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ABSTRACT

Time-lapse microscopy now enables detailed imaging data generation and monitoring
of dynamic cellular processes at the single cell level. Recent studies have highlighted
the usage and importance of this technology for investigating biological noise in gene
regulation, cell growth and proliferation etc. Mathematical and statistical model
development is of growing interest in capturing and testing hypothesis regarding the
dynamical behavior of biological systems. Modeling bacterial communities forming
biofilms relies on the efficient and accurate extraction of information from time-lapse
microscopy data (image frame sequences) of growing bacterial colonies. However, the
analysis of such "cell movies" data is currently very time consuming and error prone
since it is essentially performed by human-experts. In this thesis we address this
important limitation in a multi-resolution image analysis framework.

We have developed a methodology for identifying accurately the boundaries of
individual bacterial cells and tracking them from frame to frame so as to construct the
cells’ genealogy (bacterial cell segmentation and lineage tree construction) even in
large-size microbial communities where there is great difficulty in identifying the
individual cell boundaries. The automated and novel pipeline of algorithms we have
developed combines methods from image processing and machine learning to segment
and track bacteria precisely.

The pipeline has been tested and evaluated with two different cell movies datasets and
several images produced by different labs. The developed methodology has been
shown to achieve high F-measure score (above 95%) in each evaluation case. It can be
applied to different image modalities, such as phase contrast, bright field, and
fluorescent, produced by optical and confocal microscopy. Using extensive
experimentation we demonstrate the robustness and reliability of the proposed pipeline
regardless of the image modality used. Our image processing pipeline is fully
automated, computationally efficient and suitable for high throughput analysis of
bacterial cell movies without any human intervention on its calibration.

SUBJECT AREA: Image Analysis and Machine Learning

KEYWORDS: bacterial segmentation, cell counting, cell lineage construction, cell
feature extraction and visualization, expectation-maximization.



NEPIAHWH

H time-lapse pikpookoTria emTPETTEI TTAEOV TN AeTTTOUEPH ONuIoupyia OedoUEVWY aTTO
OUVAMIKEG KUTTAPIKEG Blepyaaieg o€ eTTITTEd0 PEPOVWHEVWY KUTTAPWV (single cell level).
Mpdo@aTteg HEAETEG EXOUV TOVIOEI TN XPHON KAl T ONUOCIA AQUTAG TNG TEXVOAOYIAG yia TN
dlgpeuvnaon Tou PBioAoyikou BopuBou oTn pUBUIoN TwV yovidiwy, TNV avdatrTugn Kal Tov
TTOAATTAQCIOOUO  KUTTApWVY  KATT. Ta paBnuatikd kKol Ta  OTATIOTIKG  POVTEAQ
TTapoucidfouv au&avouevo evola@EPOV yia T CUAANWN Kal Tov €AeyXo UTToBEoEwv
OXETIKA PE TN QUVAUIKI) CUNTTEPIPOPA TWV BIoAoyIKwY cuoTnudatwy. Na 11g BakTnPIakES
KOIVOTNTEG TTOU OXNuatiouv PBioUpévia autd eEapPTATAl OTTO TNV ATTOTEAECMUATIKA Kal
akpIBf) avtAnon TAnpogopiwyv atmo dedopéva time-lapse pPIKpookoTTiag (akoAouBieg
EIKOVWYV) QvaATITUOOOUEVWY PBOKTNPIOKWY aTTolkiwy. QoT1éoo, n avdAuon TETOIWV
OEQOUEVWV KKUTTAPIKWY TAIVIWV» CAPEPA gival TTOAU XpovoBOpa Kal ETTIPPETTAG O€
AGBn, Oedouévou OTI OUCIACTIKG  TTpayudaToTrolEiTal  ammd  évav  AvlpwTro-
EUTTEIPOYVWHOVA. 2TNV TTAPOUCa €PYOOia OOXOAOUMAOTE HE QUTO TO ONUAVTIKO
TTEPIOPIOPO O€ éva TTOAATTARG avAAuong TTAaicIo TTECEPYaTiag EIKOVAG.

‘Exoupe avatrTugel pia peBodoAoyia Tou TTpoodiopidel ue akpieia Ta 6pia JEPOVWHEVWV
BakTnplokwy KUTTApwY, Ta avixvelel atmmd €IKOvVA Ot €IKOVA Kal KATOOKEUAZel Tn
yevealoyia Toug (KAtdTunon BAKTNPIOKWY KUTTAPWYVY KAl KATOOKEUNR YEVEQAAOYIKWV
OEVTPWYV) QKON Kal O€ NEYAAEG MIKPOPBIAKES KOIVOTNTEG OTTOU UTTAPXEI MEYAAN BUCKOAIQ
OTOV TTPOCOIOPIOUS TWV ETTIMEPOUG OPIWV TWV KUTTAPpWV. H auTtopatotroinuévn Kai
Kalvotopog owAnvwon (pipeline) Twv aAyopiBuwv TTOU avamTuéape ouvouddlel
MEBOOOUG aTTO TNV ETTECEPYOTIA €IKOVAG KAl T PNXAvik updaénon yia tnv akpiBni
BakTnploKr KATATUNoN Kal avixveuorn.

H mrpoteivépevn pebodoloyia €xel dokipaoTel Kal aglohoynBei pe U0 dIAQOPETIKA
oUvOAa OedOUEVWY  KUTTAPIKWY TAIVIWV KOl OPKETEG AVEEAPTNTEG EIKOVEG QTTO
OIaQOPETIKA epyacThpla. Exouue atmodeitel 0TI N uEBODOG TTOU AVATITUXONKE ETTITUYXAVEI
uywnAn BaBuoAloyia F-measure (Gvw Tou 95%) o€ kK&Be TrepiTrTwon agloAdéynong. Etiong
TO AOYIOMIKO WPTTOPEI VO €QAPPOOTEI 0€ dIAPOPETIKOUG TUTTOUG EIKOVAG, OTTwWG phase-
contrast, bright field, kai ¢Bopifoucac (fluorescent), TTou TTpoépxovTal TOGO ATTO OTITIKN
000 KOl a1TO OUVECTIOKH HUIKPOOKOTTIA. MPayhaToTToIwvTag EKTETAUEVA TTEIPANOTA TTOU
aTrodEIKVUOUV TNV €UPWOTIO Kal TNV aloTmoTia TNG TTPOTEIVOPEVNG OCWANvVwWwong,
ave¢dpTnTa ATTO TO TUTTO TNG EIKOVAG TTOU XpnoiyoTrolgital. H peBodoAoyia eTTeCepyaoiag
€IKOVAG, TTOU avaTrTuEape, €ival TTARPWG AUTOUATOTTOINUEVN, UTTOAOYIOTIKA QaTTOdOTIKN
Kal KataAANAN yia uwnAAg puBuatmédoong avaluon BOKTNPEIOKWY KUTTAPIKWY TAIVIWV
XWPIC Kapia avBpwTTivn TTapéupacn Katd tn Babuovounon tnge.

OEMATIKH NMEPIOXH: AvaAuon Eikdvag kal Mnxaviky Maenon

AEZEIX KAEIAIA: Baktnpiakry Katatunon, amapibunon kKuttédpwy, onuioupyia
KUTTOPIKAG YEVEQAOYIOG, £¢aywyr Kal OTITIKOTTOINON BOKTNEIAKWY
XAPOKTNPIOTIKWY, expectation-maximization.



