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Summary

Eukaryotic genomes vary in terms of size, chromosome number, and genetic complexity. Their temporal organization is complex, reflecting
coordination between DNA folding and function. Here, we used fused karyotypes 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 telomere-proximal regions on chromosome arms exposed a subset of contacts between flocculin genes. Chromatin
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.
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Introduction

Over billions of years of evolution, genomes have acquired distinct characteristics. In eukaryotes, chromosome size, number, 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 chromosomes, encodes ∼6,000 genes.  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 between genome size, chromosome number, and gene content.  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.

Imaging and chromosome conformation capture (3C; Hi-C) studies have revealed complex architectures. Distinct nuclear 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).  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,  and highly transcribed genes result in boundaries in chromosome contact maps
delimiting small microdomains along interphase chromosomes.  As yeast cells enter mitosis, their chromosomes are reorganized into arrays of
relatively small (∼10–40 kb) chromatin loops, mediated by the cohesin complex.  The mechanism of cohesin-mediated loops is
conserved in mammals, where they maintain large topologically associating domains (TADs) in interphase.

Here, we deploy a new strategy to investigate nuclear DNA architecture and function on karyotype-engineered yeasts that carry
megachromosomes produced by sequential rounds of telomere to telomere fusion and simultaneous removal of one centromere.  These
genomes, which carry massive “designer rearrangements,” represent new resources for investigating functional consequences of genome three-
dimensional (3D) restructuring. We show that inactivation of pericentromeric 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 chromosomal 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 revealed 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 expression.  In addition, the mitotic
characteristics of native chromosomes 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 investigate it.

Results

Size-matched versus unmatched megachromosomes

Yeast strains carrying massively reorganized karyotypes have been engineered and thoroughly described.  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 incurring major fitness defects.

The present work focuses on yeasts whose 16 native chromosomes have been sequentially merged into 2 final megachromosomes (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.,  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 (Figure S1A). Interestingly, 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. ) 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.  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 differentially
expressed genes (DEGs; log2 fold change >2 or <−2 and p < 1E10 ); however, no coherent pattern of gene ontology (GO) term enrichment
could be identified among those DEGs (Figure S2; Table S1. Gene ontology of biological process (log2 fold change > 2 or <−2 and
p < 1E10−5), related to RNA-seq method and Figure S2, Table S2. Gene ontology of cellular component (log2 fold change > 2 or <−2 and
p < 1E10−5), related to RNA-seq method and Figure S2, Table S3. Gene ontology of molecular function (log2 fold change > 2 or <−2 and
p < 1E10−5), related to RNA-seq method and Figure S2). The transcription of the former pericentromeric genes, located ∼20 kb upstream and
downstream of the inactivated centromeres, remained largely unaffected and independent 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 occupancy of the
megachromosomes. To investigate this hypothesis, we started by measuring the surface area occupied by the genomic DNA in cells labeled with
SYTOX Green (Method details). Our results showed an increase of ∼26% in DNA occupancy 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 megachromosomes, 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 displayed a characteristic 15-spot off-diagonal
pattern reflecting centromere clustering associated with contact enrichment between pericentromeric regions,  the n = 2 map displays only 2 long
chromosomes and a single off-diagonal spot of inter-pericentromeric 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 independent 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 telomere
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 contacts, that we evaluated by quantifying their relative contact percentages in the 2D maps of both n = 2, size-
matched and unmatched 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 chromatin folding can be assessed, to some extent, by computing the contact probability p as a function of the
genomic distance (s) along chromosome arms.  Because chromosome size is considerably enlarged in n = 2 compared to n = 16 strains, a
direct comparison between their p(s) curves is made 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 the megachromosomes compared to native ones in G1 in this local analysis (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 differences  (Method details). For the most
part, the derivatives displayed similar slopes, with the exception of long distances (>150 kb), as small chromosome arms introduce 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
“polymer brush”-like conformation  that leads to local contact variations around centromere positions in both cis and trans.  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 density (e.g. the number of polymer end per unit area [4 for n = 2 karyotype, compared to 32 for n = 16 karyotype]).
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 pericentromere 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 centromeric 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 silent mating type loci, HML and HMR, located near the left and right telomere of chromosome 3, respectively.  These heterochromatic
loci are thought to co-localize, forming subnuclear compartments enriched in silencing proteins Sir2-3-4.  As each chromosome fusion deletes
two telomeres and relocates the subtelomeric 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 subtelomeres (Figure 2A,
red arrowheads), probably a result of their Sir3-dependent anchoring to the nuclear envelope.  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.
FLO1, 5, 9, 10, and 11 are telomere-adjacent (∼10–40 kb) genes encoding 5 cell-wall glycoproteins or flocculins.  The expression of the
flocculins is regulated both genetically and epigenetically, through recombination  and histone deacetylase-mediated silencing, respectively.
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 windows display interactions between all 10-kb regions adjacent to either the 5′ or 3′ UTR of each FLO gene (Figure 2B).
Surprisingly, the 3′ UTR flanking region of FLO9 engages in strong cis contacts with both regions adjacent to FLO1 and in trans contacts with a
third position located at the FLO5 5′ 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 position. Whether the FLO genes are actively clustered (and why), or whether these contacts are an indirect
consequence of nuclear envelope targeting of silenced chromatin remains unknown. 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).  The resulting replication
program is regulated 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. Replication factors are preferentially recruited to pericentromeric origins by their interaction with
kinetochore components and to non-pericentromeric origins by forkhead transcription factors.  This observation was proposed to account for
the early firing of origins located in the vicinity of centromeres (spanning as much as 100 kb).

Given that the former pericentromeric regions of inactive centromeres lose their spatial proximity to the SPB in the megachromosome 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 synchronized in G1 with α-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.  n = 2 and n = 16 cells were
arrested in G1 using α-factor and released synchronously into S phase in the presence of 200 mM hydroxyurea (HU) (Figure S11; Method details).
HU treatment induces deoxynucleoside 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).  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 (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 provides direct evidence of the 4D regulation of the replication program in yeast,
with the SPB-centromere-kinetochore complex titrating essential components for origin firing and acting as an “early replication factory.”

Mitotic folding and segregation After replication, the two sister chromatids (SCs) must be equally distributed during mitosis in the two daughter
cells. In metaphase, the structural maintenance of chromosomes (SMC) cohesin complex not only holds SCs together but also promotes
compaction through the formation of chromatin loops along their lengths.  Cohesins are subsequently released, while the SMC condensin
complex promotes chromosome segregation during anaphase.

The n = 2 strain enables the investigation of chromosome size effect on metaphase and anaphase chromosome structures. Hi-C experiments of n =
2 size-matched were performed in metaphase-arrested cells using nocodazole, and late-anaphase arrest using a thermosensitive allele (cdc15-2
t45) (Method details). Comparisons of contact maps and frequency p(s) show that megachromosomes undergo a cell-cycle-dependent
reorganization 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 subtelomeres), 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 pattern  during metaphase compared to non-cohesin sites in 80-kb windows (Method details).  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
Chromosight  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.  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 (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
toward the centromere, reaching up to ∼1.7 Mb 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 between the centromere and the rDNA in n = 2 (Figure 4D). Therefore, 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 chromosome 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 deletion.  During this process, the size of the relatively small yeast chromosomes was dramatically increased. Megachromosomes
represent a unique resource to investigate aspects of nuclear architecture using Hi-C, independently of the reverse genetics approach. The Hi-C
protocol, especially the crosslinking step, favors cis over trans contacts.  As a result, the underrepresented trans contacts may be overlooked in
the Hi-C analysis.  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 chromosome 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
using a similar approach.  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 chromosomes. Why this
trend was not seen in the unmatched megachromosome strain remains unknown. We can only speculate that cells are able to perceive total number
and length of chromosomes and regulate their nuclear volume accordingly. One hypothesis is that the size discordance between the two
unmatched 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 communication. 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 (Figure 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 chromosome number is required to
maintain ploidy.

We have shown that the structure of chromatin and its dynamic reorganization during the cell cycle is maintained independently of fused
chromosome length. In addition, key landmarks of yeast chromosome configuration, such as centromere and telomere clusters, were conserved
throughout the entire cell cycle. These results agree with the retained contact enrichment among Scc1 binding sites genome-wide along the large
chromosomes, suggesting that SMC deposition is independent of the length of the DNA molecule. This conservation in G2/M cohesin-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.

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.  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 envisioned during dosage
compensation of the X chromosome in Caenorhabditis elegans.

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 centromeres 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.  Their temporal 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 component.  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 inactivation of centromeres (some of which were limited to 3-bp deletions;
see detailed design by Luo et al. ) 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 heterochromatin-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.  Here, we describe additional contacts between HML and FLO10 (Figure S9), another Sir-dependent complex.
FLO10 is a member of the flocculin gene family encoding cell-surface glycoproteins (FLO1, 5, 9, 10, and 11) that confer adherence to agar, solid
surfaces, and other yeast cells. FLO genes are subtelomeric, a location suggested to play important roles in their evolution.  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,  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.  As a matter 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 organization, control of
nuclear volume and DNA replication, and previously undetected interchromosomal contacts.
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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.

Experimental model and subject details

Yeast strains used in this work are listed in STAR Methods - Key resources table. JL498 was generated using a CRISPR-Cas9 method from a
parent that was generated in a previous study JL410.  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.  except that the culture was initially diluted to A  = 0.1.

Pulsed-field gel electrophoresis Pulsed-field gel electrophoresis (PFGE) was carried out as we previously described,  with running conditions
recommended for S. pombe chromosomes (BioRad No.170-3633) to achieve separation of the large fused chromosomes.

DNA staining Approximately 10  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 μM 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 100× Oil
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 μm range (relative positions in Z −0.9 to +0.9 μm, 7 steps of 0.3 μm). Images were imported and analyzed with
ImageJ software.  The surface area occupied by the DNA was 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 correlated with an enlargement of the nuclear size in this strain compared to
the wild type, n = 16. The surface area of the nucleus was measured 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 software.  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 (∼10  cells) with 37 μM α-factor (Zymo
Research) for 150 min at 23°C. An aliquot of ∼1.5 × 10  cells G1 cells was fixed in 70% ethanol while the remaining culture was centrifuged and
washed twice with fresh medium. Pelleted cells were resuspended in fresh medium 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 BD Accuri C6 Flow Cytometer (BD CSampler 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.  After elutriation, ∼1.5 × 10  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).

Nocodazole. Metaphase cells were chemically synchronized using the microtubule disrupting drug, nocodazole (Sigma-Aldrich). Exponentially-
growing cultures (7 × 10  cells/mL) were grown for 3 h at 30°C in YPD supplemented with 15 μg/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.  Exponentially-growing
cultures (∼7 × 10  cells/mL) of strains, carrying the mutated cdc15-2 allele, were transferred from the permissive temperature (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.  For each library
preparation 1–3 × 10  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% SDS were incubated for 20 min at 65°C then digested overnight at 37°C with DpnII (final concentration 500 U/pellet; NEB).
Digestion pellets were resuspended in cold water and the 5′ DpnII overhangs were filled in using a biotin-labeled 30 μM dNTP mix (dATP, dGTP,
dTTP and Biotin-14-dCTP Invitrogen) and Klenow enzyme (NEB). Biotinylated DpnII restriction fragments were ligated using T4 DNA ligase
(final concentration of 250 Weiss U/pellet; Thermo Fischer) for 4 h at 16°C. Cross-linking was reversed through overnight treatment in the
presence of 250 μg/mL Proteinase K (Thermo Scientific) at 50°C. DNA was extracted by phenol/chloroform, precipitated and treated with
500 μg/mL RNAse 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 T4 DNA polymerase (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 × 75 bp cycles).

Hi-C: Data processing Generating contact maps. Raw paired-end reads were processed using the HICLib algorithm,  adapted for the
S. cerevisiae genome. PCR duplicates were removed before either read-pair was independently mapped using Bowtie 2  (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 iterative alignment with a 20 bp seed length was used to maximize the yield of uniquely mapped reads (mapping quality, MAPQ >30). The
aligned reads were classified based on their assignment and orientation on the DpnII indexed reference genome. To generate contact frequency
maps, the unwanted events were filtered out (e.g., loops, non-digested fragments, etc.; for details see Cournac et al. ) 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).  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 5′
and-3′ 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 sequences upstream and downstream all FLO
coding sequences. The alignments were used to determine the degree of % identity between 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
3′ 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 restriction 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 = [log1.1(s)]

Therefore, p(s) function is a histogram representation of the sum of contacts weighted by both bin-size 1.1  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 kb window measured as distance from the centromere
(e.g., 0, 300, and 600 kb from the centromere). n = 16 and n = 2 chromosomes were divided into multiple 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.

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 SMC binding 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 and CEN15) 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.  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 determined 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 the median
(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 indexed 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 using the “Shortest-
path Reconstruction in 3D″ algorithm, ShRec3D.  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 Sammon mapping algorithm was applied on the distance matrix.  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.
Briefly, fractions of replicating and non-replicating cells were obtained by arresting cells in α-factor (see cell cycle progression) and then releasing
them in 200 mM hydroxyurea (HU; Sigma-Aldrich) for 90 min at 30°C. Synchronization efficiency was checked by flow cytometry (see DNA
staining and cell cycle progression). Pellets of ∼6 × 10  cells were used to extract genomic DNA using acidic wash beads (Sigma-Aldrich) and
phenol-chloroform. Library preparation was performed using the NEBNext Ultra II FS kit (NEB) according to Illumina protocol. Resulting
libraries were paired-end deep-sequenced on NextSeq500 Illumina platform (2 × 36 bp cycles). Reads were mapped to the corresponding
reference genome using Bowtie 2  in its --very-sensitive mode. Profiles of replication timing were generated by normalizing the replicating (S
phase - HU) sample to the non-replicating (G1 - α-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 method . Briefly, RNA-seq reads were
aligned to S288C reference genome (sacCer2) using STAR with default parameters.  Differential expression analysis was performed using
DEseq2.  We consider genes with log2 fold-change > 2 or < −2 and p-value < 1E10  to be differentially expressed (Table S1. Gene ontology of
biological process (log2 fold change > 2 or <−2 and p < 1E10−5), related to RNA-seq method and Figure S2, Table S2. Gene ontology of
cellular component (log2 fold change > 2 or <−2 and p < 1E10−5), related to RNA-seq method and Figure S2, Table S3. Gene ontology of
molecular function (log2 fold change > 2 or <−2 and p < 1E10−5), related to RNA-seq method and Figure S2).

Genome annotation Fused genomes were annotated using a combination of different software packages. The yeast genome annotation pipeline
(YGAP)  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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isolates of the haploid, n = 2 size unmatched (JL498)

Table S5. Nuclear surface area and cell size, related to imaging DNA occupancy and nuclear size method and Figure S5:

(A) Summary table of nuclear and cell sizes measurements calculated from single events in (B) and (C). (B) Single-cell measurements of the
nuclear size in independent haploid isolates of n = 16 (BY4741) and n = 2 size-matched (JL402). (C) Single-cell measurements of the cell size in
independent isolates of n = 16 (BY4741) and n = 2 size-matched (JL402).
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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.
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Figures and Tables

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 (μm ) 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 Kolmogorov-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 displays 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.  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).

Figure 2

Repositioning of subtelomeric genes internally to chromosomal arms reveals their contact in 3D

(A) Contact map of chrA in n = 2 (5 kb-binned). Red arrowheads point at cis contact enrichment between 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 FLO5′ and-3′ UTRs) in the n = 2 genome. The resulting 20-kb regions adjacent to each gene
are underlined by dotted lines.

Figure 3

3D de-cluster of inactive centromeres delays their replication timing

Each replication timing plot  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 (α-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.

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. ).

(B) Pile-up ratio plots of 80kb windows (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 over Mb 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.

(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.
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