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In brief

The work of Lazar-Stefanita et al. uses

genetically engineered fused

chromosomes to investigate

chromosome size effect on nuclear

architecture and function. The gigantic

chromosomes were found to occupy

more space within enlarged nuclei and

maintain DNA reorganization during cell

division. Site-specific, three-dimensional

changes were functionally linked to

temporal variations of the DNA replication

program.
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SUMMARY
Eukaryotic genomes vary in terms of size, chromosome number, and genetic complexity. Their temporal or-
ganization is complex, reflecting coordination between DNA folding and function. Here, we used fused kar-
yotypes of budding yeast to characterize the effects of chromosome length on nuclear architecture. We
found that size-matched megachromosomes expand to occupy a larger fraction of the enlarged nucleus.
Hi-C maps reveal changes in the three-dimensional structure corresponding to inactivated centromeres
and telomeres. De-clustering of inactive centromeres results in their loss of early replication, highlighting a
functional correlation between genome organization and replication timing. Repositioning of former telo-
mere-proximal regions on chromosome arms exposed a subset of contacts between flocculin genes. Chro-
matin reorganization of megachromosomes during cell division remained unperturbed, and it revealed that
centromere-rDNA contacts in anaphase, extending over 0.3 Mb on wild-type chromosome, cannot exceed
�1.7 Mb. Our results highlight the relevance of engineered karyotypes to unveiling relationships between
genome organization and function.
INTRODUCTION

Over billions of years of evolution, genomes have acquired

distinct characteristics. In eukaryotes, chromosome size, num-

ber, and structural organization within the nuclear space are

diverse, reflecting a history of dynamic evolutionary changes.

The 12-Mb budding yeast genome, distributed among 16 chro-

mosomes, encodes �6,000 genes.1 By contrast, flies, worms,

and humans have much larger genomes (8–250 times as large

as yeast, distributed across 4, 6, and 23 pairs of chromosomes,

respectively), but only carry 2–3 times as many genes as yeast

do. This indicates a lack of strong functional correspondence be-

tween genome size, chromosome number, and gene content.2

Nevertheless, DNA content has been linked to a number of

phenotypic traits: its increase is concomitant with the cell size

across a wide variety of taxa while it correlates inversely with

the rate of cell division. Hence, a high DNA content is typically

found in nuclei of large and slowly dividing cells.2,3

Imaging and chromosome conformation capture (3C; Hi-C)

studies have revealed complex architectures. Distinct nuclear
This is an open access article under the CC BY-N
territories of various sizes occasionally interact with one another;

yeast centromeres and telomeres cluster into discrete foci,

whereas the nucleolus occupies a distinct territory opposite

the spindle pole body (SPB).4 Ergo, the DNA molecule is not

strictly informational, but can also structure the nucleus. Nuclear

repositioning has been linked to local gene regulation in yeast,5,6

and highly transcribed genes result in boundaries in chromo-

some contact maps delimiting small microdomains along inter-

phase chromosomes.7,8 As yeast cells enter mitosis, their chro-

mosomes are reorganized into arrays of relatively small (�10–40

kb) chromatin loops, mediated by the cohesin complex.9–13

The mechanism of cohesin-mediated loops is conserved in

mammals, where they maintain large topologically associating

domains (TADs) in interphase.14–17

Here, we deploy a new strategy to investigate nuclear DNA ar-

chitecture and function on karyotype-engineered yeasts that

carry megachromosomes produced by sequential rounds of

telomere to telomere fusion and simultaneous removal of one

centromere.18,19 These genomes, which carry massive

‘‘designer rearrangements,’’ represent new resources for
Cell Genomics 2, 100163, August 10, 2022 ª 2022 The Authors. 1
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investigating functional consequences of genome three-dimen-

sional (3D) restructuring.We show that inactivation of pericentro-

meric regions during megachromosome engineering modifies

the higher order organization and abolishes their early replication

firing, demonstrating a functional link between overall genome

organization and regulation of replication. Likewise, reposition

of formerly telomere-proximal regions along megachromosome

arms reveals unexposed interactions between discrete chromo-

somal sites that evaded detection in the native yeast genome.

Despite that the relative size of the fused megachromosomes

was found to differentially affect nuclear size, initial studies re-

vealed a surprising lack of major fitness defects, pointing to a

resilient genome structure that strongly argues against the idea

that intranuclear position is a major determinant of gene expres-

sion.18–20 In addition, the mitotic characteristics of native chro-

mosomes are maintained in megachromosomes, showing that

chromosome length regulates neither chromatin compaction

nor segregation efficiency, underscoring the robustness of

mitosis in yeast. These results reinforce the relevance of local

3D nuclear architecture on genome structure and function and

highlights the importance of finding alternative ways to investi-

gate it.

RESULTS

Size-matched versus unmatched megachromosomes
Yeast strains carrying massively reorganized karyotypes have

been engineered and thoroughly described.18,19 Briefly, these

studies showed that chromosome size can be massively

increased through multiple rounds of telomere-telomere fusion

and simultaneous centromere deletion (to prevent the formation

of dicentric chromosomes)without incurringmajor fitnessdefects.

The present work focuses on yeasts whose 16 native chromo-

somes have been sequentially merged into 2 final megachromo-

somes (Figures 1A and S1A), which, for the sake of clarity, we

named alphabetically from the largest to the smallest (e.g., chrA

and chrB) in each strain. In earlier work by Luo et al.,18 we

described an n = 2 strain, JL402, with two approximately equal

size chromosomes. Here, to further investigate the potential

importance of the ‘‘size-matched’’ chromosomes, we designed

and constructed an ‘‘unmatched’’ n = 2 karyotype, in which one

chromosome is 3 times larger than the other (FigureS1A). Interest-

ingly, the unmatched n = 2 strain (JL498) has a severe growth

defect relative to the size-matched strain (Figure S1B). Additional

studies were performed on two n = 3 strains (JL381 and JL410;

growth rates reported by Luo et al.18) that served as progenitors

of the two n = 2 strains (Key resources table; Figure S1A).

Transcriptional regulation is affected in the size-

unmatched n = 2

We previously showed that the transcriptome of the size-

matched n = 2 strain is not severely changed compared to

n = 16, and was mostly attributed to the relocation of previously

telomeric genes to internal chromosomal arm locations.18 We

analyzed RNA sequencing (RNA-seq) libraries of the n = 2 size-

unmatched strain (Method details), which has a stronger growth

defect compared to n = 2 size-matched (Figure S1B). Consistent

with the slow growth phenotype, we detected hundreds of differ-

entially expressed genes (DEGs; log2 fold change >2 or <�2 and
2 Cell Genomics 2, 100163, August 10, 2022
p < 1E10�5); however, no coherent pattern of gene ontology (GO)

term enrichment could be identified among those DEGs (Fig-

ure S2; Tables S1–S3). The transcription of the former pericen-

tromeric genes, located �20 kb upstream and downstream of

the inactivated centromeres, remained largely unaffected and in-

dependent of chromosome size, suggesting that transcription is

not influenced by centromere positioning nor the structure of the

pericentromeric chromatin. The disturbed transcriptome of the

n = 2 unmatched strain could be directly related to its slow

growth phenotype. Alternatively, it is possible that one or more

novel mutations, which are absent from the size-matched strain,

arose in the unmatched affecting its fitness.

3D nuclear organization of megachromosomes
We reasoned that a �5-fold increase in chromosome length,

relative to the longest native chromosome, may alter nuclear oc-

cupancy of the megachromosomes. To investigate this hypoth-

esis, we started by measuring the surface area occupied by the

genomic DNA in cells labeled with SYTOX Green (Method de-

tails). Our results showed an increase of �26% in DNA occu-

pancy in the n = 2 size-matched compared to n = 16 (Figure 1B),

which was undetected in the n = 2 unmatched strain (Figure S3;

Table S4). Finally, the increase in DNA occupancy in the n = 2

size-matched was directly correlated with a �25% enlargement

of the nuclear surface itself (Figure S5; Table S5). These results

suggest a link between the size of the nucleus and the size of

chromosomes. However, it remains unknown how only the

size-matched megachromosomes but not the unmatched ones

have this effect on nuclear size.

To characterize the spatial organization of megachromo-

somes, Hi-C experiments were performed on G1 synchronized

n = 16 and n = 2 cells (Method details). In contrast to the contact

map of the reference strain with 16 chromosomes, which dis-

played a characteristic 15-spot off-diagonal pattern reflecting

centromere clustering associated with contact enrichment be-

tween pericentromeric regions,22 the n = 2 map displays only 2

long chromosomes and a single off-diagonal spot of inter-peri-

centromeric contacts (Figure 1C). Although 2D maps and the

corresponding 3D representations of n = 2 and n = 16 are

highly distinct (Figures 1D and S6), the key known architectural

elements of yeast nuclear organization remain conserved and in-

dependent of chromosome length. Most noticeable are the trans

contacts between the remaining active centromeres (Figures 1C,

black arrowheads, and S6), reflecting their clustering adjacent to

the SPB (yeast microtubule organizing center), as well as telo-

mere clustering.

Chromatin folding is independent of chromosome size

We expected that the process of chromosome fusion would alter

the overall balance between intra- and inter-chromosomal con-

tacts, that we evaluated by quantifying their relative contact per-

centages in the 2D maps of both n = 2, size-matched and un-

matched strains, and compared to n = 16. A gain of up to

�30% of intrachromosomal contacts was observed in n = 2

strains (Figure S7A). We next asked whether this increase could

affect the internal structure of megachromosomes during G1

compared to their n = 16 counterparts. Modifications of chro-

matin folding can be assessed, to some extent, by computing

the contact probability p as a function of the genomic distance
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Figure 1. Genome structure of 2 megachromosomes

(A) Overview of the chromosome fusion design from n = 16 to n = 2. The 16 native chromosomes are uniquely colored and ordered numerically, while the 2 fused

megachromosomes are alphabetically ordered (A and B). Length of chromosome arms is indicated as a function of distance from the centromere position (Mb).

(B) Measurements of DNA surface (mm2) in cells stained with SYTOX Green. Violin plots display: Median values of DNA surface in haploid (n = 16 and n = 2) and

diploid (n = 16, positive control for size increase) strains, and their relative (%) increments when compared to n = 16 haploid. p values obtained through Kolmo-

gorov-Smirnov test.

(C) Contact map comparison of n = 16 and n = 2 in G1 phase. Left and right Hi-C maps (5 kb binned) were generated by aligning both n = 16 and n = 2 reads on a

reference sequence containing only 2 chromosomes. Bottom left map shows all 16 native chromosomes underlined by dotted lines, while the top right map dis-

plays only 2 chromosomes (chrA and chrB, atop the map). Black arrowheads point to inter-pericentromeric contacts. Violet to white color scale reflects high to

low contact frequencies (log10).

(D) 3D average representations of G1 contact maps of n = 16 and n = 2. Color code reflects the 16 native chromosomes, and centromeres, telomeres, and rDNA

are highlighted.

(E) p(s) derivative represents the average decay of the intra-chromosomal contact frequency p between loci with respect to their genomic distance s. Two G1

replicates of both n = 16 from Lazar-Stefanita et al.21 and n = 2 were plotted together.

(F) Cumulative log ratios of active and inactivated pericentromeric regions. Blue to red color scale reflects contact enrichment in 200-kb windows in n = 2 versus

n = 16 (log2).
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(s) along chromosome arms.21,23 Because chromosome size is

considerably enlarged in n = 2 compared to n = 16 strains, a

direct comparison between their p(s) curves ismade problematic

by the high variation in the inter-/intra-contact ratio between the

2 genomes. To address this issue, we computed the p(s) in

300-kb windows over the chromosomes of both strains (Method

details). No significant differences were detected along themeg-

achromosomes compared to native ones in G1 in this local anal-

ysis (Figure S7B). We then calculated the local derivative of the

full p(s) curve in log-log space for both n = 16 and n = 2 genomes

to magnify their differences9,24 (Method details). For the most
part, the derivatives displayed similar slopes, with the exception

of long distances (>150 kb), as small chromosome arms intro-

duce variability in the n = 16 plot (Figure 1E). This result indicates

that within the nuclear space, the long chromosomal arms of

fused strains display an average chromatin folding state similar

to that of the 32 shorter arms in G1.

Centromere inactivation leads to the reorganization of

the pericentromeric chromatin

Due to centromere clustering, chromosomal arms adopt a ‘‘poly-

mer brush’’-like conformation25 that leads to local contact varia-

tions around centromere positions in both cis and trans.26,27
Cell Genomics 2, 100163, August 10, 2022 3
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Figure 2. Repositioning of subtelomeric

genes internally to chromosomal arms re-

veals their contact in 3D

(A) Contact map of chrA in n = 2 (5 kb-binned). Red

arrowheads point at cis contact enrichment be-

tween HML, HMR, and TEL. Violet to white color

scale reflects high to low contact frequencies as in

Figure 1.

(B) Dotted lines indicate locations of the FLO genes

both on n = 2 and n = 16 chromosomes. Contact

maps of unique FLO-flanking regions in n = 2 and

n = 16 (2 kb-binned). y and x axes indicate gene

name and the orientation of the unique 10-kb

sequences flanking the FLO50 and-30 UTRs) in the

n = 2 genome. The resulting 20-kb regions adjacent

to each gene are underlined by dotted lines.
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Given that the number of active centromeres in n = 2 is reduced

8-fold compared to n = 16, we thought that this may affect the

brush structure, which is known to depend on the grafting den-

sity (e.g. the number of polymer end per unit area [4 for n = 2 kar-

yotype, compared to 32 for n = 16 karyotype]).28 A decreased

polymer brush effect was observed in n = 2 contact maps

when compared to n = 16, as highlighted in the log ratios maps

between 200-kb regions from n = 2 and n = 16 strains centered

on either the retained active centromeres CEN7 and CEN15 or

the inactivated ones (Figure 1F). In the n = 2 strain, the four peri-

centromere regions around CEN7 and CEN15 engage in longer

range contacts than in the n = 16 strain (red stripes), as they

become unconstrained by the loss of the brush-like effect. The

chromatin flanking the 14 inactivated centromeres completely

lose the polymer brush conformation (Figure S7C, log2-ratio

maps). In other words, the larger the collective bulk of centro-
4 Cell Genomics 2, 100163, August 10, 2022
meric sequences at the kinetochores, the

higher their degree of insulation.

Telomere deletion reveals inter- and

intra-chromosomal FLO gene

contacts

In yeast, heterochromatin is observed at

and near the 32 telomeres and at the 2 si-

lent mating type loci, HML and HMR,

located near the left and right telomere

of chromosome 3, respectively.4 These

heterochromatic loci are thought to co-

localize, forming subnuclear compart-

ments enriched in silencing proteins Sir2-

3-4.29 As each chromosome fusion deletes

two telomeres and relocates the subtelo-

meric regions internal to a chromosome

arm, it was not surprising to observe that

the 28 formerly subtelomeric regions in

the n = 2 strain stopped being in contact.

However, the 2D maps revealed that a

subset of these regions continued to

exhibit discrete contacts (Figure 2). Among

these contacts were the mating type loci

(HML and HMR) with the retained subtelo-

meres (Figure 2A, red arrowheads), prob-
ably a result of their Sir3-dependent anchoring to the nuclear en-

velope.30 In addition, a set of distinct contacts involving three

loci, formerly positioned within subtelomeric regions, appeared

on the fused chromosomal maps. These previously unexposed

contacts correspond to members of the FLO gene family, a co-

regulated set of genes that trigger yeast flocculation in response

to adverse conditions.31 FLO1, 5, 9, 10, and 11 are telomere-

adjacent (�10–40 kb) genes encoding 5 cell-wall glycoproteins

or flocculins.32 The expression of the flocculins is regulated

both genetically and epigenetically, through recombination33,34

and histone deacetylase-mediated silencing, respectively.35 To

eliminate the possibility that these contacts correspond to

sequence misalignments due to the repetitive nature of the

genes, we masked their repetitive components and investigate

contacts only between the unique regions flanking these genes

(Method details; Figure S8). The contact maps binned at 2-kb
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Figure 3. 3D de-cluster of inactive centromeres delays their replication timing

Each replication timing plot41,42 in (A) and (B) is the average representation of 3 independent replicates and shows the sequencing coverage ratio of S phase (HU)

synchronized cells normalized on the G1 (a-factor) non-replicating cells (1 kb-binned). Replication timing profiles of the n = 16 (BY4741) are shown in gray, while

those of n = 2 size-matched (JL402) are in orange.

(A) Representative comparison profiles of chromosomes with inactive centromeres in n = 2, but active in n = 16 (brackets).

(B) Comparison profiles of chromosome 15 with active centromere in both n = 2 and n = 16.

(C) Pericentromeric firing in n = 16 versus n = 2. The ratio plot shows the early firing of pericentromeric regions (�100 kb) in n = 16 in respect to n = 2, in which

centromeres were inactivated. Centromere position appears in brackets and is indicated with a dotted line.
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windows display interactions between all 10-kb regions adjacent

to either the 50 or 30 UTR of each FLO gene (Figure 2B). Surpris-

ingly, the 30 UTR flanking region of FLO9 engages in strong cis

contacts with both regions adjacent to FLO1 and in trans con-

tacts with a third position located at the FLO5 50 UTR (Figure 2B).

The same pattern of contacts was also observed in other fusion

strains and is further illustrated by 4C-like analysis (Figure S9).

Finally, a closer inspection of the n = 16 contact map reveals their

presence in the wild-type yeast chromosomes, where they are

largely masked by the contact signal resulting from telomere

clustering (Figure 2B).

Megachromosomes therefore unveil contacts between these

functionally related genes, which were difficult to observe in

wild-type n = 16 strains due to their original subtelomeric posi-

tion. Whether the FLO genes are actively clustered (and why),

or whether these contacts are an indirect consequence of nu-

clear envelope targeting of silenced chromatin remains un-

known. No additional intra- and inter-arm off-diagonal contacts

were detected in the n = 2 contact maps, suggesting that robust

trans contacts in the yeast genome are rare.

Structural and functional outcomes of 3D
megachromosome organization
Spatiotemporal alteration of the DNA replication

program

Replication of eukaryotic chromosomes is regulated both

spatially and temporally. In yeast, replication initiates at �260

discrete origins, which are classified according to their firing

time (early or late).36 The resulting replication program is regu-

lated by limiting amounts of pre-replication complex factors

that are recruited preferentially to early origins during early S

phase and recycled to late origins throughout S phase. Replica-

tion factors are preferentially recruited to pericentromeric origins
by their interaction with kinetochore components and to non-

pericentromeric origins by forkhead transcription factors.37,38

This observation was proposed to account for the early firing

of origins located in the vicinity of centromeres (spanning as

much as 100 kb).37,39

Given that the former pericentromeric regions of inactive cen-

tromeres lose their spatial proximity to the SPB in the megachro-

mosome strains, this new configuration provided an opportunity

to directly test the interplay between genome organization and

replication timing. Flow cytometry of DNA contents of cells syn-

chronized in G1 with a-factor and released into S phase showed

a delay in n = 2 compared to n = 16 (Figure S10; Method details).

A prolonged S phase suggested a potential lower number of

early replicated regions in n = 2. To test this hypothesis, we

computed the replication profile as well as origin mapping using

marker frequency analysis (MFA) approaches.40 n = 2 and n = 16

cells were arrested in G1 using a-factor and released synchro-

nously into S phase in the presence of 200 mM hydroxyurea

(HU) (Figure S11; Method details). HU treatment induces deoxy-

nucleoside triphosphate (dNTP) starvation that results in the

early S phase arrest. The mapping of early firing origins was

done by computing chromosome sequence coverages in S

phase that were normalized to G1 (unreplicated) and plotted

along the reference genome at 1-kb resolution (Figures 3A, 3B,

S12, and S13). In parallel, the replication timing profiles were

generated from asynchronous cultures normalized to G1 read

coverage (Figure S14).40 Replication timing profiles and origin

mapping of homologous regions in n = 2 and n = 16 remained

highly conserved along chromosomal arms. However, both plots

displayed differences near the former pericentromeric positions

in n = 2 compared to n = 16, with a loss of early firing in regions

flanking the inactive centromeres (Figure 3A, brackets), whereas

the replication of active centromeres remained unaffected
Cell Genomics 2, 100163, August 10, 2022 5
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(Figure 3B). A quantification of this effect is illustrated in the firing

ratio of the active pericentromeres (n = 16) versus the inactive

(n = 2) within 100-kb centromere-flanking regions (Figures 3C

and S15). These results reinforced the essential role of the

�125-bp centromere sequence in defining early firing and pro-

vides direct evidence of the 4D regulation of the replication pro-

gram in yeast, with the SPB-centromere-kinetochore complex

titrating essential components for origin firing and acting as an

‘‘early replication factory.’’11

Mitotic folding and segregation

After replication, the two sister chromatids (SCs) must be equally

distributed during mitosis in the two daughter cells. In meta-

phase, the structural maintenance of chromosomes (SMC) co-

hesin complex not only holds SCs together but also promotes

compaction through the formation of chromatin loops along their

lengths.10–12 Cohesins are subsequently released, while the

SMC condensin complex promotes chromosome segregation

during anaphase.11,43–46

The n = 2 strain enables the investigation of chromosome size

effect on metaphase and anaphase chromosome structures.

Hi-C experiments of n = 2 size-matchedwere performed inmeta-

phase-arrested cells using nocodazole, and late-anaphase

arrest using a thermosensitive allele (cdc15-2 t45) (Method de-

tails). Comparisons of contact maps and frequency p(s) show

that megachromosomes undergo a cell-cycle-dependent reor-

ganization similar to n = 16 chromosomes (Figures 4A and

S16–S18).

Given the high degree of sequence similarity between n = 2

and n = 16 strains (>99.9%, not counting deletions of subtelo-

meres), we speculated that the sites of SMC enrichment would

be conserved. To verify this hypothesis, we computed log ratios

of pile-up plots that display the Scc1 cohesin deposition

pattern47 during metaphase compared to non-cohesin sites in

80-kb windows (Method details).24,48 The pile-up displayed

conserved patterns of contact enrichment at cohesin sites in

n = 2 and n = 16 from G1 to anaphase (Figures 4B and S16,

top panel), suggesting that cohesin distribution on metaphase

chromosomes was chromosome size independent. In addition,

cohesion loop scores computed using Chromosight49 were

similar in n = 16 and n = 2 strains (Figure S16, bottom panel).

In a previous work, we showed that during yeast anaphase, a

specific type of SMC complex, the condensin, mediates contact

enrichment between the rDNA and the pericentromeric regions

of the 16 chromosomes of wild-type yeast.21 We hypothesized

that condensin-mediated loop extension would promote,

directly or indirectly, the formation of a large (�300 kb) loop/

domain on chr12 between the two putative ‘‘roadblocks,’’ the

nucleolus and the centromere (CEN12). In this work, we took

advantage of the increased distance between the rDNA and

the centromere to measure the size of this potential loop/domain

of contacts within megachromosomes. As a consequence of

chromosome fusion, the rDNA-centromere distance was

increased by 5- to 10-fold in n = 3 (LS381) and n = 2 (size-

matched, strain: LS402) fused strains (Key resources table),

respectively. The extension of the rDNA-CEN contact domain

was measured by comparing 2D maps obtained from n = 16,

n = 3, and n = 2 cells arrested in either G1 (when no contacts

are expected) or in late anaphase using the cdc15-2 allele
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(rDNA-CEN contacts are expected). In all of the strains, the ratio

maps showed an increase in short-/medium-range contacts that

span from the left-flanking region adjacent to the rDNA locus to-

ward the centromere, reaching up to�1.7Mb in n = 2 (Figures 4C

and S18). In n = 3, the rDNA-CEN contacts extend over the entire

1.5-Mb enclosed region, whereas in n = 2, where the rDNA-CEN

distance is 2.8 Mb, the intensity of contact enrichment emerging

from the rDNA gradually decreases and eventually vanishes at

approximately 1 Mb from the centromere without forming a clear

chromatin boundary. These results suggest that the condensin-

mediated loop/domain is highly dependent on the rDNA locus,

which appears to represent a fixed roadblock that could, for

instance, provide a reservoir of condensins that may extrude

chromatin loops while moving toward the centromere. The 3D

representations of the contact maps show no loop formation be-

tween the centromere and the rDNA in n = 2 (Figure 4D). There-

fore, we concluded that the structural transitions of chromatin

known to occur during the cell cycle are conserved in the

megachromosomes.

DISCUSSION

In this work, we investigated the regulation of chromosome

folding of yeast strains whose genomes carry massive chromo-

some fusions. The normal karyotype of yeast (containing 16

chromosomes, n = 16) was reduced up to 8 times (in n = 2)

through serial telomere-telomere fusions and centromere dele-

tion.18 During this process, the size of the relatively small yeast

chromosomes was dramatically increased. Megachromosomes

represent a unique resource to investigate aspects of nuclear ar-

chitecture using Hi-C, independently of the reverse genetics

approach. The Hi-C protocol, especially the crosslinking step,

favors cis over trans contacts.50 As a result, the underrepre-

sented trans contacts may be overlooked in the Hi-C analysis.51

Therefore, we reasoned that this technical limitation could at

least partially be circumvented in the fused genomes where

many trans contacts became cis. It is worth noticing that this

simple working model does not account for contact variability

that may result from differences in chromatin properties, when

loci in trans are repositioned in cis, nor the increased chromo-

some length. These are potential factors that may play key roles

in their contact detection. Chromosome organization of a

distinct but related fusion configuration was recently studied us-

ing a similar approach.19 However, this study was performed in

asynchronous cells and did not address some functional

aspects of these novel 3D genome organizations. Here, we

tackle this question and compare two n = 2 strains with size-

matched versus unmatched versions of megachromosome

and characterize their properties compared to the regular

n = 16 parental genome.

Nuclear occupancy and genome organization of fused
karyotypes during the cell cycle
We observed that size-matched megachromosomes occupy a

larger fraction of the total nuclear space than do standard chro-

mosomes. Why this trend was not seen in the unmatched mega-

chromosome strain remains unknown. We can only speculate

that cells are able to perceive total number and length of
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Figure 4. Cell-cycle reorganization of the megachromosomes

(A) p(s) derivatives of G1, metaphase, and anaphase synchronized cells. Top and bottom panels display slope decays along n = 2 chromosomes and n = 16

chromosomes, respectively (Hi-C data relative to n = 16 from Dauban et al. and Lazar-Stefanita et al.9,11).

(B) Pile-up ratio plots of 80kbwindows (2-kb bins) centered on pairs of Scc1-enriched or randomly chosen positions during G1,metaphase, and anaphase. Ratios

are ordered according to the distance between Scc1 binding sites in n = 2 and n = 16 strains. Blue to red color scale indicates contact enrichment between Scc1

binding sites compared to random genomic positions (log2).

(C) Centromere-rDNA contacts extend overMb distance in fused genomes. Comparison of log-ratio contact maps between G1 and anaphase in n = 16, n = 3, and

n = 2 (50 kb-binned). Size of the chromosome and centromere-rDNA distance increase progressively from left to right contact maps. Centromere (yellow) and

rDNA (pink) positions, as well as their relative distances (Mb), are indicated at the top of the maps. Blue to red color scale reflects contact enrichment in anaphase

compared to G1 (log2). For clarity, n = 16. Data reproduced from Lazar-Stefanita et al.21

(D) 3D average representations of n = 2 G1 and anaphase contact maps. Color code reflects the 16 native chromosomes, and centromeres, telomeres, and rDNA

are highlighted.

Article
ll

OPEN ACCESS
chromosomes and regulate their nuclear volume accordingly.

One hypothesis is that the size discordance between the two un-

matched megachromosomes (�3 versus �9 Mb) is not efficient

to induce a nuclear increase as in the size-matched cells. Further

studies are required to test this hypothesis and the molecular

mechanisms involved in this chromosome-nucleus communica-

tion. Furthermore, the n = 2 unmatched strain also contained a
larger population of cells carrying excess DNA content

compared with the size-matched n = 2 and n = 16 strains (Fig-

ure S4), consistent with a slight increase in autopolyploidization,

which was mainly observed by sensitivity to canavanine (toxic

analog of arginine). Given these observations we speculate

that a size-matched karyotype in the context of a reduced chro-

mosome number is required to maintain ploidy.
Cell Genomics 2, 100163, August 10, 2022 7
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We have shown that the structure of chromatin and its dy-

namic reorganization during the cell cycle ismaintained indepen-

dently of fused chromosome length. In addition, key landmarks

of yeast chromosome configuration, such as centromere and

telomere clusters, were conserved throughout the entire cell cy-

cle. These results agree with the retained contact enrichment

among Scc1 binding sites genome-wide along the large chromo-

somes, suggesting that SMC deposition is independent of the

length of the DNA molecule. This conservation in G2/M cohe-

sin-dependent folding suggests that the length of the condensed

yeast chromosomes does not affect their segregation. Instead,

condensin-mediated pulling of chromatin is likely to be the

main driving force promoting efficient segregation of the genetic

material between daughter cells in M phase.52

Finally, the fused chromosomes allowed assessment of the

potential expansion of the condensin-dependent CEN-rDNA

anaphase loop, reported on chr12 of wild-type yeasts.11,53 We

show that in mitosis, the centromere and rDNA contact each

other over distances that do not exceed 1.7 Mb. Our hypothesis

is that condensins may extrude DNA loops of various sizes that

gradually merge but, eventually, unload from the chromosome

before they reach the other major condensin loading center

and/or roadblock, the centromere. A similar scenario was envi-

sioned during dosage compensation of the X chromosome in

Caenorhabditis elegans.54

Effects on centromeres and telomeres
We show that, despite the tremendous increase in the size of the

chromosomes, the better known aspects of yeast chromosome

folding are overall preserved in n = 2 genomes. However, local

contact variations, especially surrounding the inactivated cen-

tromeres and deleted telomeres, were observed. Relocation of

formerly pericentromeric and subtelomeric regions to internal

chromosome arm positions revealed direct functional aspects

associated with their 3D localization. Centromeres have long

been known to be early-replicating regions.39,55,56 Their tempo-

ral regulation was shown to depend on preferential recruitment

of a limiting pre-replication factor, Dbf4, at pericentromeres

through its physical interaction with Ctf19, a kinetochore compo-

nent.38,39 Consequently, it was proposed that origins located in

the immediate vicinity of centromeres fire early because of their

Dbf4 enrichment. Here, we showed that the structural inactiva-

tion of centromeres (some of which were limited to 3-bp dele-

tions; see detailed design by Luo et al.18) leads to the loss of early

firing in their environs. Therefore, our results are consistent with

the suggestion that the centromeres cluster acts as a replication

factory that titrate limiting factors to ensure synchronous firing of

pan-chromosome replication.

We also unveiled interactions involving a subset of heterochro-

matin-prone loci and members of a functionally related gene

family, the FLO genes. Contacts between the silent mating

type loci HML and HMR and the distant remaining telomeres

were also shown in our earlier work to depend on the silencing

complex, SIR.30 Here, we describe additional contacts between

HML and FLO10 (Figure S9), another Sir-dependent complex.35

FLO10 is a member of the flocculin gene family encoding cell-

surface glycoproteins (FLO1, 5, 9, 10, and 11) that confer adher-

ence to agar, solid surfaces, and other yeast cells. FLO genes are
8 Cell Genomics 2, 100163, August 10, 2022
subtelomeric, a location suggested to play important roles in

their evolution.33,57 We have shown that FLOs and their flanking

sequences remain in contact with one another both in cis and in

trans, revealing their intrinsic ability to co-localize, even when no

longer subtelomeric. As these genes are not expressed in our

strains,58 we speculate that their co-localization is independent

of their functional activity and may be linked to their epigenetic

silencing. It is noteworthy that FLO1 and FLO5, found to be in

spatial proximity with FLO9, were both deleted in the design of

the single chromosome karyotype n = 1, published by Shao

et al.19 As amatter of fact, neither we nor the authors of this latter

work were able to detect contacts between the flanking regions

of these genes that were partially retained after their deletion.

In summary, studies of megachromosomes have revealed a

wealth of new information about the plasticity of genome organi-

zation, control of nuclear volume and DNA replication, and pre-

viously undetected interchromosomal contacts.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Certified Megabase Agarose BioRad Cat#161-3108

SYTOX green Thermo Fischer Cat# S7020

Alpha-Factor Zymo Research Cat#Y1001

RNAse A, DNase and protease-free Thermo Fischer Cat#EN0531

Concanavalin a from Canavalia ensiformis (Jack bean),Type VI,

lyophilized powder

Sigma-Aldrich Cat#L7647-250MG

Formaldehyde 37% Sigma-Aldrich Cat#F8775-4X25ML

Nocodazole Sigma-Aldrich Cat#M1404

DpnII NEB Cat#R0543M

Biotin-14-dCTP Invitrogen Cat#19518018

DNA Polymerase I Klenow Fragment NEB Cat#M0210L

T4 DNA ligase Thermo Fischer Cat#EL0014

Proteinase K Thermo Scientific Cat#EO0492

T4 DNA Polymerase NEB Cat#M0203L

Dynabeads MyOne Streptavidin C1 Invitrogen Cat#65001

Hydroxyurea,98%, powder Sigma-Aldrich Cat# H8627-25G

Glass beads, acid-washed Sigma-Aldrich Cat#G8772-100G

Critical commercial assays

DNA size markers S. pombe chromosomal DNA BioRad Cat#170-3633

VK05 Lysing KIT Ozyme Cat#0042

NEBNext Ultra II FS kit NEB Cat#E7805L

Nextseq 500/550 High Output Kit v2.5 (150 Cycles) Illumina Cat# 20024907

NextSeq High-output 75-cycle V2.5 Kit Illumina Cat#20024906

Deposited data

Raw microscopy images This study; Mendeley https://data.mendeley.com/datasets/

swdfkxzzk7/1

Raw FASQ files This study BioProject: PRJNA757122 https://www.

ncbi.nlm.nih.gov/bioproject/

PRJNA757122

Submission ID: SUB10236799

Experimental models: Organisms/strains

S. cerevisiae. Genotype: MATa his3D1 leu2D0 met15D0 ura3D0;

chromosome# n = 16

Brachmann et al., 1998 BY4741

S. cerevisiae. Genotype: MATa his3D1 leu2D0 met15D0 ura3D0;

chromosome# n = 3

Luo et al., 2018 JL381

S. cerevisiae. Genotype: MATa his3D1 leu2D0 met15D0 ura3D0;

chromosome# n = 3

Luo et al., 2018 JL410

S. cerevisiae. Genotype: MATa his3D1 leu2D0 met15D0 ura3D0;

chromosome# n = 2 size-matched size

Luo et al., 2018 JL402

S. cerevisiae. Genotype: MATa his3D1 leu2D0 met15D0 ura3D0;

chromosome# n = 2 unmatched size

This study JL498

S. cerevisiae. Genotype: MATa his3D1 leu2D0 met15D0

ura3D0 cdc15-2(ts); chromosome# n = 3

This study LS381

S. cerevisiae. Genotype: MATa his3D1 leu2D0 met15D0 ura3D0

cdc15-2(ts); chromosome# n = 2 size-matched size

This study LS402

(Continued on next page)
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S. cerevisiae. Genotype: MATa his3D1 leu2D0 met15D0 ura3D0

NUP49::mScarlet-S.p.HIS5; chromosome# n = 16

This study LS125

S. cerevisiae. Genotype: MATa his3D1 leu2D0 met15D0 ura3D0

NUP49::mScarlet-S.p.HIS5; chromosome# n = 2 size-matched

size

This study LS126

Oligonucleotides

chr11R-gRNA for CRISPR-Cas9

AAATGAAGAAGTGCCATGGG

This study n/a

chr5L-gRNA for CRISPR-Cas9

TTTCACATGCTCGACCGTTT

This study n/a

cen7-gRNA

TATTTTATTGTCGGTGTTTG

This study n/a

Recombinant DNA

Plasmid: TEF1p-CRISPR-Cas9 Luo et al., 2018

Software and algorithms

ImageJ Schneider et al., 2012 https://imagej.nih.gov/ij/

Matlab 2018 MATLAB 2018a, The MathWorks,

Inc., Natick, Massachusetts,

United States.

https://www.mathworks.com/products/

matlab.html

mat2pdb: https://fr.mathworks.com/

matlabcentral/fileexchange/42957-

read-and-write-pdb-files-using-matlab

FlowJo v10.0.7 Becton, Dickinson and

Company; 2021

https://www.flowjo.com/

Bowtie 2 Langmead and Salzberg, 2012 http://bowtie-bio.sourceforge.net/

bowtie2/index.shtml

Clustal Omega Sievers et al., 2011 https://www.ebi.ac.uk/Tools/msa/

clustalo/

PyMOL Molecular Graphics System,

Version 2.0 Schrödinger, LLC

https://pymol.org/edu/

DEseq2 Love et al., 2014 https://bioconductor.org/packages/

release/bioc/html/DESeq2.html

Other

Saccharomyces Genome Database | SGD for S288c

reference genome files

https://www.yeastgenome.org/

Yeast genome annotation pipeline - YGAP Proux-Wera et al., 2012 http://wolfe.ucd.ie/annotation/index.

html#questioncheck1
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to Jef D. Boeke (jef.boeke@nyulangone.org).

Materials availability
Yeast strains generated in this study can be requested directly by contacting the lead contact.

This study did not generate new unique reagents.

Data and code availability
Raw microscopy images were deposited on Mendeley at: https://data.mendeley.com/datasets/swdfkxzzk7/1.

FASTQ files of GWS (HiC datasets and RNA sequencing) in were deposited in the NCBI GEO database.

BioProject: PRJNA757122 https://www.ncbi.nlm.nih.gov/bioproject/PRJNA757122.

Submission ID: SUB10236799.

No new code was generated in this study.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Yeast strains used in this work are listed in STARMethods - Key resources table. JL498was generated using aCRISPR-Cas9method

from a parent that was generated in a previous study JL410.18 This involved fusing the right arm of chromosome 14 to the left arm of

chromosome 5 and deleting CEN7 using a combination of three gRNAs: chr14R-gRNA, chr5L-gRNA and cen7-gRNA (refer to the

oligonucleotides section in the Key resources table).

METHOD DETAILS

Media and culture conditions
All strains were grown in rich medium (YPD: 1% bacto peptone (Difco), 1% bacto yeast extract (Difco) and 2% glucose). Cells were

grown at either 30�C or 23–25�C (the latter temperature corresponding to the permissive temperature of cdc15-2; see below).

Spot assays
Spot assays were performed as previously described by Luo et al.18 except that the culture was initially diluted to A600 = 0.1.

Pulsed-field gel electrophoresis
Pulsed-field gel electrophoresis (PFGE) was carried out as we previously described,18 with running conditions recommended for

S. pombe chromosomes (BioRad No.170-3633) to achieve separation of the large fused chromosomes.

DNA staining
Approximately 107 cells/sample were fixed in 70% ethanol and stored at 4�C overnight. Cell pellets were washed twice with

RNAse solution (10 mM Tris pH 8.0, 15 mM NaCl) and treated with 0.1 mg/mL RNAse A for 3–4 h at 37�C. Cells were centrifuged,

washed once with 50 mM Tris pH 7.5 and resuspended in labeling solution (1 mM SYTOX Green in 50 mM Tris pH 7.5;

ThermoFisher) for 1 h at 4�C. Before imaging and flow cytometry data acquisition, cells were washed twice and resuspended

in 50 mM Tris pH 7.5.

Imaging DNA occupancy and nuclear size
Estimating DNA occupancy. To minimize the variability introduced by experimental procedure, the surface area occupied by DNA

was calculated in groups of samples manipulated simultaneously (on the same day). Exponentially-growing cultures were treated

for DNA staining (see above). For Z-stack acquisition, concanavalin A (Sigma-Alderich) coated glass slides were used to immobilize

cells. Imaging was performed using the total internal reflection fluorescence (TIRF) microscope (objective: Plan Apo VC 1003Oil DIC

N2; camera: Andor Zyla VSC-03679). NIS element AR software was used for image acquisition: 470 nm excitation wavelength

(3% power), 10 ms exposure time, z stack 1.8 mm range (relative positions in Z �0.9 to +0.9 mm, 7 steps of 0.3 mm). Images were

imported and analyzed with ImageJ software.59 The surface area occupied by the DNAwas estimated using the ‘‘3D object counter’’

option after image segmentation and thresholding set at 3500-pixel intensity. Approximately 800–1500 DNA surfaces/strain

(Table S4) were plotted using the violin function and the p-values were calculated using the Kolmogorov–Smirnov test (K–S test)

functions available in Matlab R2018.

The increase in DNA occupancy in the size-matched n = 2 strain was correlatedwith an enlargement of the nuclear size in this strain

compared to the wild type, n = 16. The surface area of the nucleus wasmeasured in n = 2 (LS126) and n = 16 (LS125) yeasts, in which

the nuclear envelope protein, Nup49, was tagged with mScarlet. Live cells in exponential growing phase were imaged using the

EVOS M7000 microscope (Olympus X-APO 100X Oil, 1.45NA/WD 0.13mm oil objective). Images were analyzed with ImageJ soft-

ware.59 Spherical nuclei (�150 for n = 16; �300 for n = 2) were manually selected and, their circumference and surface area were

estimated Table S5. Experiments were performed on two and three independent clones of LS125 and LS126.

Cell cycle progression
G1 arrested cells were obtained by incubating exponentially-growing cultures (�108 cells) with 37 mM a-factor (Zymo Research) for

150 min at 23�C. An aliquot of �1.5 3 107 cells G1 cells was fixed in 70% ethanol while the remaining culture was centrifuged and

washed twice with freshmedium. Pelleted cells were resuspended in freshmedium and incubated at room temperature. G1-released

cultures were sampled at multiple time points throughout the entire S-to-M cell cycle progression. The corresponding aliquots were

treated for DNA staining (see above). Flow cytometry was performed on a BDAccuri C6 FlowCytometer (BDCSampler Software) and

data were analyzed using FlowJo v10.0.7 software.

Cell synchronization
G1 elutriation. G1 daughter cells were recovered from exponentially-growing cultures through elutriation - a physical method of cell

cycle synchronization, used to separate cells according to their density and sedimentation velocity. For a detailed protocol see Lazar-

Stefanita et al.21 After elutriation, �1.53 109 G1 cells were suspended in 150 mL fresh YPD at 30�C for 30 min and then crosslinked

with 3% formaldehyde (Sigma-Aldrich) for Hi-C library preparation (see below).
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Nocodazole. Metaphase cells were chemically synchronized using the microtubule disrupting drug, nocodazole (Sigma-Aldrich).

Exponentially-growing cultures (73 106 cells/mL) were grown for 3 h at 30�C in YPD supplemented with 15 mg/mL nocodazole. Cells

were then crosslinked with 3% formaldehyde (Sigma-Aldrich) for Hi-C library preparation.

M phase ts mutants. Anaphase-synchronized cells were obtained through the thermosensitive (ts) mutant, cdc15-2.60 Exponen-

tially-growing cultures (�73 106 cells/mL) of strains, carrying the mutated cdc15-2 allele, were transferred from the permissive tem-

perature (25�C) to the non-permissive growing temperature (37�C). Cultures were incubated for 3 h at 37�C before being crosslinked

with 3% formaldehyde (Sigma-Aldrich) for Hi-C library preparation (see below).

Hi-C: Library preparation
Hi-C experiments (Table S6) were performed following the protocol described by Belton et al.61 For each library preparation

1–3 3 109 cells in 150 mL culture medium were first fixed for 20 min in 3% formaldehyde (Sigma-Aldrich), then quenched with

0.4 M glycine for other 20 min at room temperature. Cells were harvested, washed with culture medium and resuspended in chilled

TE buffer supplemented with protease inhibitors. The VK05 Lysing KIT (Ozyme) at 6700 rpm was adopted to break down yeast cell

wall. Lysates containing 0.5% SDSwere incubated for 20 min at 65�C then digested overnight at 37�Cwith DpnII (final concentration

500 U/pellet; NEB). Digestion pellets were resuspended in cold water and the 50 DpnII overhangs were filled in using a biotin-labeled

30 mM dNTP mix (dATP, dGTP, dTTP and Biotin-14-dCTP Invitrogen) and Klenow enzyme (NEB). Biotinylated DpnII restriction frag-

ments were ligated using T4 DNA ligase (final concentration of 250Weiss U/pellet; Thermo Fischer) for 4 h at 16�C. Cross-linking was

reversed through overnight treatment in the presence of 250 mg/mL Proteinase K (Thermo Scientific) at 50�C. DNA was extracted by

phenol/chloroform, precipitated and treated with 500 mg/mLRNAse A (Thermo Fischer). The effective digestion and ligation reactions

were verified on agarose gel 1% (controls: non-digested and non-religated). Biotin was removed from the non-ligated DNA fragments

using the T4DNApolymerase (final concentration of 5 U/pellet; NEB). Finally, ligated fragments were sheared to a size of 500 bp using

Covaris S220 and pulled down using Dynabeads MyOne Streptavidin C1 (Invitrogen). Resulting libraries were amplified by PE-PCR

primers for standard paired-end deep-sequencing on NextSeq500 Illumina platform (2 3 75 bp cycles).

Hi-C: Data processing
Generating contact maps. Raw paired-end reads were processed using the HICLib algorithm,62 adapted for the S. cerevisiae genome.

PCR duplicates were removed before either read-pair was independently mapped using Bowtie 263 (mode: –very-sensitive –rdg 500,3

–rfg 500,3) on the corresponding reference sequence (S288C from SGD and fusion versions of it) indexed for DpnII restriction site. An

iterativealignmentwith a20bpseed lengthwasused tomaximize the yield of uniquelymapped reads (mappingquality,MAPQ>30). The

aligned reads were classified based on their assignment and orientation on the DpnII indexed reference genome. To generate contact

frequencymaps, the unwanted eventswere filtered out (e.g., loops, non-digested fragments, etc.; for details seeCournac et al.64) while

the valid Hi-C reads were binned into units of single restriction fragment (RF). Then consecutive RFs were assigned to fixed size bins of

either 5 kb or 50 kb. Bins with a high variance in contact frequency (<1.5 Standard Deviation or 1.5–2 S.D.) were discarded. To remove

potential biases resulting from the uneven distribution of restriction sites and variation in GC content and mappability, filtered contact

maps were normalized using the sequential component normalization procedure with L1 norm (SCN).64 Approximately 15 million valid

contacts were used to generate a genomic contact map (�400 contacts/RF; �6500 contacts/5kb bin).

FLO contact maps. Contact enrichment maps between FLO genes were detected by aligning Hi-C reads on unique sequences

flanking both 50 and-30 ends of the FLO coding regions. Sequence identity was verified using the multiple alignment option available

for DNA in Clustal Omega on the EMBL – EBI website. Default parameters were used to align a total number of 12 10-kb long se-

quences upstream and downstream all FLO coding sequences. The alignments were used to determine the degree of % identity be-

tween all sequences (gap-exclusion identity) and to compute the ‘‘distance’’ between pairs (tree). Using this approach, we chose

10-kb long FLO-flanking sequences that display �35% sequence identity to assemble a new reference sequence (100-kb long).

Most of these DNA sequences were immediately adjacent to the coding sequence except for the 30 UTRs of FLO1 and FLO5 that

were placed 20 and 25 kb away, respectively. The new reference was used to generate 2D FLO contact maps (2kb-binned).

Contact probability on the genomic distance, p(s).Hi-C contact frequency (p) decreases with as genomic distance between restric-

tion fragments increases. p(s) functions were computed on intrachromosomal read pairs from which self-circularizing and uncut

events – identified as reads having different orientations and separated by less than 1.5 kb - were discarded. The retained reads

were log-binned in function of their distance along chromosome arms, according to the following formula:

bin = ½log1:1ðsÞ�
Therefore, p(s) function is a histogram representation of the sum of contacts weighted by both bin-size 1.1(1+bin) and chromosome

length (s).

Comparison of the degree of p(s) decay is indicative of a change in polymer state. Derivatives of the p(s) were computed to

compare chromatin states in native versus fused chromosomes.

Contact probability was computed by ‘‘chunk,’’ with each chunk corresponding to a 300 kbwindowmeasured as distance from the

centromere (e.g., 0, 300, and 600 kb from the centromere). n = 16 and n = 2 chromosomes were divided intomultiple chunks and then

the intra-chunk p(s) decay was computed following the method described above. Finally, the average of chunk p(s) decay per

genome was extrapolated.
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Log-ratio comparison maps. To assess genome-wide contact map similarities and differences, data were first binned at 50 kb and

normalized. Finally, they were compared by computing the log2 ratio between each pair.

Similarly, local contact differences at pericentromeres and SMCbinding sites were computed based on 5 kb-binned contact maps.

Centromere agglomerated log ratios. Centromere positions were partitioned into centromeres retained in n = 2 (CEN7 andCEN15)

and deleted centromeres. For each group, in 2 kb resolution contact maps, windows surrounding the centromeres were extracted

and averaged. The resulting observed signal in the n = 2 strain was divided by the signal in the n = 16 stain. The log of these ratios was

then computed.

Cohesin agglomerated plots. Data from Petela et al.47 were used to generate Scc1 ChIP-Seq profiles with a 2 kb resolution. Bins

with a signal over 1.5 were labeled as cohesin binding sites (CBS). All possible pairs of CBS within chromosomal arms were deter-

mined and partitioned according to their genomic distance. In 2 kb resolution contact maps, windows surrounding these positions

were extracted and averaged. The resulting observed signal was divided by the expected signal, generated by averaging windows

around random positions maintaining the same genomic distance as the pairs of CBS. For each window, under-covered bins were

defined as bins with a total number of reads under themedian (number of reads/bin) –SD and excluded from the averaging operations

to reduce noise. Eventually log2 ratio plots that display the average contact signal of all possible pairs of Scc1 enrichment sites over

the average contacts of random sites in 80 kb windows were computed.

4C-like profiles. To obtain 4C-like contact profiles of a given locus, filtered-normalized contact maps at 5 kb resolutions were in-

dexed and the selected position/s annotated. Profiles of the selected bins were extracted and plotted (log10) using Matlab 2018 (no

smoothing was applied).

3D representations. For visualization purposes, Hi-C contact frequency maps can be represented as 3D structures generated us-

ing the ‘‘Shortest-path Reconstruction in 3D00 algorithm, ShRec3D.65,66 The algorithm computes a distance matrix by inverting

element-wise the corresponding 5 kb-binned contact map that was previously filtered and normalized (see Hi-C: Data processing).

The resulting distance matrix is supplemented by computing shortest path distances. This procedure removes infinite values and

yields values that satisfy the triangular inequality. To obtain the coordinates in 3D (x, y, z) the Sammonmapping algorithmwas applied

on the distance matrix.67 Finally, the ‘‘mat2pdb’’ function in Matlab 2018 was used to generate pdb files, which were rendered using

PyMOL (Molecular Graphics System, Version 2.0 Schrödinger, LLC). The resulting 3D structures are average representations of the

contact maps and, therefore, do not represent exact structures found in individual cells. These maps must be interpreted in light of

contact frequencies across large cell populations. In this work, 3D structures were not used to compare datasets; all computational

analyses were performed on contact maps.

Replication timing
Each profile of replication timing was generated from three independent clones by sort-seq analysis as described previously.40 Briefly,

fractions of replicating and non-replicating cells were obtained by arresting cells in a-factor (see cell cycle progression) and then

releasing them in 200mMhydroxyurea (HU; Sigma-Aldrich) for 90min at 30�C. Synchronization efficiencywas checked by flow cytom-

etry (seeDNA staining and cell cycle progression). Pellets of�63 108 cells were used to extract genomic DNAusing acidic wash beads

(Sigma-Aldrich) and phenol-chloroform. Library preparation was performed using the NEBNext Ultra II FS kit (NEB) according to Illu-

mina protocol. Resulting libraries were paired-end deep-sequenced on NextSeq500 Illumina platform (23 36 bp cycles). Reads were

mapped to the corresponding reference genome using Bowtie 263 in its –very-sensitivemode. Profiles of replication timingwere gener-

ated by normalizing the replicating (S phase - HU) sample to the non-replicating (G1 - a-factor) sample in 1-kb bins. The resulting ratios

were gaussian-smoothed and plotted by genomic coordinate. They measure relative DNA copy number as a proxy of replication time.

RNA-seq
Total RNA extraction, library preparation and sequencing followed a previously-described method17. Briefly, RNA-seq reads were

aligned to S288C reference genome (sacCer2) using STARwith default parameters.68 Differential expression analysis was performed

using DEseq2.69 We consider genes with log2 fold-change > 2 or < �2 and p-value < 1E10�5 to be differentially expressed

(Tables S1–S3).

Genome annotation
Fused genomes were annotated using a combination of different software packages. The yeast genome annotation pipeline

(YGAP)70 online tool was used to annotate coding regions and generate general feature format (GFF) files. Other genome features

(e.g., centromeres, telomeres, ARS, transposons etc.) were first mapped to the fused reference genome, and the resulting alignment

files used to generate GFF3 files.

QUANTIFICATION AND STATISTICAL ANALYSIS

Information on the number of biological replicates, statistical tests and p-values is provided in the Method details and Figure

legends.
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