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            Abstract
Extant species have wildly different numbers of chromosomes, even among taxa with relatively similar genome sizes (for example, insects)1,2. This is likely to reflect accidents of genome history, such as telomereâ€“telomere fusions and genome duplication events3,4,5. Humans have 23 pairs of chromosomes, whereas other apes have 24. One human chromosome is a fusion product of the ancestral state6. This raises the question: how well can species tolerate a change in chromosome numbers without substantial changes to genome content? Many tools are used in chromosome engineering in Saccharomyces cerevisiae7,8,9,10, but CRISPRâ€“Cas9-mediated genome editing facilitates the most aggressive engineering strategies. Here we successfully fused yeast chromosomes using CRISPRâ€“Cas9, generating a near-isogenic series of strains with progressively fewer chromosomes ranging from sixteen to two. A strain carrying only two chromosomes of about six megabases each exhibited modest transcriptomic changes and grew without major defects. When we crossed a sixteen-chromosome strain with strains with fewer chromosomes, we noted two trends. As the number of chromosomes dropped below sixteen, spore viability decreased markedly, reaching less than 10% for twelve chromosomes. As the number of chromosomes decreased further, yeast sporulation was arrested: a cross between a sixteen-chromosome strain and an eight-chromosome strain showed greatly reduced full tetrad formation and less than 1% sporulation, from which no viable spores could be recovered. However, homotypic crosses between pairs of strains with eight, four or two chromosomes produced excellent sporulation and spore viability. These results indicate that eight chromosomeâ€“chromosome fusion events suffice to isolate strains reproductively. Overall, budding yeast tolerates a reduction in chromosome number unexpectedly well, providing a striking example of the robustness of genomes to change.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Access Nature and 54 other Nature Portfolio journals
Get Nature+, our best-value online-access subscription
$29.99 /Â 30Â days
cancel any time

Learn more


Subscribe to this journal
Receive 51 print issues and online access
$199.00 per year
only $3.90 per issue

Learn more


Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more


Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Fig. 1: Fusion chromosome paths and strategy.[image: ]


Fig. 2: Construction and characterization of fusion chromosomes.[image: ]


Fig. 3: Characterization of fusion chromosome strains.[image: ]


Fig. 4: Karyotype engineering leads to reproductive isolation.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Fusion chromosome paths and characterization.
a, PCR verification of fusion chromosomes. Two pairs of primers are used to verify the fusion of two chromosomes, here presenting the fusion of chromosomes I and III. Only with successful fusion would an amplicon show in fusion chromosome junction PCR. In addition, the centromere region PCR amplicon is shorter, owing to the deletion of a centromere. Marker: 2-log DNA marker. b, Circos diagrams for different values of n are shown in the upper panel, with 16 chromosomes laid out in circles in a clockwise manner. Each grey line connecting each pair of chromosomes represents a possible intertelomeric link. The dashed coloured lines represent the path we chose. (Open circle indicates the starting chromosome, arrows show direction of fusion chromosomes.) Each fusion chromosome is labelled in the same colour, providing detailed information on fusion chromosome paths. The underlined chromosome has the active centromere for the fusion chromosome. Unchanged chromosomes are not shown, but the number of unchanged chromosome is indicated after +, for example, +9 means nine unchanged chromosomes. Fusion chromosome lengths are shown below. Please note that the length of the rDNA array (normally 1â€“2Â Mb)is omitted here. *Chromosome containing rDNA array. In addition, telomeric ends are clearly labelled with the original chromosomes; L/R stands for left/right telomere. Active centromeres are written on the right of each fusion chromosome diagram. When we deleted CEN15 and made 4Â bp of mutations in gRNA sites in BY4741 to fuse chromosomes X and XV together, the fusion strain grew more slowly than the wild type. The growth defect could be due to altered expression of the gene neighbouring CEN15 (YOR001W; RRP6). For this reason, CEN15 was maintained in the remaining centromere. c, Fusion chromosome paths from nâ€‰=â€‰4 to nâ€‰=â€‰2. Red lettering indicates the chromosome that has an active centromere in the compound chromosome. d, Multiple strategies that we attempted to construct an nâ€‰=â€‰1 strain. We tried changing chromosome arm length (strategy 3), centromere position (strategy 2), and which telomeres remained (strategy 1 and 2). In strategy 2, we attempted both versions of nâ€‰=â€‰1 strains, keeping either CEN7 or CEN15 as the active centromere. In addition, we also attempted the strategy 1 in both SIR2+ and sir2Î” backgrounds.


Extended Data Fig. 2 Growth fitness assays.
a, Serial dilution assays in seven different conditions with nâ€‰=â€‰16 through nâ€‰=â€‰4 strains. b, Growth curve for BY4741, the nâ€‰=â€‰4 strain and the nâ€‰=â€‰2 strain in YPD medium at 30â€‰Â°C. c, Doubling time calculation for these three strains. Each experimental group was tested in biological quadruplicate.

                          Source data
                        


Extended Data Fig. 3 Whole-genome coverage maps and SNPs comparison.
a, Whole-genome coverage map of BY4741. Chromosomes are ranged according to their size. x-axis shows chromosome coordinate, and y-axis shows the coverage of reads that map to the reference genome of S288C. b, Whole-genome coverage map of nâ€‰=â€‰2 strain. For comparison, we mapped the reads back to the S288C genome. The main difference is telomere reads. Owing to deletion of telomeres in nâ€‰=â€‰2, either no reads or only few reads align back to fused telomere ends. c, Each round of CRISPRâ€“Cas9 experiments takes at least 70 generations. The nucleotide mutation rate is 0.33â€‰Ã—â€‰10âˆ’9 per base per generation15. If we multiply the number of rounds of CRISPRâ€“Cas9 (16Â â€“Â n)â€‰Ã—â€‰70 generationsâ€‰Ã—â€‰yeast genome size (bp) 12â€‰Ã—â€‰106â€‰Ã—â€‰0.33â€‰Ã—â€‰10âˆ’9, it gives the expected number of SNPs, as indicated in the table.


Extended Data Fig. 4 Chromosome plots of gene expression change in nâ€‰=â€‰2 vs nâ€‰=â€‰16 strains.
y-axis, log2 (fold change of gene expression (nâ€‰=â€‰2/nâ€‰=â€‰16)); x-axis, chromosome coordinates. Red arrows point to the four remaining telomeres in nâ€‰=â€‰2 strains.

                          Source data
                        


Extended Data Fig. 5 DAPI staining of nucleus and sporulation efficiency for diploids.
a, DAPI staining of nuclei in diploids. b, Sporulation efficiencies for 2nâ€‰=â€‰32, 2nâ€‰=â€‰16, 2nâ€‰=â€‰8 and 2nâ€‰=â€‰4 homotypic diploids. y-axis: percentage of asci that have 0â€“4 spores. x-axis: different diploid strains. Sporulation efficiency was measured after shifting diploid strains in the sporulation medium for 10 days in room temperature. c, Fractions of asci with 0â€“4 viable spores in heterotypic and homotypic crosses.

                          Source data
                        


Extended Data Table 1 gRNA sequences and fusion efficiency of each fusion stepFull size table


Extended Data Table 2 Summary table of fusion chromosome strainsFull size table


Extended Data Table 3 Variants identified from genome sequencing of different n strainsFull size table


Extended Data Table 4 Gene expression changes in nâ€‰=â€‰2, 4 and 8 strainsFull size table


Extended Data Table 5 Primers for PCR verification of fusion chromosomesFull size table
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