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IV. Abstract 
Natural plasmids are common in prokaryotes, but few have been documented in 

eukaryotes. The natural 2µ plasmid present in budding yeast Saccharomyces cerevisiae is one 

of the most well characterized. This highly stable genetic element coexists with its host for 

millions of years, efficiently segregating at each cell division through a mechanism that remains 

poorly understood. Using proximity ligation (Hi-C, Micro-C) to map the contacts between the 

2µ and yeast chromosomes under dozens of different biological conditions, we found that the 

plasmid tether preferentially on regions with low transcriptional activity, often corresponding 

to long inactive genes. Common players in chromosome structure such as members of the 

structural maintenance of chromosome complexes (SMC) are not involved in these contacts 

which depend instead on a nucleosomal signal associated with a depletion of RNA Pol II. These 

contacts are stable throughout the cell cycle and can be established within minutes. This strategy 

may involve other types of DNA molecules and species other than S. cerevisiae, as suggested 

by the binding pattern of the natural plasmid along the silent regions of the chromosomes of 

Dictyostelium discoideum. 
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V. Résumé 
Les plasmides naturels sont courants chez les procaryotes, mais peu ont été documentés 

chez les eucaryotes. Le plasmide naturel 2µ présent dans la levure bourgeonnante 

Saccharomyces cerevisiae est l'un des mieux caractérisés. Cet élément génétique très stable 

coexiste avec son hôte depuis des millions d'années, ségrégeant efficacement à chaque division 

cellulaire par un mécanisme qui reste mal compris. En utilisant la ligature de proximité (Hi-C, 

Micro-C) pour cartographier les contacts entre le plasmide 2µ et les chromosomes de levure 

dans des dizaines de conditions biologiques différentes, nous avons constaté que le plasmide 

2µ se fixe préférentiellement sur des régions à faible activité transcriptionnelle, correspondant 

souvent à de longs gènes inactifs. Les acteurs communs de la structure des chromosomes, tels 

que les membres des complexes de maintenance structurale des chromosomes (SMC), ne sont 

pas impliqués dans ces contacts qui dépendent plutôt d'un signal nucléosomique associé à une 

déplétion de l'ARN Pol II. Ces contacts sont stables tout au long du cycle cellulaire et peuvent 

être établis en quelques minutes. Cette stratégie peut aussi être trouvée dans d'autres types de 

molécules d'ADN et d'autres espèces que S. cerevisiae, comme le suggère le schéma de liaison 

du plasmide naturel le long des régions silencieuses des chromosomes de Dictyostelium 

discoideum. 
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1 Introduction 

1.1  Extra chromosomal DNA, welcome guest, or undesirable alien 

1.1.1 Defining ecDNA and chromosomal DNA: making the best of the available data 

1.1.1.1 Exploring the DNA content of a cell and building its genome 

The first use of “genome” is recent 

compared to the human history, dating 

back around 100 years ago. However, the 

questioning about heredity that led to the 

first definition of the genome dates back 

the ancient Greek. Hippocrates1 proposed 

that fluids coming from all organs 

converge to genital organs forming the 

seeds that will be exchanged during 

sexual intercourse. Hippocrates latter 

inspired Darwin for the pangenesis 

theory. The first observation of DNA in a 

cell was made by Walther Flemming in 

1880’s with the first observation2 of 

chromosomes in eucaryotic cells dyed 

with anillin (Figure 1). It gave rise to 

multiple cytology studies that allowed to 

follow chromosomes in the nucleus 

during cell division. The large, compact 

metaphase chromosomes could be 

extracted from the nucleus and sorted by their size and coloration intensuty, leading to define 

karyotypes. Presumably consisting in the full chromosomal set. Before the DNA -sequencing 

technologies and even the demonstration that DNA is the support of genetic information3 in 

1943. The phenotypic analysis of an organism and its progeny i.e., study of all the observable 

trait of an organism such as the flower colour or the shape of the seed, was the first genetic 

experiment conducted by Gregor Mendel during XIXth century on edible pea, Pisum sativum. 

However, Mendel’s work rose controversy and the link between the phenotype, genes and 

chromosomes was established in the 1900’s by Carl Oven.  

Figure 1. Drawing by Walther Fleming depicting metaphase 

chromosomes in eukaryotic cells (Flemming Zellsubstanz, 
Kern und Zelltheilung, 1882) 
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Thanks to the pioneer work of 

Thomas Hunt Morgan on Drosophilia 

melanogaster, the phenotypic analysis of the 

progeny following meiosis, the specialized 

cell division that generates haploid gametes 

from a diploid cell through a series of 

carefully regulated structural and genetic 

processes, provided an important tool to map 

genes on the chromosomes by their genomic 

distance. TH morgan took advantage of the 

crossing over happening between 

homologous chromosomes during meiosis 

(Figure 2). If genes are on the same chromosome, then they are more often on the same 

exchanged chromosomal portion. Thus, the closer they are on the chromosome the more they 

will co-segregate in the progeny. The genomic distance was then measured in centimorgan 

(cM)4. After the publication of Morgan and Haldane, the first genetic map of chromosomes 

from D. melanogaster was published in 1913 by Alfred Strurtevant5. The findings discussed 

above led Hans Winkler6 to define the genome as the chromosomal set and protoplast that are 

the material foundation of a specie. This simple definition became more and more complex over 

time with discoveries in eukaryotes, prokaryotes, archaea, and viruses. Nowadays, the term 

genome is used to refer to the molecules (DNA or RNA) supporting genetic information in a 

living organism or a virus.  

Since the late 1990’s, the advent of whole genome sequencing, consisting in 

characterizing base per base the entire DNA content of a cell, became the ultimate technique to 

characterise the genome of a specie. The genome of Saccharomyces cerevisiae was totally 

sequenced in 1996 and the complete sequence of the 16 chromosomes, containing 6275 genes 

was published 7. The chromosomal DNA of S. cerevisiae was the first of many to be sequenced 

Figure 2. Illustration of crossing over from TH morgan, 

1916 A Critique of the Theory of Evolution 
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and was the results of years of 

collaboration between many 

laboratories. This study took 7 years and 

was done using Sanger sequencing. The 

genome was split in fragments of 5-10 

kb. The long fragments were separated 

in smaller (~500 bp) overlapping 

fragments (Figure 3). The overlaps 

allow to reconstitute the genetic puzzle, 

the size was due technical limitations of 

the Sanger sequencing technology. Fast-

forwarding 30 years or so of technical 

advances, high throughput sequencing 

now made it possible today to sequence 

the entire DNA content of almost any 

organism or virus within a day. This can be done using different technologies that together allow 

to precisely sequence the DNA content of an organism. Every technology has it perks and flaws. 

The Illumina technology gives high quality (Sequencing quality is about 40, meaning that the 

probability that a base pair is wrong is bellow 10-4) short reads (up to 300 bp), Pacific 

Bioscience gives longer reads (up to 20 kb) with sequencing quality near 30 and Oxford 

nanopore technology output ultra-long (up to 300 kb) noisy (quality score is about 20) reads. 

The combination of those three technologies allowed the Telomere to Telomere (T2T) initiative 

to publish the first gapless human genome in 20228. The tool developed by the T2T members9 

clearly show that the difficult part, that was not a problem with Sanger sequencing, is to 

assemble the little DNA chunks to build the genome. For living organism, the support of genetic 

information is DNA, and the genome refers to the chromosomal set plus mitochondrial, 

chloroplastic genomes when those are present, with chromosomes being defined as the longest 

DNA molecules in a cell which are part of the core genome. But what is a long or a short DNA 

molecule? In bacteria for instance, multiple DNA molecules, such as plasmids which size can 

range from 800bp to 2.5 Mb10, can coexist and coevolve with the chromosome(s). In eukaryotes, 

mitochondrial or chloroplastic DNA is essential but is not included into the chromosomal set, 

hence the term "nuclear genome" to refer to nuclear DNA. Overall, eukaryotic nuclear genomes 

typically consist in the chromosomal DNA, but over time peculiar observation such as extra-

Figure 3. Scheme of the first assembly of the 2µ plasmid 

genome. The circle represents the final sequence, each arrow 

represents a sequenced portion of the 2µ plasmid by Sanger 

technology. Note that every portion overlap each other, 

Hartley, and Donelson 1980 
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chromosomal DNA (ecDNA) further complexify this general definition. I will focus on the 2µ 

plasmid found in the model organism, S. cerevisiae. 

 

1.1.1.2 What is a plasmid? 

The term “plasmid” was first proposed in 1952 by Joshua Lederberg11 to include any 

extra-chromosomal genetic material in a bacterium. This definition is more and more refined 

with new discoveries and now only includes extra-chromosomal DNA that are able to 

autonomously replicate and found predominantly as circular ecDNA12 in any living organism 

without any discrimination whether it is essential or not since this feature depend on 

environmental conditions13. 

As for all definition in biology there is borderline cases13. Some bacterial plasmids, 

bacterial episomes exist as autonomously replicated ecDNA and are also able to integrate in the 

genome 14. Whereas an episome in a eukaryotic cell15–17 is closer to the prokaryotic plasmid 

because in eukaryotes episomes often refer to viral DNA that persists in the host cell by 

replicating autonomously and hitchhiking on mitotic chromosomes, meaning that it attaches 

itself to the host chromosome and takes advantage of its segregation to be transferred vertically. 

In eukaryotes, a plasmid relates to an extra chromosomal DNA that is not viral DNA and 

autonomously replicated. 

 

1.1.1.3 The 2µ plasmid, history of a serendipity 

As discussed above18, the study of genetics began with Gregor Mendell's work on peas. 

He focused on the vertical transfer of a phenotype, laying the basis for the concept of the gene. 

As for many research fields, model organism tends to emerge because of their ease to be studied. 

In fact, the studies carried out by the pioneers of genetics were based on difficult model 

organisms. The sexual life cycle of plants or insect is rather long. Luckily, since the work of 

Louis Pasteur19 on the isolation and the first pure culture of “lactic yeast” in 1858’s, pure 

cultures of ascomycetes (such as S. cerevisiae, Neurospora crassa, Schizosaccharomyces 

pombe) could be easily obtained. Thanks to the pioneer work of Lindegren, Winge, and others, 

the gametes regrouped in an ascus could be isolated by microdissection and each spore could 

be phenotypically analysed20. S. cerevisiae became a major model organism for genetic, cell 

cycle and cell biochemistry study. This can be explained by the many advantages S. cerevisiae 

had. First of all, many different strains had already been isolated due to their ancestral use in 
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breweries and bakeries21, which 

enabled Winge and Lindegren, who 

were working on the fermentative 

capacity of yeast, to identify the first 

genes of S. cerevisiae. The first 

genetic map of S. cerevisiae was 

produced by Lindegren using the 

available set of genes22 (Figure 

4,left). Second, the vegetative 

growth and sexual cycle of S. 

cerevisiae made experiments shorter. 

Finally, S. cerevisiae is not a 

pathogenic micro-organism. The 

extensive study of S. cerevisiae is a 

consequence of its ease to be used as 

a model and several important 

discoveries were made, such as the non-mendelian heredity of the “petite” phenotype by Boris 

Ephrussi and Piotr Slonimski23, opening the way for the human mitochondrial disease; the 

generation of thermosensitive mutant led to the first understanding of cell cycle24; the genome 

of S. cerevisiae proved to be a convenient eukaryotic genome to work with. Its genome is small 

(12 Mb) and contains few repetitive sequences, making it easy to identify genes and other 

genomic features. Finally, its genome is very compact and intergenic regions are small. That is 

why S. cerevisiae was the first eukaryote entirely sequenced upon the impulsion by André 

Goffeau and Bernard Dujon7 opening the way for the functional genetic studies and giving 

information on the requisite for eukaryotic life. 

The first report of the 2µ plasmid dates back from 196725. It was discovered in DNA 

preparation purified with caesium chloride gradient; a common technique used to separate the 

different DNA from a cell based their density. The 2µ plasmid was the most abundant circular 

satellite DNA and its name came from the contour length of the circle observed using electronic 

microscopy. This report was later confirmed by other teams26. Originally the community 

thought that the 2µ plasmid was in the mitochondria27,28 but this was rapidly challenged , with 

teams claiming it was in the nucleus26–29. The main argument for the localisation of the 2µ 

plasmid in the mitochondria was its non-Mendelian inheritance that resembled the one from the 

Figure 4. (left)Drawing from C. Lindegren of the first genetic map 

of S. cerevisiae build with 9 genes (Lindegren ,1949), (right) 

genetic map drawn in 1980 by Mortimer and Schild. 
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mitochondrial associated “petite” 

phenotype. Upon the accumulation of 

evidence of its nuclear localisation, this 

debate ended near 1980. The same year 

its complete sequence was published30. It 

revealed that the 2µ plasmid has a 

peculiar genetic structure (Figure 5). An 

autonomous replicated sequence, two 

inverted repeats(FRT) and a specific 

recombinase Flp1, required for its copy 

number homeostasis31 (~60 per nucleus), 

the STB locus (formerly REP3) required 

for its stability in its host32 and three 

other ORFs (REP1, REP2 and 

RAF1)31,33. Since plasmid free cells 

([cir0]) could be isolated from culture of plasmid positive cells ([cir+]) without displaying any 

phenotype34, the idea that the 2µ plasmid was a molecular parasite first appeared in the title of 

the publication from Mead et al. in 198635 with the help of the selfish gene theory of Richard 

Dawkins36 and publications of W. Ford Doolittle & Carmen Sapienza37.  

The 2µ plasmid genetic systems has made it easier to study S. cerevisiae and genetics in 

general. Its backbone was the basis of the first stable bio-engineered plasmid in S. cerevisiae38, 

which eased the transfer of genetic material in S. cerevisiae. Furthermore, The FRT/Flp1 is a 

genome editing strategy that was extensively used before the advent of CRISPR/Cas system. If 

S. cerevisiae had not been a model organism such extensively studied, the 2µ plasmid would 

most certainly be left unnoticed. However, the 2µ plasmid represents a minor part of all 

described extra chromosomal DNA in living organisms. 

 

1.1.1.4 Circular extra chromosomal DNA diversity 

1.1.1.4.1 Transposable elements 

Transposable elements are genetic material found in genomes from both eukaryotes39 

and prokaryotes40. They can change their location in the genome thanks to their integrase. 

Transposable elements are divided in two groups. First, the transposons can move in the genome 

Figure 5. Genetic map of the 2µ plasmid depicting the 4 

ORFs, loci of interest (STB, ori, FRT) and the long ncRNAs 

(Rizvi et al. 2018) 
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by a cut/paste mechanism. Enzymes encoded by the transposon can excise the transposable 

cassette from the genome and integrate it at a different locus which can be found either in the 

host genome or on a cDNA element. Second, the retrotransposons are characterized by their 

RNA intermediate. They originate from retrovirus that co-evolved with their host. 

Retrotransposons are transcribed in RNA then retro-transcribed into DNA by a retro transposase 

encoded by the retrotransposon. The DNA is then integrated in the host genome or on ecDNA 

(especially in prokaryotes where ecDNA is abundant). The retrotransposons are theoretically 

able to increase their number with each transcription/retro-transcription cycle (copy/paste) and 

invade genomes. However, defence systems against retro-transposons often prevent genome 

invasion (discussed below)41. 

 

1.1.1.4.2 Non transposable ecDNA in prokaryotes 

Non transposable ecDNA is often smaller than the main chromosome and is part of 

accessory genome. It encodes accessory functions that can be useful for the host cell (antibiotic 

resistance42, toxic secreted compound43 or even the ability to use a nutrient) or involved in the 

replication/transfer cycle of the ecDNA itself. Two types of non-transposable ecDNA are 

described in prokaryotes: the plasmid and the genome of bacteriophage. The two types of 

ecDNA can either be linear or circular and the distinction is made based on their genetic 

structures, encoded functions, and propagation strategies. Bacteriophages are characterised by 

the de-novo production of viral particles. There is a distinction between lytic phages which are 

always active and, in most cases, kill their host and tempered/satellite phages that tend to be 

latent and persist in their host. Latent phages can be re-activated in certain environmental 

conditions and enter in a lytic cycle. However, many borderline cases are reported now and the 

distinction between those two classes can be tedious. For instance, some bacteriophages are 

only active and produces viral capsid in given environmental conditions. They remain as free 

ecDNA in the nucleus thus looking like a plasmid. With transposable elements, the ecDNA in 

prokaryotes are the Mobile Genetic Elements (MGE), i.e., genetic material able to move within 

a genome or be transferred from one organism to another. 

In eukaryotes, ecDNA is less abundant. However, S. cerevisiae is not the only eukaryote 

with stable nuclear plasmids and recently extra chromosomal circular DNA(eccDNA) has been 

discovered. 
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1.1.1.4.3 Other persistent nuclear plasmids 

Over the year following the discovery of the 2µ plasmid, the community focused on 

finding other nuclear plasmid in other yeasts. Such plasmid could be the basis of simple and 

stable DNA vectors. Related plasmids were found in Zygosaccharomyces rouxii, 

Zygosaccharomyces bisporus, Zygosaccharomyces fermentati, Torulaspora delbrueckii, 

Lachencea lactis and Lachencea waltii44. All those species are closely related to S. cerevisiae45 

and we will discuss below about the evolution of the 2µ plasmid and its derivatives. 

More surprisingly, another eukaryotic model organism, the amoeba Dictyostelium 

discoideum, also have persistent nuclear plasmids. The Ddp plasmid family was discovered by 

Metz et al. in 198346 who were screening for genes involved in the cobalt resistance phenotype 

of D. discoideum (as Lindegren and Winge did with fermentation ability of S. cerevisiae). In 

fact, the Ddp1 plasmid gives the cobalt resistance phenotype, but several other plasmids were 

found in other isolates without the same phenotypic outcome. Those plasmids will later be 

called Ddp2, Ddp3, Ddp4, Ddp5. 

 

1.1.1.4.4 Other persistent nuclear, circular DNA in eukaryotes. 

Extra-chromosomal DNA is not restricted to plasmid for eukaryotes. As mentioned 

above, some vertebrate viruses are episomal, meaning that they don’t integrate in the genome 

as other viruses, such as Hepatitis B Virus (HBV) can do47. They remain outside of the 

chromosome throughout their cycle. Episomal viruses such as Epstein Barr Virus (EBV) and 

Kaposi's sarcoma-associated herpesvirus (KSHV) are either active or latent in their host15. 

Latent cycle is characterised by the few expressed genes required for the maintenance of the 

viral episome and no production of viral particle. The active or lytic cycle is characterised by 

the expression of viral genetic material in response to the cellular environment (oxidative stress, 

aging, decrease in immune system efficiency) and lead to de-novo production of viral particles. 

Second, upon DNA metabolic activity (such as replication, transcription and DNA 

damage repair), parts of the host chromosomes can be excised and persist as extra chromosomal 

circular DNA (eccDNA)48,49. The presence of eccDNA is reported in cells coming from healthy 

human patients50 and also in pathological cells such as cells coming from tumors51. In most 

cases, cccDNA does not contain replication origins and is therefore not transferred vertically in 

a stable manner52. However some of them are able to replicate on their own and can be 

transmitted to the progeny by hitchhiking on host chromosomes. 
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In the case where multiple DNA molecules uses the same resource, the interactions 

between the chromosomal and extra-chromosomal DNA can really shape the phenotype of a 

cell. The first step before establishing a relationship between genomes is the physical meeting 

between host genome and ecDNA. 

 

1.1.2 Origin of extra chromosomal DNA 

1.1.2.1 DNA from exogenous source enter the cell. 

The exchange of DNA between a cell and its environment is the basis of horizontal gene 

transfer (HGT). Four types of intakes are described53 transformation, conjugation, 

infection/transduction and vesiduction (Figure 6). 

First, transformation is the uptake of free DNA from the environment. Free DNA outside 

of the cell can originate from death and lysis of another cell or the active secretion of DNA from 

another cell54. This mechanism is widely used in laboratory to import a recombinant DNA in 

cells (bacteria, yeasts, plants, cells in cultures). It is also a natural process described for 

bacteria54 and yeast55,56. The mechanism is not well understood, at least DNA has to be in 

contact with plasma membrane or cell wall and will be later imported in the cell54,56. 

Figure 6. Scheme depicting the different possible mechanisms for DNA to enter in a 

cell (Rodríguez-Beltrán et al. 2021) 
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Conjugation 57,58 is the exchange of DNA between a donor bacterium which will produce 

a pili to contact recipient cell and inject DNA through the tunnel structured by the pili with the 

help of a type IV secretion system. Conjugation machinery comes from plasmids (thus called 

conjugative plasmids) that brings ORFs coding for all the components necessary for the 

conjugation. Interestingly there are also plasmids that are mobilizable by conjugation but not 

conjugative. Such plasmids can pass through the channel created by conjugative plasmid but 

do not generate the tunnel by themselves. Conjugation is thought to be the most important way 

of HGT since it does not require much phylogenetic homology between donor and recipient59. 

Conjugation between E. coli and S. cerevisiae was reported in 198960 and since then in a wider 

range of eukaryotes61. 

Infection is the “penetration in a living organism of a foreign entity often pathogenic 

able to reproduce in its host”62, the term “entity” is used to regroup living pathogens (such as 

bacteria, fungi, protozoa …) and non-living ones such as virus. Here we will focus on infection 

by virus since other cases are not directly related to nuclear ecDNA. Infection is associated with 

transduction especially for prophages. The transduction is the exchange of genetic material 

between two organisms mediated by a viral vector. Many biotechnology technologies rely on 

transduction such as gene therapy. Transduction occurs in natural conditions when prophages 

are excised from there host genome in a non-precise manner. Thus, along with the phage 

genome part of host genome is incorporated in the capsid. 

Recently it has been reported that free vesicles can also drive DNA exchange by 

vesiduction. The term “extra-cellular vesicle” refers to a vast population of observed vesicles 

that were mainly studied as a communication channel between cells from an organism. Among 

the molecules carried by those vesicles, DNA can be transported. Leading to the exchange of 

virulence factors and other genomic content for prokaryotes, unicellular eukaryotes63 and 

multicellular eukaryotes64. 

For eukaryotes, ecDNA which does not bring their own replication/transcription 

machinery requires access to the nucleus to insure their own multiplication and propagation. 

Eukaryotic viruses can enter the nuclear compartment through nuclear pore complexes65. 

Another way to enter the nucleus is to be recognised by cytoplasmic proteins with a nuclear 

localisation signal (NLS) and then transferred in the nucleus via the importin pathway66. 

Interestingly, it has been recently reported that in mammalian cells exogenous DNA is often 

segregated in a particular compartment whose membrane derivate from the endoplasmic 

reticulum called the exclusome67 
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1.1.2.2 Endogenous DNA circularisation: extra chromosomal circular DNA (eccDNA) 

 

The first report of eccDNA was made in 196568 following the analysis of DNA content 

from wheat embryos and boar sperm cells. They have been described in a wide variety of 

organisms from microorganisms to humans with different biological importance69. 

The origin of eccDNA (Figure 7) in the cell remain unclear but many models and 

hypothesis are proposed, such as chromothripsis, DNA damage repair and abnormal DNA 

replication70. Intrinsic (aging, cancer transformation) and extrinsic (starving, hypoxia …) 

factors promote eccDNA. It is shown that the eccDNA are common in cancers and normal cells. 

ecDNA is an extra DNA in the nucleus. It often comes with a cost and is targeted by 

host cell defence systems. The stability of an ecDNA relies in its ability to overcome challenges 

in its host. 

Figure 7. Drawing depicting the different ways for endogenous DNA circularisation and biogenesis of eccDNA 

in eukaryotes (Zhao et al. 2022) 
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1.1.3 Challenges faced by ecDNA in its host. 

1.1.3.1 Extra chromosomal DNA comes with a cost and is often a threat. 

ecDNA represents an extra genetic material that relies on host cells for the energy and 

components needed for its cycle (DNA replication, ORFs expression, capsid synthesis for virus 

…). This cost for the host cell is called the fitness cost (Figure 8) and regroups all the negative 

effects induced by ecDNA on the host cell. The fitness cost depends on the considered 

ecDNA/host couple and can range from minor growth defect to the cell death. The main 

explanation for the growth defect is the difference of codon usage between host genome and 

ecDNA genome59, creating a disequilibrium in tRNA pool and reducing the overall translation 

speed. The death of the host can be induced by host defence (discussed below) or ecDNA 

actively kill its host as for lytic bacteriophages. Thus, new DNA coming in the cell is often 

targeted by many host factors that aims to disrupt ecDNA replication cycle in the host cell and 

its horizontal transfer. 

 

1.1.3.2 Host defence and its modulation. 

1.1.3.2.1 Detection of foreign DNA and intermediates. 

For vertebrates, free cytosolic DNA activate many sensors such as “absent in melanoma 

2” (AIM2) and more predominantly cyclic GMP–AMP synthase (cGAS)71. cGAS binds to DNA 

Figure 8. Scheme depicting the different source of fitness cost induced in a host by ecDNA (San Millan and 

McLean 2017) 
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in a sequence independent manner. The activation of cGAS leads to the synthesis of cyclic 

GMP-AMP (cGAMP) which acts as a secondary messenger. cGAMP activates STING which 

will activate NFϰB pathway, interferon/cytokine signalling and autophagy. These effects will 

limit the spread of the threat. Whereas in prokaryotes, genomic DNA is not separated by an 

envelope thus prokaryotic-defence systems must be able to discriminate between self and non-

self-DNA. It has been described that Histone-like Nucleoid-Structuring (H-NS), a nucleoid 

associated protein (NAP)72, binds preferentially to foreign DNA because they are often richer 

in AT compared to host genome. This later activates defence strategies by creating a depletion 

of H-NS protein from the host genome73. Moreover, Restriction-Modification systems (RM)74 

distinguishes between host DNA and foreign DNA thanks to host DNA modification. Host DNA 

has a specific methylation pattern. Foreign DNA that does not match the host modification 

pattern is restricted. Finally, small RNAs are part of the detection mechanism in both 

prokaryotes and eukaryotes to recognise invasive DNA and its transcriptional intermediates. In 

prokaryotes, Clustered regularly interspaced short palindromic repeats/CRISPR associated 

protein75 (CRISPR/Cas) system recognise foreign DNA thanks to small guide RNA. Those 

guide RNA are generated by the transcription of peculiar genomic loci which function is to 

Figure 9. Scheme depicting the different RNA interference pathways (siomi et al. 2011) 
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store DNA fragments originating from past infection event. In eukaryotes (but not in S. 

cerevisiae) invading DNA transcripts are detected by small noncoding RNAs. They are divided 

in three classes76 (Figure 9). The small interfering RNA (siRNA) that comes from dsRNA 

processed by the Dicer complex. The dsRNA can originate from many sources, from retro-

transposable elements or pathogens. The siRNA is then loaded on the RNA induced silencing 

complex (RISC) guiding it towards its target. The Micro RNA (miRNA) which originate from 

miRNA genes. Those genes transcript forms a hairpin structure recognised by Dicer and activate 

RISC. Finally, PIWI interacting RNA (piRNA) originating from piRNA clusters in the genome 

that binds PIWI protein. PIWI and RISC both silences RNA that has a homology to the loaded 

siRNA. 

1.1.3.2.2 Host defence strategies 

1.1.3.2.2.1 Destruction of foreign DNA 

The most straight forward strategy of defence against an invading DNA element is its 

destruction. This can be achieved either in a sequence dependant or independent manner. In 

eukaryotes, cytoplasmic DNAse hydrolyse free dsDNA. In prokaryotes (Figure 10), RecBCD 

degrades linear dsDNA until it meets a Chi sites. Chi sites are found in host and are entry point 

for RecA. If linear DNA does not have Chi site, it will be totally degraded77. The produced 

small DNA fragments can be archived in the genome and later feed CRISPR/Cas systems. 

RISC78 and CRISPR/Cas79 systems guides endonuclease to foreign RNA/DNA respectively. If 

a genetic material has a homology with the nucleic acid loaded in the nuclease, then the enzyme 

will produce a nick in the foreign genetic material. Finally, in prokaryotes, restriction enzymes 

(RE) are sequence specific endonuclease that degrades DNA when they recognise a DNA motif. 

Figure 10. The different known defence mechanism against MGEs in a bacterium (Rocha and Bikard, 2022)  
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They also are sensitive to DNA modification such as methylation. As discussed above, the host 

protected from the action of its own RM defence system. 

 

1.1.3.2.2.2 Silencing of foreign DNA 

Another way to inhibit armful effect of invading DNA is to supress its expression. This 

is especially the case for transposable elements in eukaryotes. The dsRNA intermediates of 

retro-transposable elements will activate RISC80 (discussed above) which will degrade targeted 

mRNAs but also promote DNA methylation or histone modification (Figure 11). Those 

epigenetic modification will decrease the level of expression of invading DNA locus. In 

prokaryotes, MGE genes are under a strict genetic expression control called the xenogeneic 

silencing notably by H-NS59. 

 

Figure 11. Scheme showing the silencing pathways of RNA interference ion eukaryotes (Girard and 

Hannon,2008)  
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1.1.3.2.2.3 Host suicide 

As a last resort, host cell can activate cellular death pathway. This is reported in both 

eukaryotes and prokaryotes81 (Figure 12) and known as abortive infection. The abortive 

infection will allow to contain ecDNA thus not allowing its propagation to other cells both 

vertically and horizontally. Many pathways of abortive infection have been reported. The 

common feature is that certain infection will be recognised by host factor and will trigger 

cellular death. Interestingly, in both prokaryotes82 and vertebrates71, cyclic di-nucleotides (such 

as cGAMP) can lead to abortive infection. In prokaryotes, the oligonucleotides cyclase is 

activated by phage component whereas in vertebrates it is activated by cytoplasmic DNA. In 

vertebrates the activation of STING by cGAMP also activate innate immune response thought 

interferon and NFϰB pathways. 

Figure 12. Cyclic di-nucleotides pathway is present in both prokaryotes and vertebrates. (Slavik and Kranzsuch 

2023) 



Introduction / Extra chromosomal DNA, welcome guest, or undesirable alien 

29 

1.1.3.2.2.4 Immune response 

Here we will focus on the immune response from a pluricellular organism, we already 

discussed above the bacterial “immune system” with the CRISPR/Cas system. The immune 

system in pluricellular organism protects the organism from infections. We can distinguish two 

types of immunity. The innate immunity which relies on Pattern Recognition Receptors (PRR) 

which recognises Pathogen-Associated Molecular Pattern (PAMPs). The innate response 

depends on the type on activated PRR but is not specific to the threat. The adaptative immunity 

relies on different cells that will process molecules coming from the pathogens. The processed 

pathogens, named epitopes are presented to other immune cells via the CMH complex (CMH I 

if it is an intracellular epitope, CMH II if it is an extracellular epitope). The presentation of an 

epitope will guide the immune response towards the epitope presented. Overall, the immune 

system aims to eradicate the infectious agent. This is done by reducing its propagation from cell 

to cell and by killing the cells hosting the pathogens.  

My aim here is not to thoroughly described the whole immune system and focus more 

on ecDNA. As seen above, the DNA in the cytoplasm is a PAMP recognised by a PRR, cGAS. 

Beside the cellular effect of the activation of STING by cGAMP (autophagy and apoptosis). 

The host cell will also present more epitopes with its CMH I complex and promote local 

inflammation via the secretion of interferons and cytokines. The inflammation allows the 

migration of immune cells from the blood stream toward the inflamed area. 

Overall, we have shown that all organisms have defence (at different level) systems 

against ecDNA invasion. The efficiency of an infection often relies on the overall ability of 

ecDNA to shrug host defence systems. 

 

1.1.3.2.3 MGEs counter host defence systems. 

1.1.3.2.3.1 Avoid detection by host defence. 

If the host detection systems are not activated then the host defence strategy is much 

more permissive, thus only relying on detection-independent defence systems such as RecBCD 

in prokaryotes. In prokaryotes, MGE’s encoded H-NS are often described as stealth 

proteins83,84. As discussed above, host H-NS binds preferentially foreign DNA. This titrates H-

NS from host genome and activate host defence mechanism59. This also decreases host fitness 

because H-NS action on host genome is essential. By bringing their own H-NS, MGEs support 

their host and avoid the activation of defence mechanism. In vertebrates, cGAS is a target of 
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choice for pathogenic virus85. Moreover, virus often keeps their capsids in the cell. This 

prevents their genetic material to be exposed in the host cytosol, thus preventing its detection 

and degradation by host factors. The viral genetic material will only be freed in the nucleoplasm. 

 

1.1.3.2.3.2 Avoid the activation of effectors and/or inhibit them. 

The layer above the detection system is the effectors RecBCD, restriction enzyme or the 

RISC complex for instance. In prokaryotes, Gam is an inhibitor of RecBCD encoded by virulent 

phages86. Virus can also target Dicer complex by protecting the extremities of dsRNA 

intermediate with proteins inhibiting Dicer87. 

 

1.1.3.2.3.3 Defence mechanisms are ineffective.  

The action of defence strategies relies on the action of enzymes, and enzymes substrate 

must meet requirement for the enzyme to work. For instance, the RM prokaryotic defence 

systems is often counter-acted by phages because they are able to extensively modify their 

genome88 (methylation for T2 phage or acetimidation for the Mu phage) or even incorporate 

non canonical bases in their genomes. Thymine can be replaced by uracil or 5-

hydroxymethyluracil in certain phages. Those modifications totally inhibit the action of 

restriction enzyme. Moreover, for the RecBCD defence systems, certain phages have multiple 

Chi sites in their genome thus are insensitive to RecBCD action89. Finally, if the host organism 

is naïve toward the pathogen, adaptative defence strategies such as CRISPR/Cas or 

miRNA/piRNA will not work. 

 

1.1.3.2.3.4 Host anti-counter defence mechanism. 

More recently, it has been reported that the host defence is not only constituted by a 

unique line of defence90. More and more anti-counter defence systems are described. For 

instance, RecBCD constitute a first layer of defence. RecBCD can be inactivated by Ocr. The 

activity of RecBCD can be monitored by retrons in the bacteria91. A retron is an RNA-DNA 

hybrid able to sense the activity of RecBCD in the cell. When the retron is activated, it triggers 

abortive infection mechanism and host suicide. 
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1.1.3.2.4 Host select and filters MGEs. 

In eukaryotes, the defence mechanism is restrictive towards ecDNA. In prokaryotes, on 

the other hand, MGEs often brings important accessories function that improves its fitness 

(discussed below). Thus, bacterial host defence intensity can depend on the nature of the MGEs. 

The fact that certain MGEs escape bacterial host defence can be seen from two different points 

of view. First, as discussed above, it is part of the arm race between host and MGE. Second, 

MGE is tolerated by the host. For instance, MGE matching the epigenetics modification of the 

host genome are insensitive to RM defence systems and may be the results from the co-

evolution between the MGE and their host. Moreover, Baharoglu et al.92 have shown that the 

level of activation of the SOS response in the bacterial host, is different between different 

conjugative plasmids. The one that belongs to a family of conjugative plasmids often found in 

E. coli less activate the SOS response compared to non-naturally present conjugative plasmids.  

 

1.1.3.3 Co-habitation between different MGEs in the same host. 

Some ecDNA rely on their host and on other ecDNA for their replication and transfer. 

This is particularly the case in prokaryote. This is a very dynamic field of research, more and 

more interactions pathways between MGEs and their host are described90 (Figure 13). For 

instance, a mobilizable plasmid will benefit from the conjugation machinery of a conjugative 

plasmid because it cannot transfer itself by conjugation. Whereas a virulent phage will be 

deleterious for other MGE’s since the phage lytic cycle will kill their host. In this case, Rousset 

et al.93 showed that anti-virulent phage systems are encoded on satellite phages protecting the 

Figure 13. Scheme showing the evolution of known interactions between host and MGEs. Starting from a simple 

view that a virulent phage and host cell fight with each other but, all MGEs interact with each other and their 

host cell (Rocha and Bikard, 2022) 
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host cell from virulent phage infection. Thus, satellite phage and its host benefit from each other 

(if the threatening virulent phage is a threat). 

The host of an ecDNA is probably not its last host, otherwise it will be lost when its host 

eventually dies. Thus, ecDNA must transfer to another organism (horizontal transfer) or to the 

progeny of its host (vertical transfer). 

 

1.1.3.4 Transfer of ecDNA 

1.1.3.4.1 Horizontal transfer 

The mean of horizontal transfer is the same one discussed above, about the exogenous 

source of ecDNA. Not every ecDNA is able to transfer from one organism to another, it depends 

on the genetic material present on an ecDNA.  

 

1.1.3.4.2 Vertical transfer 

The chromosomal DNA of the host is transmitted to the progeny thanks to active 

mechanism ensuring an equal repartition of the duplicated genetic information to both daughter 

cells. This is the basis of genome integrity and inheritance. Whereas segregation of ecDNA 

could be envisioned as a facultative event since it is not essential for the host cell. The simplest 

mechanism would be the diffusion of ecDNA to the progeny, but this has been shown to be 

tedious. 

 

1.1.3.4.2.1 A not so simple diffusion. 

Figure 14. Result adapted from Gehlen et al. 2011 showing how episomal DNA is retained in the mother cell 

throughout the mitosis in S. cerevisiae. 
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All chemical entity is animated by Brownian movement in a solution and DNA is not 

an exception. Diffusion is a passive way for ecDNA to be partitioned to daughter and mother 

cell and it is thought to be the strategy employed by high copy number plasmids in 

prokaryotes94. This hypothesis is more and more challenged because plasmids tend to form foci 

in living cells and the viscosity of cytoplasm doesn’t allow DNA molecules to diffuse freely in 

cytoplasm of both prokaryotes and eukaryotes95,96. Moreover, it has been reported in S. 

cerevisiae that diffusion of DNA from mother to daughter can be impound by diffusion barrier. 

DNA molecules lacking a centromere are captured by Nuclear Pore Complex (NPC) and stay 

in the mother cell97,98, this is called the mother-biased segregation. 

 

1.1.3.4.2.2 Make your own way to the progeny. 

The segregation of plasmid in prokaryotes can be divided in two strategies99. The most 

common strategy uses a nonspecific DNA walker using NTP hydrolysis energy to walk along 

the host DNA towards the cell poles. The second known strategy is to use the motion force of 

ATP/GTP dependant polymerisation of actin100 or tubulin analogues towards the cell poles. 

Finally, a mechanism which does not use walker protein has been reported. It is based on the 

repartition of plasmid copies in the whole nucleus. Upon septation, plasmid copies will end up 

in both daughter cells. This mechanism was described for a single plasmid, R388101 but could 

be more abundant. For mammalian persistent DNA viruses102 (EBV and KSHV for instance), 

their strategy is to hitchhike as episomes on host chromosomes with the help of latency proteins 

bridging viral DNA and host DNA. Thus, benefiting from mitotic host chromosome motion to 

segregate to daughter cells. This is thought to be the strategy employed by the 2µ plasmid of S. 

cerevisiae97. 

Finally, if ecDNA is transiently integrated in host genome, then the segregation question 

is solved, as the host machinery will insure it. For instance, the adeno associated virus (AAV) 

can either be integrated in the genome or found as circular episome in host cell103. Many phages 

can integrate in the host genome, entering a dormant stage. Upon reactivation, the phage 

genome will be excised often with flanking host genomic regions and enter a productive cycle. 

 

1.1.3.4.2.3 Be the poison and the cure. 

As discussed above, the issue for the ecDNA vertical transfer is its optional presence in 

the progeny. If its presence is required for its host survival, then its vertical transfer is insured. 
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Certain plasmids encode for toxin/antitoxin systems. One well described system is the hok/sok 

pair encoded by the parB locus of plasmid R1104. The hok ORF encode for a small peptide that 

disrupt the electro chemical gradient of the bacteria thus impeding the production of energy in 

the cell. The expression of this gene is silenced by the interfering RNA encoded by the sok 

locus. The hok peptide is stable thus daughter cells will obligatorily inherit the killing peptide, 

but the silencing RNA is unstable and the only way to survive is to incorporate the whole 

plasmid. Since R1 is a conjugative plasmid, it can transfer from cell to cell and the hok/sok 

ensure its stability in its new host.  

This kind of poison/cure persistence strategy is also described in yeasts. For instance, in 

L. lactis105 , two linear double stranded DNA molecules (k1 and k2) located in the cytoplasm. 

Toxins encoded from the extra chromosomal genome are secreted in the environment, killing 

organism lacking k1 and k2. This strategy imposes a burden on the cell but improves host ability 

to colonize a biotope. The secretion of toxic compound giving the ability to eliminate other 

competing cells 106. It is worth mentioning that most anti-fungal molecules are secreted killer-

peptide107. This example and the protection of host cells from virulent phage infection by MGEs 

discussed above clearly show the potential benefit of ecDNA for the host cell. Thus, ecDNA 

can be a welcomed help for its host. 

 

1.1.4 Extra chromosomal DNA can improve host fitness and adaptation ability. 

1.1.4.1 Relationship between extra chromosomal DNA and host. 

When two organisms share the same resource within a community, biological 

interactions are established. Whether this association benefit, is neutral or harm an organism, 

several terms are used. Extending this concept to the community formed by the nuclear genome 

and extra-chromosomal DNA makes it possible to characterise the relationship between them. 

Clearly, cDNA benefits from its interaction with the nuclear genome, since the host cell 

provides the energy and components necessary for its replication and expression. However, the 

consequences for the host cell depend on the ecDNA. The host cell can be harmed (for instance 

when a lytic phage infects a bacteria) (parasitism), is unaffected by the presence of an extra 

chromosomal DNA (This case occurs for bacteria hosting tempered phage for instance), and 

finally benefit from extra chromosomal genetic material improving its fitness (mutualism). The 

biological interaction between nuclear genome and ecDNA is not written in stone. Upon 
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environmental changes, a commensal relationship could become parasitism or commensalism. 

Moreover, genomes are constantly evolving so are the interaction between two genomes. 

 

1.1.4.2 ecDNA can bring new functions.  

Since ecDNA is often mobile and can be transferred to an organism from a different 

species, bringing its genetic material. The fact that ecDNA brings new traits to its host is 

particularly described for multi-drug resistance bacteria108,109. Prokaryotic MGEs are known to 

encode for drug resistance cassettes. When ecDNA has an advantage for its host, the fitness cost 

induced by the ecDNA is compensated by the benefits. Thus, true commensal relationship can 

be established between ecDNA and its host. Moreover, ecDNA stability and integrity is less 

critical for the host cell. This flexibility can be a true advantage for the host to adapt and 

overcome environmental stress110. 

 

1.1.4.3 ecDNA is constantly evolving and reshuffled. 

The characterisation of ecDNA pool gives intel on how an organism overcomes 

environmental stress111. For instance, in eukaryotes, eccDNA can be associated with gene 

amplification. Gene amplification is the multiplication of a genetic cassette in the genome of 

an organism. It can happen within the chromosomal set with duplication events112 or with 

eccDNA that is present is multiple copy. The eccDNA gene amplification is for instance 

associated with chemotherapy resistant tumors113 or crop weed herbicide resistance114. 

Moreover, in prokaryotes the MGEs pool is very dynamic and cassette are exchanged between 

MGEs40,92,115 and between MGEs and host genome. Finally, since ecDNA integrity is not as 

critic as the one from the core genome. It is a pool of polyploidy with genes coding for the same 

trait but each one following different evolutionary track. This can eventually lead to genetic 

innovation53 and improve overall genetic plasticity. 

 

1.1.4.4 ecDNA can increase host genome plasticity. 

We discussed above about the possible invasion of genome by retrotransposons; 

however, they can be handy when it comes to adaptive ability and stress response of their host. 

Many reports show that the level of transcription and integration of Transposons of yeast 1 

(Ty1), the major retro-transposable element in S. cerevisiae greatly increases in response to 
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environmental stress such as starvation116. Many reports showed that Ty1 are often fragile sites 

and promote genomic recombination such as duplication, inversions, and translocations. The 

genomic rearrangement mediated by Ty1 are the key component of the rapid adaptability of S. 

cerevisiae to various environmental stress112,117,118 such as nutrient deprivation or exposure to 

toxic compounds. 

We could assume the relationship between ecDNA, and its host can last for a long time. 

Over time, ecDNA and chromosomal genome will become more and more adapted to each 

other, and genes will be exchanged between them119, making it more and more difficult to 

distinguish between each other. 

 

1.1.5 Blurring the line between extra-chromosomal DNA and genomic DNA 

Genes that bring the same function in the cell often impose an unnecessary cost to the 

host cell and events leading to the loss of redundant genes are selected by natural selection since 

it would improve host fitness. This phenomenon is seen with obligatory intra-cellular bacteria 

in insects120 and is thought to have happened in Vibrionaceae family121. 

In most cases, the bacterial genome consists of one chromosome coding for all essential 

functions needed for the life cycle of the cell. But in a small proportion of known prokaryotes, 

the genome is separated in multiple (often) circular chromosomes122. The Vibrio cholerae 

genome is the case study of bacteria with multiple chromosome and upon the report that its 

genome was composed of two circular chromosomes in 1990’s123 debate arose whether to call 

the secondary chromosome a chromosome or merely a very large plasmid. But with the help of 

genome sequencing121 and further analysis124 the chromosome appellation stands. Interestingly, 

it is thought that the secondary chromosome of Vibrionaceae family come from a plasmid that 

upon co-evolution and gene transfer became part of the core genome of its host In 2010 the 

term chromid (chromosome and plasmid at the same time)125 was proposed to class the 

secondary chromosomes of Vibrionaceae bacteria  

The differentiation between ecDNA and genomic DNA sometimes can be difficult if we 

strictly apply classification criteria moreover, we are able to study a limited part of the tree of 

life (given we are capable to characterize what is cultivable) without knowing exactly all the 

evolutionary steps that led to our study subject. One of many interesting ecDNA/host genome 

couple is the persistence strategies employed by the 2µm plasmid which does not improve its 

host fitness and yet have a chromosome-like stability.  
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1.2 The 2µ plasmid, a perfect parasite?  

1.2.1 The 2µ plasmid relationship with its host 

1.2.1.1 S. cerevisiae defence mechanism against invading ecDNA. 

As mentioned above, S. cerevisiae have lost the RNA interference pathways. Whereas 

other eukaryotes126, “heterochromatin” in S. cerevisiae is limited to HML/HMR locus on 

chromosome III and telomeric regions. The inactivation of chromatin uses a peculiar 

mechanism independent from RNA interference mechanism. Abf1, Rap1 and Orc1 binds 

silencer sequences. They allow the recruitment of Sir2/Sir4 that spreads on the chromatin and 

silence it.  

However, S. cerevisiae is not invaded by retrotransposons. Only 3% of S. cerevisiae 

genome is identified as retro-transposable elements (50% in Human genome and 80% in maize 

genome)80 but the Ty1 RNA can represent nearly 1% of total RNAs127 and up to 10% on total 

mRNAs118. Even if there is no control via the RNA interference system as in most eukaryotes, 

the retro-transposable elements are under a strict control. In S. cerevisiae the nuclear envelope 

remains intact all along the vegetative growth and meiosis. This alone is a protection against 

invading genetic material since the only way to enter the nuclear comportment is througth the 

Nuclear Pore Complex (NPC). Thus, the NPC filters what comes in or out of the nucleus. 

Moreover, some host factors associate with the NPC and regulate act on the genome 

organisation and regulate the transcription of retrotransposons. Bonnet et al. showed that a 

subunit of the NPC regulate retro-transposons transcription and propagation by Ulp1 mediated 

deSUMOylation128. Moreover, as discussed above, NPC retains non centromeric DNA circles 

in the aging mother cell50,98. A recent report from our laboratory129 has shown that when a 17th 

chromosome coming either from Mycoplasma mycoides or Mycoplasma pneumoniae is 

introduced in S. cerevisiae its fate is different. The M. pneumoniae genome which GC content 

is close to the one of S. cerevisiae is transcribed and reparteed in the nucleus whereas the M. 

mycoides genome which is AT rich compared to S. cerevisiae genome is not transcribed and 

constitutes a dense DNA blob at the periphery of the nucleus. This looks like the xenogeneic 

silencing discussed above where H-NS proteins move towards incoming ecDNA. The defence 

strategies of S. cerevisiae against invading DNA are most certainly yet to be discovered and 

interestingly, the 2µ relationship with its host is quite ancient and it was able to counter defence 

strategies against invading DNA. 
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1.2.1.2 2µ plasmid evolutive origin 

As discussed above, the 2µ plasmid was discovered in 196725 and was thought to be a 

mitochondrial plasmid because of its non mendelian inheritance. We will discuss below about 

the structure and functions of the 2µ plasmid and focus more precisely on evolution 

considerations.  

One could wonder if the interaction of the 2µ plasmid with its host S. cerevisiae was 

recent or only restricted to some laboratory strains34. In fact, the sequencing of 1,011 

genomes130 revealed that a majority (64%) of the sequenced strains, coming either from 

laboratory, industrial processes or natural isolates, hosted 2µ plasmid (this number most likely 

does not reflect the incidence of 2µ in S. cerevisiae since many strains derivate from each other). 

Interestingly, we can identify 4 groups of the 2 µ plasmid based on their sequence divergence. 

This indicate that the interaction between 2µ started one hundred million years ago. 

Along with the 2µ plasmid, several other plasmids were identified in species related to 

S cerevisiae44. Interestingly, the 2µ plasmid homologs were found in L. lactis and L. waltii, two 

yeast that diverged with the S. cerevisiae 

lineage approximately 114 My ago, before 

the whole genome duplication event that took 

place 100 million years ago. Given the rarity 

of (known) natural, nuclear plasmid we could 

hypothesize that the meet-up between the 2µ 

plasmid ancestor and its host happened at 

least 114 million years ago then evolution 

acted and generated several taxa (such as 

saccharomyces and Lachancea) and different 

nuclear plasmids. When we compare the GC 

content of the different 2µ plasmid family and 

the GC content of their respective host we 

observe a nice corelation44 (Figure 15), most 

likely the results of compensatory mutations that lowered fitness costs of the plasmid. 

All nuclear plasmid in the 2µ plasmid family shares common genetic features. Among 

them, the Flp1 protein is a site-specific recombinase and part of the Tyrosine-recombinase 

family. Interestingly, it shares structural homology with P1 phage Cre recombinase131 and a 

common catalytic mechanism. Given that conjugation between bacteria and S. cerevisiae is 

Figure 15. Scatter plot of the correlation between host 

and parasitic plasmid GC content 
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possible132,133 and certain metabolic activity in S. cerevisiae are inherited from prokaryotes134. 

We could hypotheses that 2µ plasmid is in fact a derivative of a phage genome that have been 

mobilized in its ancestral host, common to Lachancea and Saccharomyces, thanks to a 

conjugative plasmids that have been lost as it is the case in laboratory conditions60. This doesn’t 

mean that we should find nuclear plasmid in every species of taxon sharing the same common 

ancestor45 (namely, Zygosaccharomyces, Candida and Eremothecium), as discussed above, 

ecDNA stability is rather difficult 

 

1.2.1.3 2µ plasmid fitness cost and potential host fitness improvement 

The only known functional proteins 

encoded by the 2µ plasmid, are only useful for 

the 2µ plasmid replicative cycle and stability. 

Although it represents 300 kb of DNA (merely 

the size of a small chromosome) that replicates 

at each S phase, the fitness cost is barely 

measurable. The only reported phenotype is a 

minor growth defect. Cells with the 2µ plasmid 

grow 1% slower compared to cells lacking the 

2µ plasmid35 (Figure 16). But we must keep in 

mind that the phenotypic analysis of this study 

was done in laboratory conditions. If we look at 

the Ty1 sites, they improve their host fitness 

only in stress conditions. They give more 

plasticity to the genome. Maybe the advantage conferred by the 2µ plasmid would only be 

measurable in peculiar conditions only met in wild biotope or at least in growth conditions that 

are never met in laboratory conditions. A single report shows that the Flp1 recombinase could 

increase the survival rate of S. cerevisiae lacking Sgs1 and Mus81 (two enzymes involved in 

DNA damage repair) exposed to hydroxy-urea135. 

 

Figure 16. Curves showing the number of white (with 

a 2µ plasmid:ADE2) colonies and red colonies 

(ade2, without the 2µ plasmid over generations 

(adapted from Futcher and Cox, 1983) 
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1.2.2 Horizontal transfer and spontaneous loss of the 2µ plasmid 

1.2.2.1 The 2µ plasmid stability depends on growth conditions. 

In 1983, Futcher and Cox measured that the probability of spontaneously losing the 2µ 

was of 3,1.10-4  close to the loss rate of a chromosome 34,136. They also showed that cells lacking 

2µ plasmid arose spontaneously in cells grown in exponential phase for 28 days, in agitated 

rich liquid media. Those data suggest that 2µ plasmid can be cured naturally from its host in 

certain conditions that are very different from the conditions met in wild biotopes by S. 

cerevisiae137. In this study cells are haploid, originating from a domesticated strain (derivate 

from S288C) and mating was abolished thanks to constant shaking and isogenic MAT sexual 

locus. This observation suggest that plasmid free cells can occur during vegetative growth (thus 

taking over the plasmid positive cells) and conflicts with observations of wild yeast strains. 

In wild biotopes, S. cerevisiae is often diploid. When nutrients are scarce, diploid cells 

slow down their metabolism and end up producing an asca encompassing the 4 haploid spores 

resulting from meiosis. Upon more favourable conditions, haploid spores will grow again and 

mate. This produce a diploid cell. In 1986, Mead et al. showed that the 2µ plasmid is more 

stable in diploid cells entering the stationary growth state35 and can only transmit through cell 

division (mitosis or meiosis) or mating. Given that exponential growth phase and rich 

environment are rare in natural biotope. We could assume that the rarity of natural plasmid free 

isolates is explained by the metabolic state of yeast host. Moreover, in laboratory condition, 

domesticated strains tend to have lost certain ability, notably regarding sporulation137 so we 

Figure 17. Diagram adapted from De Chiara et al. comparing different S. cerevisiae strains for their ability to 

produce an ascus(sporulate) when grown in standard KAc sporulation media. Wild isolates are in blue. 
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could wonder if the 2µ plasmid is more a reminiscence of the wild S. cerevisiae and if in 

different conditions the 2µ plasmid would be an advantage as the killer phenotype138. 

 

1.2.2.2 Mating is the only horizontal transfer. 

The mating of spores will produce a diploid. It has been shown that it is impossible to 

isolate a 2µ plasmid free spore from an ascus produced by the sporulation of a diploid cell 

hosting the 2µ plasmid. This means that the 2µ plasmid can propagate horizontally by mating 

since it can happen between two spores from the same ascus or between unrelated spores. 

 

1.2.3 2µ maintenance strategy 

1.2.3.1 The 2µ plasmid in the nucleus 

The 2µ plasmid (6318 bp) faces many challenges to be maintained. First, the 2µ plasmid 

ORFs (REP1, REP2, FLP1, RAF1) are non-essential for S. cerevisiae35. Second, the 2µ plasmid 

lack the centromeric consensus sequence thus It cannot benefit from the host segregation 

machinery. Third, non-centromeric circular DNA molecules have a strong mother biased 

segregation 50,52,98. However, the probability to lose 2µ plasmid after mitosis is close to losing 

a host chromosome (10-5 per cell per division)35. Moreover, shuttle vector based on the 2µ 

plasmid are among the most stable S. cerevisiae plasmids. We will describe the very optimized 

plasmid copy number control mechanism and segregation strategy both on plasmid and host 

sides. Besides the 4 ORFs coding functional proteins, it is worth pointing that several long 

transcripts coming from the 2µ plasmid can be observed but their function remain unclear, they 

may result from unstopped RNA-polymerase thus not having any function or be involved in the 

2µ plasmid maintenance139. FISH imagery140 revealed that as high copy number plasmid in 

bacteria, the 2µ plasmid tend to oligomerize and in average reparteed in 5 fluorescent foci in 

the centre of the nucleus. The efficient vertical transfer of the 2µ plasmid cannot be explained 

by simple diffusion52 and several plasmid and host factors have been reported to be crucial for 

plasmid stability. 

 

1.2.3.2 Minimalist yet very efficient partitioning system  

The exact mechanism by which the 2µ plasmid overcome the mother-biased segregation 

is not yet fully understood neither how does the plasmid copies are split between the mother 
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and daughter cells. There are two hypotheses to explain the chromosome-like stability of 2µ 

plasmid. First, the STB sequence would function as a centromere-like region, recruiting a 

kinetochore and using the cellular mitotic spindle force for its vertical transfer. The uneven 

repartition between mother and daughter cells of the 2µ plasmid in cells lacking either the 

histone H3 centromeric variant 

Cse4141 and the dynein Kip1142 is in 

favour of this hypothesis. Those 

factors are both recruited to the 

SPB with the help of Rep1-Rep2 

complex. This hypothesis has been 

challenged by recent data143 in 

favour of another hypothesis that 

propose an association between the 

2µ plasmid and host chromatin (as 

for EBV or KSHV episomes in 

human cells) and the formation of a 

pseudo centromere on the plasmid during mitosis. The association of the 2µ plasmid and host 

chromatin was first described in 1980 using sucrose gradient29 and confirmed later with for 

instance live fluorescence microscopy143 or FISH140. To explore the mechanism of segregation 

of the 2µ plasmid, microscopy offers the ability to track the position of reporter plasmids thus 

exploring the conditions where the reporter plasmid is properly segregated or not will give 

insights on the 2µ plasmid segregation machinery. Interestingly, the localisation of the 2µ 

plasmid in the nucleus is different when using live microscopy and a reporter plasmid compared 

to FISH experiment (Figure 18). It has been shown that a reporter plasmid (tracked with a lacO 

array and lacI-GFP fusion protein) with the STB sequence showed a strong mother biased 

segregation when the 2µ plasmid is absent. The same results were observed for the same 

plasmid lacking STB but in cells hosting the 2µ plasmid144. Moreover, when sister chromatids 

cohesion or mitotic spindle is impaired, the 2µ plasmid miss segregate. Interestingly, in those 

conditions, the 2µ plasmid does not segregate more often in the mother or in the daughter cell144. 

It also have been shown that Cse4 recruitment is impaired when the mitotic spindle is 

depolymerized by nocodazole treatment141. The unequal repartitions of the 2µ plasmid copy 

when the mitotic spindle is not functional indicate that the partitioning systems deals with two 

challenges. First, plasmid DNA must be tethered to host chromatin with the help of plasmid 

encoded proteins otherwise it would be segregated in the mother cell. Second, the plasmid 

Figure 18. (a)Results from Heun et al showing the 2µ plasmid 

localisation in the nucleus of S. cerevisiae by FISH. 

( Y’ corresponds to telomeres) (b) Live microscopy images of a 2µ 

plasmid reporter plasmid adapted from Kumar et al. 2021. 
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copies must be reparteed between the two sister chromatids of host chromosomes for the equal 

segregation of plasmid DNA. This could be mediated by Cse4 and cohesins (recruited with the 

help of Rsc2 complex)145. Along with Kip1, several other Microtubule Associated Proteins 

(MAPs) (but no kinetochore component136) have been shown to be involved in the segregation 

machinery of the 2µ plasmid. Namely, Bik1 and Bim1146. In this report Prajapati and al. showed 

that the deletion or either one of those proteins increased the loss rate of the 2µ plasmid in 

exponentially growing cells and as Cse4 recruitment it requires mitotic spindle integrity. It is 

though that the association between the 2µ plasmid and microtubules is more related to the 

proper repartition of plasmid copy between the two sisters since cells lacking Kip1 do not lose 

2µ plasmid over time147. We could assume that the core component of the 2µ plasmid 

segregation machinery is the tethering to the host chromosome and the microtubules helps the 

positioning and equal repartition of the plasmid between mother and daughter cells. Given that 

plasmid copy number can be increased by rolling circle replication, even if the microtubule part 

of the segregation machinery is defective, the plasmid will be stable at the population level and 

plasmid copy number would be heterogenous. 

 

1.2.3.3 Plasmid copy number homeostasis. 

The copy number of the 2µ plasmid is approximately 60 in exponentially growing 

cells130. In association with miss-segregation events, this suggest that the replication of the 2µ 

plasmid is very efficient and is able to produce more than 2 copies of the 2µ plasmid per cell 

cycle34. Thanks to its origin of replication that is fired early in the S phase and the recruitment 

of host DNA replication machinery, the 2µ plasmid genome is replicated. We discussed above 

that the repartition between the mother and daughter cell is often not equal. Thus, the 2µ plasmid 

copy number homeostasis is crucial for the stability of 2µ plasmid. If it is too low the plasmid 

has a higher probability to be lost upon mitosis and if it is too high, the cell will die148. The 2µ 

plasmid amplification need the action of Flp1 recombinase. The FLP1 expression is inhibited 

by Rep1, Rep2 and Raf1. If the 2µ plasmid copy number is low, then the FLP1 repressors are 

not at a sufficient level to inhibit FLP1 transcription. Flp1 will induce the rolling circle 

replication thanks to multiple recombination event between the 2µ plasmid FRT sites. This leads 

to an increase in the number of plasmid copies148,149. However, no mechanism lowering the 2µ 

plasmid copy number are reported. We could assume that 2µ plasmid tend to accumulate in old 

mother cells as eccDNA50. 
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To our knowledge, no genomic studies have been done on the 2µ plasmid to better 

understand its relationship with its host. Using genomic approach and more precisely technique 

to access the conformation of DNA in the nucleus could help understand the interaction between 

the 2µ plasmid and its host genome. Moreover, such techniques can be used to identify novel 

nuclear plasmids. 

 

1.3 Unbiased genomic approach to identify and characterize novel ecDNA. 

The bloom of next generation DNA sequencing allowed high-throughput approach to 

be developed. It can be used to identify novel ecDNA and their physical relationships with host 

genome. 

 

1.3.1 Identifying extra chromosomal DNA, importance of unbiased approach. 

1.3.1.1 Whole genome sequencing and scaffolding 

Building the reference genome of an organism is an especially major step toward 

genomic analysis. The quality of future analysis depends on this process. In genomic analysis, 

we try to assign each read to a genomic locus. Alignment algorithm (such as Bowtie or 

minimap) search for the best match between a read and the reference genome. If a read is not 

found on the reference it is discarded and often tagged as a contaminant. This explains why the 

2µ plasmid is often not analysed in most genomic studies on S. cerevisiae since its sequence is 

not included in S. cerevisiae reference genome. As discussed above, there is a dogma on 

genomes. For eukaryotes, we expect multiple linear chromosomes and 

mitochondria/chloroplast small circular genome. For prokaryotes, we expect one circular large 

chromosome and several significantly smaller ecDNA corresponding to MGEs. However, 

several examples discussed above have genomic structures outside of this dogma (nuclear 

plasmids or V. cholerae). Once the DNA content of a supposedly pure sample of an organism 

is sequenced, scaffolding, and assembling software try to solve the puzzle and reconstruct the 

genome from the sequenced chunks. In details, the assembly of the genome is done by 

assembling overlapping regions of reads. Ideally, each read overlaps with one unique read at its 

extremities. However, and especially for eukaryotes, a percentage of the genome is present in 

multiple copy creating ambiguity. When assembly is over, often small contigs remain. They are 

often discarded because they often come from contaminants. But do they? If we were de-novo 

and naively assembling the genome of S. cerevisiae only using shotgun reads, the 2µ plasmid 
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would most certainly tag as a prokaryotic MGE The use of the 3D organisation of the DNA 

gives information on the physical proximity of DNA molecules and allow to remove ambiguity. 

 

1.3.1.2 Using 3D organisation of genomes to polish genome scaffolding and detect 

cellular compartment. 

1.3.1.2.1 Access the 3D organisation of genome: the Chromosome Conformation Capture 

method. 

When we extract DNA from a sample, we release DNA from its physical constraint, and 

we lose the 3D organisation information. The use of fixing agent that bridge covalently DNA 

with proteins allows the 3D organisation to be conserved upon constraints release. The aim of 

the Hi-C protocol is to create chimeric DNA molecules by bounding together the DNA 

molecules trapped in protein-DNA complexes. Often, the fixing agent is formaldehyde, but 

fixation protocol can be adapted based on the peculiar interactions we want to study. For 

instance, the double fixation using formaldehyde and EGS make long range contact easier to 

study. Then the protein-DNA complex are separated from each other using endonuclease 

(restriction enzyme150 or Micrococcal nuclease for the micro-C151) that will produce small 

protein-DNA complex encompassing DNA molecule that were physically close in the nucleus. 

The action of a DNA ligase fuses together the DNA molecule trapped in a protein complex. 

After reversing the crosslink and protein digestion, we end up with chimeric DNA molecule. 

Figure 19. Hi-C experimental procedures with the biotinylation represented in Lieberman-Aiden et al. 
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Chimeric compared to genomic DNA. The identification of the genomic loci found in the 

chimeric DNA molecule gives a pair of contact. From the list of all the contact pairs, we can 

determine contact frequencies between two loci. This process can be done on the whole 

genome152. The most common graphical output of Hi-C technique is the contact map (Figure 

20). The contact map is a square which sides represent the genome. If we draw a line starting 

from one side on the coordinate “a” and another line from an adjacent side on the coordinate 

“b,” the intersection of those two lines correspond to the contact frequency of “a” with “b.” The 

genome is divided in bins of a given genomic size. It means that we analyse the contact 

frequency between two genomic bins. The size of the bin depends on the Hi-C technique, the 

quality of the Hi-C library, the organism and how much DNA molecules have been sequenced. 

The smaller the bin is the more resolutive the contact map is. 3D organisation of genomes can 

also be used to better understand biological mechanism such as the condensation of DNA 

throughout the cell cycle153 or the homology search in the homologous recombination repair 

pathway154. It also has been used to locate episomal DNA in nucleus155 

Figure 20. Example of Hi-C contact map representing the whole genome(left) and only the chromosome IV. 

(right). We can distinguish the clustering of centromeres on the left panel (marked by black arrowhead); the 

peculiar cis signal of centromere of chromosome IV. And small domains on chromosome IV. (Delimited by black 

lines) 



Introduction / Unbiased genomic approach to identify and characterize novel ecDNA. 

47 

1.3.1.2.2 Physical proximity as a tool to polish genome assembly and assign DNA to 

compartment. 

Given that the DNA is a polymer, colinear sequences have higher contact frequency than 

sequences distant on the genome. 3D organisation of the genome can solve many ambiguity 

regarding the assembled genome156 (Figure 21). Moreover, DNA that is within the same 

compartment have a higher contact frequency than if they were in different compartment. If we 

plot the contact map of the nuclear genome and mitochondrial genome, two clear domains are 

visible 157. Such analysis can also be used to discriminate between a random contaminant and 

an ecDNA element. For instance, in S. cerevisiae the contact frequency between the 2µ plasmid 

and the nuclear genome is higher compared to the contact frequency between mitochondrial 

genome and nuclear genome. Moreover, ecDNA topology and organisation is accessible with 

Hi-C. The use of Whole Genome Sequencing and Hi-C together would allow de novo screening. 

for novel episomes in eukaryotes. It requires to recover what would be discarded in the first 

place. 

 

Figure 21. Contact maps adapted from Baudry at al. Contact maps generated using initial reference 

genome(left) and polished reference genome (right) with the help of Hi-C data. 
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1.3.2 Locating ecDNA in the nucleus. 

The Hi-C data is an all vs all technique, meaning that it quantifies physical contacts between 

all DNA molecules The Hi-C data can be analysed in a way to focus on the physical contacts 

made by a given ecDNA with its host genome. We could assume that ecDNA is randomly 

distributed in the nucleus but studies on EBV episomal DNA showed that EBV contact more 

frequently active region of the genome155. Moreover, the interaction between host and guest can 

have consequences on host genome organisation158. However, the signal of the extra 

chromosomal DNA can be diluted by the host genome. DNA sequencing is like a random pick 

without remit, there is more probability to sequence abundant DNA compared to rare DNA. For 

instance, EBV genome is 172 Kb and human genome is 3 Gb. An Hi-C derivatives exist and 

focuses on the physical contacts of the ecDNA vs the rest. We can cite the 4C-seq (one vs all)159 

or the Capture Hi-C (many vs all)47 technique that uses different experimental procedure 

compared to Hi-C but output contact pairs focused on the genomic loci of interest. The contact 

between extra chromosomal DNA and host genomes is often non randomly distributed and 

Figure 22.Contact map showing inter-contacts between S. cerevisiae chromosomes (roman capita number), 

the 2µ plasmid(2µ) and the mitochondrial (M.) genome. The log of contact frequency is represented here 

according to the colour scale. 
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hotspots can be identified16,155. Upon the identification of hotspots, one could wonder what 

defines a hotspot, is it its sequence? a host protein occupancy or any other determinant? 

 

1.3.3 Intersecting evidence from different approach to access mechanism of interaction. 

Reporting contact hotspot is a first step toward deciphering a mechanism of interaction 

between extra chromosomal DNA and host genome. This report highlights positions of interest 

on the host genome and looking for the common denominator between those regions can 

unravel key component of the strategy of extra chromosomal DNA to be maintained in host 

cell. The possibilities for genomic information to analyse is very vast since we can gather 

information on transcription, chromatin accessibility, nucleosomes organisation and protein 

Figure 23. Results adapted from Kim et al. 2020 showing contacts between EBV episome and its host genome. 
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occupancy. If we are lucky enough, some tracks will be informative16. A way to deal with 

multiple input information and sort between uninformative and informative genomic 

characteristics is to use artificial intelligence. Recently 160 , Zhang et al. were able to predict Hi-

C matrices in silico, using only genomic signals. If this kind of approach were to be used on 

extra chromosomal DNA and their physical contact frequency with host chromosome could be 

predicted by artificial intelligence, informative genomic characteristics would be identified 

without the bias of an experimenter choosing which genomic data to use. 

  

Figure 24. Comparison between experimental (left) and predicted (right) contact map adapted from Zhang et al. 
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1.4 PhD objectives 

The 2µ plasmid study peaked around 1980’s. The interest of research groups was mainly 

on its replication and its stability in its host cell. Along the way, the 2µ plasmid recombination 

machinery was used in the FRT/Flp technology. The stability of the 2µ plasmid was used to 

develop the first stable bio-engineered plasmid in S. cerevisiae. The interest for the 2µ plasmid 

slowly decayed. To our knowledge only 2 research groups in the world keep publishing on the 

2 µ plasmid. Many questions remain unanswered. The 2µ plasmid is most certainly a very 

optimised systems with intricate aspect of its stability. We can distinguish: the plasmid copies 

number homeostasis, the repartition of plasmid copies between mother and daughter and finally 

its strategy to overcome the mother-biased segregation. It is still not clear how the 2µ plasmid 

segregates to both daughter and mother cells. And more precisely how the 2µ plasmid overcome 

the mother-biased segregation and how the 2µ plasmid copies are reparteed between mother 

and daughter cells. Until now, no 3C studies have been conducted on the 2 µ plasmid precisely. 

The 2µ plasmid have been overlooked in all previous 3C studies on S. cerevisiae, mainly 

because its sequence is excluded from the S. cerevisiae reference genome, and it is a decaying 

research study. I focused on the relationship between the 2µ plasmid DNA and its host 

chromatin. Here we used published dataset to scan many biological conditions and rule out 

some hypotheses. We produced a model explaining the tethering of the 2µ plasmid on its host 

chromosome. The tethering could be mediated by the histone H4 tail and occurs on long inactive 

host genomic regions. We decided to test our model with artificial biology approach. The 2µ 

plasmid was titrated from the host chromosome by the presence of a 1Mb long inactive artificial 

chromosome which is linearized Mycoplasma mycoides with telomeres, an origin of replication 

and a selection marker. 
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2 Results I: 2µ plasmid pre-print. 

The following pages are from the pre-print article we recently published on biorxiv161. 

This works is the result from contributions of several scientists. My PhD directors and myself 

conceptualised the project, wrote the manuscript and designed the panels. All the analysis of 

published dataset were done by my co-director Axel Cournac. The FISH experiments were 

conducted by Myriam Ruault and Antoine Even in Angela Taddei’s laboratory at Institut Curie, 

while the mycoplasma strain I used was constructed by Léa Meneu. The amoeba cells were 

cultured and chemically fixed by Sandrine Adiba at ENS Ulm. Finally, all new Hi-C 

experiments and their analysis were done by me, with experimental and computational training 

by Agnès Thierry and Axel Cournac, respectively. 

The results also have been presented in several scientific gatherings: 

• Oral presentation at the EMBO workshop: “the yin and yang of chromosomal 

and extra-chromosomal DNA” (2022, Ascona) 

• Oral presentation at the third symposium on fungal genetics in IDF (2022, Paris) 

• Oral presentation at the doctoral school day (2023, Paris) 

• Oral presentation at a “Work in Progress” (WIP) from the genomes & genetics 

department of Institut Pasteur. (2022, Paris) 

• Oral presentation at the “Yeast Club” of Paris (2022, Paris) 
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2.1 Abstract 

Natural plasmids are common in prokaryotes, but few have been documented in 

eukaryotes. The natural 2µ plasmid present in budding yeast Saccharomyces cerevisiae is one 

of the most well characterized. This highly stable genetic element coexists with its host for 

millions of years, efficiently segregating at each cell division through a mechanism that remains 

poorly understood. Using proximity ligation (Hi-C, Micro-C) to map the contacts between the 

2µ and yeast chromosomes under dozens of different biological conditions, we found that the 

plasmid tether preferentially on regions with low transcriptional activity, often corresponding 

to long inactive genes. Common players in chromosome structure such as members of the 

structural maintenance of chromosome complexes (SMC) are not involved in these contacts 

which depend instead on a nucleosomal signal associated with a depletion of RNA Pol II. These 

contacts are stable throughout the cell cycle and can be established within minutes. This strategy 

may involve other types of DNA molecules and species other than S. cerevisiae, as suggested 

by the binding pattern of the natural plasmid along the silent regions of the chromosomes of 

Dictyostelium discoideum. 

Keywords: eukaryotic plasmid; Hi-C; hitchhiking; S. cerevisiae; budding yeast; 

Dictyostelium; chromosome organization; cell cycle; SMC; transcription; chromatin; 

epigenetics. 
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2.2 Introduction 

The way in which mobile DNA elements, such as plasmids, viruses, and transposons, 

are maintained within their hosts is a key question for understanding their phenotypes and their 

impact. Many eukaryotic DNA viruses are pathogens that can represent public health issues 

Some can even be retained over an extended period of time in the nucleus through several 

mechanisms. For instance, the hepatitis B virus (HBV) can integrate into the genome and 

remain in a latent state for very long periods (Dias et al., 2022). The Epstein Barr virus (EBV) 

of the herpesvirus family remains as an episome in the nucleus able to replicate and hitchhike 

on host chromosomes thus vertically transferred throughout cell division (Coursey and 

McBride, 2019; Kim et al., 2020). In contrast, few examples of plasmids naturally present in 

eukaryotic nuclei have been documented (Esser et al., 2012). To our knowledge, only two 

families of natural plasmid present in eukaryotic nuclei have been clearly identified and 

characterized: the Saccharomyces cerevisiae 2μ plasmid (Sau et al., 2019) and derivative in 

other ascomycota species, and the Ddp plasmid family in the social amoeba Dictyostelium 

discoideum (Rieben et al., 1998; Shammat et al., 1998). Why such a small number of plasmids 

remains unclear: either these objects have been less studied and are overlooked in sequencing 

data, or eukaryotes have developed sufficiently effective protection and/or defence 

mechanisms. In either case, it is not yet clear how these molecules are maintained across 

generations. 

The 2μ plasmid is one of the most studied examples of a selfish DNA element, i.e. a 

molecule that does not appear to confer any fitness advantage on its host, without imposing a 

significant cost (Mead et al., 1986). The 6.3 kb sequence, named after its contour length when 

observed with electron microscopy (Sinclair et al. 1967), is replicated by the host replication 

machinery (Zakian et al., 1979). It is present in most S. cerevisiae natural isolates and laboratory 

strains (Peter et al., 2018) suggesting a very efficient and successful persistence mechanism. It 

encodes a partitioning system that includes Rep1 and Rep2, two proteins that associate with the 

plasmid STB repeat sequence that is essential for plasmid stability (McQuaid et al., 2019) and 

a specific recombinase Flp1. The origin of this plasmid is not well known. Various clues could 

point to the origin of bacteriophages. The specific Flp1 recombinase is a tyrosine recombinase 

like the Cre recombinase of bacteriophage P1. It has also been shown that bacteria can naturally 

transform S. cerevisiae yeast by conjugation (Heinemann and Sprague, 1989) making possible 

a transfer between different species of genetic material that evolved into the 2µ plasmid we 

know today. Several works point at a ‘chromosome hitchhiking’ mechanism by which the 

https://www.zotero.org/google-docs/?x9nQ2t
https://www.zotero.org/google-docs/?8GtRd9
https://www.zotero.org/google-docs/?8GtRd9
https://www.zotero.org/google-docs/?8GtRd9
https://www.zotero.org/google-docs/?w2iVze
https://www.zotero.org/google-docs/?Zvp3wQ
https://www.zotero.org/google-docs/?MIN01j
https://www.zotero.org/google-docs/?MIN01j
https://www.zotero.org/google-docs/?L66MEt
https://www.zotero.org/google-docs/?Cm2b91
https://www.zotero.org/google-docs/?UU4mKF
https://www.zotero.org/google-docs/?NWVB1l
https://www.zotero.org/google-docs/?25sCu7
https://www.zotero.org/google-docs/?25sCu7
https://www.zotero.org/google-docs/?vOjoqe
https://www.zotero.org/google-docs/?vOjoqe
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plasmid binds to the chromosomes of the host, taking advantage of its segregation machinery 

during cell divisions (Sau et al., 2019). Microscopy investigations show that the 2µ plasmid 

colocalizes with the host chromatin, though its precise nuclear localisation remains unclear, 

with studies suggesting either a preferential position at the centre of the nucleus (Heun et al., 

2001), or in nuclear periphery close to telomeres (Kumar et al., 2021). 

De novo calling of DNA contacts between molecules is difficult to achieve with 

microscopy but can be done using capture of chromosome conformation approaches such as 

Hi-C (Lieberman-Aiden et al., 2009, Hsieh et al., 2016). We therefore used Hi-C and Micro-C 

data to map and quantify the plasmid physical contacts with the host chromosomes. We show 

that the plasmid contacts a set of discrete loci that remain remarkably stable in multiple growth 

and mutant conditions. The set of contact hotspots corresponds to relatively long, inactive 

regions. These contacts can evolve within a few minutes following environmental stress and 

depend on the nucleosomal H4 basic patch. Strikingly, a Mb long inactive artificial bacterial 

chromosome was able to bind plasmid molecules from their native binding positions, 

illustrating how the plasmid is spontaneously attracted by inactive chromatin, whatever its 

origin. Overall, these results point to the existence of a segregation mechanism whereby the 

plasmid may recognize a signal associated with chromatin structure to bind to the inactive 

chromatin regions of its hosts in a reversible way. 

Very few eukaryotic plasmids have been identified. Other Saccharomycetaceae, such as 

the Lachancea species Lachancea fermentati and waltii that have diverged from Saccharomyces 

for over 100 My ago also display episomes homologous to the 2µ. Further in the phylogenetic 

tree, the amoeba Dictyostelium discoideum contains the Ddp5 plasmid. We show that these 

episomes also preferentially tether to inactive regions, suggesting that this may be a widespread 

strategy for eukaryotic plasmids to ensure their correct segregation during cell division in a way 

that does not disrupt host regulation. 
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https://www.zotero.org/google-docs/?Bx4sxJ
https://www.zotero.org/google-docs/?Bx4sxJ
https://www.zotero.org/google-docs/?DewKkx
https://www.zotero.org/google-docs/?mYF4L0
https://www.zotero.org/google-docs/?vmp5I4


Results I: 2µ plasmid pre-print. 

57 

2.3 Results 

2.3.1 Chromatinization and 3D folding of the 2µ plasmid. 

The 2µ plasmid sequence is typically filtered (or overlooked) from Hi-C analysis and 

more generally from any high-throughput sequencing data. We therefore revisited ten years of 

datasets to explore this overlooked sequence. Using Micro-C, a high-resolution Hi-C derivative 

that quantifies DNA contacts at the nucleosomal level (Hsieh et al., 2016; Swygert et al., 2019), 

we generated a plasmid contact map at 200 bp resolution from cells in exponential growth (Fig. 

1a; Methods). The cis-contacts map revealed four small self-interacting regions corresponding 

to the four plasmid genes, reminiscent of the pattern observed at the level of active 

chromosomal genes (Hsieh et al., 2016). The ~1 kb STB-ORI region, positioned in between the 

RAF1 and REP2 genes, appeared as a constrained region with a stronger local enrichment in 

short range contacts. H3 chemical cleavage data (Chereji et al., 2018) shows the regular 

distribution of nucleosomes along the genes, with nucleosome free regions at transcription start 

sites (TSS) and an even distribution along the open reading frames (Fig. 1b), showing that the 

chromatin of the plasmid is similar to that of its host. RNA-seq data highlight a relatively low 

transcriptional activity of the 4 genes (taking into account its size and the number of copies per 

cell, the level of transcription of 2µ plasmid is 10 times less than the average for its host), and 

the presence of non-coding RNA as previously identified (Broach et al., 1979) (Fig. 1b). 

Finally, chromatin accessibility assessed by ATAC-seq confirms that the intergenic regions are 

the most open regions of 2µ plasmid (Fig. 1b). The cis-acting plasmid partitioning locus STB 

appears to be the most accessible region, which supports the notion that it acts as a gateway for 

known recruited host proteins (Chan et al., 2013). Note that no enrichment of the centromeric 

histone H3-like protein Cse4 was found on the plasmid sequence (Supplementary Fig. 1). 

Overall, these signals confirm that the chromatin composition and organization of the 2µ 

plasmid is very similar to that of its host’s chromosomes (Nelson and Fangman, 1979). Discrete 

contacts between the 2µ plasmid and host chromosomes. To directly monitor the contacts made 

by the 2µ with the yeast genome, we plotted the relative contact frequencies between the 

plasmid and 16 yeast chromosomes from exponentially growing cells (Swygert et al., 2019) 

(Fig. 1c, blue curve; Supplementary Fig. 2). These curves can also be represented using a 

chromosomal heatmap diagram coloured along its linear axis according to a scale that reflects 

contact frequencies (Methods; Fig. 1c, d, chromosomal shapes; Methods). 

The 2µ plasmid contacts with the hosts chromosomes were not evenly distributed, as 

reflected by the curve peaks (dotted black boxes) and darker stripes along the chromosomal 

https://www.zotero.org/google-docs/?ovj4tx
https://www.zotero.org/google-docs/?f1Jn5D
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https://www.zotero.org/google-docs/?broken=H2UeAa
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diagrams that represent hotspots of contacts (Fig. 1c, black triangles). A peak-calling 

algorithm yielded 73 such hotspots along the 16 host chromosomes, with most (66/73) located 

within chromosome arms, and 7 (more than randomly expected: 9.5% versus 3.9%) in sub 

telomeric regions (Methods). In contrast with past findings drawn from imaging approaches, 

centromeres were on average depleted in contact with the 2µ (Fig. 1e). The contact pattern 

measured by Hi-C correlates very well with the Rep1 occupancy signal measured by ChIP-seq 

(Supplementary Fig. 3), supporting that the plasmid is indeed positioned in the close vicinity 

of discrete loci within the yeast genome. In contrast, a plasmid carrying a yeast centromeric 

sequence colocalizes near the SPB with the 16 yeast centromeres and displays contacts only 

with these regions (Supplementary Fig. 4a). A replicative plasmid devoid of centromere 

(pARS) displays relatively even contacts throughout the genome and does not show contact 

enrichment around the regions identified with the 2µ plasmid (Fig. 1d, Supplementary Fig. 

4b). Altogether, these data show that the 2μ makes specific, discrete contacts with dozens of 

loci interspersed over the entire genome, excluding pericentromeric regions. 

 

2.3.2 REP1 and STB sequence are necessary for the specific attachment and stability. 

The dimer Rep1/Rep2 has been shown to associate with the plasmid STB sequence to 

promote partitioning during cell division and both STB and REP1/REP2 are required for the 

plasmid stability in host cell (McQuaid et al., 2019; Mereshchuk et al., 2022). We therefore 

tested whether the distribution of contacts along the genome was dependent on these partners 

by generating Hi-C data of cells with a 2µ plasmid mutants lacking either REP1 or the STB loci 

(Kikuchi, 1983; McQuaid et al., 2019) (Methods). These mutant plasmids are unstable 

(McQuaid et al., 2019) and carry a marker gene to be retained in the cell. This instability is 

reflected by a relatively low copy number per cell, which can be assessed from the proportion 

of reads from 2μ in each library (Supplementary Fig. 5). In both mutants, there is no contact 

enrichment around the previously identified hotspots (Supplementary Fig. 6 a, b). Moreover, 

a plasmid mutant lacking only FLP1 shows contact enrichment around the identified hotspots 

(Supplementary Fig. 6 c) which indicates that this recombinase is not involved in establishing 

the specific contacts. These experiments show that the Rep1 protein and the STB sequence are 

essential for the establishment and/or maintenance of contacts between 2µ and specific regions 

of its host chromosomes. 
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2.3.3 Plasmid/chromosomes contact regions are stable under a range of conditions. 

The diversity of published Hi-C and Micro-C experiments and the ubiquitous nature 

of the 2µ plasmid in yeast strains allowed sifting through existing data to detect variations 

in contact patterns between different genetic backgrounds, cell cycle stages, growth, and 

metabolic states. Laboratory strains (W303 and S288C) and natural strains (BHB and Y9, 

(Peter et al., 2018)) displaying high or low copy number of plasmids respectively presented 

nearly identical contact hotspots profiles (Supplementary Fig. 7a,b) (Methods). Furthermore, 

most hotspots were conserved throughout the mitotic cell cycle (Fig. 1f) (Costantino et al., 

2020; Lazar-Stefanita et al., 2017) as well as during meiosis prophase (Supplementary Fig. 8) 

(Muller et al., 2017; Schalbetter et al., 2019). A small general increase in contact variability was 

observed at the later stages of meiosis prophase, which could reflect increased compaction and 

segregation of chromosomes into spores. The hotspot pattern was also conserved upon the 

degradation of chromatin associated protein complexes including members of the structural 

maintenance of chromosome (SMC) family cohesin and condensin (Fig. 1g), known to organize 

host genome (Bastié et al., 2022; Dauban et al., 2020) and proposed to be involved in 2µ plasmid 

stability (Kumar et al., 2021); in cells lacking the silencing complex member Sir3 

(Supplementary Fig. 7c) that is able to act as a bridging complex (Ruault et al., 2021); or in 

cells depleted for the DNA replication initiation factor Cdc45 that reach mitosis without 

replicating (Dauban et al., 2020) (Supplementary Fig. 7c). The pattern of interaction was also 

conserved in cells treated with nocodazole (Supplementary Fig. 7c). Previous reports pointed 

that nocodazole treatment impaired the recruitment of Cse4 (Hajra et al., 2006), Kip1 or 

microtubule associated proteins Bim1 and Bik1 (Prajapati et al., 2017) meaning that those host 

factors are not involved in the anchoring of the 2µ plasmid on host chromosomes. The profile 

of contact of 2µ plasmid and host chromosomes appear very similar in other biological 

conditions like with double strand break (DSB) (Piazza et al., 2021), with hydroxyurea (HU) 

treatment (Jeppsson et al., 2022) and in different genetic mutants (Supplementary Fig. 7c).In 

sharp contrast, most hotspots were strongly attenuated in quiescent cells (Guidi et al., 2015; 

Swygert et al., 2021) (Fig. 1g), when the cells dramatically alter their transcription program 

(McKnight et al., 2015) and genome organization (Guidi et al., 2015; Swygert et al., 2021). The 

later observation prompted us to explore more closely the links between transcription and the 

plasmid-chromosomal contacts. 
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2.3.4 The 2µ preferentially tethers to inactive regions along the host’s chromosomes. 

To explore the links between transcription and plasmid contacts (Fig. 2a), we first 

plotted the individual hotspots windows ordered by peak strength along with the corresponding 

transcription level and gene size annotation. This analysis reveals a contact enrichment with 

poorly transcribed regions often extending over several kbs (Fig. 2b), corresponding to 

relatively long genes (e.g., >4kb, to compare to a genome wide gene size median of 1kb) (Fig. 

2b). They include 15 of the 19 genes longer than 7 kb that are non-expressed in these growth 

conditions, with the remaining four being transcribed. A statistical analysis shows that 2µ 

plasmid binding depends on the level of transcription and the size of the gene (Supplementary 

Fig. 9). We piled-up the contacts made by the 2µ plasmid, and 80 kb windows centered on the 

73 peaks called on the contact profile, along with the pile-up transcription pattern of the 73 

regions, revealing a strong depletion centred on the contact hotspot (Fig. 2c; Methods). The 

average GC% of the hotspots sequences is slightly lower than the genome average (36.8% 

versus 38.2%) (Fig. 2d), and no consensus was identified when processing hotspots sequences 

using MEME algorithm (Bailey et al., 2015) (Methods). A magnification of contact distribution 

over the long inactive genes revealed a maximum enrichment in the middle of the sequence 

(e.g., DYN1 on Fig. 2a, Fig. 2e). In addition, the regions contacted by 2µ are not enriched in 

cis or trans contacts with each other, suggesting they do not colocalize in the nuclear space (Fig. 

2f, Supplementary Fig. 10a). Finally, the contact signal measured by Micro-C reveals an 

enrichment in short-range contacts at the hotspots (Supplementary Fig. 10b). 

 

2.3.5 Plasmid tethering is quickly reversible. 

We then explored the dynamics of plasmid chromosome anchoring. To do this, we 

induced heat shock stress, known to modify transcriptome, chromatin state and protein-genome 

interactions (Kim et al., 2010; Vinayachandran et al., 2018), by transferring exponentially 

growing cells at 25°C to 37°C medium (Methods).Five minutes after heat shock, changes in 

the contact signal of 2µ plasmid were already observed. For instance, the contacts between the 

2µ plasmid and the UTP20 gene (with a size of 7.4 kb) were strongly increased (Fig. 2g), while 

contact enrichment at the locus of FIR1 and RZG8 genes (with sizes of 2.6 kb and 3.2 kb) 

disappears (Fig. 2g). Precise kinetics with 4 time points show how contact points can appear 

(Supplementary Fig. 11a) or disappear (Supplementary Fig. 11b) in a matter of minutes. 

These results show that the plasmid can relocalize quickly to discrete regions. 
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2.3.6 2µ plasmid tether to exogenous artificial inactive chromatin 

To further support the relationship between chromatin inactivity and 2μ contacts, we 

explored the plasmid behaviour in presence of a Mb-long exogenous sequence. The plasmid 

positioning in strains carrying the linearized sequence of the Mycoplasma mycoides (Mmyco) 

chromosome as supernumerary, artificial chromosome, was investigated using Hi-C (Chapard 

et al., 2023) (Lartigue et al., 2009) (Fig. 2h). Mmyco presents highly divergent sequence 

composition, as reflected by its GC% (24% to compare with yeast 38%). It is chromatinized by 

well-formed nucleosomes, imposes little fitness cost to the yeast, and segregates properly. 

Mmyco AT-rich sequence is devoid of transcription and shows no enrichment in RNA Pol II 

(Chapard et al., 2023). Strikingly, contacts between the 2µ sequence and the entire length of 

Mmyco's inactive 1.2Mb sequence were 6- f o l d  higher than the average value on wild-type 

chromosomes. Our past work demonstrated that the Mmyco chromosome adopts a globular 

shape at the nuclear periphery (Chapard et al., 2023). In absence of Mmyco, the plasmid appears 

as several foci distributed in the nucleoplasm as previously reported (Heun et al., 2001; 

Velmurugan et al., 1998). In contrast, in the presence of the Mmyco, most of the 2µm signal 

concentrates and colocalizes with the bacterial chromosome., (Fig. 2i). This result demonstrates 

that the Hi-C data reflects titration of the 2µ plasmid from their hotspots by the long inactive 

sequence and shows that inactivity is one of the primary conditions of plasmid relocalization to 

a sequence. In addition, this result also demonstrates that the contacts quantified using Hi-C 

between the 2µ plasmid and genomic DNA do indeed correspond to physical relocalization of 

the molecules. We also analysed contacts between the 2µ and an artificial 9 kb array consisting 

of 200 lacO binding sites derived from Escherichia coli and introduced in chromosome VII 

(Guérin et al., 2019). The LacO array, which has a GC content of 41%, is not transcribed and is 

recognized by the DNA-binding repressor LacI put under the control of an inducible promoter 

(Guérin et al., 2019) (Methods). When LacI is not present, we observe a peak of contact but 

upon LacI binding, the array is not a contact hotspot anymore (Fig. 2j). These observations 

further support that a long (>9 kb) inactive region from a different organism but with a similar 

GC content than S. cerevisiae can be a contact hotspot for the 2µ plasmid. It has been shown 

that a high level of LacI binding results in nucleosome eviction (Loïodice et al., 2021). The 

observation that specific contact is lost when the LacI protein is attached to the region suggests 

that the resulting large nucleosome-free region could be responsible for the detachment of the 

2µ plasmid. 
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2.3.7 Characterisation of hot spots of contact of the 2μ plasmid 

To further characterize the composition of the regions contacted by the 2μ plasmid, we 

computed the average enrichment of various genomic signals (ChIP-seq, MNAse-seq, 

ATAC-seq) over the 73 contact hotspots. For example, we computed the histone H3 ChIP-seq 

average signal and observed an enrichment at the hotspots (Fig. 3a). In agreement with the 

transcriptional inactivity of the hotspots, chromatin accessibility (ATAC-seq) (Lee et al., 2018) 

shows that these regions are less accessible compared to the rest of the host genome (Fig. 3b). 

To determine the chromatin composition of the chromosomal regions contacted by the 2µ 

plasmid, we also took advantage of a recently generated ChIP-exo dataset to screen for the 

deposition of ~800 different proteins or histone marks along the S. cerevisiae genome (Rossi et 

al., 2021). For each genomic signal, the deposition profiles over the 73 contact hotspots were 

aggregated and tested for enrichment or depletion (Methods). In agreement with the low 

activity of the tested regions, most of the proteins associated with active transcription (e.g., 

general transcription factors or proteins of the SAGA complex) were depleted (Fig. 3c). On the 

other hand, histones H3, H2B, and histone marks like H3K79me3 and H3K36me3, were the 

only signals that were enriched over the contact hotspots (Fig. 3c). We tested for the influence 

of both marks by characterizing the plasmid contacts in absence of either Set2 or Dot1 

methylase. Absence of Dot1, responsible for H3K79 methylation, did not affect plasmid 

hotspots of contact (Fig. 3d). In absence of Set2, which methylates H3K36, long genes are 

known to be derepressed (Li et al., 2007). Although contact specificity for the 2µ plasmid is 

still detectable in this mutant (Fig. 3d, Supplementary Fig. 12b), long genes have their contact 

signal with the 2µ plasmid greatly reduced while the level of transcription is slightly increased 

(Supplementary Fig. 12c). Therefore, these experiments further confirm that transcription 

activity is linked to plasmid contact profile. In absence of silent regions, the plasmid appears to 

relocalize to the telomeric regions (Supplementary Fig. 12b). The 2µ plasmid contact profile 

with the genome is also independent of remodeler complexes RSC2 or RSC1, and the 

centromere labelling protein HST2 (Supplementary Figure 12d). RSC2 was shown to be 

essential for the 2μm maintenance (Wong et al., 2002). We observed indeed a significant drop 

in the number of plasmids per cell in this mutant (Supplementary Fig. 5). However, its 

attachment to host chromosomes remain unchanged (Supplementary Figure 12d) suggesting 

that the mode of action of RSC2 is not directly linked to plasmid attachment. It was also shown 

for non-centromeric DNA circles that HST2 deacetylase was important for their condensation 

and propagation to daughter cells (Kruitwagen et al., 2018). However, we did not detect any 

changes in the contact profile of the HST2 deletion mutant (Supplementary Figure 12d). 

https://www.zotero.org/google-docs/?rfkYIg
https://www.zotero.org/google-docs/?PuoFNJ
https://www.zotero.org/google-docs/?PuoFNJ
https://www.zotero.org/google-docs/?0TWLzK
https://www.zotero.org/google-docs/?cWUWuR
https://www.zotero.org/google-docs/?Z599F2
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Finally, the 2µ contact profile with the genome is also independent of the main chromatin 

remodelers, as shown by the lack of variation that follows degradation using auxin-inducible 

degron (AID) of Spt6, Isw1, Swr1, Fun30, Ino80, Chd1, and Isw2 (Jo et al., 2021) 

(Supplementary Figure 12d). 

 

2.3.8 Plasmid anchoring depends on the H4 basic tail. 

A recent study suggested that chromatin folding at the nucleosomal level is altered when 

five basic amino acids of histone H4 tail (basic patches aa 15 to 20) are converted into alanine 

in a mutant called H4 5toA (Swygert et al., 2021). This change takes place without affecting 

transcription of the contact hotspots identified in WT condition (Supplementary Fig. 13 a). 

The 2µ plasmid contacts with chromosomes in the H4 5toA mutant were quantified using Hi-

C (Fig. 3e). No more contact enrichment on hotspots was detected (Fig. 3f), suggesting that 

the 2µ plasmid contact hotspots depend on the presence or composition of the H4 tail basic 

patch. Importantly, in the H4 5toA mutant, transcription is not modified on the contact hotspots 

compared to WT condition (Supplementary Fig. 13 a). This result shows that the plasmid - 

chromosome contacts can be suppressed not only by transcription activation, but also only 

through an alteration of the nucleosome H4 tail basic patch. The same analysis was replicated 

in quiescent cells: in that condition, the remaining contact specificity between the 2µ plasmid 

and the 73 hotspots is also lost (Supplementary Fig. 13 d), suggesting the tail patch or more 

generally chromatin folding plays an important role in their maintenance. A careful analysis 

showed that the Rep1 ChIP-seq signal is 90° phase-shifted with nucleosome position, (Fig. 3g) 

suggesting that Rep1 is not randomly contacting the host chromatin but is positioned in relation 

to the distribution of nucleosomes along the chromatin fibre. Taken together, these results point 

to a model in which Rep1/Rep2 proteins localise to large regions that both are transcriptionally 

inactive and display a nucleosome signal carried by the H4 tail (Fig. 4a). Note that these two 

features could be two faces of the same coin since transcription disturbs nucleosome 

distributions and could affect the histone signal specificity. 

 

2.3.9 Other eukaryotic plasmids tethers to inactive chromatin 

To assess whether this mechanism of binding to inactive sequences might concern other 

eukaryotic plasmids with "selfish" appearance, we analysed contact profiles of Lachancea 

fermentati and Lachancea waltii which also host natural plasmids related to the 2µ plasmid. In 

https://www.zotero.org/google-docs/?broken=PjAg1z
https://www.zotero.org/google-docs/?PGj53P
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these 2 organisms, we can also detect foci of contacts distributed across all the host 

chromosomes, far from the centromeres, and with also a bias towards long genes (Fig. 4b, 

Supplementary Fig. 14a). We also quantified the contacts made by the Ddp5 plasmid with 

Dictyostelium discoideum chromosomes (Rieben et al., 1998). We performed Hi-C experiment 

on D. discoideum cells in vegetative state and measured the trans contacts between Ddp5 

plasmid and its host chromosomes similarly to the 2μ plasmid experiment (Fig. 4c, 

Supplementary Fig. 14c, d). Around a hundred hotspots were detected on the contact profile 

(Methods). We computed the averaged transcription profile over windows containing these 

hotspots (Wang et al., 2021), the regions display reduced transcription compared to the rest of 

the genome (Fig. 4c), reminiscent of the 2µ plasmid hotspots. 

  

https://www.zotero.org/google-docs/?DE0nL2
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2.4 Discussion 

In this work, we exploit overlooked genomic datasets to confirm that the 2μ plasmid 

chromatization is highly very similar to its host, potentially contributing to its long co-existence 

within its host's nucleus (Lieberman, 2006). We also investigated using chromosome 

conformation capture data the physical contacts between the 2µ plasmid and its host’s 

chromosomes, revealing that the 2µ plasmid interacts to discrete positions along their arms. 

Most contact hotspots consist in long, poorly transcribed regions depleted in proteins of the 

transcription machinery or known DNA binding complexes and might be associated with 

nucleosome signals as it depends on the tail of histone H4. 

Previous reports have pointed out that the STB region on the 2µ plasmid recruits several 

yeast factors necessary for its segregation into the two daughter cells, including Cse4 (Hajra et 

al., 2006), the microtubule associated proteins Bim1 and Bik1, and the motor protein Kip1 

(Prajapati et al., 2017). The disruption of microtubules using nocodazole led to the depletion of 

these proteins at STB region and generated plasmid missegregation (Prajapati et al., 2017), 

suggesting that those factors are important for the proper repartition between mother and 

daughter cells. However, HiC contact maps in presence of nocodazole treatment show that the 

plasmid remains bound to host chromosomes, indicating that these factors are not needed to 

maintain attachment. Moreover, condensin (Kumar et al., 2021) and cohesin (Mehta et al., 

2002) were also proposed to be necessary for the plasmid propagation, but our data show that 

chromosome binding is independent of any both complexes. It cannot be ruled out that these 

proteins are useful to the 2µ plasmid but for other processes. 

Observations obtained during heat shock experiments show that the kinetics of this 

system are of the order of a few minutes. These rapid kinetics are hardly compatible with 

processes for writing or erasing epigenetic marks. For example, it has been shown using 

optogenetic control of Set2 that the histone mark H3K36me3 has a writing and erasing time of 

around 30 minutes (Lerner et al., 2020). More generally, these experiments show that the 

attachment of the 2µ plasmid is dynamic and non-specific to a DNA sequence, suggesting a 

high adaptability that can quickly adjust to the host metabolism. 

Our experiments point to a model where the 2µ plasmid recognises through the 

REP1/REP2 proteins complex a structural signal involving several nucleosomes in the least 

active regions of its host chromosomes. The nature of this signal involves the basic tail of 

histone H4 but remains to be characterized. Since the 2µ plasmid binds to relatively long 

https://www.zotero.org/google-docs/?obkusl
https://www.zotero.org/google-docs/?sV4xd9
https://www.zotero.org/google-docs/?sV4xd9
https://www.zotero.org/google-docs/?kpfBEf
https://www.zotero.org/google-docs/?ElqQ4Z
https://www.zotero.org/google-docs/?ElqQ4Z
https://www.zotero.org/google-docs/?G22DQX
https://www.zotero.org/google-docs/?2nkQG1
https://www.zotero.org/google-docs/?2nkQG1
https://www.zotero.org/google-docs/?H9PbL6


Results I: 2µ plasmid pre-print. 

66 

inactive regions, a possibility is that chromatin geometry plays a role in the attachments. For 

instance, the 2µ plasmid system may recognize specific chromatin fibre patterns, such as the 

alpha or beta nucleosome motifs recently characterized in Hi-CO (Ohno et al., 2019). The 

positioning along silent regions would allow it not to interfere with the biological processes of 

its host and thus to preserve a certain neutrality that may account for its low fitness costs and 

its long cohabitation with S. cerevisiae. 

The present results presented here are also molecular experimental evidence in favour 

of the hitchhiking model (Sau et al., 2019) which proposes that the 2µ plasmid physically 

attaches to the chromosomes of its host in order to take advantage of all the machinery and 

chromosome movements during segregation. The probability of contact between two different 

molecules (inter chromosomal contacts) is very low from a thermodynamic point of view. The 

fact that we observe robust contact enrichment between the 2µ plasmid and the identified host 

positions is a strong indication that the plasmid must be physically attached to these positions. 

Interestingly, we observed very similar behaviour in other natural plasmids present in 

the nuclei of other eukaryotes: notably in the yeasts L. waltii and L. fermentati, but also in the 

amoeba D. discoideum, which is equidistant on the phylogenetic tree from the yeast S. 

cerevisiae and the human. The positioning characteristics of plasmid Ddp5 in D. discoideum 

are very similar to those we have demonstrated in S. cerevisiae (long non-transcribed regions). 

This suggests that the mechanism used may be the same between these different organisms. 

Whereas the CRISPR-cas9 system is based on a recognition mechanism that relies on a precise 

DNA sequence, the host-parasite system studied here seems to reveal a specificity mechanism 

based on a structural signal involving several nucleosomes. We envision that other biological 

processes depend on information encoded in nucleosomal availability and/or chromatin folding 

notably chromosome attachment of certain DNA viral episomes like Epstein Barr virus (EBV) 

(Kim et al., 2020) or Kaposi’s sarcoma-associated herpesvirus (KSHV) or other 

extrachromosomal circular DNA (eccDNA) (Møller et al., 2015). 
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2.6 Material and Methods 

2.6.1 Strains and medium culture conditions 

The genotype and background of strains used in this study are listed in the strain table 

(Supplementary Table 3). The jhd2::KANMX4, set2::KANMX4, dot1::KANMX4, 

rsc1::KANMX4, rsc2::KANMX4, hst2::KANMX4 strains were made using PCR amplified 

regions of strain from EUROSCARF collection. The diploid strain containing Mycoplasma 

chromosomes were made by crossing a strain containing a CRISPR linearized version of 

Mycoplasma chromosomes with BY4742. Culture media Liquid YPD media (1% Yeast extract, 

2% peptone, 2% Glucose), containing 200 µg.mL-1 of Geneticin (Thermofisher CAT11811031) 

or not, and SD-HIS (0.17% Yeast Nitrogen Base, 0.5% Am-monium Sulfate,0.2% artificial 

dropout lacking histidine and 2% Glucose) were prepared according to standard protocols. 

Dictyostelium discoideum cells were cultured in 20 ml autoclaved SM medium (per L: 10g 

glucose, 10g proteose peptone, 1g yeast extract, 1g MgSO4*7H2O, 1.9g KH2PO4, 0.6g K2HPO4) 

with dead Klebsellia pneumoniae at 20°C and 130 rpm. After 4 days of growth, cells were 

centrifuged at 300 rpm during 10 min before performing Hi-C procedure. 

 

2.6.2 Heat-shock experiment. 

Fresh YPD media was inoculated with overnight culture of C+ BY4741 cells (YPD, 

25°C) and grown at 25°C. When the culture reached 107 cells.mL-1, heat shock was applied by 

adding warm (65°C) fresh YPD media to shift media temperature from 25°C to 37°C. Cells 

were grown at 37°C and cells were extracted at different timepoints for Hi-C and ChIP-seq.  

 

2.6.3 ChIP-seq procedure. 

ChIP was performed as described previously (Hu et al., 2015) without calibration strain. 

15 OD600 unit of S. cerevisiae (approximately 1,5.108 cells) were harvested from an 

exponentially growing culture. Cell lysis was performed using Precellys in 2mL VK05 tubes 

and the sonication was performed on a Covaris S220 system as described previously (Piazza et 

al., 2021). To pull down Rep1 protein we used a polyclonal antibody, production has been 

previously described (Sengupta et al., 2001). Pull down chromatin was purified and prepared 

for paired end sequencing as described previously (Bastié et al., 2022). 

 

https://www.zotero.org/google-docs/?TM9hUw
https://www.zotero.org/google-docs/?oKSreN
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2.6.4 FISH 

FISH (Fluorescence In Situ Hybridization) experiments were performed as in (Gotta et 

al., 1996) with some modifications. The M. mycoides probe was obtained by direct labelling of 

the bacterial DNA (1.5 µg) using the Nick Translation kit from Jena Bioscience (Atto488 NT 

Labelling Kit). For the 2µ plasmid labelling, a 5-kb PCR fragment was amplified from the 2µ 

plasmid DNA using primer pair FG92 (TTTCTCGGGCAATCTTCCTA) / FG24 

(GTATGCGCAATCCACATCGG). This PCR product (1.5 µg) was then labelled using the Nick 

Translation kit from Jena Bioscience (AF555 NT Labelling Kit). For the M. mycoides probe 

and the 2µ plasmid probe, the labelling reaction was performed at 15°C for 90 min and 30 min, 

respectively. The labelled DNA was purified using the Qiaquick PCR purification kit from 

Qiagen, eluted in 30 µl of water. The purified probe was then diluted in the probe mix buffer 

(50% formamide, 10% dextran sulphate, 2× SSC final). 20 OD of cells (1 OD corresponding to 

107 cells) were grown to mid–logarithmic phase (1–2 × 107 cells/ml) and harvested at 1,200 g 

for 5 min at RT. Cells were fixed in 20 ml of 4% paraformaldehyde for 20 min at RT, washed 

twice in water, and resuspended in 2 ml of 0.1 M EDTA-KOH pH 8.0, 10 mM DTT for 10 min 

at 30°C with gentle agitation. Cells were then collected at 800 g, and the pellet was carefully 

resuspended in 2 ml YPD - 1.2 M sorbitol. Next, cells were spheroplasted at 30°C for 10 minutes 

with Zymolyase (60 µg/ml Zymolyase-100T to 1 ml YPD-sorbitol cell suspension). 

Spheroplasting was stopped by the addition of 40 ml YPD -1.2 M sorbitol. Cells were washed 

twice in YPD - 1.2 M sorbitol, and the pellet was resuspended in 1 ml YPD. Cells were put on 

diagnostic microscope slides and superficially air dried for 2 min. The slides were plunged in 

methanol at -20°C for 6 min, transferred to acetone at -20°C for 30 s, and air dried for 3 min. 

After an overnight incubation at RT in 4× SSC, 0.1% Tween, and 20 μg/ml RNase, the slides 

were washed in H20 and dehydrated in ethanol 70%, 80%, 90%, and 100% consecutively at -

20°C for 1 min in each bath. Slides were air dried, and a solution of 2× SSC and 70% formamide 

was added for 5 min at 72°C. After a second step of dehydration, the denatured probes were 

added to the slides for 10 min at 72°C followed by a 37°C incubation for 24h in a humid 

chamber. The slides were then washed twice in 0.05× SSC at 40°C for 5 min and incubated 

twice in BT buffer (0.15 M NaHCO3, 0.1% Tween, 0.05% BSA) for 30 min at 37°C. For the 

DAPI staining, the slides were incubated in a DAPI solution (1µg/ml in 1× PBS) for 5 minutes 

and then washed twice in 1× PBS without DAPI. 

 

https://www.zotero.org/google-docs/?g6G7V4
https://www.zotero.org/google-docs/?g6G7V4
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2.6.5 Microscopy and image analysis.  

For all fluorescent images, the axial (z) step is 200 nm and images shown are a 

maximum intensity projection of z-stack images. Images were acquired on a wide-field 

microscopy system based on an inverted microscope (TE2000; Nikon) equipped with a 

100/1.4 NA immersion objective, a C-mos camera and a Spectra X light engine lamp 

(Lumencor, Inc) for illumination. The microscope is driven by the MetaMorph software 

(Molecular Devices). Images were not processed after acquisition. Images shown are maximum 

intensity projection of Z-stack acquisition. 

 

2.6.6 Hi-C procedure and sequencing. 

Cell fixation was performed with 3% Formaldehyde (Sigma-Aldrich cat no F8775) and 

performed as described previously (Dauban et al., 2020). Quenching of formaldehyde was done 

by adding 300 mM of glycine at room temperature for 20 mins. All the Hi-C were done using 

Arima Hi-C kit (Arima Genomics; restriction enzymes: DpnII, HinfI). Sequencing preparation 

was done using a Colibri ES DNA Library Prep kit for Illumina Systems (A38606024) and then 

sequenced on Illumina NextSeq500. The 2 Hi-C libraries concerning Lachancea waltii and 

Lachancea fermentati were generated using a different Hi-C protocol described previously (Lazar-

Stefanita et al., 2017). 

 

2.6.7 Data analysis 

2.6.7.1 Contact data processing (Hi-C, Micro-C) 

Hi-C and MicroC processing was performed using hicstuff package (Matthey-Doret et 

al., 2022). Briefly, the paired-end reads were aligned to the S288C reference genome (GCA-

000146045.2, R64-1-1) and the 2µ plasmid sequence (GenBank accession number: CM007980) 

as well as with M. mycoides (GCA-006265075). For the two experiments containing the lacO 

site array, reads were aligned to genomes based on strain W303 containing the lacO site 

sequences (for details on the constructions, see (Guérin et al., 2019)). A threshold of 1 for 

mapping quality was used for these 2 experiments. Genomes for Lachancea waltii was 

CBS6430 and X56553.1 sequence was used for pKW1 plasmid. Genome for Lachancea 

fermentati was CBS 6772 and M18275.1 sequence was used for the plasmid pSM1. For 

Dictyostelium discoideum, AX4 reference genome sequence GCA_000004695.1 dicty_2.7 was 

used and NC_001889.1 sequence was used for Ddp5 plasmid. We used bowtie2 in its very 

https://www.zotero.org/google-docs/?wJuKhN
https://www.zotero.org/google-docs/?UsBx1i
https://www.zotero.org/google-docs/?UsBx1i
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sensitive local mode (Langmead and Salzberg, 2012). Unique mapped paired reads are then 

assigned to restriction fragments and non-informative contacts are filtered (Cournac et al., 2012; 

Matthey-Doret et al., 2022). PCR/optical duplicates are discarded (i.e paired reads mapping 

at the same genomic positions). Contact signals were binned at 2 kb resolution except where 

noted (e.g., for the 2µ plasmid contact map or the averaged contact signal at long genes, a 

resolution of 200 bp was used). 

 

2.6.7.2 Computation of contact signal of 2µ plasmid 

To compute the contact signal of the 2µ plasmid with each bin of the host genome, we 

used the normalized following score: 

Si represents the contact score between 2μ plasmid and a bin i in the host genome. It 

corresponds to the proportion of contacts made with the 2μ plasmid for a bin i of the host 

genome normalized by the percentage of presence of 2μ plasmid in the library. cpij is the 

number of contacts detected between 2μ plasmid and host bin i.∑ 𝒄𝒄𝒊𝒊𝒊𝒊𝑵𝑵𝑮𝑮𝑮𝑮𝑮𝑮𝑮𝑮𝑮𝑮𝑮𝑮𝒊𝒊=𝟏𝟏  is the total 

number of contacts detected for the host bin i. Ngenome is the total number of genomic bins (in 

general 2 kb bins). nplasmid is the number of reads involving the plasmid. Ntotal is the total 

number of reads of the library. For ideogram visualization, the contact signal Si is represented 

using R-ideogram package(Hao et al., 2020). 

 

2.6.7.3 ChIP-Seq, Mnase-seq, ATAC-seq and RNA-seq processing. 

ChIP-Seq, Mnase-seq, ATAC-seq and RNA-seq processing was performed using 

TinyMapper (https://github.com/js2264/tinyMapper). Paired end reads were aligned using the 

very sensitive and local mode of bowtie2 (Langmead and Salzberg, 2012), against S288C 

reference genome and the 2µ plasmid (CM007980) sequences . Only concordant pairs were 

retained and reads with a mapping quality larger than 0 were kept. PCR duplicates were 

removed using samtools. When available, the input was similarly processed. Coverage for each 

genomic position was computed using deeptools bamcoverage function then normalized by 

Count Per Million (CPM) method. ChIP signal was then computed by dividing immuno-

https://www.zotero.org/google-docs/?5IU89b
https://www.zotero.org/google-docs/?jJDhNu
https://www.zotero.org/google-docs/?jJDhNu
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https://github.com/js2264/tinyMapper
https://www.zotero.org/google-docs/?jU9Er8
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precipited normalized coverage by input coverage. Signals were then visualized with 

homemade python using pyBigWig package. RNA-seq signal was log represented. 

 

2.6.7.4 Automatic detection of peaks of contact with 2µ plasmid 

To detect contact peaks with the 2µ plasmid, we used the find_peaks function of the 

scipy package (with the following parameters: height = 0.8, distance=2). Before detection, the 

contact signal was interpolated using the interp1d function of the scipy package. In most of the 

average 2µ plasmid contact profiles shown, the set of contact peaks used is the one detected 

under normal log-phase culture conditions from Micro-C data (Swygert et al., 2019) 

corresponding to the 73 genomic positions given in Extended Table 1. 

 

2.6.7.5 Averaged contact profile of 2µ plasmid around loci 

To plot the average contact profile around loci of interest, we extracted the contact 

signals at windows +/- 40 kb centred at positions of interest using a 2 kb binned signal. In cases 

where the limits of the window exceed a chromosome, Nan values were used. The standard 

deviation is represented around the mean value. 

 

2.6.7.6 Genomic features of regions contacted by 2µ plasmid. 

To plot the aggregated profile of genomic signals, we convert contact data (cool file at 

200 bp resolution) into a bw file using homem ade python code. We then used the 

functions computeMatrix and plotProfile from deepTools suite (Ramírez et al., 2016) to 

compute and plot the heatmaps. Same approach was used to plot the averaged contact signal 

inside long genes. Gene boxes at regions contacted by 2µ plasmid were generated using 

homemade python code and using the coordinates of genes of SGDdatabase (http://sgd-

archive.yeastgenome.org/sequence/S288C_reference/orf_dna/). To plot the pileup plots around 

the pairs of genomic positions of peaks of contact with 2µ plasmid, we used the quantify mode 

of Chromosight (Matthey-Doret et al., 2020) with the following parameters --perc-

undetected=100 --perc-zero=100. All possible pairs of peaks of contact in intra or inter 

configurations were generated using homemade python code and the function combinations 

from itertools package. 

https://www.zotero.org/google-docs/?YGGDld
https://www.zotero.org/google-docs/?ADDh3P
http://sgd-archive.yeastgenome.org/sequence/S288C_reference/orf_dna/
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The computational screen uses a dataset of Chip-exo libraries for about 800 different 

proteins and genomic signals (Rossi et al., 2021). For each aligned library (bowtie2 alignment 

with very sensitive mode and mapping quality >0), Chip-exo signal was computed with 

homemade python code with a binning of 2 kb. An enrichment score was computed by taking 

the average of the ChIP-exo signal +/- 2kb signal around the bins of the positions of contact 

peaks detected in log phase (Extended Table 1). The different libraries were sorted according 

to the different categories identified in the UMAP analysis of (Rossi et al., 2021). 

 

2.6.7.7 Data availability 

Some of the data associated with this study are publicly available and their reference 

numbers are listed in Supplementary Tables 1 and 2. 

 

2.6.7.8 Code availability. 

All scripts required to reproduce figures and analyses are available at 

https://github.com/acournac/2micron-project. 
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2.7 Figures  

 

Figure 1. Specific positioning of the natural 2µ plasmid on several genomic regions of S. 

cerevisiae chromosomes.  

a, contact map of the 2µ plasmid with bins of 200 bp based on Micro-C XL data in asynchronous 

cells (log phase). The 4 genes and cis-acting sequences of the 2µ plasmid genome are annotated 

below the map b, MNase-seq giving the nucleosome density, RNA-seq giving transcription 

level on forward and reverse strands and ATAC-seq giving chromatin accessibility along the 2µ 

plasmid. c, Contact profile of 2µ plasmid with several chromosomes of S. cerevisiae (binned at 

2 kb). d, Contact profile of pARS plasmid (containing no 2μ or centromere systems) for 

chromosome II. e, Averaged contact signal of the 2µ and pARS plasmids at the positions 

automatically detected in WT, log phase for 2µ plasmid (top) and at centromeres positions 

(below). f, Contact profile of the 2µ plasmid with chr XI during the mitotic cell cycle. g, 

Averaged contact signal of the 2µ plasmid in mutants depleted in Mcd1 (cohesin subunit), 

mutant depleted in Smc2 (condensin subunit) and in quiescence state.  
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Figure 2. The contacted regions are depleted in transcription and more frequent at genes with 

long sizes. 

 a, Transcription signal and contact profile of the 2µ plasmid in a region of the Chr. XI b, 

Heat maps of 2µ plasmid contact signals, transcription level (ChIP-seq of Pol II) and gene 

structure sorted in descending order according to contact scores over the region − 20 to + 20 

kb around the peaks of contact of 2µ plasmid. c, Averaged contact signal of the 2µ plasmid 

and transcription at the positions of contact automatically detected in WT, log phase for 2µ. 

d, Distribution of GC content for the group of sequences contacted by the 2µ plasmid and 

for the whole genome of S. cerevisiae. e, Contact profile of 2µ plasmid along long genes (> 

7 kb), binned at 200 bp. f, Mean profile heatmap between hotspots of contact with 2µ plasmid 

belonging to the same (left) or different chromosome (right). g, Contact profile of the 2µ 

plasmid before and 5 min after a heat shock for Chr. II and Chr. V. Examples of regions where 

contact intensity varies significantly are marked with a vertical arrow. h, Contact profile of 

the 2µ plasmid in strains containing an additional bacterial chromosome M. mycoides as well 

as the transcription profile. i, Representative fluorescent images (Z-stack projection) of FISH 

(Fluorescence In Situ Hybridization) experiments using a probe specific for the M. mycoides 

genome and a probe specific for the 2µ sequence. The probes were hybridized on a wild-type 

strain or a strain carrying the M. mycoides genome fused to chromosome XVI. The scale bar 

is 2µm. j, Contact profile of the 2µ plasmid at an array of 200 lacO binding sites without and 

with LacI protein. The region is marked with a vertical arrowhead.  



Results I: 2µ plasmid pre-print. 

76 

 

Figure 3. Specific positioning may be associated with nucleosome signal.  

a, Averaged signal at the hotspots of contact with 2µ plasmid for nucleosome occupancy (ChIP-

seq of H3 histone) and b, chromatin accessibility (ATAC-seq). c, Average value of signal at 

the hotspots of contact for 1251 ChIP-exo libraries sorted by general categories (Rossi et al., 

2021). d, Averaged contact signal of the 2µ plasmid in mutants of epigenetic marks ∆Dot1, 

∆Set2 and mutant in chromatin remodeler ∆RSC2 and in deacetylase mutant ∆HST2. e, Contact 

profile of the 2µ plasmid (pKAN version) with chromosomes of S. cerevisiae in H4 5toA 

mutant, WT and of the pARS plasmid in WT for chromosome XI. f, Averaged contact signal of 

the 2µ plasmid in H4 5toA mutant and control. g, Averaged signal around TSS for nucleosomes 

and REP1 occupancy signals.  
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Figure 4. Contact specificity is also present in parasitic plasmids of other eukaryotes. 

a, Model proposed involving the plasmid proteins REP1/REP2 and nucleosome signal to make 

attachment between 2µ plasmid and specific loci on host chromosomes. b Contact profiles of 

natural plasmids with several chromosomes of the yeasts Lachancea fermentati and 

Lachancea waltii. c, Contact profile of the natural plasmid Ddp5 with chromosomes of the 

social amoeba Dictyostelium discoideum. Averaged contact and transcription signals around the 

loci detected as peaks of contact with Ddp5 plasmid.  
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2.9 Supplemental information 

 

 

Supplementary Figure 1. Genomic signals along the 2µ plasmid of Saccharomyces 

cerevisiae. 

Nucleosomes signal along the 2µ plasmid from H3 chemical cleavage data [1]. Transcription 

signal along the 2µ plasmid from RNA-seq data of [2]. Chromatin accessibility signal along the 

2µ plasmid from ATAC-seq data of [3]. Protein occupancy of Cse4 along the 2µ plasmid, from 

ChIP-seq data of [4].  

https://www.zotero.org/google-docs/?Jt71f4
https://www.zotero.org/google-docs/?Fiv6YH
https://www.zotero.org/google-docs/?kUqHF0
https://www.zotero.org/google-docs/?4fNBvR
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Supplementary Figure 2. Contact signal of the 2µ plasmid along the 16 chromosomes of 

S. cerevisiae. a, The contact signal is binned at 2 kb, genes with size > 7 kb are annotated with 

grey rectangles and their names, (MicroC data from [5]). Automatically detected peaks of 

contact were annotated with black triangles.  

https://www.zotero.org/google-docs/?GBmjG8
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Supplementary Figure 3. ChIP-seq of REP1 protein from the 2µ plasmid. a, ChIP-seq of Rep1 

protein along with the contact profile of 2µ plasmid with the chromosomes of S. cerevisiae 

(chromosomal heatmap diagram). b, ChIP-seq of Rep1 protein and contact profile of 2µ plasmid binned 

at 200 bp, (MicroC data from [5]) for the chromosome XI of S. cerevisiae. 

  

https://www.zotero.org/google-docs/?Ktpy0i
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Supplementary Figure 4. Contact signal of the control plasmids along the 16 
chromosomes of S. cerevisiae. 

a, Contact signal of the yeast centromeric Plasmid (YCp) pRS416 along the 16 chromosomes 
of S. cerevisiae. The Hi-C contact signal is binned at 2 kb, names of genes with size >7 kb 
are annotated. Automatically detected peaks of contact were annotated with black triangles. 
b, Contact signal of a replicative plasmid devoid of centromere (pARS) and 2µ system along 
the 16 chromosomes of S. cerevisiae. The contact signal is binned at 2 kb, names of genes 
with size >7 kb are annotated.  
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Supplementary Figure 5. Percentage of reads coming from 2μ plasmid sequence in WT 

and various mutants. 
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Supplementary Figure 6. Contact signal of 2µ plasmid mutants. 

a, contact signal of the ∆REP1 mutant 2µ plasmid along the chromosome II of S. cerevisiae and 

the averaged contact signal on the hot spots of contact detected in WT, log phase condition. b, 

Same for the ∆STB mutant 2µ plasmid. c, Same for the STB-P 2µ mutant plasmid. 
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Supplementary Figure 7. The specific positioning of the 2µ plasmid is conserved under 

a wide variety of biological conditions and mutants. 

a, Averaged 2µ plasmid contact signal over the hotspots of contact identified in WT, log 

phase in different lab strains of S. cerevisiae: SC288C, W303 [6], A364A [7] and strains 

from natural isolates [8]. b, Averaged 2µ plasmid contact signal over the hotspots of contact 

identified in WT, log phase in different biological states: in quiescence [9], in diploid stage, 

with double strand break of DNA [10], with DMSO or HU treatment [11]. c, Averaged 2µ 

plasmid contact signal over the hotspots of contact identified in WT, log phase in different 

mutants of S. cerevisiae: Mcd1 depleted (sub-unit of cohesin) [7], Smc2 depleted (sub-unit 

of condensin) [12], ∆Sir3 [9], Pds5, EcoI, Wapl [6], in cdc-45 degron mutant (stopped 

replication) [6], ∆TOP2 [13], in condition with no tension of microtubules (nocodazole 

treatment), ∆Chl4, ∆Sgo1 [14], ∆Rad50 [15], ∆Sgs1, ∆Sml1, ∆Mec3 [10], in Fkh-depleted 

mutant [16], in Clb5-Clb6 mutant [17]. d, Averaged 2µ plasmid contact signal over the 

hotspots of contact identified in WT, log phase in presence of other plasmids (centromeric 

and 2µ based) and with artificial chromosomes [18].  

https://www.zotero.org/google-docs/?tgVLaz
https://www.zotero.org/google-docs/?tdzRXG
https://www.zotero.org/google-docs/?ZVcOhJ
https://www.zotero.org/google-docs/?oV0iRp
https://www.zotero.org/google-docs/?p5DnUr
https://www.zotero.org/google-docs/?PqB3cu
https://www.zotero.org/google-docs/?xrpUVU
https://www.zotero.org/google-docs/?q5NVET
https://www.zotero.org/google-docs/?ZMNZvc
https://www.zotero.org/google-docs/?Y45HJA
https://www.zotero.org/google-docs/?09IjL6
https://www.zotero.org/google-docs/?WPrOjP
https://www.zotero.org/google-docs/?VUB5W0
https://www.zotero.org/google-docs/?eKicyZ
https://www.zotero.org/google-docs/?YgxYK9
https://www.zotero.org/google-docs/?qW0UFo
https://www.zotero.org/google-docs/?XjhtZ4
https://www.zotero.org/google-docs/?V2RHdR
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Supplementary Figure 8. Contact of the 2µ plasmid during mitotic and meiotic cell 

cycles. 

a, Distribution of contact values of identified hotspots contacted by the 2µ plasmid identified 

in WT, log phase during the mitotic cell cycle (contact data reanalysed from [7]). b, 

Distribution of contact values of the identified hotspots contacted by the 2µ plasmid during 

the meiotic cell cycle (contact data reanalysed from [19]). c, Example of contact profile of 

2µ plasmid with chromosome XI during mitotic cell cycle. d, Example of contact profile of 

2µ plasmid with chromosome XI during meiotic cell cycle. Long genes (size > 7 kb) are 

annotated.  

https://www.zotero.org/google-docs/?ym32WF
https://www.zotero.org/google-docs/?8ixWBI
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Supplementary Figure 9. Statistical analyses on the size and transcription level of genes 

contacted by 2µ plasmid.  

a Scatter plot for all genes of S. cerevisiae represented in function of their transcription level 

(x-axis), their size in bp (y-axis) and their level of contact with 2µ plasmid represented by 

their colour (colour bar on the left). MicroC data were reanalysed from [5]. b, Distribution 

of maximum sizes of genes from loci contacted by 2µ plasmid and from a random group of 

loci with the associated statistical test. c, Contact level of 2µ plasmid in function of the 

minimal size of gene (in bp). d, Contact level of 2µ plasmid in function of the maximal 

transcription level (ChIP-seq data of Rpb3, sub-unit of PolII, [5]). e, Spearman correlation 

coefficient between transcription level and contact with 2µ plasmid in function of the 

minimal size of gene (in bp). f, Spearman correlation coefficient between gene size and 

contact with 2µ plasmid in function of the maximal transcription level (ChIP-seq data 

of Rpb3, sub-unit of PolII from [5]).  

https://www.zotero.org/google-docs/?LVFeK2
https://www.zotero.org/google-docs/?Nl0bL8
https://www.zotero.org/google-docs/?dl69tZ
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Supplementary Figure 10. Contact behaviour for the identified loci contacted by 2µ 

plasmid.  

a, Agglomerated plot between pairs of loci contacted by 2µ plasmid belonging to the same 

chromosome (left) or belonging to different chromosomes (right) for two different contact 

technologies: Hi-C (top) and MicroC with dual crosslink (bottom) [5]. The signal represents 

the ratio between the contact measured between loci contacted by 2µ plasmid over random 

pairs separated by same genomic distances [20]. b, Agglomerated plot at the diagonal for 

the identified loci contacted by 2µ plasmid with bins of 200 bp (MicroC data reanalysed 

from [5]).  

https://www.zotero.org/google-docs/?fTIS9p
https://www.zotero.org/google-docs/?vr9FOF
https://www.zotero.org/google-docs/?ACajfl
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Supplementary Figure 11. Contact signal of 2µ plasmid during a heat shock. 

a, Contact signal of 2µ plasmid along the chromosome II of S. cerevisiae for 4 time points: 

before heat shock, 1 min, 2 min and 5 min after heat shock. b, Contact signal of 2µ plasmid 

along the chromosome V of S. cerevisiae for 4 time points: before heat shock, 1 min, 2 min and 

5 min after heat shock. Binning for the contact signals is 2 kb. 
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Supplementary Figure 12. Contact signal of 2µ plasmid in epigenetic marks and chromatin 

remodeler mutants 

a, Averaged 2µ plasmid contact signal over the set of identified loci contacted by 2µ plasmid in 

WT, log phase condition for ∆Dot1, ∆Jhd2 and ∆Set2 mutants as well as for the ∆HST2 mutant. 

b, Contact signals of 2µ plasmid along chromosomes VII and XII for WT and ∆Set2 mutant. c, 

Average contact signal (top) and average transcription level (below) at long genes for WT and 

∆Set2 mutant. d, Averaged 2µ plasmid contact signal over the set of genomic positions 

identified in WT, log phase condition for ∆RSC1, ∆RSC2 as well as for 7 chromatin remodelers 

degradation mutants (AID system) and their corresponding control: Spt6, Isw1, Swr1, Fun30, 

Ino80, Chd1, Isw2 (data from [21]).  

https://www.zotero.org/google-docs/?0BDSoX
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Supplementary Figure 13. Contact signal of 2µ plasmid in the H4 5toA mutant. 

a, Averaged transcription signal measured by Rpb3 (PolII sub-unit) ChIP-seq [22] over the set 

of identified loci contacted by 2µ plasmid in WT, log phase condition for the control and H4 

5toA mutant in log phase. b, Averaged 2µ plasmid contact signal over the set of identified loci 

contacted by 2µ plasmid in WT, log phase condition for the control and H4 5toA mutant in log 

phase. pKAN version of the 2µ plasmid was used to ensure plasmid stability. c, Averaged 

transcription signal measured by Rpb3 (PolII sub-unit) ChIP-seq [22] over the set of identified 

loci contacted by 2µ plasmid in WT, log phase condition for the control, H4 R17R19A and H4 

5toA mutants in quiescence phase [22]. d, Averaged 2µ plasmid contact signal over the set of 

identified loci contacted by 2µ plasmid in WT, log phase condition for the control, H4 

R17R19A and H4 5toA mutant in quiescence phase [22].e, Examples of contact signals of 2µ 

plasmid (pKAN version) in WT and H4 5toA mutant.  

https://www.zotero.org/google-docs/?jsn3IG
https://www.zotero.org/google-docs/?el1OhC
https://www.zotero.org/google-docs/?m4M2gh
https://www.zotero.org/google-docs/?ToWFN4
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Supplementary Figure 14. Contact signals of natural plasmids in other eukaryotes. 

a, Contact map of chromosome 1 of Dictyostelium discoideum amoeba binned at 10 kb 

resolution. b. Contact signal of the Ddp5 natural plasmid with the chromosomes of 

Dictyostelium discoideum and contact profile for the chromosome 1. Orange triangles indicate 

automatically detected peaks and long genes are annotated as grey boxes. c, Contact signal of 

the pSM1 natural plasmid with the chromosomes of Lachancea fermentati yeast and contact 

profile for chromosome 2. Long genes are annotated as grey boxes. d, Contact signal of the 

pKW1 natural plasmid with the chromosomes of Lachancea waltii yeast.  
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Experiment type and condition Figure Reference SRA accession number 

Micro-C, WT log and quiescence 
phases Sup Fig 1,2,3 [5] SRR7939017 

SRR7939018 

Hi-C, WT W303, G1 arrest Sup Fig 7 [10] SRR12284705 

MicroC, WT A364, asynchronous Sup Fig 7 [7] SRR11893084 

Hi-C, WT diploid heterozygous Sup Fig 7 [10] SRR12284704 

Hi-C, WT DSB t2 replicate2 Sup Fig 7 [10] SRR12284704 

Hi-C, WT, with DMSO Sup Fig 7 [11] SRR13147965 

Hi-C, WT, with HU Sup Fig 7 [11] SRR13147975 

Micro-C, Mcd1-AID (rep1) and 
control 

Fig1, Sup Fig 
7 

[7] SRR11893086 
SRR11893085 

Hi-C, Smc2-AID and control Fig1, Sup Fig 
7 [12] SRR9040342 

SRR9040345 

Hi-C, Sir3-AID and control Sup Fig 7 [9] SRR12108219 
SRR12108218 

Hi-C, Pds5-degron, Eco1-degron, 
Wapl-degron Sup Fig 7 [6] SRR10687277 

SRR10687278 

Hi-C, cdc45-AID and control (alpha-
factor G1) Sup Fig 7 [6] SRR10687274 

SRR8769554 

Hi-C, Top2 Sup Fig 7 [13]  

Hi-C, mutants Chl4∆, sgo1∆, 
nocodazole treatment Sup Fig 7 [14] SRR8718857, 

SRR8718853 

https://www.zotero.org/google-docs/?drJo7H
https://www.zotero.org/google-docs/?PN0taD
https://www.zotero.org/google-docs/?Vqlz9w
https://www.zotero.org/google-docs/?cNDHd1
https://www.zotero.org/google-docs/?ET8iP8
https://www.zotero.org/google-docs/?uKBcQl
https://www.zotero.org/google-docs/?C7qwn8
https://www.zotero.org/google-docs/?tNtAtM
https://www.zotero.org/google-docs/?s8hmAR
https://www.zotero.org/google-docs/?bRsfsZ
https://www.zotero.org/google-docs/?eEI2N8
https://www.zotero.org/google-docs/?3c3Cy6
https://www.zotero.org/google-docs/?bJG6v1
https://www.zotero.org/google-docs/?hQ49Uf
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Supplementary Table 1: Contact datasets analysed in the present study.  

The last column indicates either the identifier for the raw reads available on the Short Read 

Archive server (SRA) (https://www.ncbi.nlm.nih.gov/sra) or on Gene Expression Omnibus 

server (GEO) https://www.ncbi.nlm.nih.gov/geo.  

MicroC, Rad50 mutant and control Sup Fig 7 [15] 
. 

SRR11489731 
SRR11489732 

Hi-C, ∆Sgs1 DSB t4, ∆Sml1 DSB t4 
noco, ∆Mec3 DSB t4 noco 

Sup Fig 7 [10] 
SRR12284714 
SRR12284727 
SRR13736493 

Hi-C, Fkh mutant and control Sup Fig 7 [16] 
SRR5337954 
SRR5337951 

Hi-C, Clb5-Clb6 mutant and control Sup Fig 7 [17] 
SRR17873477 
SRR17873476 

Hi-C, Syn6.5 strain and control Sup Fig 7 [23] 
SRR22910279 
SRR22910280 

Micro-C, mitotic cell cycle Sup Fig 8 [7] 
SRR11893095 to 
SRR11893114 

Hi-C, meiosis (t=0h,3h,4h, 6h) Sup Fig 8 [24] 

SRR7126297 
SRR7126293 
SRR7126301 
SRR7340033 

Hi-C, meiosis cell cycle, WT Sup Fig 8 [19] 
SRR8689946 to 

SRR8689952 

Hi-C, chromatin remodelers mutants 
(Spt6, Isw1, Swr1, Fun30, Ino80, 

Chd1, Isw2 and controls) 
Sup Fig 12 [21] GSE158336 

https://www.ncbi.nlm.nih.gov/sra
https://www.ncbi.nlm.nih.gov/geo
https://www.zotero.org/google-docs/?iiTEPV
https://www.zotero.org/google-docs/?ZVJZZi
https://www.zotero.org/google-docs/?GgxGwM
https://www.zotero.org/google-docs/?ZYSnzJ
https://www.zotero.org/google-docs/?W4H5pO
https://www.zotero.org/google-docs/?u8kfo3
https://www.zotero.org/google-docs/?abrGr5
https://www.zotero.org/google-docs/?htWNAr
https://www.zotero.org/google-docs/?zUxsak
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Supplementary Table 2: Genomic datasets (other than contact data) analysed in the 

present study.  

The last column indicates either the identifier for the raw reads available on the Short Read 

Archive server (SRA) (https://www.ncbi.nlm.nih.gov/sra), the identifier of the cool files 

accessible on the Gene Expression Omnibus server (GEO)https://www.ncbi.nlm.nih.gov/geo 

Experiment type and condition Figure Ref Identifier 

Pol II ChIP-seq Fig 3 [25] SRR1916157 
SRR1916162 

H3 ChIP-seq, in Log Rep1 Fig 3 [22] SRR13736587 

RNA-seq Fig 1,2 & Sup 
Fig 1 

[2] 
[26] 

SRR14693235 
SRR7692240 

ATAC-seq Fig 1 [27] SRR6246290 

∼1300 ChIP-exo covering ∼800 
different proteins and genomic 
signals 

Fig 3 [28] GSE147927 

ATAC-seq Fig1, Sup Fig 1 [3] SRR11235539 

Cse4 ChIP-seq Sup Fig 1 [4] SRR10765000 
SRR10764999 

Scc1 ChIP-seq Sup Fig 1 [29] SRR1103930 
SRR1103928 

Brn1 ChIP-seq Sup Fig 1 [5] SRR7175367 
SRR7175368 

RNA-seq in Dictyostelium 
discoideum 
(vegetative stage, rep1) 

Fig 4 [30] SRR10133961? 

https://www.ncbi.nlm.nih.gov/sra
https://www.ncbi.nlm.nih.gov/geo
https://www.zotero.org/google-docs/?A9fo2y
https://www.zotero.org/google-docs/?TkZDGY
https://www.zotero.org/google-docs/?Khg8BK
https://www.zotero.org/google-docs/?Egjt96
https://www.zotero.org/google-docs/?J2w3xk
https://www.zotero.org/google-docs/?nP8hpV
https://www.zotero.org/google-docs/?atZbhU
https://www.zotero.org/google-docs/?ffKsbr
https://www.zotero.org/google-docs/?0DaUk9
https://www.zotero.org/google-docs/?yVi7V9
https://www.zotero.org/google-docs/?D1defr
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Supplementary Table 3: List of strains used in the present study.  

Name genotype / specie if not S. cerevisiae Origin 

BY4741 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 cir+ Brachmann et al. 1998 

BY4742 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 Brachmann et al. 1998 

BY4743 MATa/α; his3Δ1/his3Δ1; leu2Δ0/leu2Δ0; 
met15Δ0/MET15; LYS2/lys2Δ0; ura3Δ0/ura3Δ0 Brachmann et al. 1998 

W303 MATa {leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 
his3-11,15} R. Rhotstein 

Y9-4 
strain from Indonesia (used for Ragi fermentation, 
finger 
millet) 

Peter et al.2018 

BHB strain from bakeries in Australia Peter et al. 2018 

H4 5toA 
MATa RAD5+ ura3-1 hht1-hhf1::Nat hht2- hhf2::Hyg 
trp1-1::pRS 404-HHT2-hhf2-K16A, 
R17A,H18A,R19A,K20A 

Swygert et al 2021 

RSGY 712 W303 M. mycoides linear Chapard et al. 2023 

RSGY 960 W303 [cir-] pKAN McQuaid et al.2019 

RSGY 960 BY4741 M. pneumoniae linear Chapard et al. 2023 

RSGT 1056 BY4741 jhd2::KANMX4 cir + This study 

RSGY 1055 BY4741 set2::KANMX4 cir+ This study 

RSGY 1057 BY4742 X RSGY 960 cir+ This study 

RSGY 1058 BY4742 X RSGY 712 cir + This study 

RSGY 1059 BY4741 cir- This study 

RSGY 1065 Y9-4 pKAN This study 

RSGY 1068 BY4741cir- pKAN-∆REP1 This study 

RSGY 1069 BY4741cir- pKAN-∆STB-P This study 

RSGY 1070 BY4741 cir-pKAN This study 

RSGY 1116 BY4741 dot1 ::KANMX4 This study 

RSGY 1217 BY4741 hst2::KANMX4 This study 

RSGY 1218 H4 5toA pKAN This study 

RSGY 1226 BY4741 rsc1 ::KANMX4 This study 

RSGY 1252 BY4741 rsc2::KANMX4 This study 

RSGY 1255 BY4741 cir- pARS This study 

 Lachancea waltii Gilles Fisher 

 Lachancea fermentati Gilles Fisher 

AX4 Dictyostelium discoideum DBS0237907 

yAT4593 MATalpha rap1::RAP1-GFP(ADE2) (W303 
background) Angela Taddei 

yAT4595 MATa rap1::RAP1-GFP(ADE2) XVI-mycoides-fusion 
(W303 background) Angela Taddei 
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Supplementary Table 4: List of plasmids used in this study  

Name Relevant genetic features Origin 

pKAN ΔREP1 pKAN ::ΔREP1 McQuaid et al.2019 

pKAN ΔSTB pKAN ::ΔSTB-P McQuaid et al.2019 

pKAN-STB-P 
REP1 REP2 STB-P 
FLP1:KANMX4:FLP1 
IR1 IR2 RAF1 

McQuaid et al.2019 

pARS pRS413 ::CEN4 This study 

pRSS413 CEN4 ARS HIS3 Sikorksi et al. 1989 
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3 Results II: Multi-C protocol 

3.1 Introduction 

3.1.1.1 Using multi-contact: The case study of DNA loops 

The canonical way to 

analyse 3C data is looking for 

contacts between two genomic loci. 

This is sufficient to answer many 

biological questions such as the 

genome organisation by the 

Structural Maintenance of 

Chromosome (SMC) protein 

family. More precisely, in G2 phase 

of the cell cycle in S. cerevisiae 

cohesins make loops in the 

genome162. This structure is not 

observed in G1 synchronised cells. 

On a contact map, the loops 

correspond to a strong enrichment 

of contact between two distant (10-

20 kb) genomic loci, corresponding 

to a dot. The genomic loci that 

strongly interact together are name loop anchor. This pattern is so peculiar that it can be 

automatically detected by pattern recognition algorithm such as chromosight163. Sometimes, we 

observe pattern indicating that loop anchors from different loop interacts together (Figure 25). 

Several hypotheses could explain this patter. If we consider three genomic loci A, B and C. 

Those three loci forms loops with each other (A&B, B&C, A&C). 

First, the 3C is the average of millions of nucleus organisation and the loops we observe 

is in fact a unique loop that involves two loci among A, B and C. Since there are several 

possibilities, the contact maps render all the possibility. Second, the loop anchors interact 

together and form a cluster together (Figure 26).  

Figure 25. contact map adapted from Dauban et al. 2021 showing 

possible clustered loop anchors. 
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To choose between 

those hypotheses, the contact 

between two loci is not 

sufficient. In the first 

hypothesis we would rarely 

find A, B and C in the same 

chimeric molecule while in 

the second hypothesis A, B 

and C would be in the same 

chimeric DNA molecule. 

Keeping in mind that if we 

observe A&B, B&C and A&C 

does not mean that A&B&C 

are together. 

Several approaches 

exist to look at multi-contact 

but often are focused on the 

interaction between genomic loci of several Mb like Topologically Associated Domains 

(TADs)164,165. 

 

3.1.1.2 Available multi contact approach. 

3.1.1.2.1 Pore-c 

The Pore-C165 approach is based on the nanopore sequencing of chimeric DNA 

molecules obtained after the 3C experimental procedure. There is no biotin pull down in this 

approach. In Desphande et al.165 they were able to identify long range interaction between 

enhancers and promoters in human cell line. However, it is worth mentioning that for an 

experiment, the authors spend 2 PromethION sequencing flow-cell (about 1700 €) per 

experiment. Thus, the pore-C approach is very expensive and since there is no biotin pull-down, 

most of the sequenced reads would have to be discarded. Moreover, I discuss below about my 

experiment with the pore-C approach and the technical issue I faced. 

 

Figure 26.Drawing depicting the two possible situations that could explain 

the pyramidal pattern observed on the contact map of Figure 25. 

Graphical is inspired by Chapard, Meneu, Serizay et al. 
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3.1.1.2.2 Nano-C 

 

Figure 27. Experimental of the Nano-C adapted from Chang et al. 2023. 

The Nano-C164 approach is a one vs all multi contact approach (Figure 27). After de 

proximity ligation, chimeric DNA molecules are digested with Cas9 nuclease. The Cas9 

nuclease is guided to digest a specific locus named viewpoint. Then, a biotinylated 

oligonucleotide hybridizes on the viewpoint. This oligonucleotide bears the T7 promoter 

sequence. After a streptavidin pull-down, the purified DNA molecules are transcribed in vitro. 

The transcripts are then sequenced with direct RNA sequencing from Oxford nanopore 

technology. Chang et al.164 showed with this approach that CTCF clusters in more than two 

proteins. 

 

3.2 Results. 

When this project started, I needed to test experimental approach to sequence long 

chimeric molecules and build a bio-informatic pipeline of analysis. I did both in parallel. To 

develop my bio-informatical pipeline of analysis I used Hi-C library generated on G1 

synchronised cells by myself and an Hi-C library generated on G2 synchronised cells by 

Christophe Chapard (CH84). 
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3.2.1.1 Multi-contacts can be extracted from Illumina paired end 150 base pair long 

reads. 

Looking at multi-contact from reads is the same 

for every technology. The pipeline I developed could 

be applied to reads produced with Illumina, 

Nanopore… This strategy is inspired by hicstuff152, the 

classical pipeline of the laboratory to analyse Hi-C 

data. Using my pipeline, I was able to recover multi-

contact events. The multi-contact events correspond to 

reads where more than 1 relevant contacts were found. 

For instance, in the CH84 Hi-C library which generated 

with G2 synchronised S. cerevisiae. I obtained: 30% of 

uninformative reads; reads that does not contain any 

relevant ligation events, 48% of reads with one valid 

contact, 21% of reads with 2 valid contacts, 0,2 % of 

reads with 3 valid contacts and 0,002 % of reads with 4 

valid contacts (Figure 28). 

 

3.2.1.2 Cohesin loop anchors seems to cluster together. 

 

Figure 29. 3D representation of agglomerated cubes on cohesin loop anchor genomic positions in G1 or G2 

synchronized S. cerevisiae cells. 

Figure 28. Histograms showing the 

abundance of multi-contact-event in the 

CH84 library. 
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To test if the multi-contact 

found in CH84 had a biological 

significance, I asked whether the loop 

anchors colocalize together in 

clusters of 3,4 or 5. First, I 

represented agglomerated cubes of 

contact using reads where 3 loci were 

found together. I compared the 

agglomerated cubes between Hi-C 

library obtained from G2 and G1yeast 

synchronised cells. Both on 2D 

projection and 3D representation we 

can observe a strong enrichment of 

contact in the centre of each plot for 

the agglomerated cube obtained from 

G2 synchronised cell (Figure 29). 

This result is in accordance with the bootstrap test. The bootstrap test suggests that loops 

anchors clusters together by group of 4 (Figure 30). This result remains very preliminary since 

it is done on a small sample size (10000 reads had 4 validated loci in contact and 1000 had 5 

validated loci in contact). 

 

3.2.1.3 Nanopore sequencing yield too noisy reads both from 3C and Hi-C PCR amplified 

library 

To go further and try to get long chimeric reads we wanted to use long read technology. 

We first use the Oxford Nanopore Technology. I tried to sequence DNA molecules obtained 

with the 3C procedure (without biotinylation step) and test the pore-C experimental approach. 

Figure 30. Representation of the bootstrap result. The Blue violin 

plot represent the distribution of reads with either four or five loci 

found in the random files. The red dots correspond to the result 

obtained for the cohesin loop anchor positions. 

Figure 31. Histograms showing the proportion of available pores(green) and unavailable pores (blue and black) 

in one of my first sequencing run (a), a sequencing runs of PCR amplified Hi-C library (b) and a classical 

sequencing run on linear genomic DNA. 
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The first sequencing runs yield 

were much below what could be 

expected (Figure 31). It 

appeared that un-amplified 3C 

library were harmful for the 

sequencing flow cell. I assumed 

it was because of the peculiar, 

branched topology of 3C 

molecules as reported by 

Noordermeer’s team during the 

GDR ADN 2020. With this 

information, I decided to 

sequence PCR amplified 

libraries since PCR product 

topology is compatible with 

long read technologies. 

Moreover, it allowed me to use 

streptavidin pull-down and 

subsequently increase the 

quality of my libraries. The run 

duration and yield were greatly 

improved. However, the quality 

of the reads was not good 

enough to precisely map the genome. However, the sequenced reads were too short. I then 

moved to increase the size of my amplicons and switched to Pacific Bioscience sequencing 

technology. Unfortunately, the reads from all my tests were too short (median length was 1.5 

kb) (Figure 32). Moreover, I sequenced 20 of them with Sanger sequencing. This analysis 

revealed that from 20 reads, around 20% were PCR duplicates and none of them contained a 

multi-contact read.  

Figure 32. Size distribution of amplicons obtained with Hi-C library 

generated on human Jurkat cells(a), S. cerevisiae cells (b) or P. 

aeruginosa (c). Each profile is obtained with the Agilent Tapestation 

system. 
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3.3 Discussion 

The technological development of precise multi-contact Hi-C could help answers many 

biological questions. The results reported here are promising and still need development. I 

solved the sequencing problem with PCR amplification. However, if this step could be skipped, 

we could be able to directly sequence Hi-C reads with nanopore sequencing. Since nanopore 

sequencing can distinguish BrdU from the other canonical nucleotide. This could be of great 

interest when it comes to the interaction between the two sister chromatids in G2 phase. We 

could try to simplify the topology of 3C molecules by using a helicase coupled with a nuclease 

as for instance Mus81-Mms4 heterocomplex166.  

The principal technical problem I have for the multi-contact development is the size of 

the DNA molecules obtained after PCR. Interestingly, the size of the amplified molecules is 

rather the same for Human, S. cerevisiae and P. aeruginosa Hi-C library. To solve this issue, we 

could tweak the ligation step in the Hi-C protocol to produce bigger molecules or purify the 

largest DNA molecules obtained after the ligation step and only work with those very large 

DNA molecules. 

 

3.4 Methods 

3.4.1 Cell cultures and fixation 

S. cerevisiae cells were grown overnight at 30C° in YPD liquid media at 180 RPM. The 

next day, cells were diluted in fresh media to 104 cells per millilitre and grown until it reaches 

107 cells per millilitre. Then Nocodazole was added to a final concentration of 15 µg per 

millilitre and left at RT at 180RPM for 4 hours. Synchronisation was later checked using 

SytoxGreen and Myltenyl MACSquant cytometer. Fixation was done by adding 3% 

formaldehyde to the culture media for 30 min at RT, 100RPM. The Formaldehyde was 

quenched by adding Glycine at the 125 mM final concentration for 20 min at RT,100 RPM. 

Fixed cells were harvested by centrifugation at 5000g,5 min, RT and washed with PBS 1X. 

Human cells were cultured and fixed by Thomas Verin from Marc Lavigne lab. 

Pseudomas aeruginosa cells were grown in LB 37C° 180 RPM overnight and diluted in 

fresh media to an optical density at 600 nm (OD600) of 0,1. Cells were grown until it reaches an 

OD600 of 0.5. Fixation was performed as S. cerevisiae cells. 
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3.4.2 3C and Hi-C procedure. 

3C library were generated as described before167. Hi-C library we done using the 

ARIMA genomics HI-C kit. For Hi-C library, streptavidin pull-down was done as mentioned 

above in the pre-print article. However, no DNA fragmentation was performed prior to 

streptavidin pull-down. The sequencing library were prepared with sequencing adapters coming 

from SQK-LSK109 or SQK-RPB114.24 nanopore sequencing kit or SMRT bell PacBio 

sequencing kit. Because C1 streptavidin beads inhibits many enzymes, the end-preparation and 

adapters ligations were done using reagent from the Colibri kit (Invitrogen). The PCR was 

conducted using Takara Long Amp HF polymerase with compatible primers for each 

sequencing technologies. When applicable, the libraries were analysed prior to sequencing 

using the Agilent Tapestation system using a D5000 or D5000 high sensitivity DNA screentape. 

 

3.4.3 Nanopore sequencing 

The Nanopore sequencing was done on a MinION sequencer using MinION flow cell. 

The base calling was done on the GPUlab from Institut Pasteur (financed by the INCEPTION 

grant) using guppy 3.4.0 and aptainer. 

 

3.4.4 Multi-contact bio-informatic pipeline and data visualisation 

The analysis of reads either from PE 150 Illumina sequencing or nanopore sequencing 

were virtually digested. Thanks to the biotinylation step, I looked for pseudo duplication of 

restriction sites. If we take DpnII (one classical restriction enzyme used in Hi-C protocol for S. 

cerevisiae). Its restriction site is 5’-*GATC-3’, the star indicates the cut localisation. If DNA is 

digested, it will produce a 5’ overhang which will filled during the biotinylation process. This, 

after DNA ligation will produce 5’-GATCGATC-3’ pattern. Thus, I decided to splice reads when 

I found the exact suite of nucleotides corresponding to pseudo duplication of restriction sites 

from the enzymes used to generate the Hi-C library. This approach produced superior results 

for high quality reads from Illumina but was too stringent for low quality reads from Nanopore 

sequencing technology. For nanopore reads, I used a constant splicing size corresponding to the 

median restriction fragment. Next, I aligned the reads chunks using bowtie2 (Illumina reads) or 

Minimap2(for nanopore reads) against S. cerevisiae S288C-R64-1-1 reference genome. The 

raw multi-contact event were then filtered using thresholds for uninformative reads as described 

before152. Once the threshold for loops and uncuts were determined, I filtered events within 
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reads. I also removed the PCR/ optical duplicates. Once the multi-contact events were filtered, 

I generate a. multi file based on the. pairs file format. This file is then used to generates 

agglomerated cubes. The method to agglomerates cubes is the same compared to 2D 

agglomeration described previously163 but adaptation had to be made for 3D agglomeration. 

The cubes were visualised using Mayavi2 python library. Code is available on my github 

account. 

 

3.4.5 Bootstrap test 

From the position of loops that were identified with chromosight163 , I generated 10,000 

random files. I kept the original genomic distances between positions. From this file, I asked 

for every multi-contact events how many positions matched between the read and the list of 

positions (randomly generated or corresponding to actual loop anchor positions). This allows 

to estimate the random probability of having 1 ,2,3,4 or 5 matching events. Then I compared 

the proportion obtained using the actual loop anchor position file to the distribution obtained 

with the 10,000 random files. 

 

3.4.6 Sanger sequencing and analysis of amplified long Hi-C molecules. 

Molecules from amplified Long Hi-C library were cloned in vectors using the Invitrogen 

zero blunt PCR cloning kit. 20 transformants were isolated and plasmids were extracted using 

nucleospin miniprep kit from Machenery-Nagel. The sanger sequencing was done using NEB 

Tubeseq services. The sequencing primer was the T7 promoter sequencing primer provided by 

NEB. Once the ligation event was located using the pseudo-duplication of restriction sites, each 

part of the read was aligned using BLAST. 
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4 Discussion 

4.1 Molecular parasites tether to inactive genomic regions 

Our pre-publication shows that known molecular parasites linked to plasmid 2µ and 

plasmid Ddp5 attach to inactive regions of their respective host genomes. The tethering of 

molecular parasites to inactive region of the genome could be part of the of the overall stealth 

strategy used by those parasites to avoid their detection and elimination from their host. We 

could hypotheses that the presence of the foreign DNA molecule docked onto inactive 

chromatin is less deleterious for the host cell compared to its docking on active genomic 

regions. We have further characterised the mechanism by which the 2µ plasmid attaches to its 

host chromosome. Anchoring could be directly mediated by the histone H4 tail. Our results 

show that when the H4 tail is replaced by alanine, contacts between the 2µ plasmid and host 

chromosomes disappear. However, we do not show any direct interaction between the 

Rep1/Rep2 complex and the histone H4 tail. We could, for example, look for the H4 tail in 

proteins co-immuno-precipitated with Rep1 or Rep2. In addition, an in vitro experiment 

showing the direct attachment of plasmid 2µ to reconstituted chromatin would provide further 

concrete evidence that plasmid 2µ attaches directly to host chromosomes by docking between 

nucleosomes as suggested by the Rep1 ChIP-seq signal on host chromatin. 

 The Rep1 ChIP signal on the 2µ plasmid is troubling (Figure 33). The previous reports 

pointed that Rep1 and Rep2 are enriched on the STB sequence but here we observe that Rep1 
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is actually enriched on a large portion of the 2µ plasmid. One of the hypotheses we had about 

the tethering of the 2µ plasmid on host chromosomes was its winding around the host 

chromosomes that would be mediated by the Rep1/Rep2 complex. We could explore this 

assumption by inducing DNA breaks in the 2µ plasmid. The idea would be to evaluate upon 

break induction if the 2µ plasmid still tethers to host chromosome. This(ose) break(s) could be 

done using CRISPR/Cas system under an inducible promoter on a plasmid. We could induce 

multiple (3 breaks at the same time has been achieved in the laboratory using CRISPR/cas 

system) breaks at the different loci on the 2µ plasmid. We could target the ORFs, the IRs and 

even the STB locus. 

Although S. cerevisiae is extensively studied, no essential functions associated with the 

2µ plasmid have been reported. In my opinion, the 2µ plasmid does not bring any essential nor 

accessory functions to its host. Maybe we could define the 2µ plasmid as a commensal for S. 

cerevisiae and we could imagine that along the way, the 2µ plasmid could become a benefit for 

S. cerevisiae as for MGEs in prokaryotes that in certain cases improves host adaptability and 

genome plasticity. 

 

Figure 33. Plot showing the ChIP signal of Rep1 on the 2µ plasmid 
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4.2  S. cerevisiae defence mechanism 

The field of prokaryotic defence mechanisms against infection is very dynamic. More 

and more defence mechanisms are being reported as research progresses. However, to my 

knowledge, the only defence mechanism reported in S. cerevisiae is the NPC. The NPC seems 

to filter the entry of genetic material into the nucleus and act on its expression in the nucleus. 

Yet S. cerevisiae is not massively invaded or threatened. The only known threats/parasites are 

the 2µ plasmid, retro-transposable elements, and cytoplasmic dsRNA viruses. Interestingly, 

dsRNA viruses and, in rare cases, Ty can be found as pseudocapsids in the cytoplasm. It seems 

they are trapped in the cell and can’t escape it. Thus, we might ask whether new defence 

mechanisms have yet to be discovered in yeast, which might explain why so little threats to the 

S. cerevisiae genome are reported. 

 

4.3 A common feature of eukaryotic parasitic plasmid/episome 

During my PhD, we studied other plasmids in other organisms. The fact that they all 

seem to attach preferentially to inactive genomic regions could be used to search for other 

molecular parasites in eukaryotes. As mentioned in the introduction, molecular parasites of 

eukaryotes tend to be labelled as bacterial contaminants in shotgun-based assemblies. Firstly, 

we could use Hi-C information to locate plasmids in the nucleus and search for them. Secondly, 

we could look for plasmids that preferentially attach to weakly transcribed genomic regions. 

This can be done by working on raw Hi-C datasets generated on any organism, for example on 

the DNA zoo dataset.168. 

Moreover, the 2µ plasmid and derivatives, the Ddp plasmid family and EBV share some 

common peculiar genetic features such as the presence of repeated motif as the STB sequence 

of the 2µ plasmid. The EBV episomes also tethers to host chromosome with the help of viral 

encoded persistence protein EBNA1. This homology in the genetic structure and stability 

strategy could be the result of convergent evolution; the persistence issue in eukaryotes nucleus 

is the same for every persistent eukaryotic circular ecDNA and their respective strategies all 

converged to the hitchhiking strategy on inactive genomic regions. Or which could be very 

intriguing, all those selfish parasites share a common evolutive history. This could be studied 

by comparing the docking proteic complexes of each parasite and look for homology either in 

their quaternary structures, primary structure, and DNA sequence. 
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4.4 New project and biotechnological application of the 2µ plasmid system 

The first biotechnology based on the 2µ plasmid were the FRT/Flp1 genomic 

engineering system and the 2µ-based plasmid in S. cerevisiae. Here we report that the 2µ 

plasmid tethers to inactive regions of its host regardless of its sequence. This result is the basis 

of the “chromoglue” project which will be conducted by my PhD co-director Axel Cournac and 

our collaborator Nolwenn Jouvenet. This project has received fundings from the “direction des 

Applications de la recherche et des relations industrielles” (DARRI) from the Institut Pasteur. 

Most available strategies to design stable vectors in human cells often involve viral genome 

that represent bio-safety risks. The idea is to design stable vector in human cells using the 

Rep1/Rep2 tethering system. This persistence strategy could allow the stable expression of 

genes in human cells and open the way to new gene therapy strategies that are independent of 

viral genomic elements and as unobtrusive as the 2µ plasmid is for its host. 

Moreover, I started an experiment where I want to integrate STB sites in the S. cerevisiae 

genome and observe whether the integrated sites contact each other and if the STB site (and 

recruited proteins) blocked the cohesin complex. This experiment was based on a peculiar 

strain, available in the laboratory collection in which a 100kb synthetic and random sequence 

is integrated into the chr IV. In this playground, I managed to integrate one STB with the 

CRISPR technology. 
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