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Abstract

Our environment g filled with DNA originating fronvarious sourcessuch assecreted
mucous, gametes, skin, haand decomposing organismsWhen these external DNA
molecules enter a cell, they can potentially pose harm. Organisms theséfore,distinguish
between self and noiselfDNA to surviveand neutralise oeliminate the latter. While we

have a deep understanding of the immune systems in multicellular eukaryotes, prokaryotes,
and archaea, our knowledge of how unicellular eukaryotes defend against unwanted
intruders is somewhat limitedJsingSchizosaccharomyces pomlfission yeastwe aim to
explore these immune mechanisrigt specialise in discriminating between the self and the
non-self.

Previous studies from our lab indicated that pombecan differentiate chromosomal DNA
from foreign extrachromosomal DNA circles and treat them differe@lylding on this, we
aimed to determine if seléextrachromosomal DNA circles originating from within the genome
undergo similar discrimination. And if they do, how is itkentification achieved.

We confirmed thatS. pombecan indeed differentiate between extrachromosomal DNA,
depending on their origirSelfextrachromosomal DNA circles are identified as self and evenly
distributed among dividing cells, while foreign ones are eliminated from the population. We
found that the seHidentification of chromosomdorne DNA circles is mediated by the
nucleationof Cnpl molecules, leading to their symmetric segregation via lateral attachments
to microtubules during mitosis. Disruption of Cnpl nucleatio@by Yrautants impairs the
propagation of selextrachromosomal DNA circles. Additionally, we observed timalGs

not limited to endogenous centromere locations but is distributed throughout the genome.
Based on our findings, we propose that Cnpl is widely distributed on chromosomes,
especially at sites prone to recombinatiosuch as the rDNA locus. Upon excision, the
presence of Cnpl molecules enables -sglfachromosomal DNA circles to nucleate
additional Cnpl at the same sitpotentially forming a functional neocentromere and
ensuring symmetric segregation. This modés S. pombe allowing it to maintain
homeostasis by preventing gene loss via extrachromosomal DNA recombination and reducing
toxicity associated with extrachromosomal DNA accumulation, as obser@staharomyces

cerevisiae



Abdrakt

Unsere Umwelt istollerDNA aus verschiedenen Quellen, beispielsweise aus abgesondertem
Schleim, Gameten, Haut, Haaren und zersetzenden Organismen. Wenn diese externen DNA
Molekdle in eine Zelle gelangen, kénnen sie moéglicherweise Schaden anrichten. Organismen
mussen daher zwiben Selbstund NichtSelbstDNA unterscheiden, um zu tberleben und
letztere zu neutralisieren oder zu eliminieren. Wahrend wir tUber ein tiefes Verstandnis des
Immunsystems in mehrzelligen Eukaryoten, Prokaryoten und Archaeen earfigj unser
Wissen daruber, wie einzellige Eukaryoten sich gegen unerwiinschte Eindringlinge
verteidigen, begrenzt. Mitilfe der Hefe Schizosaccharomyces pombellen wir diese
Immunmechanismen erforschen, die auf die Unterscheidung zwischen dem Selbst und dem
Nicht-Selbst spezialisiert sind.

Frihere Studien aus unserem Labor zeigten, &agombehromosomale DNA von fremden
extrachromosomalen DNKreisen unterscheiden und diese unterschiedlich behandeln kann.
Darauf aufbauend wollten wiesten, ob extrachromosomal8elbstDNAKreise die aus dem
Genom stammen, einer &hnlichen Diskriminierung unterliegen. Und wenn ja, wie wael die
Identifizierung erreicht?

Wir haben bestatigt, dassS. pombe je nach Herkunft tatsédchlich zwischen
extrachromosomaler DNA unterscheiden kanBxtrachromosomale SelbstDNAKTreise
werden als selbst identifiziert und gleichmaflig auf sich teilende Zellen verteilt, wahrend
fremde DNAKreise aus der Population eliminiert werden. \Wonnten zeigen dass die
Selbstldentifikation von chromosomenbasierten DMNkkeisen durch Cnplolekile
vermittelt wird, was zu symmetrische@ Segregatiorder DNAUber seitliche Bindungen an
Mikrotubuli wahrerd der Mitose fuhrt. Eine Stérung der Cridgéimbildungin a A Y-0 n
Mutanten beeintrachtigt dieVerteilung extrachromosomalerSelbstDNAKreise. Dartber
hinaus haben wir beobachtet, dass Cnpl nicht auf endog@aatromerpositionen
beschrankt ist, sondern im gesamten Genom verteilt ist.

Basierend auf unseren Erkenntnissen schlagen wir vor, dass Cnpl auf Chromosomen weit
verbreitet ist, insbesondere an Stellen, die zur Rekombination neigen, wie zum Beispiel dem
rDNALocus.Nach dem Ausschneideermoglicht das Vorhandensein von CrAdblekilen
extrachromosomalenSelbstDNAKreisen die Keimbildung von zuséatzlichem Cnpl an

derselben Stelle, wodurch moglicherweise ein funktionellesddetsomer gebildet und eine



symmetrische Segregation sichergestellt wird. Dieses Modell ermogBchpombedie
Aufrechterhaltung der Homdoostase, indem es den Genverlust durch extrachromosomale
DNARekombination verhindert und di€oxizitdt durchAnsammlung extrachromosomaler

DNA verringert, wie sie b&accharomyces cerevisiaeobachtet wird.



1. Introduction

1.1. What is identity?

At a fundamental level, identity refers to the characteristics, qualitesl experiences that
define an individua{Montévil & Mossio, 2020)Various factors, including biological and
environmental influences, can shape identi§n important facet of identitys identifying

what isthe self and what ishe non-self.

1.1.1.ldentity at the BiologicallLevel

Identity at the biological level encompasses the distinctive amalgamation of genetic,
physiological, and anatomical attributes that differentiate one individual from agotBach
person inherits a unique genetic blueprint from their parents, shaped by millions of years of
evolutionary selectio(Emerson & Li, 2010; Lewontin, 197&urthermore, every organism
embarks on a singular developmental journey from birth to old agiéyenced bygenetic
predispositions and environmental stimufidditionally, individuals harho a distinct set of
microbiotas, which play multifaceted roles in maintaining health and regulating physiological
processes(Sender et al., 2016)This intricate interplaypetween genetic, physiological,
anatomical, developmental, microbial, and environmental factors contributes to the
complexity of identity athe biological level, underscoring the uniqueness of each individual
within the global ecosystem.

Each organism's uniguenesietermines its ability to thrive ifts environment. Their identity
dictates the acquisition of traits crucial for adaptatieach as camouflage, thermoregulation
and resistance to pathogendndler, 1986) Additionally, individual differences influence
genetic variations that confer adaptive advantages, particularly in challenging environments
where survival is at stak€Stearns, 1994)Furthermore, biological identity shapes the
interactions between organisms and other species within their ecosystems. Preutatpr
dynamics, competition for resources, and symbiotic relationships are all influenced by the

specific characteristics of daorganism involvedConnell, 1980)



1.1.2.1dentity at the cellular level

At the cellular level, identity refers to the unique characteristics and functions inherg¢héeto

cells and tissues within an organism. Cells display a range of identities determined by their
specialsed processs, structures, and location@Jzman, 2003)For example, neurons are
specialsed for transmitting electrical signals, whereas muscle cells are aetimfor
contraction. Although all cells within an organism share the same genetic makeup, differential
gene expression patterns across cell types result in distinct protein profiles that define cellular
identity (Lodish, 2000)Furthermore, certain cells possess plasticity, allowing them to adjust
their identity and function in response to developmental cues, injuries, and environmental
signalgLinder & Mostoslavsky, 2017)

Although cells within an organism possess distinct identities, their collective perfornmance
specialsed functions is essential for the organism's survival and mainten@gmman, 2003)

For example, coordinated intestinal cells support nutrient uptake, while a-lved¢dinced
immune system facilitates the elimination of pathogens. Immune cells such as macrophages,
T cells, and B cells possess unique identities that enable them to reecgmil neutrake
pathogens(Janeway, 2001)These cells express specific receptors capable of detecting
antigens on pathogen surfaces, triggering an immune response to eradicate the threat.
Conversely, epithelial cells act as physical barriers against pathogen entry into the body.
Equipped with spcialsed junctions and secretory mechanisms, these cells enhance barrier

function and safeguarthe underlying tissues from harm.

1.1.3.ldentity at the molecular level

Molecular identity originates froraspecific DNAequenceéd 2 YLINA aAy 3 |y 2NAHIF YA
(Uzman, 2003) Along with DNA, RNA, proteins, metaboljtesnd signding molecules
collectively determine the molecular identity. This genetic information, inherited from

parents and shapp 0 & S@2f dziA2yF NE aStSOiAz2ys> RAOGI
characteristics. Variations in gene expression patterns, enzymes and molecules involved in
metabolic pathways, sigrnalg moleculesand epigenetic modificationall contribute to

molecular identity.

An important component of molecular identity is genetic identity, which is the unique genetic

YIF1SdzLd 2F GKS 2NHIFIyAaY® DSYySGAO ARSydGAGe LINE



to changing environmesst resist infectionsand compete for resources, ultimatedffecting

its survival. For instance, certain individuals hanb@enetic variants that bolster their
immune responses, providing heightened defes@against pathogens. Conversely, others
possess genetic predispositions that weaken their immune functions, rendering them more
vulnerable to infections.

Given tle pivotal role of genetic/molecular identity in determining cellular and biological
identity, it becomesessentialfor organisms to protect their genetic identity to survive. Any
changes or disruptions to genetic identity ganofoundly affectcellular functions, organismal
health and population viability. By safeguarding genetic integrity, organisms can maintain the
stability, resilienceand adaptability necessary to thrive in their environment and ensure the

continuity of life processes acrossrgeations.

1.2. Geneticidentity and stability

In the intricate landscape of life, the ability to differentiate what belongs to oneself (self) and

g Kl G R2 Sselfj Q iioldgiga? nécessity. The integrity of the organism, the stability of
cellular activity, and the very survival of the organism hinges upon the precise execution of
this discriminatory function. The consequences of misidentification can be profound. Failure
torecognsS I YR F LILINPLINAI 6Sf & NBAaLRyR (2 FT2NBA3IY
Virtually all organisms, from bacteria to complex eukaryotes, possess a recognition system
that allows them to discriminate between self and nonself and possesstefé mechanisms

to defend themselves from unwanted neelf (S. Gonzalez et al., 2011)

DNA is widely present in the environmgirevors, 1996) originating from various sources

such as secreted mucous, gametes, skin, hair, and decomposing organisms. Studies have
aK2gy GKIG 20SHFYAO O2yOSYiGNI GA2ya 2F RAAaAZ2E O
a molecular weight of up to 35 khjpeFlaun et al., 1987)dditionally, DNAcontribute to
approximately 10% of hundoound organic phosphate in mineral s@laker, 1977)Though

natural transformationsfacilitated byenvironmental extracellular DNA (eDN#grve asa

major horizontal gene transf@dGT)mechanisnin prokaryotes such occurrences are rare in
eukaryotes(Arber, 2000; Dubnau, 1999; Lorenz & Wackernagel, 1994ukaryotesHGT
prominently occurs througlendosymbiosis, transfectionand infectiong/Andersson, 2005;

Keeling & Palmer, 2008; Lacroix & Citovsky, 2016; Rancurel et al., 2017)



While HGT can facilitate evolutionary procesg&®onin, 2016)it also poses risks by
introducing unwanted genetic elements that magmpromisean organisn2 & F.76 y Sa a
example of such an adverse biological evergdaguiringtransposable elements (TES) in the
human genomé&Deniz et al., 2019 he LINE (L1) elemeanactive TE in the human genome,

is implicated in various human diseasesbtivating dormant promoters or dysregulating the
expression of oncogenes and tuorosuppressor genegArdeljan et al., 2017; Briggs et al.,
2018; Emamalipour et al.,, 2020Apart from cancer, TEs are also implicated in the
pathogenesis of various wethown genetic, metaboliand neurological diseas€€ampos

et al., 2019; CastellanBastillo et al., 2019; Costello & Schones, 2018; Emamalipour et al.,
2020; Payer & Burns, 2019, 2019; Turcot et al., 2012)

Given the potentiahazardof the free flow of DNAnto an organism from thenvironment or
other sources organismshave evolvedmechanismsto discern and eliminate incoming
unwantedgeneticintruders, therebysafeguarding genome integrity and establishing a form
of genetic immunity.The defeme mechanismganvary among differenspeciesand are
influenced by their evolutionary history and ecological nichiee fundamental premise of

this kind of immune systens the ability to distinguish self from neself, allowing for a

targeted immune response.

1.2.1.Genetic Immunity inProkaryotes andArchaea

A weltkknown example of suchgenetic immunityis the restrictioamodification system in
bacteria,whichrecognsesstructural features on specific sequences of DNA base and target
5b! ARSYy(ATA@®iRiti € al. x202D)NIBid systeén createsn immunological
defence barrier from invading bacteriophages armbtentially, eDNA(Arber, 1965; Arber &
Dussoix, 1962; Arber & Linn, 1969; Thomas & Nielsen, 200%)s case, the bacteria genome
encodesanethyltransferase ezymes that methylate DNA apecificpositionsandrestriction
enzymeendonucleasehat specificallyecognses and cleavesnmethylated DNA molecules.

| 2yaSlidsSyitesr GKS K2adQa 2¢y 3ISy2YS aidlea L
molecules are digeste(Vasu & Nagaraja, 2013)he restrictioamodification system serves

as an innate immune system.

CRISPRas is another kind of genetic immunity found in these organisms which is adaptive
Most prokaryotes andall the archaea have CRISPR adaptive immune systEnis.kind of

immunity requires exposure to a mobile genetic element. Initial exposure creates a memory



of the infectionin the form of CRISPR arrayghich can be recorded onto the host DNA by
recombining short sequences from a foreign genokdsing Cas enzymethese sequences
are then used to detect and eliminate the mobile genetic elements in subsequent infection
(Emamalipour et al., 2020 his kind of immune system distinguisheself based on the

memory it creates afteencounteringit.

1.2.2. Geneticlmmunity in Eukaryotes

Our understanding of immune responses in eukaryotes has been focused on protein ligands,
whereas immune activation against nucleic acids is a relatively new field of silie
prokaryotes and archaea have weltablished mechanisms for distinguishing self from-non
self in terms of nucleic acid, this aspect remains poorly understood in eukaryotes.
Eukaryotes typically target intruders at the gene expression level, employing aefen
machinery to impede the transcription anaplication of nonself RNA molecules. This
defence mechanism predominantly involves RNA interference (RNAi)singilismall
regulatory RNA molecules like microRNAs (miRNAs) or small interfering RNAs (SiRNAS) to
guide the degradation of complementary RNA sequences, thereby suppressing gene
expressior(Gammon & Mello, 2015; Holoch & Moazed, 2015; Szittya & Burgyan, 2013; Zhou
& Rana, 2013)Additionally, eukaryotes utge the distinctive structure of viral mMRNA caps to
differentiate selfRNA from norself RNA, activating poly#inding complexes that trigger an
immune response leading to the elimination of nself RNA.

Despite the welstudied mechanisms for distinguishing seNA from norsel-RNA, there
remains a significant gap in our understanding of how eukaryotes sensBNalffrom non
seltDNA Multicellular eukaryotes employ various receptors to detect nucleic acids, such as
toll-like receptors (TLRs), which can differentiate self andsefnucleicacids and induce

the production of crucial immune mediators like cytokinadich eliminate then{Barbalat

et al., 2011)Another critical genetic immune mechanism is t@ASSTING pathway, which

is activated when the enzyme cGAydic GMPAMP synthaselletects cytoplasmic DNA,
such as that from viruses or cellular damage. This pathway triggers a cascade of events
culminating in the production of interferons, which initiate an antiviral response by inducing
the expression of interferostimulated genesl§Gs)Ishikawa et al., 2009Yhese antiviral

responses can be anywhere from degrading the DNA to apoptésigever, these pathways



and their associated molecules, such as cGAS and STING, are a late evolutionary acquisition
found mostly in metazoans.

While these pathways function effectively in multicellular organisms, where they can activate

a systemic response and eliminate single infected cells to protect the multicellular individual,
the mechanisms by which unicellular eukaryotes safeguard theiorge, where a single cell

represents an organism remain largely unknown.

1.3. Hallmarksof geneticidentity

1.3.1.DNA sequence:

DNA sequence is the fundamental basis of genetic identity, providing the blueprint that
distinguishes individuals within a species and across different species. It contains the genetic
information necessary for building and maintaining organisms, dictatngus traits such as
physical characteristics, physiological functions, and disease susceptibility. Genetic variation
within populations arises from differences in DNA sequence, including mutations, genetic
recombination, and other processes. This vidoia contributes to individuality and enables

organisms to adapt to changing environments and evolutionary pressures.

1.3.2.Centromeres:

Since thesurvival ofall organismslepends onmaintaining the integrityof their genomes
within every cellCells must, thereforeaccuratelysegregate their replicategenetic material
during each celldivision. Eukaryotesorganise their genomes into physically distinct
chromosomes, which replicate during the S phase and condense during the prophase of
mitosis to form paired sister chromatids. During mitosigrucial connection formisetween

each sister chromatid and microtubules of the mitotic spintlejlitating thesegregaion of

one copy of each chromatid to the daughter cEthch chromosome hasspedfic DNA locus

the centromere that serves as the focal point ahis connection(Barra & Fachinetti, 2018;
Westhorpe & Straight, 2015)

The centromere, initially identified by Flemming (18@2emming, 1882), is vital for
chromosome association with spindle microtubules and subsequent segregation during cell
division Given that multiple spindle attachment points (kinetochores) per chromatid often

lead to chromosome missegregation in most organisms, it is imperative that this complex



machinery be assembled at a single site on each chromogexruept for holocentromeres
explained later) Failures in correct kinetochore assembly, microtubule attachment, or sister
chromatid cohesion can result in events of chromosome loss and gain, which can have severe
consequenceqAllshire & Karpen, 2008a; Sundararajan & Straight, 2022; Westhorpe &
Straight, 2015)Such failures may drive tumpformation in somatic mammalian cells (during
mitotic division)(Weaver & Cleveland, 2007%imilarly, defective chromosome segregation
during meiosis can profoundly impact human fertility, with a notable proportion of
recognsed human pregnancies being aneupl@ithssold & Hunt, 2001)

Though centromeres are quite well studied, tlvay centromeres are maintained as a unigue
locuson chromosomes isot understood(Black & Cleveland, 201 Differentorganismdave
diverse ways of specifyirigeir centromere In sme yeasts, lik& cerevisiagethe centromere

is entirely genetically specifiedthers, likes pombe have centromeres that are genetically
specified but without clear sequence specifidiBolizzi & Clarke, 1991 other caseslike
Candida albicanscentromeresare entirely inheritedepigeneticallyKetel et al., 2009)In
multicellular organisms, the sequences responsible for specifying centromeres vary widely.
For instancecentromeres can be identified in humabyg arrays of tandem alpha satellite
repeat sequencesalthoughneocentromeres camalsoform without these arraygAhmad &
Henikoff, 2002)In rice, centromeregan consist entirely of repeating sequences or almost
entirely lack them(Nagaki et al., 2004)Drosophila centromeres primarily comprise
pentameric orshort repeating sequences, bub single satellite sequences are fourld
Caenorhabditi®legans centromeres take up most of the length of chromosomes, aad
specific sequenceletermines their locationBuchwitz et al., 1999; Henikoff & Furuyama,
2012; Yuen et al., 2011)

Despite the variety of sequences found at centromeres, a feature common to almost all
eukaryotic cells is the presence of centromeqecific histone variant HEenH3[Malik &
Henikoff, 2009) Centromeric nucleosomes are identifiable by the presence of a histone
variant called cenH3 (e.g., CENfh humans Cnpl inS. pombg which replaces the usual
histone H3. While canonical H3 and HBistones are highly conserved across species, cenH3
histones exhibit noticeable divergence, particularly in theteNninal tails of varying lengths
and long Loop 1 regionfHenikoff & Smith, 2015)Despite these significant sequence
differences between species, there are no apparent functional disparities in kinetochore

formation, as demonstrated by the ability of budding yeast cenH3 (Cse4) to substitute for



human CEN effectively(Henikoff & Furuyama, 2012; Wieland et al., 200&)ere are

different kinds of centromere found in organisms, as described below:

Holocentromeres:

Holocentromeresas depicted in Figure 1Are distinguishedoy their continuous distribution

along the entire chromosome facilitating microtubule attachment throughout the
chromosome duringell division.Theyare predominantly observed in specific plant species,
including representatives of the gendrazulawoodrushes) an&hynchosporébeak sedges)
(Heckmann et al., 2013; Hofstatter et al., 2022)ditionally, holocentromeres have been
documented in certain nematode species, suchCaenorhabditis elegansnd in various
insects like butterflies and grasshoppéBaichwitz et al., 1999; Costa et al., 2023; Pazhenkova

& Lukhtanov, 2023; Steiner & Henikoff, 2018he presence of hot@ntromeres in species
boasting large and complex genomes suggests potential advantages in terms of genome

stability and orgarsation.

Monocentromeres:

Monocentromeres are the typical centromeres found in most eukaryotic organiShey are
characterized by their single, localized region on the chromosome where kinetochores
assemble (Figure 1B). Monocentromeres are prevalent across diverse organisms, including
plants, animals, and most fungi. Thake further characterized by point centromeres and

regional centromeres.

Point Centromeres:

Point centromeres are primarily found in ti&accharomycotinaubphylum of fungi, such as
Saccharomyces cerevisigggure 1C)nlS. cerevisigdhe centromere is approximately 125
bps and contains three conserved DNA elements: CDEI, @GBEICDEI(Neitz & Carbon,
1985) Charactesed by a singledefined DNA sequencgegoint centromeres have the ability

to genetically impart centromeric function onto any DNA segment to which they are

transferred(Malik & Henikoff, 2009)



RegionalCentromeres:

Regional centromeresas shown in igure 1D, also known as epigenetically defined
centromeres, are foundn a wide range of eukaryotic organisnfspm Fission yeasto
humans. Unlike point centromeres, regional centromeres are definesidgnjficantlylarger,

more diffuse regions of DNA spaiing several kilobases to megabases in lendttnile most
regional centromeres consist of repetitive DNA sequences such as satellite DNA and tandem
repeats interspersed with unique DNA sequen@ésnikoff et al., 2001 peocentromeres can

also exist without these repeatd hese centromeres are established through epigenetic
mechanisms and do not necessitate the presence of a specific conserved se@uatikes.
Henikoff, 2009)Remarkably, despite their essential role, these centromeres exhibit notable

flexibility concerning their chromosomal position and function.

A Holocentromere C Point centromere
H3nucleosome

!

CENP-A nucleosome

v

—| CDEI m CDENN |7

Specific centromere
sequence

D Regional centromere

> p

Tandem repeats
(e.g. a-satellite DNA)

Monocentromere

Figure 1:Variety of entromere found in eukaryotesHolocentric chromosomes feature a diffuse centromere
spread across the entire chromosome length. In contrast, monocentric chromosomes possess ss@gntrali
centromere, observable as eonstriction during mitosis, known as the primary constriction. Monocentric
chromosomes can be further categsrd into point centromeres and regional centromeres. Point centromeres
harbourspecific DNA sequences necessary for centromere function, exemplified Batoharomyces
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multiple CENFA nucleosomesBased on(McKinley & Cheeseman, 2016)

Though centromeres are studied quite extensively, the mechanism responsible for ensuring
the presence of one and only one centromere per chromosome remains ur{ebeegpt in
Holocentromeres)(Henikoff & Furuyama, 2012)The regulated deposition of CENP
nucleosomes plays a critical role in ensuring the epigenetic inheritance of centromeres,
maintaining their position on each chromosome. Many organisms employ strategies to
restrict CENFA deposition to centromeric regis to prevent inappropriate attachments to

the mitotic spindle(McKinley & Cheeseman, 201@&) S. cerevisigemislocaked CENfA is
eliminated through a coordinated mechanism involving the FACT chromatin remodeler and
the E3 ubiquitin ligase Pshl (Pob3/Sptl16 histassociated 1), which targets ectopic CENP

A for degradatiofCollins et al., 2004; Deyter & Biggins, 20Binilarly, in fission yeast, the
proteasome subunit Rpt3 (regulatory particle triphosphatase 3) interacts with @ENP

limiting the size of the CEN® centromeric domaiiiKitagawa et al., 2014)

While CENfA plays a crucial role in most centromeres, it is not the exclusive determinant of
centromere specification. Some organisms, such as trypanosomes and certain insects with
holocentric chromosomes, lack CENFhomologs, suggesting alternative maaisms for
centromere specification have evolvédlkiyoshi & Gull, 2014; Drinnenberg et al., 20E4en

in organisms containing CEMPadditional molecular factors contribute to defining an active
centromere, including theharacteristics of the underlying DNA sequence, the composition
of surrounding chromatin, and po#tanslational modifications of CEMNP itself.
Furthermore, CENR nucleosomes are often found at neentromeric sites throughout
humanand S. pombechromosomes(Bodor et al., 2014; Castillo et al., 2013; McKinley &
Cheeseman, 2016)indicating that the presence of CEMPalone does not suffice for
centromere formationAll these observations suggest multiple layers of regulagosuring

only one siteassembles a fully functional centromere (except for Holocentromerbs
presence of additional CEMRocalsation might have a role in genomic stability that is yet to

be uncovered.

h



1.3.3.Epigenetic marks:

Epigenetic marks play a crucial role in establishing and maintainingdémsity of the
genome.For instanceDNA methylation on the fifth position of cytosine serves as a stable
epigenetic modification that can bpassed down through multiple cell divisions. While
dynamic during mammalian development and cell differentiation, certain DNA methylation
patterns may persist, acting as a form of epigenetic memory. These methylation profiles are
valuable for lineage classification and quality assessment of stem cells like emcbsyem
cells, induced pluripotent cells, and mesenchymal stem ¢i€ila & Costello, 2017)n cancer
initiation and progression, mutations or dysregulation of chromatin regulators lead to
genomewide and genespecific alterations in DNA methylation. Early abnormal methylation
patterns emerging during transformation tend to endure throughoutntwr evolution.
Moreover, variations in DNA methylation across tumor regions reflect the history of cancer
cells and their interaction with the tumor microenvironme(kim & Costello, 2017All these
indicate the importance of epigenetic marks in maintaining the genetic integrity of the cells.
Another example of epigenetic marks is histone modifications, which are Chemical
modifications to histone proteins, such as acetylation, methylation, phosphorylation,
ubiquitination, sumoylation, etc., whiclfegulate chromatin structure and gene expression.
Histone modifications can either promote or repress transcription by altering the accessibility
of DNA to transcriptional machineryBaan, 2009) Specific combinations of histone
modifications form epigenetic "codes" that determine the functional state of chromatin and
contribute to the maintenance of cellular identity and lineage specificafton). Chen et al.,
1996; Strahl & Allis, 2000; VazqtMartin et al., 2016)



1.4. ExploringfissionYeast

Schizosaccharomyces pomhbmymmonly known as fission yeast, issmall, rod-shaped
unicellular eukaryotic microorganism thet a good model organism for understandithg
regulation and conservation of treukaryotic cell cyclévyas et al., 2021b)nitially isolated

from beer by Saare and colleagues, it was subseduguirified in theearly 1890s by Paul
Linder and colleagues. The pivotal work of Ur Leupold, a Swiss scientist regattuetbéser

of S. pombe laid the foundation for understanding the genetic basis of the mating type
system in this organisminthecn n & ® [ S dzLJ2 f RuGréstral sirdns,06BR{ Y 2 T
h-and 975h forms the basis of nearly all modern strains used tofagupold, 1949)

S. pombeand S. cerevisiadoth belong to the Ascomycota group of fungi, whichs a
distinctive feature of forming sexual spores within spesgalistructures called ascusespite

their common ancestry, these yeasts diverged evolutionafgroximately 336420 million

years ago. Protein and DNA sequence aimkysgggest that th&chizosaccharomycgsnus,

to whichS. pombébelongs, is an ancient ascomycef@phrinomyceteswith origins dating

back to the early radiative evolution of ascomycetes, possibly near the divergence between
animals and fungi. This implies that the evolutionary distance betw&epombeand S.
cerevisiaeis comparable to the distance between either of these yeasts and mammals
(Heckman et al., 2001; Sipiczki, 2000)

; ; _— Saccharomyces———- Saccharomyces
330-420 Hemlascomycotlna—L—_L_‘: el @)
MYA
Ascomycota ) Schizosaccharomyces
,: Archiascomycotina—E Schizo- pombe s>
saccharomyces
600 Basidiomycota—— — - -
MYA _
1100 Fungi
MYA —
Metazoans— — ——

Figure2: The phylogenetic treeS. cerevisiabias experienced a greater number of divergent events and is
phylogenetically more distant from their common ancestor at the metazoagi branching point compared to
S. pombeTaken from(VVyas et al., 2021a)

However,based on its biological characteristi€s,pombas considered a more ancient yeast
than S. cerevisiaas it has undergone fewer evolutionary changes since the divergence from

its common ancestors. For instanc&®, cerevisiabas lost more than 300 genesd several

[a=tN



biological processes that are conserved betw&ipombend complex eukaryotg@ravind

et al., 2000; Hoffman et al., 2015; Wood, 2Q06)

These distinctions underscofe ® LJ2 Sigoifitdhée as a model organism for exploring
biological processes that bridge unicellular eukaryotes to metazoafisring valuable
insights into fundamental cellular mechanisr8s pombeunlikeS. cerevisiageshares common
features with metazoans, including gene structure, chromatin dynamics, presence of RNA
interference, and epigenetically defined centromeres. For this reason, it is also regarded as a
d YA ONR Y(Vyadet dl.,£2021a)

1.4.1.Chromosomabrganization and nuclear architecture

TheS. pombegenome is approximately 13.8 Mb, which is packed in the form of three large
chromosomes of size 5.7, 4&hd 3.5 MbIn S. pombethe telomeric orgarsation displays a

higher level of complexity, mirroring that found in metazoans. The telomenegpdsea 300

bp stretch containing repeating units ofl8 bp conserved sequences, culminating in a single
A0NI YRSR pQ 20SNXKIy3a &SljdzSyOSe® / KNRY2az2YSa
20-40 kb of repetitive subtelomeric (STE) sequences. While n@kubéric sequences have

been identified in Chromosome llI, it hados approximately ~1.2 Mb of ribosomaNB
between its arms. Additionally, replication origin (oriC) siteS.ipombeexhibit conserved
higherorder features, with around 1200 oriC sites identified, though only a subset gedtili

in each replication cycle. Analogous to metazoans, oriC sites vary in length (0.5 to 3 kb) and

replication efficiencyVyas et al., 2021a)



I
5.7 Mb
3.8 Mb 1.9 Mb
;
46Mb 1.7 Mb 2.9 Mb
D D
3.5Mb
1.5 Mb 2.0 Mb
B
Q0000000 OOO0 VOO LOLO0OOO00000
dh dg dh dg imr core imr dh dg dh dg
L ’ I . I y J
otr Central domain otr

. CENP-A ‘ H3K9Me2/3 ° H3K4Me2

Figure 3:Chromosomal andCentromericorganisation of S. pombe (A) The genome of the fission yedt

pombe consists of three chromosomes. Chromosomes | and Il share a telomere repeat sequence, whereas
chromosome Il lacks this sequence; instead, its telomeric repeats are flanked immediately by repeats of
ribosomal RNA genes. All three chromosomes, howeveresaacommon centromeric repetitive sequence
represented in B. In visual representations, telomere repeats are depicted by a light blue cirdkdl&belb’,
centromeres by a green circle labelled 'Cen’, anceegp of ribosomal RNA genes by a light green circlelé&abel
TRNA'. Based offHiraoka, 1998)(B) Thecomplexity ofS. pombecentromeres featuresa central domain
composed of a central core flanked by innermost repaat)(regions. Surrounding the central domain are outer
repeat regionsdtr), which primarily contribute to the heterochromatsaition of the centromereThecoloured

circles depicted above the centromeric sequences represent the enriched histone types associated with the
centromeric domain. It's important to note that centromere lengths, histone sizes, and histone numbers are not
depicted to scale. The broad arrowslicate various repetitive elements found at centromeres.

Furthermore,S. pombecentromeres arequite largecompared toS. cerevige, with Cen | at

35 Kbp, Cen Il at 65 Kbps, and Cen Il at 110. ldagh chromosome's centromeric region
comprises a ~4kb central corec( region flanked by two distinct repetitive domains. The cc
domain is associated with the centromeseecific histone H3 variantCnpl/CENPA.
Immediately flanking the cc sequences are the innermost repeaty (egions, while the
outer repeat ptr) sequences delineate the boundaries of the centromeric heterochromatin.
Theotr region typically comprises varying numbersigfanddh repetitive elementgAllshire

& Karpen, 2008b; Matsuda et al., 2017; Vyas et al., 2021b; Westhorpe & Straight, 2015)



S. pombgenome contain3f2retrotransposon and around 300 long terminal repeats (LTRS),
which are dispersed throughout the genome. These LTRsTéadetrotransposons are
suppressed by CENB°homolog Abpl, which recruits histone deacetylases (HDACSs) at the
sites and silences thefCam et al., 2008)

The nucleus 086. pombéas ~2> Y 'in whichthe chromosomes are spatially organisedring
interphase, the three chromosomes adopt a Rdlide arrangement, where centromeres
gather and attach to the nuclear envelope (NE) beneath the spindle pole body (SPB), while
telomeres connect to distant NE sites opposite the GRBabiki et al., 1993; Gallardo et al.,
2019)(Figured). The attachment of centromeres to the SPB/Inner nuclear membrane protein
(INM) Sadl during interphase is mediated by the protein Csil that bridges sadl to outer
kinetochore proteingHou et al., 2012)Additionally, the association of telomeres with the

NE is facilitated by the INM protein complex B&®t4, which binds the telomere protein
Rap1l during interphasgChikashige et al., 20Q9)

The matingtype locus resides at the nuclear periphery near centrom@xgsna et al., 2001)
Chromosome Il ends housing rDNA repeats that osgathie nucleolus, a speciséd nuclear
region for rRNA gene expression and ribosome assefblzigwa & Yanagida, 1992igure 4).

This interphase chromosome configuration results from numerous interactions involving
various inner nuclear membrane (INM) proteins and linkers of nucleoskeleton and
cytoskeleton (LINC) complexes with specific chromatin dom@#etsuda et al., 2017)
Additionally, chromatifANE interactions occur at several other loci, including polymerase 1|
(pol lllytranscribed genes like tRNAs and 5sRNA genes or Long Terminal Repeats (LTR) of
retroviruses within the fission yeast genorf@fredssorTimmins et al., 2007; Ebrahimi et al.,
2018; Gallardo et al., 2019; Iwasaki et al., 2010; Noma et al., 2006; Woolcock et al., 2012)
Consequently, the NE, facilitated by its INM proteins, serves as a scaffold for chromatin,
confining its movement and contributing to the spatial arrangement of fission yeast

chromosomes within the nucleus.
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Figure4: Diagram depicting the nucleus of a fission yea&bove, a schematic of the entire cell is shown, while
below, a closaip of the region outlined by dashdahes is displayed. Chromosome orgation is depicted
globally, with centromeres located beneath the spindle pole body ($€1Bjneres, andhucleolus situated at a
distance. Chromatin interacts with the nuclear envelope (NE) through various genomic elements binding to inner
nuclear membrane (INM) proteins and linker of nucleoskeleton and cytoskeleton (LINC) complexes. The NE
seamlessly mergesvith the perinuclear endoplasmic reticulum. The SPB, along with other microtubule
organking centers (MTOCS), catinates antiparallel arrays of microtubules (MTBased on(Gallardo et al.,

2019)



1.4.2.Life cycle:

The fission yeasS. pombecan be grown atl8°G36°C in minimal orich media with a
generation time ranging from ® 4 hours. It can live as diploid or haploid, but in the natural
environment, it tends to live in the haploid for(forsburg, 2003)The life cycle db. pombe
consists of asexual (vegetative) and sexual ph@S@msburg & Nurse, 1991olecular Biology
of the Fission Yegs2012)

1.4.3.Vegetativecell cycle

Schizosaccharomyces pondsdls exhibit a cylindrical shape with roughly hemispherical ends
and a diameter of approximately 3.5 pum during exponential growth on a nutrieht
medium. Newly born cells measure around 8 pum in length and undergo continuous growth
throughout most of he cell cycle without any changes in width. Consequently, estimating a
cell's age (time elapsed since birth) is facilitated by measuring its length. Upon reaching a
length of about 15 um, cells undergo closed mitosis, with the nucleus situated close to the
cell's center. Following nuclear division, a septum forms at the medial position, which
subsequently cleaves to generate two daughter cells. Nuclear DNA replication promptly
follows mitosis, with a short G1 phase occurring between mitosis and cell sepdidsmyth

et al., 1979) Consequently, two unreplicated nuclei coexist in the cell until septum cleavage.
S phase coincides with the presence of the septum, rendering newborn daughter cells already
in the G2 phase, harbaing fully replicated chromosomes. Subsequently, after cytokinesis,
cellsremain inthe G2 phase, which encompasses about thoemrters of the cell cycle,
preceding the next mitosis. Hence, virtually every haploid cell within a proliferating

population harbairrs two copies of the chromosomal complement.
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Figure5: S. pombevegetative life cyclevith checkpoints During exponential growth, cells spend around 70%
of the cell cycle in the G2 phase, with the remaining 10% allocated to ¢heh Bach checkpoirgnsuresthe

cell cycle progresses only when the conditions are suitaBagd from (Gémez & Forsburg, 2004; Sveiczer,
2004)

To prevent genetic and physiological abnormalities, checkpoints operate throughout the cell
cycle.S. pombelike most eukaryoteshas the following ceitycle checkpoints: at the G1/S
transition, the G2/M transition, and the metaphase/anaphase transition during mitosis
(Figureb). Before entering-$hase, a G1 cell evaluates nutrient availability; if inadequate, the
cell remains in G1. Simultaneously, in the presence of mating pheromones, the cell may
initiate sexual differentiation instead of proceeding with a mitotic cy@iscussed later)
Additionally, a small G1 yeast cell must reach a critical size before progression. &his siz
control at G1/S is subtle in rapidly growing, wiyghe S. pombeells, which primarily measure

size at the G2/M transition. If the cell is too small, the G2/M checkpoint postpones entry into
mitosis. Another mechanism at the G2/M checkpoint ensures mitotic delay if DNA damage or

incomplete replication occurs. The tlicheckpoint ensures that sister chromatid segregation



(anaphase) does not commence until all chromosoniggmaorrectlyon the mitotic spindle
(metaphase). These checkpoints hinder cell cycle progression by disrupting interactions that
activate or deactivatecyclindependent serine/threonine protein kinasedc2 (Hayles &
Nurse, 2016; Sveiczer, 2004)

An interesting characteristic @. pombes that unlike S. cerevisiae, which divides through
asymmetrical buddingS. pombeelongates at the tip and divides through medial fission,
maintaining a relatively constant cell diameter. This growth polarity enables the convenient
and precise tracking of cell cycle stages by measuring cell size, particularly cell length,
facilitatingdetailed analysis of control in cell cycle progresgMyas et al., 2021a)

Notably, diploidS. pombecells exhibit a wider morphology (~4.4 uthan haploid cells and
undergo cytokinesis at approximately 24 prandering them nearly double the volume of

haploid cell{Hoffman et al., 2015)

1.4.4.Sexual cell cycte

In addition to its vegetative growth phas8, pombealso undergoes a sexual cycteeiosis

When faced with nutrient starvation, two haploid cells of compatible mating types initiate
mating, a process known as conjugat{&yel & EgdWlitani, 1974) This involves the adhesion

of cells followed by the digestion of the walls separating them, resulting in the formation of a
single fusion cell containing the nuclei of both parefti®ffman et al., 20155ubsequently,

the nuclei fuse to create a zygote, a singular cell haring a diploid nucleuskollowing
nuclear fusion, the nucleus undergoes elongation and oscillates between the cell poles. This
elongated nucleus is commonly called the "horsetail" nucleus due to its distinctive shape.
Within this structure, meiotic DNA synthesis and recombinateke place(Asakawa et al.,
2007) After this horsetail movementhe nucleus proceeds down the mesig yielding four
haploid nuclei. These nuclei are then encased in a spore wall, forming an ascus containing
four spores within thezygote's shellZygotic asci often exhibit a bent shape, reflecting the
angle between the fused cells that gave rise to the zygttecontrast, azygotic asci,
originating from vegetative diploid cells, are typically short and linglgon exposure t@a
growth medium, the ascus wall disintegrates, allowing the spores to germinate and develop

into vegetative cells that resume mitotic gromfHoffman et al., 2015)
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Figure 6:S. pombesexual life cycleWhen deprived of nitrogen sources, haploid cells of theand h- mating

types halt in G1 and release mating pheromones to cells of the opposite mating type. Upon detecting the
pheromones, the cells elongate towards each other, leading to fusion (conjugation), followed by fusion of their
haploid nuclei. Subsequently, the fused diglmucleus elongates (referred to as the horsetail nucleus) and
oscillates between the cell ends (meiotic prophase). Meiotic DNA replication initiates during this phase, resulting
in a nucleus containing 4C DNA content. Once movement subsides, the nui@deasds through the first and
second meiotic divisions, yielding four 1C nudBzised or{Asakawa et al., 2007)

Importantly, during meiosis, there is a notable repositioning of centromeres and telomeres
within the nucleus(Chikashige et al., 1994; Hiraoka, 1998; Scherthan et al., .1B€6) to
meiosis, centromeres aggregate near the spinode body, while telomeres attach to the
nuclear membrane, exhibiting a typical Rabl orientatigiigure 7A). Conversely, upon
entering meiosis, telomeres migrate to the SPB, and centromeres disassociate from the SPB,
adopting a bouquet configuratio(Figure7B). During nuclear fusion, haploid nucleme

close with the telomereSPB cluster positioned at the forefront of each nucleus. After nuclear
fusion, telomeres remain clustered at the SPB,cnhiow resides at the leading edge of the
elongated nucleus, oscillating between tbell polesfor about 23 hrs. until the first meiotic
division (Chikashige et al., 1997Yhe repositioning phenomenon of centromeres and

telomeresis alsoobserved in meiotic cells across a wide range of eukaryotes, spanning from



yeasts and plants to animals, including huméRass et al., 1997; Loidl & Scherthan, 2004;
TrellesSticken et al., 1999)

A Mitotic interphase B Meiotic prophase

telomere

. centromere

@ SPB

Figure 7: Spatial arrangement ofS. pombechromosomes Schematic representation of centromere and
telomere positions in the nucleus in mitotic interphase (A) and meiotic prophase (B) with a chromosome
represented by the green line.

The wildtype S. pombestrains predominantly have homothallic mating type. In these
cells, the matingype locus (mat) contains three copies of informaticome actively
expressed and the otharanscriptionally silencedS. pombe & cells have the ability to
transfer genetic information from either of the silent loci to the expressed locus. This results
in a population of cells within a clone expressing either one or the other mating type,
facilitating mating. This genetic diversitgay confer an advantage in surviving rstion
conditions in the wild by enabling the production of spores. Addition&llypombecells can

also be heterothallic, requiring a mating partner of the opposite mating {yefman et al.,

2015; Leupold, 1949)



1.5. Aims ofthis study

DNA is ubiquitous in the environment and can enter a living organism via different means.
CKA&a L2asSa | Naxal G2 GKS Asfa rgsOlt) difierent gnisink S 2 N.
developed different strategies to deal with unwanted genetic intruders, ensuring they
maintain genomeintegrity. A consequence of such a mechanism is low transformation
efficiency in most eukaryat model organismshat we work with. A fundamental step in
dealing with genetic intruders is identifying what seliaisd what is nd. In this study we
utilised the symmetrically dividing yeas§chizosaccharomyces pomie explore the
possible sellefining factors that might contribute tdistinguishing self from neseltDNA

and maintaininghe genome integrity

Utilising extrachromosomal DNA as a source of self anesethDNA, we explore whethes.
pombecan distinguish one from the other. Previous work from our lab has shownShat
pombecan distinguish chromosomal DNA from foreign extrachromosomal DNA circles and
sort them differently Expanding on this, we aim to explore whether extrachromosomal DNA
circles originating from the organism's genome undergo treatment similénabof foreign

ones, shedding light on potential discrimination mechanisms in unicellular eukaryotes.

The objectives of this study are:
T 5SUGSNNYAY S 0 KBIMRFSWA 2 OS NI bd S I ¢iERSERYS t T
f LYy@Saedlr S G(KS ¥PeilSERT Fd2NRKY 3 SYATH 2layARa | Y R

1 5A4aS00G GKS YSOKIyAaYa diF RENDMR ALPIOBKE yEE (
G2 dzy O2@SNJ GKS Y2t SOdzZA I NJ LIN2OSaasSa Ay@g2f
lyR SE23Sy2dza 5b! @



2. Results

2.1. Engineering an experimental system to studshromosomal
and extrachromosomal DNA dynamics

While extrachromosomal DNA circles are abundantly presemtast eukaryotegCao et al.,
2021; Sinclair & Guarente, 1997; Zhao et al., 20@2@)jr occurrence irS. pombds not as
pronounced. This posed a challenge in investigating the dynamics and implications of

extrachromosomal DNA circles$i pombe

To overcome the imitation ahinvestigate the response @&. pombeo self and norself
extrachromosomaDNA, we designed a system enablihgir generation,visualizationand
tracking A reporter plasmid was engineered using the pBluesd(li backbone, featuring

a bacterial origin of replication for high copy number amplification in bacterial hosts and an
autonomously replicating sequene@slfrom S. pombeo support replication irthe same
organism(Bolivar et al., 1977; Clyne & Kelly, 199B)e selection marketLEU2from S.
cerevisiaevas chosen to complement tH&. pombéeul-32 auxotroph mutant, reducing the
likelihood of homologous recombinatiorfKeeney & Boeke, 1994)ncorporating a
tetracycline operon and repressof€tO TetR-based tagging system, vieserted two arrays

of 256 Tetoperator (etO) sequences separated by a gentamicin resistance cassette into the
construct (Figure 8APue to being highly repetitivehis construct was prone to recomben

in bacterial hostgPolleys & Freudenreich, 2024nd was selected for intat¢tO arrays using

the gentamicin resistance cassette. The plasmid construct was then transformed into cells
expressing TetR fused with GFP and a nuclear localization signal, facilitating visualization due
to TetR's high affinity fotetO repeats (Figure8B). This setup allowed for studying the

replicating nonself-extrachromosomaDNA over generations

Additionally, we created a strain where the construct was integrated into Chromosome I
using wild type his7 sequencefrom S. pombeflanked by twolLoxPsites This modified
construct, integrated into cells with thikis7-366 mutation, served to label Chromosome I
(Figure8D). We excised thigntegrated constructusing thecre-LoxP recombination system
(Sauer & Henderson, 1988jo control the excision dhe constructfrom the chromosome,

we introduced the -estradiotinducible Cre recombinasédreafter creEBD) into the same



strain. Activation of Cre recombinase byestradiol efficiently led to the excision of circles
from the chromosomes, as verified by microscopy (Figure Biagethere were tandem
insertions of theconstruct at the locus by homologous recombination, we endedlapes
with more than one integration. For this study, we chose to work with a clone with three
integrations, as they appeared suitable for viszatlon and trackingThis system served as a

model for generating and tracking replicating sextrachromosomal DNA.
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Figure8: A reporter system to generate, visua#, and track self and norself-extrachromosomal DNA irs.
pombe Schematic representation of the DNA circles used in this studylli@&jration of the nonselt
extrachromosomal DNA construct depicting important sequences. The construct is transform&ipatobe
strains stably expressing NI8tRGFPproteins (B) Examplef fluorescence microscopy image dejict
transformed DNA circles as bright DNA foci.(C) lllustration of the construct used to create self
extrachromosomal DNA circles. The construct was integrateithe Chr. Ilhis7 locusinto the strain stably
expresg@s NLSTetRGFP andxeEBDproteins (D) A representativefluorescence microscopy image depicting
integrated DNAconstructasa singlebright foaus. (EA representativefluorescence microscopy imagé a cell
treated withi -estradiol whichactivates Cre recombinase and eventually leads to the excision of the integrated

construct Images are maximum projections 06 Z sections @ > Yapart. The white continuous and dotted
lines in B, D, and E represent the outlines of cells and nuetgiectively.




2.2. Seltextrachromosomal DNA is distinguished frormon-self-
extrachromosomalDNA

NonselfextrachromosomalDNA circles werenodeled by transformation whereas seilf
extrachromosomal DNA circlewere created by excising the integratecbnstruct by
activating Qe recombinaseTo serve as a controlhe construct integrated at Chr. 1l was
utilized to observe the behavior of Chr. II.

The segregation ofhromosomal and extrachromosomBINA (self and norself) foci was
closelymonitored during mitosis. Interestingly, both types of extrachromosomal DNA circles
exhibited dynamic behavior. In cells with tlEbeledchromosome Il locus, 100% of the cells
symmetrically segregated the DNA foci exclusively, maintaining a 1 to 1(Fadiare9B). In
contrast, extrachromosomal DNA circles coming from outgien-self) were frequently
segregated asymmetrically, with one daughter inheriting all or more DNA circles than the
other ratio (Figure @). These resuft were consistent with thprevious studies that angded
variousvectors inS. pombgHeyer et al.,, 1986; Sakaguchi & Yamamoto, 198#entini,
unpublished. Remarkablygdespite having almost the same DNA sequence as the transformed
extrachromosomal DNA circleghromosomeborne selfextrachromosomal DNA circles
demonstrated symmetric segregatiqfigure 9).Segregation patterns were assessed based
on the number of foci observed per daughteklthough the intensities of foci varied,
indicating nonuniform labeling with TetlkGFP, the presence of DNA foci in one daughter

versus their absence in another provided a reliable measure of the DNA segregation pattern.

Interestingly, both kinds of extrachromosomal DNA segregation pattewese virtually
identical regardless of whether selectid@MMleu)or nonselection(EMM completenedia

was used. This suggests that the segregation behavior is not influenced by the sedéction
the extrachromosomaDNAborne markerLEU2 Furthermore, we observed that othe
selection medium, when extrachromosomal DNA segregated asymmetrically, daughter cells
lacking extrachromosomal DNA did not immediatelig but instead underwenta few
additional cell divisions. This phenomenon could indicate the persistence of leucine
transcripts encoded by extrachromosomal DNA. Previous studies have reportquatiatic

coded products particularly auxotrophic markers, exhibit considerable persistefare

generations(Boeke et al., 1984; Heyer et al., 198Based on these observations, we opted



to continue using selection media for segregation analysis, as it maintained a consistent

population of extrachromosomal DN#ontaining ces.
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Figure9: Segregatiorof self and nonself-extrachromosomal DNA i%. pombeFluorescence microscopy time
lapse images of cells undergoing mitoéfg.Complete loss afion-selfextrachromosomal DNgircles from one
daughter by asymmetric segregation. (B) Segregation of integrated construct in Chr. |l dapsdiitful
distribution.(Q Symmetric segregation of sedktrachromosomal DNA circles after its excision from Chr. Il using
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Cremediated recombinationlmages are maximum projections of 12 Z sections>0¥apart. Time resolution
is 2 minframe. The scale bar is=3 Y (D) Quantification of symmetric segregation of various DNA molecules
during mitosis in media with and without selection. Columns show the mean of replicates. Error bars show SEM.

Thesegregation pattern of these extrachromosomal DNA cislggested tha. pombean
differentiate DNA based on its origin rather than its sequence, as the sequences of both types
of extrachromosomal DNA circles were almost ident{€ajures 8A, 8CYransformed DNA
circles, or norsel-DNA, were asymmetrically segregated and not propagateyl further,

while chromosomeborne selfDNA circles were symmetrically segregated and faithfully

propagated in subsequent generations.

2.3. Seltextrachromosomal DNA circles segregate more
symmetrically withtime

Our approach to modeling neselextrachromosomal DNA circles, as previously outlined,
involved transforming the construahto a compatible strain. It usually tak8do 4 days for
the emergence of clones before conducting imaging. In contrastegatichromosomal DNA
circles could be visualized within a few hours following their excision fronclih@mosome

by the Cre recombinaseThis temporal difference between the experimental conditions
prompted us to refine our methodologies to enable the obseivaif both types of circles
under comparable conditions.

Two potential strategies were considered to achieve this optimization: immediate
observation of cells podtansformation for norselfextrachromosomal DNA or excising self
extrachromosomal DNA and observing them 8ays laterDueto the harsh conditions cells
experience during transformatignthey require substantial recovery time, rendering
immediate imaginglifficult. Consequently, we opted to observe sektrachromosomal DNA
circles 34 days posexcision.

To facilitate this, our experimental design involved excising the integrededtructwith i -
estradiol treatment for a defined period (86 hours) followed by streaking them on a
selection plate to allow individual clones to emergeaypically took approximately 3 dayd
30°Cfor the clones to become visible and ready for imagifigsensuied that both types of
circles could be observed under similar experimental conditeonseliminatel any bias that

might come due to different temporal conditiorfgigure 10A)



Upon examination of the clones 3 days pestision, the following key differences were
observed between the cells a few hours and 3 days-p&stsion:
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Figure 10: Symmetric segregation sélf-extrachromosomabDNA circles increases with timéA) lllustration of

the experimental setup. (B¥egregation of seixtrachromosomal DNA circles right after its excision from Chr.
Il using Cranediated recombination. (C) Segregation of gerachromosomal DNA circles 3 days after its
excision from Chr. limages are maximum projections & Z section®.2 > Yapart. Time resolution is

6 U3 dzNB

f 83 &S B2 yLayHSIR



2 minframe. The scale bar is 3 Y The dotted lines in (B) and (C) represent the outline of the cis.
Quantification of symmetric segregation of various DNA molecules during mitosis. Columns show the mean of
replicates indicated by dots. Error bars show SENT he quantification of single clusters observed per daughter

in a time dependent manneml.he number of foci clusters was quantified starting from 6 hours of excisioor.

bars show SEM

To further explore whether this symmetric segregation was transient or actively maintained,
we compared the segregation of selktrachromosomal DNA to neselfextrachromosomal
DNA over a longer time period. Clones obtained 3 daystpassformation and3 days post
excision were inoculated into neselection liquid mediad EMM complete)at 30°C and
monitored every 6 hours for 72 hours. The experiment was designed without selection
pressure toensure the correct quantification of cells losing the extrachosomal DNA
circles The loss rate of circles was calculated using linear regression, revealing tksglfhon
extrachromosomal DNA circles were lost significantly faster from the population than self
extrachromosomal DNA circles (Figure 11). This finding suggests an aetiiamsm for

recognizing and maintaining sa&ktrachromosomal DNA while eliminating nself

extrachromosomal DNA from the population.

Figure 11: Non-self-extrachromosomalDNA circles are eliminated, whereaself-extrachromosomalDNA
circlesare maintained in the population(A) Time courseexperimentof transformedand chromosomeborne
selfextrachromosomaDNA depicting the percentage of cells keeping the extrachromosomal DNA circles with
time in media without any selectiofQuantifications were done every 6 hiiologicateplicates were used for
each time courseand more than 500 cells were counted for each time paimdeachbiological replicateTime

point zero represen2 hours after after -estradiol induction(B) Predicted time for totabxtrachromosomal

DNA circle elimination in hour€olumns show the mean of replicates, and error bars show SEM.

































































































































