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Extended Data Fig. 8 | Ty5 cluster centromeres in Saccharomycotina and 
overview of conservation of centromere-linked genes. (a) Survey of Ty5 
elements from species with complete genome assemblies. Presence and 
absence of Ty5 elements, with the total copy number and genomic distributions 
are plotted. See methods for Ty5 identification. (b-f) Identity heat maps 
between putative centromeric regions for the indicated species. Repetitive 
sequences correspond to Ty5 elements and Ty5 LTRs. Identity heat maps were 
made using the ModDotPlot visualization tool or as for Sa. ludwigii in the YASS 

DNA local alignment program. (g–m) Relative genomic distance of genes  
from centromeres grouped by the individual CEN-ALGs compared across 
orders. CEN8-ALG was not analyzed as it is not conserved between the 
Saccharomycodales and Saccharomycetales yeasts. Each dot represents  
a single gene and its relative distance from its nearest centromere. Numbers  
in parentheses indicate the number of species analyzed from each order.  
(n) Relative genomic distance analysis of all CEN-ALGs, with the addition  
of the outgroup order Dipodascales.



Extended Data Fig. 9 | Sequence similarities of Saccharomycodes core 
centromeres and Ty5 LTRs. (a) Analysis overview. 975 Ty5 LTRs were used as 
the input to AME (Analysis of Motif Enrichment) against the YEASTRACT motif 
database. CDEI and CDEIII motifs are shown for reference. (b) Results of AME 
analysis broken down by the class of trans factor whose motif are enriched in 
Saccharomycotina Ty5 LTRs. Example motifs of zinc cluster proteins and bHLH 
are shown. Below each are the q-values and the percentage of yeast LTRs that 
have the indicated motif. (c) K-mer (k = 40) similarity between Sa. ludwigii CEN2 
region. K-mers are colored by percent identity. (d) K-mer enrichment between 
Sa. ludwigii core centromeres and Ty5 LTRs from the centromeric CEN2 region. 

K-mers with significant enrichment are plotted as a function of the ratio of the 
observed vs. expected counts and are colored by the FDR-adjusted q-values.  
(e) Alignment between centromeric CEN2 Ty5 LTRs of the Japanese Sa. ludwigii 
strain, and a region spanning the upstream LTR and half of the core centromeric 
region of CEN2 from the South African strain. (f) Dot plot alignment of CEN7 
region between Sa. ludwigii and Sa. pseudoludwigii. Ty5 remnant DNA is marked 
by the striped, brown bars. (g) Alignment between the core centromere from 
Sa. ludwigii CEN7 and LTR cluster from Sa. pseudoludwigii CEN7. (h) Maximum 
likelihood phylogeny of a profile-profile based alignment of yeast Ty5 LTRs and 
Sa. ludwigii CDEIIs.
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Extended Data Fig. 10 | See next page for caption.



Extended Data Fig. 10 | Presence-and-absence analysis of the indicated 
proteins across 1,154 genomes. (a) Detailed view of presence and absence of 
key genes as shown in Fig. 4. Inferred Mis18 loss events are highlighted by a blue 
star. (b) Zoomed in view of the Lipomycetales, showing the conservation of 
canonical RNAi-dependent heterochromatin factors. (c) Overview of 2 µ Rep1 
and Rep2 presence and absence analysis in Saccharomycotina – 2 µ proteins are 
only found in Saccharomycetales. The most parsimonious interpretation is 
that CTF13 and the ancestor of proto-point and point centromeres evolved 

before 2 µ invasion. (d) Evidence of Ndc10-Scm3 interaction in non-
Saccharomycodales and non-Saccharomycetales species. Left; alignments  
of Ndc10 domain IV (Scm3 interaction domain91) and the interacting region  
of Scm3 (positions 1–28), positions are given-relative to the sequence of  
S. cerevisiae. Right; predicted aligned error (PAE) of the AlphaFold3 interaction 
model of Ndc10IV-Scm31–28. iPTM scores and divergence times26 from S. cerevisiae 
are shown.














