“Development of computational methods to investigate the
stochastic dynamic behavior of microbial communities”.

Abstract

Methods and software tools for the analysis of cell movies that allow
the accurate estimation of bacterial attributes at the single-cell
level, the visualization and statistical modeling of the extracted cell
attributes, and creating in silico experiments simulating microbial
communities growth, remain currently a challenge in computational
systems biology. Methods reported in the literature are lacking in
many respects. They exhibit low success rates in cell segmentation
of dense cell movies with thousands of cells, often require laborious
parameterization, and are characterized as not user-friendly by
biologists with no bioimage analysis expertise. Moreover, there is no
end-to-end computational pipeline to automatically analyze cell
movies, model the variability of extracted cell attributes, explore
cell diversity visually, and facilitate the realistic simulation of
microbial communities' behavior while considering the inherent
stochasticity of the underlying biological phenomena.

This doctoral dissertation's main goal was to fill this gap by
developing an end-to-end computational strategy with three stages
for studying microbial communities' dynamic growth behavior. The
first stage provides an automated bioimage analysis platform, which
extracts, collects, and organizes the estimated cell attributes data
hierarchically, without the need for human-user intervention. The
second stage provides an information system for single-cell
analytics and visualization. It allows the user to visualize in different
ways and infer models for the cell attributes extracted by the image
analysis stage at different community organization levels. The third
stage supports the development of multiscale "digital twin" model
realizations to investigate in silico microbial communities' growth. It
can consider the individual cells' genetic "program", the
microenvironment's conditions, and the simulated biological
phenomena' inherent stochasticity for high fidelity purposes.

First, we developed a new cell tracking algorithm inspired by motion
estimation for video compression that successfully associates cell
instances in consecutive frames and can accurately construct dense
and deep forests of lineage trees with many cell colonies and
generations. Our method can map on the extracted trees caell
instance attributes (e.g., cell surface, length, width) and cell life
attributes (e.g., cell division time) with high fidelity. The very high
bacterial matching accuracy it achieves (98.7%) for complex cell
movies exceeds that of prior methods.

Our complete, end-to-end cell movies analysis methodology,
codenamed BaSCA (Bacterial Single-Cell Analytics), covers cell



segmentation, cell tracking, and lineage trees construction for
complex cell movies. BaSCA was thoroughly evaluated using
datasets generated by different labs and achieved an F-measure
rate of 98%. The F-measure remains very high (over 96.7%) even
for overcrowded cell movies with many merging colonies and
thousands of bacteria in the field of view of the microscope.

The information extracted from the cell movie analysis is organized
in a relational bio-database, allowing data mining at the single-cell
level (single-cell analytics). Another innovative feature is creating
different "views" in the data for the direct and friendly visualization
of information (visual analytics). In this way, the system allows the
user to select subpopulations (colonies, generations, relative cells in
the trees) and perform statistical analyses and best distributions
parameter estimation. Additionally, this work also contributed to an
R package creation codenamed ViSCAR (Visualization and Single-
Cell Analytics in R). Using Viscar, one can also correct inevitable
segmentation and tracking errors introduced by the image analysis
of dense cell movies.

Next, we had to enhance the capabilities of CellModeller, a popular
open-source systems biology tool, to be able to recreate in silico
with high fidelity the physical interaction of cells as they grow and
divide to form a dense bacterial community while taking into
account the genetic "program" of every individual cell, the
underlying stochasticity of cell properties (e.g., division time), the
microenvironment conditions, potential cell motion, etc. Thus, it
became possible to generate in silico experiments of microbial
communities growing in two dimensions based on stochastic atomic
evolution models for each cell entering the simulation. We created a
"digital twin" microbial community prototype to implement the
proposed unified strategy for Salmonella's case (Salmonella enterica
serovar Typhimurium). To that end, the regulatory networks of gene
expression related to the mechanism of intercellular chemical
communication (quorum sensing), the mechanism of virulence
development of S. Typhimurium, and the interaction between the
two were integrated into the individual-based cell models we
developed. The proof of concept community level "digital twin"
simulation model we developed also considers the inherent
stochasticity that governs single-cells' growth and division, which
affects the patterns of switching their phenotypic state from non-
virulent to virulent. Using the digital twin, it is possible to
investigate different scenarios in silico.

Overall the computational pipeline we have developed can
automatically image-analyze cell movies from live-cell microscopy
experiments, display efficiently and extract statistical models of
single-cell attributes, and utilize them to create realistic synthetic
movies. It can also stochastically simulate a microbial community's



behavior in space and time. This was demonstrated with a digital
twin of a community of pathogen S. Typhimurium cells, growing in a
microenvironment that promotes stochastic phenotypic switching of
the single-cells based on their own personalized genetic network
"logic."



«AvaATTUEN ULTOAOYIOTIKWY OTPATNYIKWY Yia TN HMEAETN TNG
OUVAULKAG CLUUTIEPLYOPAC HIKPORLAKWY KOLVOTATWY».

MepAnyn

H avantugn pebddwv kKot epyaAeiwv mMANPo@oplkAG ywa tnv aglomoinon
TWY KUTTOPLKWY Tawwwyv (cell movies) mov va emtpénovy TNV aKPLBA
€EOyWYN TWVY XAPOKTNPLWOTIKWY Twv Poktnpliwv oce eninedo Tov
HEMOVWHEVOL KLTTAPOUL (single-cell), TNV omTikomol{non KoL TN OTATLOTLKA
MOvTEAOTIOINGN AUTWY TWVY XUPAKTNPLOTIKWY, KABWEG Kol TNy dleEaywyn
MELPAMATWY  avETTLENG MIKPOBLOKWY  KowoTATwY in silico, Héow
PEAALOTIKAG Tpooouoiwaong, amoTeAel oAUEPA MPOKANGN TOL TOMEX TNG
LDTIOAOYLOTIKAG OCULOTNULKAC MLKpoBloAoyiag. ZTn debvy BLBALoypagia
anavTwvTal PEBodOL oL AVAADOLY KUTTOPLKEC TAWIEG ME PAKTAPLA KOl
TMOOOTIKOTIOLO0V TNV TMANpPogopia mov €EAyETAL aMd XPOVOOELPEC ELKOVWY
TMov  amelkoviCouy ovVAMTUOOOUEVEG MIKPOPBLOKEG amolkieg. MapaTtadTa
oUTEC Ol PEBOBOL pelovekTOOV Ot apKeETA onuela, Y. TMapovotdlouvv
XOMNAQ MooooTd emtu)({aG KATATUNONG TMOAUTTAOKWY KUTTAPLKWY TALVLWY
ME XWALAOEC KOTTOPQ, EVW OLXVA OMALTOUV AEMTOMEPH TMapPAUETPONOinCN
Kat €Tol yapaktnpifovtal w¢ Hun QLAKEG TpPoG To Xpriotn-BLoAdyo.
EmunmAéov elval oa@ng n EAAEWPN pLag eviai{ag LTTOAOYLOTLKAG OTPATNYLKAG
(pipeline), KavAG va avaADel QUTOMATO KUTTOPLKEC TaWieg, va
xopoKTneifel e a&LOmOTO TPOTO TN OTOXOOTIKOTNTA OTIC KUTTAPLKEG
WBLdTnTEG, va mopExel duvaTOTNTEC omTIKOMolNnonNG TNG KULTTAPLKAG
TMOLKLAOMOPPlaC, GAAQ KOL VO ETMLTPEMEL TN PEAALOTIKA Tpoogopoiwon TG
CUUTEPLYOPAC MLIKPOPBLOKWY KOWOTATWY, AauBdvovtag uvmoyy TNV €yyevN
OTOXOOTIKOTNTA TWVY BLOAOYLKWY QALVOUEVWVY.

Baolkd otdéx0o TNG €v AOyw OBOaKTOPLKAG dlatplBrig Aolmdv amnmoTéEAEDE N
avanTuEn PLag TéTolag evialag oTPaTNYLIKAC HE Tpla oTtddla yla Tn HEAETN
TNG SLVAULKAG CLUPTEPLYPOPAC HLKPORBLAKWY KOWOTATWY. To MPWTo oTddLo
anoteAel N avdntuEn avtopaTomolnNuévng HEBSSOL aVAALONG KU TTAPLKWY
TOWLWWY, N omola OULAAEYEL KAl OPYOVWVEL LEpapylkd Tnv eEayduevn
nAnpogopia xwpi(c va amatteltal N noapéuBacn Tov avBpwWMoL-xpPHoTn. To
debtepo 0TAdLO mMeEpLAaUBAveEL TN Onulovpyia €vOC TMANPOYOPLAKOD
ovoTtApaToC (single-cell analytics and visualization platform) to omnoio
EMLTPEMEL O0TO XPrioTN va XapaKTnPEI(lel OTATIOTIKA KAl VO OTITLKOTIOLHOEL
ME BLOPOPETIKONG TPOMOLG TIC €EayOUEVEG TTANPOYPOPIlEC amd TNV avdAvaon
€lkévac. To tpito otddlo vmootnpiel TNV avAntuvgn €voG MPOTULTOU
«ynelakod OJLOVUOL» TOL TMPOCOHPOLWVEL TNV OVATTLUEN HLIKPORBLAKWVY
KOWOTATWY AapBdvovtag uvméywy TNV €yyevr OTOXOOTIKOTNTA TOUL
QULVOPEVOL AN KOl TLG CUVOAKEC TOL ULKPOTIEPLRAAAOVTOG.

Apxkd, avantiyxdnke mpwtdTLNN UEBODOC avTioTolXlong KuTTdpwy (cell
tracking) HETOED CLVEXOUEVWY OTIYMLOTUTIWY £lKOVAC (frames) KL TTAPLKWY
TOWLWY Kot dnuiovpylag 8évtpwy KuTTAPLKAG yeveaAoyiag (cell lineage
tree construction). H péBodog autrh umopel va mapakoAouvBel Kal va
MOCOTLKOTIOLEl TG WBLOTNTEC TWVY KLTTAPWVY (M.X. KUTTOPWKA em@dvela,
MAKOG, MAGTOC K.a.) avd yevid kat amelkio. H mOAD peydAn okpiBela



avTiotolylong Baktnpiwv mov emtuyydvetal (98,7%) eival vynAdtepn o€
o0yKpLon UE aLTH TWY LTTAPXOVTWY HEOSOWV.

Katd tn Oudpkela TNG KATATMNONG KOL TNG TOpPaKoAolONong Twv
Baktnpiwv (dnAadn pe TN Onulovpyla TwWv OEVTPWY  KUTTAPLKAG
yveveadoyiag), n npotewduevn pebodoAoyia avdALoNG KLTTAPLKWY TOLVLWV
nopdyel MANOWpPa «ueEYAAWvY dOedopévwv» (“big data”), Ta omnola
xopaktnpiCovv KAEBE HEMOVWHEVO KOTTAPO Ot KABe Xpovikh OTLYMA
(OTLYMLOTUTIO €LKOVACG) MLOG TOAUTIAOKNG KUTTOPLWKAG Towiog pE mbavd
EKOTOVTADEC oTLyHldTLTIA KO XIALAdEG KOTTApPA. AnuUovpyAdnke Aotmdv
€V OAOKANPWHEVO cloTNUa avdAvong uvynAng akpiBewag To omolo
OUUBAAAEL KaBOPLOTIKA oTnv TPdodo TNG CLOTNUIKAG BloAoylag Kal TNG
av&AvonG OedopévwWY PEYAANG KA{MOKaAG, OMwWG oL Towileg avdmTuEng
BAKTNPLIKWY KOWOTATWY TMOAAQATMAWY OTLYULOTUTIWY. ME TNV OAOKARPpWON
Twv napandvw otadiwv, elxe avantuxBel MAEOV Ml OAOKANPWHEVN
HEBODOC aVAALONG KUTTAPLKWY Towwy, n omola éAafe TNV KwdLKA
ovopoaoia BaSCA (Bacterial Single-Cell Analytics). To obotnua BaSCA
a€loAOYABNKE €VOEAEXWC Kol emMeTeLXON WBLaitepa vynAd mocootd F-
measure, 98%, yeyovog Tou amodelkvleL TNV evpwaoTia (robustness) tov
oAyop(Buov KaTtdTunoNnG. Ze oxéon ME vnmdpxovta AoylOULKE, To BaSCA
EMTLUYXAVEL ONUOVTIKA vYNASTEPO TOCO0TO F-measure ota dedouéva amnod
dlaopeTikd epyaoThpla TOL Xpnoldomowtdnkav otnv afloAdynon. To
noocootd F-measure nmopoapével MOAD vynAd (Mdvw amd 96.7%) akOua Kot
yla TOAOTIAOKEG Tavieg mov MaPovatldlouvy HEYEAO CLVWOTIONS BakTNPEiwy.

H mAnpogopia mouv umnopel va e€Eaxbel amd TNV avdAvon TALWLWY,
opYOVWVETAL 0 oxeolak Bdon PBLodedouévwy (relational bio-database),
Mov €TLTPEMEL TNV €EOPLEN MANPOoYopPlWY and Ta dedouéva oe emnimedo
MEMOVWHEVWY KOTTApWVY (single-cell analytics). Eva akdépa Kowotouo
XOPOKTNPLOTIKG, €lval n duvaTtdTnTa SNUIOLPEYING BLAPOPETIKWY «OPEWV»
ota Oebopéva, He oTéX0 TNV dAuEon Kal @UALKH omTikomoinon TNg
nAnpogopiag (visual analytics). Me tov TPoMO ALTO TO CUOTNUA EMLTPEMEL
0TO XPAOTN va emAEyeLl vtonAnBuopolg (amelkieg, yeviég, ovyyevelc oTo
0évtpo) Kal va OleEdyel OTOTIOTIKEG QVAAUCOELC  KOL EKTIMAOELG
KOATAVOUWY. EMMA€oV yla va emekTE(VOLUE TIG BLVATOTNTEG onMTIKOTO(NONG
Touv BaSCA, n epyaocia avtrA vroothplEe Kat tTn dnuiovpyia R makEétov mov
ovoupdotnke ViSCAR (Visualization and Single-Cell Analytics in R).

Me otéyxo TNV vLAomoinon in silico povteAomoinong TNG avdmTLENG
MIKPOBLOKWY KOWOTATWY 0 000 OlaoTACEG HE PEAALOTIKA Kal
atopootTpapr MoviéAa (Individual-based models), Tpomomolibnke Kot
EMEKTABNKE ONUOVTIKA TO AOYLOMLKO avolxTtol Kwolka Cellmodeller. Etol
dLaoPPWONKE €va eVEALKTO LTTIOAOYLOTIKS TIEPLBEAAOY GTO OMO(0 PMOPOVLE
VO «TIPOYPAUUATIIOVUE» OLAQOPETIKEG CULUMEPLYPOPEG KLTTAPWY, Kal va
TIPOCOUOLWVOLHE TNV AVATITUEN LG TIOLKIAGOPPNG KOwwviag evoow avTtd
OAANAETOPOUY  OTOXOOTIKA KATW amd  OLAQOPETIKEG  OLVONAKEC
MIKpoTEPLBAAAOVTOC KoL TBavd aAA&louvv @awdéTuno OSuvaukd. Etal,
Katéotn duvath n in silico mpooouoi{won MIKPORBLAKWY KOWOTATWY TOUL
avantoooovTal JE BAON OTOXAOTIKA ATOMOOTPAPH HOVTEAQ €EEALENC Yl
KGBe KOTTOPO TMOL ELOEPYETAL OTN TPOoouoiwaon. AnuiovpyrRbnke €vag
«ynolakég  6(dvpoc»  (digital twin)  pkpoBlakAG  KOWwOTNTAG KO



EPUPUOOTNKE N MPOTEWOUEYN eviaia oTPATNYLKA Yyla TNV mepimTwon TG
ZaApovEAAaG (Salmonella enterica serovar Typhimurium). EmumA€ov,
EVOWHATWOAKAY OTO OTOMOOTPAPN HOVTEAX T PLOMLOTIKA OikTLA
yovldlakng €kppaong (gene regulatory networks) mouv a@opolv TO
MNXAVIOUS BLOKLTTOPLKAG YXNMIKAG emkowvwviag (quorum sensing), Tov
MNXoviopd  avdamtuEng TNG  AowoTogkéTtnTag (virulence) TIng S.
Typhimurium, aAA& kot TNV HETEED TOLG OAANAemidpacn. ZTn
npooopolwaon AauBdvetal vmdéyn n €yyevAg OTOXAOTIKOTNTA TOL OLEMEL
TNV ovantuEn kot dlaipeon TwWv MPEPOVWHEVWY Baktnpiwv, n omnola
eMNPEGCeL TNV aAAay @ALVOTLMKAG KATAOTAONG TWY KLTTAPWY WC TPOG
TN AOLUOTOELKOTNTA.

EmBeBatibnNke €TOL N MPAKTIKA €@apuoyn TNG evialog MPOTEWOUEVNG
oTpatTnylkig (pipeline) mov e{vat tkavi va avaAlel aLTOPATA KLUTTAPLKES
Towleg amd mepapaTa  PLKpooKomiag Cwvtovwy KuTtTtdpwv (live cell
imaging), va omnelkovifel HE QATMOTEAEOUATIKO TPOMO KoL va €EAYEL
OTOTLOTIKA HMOVTEAQ YLX TO XOPOKTNPLWOTIKE TWY KUTTAPWY OE OULTEC.
EmunmAéov embelyOnke mMwe T HOVTEAQ auTd cupPBdAovv otn dnulovpyia
PEQALOTIKWY OCUVOETIKWY TAWLWY TOL TPOCOUOLWVYOUY CTOXOOTIKA TN
BUVAULKA CUUTEPLPOPE HUIKPORBLAKWY KOWOTHTWY OTO XWPO KAl 0TO XPHOvo,
OnMw¢ auTtégc tou maBoydévov S. Typhimurium, oe pikpomePB&AAOY TOL
odnyel otnv aAAayn ¢@awotumkiG katdotaong (phenotypic switching)
KOTTOTA MOV TO KABEVa aKOAOLOEL TN OLKH TOU EEATOULKEVHEVN «AOYLKI».



