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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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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 a long 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 defense 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.
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Several works point at a ‘chromosome hitchhiking’ mechanism by which the 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 center 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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Results

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 colored along its linear axis
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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 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 subtelomeric

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.

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
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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.

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).
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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.

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 genomewide 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 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 centered 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).

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).
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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 is able to

relocalize quickly to discrete regions.

2µ plasmid tether to exogenous artificial inactive chromatin
To further support the relationship between chromatin inactivity and 2μ contacts, we explored

the plasmid behavior 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 fold 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
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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.

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 and 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
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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).
2µ contact profile with the genome is also independent of remodeler complexes RSC2 or RSC1,

and the centromere labeling 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).
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).

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.
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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 fiber.

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.

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 analyzed contact profiles of Lachancea

fermentati and Lachancea waltii which also host natural plasmids related to the 2µ plasmid. In

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.

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
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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 nocadazole 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 inactive regions, a possibility

is that chromatin geometry plays a role in the attachments. For instance, the 2µ plasmid system
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may recognize specific chromatin fiber 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 favor 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 behavior 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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Material and Methods

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% synthetic 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.

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 in order 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.

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).
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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 labeling of the bacterial

DNA (1.5 µg) using the Nick Translation kit from Jena Bioscience (Atto488 NT Labeling Kit). For

the 2µ plasmid labeling, 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 labeled using the Nick Translation kit from Jena Bioscience

(AF555 NT Labeling Kit). For the M. mycoides probe and the 2µ plasmid probe, the labeling

reaction was performed at 15°C for 90 min and 30 min, respectively. The labeled 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 sulfate, 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.

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

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 4, 2023. ; https://doi.org/10.1101/2023.10.04.558402doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?g6G7V4
https://doi.org/10.1101/2023.10.04.558402
http://creativecommons.org/licenses/by-nc-nd/4.0/


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.

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 of 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).

Data analysis

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 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 exactly the same genomic positions). Contact signals
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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).

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. is the total number
𝑗=1

𝑁𝑔𝑒𝑛𝑜𝑚𝑒

∑ 𝑐𝑖𝑗

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 idiogram visualization, the contact signal Si is represented using R ideogram

package (Hao et al., 2020).

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-precipited normalized coverage by

input coverage. Signals were then visualized with home made python using pyBigWig package.

RNA-seq signal was log represented.

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
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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.

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 centered 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.

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 home made 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 home made python code

and using the coordinates of genes of SGD database

(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 home made python code and the

function combinations from itertools package.

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 home made

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).

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.
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Code availability
All scripts required to reproduce figures and analyses are available at

https://github.com/acournac/2micron-project.
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Figures legends

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 arrow head.
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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.

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 4, 2023. ; https://doi.org/10.1101/2023.10.04.558402doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.04.558402
http://creativecommons.org/licenses/by-nc-nd/4.0/


References

Bailey, T.L., Johnson, J., Grant, C.E., Noble, W.S., 2015. The MEME Suite. Nucleic Acids Res.
43, W39-49. https://doi.org/10.1093/nar/gkv416

Bastié, N., Chapard, C., Dauban, L., Gadal, O., Beckouët, F., Koszul, R., 2022. Smc3
acetylation, Pds5 and Scc2 control the translocase activity that establishes
cohesin-dependent chromatin loops. Nat. Struct. Mol. Biol. 29, 575–585.
https://doi.org/10.1038/s41594-022-00780-0

Broach, J.R., Atkins, J.F., McGill, C., Chow, L., 1979. Identification and mapping of the
transcriptional and translational products of the yeast plasmid, 2mu circle. Cell 16,
827–839. https://doi.org/10.1016/0092-8674(79)90098-9

Chan, K.-M., Liu, Y.-T., Ma, C.-H., Jayaram, M., Sau, S., 2013. The 2 micron plasmid of
Saccharomyces cerevisiae: A miniaturized selfish genome with optimized functional
competence. Plasmid, Special Issue based on the International Society for Plasmid
Biology Meeting: Santander 2012 70, 2–17.
https://doi.org/10.1016/j.plasmid.2013.03.001

Chapard, C., Meneu, L., Serizay, J., Routhier, E., Ruault, M., Bignaud, A., Gourgues, G.,
Lartigue, C., Piazza, A., Taddei, A., Beckouët, F., Mozziconacci, J., Koszul, R., 2023.
Exogenous chromosomes reveal how sequence composition drives chromatin assembly,
activity, folding and compartmentalization. https://doi.org/10.1101/2022.12.21.520625

Costantino, L., Hsieh, T.-H.S., Lamothe, R., Darzacq, X., Koshland, D., 2020. Cohesin residency
determines chromatin loop patterns. eLife 9, e59889. https://doi.org/10.7554/eLife.59889

Cournac, A., Marie-Nelly, H., Marbouty, M., Koszul, R., Mozziconacci, J., 2012. Normalization of
a chromosomal contact map. BMC Genomics 13, 436.
https://doi.org/10.1186/1471-2164-13-436

Coursey, T.L., McBride, A.A., 2019. Hitchhiking of Viral Genomes on Cellular Chromosomes.
Annu. Rev. Virol. 6, 275–296. https://doi.org/10.1146/annurev-virology-092818-015716

Dauban, L., Montagne, R., Thierry, A., Lazar-Stefanita, L., Bastié, N., Gadal, O., Cournac, A.,
Koszul, R., Beckouët, F., 2020. Regulation of Cohesin-Mediated Chromosome Folding
by Eco1 and Other Partners. Mol Cell. https://doi.org/10.1016/j.molcel.2020.01.019

Dias, J.D., Sarica, N., Cournac, A., Koszul, R., Neuveut, C., 2022. Crosstalk between Hepatitis
B Virus and the 3D Genome Structure. Viruses 14, 445.
https://doi.org/10.3390/v14020445

Esser, K., Kück, U., Lang-Hinrichs, C., Lemke, P., Osiewacz, H.D., Stahl, U., Tudzynski, P.,
2012. Plasmids of Eukaryotes: Fundamentals and Applications. Springer Science &
Business Media.

Gotta, M., Laroche, T., Formenton, A., Maillet, L., Scherthan, H., Gasser, S.M., 1996. The
clustering of telomeres and colocalization with Rap1, Sir3, and Sir4 proteins in wild-type
Saccharomyces cerevisiae. J. Cell Biol. 134, 1349–1363.
https://doi.org/10.1083/jcb.134.6.1349

Guérin, T.M., Béneut, C., Barinova, N., López, V., Lazar-Stefanita, L., Deshayes, A., Thierry, A.,
Koszul, R., Dubrana, K., Marcand, S., 2019. Condensin-Mediated Chromosome Folding
and Internal Telomeres Drive Dicentric Severing by Cytokinesis. Mol. Cell 75,
131-144.e3. https://doi.org/10.1016/j.molcel.2019.05.021

Guidi, M., Ruault, M., Marbouty, M., Loïodice, I., Cournac, A., Billaudeau, C., Hocher, A.,
Mozziconacci, J., Koszul, R., Taddei, A., 2015. Spatial reorganization of telomeres in
long-lived quiescent cells. Genome Biol. 16, 206.

Hajra, S., Ghosh, S.K., Jayaram, M., 2006. The centromere-specific histone variant Cse4p
(CENP-A) is essential for functional chromatin architecture at the yeast 2-μm circle

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 4, 2023. ; https://doi.org/10.1101/2023.10.04.558402doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://doi.org/10.1101/2023.10.04.558402
http://creativecommons.org/licenses/by-nc-nd/4.0/


partitioning locus and promotes equal plasmid segregation. J. Cell Biol. 174, 779–790.
https://doi.org/10.1083/jcb.200603042

Hao, Z., Lv, D., Ge, Y., Shi, J., Weijers, D., Yu, G., Chen, J., 2020. RIdeogram: drawing SVG
graphics to visualize and map genome-wide data on the idiograms. PeerJ Comput. Sci.
6, e251. https://doi.org/10.7717/peerj-cs.251

Heinemann, J.A., Sprague, G.F., 1989. Bacterial conjugative plasmids mobilize DNA transfer
between bacteria and yeast. Nature 340, 205–209. https://doi.org/10.1038/340205a0

Heun, P., Laroche, T., Raghuraman, M.K., Gasser, S.M., 2001. The Positioning and Dynamics of
Origins of Replication in the Budding Yeast Nucleus. J. Cell Biol. 152, 385.
https://doi.org/10.1083/jcb.152.2.385

Hsieh, T.-H.S., Fudenberg, G., Goloborodko, A., Rando, O.J., 2016. Micro-C XL: assaying
chromosome conformation from the nucleosome to the entire genome. Nat Methods 13,
1009–1011. https://doi.org/10.1038/nmeth.4025

Hu, B., Petela, N., Kurze, A., Chan, K.-L., Chapard, C., Nasmyth, K., 2015. Biological
chromodynamics: a general method for measuring protein occupancy across the
genome by calibrating ChIP-seq. Nucleic Acids Res. 43, e132.
https://doi.org/10.1093/nar/gkv670

Jeppsson, K., Sakata, T., Nakato, R., Milanova, S., Shirahige, K., Björkegren, C., 2022.
Cohesin-dependent chromosome loop extrusion is limited by transcription and stalled
replication forks. Sci. Adv. 8, eabn7063. https://doi.org/10.1126/sciadv.abn7063

Kikuchi, Y., 1983. Yeast plasmid requires a cis-acting locus and two plasmid proteins for its
stable maintenance. Cell 35, 487–493. https://doi.org/10.1016/0092-8674(83)90182-4

Kim, K.-D., Tanizawa, H., De Leo, A., Vladimirova, O., Kossenkov, A., Lu, F., Showe, L.C.,
Noma, K., Lieberman, P.M., 2020. Epigenetic specifications of host chromosome docking
sites for latent Epstein-Barr virus. Nat. Commun. 11, 877.
https://doi.org/10.1038/s41467-019-14152-8

Kruitwagen, T., Chymkowitch, P., Denoth-Lippuner, A., Enserink, J., Barral, Y., 2018.
Centromeres License the Mitotic Condensation of Yeast Chromosome Arms. Cell 175,
780-795.e15. https://doi.org/10.1016/j.cell.2018.09.012

Kumar, D., Prajapati, H.K., Mahilkar, A., Ma, C.-H., Mittal, P., Jayaram, M., Ghosh, S.K., 2021.
The selfish yeast plasmid utilizes the condensin complex and condensed chromatin for
faithful partitioning. PLOS Genet. 17, e1009660.
https://doi.org/10.1371/journal.pgen.1009660

Langmead, B., Salzberg, S.L., 2012. Fast gapped-read alignment with Bowtie 2. Nat. Methods
9, 357–359. https://doi.org/10.1038/nmeth.1923

Lartigue, C., Vashee, S., Algire, M.A., Chuang, R.-Y., Benders, G.A., Ma, L., Noskov, V.N.,
Denisova, E.A., Gibson, D.G., Assad-Garcia, N., Alperovich, N., Thomas, D.W.,
Merryman, C., Hutchison, C.A., Smith, H.O., Venter, J.C., Glass, J.I., 2009. Creating
Bacterial Strains from Genomes That Have Been Cloned and Engineered in Yeast.
Science 325, 1693–1696. https://doi.org/10.1126/science.1173759

Lazar-Stefanita, L., Scolari, V.F., Mercy, G., Muller, H., Guérin, T.M., Thierry, A., Mozziconacci,
J., Koszul, R., 2017. Cohesins and condensins orchestrate the 4D dynamics of yeast
chromosomes during the cell cycle. EMBO J. https://doi.org/10.15252/embj.201797342

Lee, S., Oh, S., Jeong, K., Jo, H., Choi, Y., Seo, H.D., Kim, M., Choe, J., Kwon, C.S., Lee, D.,
2018. Dot1 regulates nucleosome dynamics by its inherent histone chaperone activity in
yeast. Nat. Commun. 9, 240. https://doi.org/10.1038/s41467-017-02759-8

Lerner, A.M., Hepperla, A.J., Keele, G.R., Meriesh, H.A., Yumerefendi, H., Restrepo, D.,
Zimmerman, S., Bear, J.E., Kuhlman, B., Davis, I.J., Strahl, B.D., 2020. An optogenetic
switch for the Set2 methyltransferase provides evidence for transcription-dependent and
-independent dynamics of H3K36 methylation. Genome Res. 30, 1605–1617.
https://doi.org/10.1101/gr.264283.120

Li, B., Gogol, M., Carey, M., Pattenden, S.G., Seidel, C., Workman, J.L., 2007. Infrequently
transcribed long genes depend on the Set2/Rpd3S pathway for accurate transcription.

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 4, 2023. ; https://doi.org/10.1101/2023.10.04.558402doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://doi.org/10.1101/2023.10.04.558402
http://creativecommons.org/licenses/by-nc-nd/4.0/


Genes Dev. 21, 1422–1430. https://doi.org/10.1101/gad.1539307
Lieberman, P.M., 2006. Chromatin regulation of virus infection. Trends Microbiol. 14, 132–140.

https://doi.org/10.1016/j.tim.2006.01.001
Lieberman-Aiden, E., Van Berkum, N.L., Williams, L., Imakaev, M., Ragoczy, T., Telling, A., Amit,

I., Lajoie, B.R., Sabo, P.J., Dorschner, M.O., others, 2009. Comprehensive mapping of
long-range interactions reveals folding principles of the human genome. science 326,
289–293.

Loïodice, I., Garnier, M., Nikolov, I., Taddei, A., 2021. An Inducible System for Silencing
Establishment Reveals a Stepwise Mechanism in Which Anchoring at the Nuclear
Periphery Precedes Heterochromatin Formation. Cells 10, 2810.
https://doi.org/10.3390/cells10112810

Matthey-Doret, C., Baudry, L., Breuer, A., Montagne, R., Guiglielmoni, N., Scolari, V., Jean, E.,
Campeas, A., Chanut, P.H., Oriol, E., Méot, A., Politis, L., Vigouroux, A., Moreau, P.,
Koszul, R., Cournac, A., 2020. Computer vision for pattern detection in chromosome
contact maps. Nat. Commun. 11, 5795. https://doi.org/10.1038/s41467-020-19562-7

Matthey-Doret, C., Baudry, L., Mortaza, S., Moreau, P., Koszul, R., Cournac, A., 2022.
Normalization of Chromosome Contact Maps: Matrix Balancing and Visualization.
Methods Mol. Biol. Clifton NJ 2301, 1–15. https://doi.org/10.1007/978-1-0716-1390-0_1

McKnight, J.N., Boerma, J.W., Breeden, L.L., Tsukiyama, T., 2015. Global Promoter Targeting of
a Conserved Lysine Deacetylase for Transcriptional Shutoff during Quiescence Entry.
Mol. Cell 59, 732–743. https://doi.org/10.1016/j.molcel.2015.07.014

McQuaid, M.E., Polvi, E.J., Dobson, M.J., 2019. DNA sequence elements required for
partitioning competence of the Saccharomyces cerevisiae 2-micron plasmid STB locus.
Nucleic Acids Res. 47, 716–728. https://doi.org/10.1093/nar/gky1150

Mead, D.J., Gardner, D.C.J., Oliver, S.G., 1986. The yeast 2 μ plasmid: strategies for the
survival of a selfish DNA. Mol. Gen. Genet. MGG 205, 417–421.
https://doi.org/10.1007/BF00338076

Mehta, S., Yang, X.M., Chan, C.S., Dobson, M.J., Jayaram, M., Velmurugan, S., 2002. The 2
micron plasmid purloins the yeast cohesin complex. J. Cell Biol. 158, 625–637.
https://doi.org/10.1083/jcb.200204136

Mereshchuk, A., Johnstone, P.S., Chew, J.S.K., Dobson, M.J., 2022. The yeast 2-micron
plasmid Rep2 protein has Rep1-independent partitioning function. Nucleic Acids Res.
50, 10571–10585. https://doi.org/10.1093/nar/gkac810

Møller, H.D., Parsons, L., Jørgensen, T.S., Botstein, D., Regenberg, B., 2015.
Extrachromosomal circular DNA is common in yeast. Proc. Natl. Acad. Sci. 112,
E3114–E3122. https://doi.org/10.1073/pnas.1508825112

Muller, H., Scolari, V., Mercy, G., Agier, N., Descorps-Declere, S., Fischer, G., Mozziconacci, J.,
Koszul, R., 2017. Redesigning chromosomes to optimize conformation capture (Hi-C)
assays. bioRxiv 169847.

Ohno, M., Ando, T., Priest, D.G., Kumar, V., Yoshida, Y., Taniguchi, Y., 2019. Sub-nucleosomal
Genome Structure Reveals Distinct Nucleosome Folding Motifs. Cell 176, 520-534.e25.
https://doi.org/10.1016/j.cell.2018.12.014

Peter, J., De Chiara, M., Friedrich, A., Yue, J.-X., Pflieger, D., Bergström, A., Sigwalt, A., Barre,
B., Freel, K., Llored, A., Cruaud, C., Labadie, K., Aury, J.-M., Istace, B., Lebrigand, K.,
Barbry, P., Engelen, S., Lemainque, A., Wincker, P., Liti, G., Schacherer, J., 2018.
Genome evolution across 1,011 Saccharomyces cerevisiae isolates. Nature 556,
339–344. https://doi.org/10.1038/s41586-018-0030-5

Piazza, A., Bordelet, H., Dumont, A., Thierry, A., Savocco, J., Girard, F., Koszul, R., 2021.
Cohesin regulates homology search during recombinational DNA repair. Nat. Cell Biol.
23, 1176–1186. https://doi.org/10.1038/s41556-021-00783-x

Prajapati, H.K., Rizvi, S.M.A., Rathore, I., Ghosh, S.K., 2017. Microtubule-associated proteins,
Bik1 and Bim1, are required for faithful partitioning of the endogenous 2 micron plasmids
in budding yeast. Mol. Microbiol. 103, 1046–1064. https://doi.org/10.1111/mmi.13608

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 4, 2023. ; https://doi.org/10.1101/2023.10.04.558402doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://doi.org/10.1101/2023.10.04.558402
http://creativecommons.org/licenses/by-nc-nd/4.0/


Ramírez, F., Ryan, D.P., Grüning, B., Bhardwaj, V., Kilpert, F., Richter, A.S., Heyne, S., Dündar,
F., Manke, T., 2016. deepTools2: a next generation web server for deep-sequencing data
analysis. Nucleic Acids Res. 44, W160-165. https://doi.org/10.1093/nar/gkw257

Rieben, W.K., Gonzales, C.M., Gonzales, S.T., Pilkington, K.J., Kiyosawa, H., Hughes, J.E.,
Welker, D.L., 1998. Dictyostelium discoideum nuclear plasmid Ddp5 is a chimera related
to the Ddp1 and Ddp2 plasmid families. Genetics 148, 1117–1125.
https://doi.org/10.1093/genetics/148.3.1117

Rossi, M.J., Kuntala, P.K., Lai, W.K.M., Yamada, N., Badjatia, N., Mittal, C., Kuzu, G., Bocklund,
K., Farrell, N.P., Blanda, T.R., Mairose, J.D., Basting, A.V., Mistretta, K.S., Rocco, D.J.,
Perkinson, E.S., Kellogg, G.D., Mahony, S., Pugh, B.F., 2021. A high-resolution protein
architecture of the budding yeast genome. Nature 592, 309–314.
https://doi.org/10.1038/s41586-021-03314-8

Ruault, M., Scolari, V.F., Lazar-Stefanita, L., Hocher, A., Loïodice, I., Koszul, R., Taddei, A.,
2021. Sir3 mediates long-range chromosome interactions in budding yeast. Genome
Res. https://doi.org/10.1101/gr.267872.120

Sau, S., Ghosh, S.K., Liu, Y.-T., Ma, C.-H., Jayaram, M., 2019. Hitchhiking on chromosomes: A
persistence strategy shared by diverse selfish DNA elements. Plasmid 102, 19–28.
https://doi.org/10.1016/j.plasmid.2019.01.004

Schalbetter, S.A., Fudenberg, G., Baxter, J., Pollard, K.S., Neale, M.J., 2019. Principles of
meiotic chromosome assembly revealed in S. cerevisiae. Nat Commun 10, 4795.
https://doi.org/10.1038/s41467-019-12629-0

Sengupta, A., Blomqvist, K., Pickett, A.J., Zhang, Y., Chew, J.S.K., Dobson, M.J., 2001.
Functional Domains of Yeast Plasmid-Encoded Rep Proteins. J. Bacteriol. 183,
2306–2315. https://doi.org/10.1128/JB.183.7.2306-2315.2001

Shammat, I.M., Gonzales, C.M., Welker, D.L., 1998. Dictyostelium discoideum nuclear plasmid
Ddp6 is a new member of the Ddp2 plasmid family. Curr. Genet. 33, 77–82.
https://doi.org/10.1007/s002940050311

Stevens, B.J., Moustacchi, E., 1971. ADN satellite γ et molécules circulaires torsadées de petite
taille chez la levure Saccharomyces cerevisiae. Exp. Cell Res. 64, 259–266.
https://doi.org/10.1016/0014-4827(71)90075-9

Swygert, S.G., Kim, S., Wu, X., Fu, T., Hsieh, T.-H., Rando, O.J., Eisenman, R.N., Shendure, J.,
McKnight, J.N., Tsukiyama, T., 2019. Condensin-Dependent Chromatin Compaction
Represses Transcription Globally during Quiescence. Mol. Cell 73, 533-546.e4.
https://doi.org/10.1016/j.molcel.2018.11.020

Swygert, S.G., Lin, D., Portillo-Ledesma, S., Lin, P.-Y., Hunt, D.R., Kao, C.-F., Schlick, T., Noble,
W.S., Tsukiyama, T., 2021. Local chromatin fiber folding represses transcription and loop
extrusion in quiescent cells. eLife 10, e72062. https://doi.org/10.7554/eLife.72062

Velmurugan, S., Ahn, Y.-T., Yang, X.-M., Wu, X.-L., Jayaram, M., 1998. The 2μm Plasmid
Stability System: Analyses of the Interactions among Plasmid- and Host-Encoded
Components. Mol. Cell. Biol. 18, 7466–7477. https://doi.org/10.1128/MCB.18.12.7466

Wang, S.Y., Pollina, E.A., Wang, I.-H., Pino, L.K., Bushnell, H.L., Takashima, K., Fritsche, C.,
Sabin, G., Garcia, B.A., Greer, P.L., Greer, E.L., 2021. Role of epigenetics in unicellular
to multicellular transition in Dictyostelium. Genome Biol. 22, 134.
https://doi.org/10.1186/s13059-021-02360-9

Wong, M.C.V.L., Scott-Drew, S.R.S., Hayes, M.J., Howard, P.J., Murray, J.A.H., 2002. RSC2,
Encoding a Component of the RSC Nucleosome Remodeling Complex, Is Essential for
2μm Plasmid Maintenance in Saccharomyces cerevisiae. Mol. Cell. Biol. 22, 4218–4229.
https://doi.org/10.1128/MCB.22.12.4218-4229.2002

Zakian, V.A., Brewer, B.J., Fangman, W.L., 1979. Replication of each copy of the yeast 2 micron
DNA plasmid occurs during the S phase. Cell 17, 923–934.
https://doi.org/10.1016/0092-8674(79)90332-5

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 4, 2023. ; https://doi.org/10.1101/2023.10.04.558402doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://www.zotero.org/google-docs/?LKOd5C
https://doi.org/10.1101/2023.10.04.558402
http://creativecommons.org/licenses/by-nc-nd/4.0/


Supplemental information

Anchoring of parasitic plasmids to inactive regions of eukaryotic chromosomes
through nucleosome signal
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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].
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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.
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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.
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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. cevevisiae: 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. cevevisiae: 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 synthetic
chromosomes [18].
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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.
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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 color (colorbar 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]).
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Supplementary Figure 10. Contact behavior 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]).
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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 remodelers 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]).
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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.
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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 Ref Identifier

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
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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

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.
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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?

Supplementary Table 2: Genomic datasets (other than contact data) analyzed 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
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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

Supplementary Table 3: List of strains used in the present study.
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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
pRS413 CEN4 ARS HIS3 Sikorksi et al. 1989

Supplementary Table 4: List of plasmids used in this study
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