 0.009
249 0.04 o0.06/] 0.07/ 0.06 0.05 0.07 0.08 0.04 0.04 0.06] 0.1 0.05
250/ 0.04 0.07/ 0.07 ©0.11 0.06 0.09 0.06 0.03 0.05 0.06] 0.12 0.07

Mean | 0. 0417 0.0480.0450.075 0.0810.0770.0480.0490.0530.0680.0690.083

SD 0.01/0.0190.0130.0240.0280.0230.0170.019 0.01¢0.0230.0260. 027

Day Day
OCT
images Control I nfected Control I nfected
1 2 3 2 3 1 2 3 2 3
1/ 0.07/ 0.04 0.04 ©0.07 0.05 0.03 0.04 0.03 0.06 0.05 0.068 0.06
2| 0.04 0.03 ©0.04 0.08 0.09 0.03 0.01 0.03 0.06 0.07 0.10 0.07
3] 0.0 0.05 0.05 0.09 0.04 0.09 0.05 0.02 0.05 0.06 0.07 0.07
4] 0.04 0.02 0.03 0.07 0.05 0.07 0.07 0.05 ©0.04 0.04 0.09 0.06
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5/ 0.04 0.09 0.02 0.05 0.07/ 0.07 0.02 0.01 0.03 0.03 0.1| 0.09
6| 0.06 0.07 0.0 0.04 0.06/ 0.04 0.03 0.05 0.06] 0.09 0.09 0.07
7| 0.05 0.08 0.06/ 0.0 0.0 0.02 0.04 0.02 0.05 0.07 0.07 0.05
8/ 0.0 0.09 0.08 0.06 0.1] 0.06/] 0.03 0.04 0.03 0.04 0.10 0.07
9] 0.02 0.07 0.06/ 0.03 0.07 0.04 0.0 0.03 0.04 0.05 0.07 0.08
10| 0.04 o0.06 0.07/ 0.05 0.07 0.07 0.06 0.03 0.05 0.03 0.05 0.14
11/ 0.04 0.07/ 0.05 0.04 0.07 0.06] 0.04 0.06/] 0.04 0.04 0.08 0.08
12 0.03 ©0.05 0.05 0.05 0.05 0.05 0.05 0.04 0.04 0.07 0.11] 0.05
13/ 0.05 0.0 0.07 0.03 0.0 0.05 0.04 0.05 0.02 0.06/ 0.06 O0.11
141 0. 05 o0.01 0.1 0.04 0.09 0.03 0.0 0.01 0.03 0.04 0.05 0.13
15/ 0.03 0.02 0.08 0.03 0.06 0.06 0.04 0.02 0.03 0.07/ 0.07 0.12
16| 0. 03 0.03 0.04 0.06/ 0.07 0.10 ©0.07 0.02 0.03 0.10 0.11 0.1
17/ 0.06 0.05 ©0.05 0.05 0.03 0.08 0.02 0.04 0.03 0.09 0.07 0.09
18| 0.05 ©0.03 0.06/ 0.08 o0.05 0.05 0.03 ©0.04 0.06/ 0.11 0.16 0.07
19/ 0.11 0.0 0.02 0.05 0.07 0.03 0.05 ©0.05 0.05 0.09 0.04 0.04
20| 0.04 0.01] 0.02 0.05 0.13 0.10 0.05 0.06 0.06/ 0.06/] 0.07 0.13
21l 0.04 0.05 0.06 0.0 0.05 0.11 0.03 0.04 0.05 0.07/ 0.15 0.04
22| 0.04 0.05 0.05 0.04 0.05 0.09 0.0 0.02 0.06 0.08 0.09 0.04
23] p.02 0.09 0.06] 0.1 0.12 0.10/ 0.04 0.09 0.05 ©0.05 0.13 0.06
241 0.0 0.03 0.06 0.08 0.06 0.09 0.06 0.05 0.06 0.07/ 0.09 0.09
25| 0.03 0.04 0.05 0.0 0.06 0.09 0.02 0.05 0.03 0.07/ 0.11 0.12
26| 0.03 0.04 0.04 0.05 0.06/] 0.06/ 0.03 0.04 0.02 0.08 0.03 0.07
271 o0.05 0.06/ 0.07 0.07 0.095 0.06/ 0.0 0.02 0.06/ 0.09 0.07 0.12
28| 0.04 0.03 0.04 0.08 0.06 0.08 0.0 0.06/ 0.05 0.07/ 0.06] 0.09
291 o0.06/ 0.024 0.05 0.05 0.04 0.05 0.09 0.05 0.05 0.07 0.11 0.09
30| 0p.06 0.024 0.05 0.03 0.04 0.08 0.04 0.06/ 0.04 0.05 0.09 0.10
31| 0.08 ©0.09 0.03 0.04 0.04 0.04 ©0.04 0.04 0.07 0.06] 0.04 0.04
32| 0.04 0.06/ 0.03 0.08 0.04 0.05 0.04 0.02 0.05 0.05 0.06/ 0.06
33| 0.05 0.09 0.02 0.09 0.04 0.08 ©0.09 0.05 0.09 0.07/ 0.08 0.04
34| 0.04 0.07/ 0.03 0.08 ©0.08 0.09 0.07 0.03 0.03 0.06/] 0.09 0.07
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35

0.02 0.05 0.03 0.08 0.06 0.12 0.06] 0.04 ©0.03 0.06/ 0.06 0. 11
36| 0.06/ 0.09 0.05 0.05 ©0.08 0.10 0.05 ©0.06/] 0.03 0.10 0.07 0.12
37/ 0.06/ 0.05 0.04 0.11 0.01 0.0 0.02 0.02 0.05 0.07/ 0.08 0.05
38| 0.07 0.024 0.04 0.06 0.06/] 0.05 0.0 0.02 0.01 0.08 0.05 0.02
39 0.04 0.0 0.05 0.08 0.08 0.04 0.02 0.03 0.01 0.08 0.07 0.09
40| 0o.05 ©0.06/] 0.05 0.04 0.09 0.02 0.06 0.06 0.02 0.11 0.09 0.03
41| 0o.05 ©0.04 0.07 0.024 0.07 0.0 0.07 0.03 0.03 0.08 0.05 0.07
42| o0.06 0.04 0.03 0.03d 0.05 0.13 0.05 0.05 0.02 0.11 0.09 0.07
43| 0.07 0.05 0.06/ 0.124 0.03 0.09 0.04 0.04 0.07 0.08 0.07 0.06
4|1 0.04 0.0 0.04 0.03 0.03 0.10 ©0.03 0.04 0.02 0.11] 0.07 0.08
45| 0.07 0.05 0.03 0.0 0.06/] 0.0 0.02 0.04 0.07 0.08 0.06 0.06
46| 0.04 0.05 0.02 0.10 0.13 0.07 0.02 0.03 0.07 0.06] 0.08 0.03
47! 0.07 0.06/] 0.06/] 0.10 0.09 0.09 0.01] 0.04 0.04 0.04 0.08 0.009
48| 0.09 0.07 0.04 0.09 0.09 0.08 0.05 0.04 0.07 0.08 0.07 0.10
49| o0.07/ 0.05 0.03 0.14 0.06 0.07 0.04 0.06/ 0.07/ 0.11 0.1| 0.05
50| 0.04 0.06/ 0.02 0.04 0.06 0.03 0.08 0.01 0.04 0.06/] 0.08 0.02
51/ 0.05 0.0 0.02 0.08 0.04 0.06/ 0.04 0.03 0.09 0.11 0.09 0.06
52| 0p.02 0.06/ 0.06] 0.1 0.09 0.06 0.02 0.04 0.04 0.06 0.08 0.04
53| 0p.07 0.09 0.04 0.10 0.03 0.07 0.03 0.03 0.0 0.05 0.07 0.04
54/ 0.03 0.04 0.04 0.13 ©0.07 0.07 0.0 0.04 0.05 0.05 0.05 0.03
55| p.01 0.05 0.05 0.1/ 0.05 0.05 O 0.02 0.05 0.04 0.07/ 0.12
56| 0.08 ©0.03d 0.05 0.13 ©0.07 0.05 0.09 0.01 0.07 0.05 0.08 0.12
57/ 0.07 0.0 0.05 0.14 ©0.05 0.04 0.03 0.03 0.05 0.08 0.09 0.04
58| 0.04 o0.01 0.05 0.09 0.07 0.1] 0.02 ©0.05 0.03 0.07/ 0.10 0.11
59 0.04 0.02 o0.05 0.14 0.06 0.06 0.03 0.02 0.04 0.02 0.15 0.08
60| o0.06/ 0.08 0.03 0.07 0.07/ 0.08 0.0 0.03 0.04 0.07/ 0.06/ 0.06
61| 0.04 0.06/ 0.02 0.08 ©0.05 0.05 0.04 0.02 0.04 0.02 0.08 0.07
62| 0. 05 0.04 0.07 0.07 0.12 0.08 0.07 0.04 0.05 0.05 0.07 0.07
63| 0.03 0.09 0.04 0.068 0.08 0.06 0.04 0.03 0.09 0.06/ 0.10 0.065
64| 0.03 0.0 0.09 0.01 0.05 0.02 0.03 0.03 0.0 0.09 0.05 0.04
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65

0.04 0.05 0.03 0.06/ 0.05 0.04 0.03 0.02 0.07 0.03 0.08 0.06
66/ 0.02 0.03 0.04 0.08 0.05 o0.11 0.05 0.03 0.07 0.07 0.04 0.06
67| 0.07 0.04 0.07/ 0.08 ©0.05 0.10 0.02 0.04 0.08 0.04 0.07 0.07
68| 0.06/ 0.03 0.05 0.07 0.07 0.08 0.01 0.02 0.03 0.08 0.06] 0.05
69| 0.06/ 0.04 0.04 0.09 0.02 0.01 0.04 0.05 0.07 0.07/ 0.08 0.04
70 0.03 0.02 0.05 0.09 0.07 0.03 0.04 0.06] 0.07 ©0.03 0.13 0.03
71/ o0.05 0.03 0.06 0.12 0.06 0.02 0.04 0.05 0.03 0.06] 0.07 0.06
72| 0.06 0.04 0.02 0.10 0.09 0.03 0.03 0.04 0.06/ 0.07/ 0.08 0.08
73| 0.05 0.01 0.06/] 0.09 0.1| 0.04 0.02 0.03 0.07 0.0 0.0 0.1
74 0.05 0.0 0.04 0.08 0.06/] 0.05 ©0.01 0.07 0.03 0.05 0.11 0.04
75! 0.04 0.03 0.05 0.13 0.09 0.10 0.06/ 0.04 0.05 0.04 0.11 0.07
76| 0.05 0.03 0.02 0.07 ©0.09 0.07 0.09 0.01 0.06 0.11] 0.05 0.1
77/ 0.03 0.09 0.02 0.08 0.06 0.05 0.024 0.01 0.04 0.09 0.04 0.05
78| 0.06 0.06/ 0.05 0.09 0.06 0.04 0.06 0.03 0.11 0.06 0.10 0.07
791 0.0 0.04 0.05 0.1| 0.08 0.10 0.09 0.05 0.09 0.09 0.11 0.09
80| 0.0 0.03d 0.01 0.09 0.05 0.05 0.04 0.07 0.06/ 0.08 0.11 0.07
8l 0.05 0.04 0.04 0.04 0.05 0.07 0.04 0.08 0.05 0.08 0.08 0.06
8| 0.05 0.02 0.04 0.13 0.09 0.03 0.02 0.05 0.02 0.07 0.12 0.07
8| 0.04 0.04 0.03 0.09 0.09 0.05 0.09 0.05 0.07 0.02 0.09 0.07
84| 0.04 0.04 0.05 0.1 0.03 0.05 0.04 0.04 0.04 0.05 0.08 0.06
8| 0.0 0.04 0.04 0.0 0.05 0.03 0.02 0.07/ 0.09 0.11] 0.03 0.07
86| 0.06/ 0.05 0.08 0.07 o0.08 0.03 0.07, 0.08 0.06] 0.05 0.04
87| 0.04 0.03 0.03 0.05 0.04 0.08 0.03 0.09 0.05 0.07 0.07 0.05
8| 0.03 0.024 0.05 0.10 ©0.06 0.03 0.04 0.05 0.05 0.06/] 0.068 0.05
89| 0.04 0.06/ 0.01 0.04 0.06/] 0.09 0.04 0.03 0.07 0.05 0.06] 0.07
| 0.04 0.02 0.06/] 0.08 ©0.08 0.04 0.07/ 0.07 0.08 0.06/] 0.08 0.07
99/ 0.03 0.04 0.05 0.07 0.06/ 0.0 0.07 0.03 0.05 0.07 0.08 0.07
92| 0.04 0.04 0.04 0.09 0.07/ 0.06 0.05 0.04 0.02 0.01] 0.09 0.09
9B| 0.06/ 0.02 0.04 0.1 0.0 0.07, 0.04 0.03 0.05 0.05 0.07 0.03
94| 0.03 0.07/ 0.04 0.09 0.04 0.08 0.04 0.04 0.07 0.06 0.08 0.09
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95

0.01 0.03 0.04 0.10 0.06 0.06/ 0.03 0.04 0.03 0.07/ 0.08 0.009
%| 0.05 ©0.03d 0.05 0.07 0.04 0.09 0.024 0.03 0.02 0.07/ 0.08 0.10
971 0.05 0.05 0.04 o0.11 0.06 0.05 0.04 0.05 0.03 0.07 0.08 0.07
8| 0.02 0.0 0.06 0.02 0.08 0.08 0.06 0.05 0.03 0.1] 0.07 0.06
9| o0.08 0.03 0.04 0.01 0.07 0.07, 0.06] 0.05 0.06 0.11] 0.03 0.06
100 0.04 0.03 0.04 0.05 0.06 0.07 0.04 0.07 0.0 0.09 0.08 0.07
101/ 0.04 0.02 0.04 0.07 0.03 0.06/] 0.06/ 0.06 0.02 0.11 0.08 0.03
1021 0.03 o0.089 0.04 0.08 0.05 0.05 0.01 0.0 0.0 0.08 0.14 0.05
103 0.02 0.04 0.05 0.04 0.03 0.06/ 0.03 0.03 0.02 0.11] 0.05 0.08
104 0.04 0.04 0.0 0.06 0.02 0.09 0.05 ©0.05 0.04 0.05 0.07 0.04
105/ p. 05 0.03 0.07/ 0.10 0.04 0.05 ©0.05 0.05 0.04 0.10 0.14 0.04
106 o.06 0.06/ 0.03 0.07/ 0.05 0.1 0.0 0.02 0.05 0.04 0.11 0.04
107 o0.05 0.05 0.07 0.05 0.06 O0.1]| 0.06/ 0.05 0.07/ 0.06/ 0.08 0.08
108| p.08 o0.06 0.09 0.07 0.06 0.05 ©0.07 0.04 0.02 0.13 0.10 0.04
1091 o0.05 0.05 0.04 0.12 0.04 0.06/ 0.05 0.02 0.0 0.06/] 0.15 0.07
110] 0.02 0.0 0.06/] 0.09 0.06/] 0.06 0.06/ 0.04 0.05 0.07/ 0.07 0.05
111/ 0.04 o0.08 0.1/ 0.05 0.09 0.07 0.05 0.04 0.04 0.05 ©0.08 0.07
1121 0. 01 o0.09 0.06/ 0.04 0.05 0.04 0.07 ©0.04 0.03 0.07 0.04 0.068
113] 0.05 o0.04 0.04 o0.08 0.07/ 0.06/ 0.05 0.07 0.03 0.07 0.10 0.06
1141 o0.04 0.05 0.07 0.06] 0.05 ©0.04 0.05 0.04 0.03 0.04 0.05 0.07
115/ 0.03 0.02 0.04 0.11 0.05 0.0 0.05 0.05 0.05 0.06/] 0.07/ 0.03
116] 0.04 0.06/] 0.07 0.11 0.06 0.06/] 0.05 0.03 0.03 0.00 0.04 0.07
117/ '0.04 0.04 0.08 0.09 0.10 0.08 0.02 0.02 0.03 0.05 ©0.10 0.07
118 0.03 0.07 0.04 0.07 0.1 0.07 0.05 0.06 0.02 0.05 0.06 0.08
1191 0.05 o0.09 0.03 0.06/] 0.08 ©0.09 0.04 0.03 0.06 0.08 0.05 0.08
1201 o.06/ 0.0 0.024 0.05 0.12 0.10 0.08 0.02 0.0 0.10 0.05 0.06
1211 0. 03 0.06/ 0.1 0.05 0.04 0.04 0.05 0.04 0.07 0.05 0.07 0.06
1221 0. 02 0.08 0.03 0.05 0.04 0.08 ©0.03 0.03 0.06/ 0.04 0.08 0.05
123 p. 058 0.04 0.0 0.06] 0.02 ©0.08 0.08 0.04 0.05 0.03 0.04 0.03
1241 0. 068 0.04 0.07 0.05 0.04 0.06] 0.04 0.02 0.04 0.05 0.08 0.06
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125

0.03 0.04 0.04 o0.1| 0.05 0.08 0.06 0.05 0.04 0.09 0.07 0.009
126] 0.04 0.04 0.04 0.03 0.04 ©0.06 0.05 0.03 0.05 0.07, 0.07 0.15
1271 0. 06 0.06/ 0.06 0.05 0.02 0.06] 0.05 ©0.08 0.05 0.10 0.1| 0.14
128| 0.05 0.04 0.04 0.07/ 0.10 0.05 0.05 0.03 0.08 0.11] 0.05 0.10
1291 0. 06 0.09 0.02 0.0 0.06/ 0.1 0.06 0.06 0.06/ 0.09 0.08 0.08
130] 0.04 0.03 0.06/] 0.14 0.05 0.03 0.05 0.04 0.04 0.08 0.08 0.068
1311 o.058 0.01 0.08 0.11] 0.06 0.06 0.04 0.03 0.08 0.07/ 0.08 0.12
132] 0.06/ 0.07/ 0.06 0.05 0.09 0.06 0.04 0.02 0.05 0.08 0.08 0.08
133 0.03 0.04 0.0 0.07 0.12/ 0.06 0.04 0.04 0.06/ 0.09] 0.07 0.08
134 0.07 0.11 0.07 0.02 0.06/] 0.07 0.06 0.03 0.06] 0.06/] 0.09 0.07
135| 0.06/ 0.07 0.08 0.03 0.03 0.06/ 0.04 0.02 0.05 0.09 0.1] 0.009
136 0.07 0.05 0.10 0.12 0.05 0.05 0.07 0.03 0.09 ©0.05 0.009
137 0.059 0.08 0.0 0.06/] 0.04 0.04 0.05 0.02 0.09 0.08 0.0 0.009
138 0.01 0.09 0.04 0.08 0.03 0.05 0.06 0.04 0.01] 0.10 0.09 0.08
139 p.06 0.07 0.07/ 0.07 0.02 0.05 ©0.03 0.03 0.05 0.09 0.04 0.04
140/ 0.02 0.04 0.04 0.12 0.04 0.04 0.01 0.01/ 0.04 0.09 0.06 0.08
141 o. 06/ 0.08 0.07 0.04 0.07 0.04 0.05 0.02 0.07/ 0.05 0.06] 0.07
1421 0.058 0.04 0.05 0.05 0.04 0.06 0.03 0.02 0.04 0.09 0.06 0.06
1431 o0.05 0.02 0.06/ 0.08 0.07 ©0.07 0.05 0.0 0.06 0.09 0.06] 0.07
1441 0.04 0.04 0.04 0.12 0.06/] 0.06 0.05 0.03 0.04 0.06/] 0.10 0.08
145/ 0.04 0.07 0.06/ 0.03 0.04 0.05 0.06] 0.07, 0.03 0.06 0.10 0.07
146/ o .04 0.09 0.07 0.0 0.04 0.07 0.02 0.04 0.04 0.12 0.06] 0.11
147/ o. 06/ 0.07/ 0.04 0.04 0.05 0.0 0.03 0.04 0.03 0.07/ 0.11] 0.08
148 0.04 0.07 0.03 0.08 0.08 0.05 ©0.05 0.02 0.02 0.07/ 0.11] 0.06
1491 0. 059 0.03 0.03 0.13 0.12 0.09 0.06 0.02 0.02 0.12/ 0.0 0.07
150 0.03 ©0.04 0.07/ 0.08 0.12/ 0.08 0.04 0.02 0.03 0.07 0.05 0.06
151/ 0.089 0.03 0.04 0.08 0.06 0.09 0.05 0.03 0.06 0.04 0.07 0.13
1521 0.04 0.04 0.09 0.11] 0.06/ 0.07 0.08 0.04 0.02 0.11] 0.06] 0.05
153 0.06/ 0.03 0.04 0.07 0.05 0.06 0.07 0.03 0.05 0.14 0.07 0.08
1541 0.07 0.10 0.08 0.08 0.06 0.05 0.09 0.01] 0.07/ 0.08 0.08 0.07
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155

0.05 ©0.03 0.07 0.10 0.06 0.05 0.04 0.05 0.03 0.05 0.06/] 0.08
156 0.04 o0.01 0.06/] 0.06] 0.05 ©0.03 0.06] 0.03 0.0 0.02 0.07 0.09
1571 0.04 0.04 0.0 0.09 0.07 0.07 ©0.06] 0.04 0.05 0.11 0.08 0.10
158 0.02 0.04 0.05 0.05 0.09 0.05 0.04 0.05 0.06] 0.07/ 0.10 0.11
1591 0.06 0.01 0.024 0.17 0.07 0.06/ 0.04 0.02 0.03 0.07/ 0.07 0.05
160 0.05 0.09 0.04 0.12 0.08 ©0.08 0.06/ 0.0 0.0 0.04 0.05 0.03
161] 0.03 0.07 0.06/ 0.1] 0.05 0.11 0.04 0.03 0.07/ 0.05 0.10
162 0.04 o0.03 0.04 0.09 0.06 0.14 0.05 0.06 0.04 0.07/ 0.03 0.06
163 p.07 0.09 0.06/ 0.11] 0.05 0.05 0.02 0.05 0.02 0.07 0.04 0.07
164 o0.07 0.04 o0.08 0.11] 0.10/ 0.04 0.02 0.04 0.05 0.06] 0.06] 0.05
165| 0. 04 0.07 0.10 0.07 0.06/] 0.07 0.0 0.03 0.05 0.06/] 0.12 0.07
66| o0.05 0.03 0.07/ 0.07 0.14 0.05 0.04 0.04 0.06] 0.09 0.16] 0.07
167 0. 03 0.04 0.06/ 0.0 0.03 0.04 0.07 0.05 0.03 0.06/] 0.06/] 0.08
168| o0.05 0.05 0.06/ 0.06/] 0.06 0.03 0.05 0.01 0.04 0.12 0.08 0.11
169 0.04 0.04 0.09 0.1 0.05 0.05 0.05 0.03 0.04 0.04 0.11] 0.07
1701 0.03 0.04 o0.08 0.03 0.08 ©0.07 0.04 0.04 0.04 0.08 0.10 0.05
171/ 0. 06/ 0.02 0.07 0.08 0.06/ 0.1 0.04 0.03 0.01 0.05 0.09 0.11
1721 0.06 0.04 0.05 0.07 0.07, 0.09 0.07 0.02 0.03 0.12 0.08 0.04
173 0.068 0.04 0.04 0.14 0.06/ 0.08 0.03 0.03 0.03 0.05 0.07 0.04
1741 o0.07 0.03 0.08 0.14 0.09 0.08 0.04 0.02 0.04 0.08 0.06/ 0.03
175 0.09 0.09 0.04 0.13 0.1| 0.06/ 0.06/ 0.04 0.02 0.14 0.07 0.11
176] o0.058 0.03 0.09 0.13 0.07 0.03 0.04 0.02 0.01 0.08 0.09 0.05
177/ '0.08 0.08 0.08 0.14 0.07 0.08 0.04 0.04 0.05 0.04 0.08/ 0.05
178] 0.07/ 0.04 0.06 0.14 0.02 0.05 ©0.05 0.02 0.0 0.07/ 0.09 0.06
1791 0.04 o0.09 0.06/ 0.11 0.06 0.0 0.03 0.04 0.04 0.04 0.08 0.009
180/ 0.04 0.024 0.04 0.09 0.06/] 0.05 0.03 0.04 0.04 0.06/] 0.05 0.09
181 o.06 0.06/ 0.03 0.08 0.06/ 0.11 0.03 0.04 0.03 0.06 0.09 0.07
182] p.06 0.09 0.03 0.05 0.06 0.07 0.03 0.07/ 0.05 0.05 0.08 0.06
183 p.06 0.03 0.08 0.05 0.03 0.10 0.08 0.05 0.03 0.07 0.09 0.08
184 o. 05 0.09 0.06 0.05 0.07 ©0.09 0.04 0.06/] 0.04 0.04 0.07/ 0.06
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185

0.06 0.04 0.04 0.06 0.06/ 0.06 0.05 0.05 0.05 0.09 0.13 0.04
186 0.04 0.05 0.03 0.10 0.05 0.09 0.04 0.08 0.03 0.10 0.1| 0.06
187 0.05 0.04 0.0 0.1 0.08 0.08 0.02 0.0 0.04 0.06/] 0.09 0.07
188| o.07 0.04 0.05 ©0.2| 0.09 0.07 0.03 0.08 0.01 0.08 0.08 0.04
1891 0.08 0.06/ 0.04 0.04 0.13 0.08 ©0.03 0.02 0.06 0.07 0.07 0.08
190 0.07 o0.05 0.09 0.10 0.04 ©0.06 0.06/ 0.01 0.05 0.08 ©0.1] 0.009
1911 0.04 0.0 0.09 0.09 ©0.11] 0.04 0.05 0.05 0.06 0.10 0.08 0.06
1921 0.03 0.02 0.03 0.12 0.06] 0.08 ©0.06 0.04 O0.1| 0.04 0.07 0.04
193] 0.08 0.03 0.04 0.09 0.07 0.05 0.06/ 0.05 0.0 0.05 0.07 0.06
194/ 0. 04 0.04 0.06 0.09 0.1 0.04 0.04 0.03 0.06 0.05 0.08 0.06
195 0.03 0.01] 0.08 0.11] 0.06 0.07 0.03 0.02 0.07/ 0.04 0.08 0.06
196 0.04 o0.09 0.07/ 0.08 0.09 0.06 0.02 0.04 0.04 0.02 0.07 0.07
1971 o0.059 0.07/ 0.0 0.08 0.04 0.07 0.05 0.04 0.0 0.04 0.07 0.08
198 0.04 0.05 0.07/ 0.08 0.04 0.09 0.06 0.04 0.03 0.03 0.07 0.03
1991 0. 04 0.07 0.05 0.0 0.08 0.11 0.02 0.06/] 0.06/] 0.05 0.05 0.08
2000 o, 089 0.024 0.11] 0.04 0.04 0.12/ 0.03 0.06/] 0.09 0.05 0.13 0.04
201 o0.07 0.04 0.06 0.07 0.05 0.10 0.02 0.06 0.04 0.03 0.12 0.06
202/ o.049 0.04 0.0 0.08 0.06/] 0.06 0.02 0.0 0.0 0.07 0.07 0.07
203 0,04 0.03 0.0 0.17 0.08 0.07 0.03 0.0 0.03 0.08 0.09 0.06
2041 0. 03 0.04 0.04 0.121 0.04 0.07 0.02 0.02 0.02 0.06/ 0.12 0.05
205/ po.07 0.0 0.04 0.05 0.04 0.04 0.06 0.04 0.05 0.08 0.09 0.08
206/ p.02 0.05 0.05 0.06] 0.08 ©0.05 0.04 0.06/] 0.01 0.10/ 0.08 0.04
207 o0.04 0.0 0.0 0.07 0.05 ©0.08 0.06 0.02 0.05 0.08 0.09 0.05
208/ p.03 0.06 0.06] 0.04 0.05 ©0.05 0.05 0.05 0.04 0.06] 0.06] 0.08
209/ o.07 0.0 0.08 0.09 0.07, 0.07 0.06/ 0.04 0.07/ 0.10 ©0.11] 0.07
210/ o.06/ 0.06 0.09 0.12 0.07 0.06 0.04 0.07/ 0.04 0.08 0.08 0.07
211/ o0.07 0.0 0.0 0.10 0.04 0.04 0.03 0.02 0.02 0.05 0.08 0.07
212 o.09 0.024 0.09 0.10 0.05 ©0.05 0.06/ 0.04 0.02 0.09 0.09 0.03
213/ 0.04 0.01 0.09 0.20 0.05 ©0.09 0.02 0.05 0.02 0.09 0.11 0.009
214/ o0.05 0.03 0.08 0.13 0.05 ©0.09 0.03 0.03 0.02 0.08 0.12 0.11
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215

0.07/ 0.03 0.10 O0.16/ 0.04 0.06/ 0.07 0.06 0.0 0.07 0.11 0.07
216/ 0.06/] 0.01] 0.07 0.08 0.03 ©0.07 0.06/] 0.04 0.03 0.04 ©0.11 0.08
217/ o0.05 0.07 0.04 0.06 0.08 0.10 0.04 0.04 0.05 0.05 ©0.06 0.04
218 0.05 0.04 0.03 0.07 0.06/] 0.08 0.03 0.02 0.03 0.06 0.10 0.06
219/ 0.04 0.04 0.0 0.16 0.05 0.07 0.02 0.04 0.04 0.08 0.14 0.07
220| p.03 0.024 0.03 0.18 0.10/ 0.10 0.04 0.07 0.05 0.04 0.10 0.06
221/ 0.02 0.05 0.0 0.09 0.10 0.08 0.01] 0.0 0.02 0.06] 0.09 0.05
222 0.03 0.03 0.07 0.05 0.07 0.11 0.06/ 0.03 0.03 0.06 0.05 0.1
223 0. 07/ 0.04 0.04 0.06] 0.06] 0.07 0.04 0.06/ 0.06 0.02 0.06 0.08
224 o0.08 0.04 0.05 0.06 O0.1| 0.08 0.04 0.03 0.03 0.07/ 0.06] 0.10
225| 0.07 0.04 0.03 O0.1| 0.04 0.08 0.04 0.06/] 0.05 0.1 0.09 0.03
226/ 0.06/] 0.06 0.06 0.07/ 0.04 0.07 0.05 0.04 0.03 0.04 0.11] 0.06
227| o.07 0.06/] 0.07 ©0.19 0.07 0.12 0.06 0.02 0.02 0.04 0.14 0.04
228/ 0.08 0.03 0.02 0.19 0.08 0.04 0.02 0.05 0.04 0.07/ 0.13 0.12
229 0,09 0.03 0.09 ©0.1| 0.07/ 0.05 0.06/ 0.06 0.04 0.07 0.13 0.02
230| p.06/ 0.04 0.07 ©0.14 0.03 0.07 0.04 0.04 0.01] 0.04 0.09 0.04
231 o0.09 0.05 0.04 0.13 0.07/ 0.11 0.05 0.05 0.04 0.07/  0.10 0.06
232 0.04 0.03 0.03 0.13 0.16 0.05 0.068 0.07 0.06 0.08 0.09 0.05
233 0.05 0.02 0.06] 0.1 0.02 0.04 0.03 0.08 0.03 0.05 0.14 0.08
234 0.06/] 0.05 0.1 0.1 0.09 0.11 0.03 0.05 0.07/ 0.06/] 0.12 0.11
235 0.04 0.07 0.06 0.09 0.05 0.04 0.03 0.06 0.04 0.05 0.06/ 0.06
236| 0.09/ 0.0 0.05 0.03 0.08 ©0.07 0.02 0.05 0.03 0.06] 0.09 0.12
237) 0.04 0.04 0.04 0.04 0.05 0.04 0.06 0.01 0.0 0.07 0.09 0.10
238 0.06/] 0.0 0.04 0.06 0.03 0.07 0.04 0.05 0.0 0.05 0.10 0.07
239 0. 08 0.04 0.05 0.086 0 0.04 0.04 0.04 0.04 0.07/ 0.07 0.04
240/ o.049 0.07/ 0.06 0.08 0.03 0.04 0.02 0.06/ 0.07 0.07/ 0.10/ 0.06
2411 0.03 0.05 0.04 0.09 0.03 0.04 0.03 0.05 0.03 0.07 0.07 0.07
242/ o0.05 0.05 0.07 0.05 0.03 0.03 0.0 0.0 0.05 0.09 0.07 0.10
243 o.08 0.05 0.05 0.03 0.03 0.02 0.05 0.02 0.03 0.11 0.08 0.009
244 0.04 0.06 0.07/ 0.09 0.04 ©0.04 0.03 0.04 0.05 0.09 0.11 0.009
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245

0.0 0.04 0.06/ 0.05 0.06 0.02 0.04 0.05 0.03 0.03 0.06/ 0.009
246/ 0.04 0.05 0.03 0.06/] 0.06 0.05 0.04 0.03 0.03 0.08 0.10 0.06
247/ 0.08 0.07/ 0.02 0.07 0.07 0.09 0.02 0.03 0.03 0.06] 0.07 0.07
248/ 0.05 o0.06 0.05 0.03 0.05 ©0.06/ 0.04 0.04 0.02 0.07 0.04 0.05
249 0. 04 0.07 0.03 0.09 0.07 0.07 0.08 0.08 0.04 0.05 0.08 0.009
250/ p.03 0.07/ 0.06 0.09 0.07 ©0.06 0.03 0.03 0.01] 0.06] 0.13 0.07

Mean 049 0460.0530. 081 062 066 0. 04 0410.04590.072 0.08/0.074

Sb 016 0180.0200.035 024 023 017 0160.0180.0230.0250.024

142



4 Tabl est oofataed gap thickness measur ement

The foll owing tables show the total number
measurements in the AxC169 variety. A total
segmentati o8 oél Lt hkeayerstp@rformed usibmg ht he
control and infected | eaves, three measur eme
(D7). The software provided values for the m
thickness. The average value being the most
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191 0. 080 0.050.1 0 0.040.1 O 0. 060. 090 0.040. 110 0. 040. 090 0.04
192 0. 110 0.060.1 O 0.050.1 0 0.050.1 0 0.040. 120 0.050. 070 0.03
193 0. 110 0. 060. 130 0.050.1 0.1 0.050. 0090 0.040. 110 0. 040. 090 0.04
194 0. 090 0. 050. 130 0. 050. 080 0.030.1 0 0. 040. 090 0. 030. 080 0. 03
195 0. 110 0.060. 120 0. 050. 080 0.030.1 0 0.040. 090 0. 030. 080 0. 03
196 0. 080 0. 050. 130 0.050.1 0 0.040. 110 0.040.1 O 0. 030. 080 0. 03
197 0. 090 0. 050. 090 0. 050. 090 0.040. 090 0.040.1 O 0.030. 110 0.04
198 0.1 O 0. 060. 090 0. 050. 090 0.030.1 0 0.040. 090 0.040. 070 0. 03
199 0. 110 0.050.1 0 0. 050. 080 0.030. 120 0.040.1 O 0. 040. 080 0. 03
200 0.1 0.030.060.1 O 0. 040. 080 0. 030. 080 0.040.1 O 0. 050. 080 0.03
Control ( mm) Infected ( mm)
Day 1 R1 R2 R3 R1 R2 R3
Max Min AverMax Min AverMagrx Min AverMax Min AverMgx Min AverMax Min Averag
1 0. 040 0. 020. 060 0. 030. 050 0.030.130.020.070. 150 0. 060. 090 0.05
2 0. 040 0. 010. 060 0. 030. 050 0.030. 120 0. 060. 150 0.060. 110 0.05
3 0. 060 0. 020. 060 0. 020. 050 0.020. 140 0.070. 140 0. 060. 090 0.05
4 0. 050 0. 030. 060 0. 030. 060 0.030. 130 0.060. 130 0. 060. 110 0.05
5 0. 050 0. 030. 060 0. 020. 050 0.010. 140 0.060. 120 0. 060. 110 0.05
6 0. 050 0.020. 070 0.020. 070 0.020. 120 0.060. 120 0. 060. 110 0.05
7 0. 040 0.020. 070 0.030. 070 0.020. 110 0.060. 120 0.060.1 O 0.05
8 0. 040 0.020. 070 0.020. 070 0.020. 110 0. 060. 130 0.060. 120 0.05
9 0. 060 0. 030. 060 0. 020. 050 0.020. 120 0.060. 120 0.070. 120 0.05
10 0. 050 0. 020. 050 0. 030. 040 0.020. 120 0. 060. 130 0.060. 110 0.06
11 0. 070 0. 020. 060 0. 030. 040 0.020. 120 0.060. 110 0.060. 120 0.05
12 0. 050 0. 030. 060 0.020. 070 0.020. 110 0.060. 110 0.060. 120 0.05
13 0. 060 0. 020. 050 0. 020. 040 0.020. 130 0.060.1 O 0.060. 120 0.06
14 0. 050 0. 020. 050 0. 020. 040 0.010. 120 0. 050. 130 0. 070. 130 0. 06
15 0.070 0. 030. 040 0.020. 050 0.030. 110 0.060.1 O 0. 060. 140 0. 06
16 0. 050 0. 030. 050 0.020. 070 0.030. 120 0.050. 110 0. 060. 110 0. 06
17 0. 0090 0. 020. 060 0.020. 090 0.030. 110 0.050. 110 0. 060. 120 0. 06
18 0. 010 0. 030. 060 0.020. 070 0.030. 110 0.050.1 0 0. 050. 120 0. 06
19 0. 070 0. 030. 050 0.020. 150 0.030. 130 0.050. 120 0. 070. 130 0. 06
20 0. 040 0. 020. 050 0. 020. 050 0.030. 110 0.050. 110 0.060.2 O 0.06
21 0. 050 0. 020. 040 0. 030. 020 0.040. 120 0.050.1 0 0.060. 120 0.05
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197 0. 080 0. 040. 060 0.030. 030 0.010. 130 0.070. 120 0. 060. 110 0.07
198 0. 080 0. 040. 050 0.030. 030 0.010. 130 0. 070. 140 0.070. 110 0.07
199 0. 070 0. 040. 040 0. 010. 040 0. 010. 140 0.060. 190 0. 080. 120 0.07
200 0. 090 0. 040. 030 0. 010. 050 0.020. 130 0.060.2 O 0. 080. 120 0. 06
S5.Tabbobust omat ed gmaea s whritckemretss@tl b @ty
Control ( mm) Infected ( mm)
Day 2 R1 R2 R3 R1 R2 R3
Max Min AverMax Min AverMgx Min AverMax Min AverMagx Min AverMa»x Min Averag
1 0.160. 010. 060. 130 0.070. 070 0. 050. 060 0.030.110. 030. 070. 050 0. 06
2 0.170 0. 060. 130 0.070. 070 0. 060. 040 0.020. 120 0. 070. 050 0. 06
3 0. 140 0.070.130.020.070.070. 010. 080. 050 0.030. 120 0. 070. 060 0. 06
4 0. 140 0.050.1 0 0.070. 070 0. 060. 040 0. 030. 050 0. 020. 060 0. 06
5 0. 130 0.070. 120 0.070.080. 020. 050. 030 0.060.1 O 0. 060. 040 0. 06
6 0.120 0. 060. 060 0.030. 0090 0. 040. 090 0. 060. 080 0. 050. 050 0.05
7 0. 150 0. 050. 040 0.020. 0090 0. 050. 070 0.060. 110 0. 060. 040 0. 03
8 0. 130 0. 050. 050 0.030. 0090 0.050.080.020.080.1 O 0.1 0. 030 0.01
9 0. 130 0. 050. 040 0.030. 110 0. 050. 060 0.030.1 0 0. 080. 090 0. 06
10 0. 120 0. 050. 030 0.1 0.0090 0. 040. 050 0. 050. 060 0. 020. 070 0.05
11 0. 140 0. 050. 0090 0.060. 070 0. 030. 030 0.060. 070 0.030.080.020. 014
12 0.3 0.020.050. 070 0. 040. 0090 0. 060. 0090 0. 050. 050 0. 050. 060 0.03
13 0.3 0 0.040.080. 020. 080. 010 0.060.1 0 0. 050. 110 0. 060. 050 0.05
14 0.110 0. 060. 060 0. 030. 080 0. 060. 090 0. 050. 050 0. 030. 030 0. 06
15 0. 0090 0. 040. 050 0.020. 070 0.060. 110 0. 060. 060 0. 030. 030 0. 06
16 0.1 0 0. 050. 110 0. 070. 0090 0.030. 120 0. 060. 030 0. 020. 090 0.05
17 0. 1090 0.050.130.020. 070. 080 0.030. 130 0. 070. 060 0.030.130.020. 07
18 0. 110 0.060. 110. 030. 060. 060 0.060. 130 0. 070. 050 0. 060. 110 0.07
19 0.120 0.050.090.010. 070. 060 0.070.120. 020.070. 070 0.060.110. 030. 06
20 0. 130 0. 060. 070 0. 080. 060 0.060.1 O 0. 070. 060 0.060.090.010. 07

186




Control ( mm) I nfected ( mm)
Day 4 R1 R2 R3 R1 R2 R3
Max Min AverMax Min AverMagrx Min AverMax Min AverMagrx Min AverMax Min Averag
1 0.1 0 0.050.8 0.010.050.1 O 0.060. 120 0.080.1 0 0.060.1 O 0.08
2 0. 090 0. 050. 080 0.060. 120 0. 050. 130 0.080.1 O 0. 050. 110 0.07
3 0.1 0 0.040.09.010.060.1 O 0.060.120. 040.080.1 O 0. 050. 110 0.06
4 0.1 0 0.040.1 O 0.050.1 0 0. 060. 130 0. 080. 090 0.090.1 O 0.07
5 0. 090 0.040. 110 0.060. 110 0.060. 170 0. 080. 090 0.080.1 O 0.06
6 0.120 0.050. 110 0.050.1 0 0.060.120.020.070.1 O 0. 050. 110 0.06
7 0.110 0.050.1 0 0.050.1 0 0.060.120.010.070.1 O 0. 060. 110 0. 06
8 0.1 0 0. 050. 0090 0.050. 120 0.070. 120 0.070. 130 0. 080. 090 0.05
9 0.1 0 0.060. 110 0.060. 130.030.070. 130 0.070. 130. 010. 080. 0090 0.09
10 0.1 0 0.060. 110 0.060. 120 0.070.120. 020.080.130.010.060.1 O 0. 06
11 0.110 0.050. 120 0.060. 120 0.060. 140. 030. 070. 140 0. 080. 0090 0.05
12 0.1 0 0. 050. 110 0.050.130.030.070.170. 020.080. 150 0.070.1 O 0.07
13 0.1 0 0.060. 110 0. 060. 130 0.070.160. 020. 070. 160 0. 060. 090 0.07
14 0. 110 0.060.120. 010. 060. 120 0.060. 120. 010. 070. 140 0. 070. 090 0.08
15 0.1 0.010. 060. 110 0.070. 120 0.060.120. 010. 070. 130 0.070.1 O 0.1
16 0.090.020. 060. 110 0.070. 120 0.060. 110. 010. 060 . 150 0.070. 110 0. 05
17 0.1 0.010. 060.130.030.080. 120 0.060.1 O 0. 060. 150 0. 080. 090 0.06
18 0.1 0.010. 060.1210.030. 070. 120 0.070. 110 0. 050. 150 0.080.1 O 0. 06
19 0.110. 020. 060. 120 0.080. 120 0.070. 120 0. 050. 150 0. 09 . 0090 0.05
20 0.1 0 0.050. 120 0.090. 130 0.070. 120 0.050. 170 0.080.1 0.010. 06
Control ( mm) Infected ( mm)
Day 6 R1 R2 R3 R1 R2 R3
Max Min AverMagx Min AverMax Min AverMax Min AverMag»x Min AverMagx Min Averag
1 0. 050 0. 060. 110 0. 070. 080 0. 060. 050 0. 030. 040 0.1 0.150.010. 09
2 0. 060 0. 060. 110 0. 060. 080 0. 060. 080 0.040. 070 0. 060. 190 0.11
3 0. 040 0.060. 170 0. 070. 050 0. 030. 060 0.040. 120 0.070. 230 0.13
4 0. 060 0. 030. 050 0. 040. 050 0. 060. 090 0. 040. 050 0.070. 110 0.06
5 0. 060 0.030. 070 0. 040. 060 0. 070. 080 0.030. 120 0.060.120. 030. 08
6 0. 060 0.030. 070 0.040. 070 0. 070. 060 0. 030. 080 0. 040. 230 0.12
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Fi gub eAverage gap size distribution in control (blue)
from automated segmentation, for D2, D4, and D6 aft
hi stograms use a bin width of 0.01 mm
The data are available in Google Drive and can be exrg

https://docs.google.com/ spreadsheets/ d/ 1EW00Z92LVt 7Av
Asoz/ edit?usp=sharing&oui d=102742141539264065722&rtpoc
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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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