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Creating a functional single-
chromosome yeast
Yangyang Shao1,2, Ning Lu1,2, Zhenfang Wu3, Chen Cai2,3, Shanshan Wang3, Ling-Li Zhang2,3, Fan Zhou4, Shijun Xiao4, Lin Liu4, 
Xiaofei Zeng4, Huajun Zheng5, Chen Yang1, Zhihu Zhao6, Guoping Zhao1,5,7,8*, Jin-Qiu Zhou3*, Xiaoli Xue1* & Zhongjun Qin1*

Eukaryotic genomes are generally organized in multiple chromosomes. Here we have created a functional single-
chromosome yeast from a Saccharomyces cerevisiae haploid cell containing sixteen linear chromosomes, by successive 
end-to-end chromosome fusions and centromere deletions. The fusion of sixteen native linear chromosomes into a single 
chromosome results in marked changes to the global three-dimensional structure of the chromosome due to the loss of 
all centromere-associated inter-chromosomal interactions, most telomere-associated inter-chromosomal interactions 
and 67.4% of intra-chromosomal interactions. However, the single-chromosome and wild-type yeast cells have nearly 
identical transcriptome and similar phenome profiles. The giant single chromosome can support cell life, although this 
strain shows reduced growth across environments, competitiveness, gamete production and viability. This synthetic 
biology study demonstrates an approach to exploration of eukaryote evolution with respect to chromosome structure 
and function.

Almost all known natural eukaryotic species have multiple chromo-
somes, except for the male ant Myrmecia pilosula, which contains only 
one chromosome1. In addition, the number of chromosomes in eukary-
otic species varies without a clear association with their biological char-
acteristics. For instance, in mammals, human (Homo sapiens) diploid 
cells have forty-six chromosomes2, whereas diploid cells of the Indian 
muntjac (Muntiacus muntjak) have the lowest number of chromosomes 
(six for the female and seven for the male)3. In fungi, haploid cells of the 
budding yeast Saccharomyces cerevisiae have sixteen chromosomes and 
a genome of approximately 12 Mb4, whereas haploid cells of the fission 
yeast Schizosaccharomyces pombe have only three chromosomes and a 
genome of approximately 14 Mb5. The advantages to a eukaryotic cell 
of multiple chromosomes instead of a single one are not clear. In this 
study, we have reorganized the genome of the unicellular eukaryotic 
model organism S. cerevisiae, whose haploid cell contains sixteen chro-
mosomes ranging from 230 to 1,500 kb4, into one giant chromosome, 
in order to explore whether a yeast cell with an artificially fused single 
chromosome can survive and complete a sexual cycle.

Rationale
The creation of a single-chromosome yeast from S. cerevisiae BY4742 
haploid cells required 15 rounds of chromosome end-to-end fusions, 
with deletion of 15 centromeres and 30 telomeres (Fig. 1a, Extended 
Data Table 1). During the fusion process, the following criteria and 
principles were followed. (1) To generate genetically stable fused 
chromosomes and avoid the formation of dicentric chromosomes6, 
simultaneous deletions of one centromere and two telomeres in each 
round of fusion were required. We developed a method to precisely fuse 
two chromosomes by using both the efficient CRISPR–Cas9 cleavage 
system7 and the robust homologous recombination activity of yeast 
(Fig. 1b). (2) The single centromere was intentionally kept roughly in 
the middle of the final single chromosome to maintain two arms with 

balanced lengths. (3) The order of chromosome fusion was randomly 
selected. Our pilot experiments showed that eight pairs of randomly 
selected chromosomes could all be successfully fused, and the result-
ing strains grew as robustly as the wild-type strain, indicating that the 
yeast cells could tolerate random fusion of two chromosomes. (4) The 
deleted regions of each centromere and telomere were carefully selected 
to avoid affecting adjacent genes. (5) In addition, the redundant copies 
of telomere-associated long repetitive sequences (over 2 kb; Extended 
Data Table 2) located on different chromosomes were deleted to avoid 
potential homologous recombination at undesired sites.

Chromosome fusion and confirmation
The first chromosome fusion strain, SY0, was constructed by simulta-
neously removing the telomere and telomere-associated long repetitive 
sequences of the right arm of chromosome VII (VIIR) and the left arm 
of chromosome VIII (VIIIL), as well as the centromere element in chro-
mosome VIII (Fig. 1b). Following the same pair-wise fusion strategy, 
fourteen successive rounds of chromosome fusion were carried out in 
strain SY0, and finally strain SY14, with all sixteen chromosomes fused 
into one giant single linear chromosome, was successfully constructed 
(Extended Data Table 1). For each round of chromosome fusion, the 
positive rates confirmed by PCR sequencing ranged from 20 to 100% 
(Extended Data Table 1).

To validate the series of chromosome fusions in strains SY0–SY14, 
we examined the chromosome numbers using pulsed-field gel electro-
phoresis (PFGE) under various optimal conditions (Fig. 2a). With the 
accumulation of chromosome fusions, the DNA bands corresponding 
to the native chromosomes disappeared accordingly in the lower parts 
of the gels, and the DNA bands corresponding to the newly fused, larger 
chromosomes (indicated with red arrowheads) appeared in the upper 
parts of the gels. The single linear chromosome of SY14 (11.8 Mb) 
migrated most slowly and remained at the top of the gel (Fig. 2a).  
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The sizes of all chromosomal DNA bands were in agreement with 
the theoretical calculated sizes (Extended Data Table 1). In addition  
to PFGE, we performed Southern hybridization with a specific  
telomeric DNA probe to further confirm the proper chromosome 
fusions. Following each round of chromosome fusions, the correspond-
ing telomere signals disappeared owing to deletion of these telomere 
sequences (Fig. 2b, Extended Data Fig. 1). The reduction in telomere 
numbers in the SY14 strain was visualized by immunostaining of  
the 13-myc-tagged telomere-binding protein Sir2 using anti-myc  
antibody8. In BY4742 cells, 32 telomeres clustered at 6–8 foci in the 
nuclei (Fig. 2c), consistent with previous reports9,10. Only one or two  
telomere signals were detected in SY14 cells. Notably, nucleolar structures  
in the SY14 cells, which could be seen by Nop1 staining (Fig. 2c), 
remained intact, suggesting that chromosome fusions caused little 
change in the chromatin region of ribosomal DNA (rDNA) loci.

The genomic DNA of the SY14 strain and its parental strain BY4742 
were completely sequenced by a combination of PacBio and Illumina 
sequencing with 426- and 320-fold coverage, respectively. Their chro-
mosomal nucleotide sequences were de novo assembled into 1 and 

16 contigs, respectively. The approximately 1.5-Mb array of rDNA 
repeats (approximately 9.1 kb)11 was difficult to assemble, and only 
several copies of rDNA repeats were assembled in both the BY4742 
and SY14 genomes. The complete nucleotide sequences of the single 
chromosome of SY14 were compared with the sixteen chromosomes 
of BY4742, which showed excellent co-linearity (Fig. 2d), confirming 
that the chromosome orderings and orientations were as designed. 
Sequence alignments of the BY4742 and SY14 chromosomes revealed 
that all 61 designed deletions (Extended Data Table 1) had been  
successfully achieved (Fig. 2d, Extended Data Fig. 2); however, 
11 single-nucleotide polymorphisms (SNPs) and 7 insertions and  
deletions (indels) that arose during chromosome fusions were detected 
using next-generation sequencing and validated by the Sanger method 
(Extended Data Table 3).

Chromosomal 3D structures
Previous studies have documented the higher-order folding and spatial 
architecture of all sixteen chromosomes in S. cerevisae cells12,13. We 
carried out chromosome conformation capture (3C)-derived Hi-C 
assays on BY4742 and SY14 cells and on two intermediate strains—
SY6 (containing nine chromsomes: seven fused and two native) and 
SY13 (containing only two fused large chromosomes) (Extended Data 
Table 1). The global chromosome interactions and average chromo-
some 3D architecture of the different fusion cells were analysed and 
compared with those of BY4742 cells14,15.

The contact maps of BY4742, SY6, SY13 and SY14 cells clearly 
showed sixteen, nine, two and one independent, distinct intra- 
chromosomal interaction large square lattice structures, corresponding 
to the sixteen, nine, two and one individual chromosomes, respectively 
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(Fig. 3a). The Z-score difference contact maps showed that the strong  
centromere–centromere interactions gradually disappeared along 
with the loss of corresponding centromeres (blue dots), but the inter-
actions among the retained centromeres became much stronger  
(red dots) (Extended Data Fig. 3a). Consistent with a previous report12, 
the sixteen chromosomes of BY4742 cells and the nine chromosomes 
of SY6 cells showed a typical Rabl configuration12: centromeres clus-
tered around the spindle pole body, telomeres clustered with the nuclear 
envelope, and chromosome arms extending between these two anchor-
ing points (Fig. 3b). Owing to the marked reduction in centromere and 
telomere numbers, the overall genome structures in SY13 and SY14 
cells exhibited a relatively twisted, globular configuration with both 
the centromeres and telomeres located roughly on the periphery of 
the whole structure and the two arms of each chromosome much more 
bent than in BY4742 or SY6 cells, perhaps owing to the nuclear size 
limitation. It is worth noting that even in the case of the two chromo-
somes in SY13, the two centromeres and four telomeres were still clus-
tered in roughly opposite positions in the nucleus, similar to the cases 
of BY4742 and SY6. Notably, the rDNA-repeat loci of all four strains 
were sequestered from the main structure (Fig. 3b). In particular,  
the substantial clustering of the flanking sequence of centromeres 
(red balls) and relative co-localization of the flanking sequence of  
telomeres (blue balls) in the BY4742 genome gradually disappeared 
as the chromosome fusion progressed from BY4742 to SY6, SY13 
and SY14 (Fig. 3b). Notably, chromosomal fusion in SY6 caused  
little change to the configurations of the unfused chromosomes, such 
as chromosome XV, compared to those in BY4742 (Extended Data 
Fig. 4). However, with the accumulation of chromosome fusions, 
which resulted in a larger chromosome and a loss of the original  
centromeres, the 3D structures of chromosomes VI, XVI and X 
changed from stretched V shapes to more twisted globular shapes 
(Extended Data Fig. 4).

Almost all (97.8% and 99.7%) of the significant (P < 0.01, q < 0.01) 
inter-chromosomal interactions observed in BY4742 were absent in 
SY13 and SY14, respectively (Fig. 3c), probably owing to the elimi-
nation of most of the original centromeres and telomeres (Extended 
Data Fig. 3a, b). On the other hand, chromosome fusions brought two 

chromosomes that were distal from each other in BY4742 cells into 
close proximity, resulting in new significant (P < 0.01, q < 0.01) inter- 
chromosomal interactions; for example, the interaction between  
chromosomes XV and IV in SY13 cells, and chromosomes XV and XII in 
SY14 cells (Extended Data Fig. 3c). There were ten residual interactions  
of the single chromosome XV centromere region and chromosome II 
in all four strains, but the 3D structures of chromosomes XV and II did 
not show any possible spatial interactions between their centromere 
regions (Extended Data Fig. 3d). Unlike inter-chromosomal interac-
tions, only 67.4% of total intra-chromosomal interactions were lost in 
the SY14 genome (Fig. 3c). In fact, the global direction preference16, 
which quantifies the preference of a specific genomic region against 
its upstream or downstream interaction, was similar among BY4742, 
SY6, SY13 and SY14 cells for each chromosome (Fig. 3d, Extended Data 
Fig. 5), and the correlation coefficient was 0.90 (P < 2.2 × 10−16). This 
result strongly indicated that the local chromatin interactions of all the 
four strains, at least at the level of gene loci (as shown by the bin = 5 kb 
direction preference plot), were very similar.

Transcriptome and phenome analysis
The transcriptome profiles of the BY4742 and SY14 strains were ana-
lysed to evaluate the effects of changes in chromosome interactions and 
structure on global gene expression. Unexpectedly, the transcriptome 
of SY14 cells was nearly identical to that of BY4742 cells (Fig. 4a). Only 
28 genes were differentially expressed in SY14 compared to BY4742 
cells (Fig. 4b, Extended Data Table 4), accounting for 0.5% of the 5,815 
protein-coding genes4,17. Fusion of all sixteen chromosomes into one 
repositioned the original telomere-adjacent genes to loci distal from 
telomeres, which presumably resulted in loss of the telomere position 
effect (TPE) and de-repression of these genes18,19. Accordingly, seven 
genes (YFR057W, MAL11, THI5, YOL163W, YOL162W, SEO1 and 
VTH1) adjacent to the corresponding deleted telomeres were upregu-
lated in SY14 cells. Notably, five genes (ERR2, HSP32, FEX2, YPL277C 
and MPH3) near the retained telomeres (XVI-L and X-R) in SY14 
cells were downregulated, indicating an increase in the TPE. As about 
half of subtelomeric genes were deleted during chromosome fusions, 
the number of TPE-affected genes is likely to be underestimated in 
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SY14 cells. Notably, eight genes involved in stress responses (especially 
DNA replication) were upregulated in SY14, suggesting that a giant 
single chromosome might introduce a new burden for chromosomal  
replication.

The SY14 cells demonstrated a slight reduction in growth fitness on 
complete media such as yeast extract peptone dextrose (YPD), yeast 
complete (YC) or YPG (similar to YPD but with glycerol as a carbon 
source), and an increased sensitivity to the genotoxic chemical phleo-
mycin (Phl), but not methyl methanesulfonate (MMS) or camptothecin  
(CPT) (Fig. 4c). Phenotype microarray analysis showed that SY14 
and BY4742 cells had comparable growth under conditions including  
different carbon sources and osmolytes, but SY14 cells showed a modest 
growth reduction under some nitrogen sources (Fig. 4d). We found that 
the expression of the MET14 gene, which encodes an adenylyl-sulfate 
kinase, was reduced in SY14 cells comparing to the wild type (log2  
fold-change = −1.56, P = 5.97 × 10−5; Extended Data Table 4). When 
a plasmid-borne MET14 gene was introduced into SY14 cells, their 
growth on medium without methionine was restored (Fig. 4e), sug-
gesting that deletion of the chromosome XI centromere accidently 
damaged the centromere-proximal promoter of MET14.

The size and shape of BY4742 and SY14 cells were similar (Fig. 5a). 
The pattern of cell cycle progression of SY14 cells resembled that of 
BY4742 cells (Fig. 5b), but the SY14 strain showed a slightly reduced 
growth rate (Fig. 5c). To evaluate whether the single-chromosome 
yeast could compete with the multi-chromosome yeast, we co-cultured 
SY14 and BY4742 cells and monitored their growth. As co-culture time 
increased, the number of SY14 haploid cells dropped rapidly, while the 

BY4742 haploid cells dominated the populations (Fig. 5d), suggesting 
that the competition fitness of the single-chromosome yeast is lower.

Meiosis and spore viability
Organisms that reproduce sexually are thought to have advantages over 
organisms that reproduce asexually. We evaluated the ability of the  
single-chromosome haploid cells to mate and form diploid cells and 
reproduce sexually. We constructed strains BY4742a and SY14a, in 
which the Matα cassette was replaced with a Mata cassette20. Haploid 
SY14 and SY14a cells were able to mate to produce diploid cells, simi-
larly to the parental strains. But the SY14/SY14a cells displayed a slightly 
reduced growth rate (Fig. 5c). In addition, we noticed that two out of 
six colonies of SY14/SY14a diploid cells could not maintain a correct  
diploid chromosome number upon mitotic division. Moreover, the 
SY14/SY14a cells displayed weak competitiveness when co-cultured 
with BY4742/BY4742a cells, and we observed the emergence of cells 
that contained genomes from both diploid cells (Extended Data 
Fig. 6a–c), indicating fusion of SY14/SY14a and BY4742/BY4742a cells.

The SY14/SY14a cells were able to undergo meiosis to produce viable 
spores, but with reduced gamete production (Fig. 5e). In addition, the 
spore viability for SY14/SY14a cells was 87.5%, which was lower than 
the 98% observed for BY4742/BY4742a cells (Fig. 5f). The diploid cells 
of intermediate strains SY6/SY6a and SY13/SY13a displayed 96.5% and 
93% spore viability, respectively (Fig. 5f), suggesting that spore viability 
is decreased as the number of chromosome fusions increases.

Discussion
Recently, synthetic biology has made great advances in the design and 
synthesis of individual chromosomes in the eukaryote S. cerevisiae. 
The synthesized cells largely resemble the wild-type cells13,21, imply-
ing that this organism can tolerate large-scale genome engineering 
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Fig. 4 | Transcriptome and phenome analyses. a, Heatmap of the 
transcriptome profiles of BY4742 and SY14 cells. The Pearson correlations 
(n = 3) are greater than 0.98 within each group and greater than 0.97 
between different groups. b, Classification of differentially expressed 
genes, defined as those with log2(fold change) ≥ 1 and P < 0.001 in 
SY14 compared to wild-type cells. c, Fitness analysis of SY14 cells under 
various growth conditions. Representative results of two independent 
experiments. d, Growth comparison of BY4742 and SY14 cells under 
various conditions. The mean area of growth kinetics of SY14 cells from 
two independent experiments was normalized to those of BY4742 cells, 
and the numerical value of its logarithm base 2 is shown. The grey shaded 
negative values indicate greater than 50% growth reduction in SY14 cells. 
e, Restored growth of SY14 cells on medium without methionine by 
complementation of a functional MET14 gene. SD, synthetic dextrose. 
Data are representative of three independent experiments.
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Fig. 5 | Sporulation and competition fitness. a, Scanning electron 
micrographs of BY4742 and SY14 cells. Scale bar, 1 μm. Representative 
images of three independent experiments. b, Cell cycle analysis. The yeast 
cells were synchronized with hydroxyurea and the progression of the cell 
cycle was analysed by flow cytometry. Data are representative of three 
independent experiments. c, Growth curves of the SY14 haploid (left) 
and diploid (right) strains (mean ± s.e.m.). Three biological replicates 
were assayed. d, Growth competition of BY4742 and SY14 haploid cells. 
Data from five biological replicates. e, Sporulation efficiency of diploid 
cells with different chromosome numbers. For each genotype, two 
independent diploid colonies were examined, and the results shared the 
same trend. f, Spore viability of tetrads. Spores of ten tetrads are shown. 
The spore viability was calculated from 60 tetrads for each strain. Data are 
representative of two independent experiments.
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well. In this study, we created a biologically functional S. cerevisiae  
(SY14) with a single giant chromosome by successive fusion of  
sixteen native chromosomes, representing, to our knowledge, the first 
example of a eukaryote with a single linear chromosome created in the  
laboratory.

Previous studies have suggested that the localization of a chromosome  
in the nucleus and inter-chromosome interactions affect gene  
expression22,23. In our study, chromosomal fusions involving sixteen 
chromosomes result in a loss of the majority of the inter-chromosomal 
interactions seen in parental cells, leading to marked changes in the 
overall chromosomal 3D structure. However, the global directional pref-
erences at the level of gene loci (5-kb intervals) are largely retained in the 
SY14 cells. Accordingly, the transcriptome of the single-chromosome  
SY14 cells is nearly identical to that of the parental BY4742 cells. These 
observations demonstrate that inter-chromosomal interactions have a 
negligible effect on global gene transcription in yeast.

It was unexpected that the single point centromere in S. cerevisiae, 
which is only 125-bp long24, can support the segregation and parti-
tion of the 11.8-Mb chromosome, which is eight times larger than 
the longest native chromosome. Nevertheless, several genes involved 
in the stress response, especially DNA replication stress, are upreg-
ulated in the single-chromosome yeast, consistent with the reported 
study of an increase in replication-induced topological stress with  
chromosome length in S. cerevisiae25. The tendency of SY14/SY14a dip-
loid cells to form polyploidy also suggests a functional defect of chromo-
some segregation in single-chromosome yeast; this is likely to cause the 
reduction in gamete production and viability in meiosis. Consistently, 
both the haploid and diploid cells of the single-chromosome  
yeast are disadvantaged when competing with wild-type cells. 
Therefore, the deleterious functional impact of a single giant chromo-
some, which may be due to chromosome replication and segregation, 
might explain why eukaryotic genomes are organized into multiple 
chromosomes. In fact, S. cerevisiae and its wild relative species have 
all maintained sixteen chromosomes across 10–20 million years of  
evolution, although their chromosome structures are not identical26. 
In an accompanying paper, another group created a two-chromosome  
budding yeast27. Their results are consistent with ours in that the 
chromosome fusions have minimal effects on cell growth and the 
transcriptome.

This study provides an alternative approach for studying the  
evolution of eukaryotes with respect to their chromosome structure 
and function. The series of strains (SY0–SY14) with successive fusions 
of sixteen chromosomes created in this study would be of considerable  
value for future investigations of telomere biology, centromere and 
kinetochore biology, meiotic recombination, and the relationship 
between nuclear organization and function.

Online content
Any Methods, including any statements of data availability and Nature Research 
reporting summaries, along with any additional references and Source Data files, 
are available in the online version of the paper at https://doi.org/10.1038/s41586-
018-0382-x.
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Methods
No statistical methods were used to predetermine sample size. The experiments 
were not randomized and the investigators were not blinded to allocation during 
experiments and outcome assessment.
Plasmid constructions. The Cas9 expression plasmid pCas9 was constructed 
from pMetCas928 by replacing the selection marker MET14 with LEU2. The guide 
RNA expression plasmid (pgRNA) was constructed in three steps: (1) the vector 
pHIS426 was constructed by Gibson assembly29 of the HIS3 gene amplified from 
S. cerevisae S288C genomic DNA and vector backbones amplified from p426- 
SNR52p-gRNA.CAN1.Y-SUP4t. (2) Each guide RNA expression cassette contains 
the SNR52 promoter, a 20-bp target sequence and the structural component of 
guide RNA, followed by the SUP 3′ flanking sequence. The 20-bp target sequences 
of guide RNAs 1, 2 and 3 were manually selected from the upstream of any 5′-NGG 
near the to-be-deleted centromere and telomeres. The guide-RNA expression  
cassettes were generated by fusion PCR of two segments, the SNR52 promoter 
and the guide RNA structural component/the SUP 3′ flanking sequence segment, 
both of which were PCR amplified using p426-SNR52p-gRNA.CAN1.Y-SUP4t 
(Addgene plasmid ID: 43803) as a template. For each guide RNA expression  
cassette, a 20-bp RNA target sequence and specific restriction sites were introduced 
at the 5′ end of PCR primers. (3) The three target cassettes gRNA1, gRNA2 and 
gRNA3 were digested with pairs of restriction enzymes EcoRI–BamHI, BamHI–
NcoI and NcoI–NotI, respectively, and were ligated to an EcoRI–NotI-digested 
pHIS426.
CRISPR–Cas9 facilitated chromosome fusion. Approximately 1 μg of each DNA 
targeting cassette (with 50–400 bp homology arms and 200 bp direct repeat (DR) 
sequences for the curation of selection markers in the second step) and pgRNA 
were co-transformed in S. cerevisae BY4742 (Euroscarf, not tested for mycoplasma) 
cells harbouring pCas9, which constitutively expressed Cas9, using a standard lith-
ium acetate transformation protocol30. The transformation products were plated 
on the synthetic drop-out medium SC-Ura-His-Leu (omitting uracil, histidine and 
leucine). The positive colonies verified by PCR sequencing were inoculated and 
grown in 3 ml of SC-Ura-His-Leu liquid medium to saturation at 30 °C. The cell 
cultures were then transferred to SC-Leu medium containing 2% galactose and 3% 
raffinose instead of 2% glucose, with an initial optical density of OD600 = 0.3. After 
16 h, 100 µl of culture was plated and grown on SC-Leu with 1 mg/ml 5-FOA. The 
curation of selection markers and pgRNA of the positive colonies was verified by 
PCR analysis and sequencing. The verified single colony was inoculated in SC-Leu 
medium to start the next round of chromosome end-to-end fusion.
Telomere Southern blot. Telomere Southern blotting and hybridization were per-
formed as previously described31. In brief, roughly equal amounts of genomic DNA 
were digested with XhoI, and separated by electrophoresis on 1.0% agarose gel. The 
DNA was then transferred to a Hybond-N+ Nylon membrane (GE Healthcare). 
Probe labelling, hybridization and immunological detection were performed 
using DIG-High Prime DNA Labelling and the Detection Starter Kit II (Roche). 
An 81-bp TG1–3 DNA fragment was chosen as a telomere-specific probe, and a  
fragment from chromosome I served as a non-telomeric control probe.
Genome sequencing, assembly and data accessibility. A total of 20 μg of high 
quality genome DNA was extracted from BY4742 and SY14 cells. A 20 kb SMRT-
bell sequencing library (Pacific Biosciences) was constructed using a size selection 
protocol on the BluePippin (Sage Science). The two SMRT-bell yeast genomic 
libraries were sequenced using 3 SMRT cells (Pacific Biosciences) with a 10-h  
moving time window in the PacBio Sequel (Pacific Biosciences) sequencing platform.  
Primary filtering on polymerase reads was performed using the SMRT analysis 
package V4.0 (https://www.pacb.com/support/software-downloads/).

To assemble the BY4742 and SY14 genomes, 320× and 426× of PacBio subreads 
were used, respectively. The genomic sequence data of SY14 and BY4742 genomes 
were directly assembled into 1 and 16 contigs using CANU32 (version 1.5) without 
additional data or scaffolding steps. The assembled genomes have no Ns in their 
sequences. Owing to the high number of repeats in the rDNA region (100–200 
copies11 of ~9,100 bp unit), we could not assemble all repeat sequences for this 
highly repeated region. Using longer reads of PacBio sequencing, we have assem-
bled a repeated region longer than reported in the public S288C reference genome 
(GCF_000146045.2_R64/). The nuclear genomes were revised using pbalign 
(https://github.com/PacificBiosciences/pbalign, version 0.3.1, algorithm: blasr,  
hitPolicy: randombest, algorithmOptions:–bestn 1–nCandidates 1–bam, 
maxDivergence 15.0, minAccuracy 85.0) and arrow (https://github.com/
PacificBiosciences/GenomicConsensus, version 2.2.0, minCoverage 15). The 
mitochondrial genomes of BY4742 and SY14 were assembled using minimap 
(version 0.2-r124-dirty) and miniasm (version 0.2-r137-dirty)33. The revision of 
mitochondrial genomes of BY4742 and SY14 cells was performed using the same 
procedure with modified parameters of max Divergence 30.0, min Accuracy 70.0 
(pbalign) and min Coverage 30 (arrow). The mitochondrial genomes were cyclized 
with minimus2 (https://github.com/sanger-pathogens/circlator/wiki/Minimus2-
circularization-pipeline, AMOS, version 3.1.0).

The genomes of BY4742 and SY14 cells were aligned using LAST34 (version 
810). The scripts last-split34 and maf-swap were used to achieve 1-to-1 alignment 
according to the manual (http://last.cbrc.jp/doc/last-split.html). The alignments 
between two genomes were extracted from LAST output using a custom Python 
script and plotted with Circos35 (version 0.67-7). To correct for possible error 
of Single Molecule Real-Time (SMRT) sequencing reads (predominantly either 
deletions or insertions) and to obtain the reliable genomic difference between 
BY4742 and SY14, we re-sequenced both SY14 and BY4742 whole genomes 
using next generation sequencing (NGS) Illumina pair-end sequencing, which  
provided 200× coverage for SY14 and 233× coverage for BY4742 cells. These 
new sequence data were mapped to the S288C genome to identify the genomic  
differences between the two strains, which were further validated by Sanger 
sequencing.
Hi-C library preparation and sequencing. The genomic DNA from exponential 
phase cells was cross-linked and digested with 200 unit MboI enzyme (NEB) as 
previously described36. The cutting DNA ends were labelled with biotin-14-dCTP 
(TriLINK) followed by ligation. Purified DNA was sheared to a length of ~400 bp. 
Point ligation junctions were pulled down with Dynabeads MyOne Streptavidin 
C1 (Thermofisher). The Hi-C library for Illumina sequencing was prepped with 
the NEBNext Ultra II DNA library Prep Kit for Illumina (NEB) according to the 
manufacturers’ instructions. Fragments between 400 and 600 bp were paired-end 
sequenced on a HiSeq2000 platform (Illumina).
Construction of contact map and chromosome 3D model from Hi-C data. Using 
the ICE software package (version 1f8815d0cc9e)37, the Hi-C data of BY4742 cells 
were iteratively mapped to the BY4742 genome, while the Hi-C data of SY6, SY13 
and SY14 cells were mapped to their own genomes. Dandling ends and other 
unusable data were filtered, and the valid pairs were binned into 10-kb non- 
overlapping genomic intervals to generate contact maps. The contact maps were 
normalized using an iterative normalization method to eliminate systematic biases. 
To correct the overall decay of chromatin contacts with genomic distance, the 
whole genome interactions of BY4742 compared to SY6, SY13 and SY14 cells were 
transformed into Z-score using E. Crane’s method38 (package cworld-dekker from 
https://github.com/dekkerlab/cworld-dekker/releases, v1.01). Then, we calculated 
the difference between the Z-scores of SY14, SY13 and SY6 to BY4742 to infer 
the difference between their whole genome interactions. The chromosomal 3D 
structures of the four strains were inferred using the Pastis (v0.1) method39 with 
a multidimensional scaling (MDS) model. The 10-kb contact maps were used to 
construct the 3D model. The rDNA region was reconstructed by assuming that 
every bin in rDNA loci was equally in contact with the remainder of the genome.
Calculation of intra-and inter-chromosome interactions. As the correlation 
efficiency of the two biological replicates for each strain was very high (>0.98) 
using QuASAR-Rep analysis (from HiFive40 v1.5.3)41, we pooled the data from two 
replicates together for significant interactions. The contacts between 5-kb pairs of 
intra-chromosome bins of four strains were transferred to Ay’s Fit-Hi-C software 
(v1.0.1)42 to calculate the corresponding cumulative probability P value and false 
discovery rate (FDR) q value43. After calculation, the interactions in which both the 
P value and q value were less than 0.01 were identified as significant interactions.

The statistical significance and false discovery rate of the inter-chromosome 
interactions of BY4742, SY6 and SY13 cells were calculated using Xie’s method44. 
We then calculated the FDR q value, and the interactions in which both the P value 
and q value were less than 0.01 were identified as significant interactions.
Comparison of significant interactions. Interactions were considered significant 
at P < 0.01, q < 0.01.The coordinates of SY14, SY13 and SY6 genome bins were 
mapped to those in the BY4742 genome by sequence alignment. For better compar-
ison, we separated the interactions into intra-chromosome and ‘inter’-chromosome 
(between original chromosome regions) and performed pairwise comparison. 
We defined the sequences of 100 MboI-cutting sites around the centromere as the 
centromere regions, and the sequences of 100 MboI-cutting sites adjacent to the 
telomeres as the telomeres regions.
RNA-seq analysis. The BY4742 and SY14 cells from early-log phase (OD600 = 1) 
were collected, and their RNA was isolated using the TRIzol (Invitrogen) 
method45. The library preparation followed the standard procedure (BGI). The 
libraries were sequenced on the Illumina HiSeq 4000 platform using the 150-bp 
pair-end sequencing strategy. For each sample, 6 Gb of clean data was obtained. 
The cleaned reads were mapped onto the S. cerevisiae S288C reference genome 
(GCF_000146045.2_R64/) using Bowtie2 (v2.2.2)46, and the abandon estimation 
was conducted by RSEM (v1.3.0)47. The significant differentially expressed genes 
(DEGs) were identified by DEseq2 (v1.16.1)48 with definition of fold change more 
than 2 and false discovery rate (FDR) <0.001.
Phenotypic microarray analysis. Cells freshly grown on YPAD plates were inocu-
lated into a yeast nutrient supplement mixture (NS × 48-0.48 mM l-histidine HCl, 
4.8 mM l-leucine, 2.4 mM l-lysine HCl, and 1.44 mM uracil) and adjusted to a 
transmittance of 62% T using a Biolog turbidimeter (Biolog). Phenotypic microarray  
plates PM1–PM10 (Biolog) coated with different nutrients and chemical substrates 
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were used to incubate three cell types. For PM1-8, Biolog growth medium was 
prepared using IFY-0 (IFY-0 × 1.2) base inoculating fluid, supplemented with a 
mixture of 0.02% (v/v) yeast nutrient supplement mixture (NS × 48) and 0.013% 
(v/v) dye mix D (Biolog). To the growth medium, an extra 100 mM d-glucose had 
to be added for PM3-8. For PM9 and 10, Biolog growth medium was prepared 
using 0.67% (w/v) YNB w/o amino acids (Sunrise Science) and 0.12% (w/v) SC 
amino acid mixture (Sunrise Science) supplemented with a mixture of 0.01% (v/v) 
yeast nutrient supplement mixture (NS × 48), 0.01% (v/v) dye mix E (Biolog) and 
100 mM d-glucose. The final volume of 12 ml was reached using reverse osmosis 
(RO) sterile water for every phenotypic microarray plates and added at 100 µl/
well. Data were recorded photographically at 15 min intervals at 30 °C for 120 h 
and converted to a value reflecting metabolic activity by the OmniLog software 
(version 2.3.01).
Cell growth, morphology and cell cycle analysis. Strains BY4742 and SY14 were 
freshly streaked on plates, and three individual colonies were picked and inocu-
lated in liquid YPAD medium overnight at 30 °C. The cell cultures were harvested 
and diluted in 25 ml of fresh liquid YPAD medium to a final OD600 of ~0.1. The 
optical density of cells was measured hourly and exponentially growing cells were 
collected. The samples were prepared for scanning electron microscopy (Zeiss) as 
described previously49.

Methods of cell synchronization and cell cycle analysis using flow cytometry 
(Beckman) were performed as previously described50. In brief, the yeast strains 
were synchronized with 200 mM hydroxyurea for 1.5 h. Then, cells were washed 
five times with pre-warmed YPAD for release from hydroxyurea. The cells were 
collected every 15 min, washed, and fixed in 70% ethanol at 4 °C overnight. Cells 
were then treated with RNase (20 mg/ml, Sigma) at 37 °C for 2–3 h. Samples were 
stained by PicoGreen (Invitrogen), and analysed by flow cytometry. Approximately, 
105 cells were analysed for each strain. Data were analysed with Summit 5.2.
Genotoxin sensitivity assay. Single colonies of the tested strains were cultured in 
YPD medium at 30 °C overnight. The cell numbers were adjusted to about equal 
for each strain, and tenfold serial dilutions were spotted onto plates with or without 
the indicated genotoxins. The plates were photographed after incubation at 30 °C 
for 2 to 3 days. For temperature sensitivity assay, plates were incubated at 24 °C, 
30 °C and 37 °C for 2 to 3 days before photography.
Growth competition. The HIS3 and URA3 genes were introduced into BY4742 
and SY14 chromosomes, respectively. Approximately 1 × 104 exponentially grown 
cells of BY4742 and SY14 haploid cells were co-inoculated in fresh YPD medium at 
30 °C. The co-cultures were diluted to 0.05% daily with fresh YPD. The co-cultures  
after 0, 1, 2 and 3 days were plated on YPD plates, and 100 colonies grown from 
these plates were spotted on both SC-His (synthetic complete medium without 
histidine) and SC-Ura (synthetic complete medium without uracil) plates to  
calculate the viable cells of BY4742 and SY14, respectively. The growth competi-
tion of BY4742/BY4742a and SY14/SY14a diploid cells were carried out similarly.
Immunofluorescence. A 13-myc epitope-tag sequence was inserted at the genomic 
locus of the SIR2 gene. Indirect immunofluorescence was performed as described 
previously10. Cells were grown in YPD medium overnight to a density of 1–2 × 107 
cells/ml and fixed for 30 min by incubation with 4% formaldehyde. Next, cells 
were washed with 0.1 M potassium phosphate (pH 6.5) and P solution (1.2 M 
sorbitol and 1 M K2PO4), and re-suspended in P solution. Cells were subsequently 
treated with 0.1 mg/ml zymolyase (20T, MP Biomedicals) for 10 min, washed with 
P solution, and spotted on poly-l-lysine pre-treated slides. After rinsing in PBS-T 
buffer (PBS containing 0.1% Triton X-100 and 1% BSA), slides were incubated 
overnight at 4 °C with anti-Myc, anti-Rap1 and anti-Nop1 antibody diluted in PBS 
containing 1% BSA. Slides were then washed with PBS-T buffer and incubated 
with the appropriate secondary antibodies conjugated to Cy3 or Alexa 488. The 
DNA fluorescence signal was detected by DAPI (1 µg/ml in phosphate buffered 
saline (PBS) solution) staining. Slides were mounted with PBS containing 1 mg/ml  
p-phenylenediamine, 2.5 µM NaOH, and 90% glycerol. Confocal microscopy 
(Leica) was performed on a Leica TCS SP2 microscope with a 63 × lambda blue 
objective (oil). Image processing included similar filtration and threshold level 
standardization for all images.
Switching the MATα mating-type of the SY14 strain to MATa to generate  
the SY14a strain. Most sequence of the ‘MATa’ and ‘MATα’ loci in different mat-
ing type yeasts are identical except that a 703 bp region in the MATa locus (5′- 
cttgatttttgttctttcggggaa…tgtagagtggtttgacgaataatt-3′) is different from an 807 
bp region in the MATα locus (5′-tatgtctagtatgctggatttaaa…gttgacgaataattatgct-
gaagt-3′). We used the CRISPR–Cas9 system to replace the 703 bp sequence with 

the 807 bp sequence in the BY4742 and SY14 strains, to generate BY4742a and 
SY14a strains, respectively.
Mating and sporulation assays. Mating of MATa and MATα strains was  
performed on YPD plates by micromanipulation. Colonies of the resulting diploid 
strains were re-streaked on a new YPD plate to obtain a single clone. The diploids 
were verified by PCR amplifications using the two pairs of primers specific for 
the different mating-type loci. For sporulation, diploid strains were inoculated 
into 5 ml of sporulation medium to a density of OD600 = 0.6 and cultivate the 
strains at 23 °C. Use hemocytometer to count a total of ≥ 200 cells every 24 h, and  
sporulation efficiency was measured by the ratio of the number of asci containing 
3 or 4 spores to that of the unsporulated cells. Spores were dissected, and at least 
60 tetrads were dissected to measure spore viabilities.
Reporting summary. Further information on experimental design is available in 
the Nature Research Reporting Summary linked to this paper.
Data Availability. Genome sequencing data and the assembled genome sequences 
of SY14 and WT have been submitted to NCBI with a project accession number of 
PRJNA429985. The Hi-C sequencing data of SY6, SY13, SY14 and BY4742 have 
been submitted to NCBI with a project accession number of PRJNA431161. The 
RNA-seq data have been submitted to NCBI with a project accession number of 
PRJNA451522. All data can be viewed in NODE (http://www.biosino.org/node) by 
pasting the accession (NODEP00371807) into the text search box or through the 
URL: http://www.biosino.org/node/project/detail/NODEP00371807.
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Extended Data Fig. 1 | Theoretical XhoI digestion pattern of 
chromosome ends. The X, STR, and Y′ elements in each subtelomeric 
regions are marked with black, grey and white boxes, respectively. 
The TG1–3 telomeric sequences are marked with arrow tips. The XhoI 

digestion sites in telomere regions are indicated, and the numbers in kb in 
parenthesis indicate the sizes of DNA fragments recognized by the TG1–3 
probe in the Southern blot analysis.

© 2018 Springer Nature Limited. All rights reserved.
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Extended Data Fig. 2 | De novo sequence comparison of BY4742 (light 
grey) and SY14 (dark grey) genomes. The chromosomes are labelled with 
Roman numerals of the yeast reference genome. The telomeres (blue), 
centromeres (red) and telomere-associated repeats (green) that were cut 

by experimental design are shown in BY4742 chromosomes. Sequence 
deletions and insertions identified by genomic comparison between 
BY4742 and SY14 are highlighted in purple and black, respectively, in 
SY14 chromosomes.

© 2018 Springer Nature Limited. All rights reserved.
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Extended Data Fig. 3 | Comparison of the chromosomal interactions 
of SY6, SY13 and SY14 cells with those of BY4742 cells. a, Z-score 
difference heatmaps. Bin length, 10 kb; red and blue show increased and 
decreased chromatin interactions, respectively. Green box highlights the 
interactions of the chromosome XV centromere with other chromosomes. 
b, Venn diagram of the number of significant (P < 0.01, q < 0.01) ‘inter’- 
and intra-chromosomal interactions (referring to their locations in the 
BY4742 genome). c, Strong chromosomal interactions of chromosome  
XV centromere regions in the BY4742, SY6, SY13 and SY14 genomes.  

The red bars indicate the centromeres and their flanking regions of 
50 MboI restriction sites. Each arc throughout the chromosome XV 
centromere area represents one strong interaction. In SY6, SY13 and 
SY14, the reserved interactions are marked with black arcs and new 
interactions are marked with orange arcs. The green arrowheads mark 
the ten residual interactions near the centromere regions found in all four 
strains. d, 3D structures of chromosomes XV and II in SY6, SY13 and SY14 
cells compared to those in BY4742 cells. The locations of the 10 residual 
interactions on Chr. XV and II are marked green.

© 2018 Springer Nature Limited. All rights reserved.
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Extended Data Fig. 4 | 3D structures of single chromosomes. Chromosome structures in SY6, SY13 and SY14 cells are compared to those in BY4742 cells.

© 2018 Springer Nature Limited. All rights reserved.
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Extended Data Fig. 5 | Directional preference plots of SY6, SY13, 
and SY14 cells compared to BY4742 cells. Red, BY4742; moss green, 
SY6; purple, SY13; bright green, SY14. The y-axis denotes the t-test 

value between the upstream and downstream interactions of each bin. A 
positive t-value indicates that a bin has more downstream interactions, as 
described previously16.

© 2018 Springer Nature Limited. All rights reserved.
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Extended Data Fig. 6 | Growth competition between SY14/SY14a 
and BY4742/BY4742a diploid cells. a, Blue circles represent BY4742/
BY4742a (with HIS3 marker) cells that could grow only on SC-His plates; 
pink triangles represent SY14/SY14a (with URA3 marker) cells that could 
grow only on SC-Ura plates; green diamonds represent ‘fusion’ cells of 
BY4742/BY4742a and SY14/SY14a that could grow on both SC-His and 
SC-Ura plates. Data from three biological replicates are presented. b, FACS 
analysis of DNA content of BY4742/BY4742a and SY14/SY14a diploid cells 

before and after co-culture. Data are representative of two independent 
experiments. c, PCR verification of genomes from BY4742/BY4742a and 
SY14/SY14a diploid cells. H1–H3: colonies grown only on SC-His plates; 
HU1–3: colonies grown on both SC-His and SC-Ura plates. The BY4742/
BY4742a and SY14/SY14a diploid cells before co-cultivation were used as 
control. Two pairs of primers, specific for genomes of BY4742/BY4742a 
and SY14/SY14a, were used. Data shown are representative images of two 
independent experiments.

© 2018 Springer Nature Limited. All rights reserved.
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Extended Data Table 1 | Details of the creation of a single chromosome yeast

The ‘Strain’ column lists the strain names, and the number in parentheses indicates the size of the native or fused chromosome in kilobase (kb). An orange plus indicates a fusion event; a dash 
between two chromosomes means that the fusion already occurred. ‘Newly deleted chromosome regions’ marks the deleted regions in the corresponding chromosomes; Rtel and Ltel in blue indicate 
the right arm and left arm of the corresponding telomere sequences, respectively; Cen in red indicates the corresponding centromere sequence; and RS represents repetitive sequences deleted in the 
corresponding chromosomes. The numbers for each region are referred from the S. cerevisiae S288C genome (http://www.yeastgenome.org/).

© 2018 Springer Nature Limited. All rights reserved.
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Extended Data Table 2 | Information regarding long repeat 
sequences near chromosome ends

This Table lists 15 types of long (>2 kb) repeat sequences near telomeres, which have two or 
three copies. Only one copy of each long repeat sequence was retained, and the redundant copies 
were deleted in the SY14 strain. During the generation of the SY14 strain, six long repeats marked 
in red (that is, VII: 6223–9584 (RS6), VIII: 525437–539926 (RS1), V: 18751–23447 (RS11), XV: 
11053–13126 (RS9), XV: 22397–27006 (RS10), and XV: 27007–30776 (RS14)), which are distal 
to telomeres, were deleted by two rounds of CRISPR–Cas9-mediated PCR targeting. The remain-
ing 13 long repeats were deleted during chromosomal end-to-end fusions.

© 2018 Springer Nature Limited. All rights reserved.
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Extended Data Table 3 | SNPs and indels confirmed by re-sequencing

a, SNPs. b, Indels.

© 2018 Springer Nature Limited. All rights reserved.
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Extended Data Table 4 | Differentially expressed genes in SY14 compared to BY4742 cells

Sample size n = 3. Exact negative binomial two-sided test was used to generate P values. Benjamini and Hochberg's algorithm was used to control the FDR.

© 2018 Springer Nature Limited. All rights reserved.
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Sample size Two and three independent biological replicates were used for Hi-C analysis and RNA-seq analysis, respectively, the sample size of which is 
commonly used in published papers.

Data exclusions For Hi-C analysis, only the interactions which both p-value and q-value less than 0.01 were identified as significant interactions. 
For RNA-seq analysis, only the fold changed more than 2 and false discovery rate (FDR) <0.001 were identified as significant differentially 
expressed genes.

Replication All attempts at replication were successful.

Randomization For the creating of the single chromosome yeast, the order of chromosome fusions was randomly chosen.  

Blinding For the creating of the single chromosome yeast, the investigators were blinded to the order of chromosome fusions because there were no 
any reported information for guidance.
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Antibodies used Antibodies used in Immunofluorescences 

Anti-Myc: Sigma, catalog no. CG1965, rabbit, polyclonal, 1:200 dilution, primary antibody for detection of the 13Myc-tagged 
telomere binding protein Sir2. 
 
Anti-Nop1: Santa Cruz, catalog no. SC-71715, mouse, Monoclonal, 1:200 dilution, primary antibody for detection of the nucleolus 
protein Nop1. 
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Anti-rabbit IgG: Jackson ImmunoResearch, catalog no. 711-165-152, donkey, 1:1000 dilution, Cy3-conjugated secondary 
antibody for detection of anti-Myc. 
 
Anti-mouse IgG: Molecular probes, catalog no. A21202, donkey, 1:1000 dilution, Alexa 488-conjugated secondary antibody for 
detection of anti-Nop1.

Validation None as all antibodies were directly purchased from companies.

Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) Saccharomyces cerevisiae strain BY4742  were bought from Euroscarf.

Authentication None as directly purchased from Euroscarf.

Mycoplasma contamination The Saccharomyces cerevisiae strain BY4742 were not tested for mycoplasma  contamination.

Commonly misidentified lines
(See ICLAC register)

No commonly misidentified cell lines were used.

Flow Cytometry
Plots
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Methodology

Sample preparation The collected cells were  washed and fixed in 70% ethanol at 4 oC overnight. Cells were then treated with RNase (20 mg/mL, 
Sigma) at 37 oC for 2–3 hours. Samples were stained by PicoGreen (Invitrogen), and analyzed by flow cytometry.

Instrument Beckman MoFlo XDP

Software Summit 5.2

Cell population abundance Approximately, 90% of the cell populations was selected after sorting.

Gating strategy We used the FSC to select the majority of cell populations and remove the cell debris, then FL1 for selection of cells with 
fluorescence.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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