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Supplemental Text 

Strain Rationales 

S. cerevisiae isolates, S. cerevisiae strain construction, and rationales for S. cerevisiae strain 

choices 

As the term “isolates” implies, S. cerevisiae isolates are isolated from environmental 

sources.  Many S. cerevisiae isolates are multiply heterozygous (McCusker et al. 1994; Muller 

and McCusker 2009; Esberg et al. 2011), with ploidies ranging from diploid, to triploid, to 

tetraploid (Muller and McCusker 2009).  Many S. cerevisiae isolates do not sporulate, or 

sporulate very poorly, and many isolates that do sporulate produce no or very few viable spores 

(McCusker et al. 1994; Muller and McCusker 2009).  For these reasons, most S. cerevisiae 

isolates are unsuitable for many types of genetic analysis. 

Some S. cerevisiae isolates sporulate and produce viable spores (segregants); we defined 

these mostly homothallic (self-diploidized) segregants as “strains.”  In contrast to typically 

multiply heterozygous S. cerevisiae isolates (McCusker et al. 1994; Muller and McCusker 2009; 

Esberg et al. 2011), the 100-genomes strains are homozygous diploids, which greatly facilitated 

our de novo, high quality, and extensively manually edited assembly and annotation of their 

genomes, as well as simplifying association mapping.  A specific criterion in the choice of the 

100-genomes strains was that they all sporulate and produce viable spores, making the 100-

genomes strains suitable not only for population and quantitative genetics studies but also for the 

classical (e.g. crossing isogenic strains, making mutations) genetic studies that have previously 

been limited to laboratory strains.  Relative to isolates, the 100-genomes strains are more suitable 

for quantitative genetic studies that analyze segregants from controlled crosses between non-

isogenic strains.  For example, as described below, we cross haploid spores from the 100-

genomes strains with a haploid, canonical S288c background strain to assess chromosomal 

rearrangements, which are relevant to quantitative genetic and other studies.  Finally, of the 100 
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strains, 43 are of clinical origin to provide insight into the emergence of S. cerevisiae as an 

opportunistic pathogen. 

S. cerevisiae isolates from different geographic locations and environmental sources were 

obtained from multiple colleagues and from culture collections (Table S1).  Isolates that did not 

sporulate or produced few or no viable spores (segregants) were set aside, as they would not be 

useful for many types of genetic analyses.  For those S. cerevisiae isolates that were able to 

sporulate and produced viable spores, tetrads were dissected.  Many S. cerevisiae isolates that 

sporulated and produced viable spores appeared to be heterozygous at multiple loci, as judged by 

heterozygosity for microsatellites.  In addition, amongst segregants of isolates there was often 

segregation for variable colony sizes and colony morphologies as well as segregation for growth 

on standard dextrose-containing minimal defined medium (prototrophy vs. auxotrophy for amino 

acids, purines, or pyrimidines) and/or on the ability to utilize different sugars (McCusker et al. 

1994; Clemons et al. 1997; Muller and McCusker 2009); such results are consistent with many of 

the isolates being heterozygous at multiple loci.  The heterozygosities of isolates would prohibit 

many types of genetic analysis and greatly complicate genome assembly.  Therefore, rather than 

isolates, we focused on haploid (heterothallic (ho), which we diploidized) and self-diploidized 

(homothallic (HO)) segregants as strains to sequence and phenotype in this study. 

We imposed four criteria on isolate segregants (strains) before establishing final choices 

on strains to be sequenced.  First, we analyzed only segregants from tetrads with four viable 

spores.  We imposed this first criterion to reduce the likelihood of aneuploid segregants.  Second, 

we excluded self-diploidized (HO/HO, homothallic) segregants that were unable to sporulate 

(tested at 25ºC and 30ºC) or had low spore viability.  For example, we excluded the self-

diploidized homothallic strains YJM280 and YJM339 because of their low spore viability 

(McCusker et al. 1994).  We imposed this second criterion because a fully functional sexual cycle 

(the ability to sporulate and to produce viable spores/segregants) is important for many types of 

genetic analysis. 
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 Third, with one exception, we excluded isolate segregants (strains) that were auxotrophic 

for amino acids, purines, or pyrimidines; that is, were unable to grow on standard dextrose-

containing minimal defined medium.  We imposed this third criterion because auxotrophies for 

amino acids, purines, or pyrimidines are deleterious and environmentally limiting.  The one 

exception was YJM1433.  YJM1433 is a segregant of the partially sequenced YIIc17_E5 that was 

previously shown to be auxotrophic (Liti et al. 2009).  We found YJM1433 to be His- and, by 

complementation testing, his3.  While there was no obvious inactivating polymorphism, such as a 

premature stop or frameshift, in the YJM1433 his3 ORF, there was a unique K216N 

polymorphism, predicted to be deleterious by PROVEAN (Choi et al. 2012). We introduced a 

HIS3 ORF PCR product from S288c into YJM1433 to generate a HIS3 derivative; the His+ 

HIS3/HIS3 derivative YJM1869 (isogenic with YJM1433) was used for all phenotypic analyses. 

 Similar to auxotrophies, in the case of YJM1615 (Pet-; HO/HO cox15-ochre/cox15-ochre 

sup7/sup7), which is isogenic with YJM421 (Pet+; HO/HO cox15-ochre/cox15-ochre sup7/SUP7-

ochre) (McCusker et al. 1994; Ito-Harashima et al. 2002), we engineered the isogenic Cox+, Pet+, 

sup+ HO/HO COX15/COX15 sup7/sup7 derivative YJM1628 to eliminate the deleterious effects 

of respiratory deficiency (cox15-ochre) and ochre suppression (SUP7-ochre).  YJM1628 

(isogenic with YJM1615) was used for all phenotypic analyses. 

 Finally, we performed microarray analysis on many strains (isolate segregants) (Muller 

and McCusker 2011) and excluded closely related strains.  We imposed this final criterion to 

increase the genetic diversity of the strains to be sequenced and phenotyped.  From these many 

strains, we chose to sequence the genomes of 93 strains (Table S1, Table S19).  With three 

exceptions (YJM1419, YJM1250, YJM1388), all of the strains sequenced in this study were 

diploids, either self-diploidized HO/HO or ho/ho that we diploidized with a CEN HO plasmid.  

YJM1419, YJM1250, and YJM1388 were diploidized with a CEN HO plasmid to generate the 

isogenic strains YJM1847, YJM1870, and YJM1846, respectively, that were used for all 

phenotypic analyses. 
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 Among the 93 strains that we sequenced to high coverage, assembled, and annotated in 

this study are single spore clones of 14 strains that had been previously sequenced to low 

coverage (Liti et al. 2009): Y55 (single spore clone: YJM627), YJM975, YJM978, YJM981, 

YIIc17_E5 (single spore clone: YJM1433), YPS606 (single spore clone: YJM1434), NCYC110 

(single spore clone: YJM1439), UWOPS83-787.3 (single spore clone: YJM1443), UWOPS87-

2421 (single spore clone: YJM1444), UWOPS05-227.2 (single spore clone: YJM1447), 273614N 

(single spore clone: YJM1450), Y12 (single spore clone: YJM1460), DBVPG1853 (single spore 

clone: YJM1463), and DBVPG6040 (single spore clone: YJM1549). 

 In addition to the 93 strains we sequenced to high coverage, we also included for 

phenotyping, association mapping, etc. purposes, isogenic, diploid, prototrophic derivatives, or 

the parents, of seven commonly used strains that had been sequenced to high, or relatively high, 

coverage in other studies: These strains are YJM1552 (isogenic with S288c) (Goffeau et al. 

1996); YJM145 (the prototrophic HO parent of YJM789 (ho::hisG MATα lys2)) (Wei et al. 

2007); SK1 (single spore clone: YJM1077) (Nishant et al. 2010); Σ1278b (diploidized to generate 

YJM1290) (Dowell et al. 2010); RM11 (YJM1293, the prototrophic HO parent of RM11-1a) 

(RM11 2004); M22 (single spore clone: YJM1529) (Doniger et al. 2008); and YPS163 (single 

spore clone: YJM1281) (Doniger et al. 2008). 

 In conclusion, in addition to their lack of heterozygosities facilitating genome assembly, 

these 100 genetically diverse sequenced strains (93 sequenced in this study, 7 sequenced in other 

studies) are suitable for association mapping studies, as described here, as well as both classical 

and quantitative genetic studies. 

 

Sequence Assembly, Annotation, and Analysis 

Genome sequencing 
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DNA was isolated from 40 ml saturated, overnight, 30ºC YPD cultures of the 93 strains using a 

standard Zymolyase protocol (Burke et al. 2000; Amberg et al. 2005). DNA from the 93 strains 

was sequenced using the Illumina Hiseq 2000, multiplexed with 12 strains per lane with bar codes 

using Illumina TrueSeq kits and protocols (www.illumina.com), producing paired end reads of 

101 x 101 bases and insert sizes averaging 300 bases.  Sequence coverage ranged from 22- to 

650-fold per strain. 

 

Genome assembly 

After investigating three de novo genome assembly programs, Velvet (Zerbino and Birney 

2008), SOAPdenovo (Li et al. 2010), and ABySS (Simpson et al. 2009), the assembly of the read 

pairs was performed using ABySS (v. 1.3.4), as it gave the longest contigs with the fewest 

assembly errors for this particular data set. The parameters ‘k’, the k-mer length, and ‘n’, the 

minimum number of pairs needed to join contigs, were optimized for each strain. The resulting 

contigs were then assembled into chromosomes using synteny with S288c using BLAST 

(Altschul et al. 1990). Additional assemblies generated with Velvet were used to identify possible 

problem regions in the chromosomes. In some cases regions that assembled poorly with ABySS 

were replaced with corresponding regions from Velvet assemblies. The rDNA units were 

assembled in a similar way with an additional parameter ‘c’, the minimum mean k-mer coverage 

of a unitig, which was optimized for each strain. rDNA units were inserted into chromosome XII 

based on depth of coverage of the rDNA sequence. 

  Using the Illumina data, perl scripts, FASTA (Pearson and Lipman 1988) and tools from 

the EMBOSS set of programs (Rice et al. 2000), the chromosomes were edited in multiple 

iterations: 

1) Based on depth of coverage analysis, some regions present in single copy in the genome 

had been mistakenly inserted twice; these problems were resolved.  
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2) Occurrences of N’s or ambiguity codons in unique protein coding genes and in unique 

regions of the genome were examined by alignment of the raw data and most N’s were resolved.  

3) Most occurrences of N’s or ambiguity codons in regions of low complexity were resolved.  

However, in cases of homopolymer runs of more than ~18 bases or 2-base repeats of more than 

~30 bases, there was often ambiguity as to the exact length of the microsatellite, in which case the 

most prevalent length was used.  

4) Most ambiguities in non-unique genes could be resolved from the available sequence data. 

Of the ~14,000 ambiguities in non-unique regions of the genome, read pairing identified ~4000 

that could likely be resolved of which ~3635 have been edited and resolved and the remainder 

were not resolved on the first round of editing.  

5) Tandem and non-tandem repeated regions, such as CUP1 and MAT/HMR/HML, were 

checked and edited as necessary using depth of coverage to estimate copy number.  

6) Additional errors were identified and corrected by performing a reference based genome 

assembly using BWA (Li and Durbin 2009) and samtools (Li et al. 2009). This analysis identified 

~800 regions where ABySS or Velvet had inserted fewer bases into a homopolymer region than 

the data supported, and a small number of other errors.  

7) Velvet assembly of reads identified ~200 regions of length ~400-20,000 bases that were 

not included in the initial assembly, in most cases due to lack of similarity to strain S288C. These 

regions were incorporated into the final assemblies.  

Most of the sequence ambiguity problems that could be resolved by editing of the sequence 

were the result of multiple low quality reads at a specific location, slight cross contamination of 

sequence data from adjacent Illumina lanes, and the failure of the assemblers used to fully use the 

read pairing information. Most remaining sequence ambiguities are either telomeric, sub-

telomeric, or in other repetitive regions, particularly Ty elements and in the repeated protein 

coding genes, such as the PAU, FLO, and hexose transporter gene families, most of which are 

sub-telomeric.  
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To insure that the sequences generated correlated with the initial strains, validation was 

performed using Restriction Fragment Length Polymorphisms (RFLP’s). The PCR primer pairs 

used for the RFLP are listed in Table S3.   

 Sequence coverage of each of the 93 strains sequenced in this study is shown in Table S2.  

Sequence accuracy was estimated by measuring several aspects of the assembled sequences after 

the manual editing of more than 5000 sequence problems across the 93 assemblies Table S2.  A 

blastp analysis of the ten longest minisatellite-free, single copy gene open reading frames 

identified no cases of frame shifting or erroneous stop codons.  These 10 genes are: YLR106C 

(MDN1; 14732 bp), YKR054C (DYN1; 12278 bp), YHR099W (TRA1; 11234 bp), YDR457W 

(TOM1; 9806 bp), YLL040C (VPS13; 9434 bp), YLR087C (CSF1; 8876 bp), YBL088C (TEL1; 

8363 bp), YGL195W (GCN1; 8018 bp), YLR454W (FMP27; 7886 bp), YBL004WA (UTP20; 7481 

bp).  Note that two genes were excluded from the list of 10 longest genes used in this analysis: 

YBR140C (IRA1) and YOL081W (IRA2), which are duplicate genes originating from the whole 

genome duplication (Wolfe and Shields 1997) that share 48% protein identity and 63% DNA 

sequence identity. 

 The manual editing process also identified that nearly all assembly errors were in 

telomeric and sub-telomeric sequences and genes (e.g. MAL, COS, PAU, YRF); transposable 

elements; repetitive genes, in particular the hexose transporters; protein coding genes with 

intragenic repeats (Genes listed in Fig. 1 of (Verstrepen et al. 2005)); nearly identical duplicate 

genes; and other repetitive sequences. The only other errors observed in any significant numbers 

were in microsatellites. Runs of more than 6 C’s or G’s and runs of more than 8 A’s or T’s were 

often not properly assembled, apparently due to the large number of low quality score sequences 

found at these locations.  Analysis using BWA to identify sequence contigs missing from the 

current assemblies, as well as blast analysis of the current telomeric regions with the telomeric 

regions of S288c identifies that between 17 and 114 kb of genomic sequence that has not yet been 

included in the assemblies. By blast, this unincorporated sequence contains numerous copies of 
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MAL, COS, PAU, YRF, telomeric Y’ helicases, and Ty encoded genes, as well as matching 

known telomerase-generated telomeric sequence. Thus it appears that nearly all of the sequence 

present in the raw data but missing from the current assemblies are repetitive Ty, sub-telomeric, 

and telomeric sequences. In some cases as much as 20 kb of sequence at a telomere is not 

assembled, though on average less than 5 kb is not assembled at each telomere end.  

Approximately 720 of the 2976 telomeres currently end with the telomerase-generated terminal 

telomeric sequence. 

 We analyzed the assembled genomes using Pilon ver. 1.8 (Walker et al. 2014). 

Combining the errors found by Pilon with the missing telomeres, N’s, and ambiguity codons, 

between 144 and 440 identified errors are present per genome. Pilon identifies errors and 

proposes corrections. In examination of over 400 error/corrections generated by Pilon, nearly all 

of the errors identified appear to be actual assembly errors. In most but not all cases the proposed 

corrections appear to be correct. Other than the errors identified at N’s and ambiguity codons in 

the sequence, and at the telomeric ends, most of the errors appear to be errors at microsatellite 

sequences, and in misassembly of nearly identical repeat sequences, particularly Ty1 delta 

sequences, though in some cases duplicate genes. A summary of the number of known errors is 

shown in Table S2.  The number of Pilon errors does not include corrections proposed at N’s, 

telomeres, or ambiguity codons, to prevent double counting. In addition, multiple errors reported 

by Pilon with 100 bases are counted as a single error, as typically the represent a single assembly 

problem.  While there are quite possibly other unidentified errors within the sequence, it appears 

that the total number of errors per genome is most likely less than 1000, with few of these errors 

occurring in protein coding genes, other than the specific gene categories mentioned above. 

 

Data Deposition 

These 93 fully annotated genome sequences are available via the Saccharomyces Genome 

Database (Cherry et al. 2012) and GenBank (Benson et al. 2013); see Table S19 for accession 
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numbers. The short reads are available from the Sequence Read Archive (SRA, 

http://www.ncbi.nlm.nih.gov/Tracecs/sra) and 100 sequenced strains are available from the 

Fungal Genetics Stock Center (McCluskey et al. 2010). 

 

Extraction of sequence regions for phylogenetic and principal component analyses 

Once the chromosomes were assembled and annotated, regions (that did not contain 

translocations, introgressions or large indels with respect to S288c) from each chromosome were 

extracted. The total length of these regions was 218 kb and included 124 protein-coding genes 

and intergenic regions.  Within these 218 kb, SNP and indel polymorphisms relative to S288c 

were identified using lagan (Brudno et al. 2003) and perl (see Table S16). Phylogenetic analysis 

of the 218 kb regions was carried out using ClustalW v2.1 (Larkin et al. 2007) or Mafft v6.864b 

(Katoh and Toh 2008), and principal component analysis was carried out using the pairwise 

sequence identity across all strains employing the prcomp function in the R package (R Core 

Team 2014). 

 

Annotation 

The assembled chromosomes were aligned to S288C chromosomes using the software lagan 

(Brudno et al. 2003) to extrapolate the coordinates of the annotated sequences, and a table file 

was created using perl.  The table file was then utilized by the NCBI tool tbl2asn 

(http://www.ncbi.nlm.nih.gov/genbank/tbl2asn2/) to create the annotation for each chromosome 

of each strain. Annotated chromosomes were deposited in GenBank, and the raw data in the Short 

Read Archive. The accession numbers for the 1648 GenBank files for the 93 strains are listed in 

Table S19. 

 

Introgression analysis 
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The S288C gene set was used to search against each of the assembled genomes to find 

regions of low homology (75% to 96% identity) using the program ssearch36 (Smith and 

Waterman 1981) and BLAST (Altschul et al. 1990). While in most of the cases the sequence 

identity between any two S. cerevisiae strains is between 98-100%, there are regions that have 

less than 96% identity and in some cases these regions have 98-99% identity with one of the 

sibling species, indicating that DNA transfer has taken place between these two species by 

introgression.  These regions were BLASTed back to the S288c genome to make sure that the 

best hit was still the query gene with which we started. These regions were then compared using 

BLAST with 10 sibling species genomes (S. paradoxus (4 strains), S. kudriavzevii (2 strains), S. 

mikatae, S. bayanus, S. eubayanus, and S. arboricolus) to find any highly identical regions in the 

sibling species genomes. This allowed identification of introgressed regions with respect to S288c 

in our 93 genomes. In cases where introgression of a specific gene was found in more than one 

strain, those sequences were then compared to each other to determine if the strains carried the 

same or different introgressions. Genes identified as introgressions are listed in Table S5.  

 

Deleted Genes 

We identified genes from S288c that were missing in one or more of the 93 strains. Genes were 

considered deleted when there were no hits (using BLAST and ssearch36) to an annotated S288c 

protein-coding gene with a sequence identity ≥75%. Genes identified as absent from one or more 

strains are listed in Table S5. 

 

Novel Genes 

From each of the genomes, the regions that match the S288c ORFs (≥80% id), and those that 

match the known genes not in S288c were taken out. From the remaining intergenic regions, 

ORFs were derived, with a minimum ORF size of 150. All of these novel ORFs were then 

clustered to get a unique set of novel ORFs using the program usearch –cluster_fast (Edgar 2010) 
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with a minimum id of 90% amino acid identity. The unique set of ORFs was then searched in the 

genomes of the 93 strains, s288c, and the NCBI nr database. For several, we have a close hit in 

NCBI from other S. cerevisiae strains, or other species.   From the 93 strains, hits with more than 

80% identity (tfastx) are listed in Table S5. 

 

Genes with frameshift and or premature stop codon polymorphisms 

For each of the protein-coding gene (excluding the duplicated genes, and those with introns) from 

S288c, its corresponding hits were gathered from each of the 93 strains. Only those hits that were 

present as a single copy and without large indels (which would disrupt a whole gene alignment) 

in the 93 strains were analyzed. Pairwise alignments were generated using lagan for each gene 

pair using S288c gene as a reference. Using perl scripts, the position of polymorphism between a 

pair of sequences was identified. Only those polymorphisms that cause frameshift or premature 

stop are listed in Table S12.   

 

Non-introgression sequence variation and associations in the 100-genomes strains 

Protein-encoding genes with frameshift and/or premature stop codon polymorphisms 

Focusing on 4,522 annotated (in S288c), single copy genes without introns and without large 

indels, we identified 576 genes in the 93 strains with ORF length polymorphisms due to 

frameshift and/or premature stop codon polymorphisms (Table S12).  For 57 of these 576 genes 

with ORF length polymorphisms, there were 49 genes where the S288c ORF length was present 

in a minority of the 93 strains and eight genes where the S288c ORF length was private to S288c 

(Table S12).  Of the 57 genes where the S288c ORF length is a minority, 49 genes have majority 

frameshifts (present in 47 to 93 of the strains) and six genes have majority premature stop 

(present in 56 to 93 of the strains).  The remaining two genes have a mixture of frameshifts and 

premature stops: FYV12 (31 premature stop and 28 frameshift) and the essential gene LTO1 (39 

premature stop and 36 frameshift). 
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In 49 of these 576 genes, the ORF length polymorphisms had significant population-

associated variation (Fisher’s exact test, Bonferroni correction).  In two of these genes, the ORF 

length polymorphisms had significant clinical origin-associated variation (Fisher’s exact test, 

Bonferroni correction, no population structure correction).  The BIO5 ORF length polymorphism 

had both significant clinical origin- and population-associated variation (Table S7). 

Of these 576 genes with ORF length polymorphisms, 35 genes are annotated (Saccharomyces 

Genome Database) as essential.  In the 576 genes, 25-30% of the frameshift and/or premature 

stop codon polymorphisms, respectively, are in the last 10% of the ORFs; due to their ORF 

locations, these polymorphisms may cause complete, partial, or no loss of gene product functions.  

However, the remaining 70-75% of these premature stop codon and/or frameshift 

polymorphisms, respectively, that are distributed throughout the first 90% of the ORFs (Figure 

S10) seem likely to inactivate gene product functions.  Similar to the introgressed and/or 

present/absent gene sets, genes with the GO terms transmembrane transporter activity and plasma 

membrane were among those significantly enriched within the frameshift and/or premature stop 

codon polymorphism gene set (Table S6). 

 

Genes present in some but not all strains 

Most of the 5,241 single copy genes present in S288c are also present in all 93 strains.  

However, 61 genes present in S288c are present in only a subset of the 93 strains (Table S5); for 

three of these genes, the presence/absence polymorphism frequency differed significantly 

between populations (Fisher’s exact test, Bonferroni correction) (Table S7).  Similarly, 219 genes 

not present or not annotated in S288c are present in at least one of the 93 strains (Table S5); for 

18 of these genes, the presence/absence polymorphism frequency differed significantly between 

populations (Fisher’s exact test, Bonferroni correction) (Table S7).  While some of the 

present/absent genes, such as RTM1, BIO1, and BIO6, have been previously described (Ness and 

Aigle 1995; Hall and Dietrich 2007), many other genes, such as a block of 16 genes from a 
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species related to Torulaspora delbrueckii, are novel (Table S5).  Similar to the introgressed gene 

set, genes with the GO terms transmembrane transporter activity and cell wall were among those 

significantly enriched within the present/absent gene set (Table S6). 

 

Transposable element (Ty) copy numbers and LTR location polymorphisms 

All Ty elements in these 93 strains were of types Ty1-Ty5; no novel transposable elements 

were found.  Based on sequence coverage, and similar to Liti, et al. (Liti et al. 2009), the numbers 

of each Ty element in the 93 strains varied across a wide range: Ty1 (0 - 34 per strain; 31 in 

S288c); Ty2 (1 - 33 per strain; 13 in S288c); Ty3 (0 - 9 per strain; 2 in S288c); Ty4 (0 - 7 per 

strain; 3 in S288c); and Ty5 (0 - 5 per strain; 1 in S288c).  Based on sequence coverage, the 

number of Ty1-Ty5 elements in the 93 strains ranged from 2-62 per strain (Table S9), with a 

median and average of 30 and 28 per strain, respectively. 

Because of the limitations of the short read sequencing used in this project, it was not 

possible in most cases to distinguish between full-length Ty elements, which are flanked on both 

sides by Long Terminal Repeats (LTRs), and solo LTRs.  Similarly, it was not possible to 

determine the locations of full-length Ty elements or solo LTRs integrated into repetitive sub-

telomeric genes.  However, it was possible to determine the locations of non-sub-telomeric LTRs 

(some of which may be full-length Ty elements) in the 93 strains (Table S10).  Finally, the 

locations of non-sub-telomeric LTRs (some of which may be full-length Ty elements) inserted 

into the ORFs of single copy genes, which are likely to be phenotypically relevant, are listed in 

Table S11. 

 

Genes with previously identified, phenotypically relevant polymorphisms and other likely 

inactivating polymorphisms 

 We compiled a list of 32 S. cerevisiae genes with previously identified, naturally 

occurring, phenotypically relevant polymorphisms (e.g. non-synonymous SNPs, premature stop 
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codons, indels, Ty insertions) and determined the presence of these polymorphisms in the 100 S. 

cerevisiae strains, as well as W303, a close relative of S288c, and JAY291.  While many of these 

previously identified, phenotypically relevant polymorphisms showed a wide strain distribution, 

many others were found in very few strains or were private to one strain (Table S13).  We also 

searched these 32 genes for other likely inactivating polymorphisms (i.e. frameshift, premature 

stop, deletions) and found six genes (NCS2, AQY1, AQY2, RSF1, RME1, and TAO3) with such 

polymorphisms in some of the 100-genomes strains (Table S13). 

 

Phenotype rationales and phenotyping methods 

Phenotype rationales 

 We determined multiple phenotypes of the 100-genomes strains (Table S17) for strain 

characterization purposes; to identify strains with highly divergent phenotypes for future 

quantitative genetic analyses; and to test for significant population, clinical/non-clinical origin, 

and genotype associations.  Because temperature is a natural environmental variable, we assessed 

growth in four different media at low and high temperatures.  We assessed two related forms of 

nutrient limitation-induced, cellular differentiation, the dimorphism traits of flocculation and 

biofilm formation, the latter being a fungal virulence trait (Douglas 2003; Ramage et al. 2009).  

We determined sporulation phenotypes in six environmental conditions to examine the impact of 

multiple environments on an important phenotype.  In addition to strain characterization 

purposes, etc., overall sporulation efficiency and the production of 4-spored asci are critical for 

many types of genetic analysis and thus the usefulness of the 100-genomes strains as a resource. 

 There is evidence for the variable presence of vitamin biosynthetic pathways in 

eukaryotes (Helliwell et al. 2013), including in S. cerevisiae (Hall and Dietrich 2007), and for 

vitamin auxotrophy affecting fungal virulence (Sandhu et al. 1976; Domergue et al. 2005).  For 

these reasons, we assessed environment-dependent, vitamin-remediable growth phenotypes (i.e. 

vitamin auxotrophy) by assaying growth in the absence of each of eight vitamins: nicotinamide 
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(niacin), p-aminobenzoic acid/folate, pantothenate, pyridoxine, biotin, riboflavin, thiamine, and 

inositol.  

 We measured resistance to cycloheximide, which is commonly used to assess drug export 

and cell membrane permeability defects; the clinically used antifungal drug ketoconazole and the 

clinically used, natural product polyenes amphotericin B and natamycin, all of which affect the 

cell membrane; and sulfite, which is both produced by S. cerevisiae and used in wine production 

as a sterilization agent (Fleet and Heard 1993; Romano and Suzzi 1993).  We assessed Li+, Na+, 

and pH 8.0 resistance, which requires the variable copy number ENA P-type ATPase Li+/Na+ 

pump gene (Goto et al. 1991; Martinez et al. 1991; Wieland et al. 1995; Daran-Lapujade et al. 

2009; Warringer et al. 2011).  Finally, we assessed resistance to copper.  In addition to copper 

being an essential trace element, copper is also an environmental heavy metal toxicant due, for 

example, to its use to kill downy mildew in vineyards (Mackie et al. 2012), one environment for 

S. cerevisiae.  Copper toxicity also plays a key role in host innate defense against pathogens 

(Hodgkinson and Petris 2012; Samanovic et al. 2012; Ding et al. 2013). 

 

Measurement of biofilm formation 

The ability of the yeast strains to form biofilm was assayed according to Reynolds and 

Fink procedure (Reynolds and Fink 2001), with slight modifications. Yeast strains were grown in 

liquid (3 ml) synthetic dextrose SD minimal medium (0.67% yeast nitrogen base without amino 

acids, 2% D-glucose) in a roller drum at 30oC to saturation (3 days). 1-ml aliquots were 

transferred to a 96-deep-well microplate (Genesee Scientific, San Diego, USA, cat. No 22-484S). 

Cells were collected by centrifugation, washed with 0.8 ml of deionized water, and re-suspended 

in 0.8 ml of SD medium containing 0.1% D-glucose (SD0.1). The optical densities of the resulting 

suspensions were determined by measuring the absorbance at 600 nm (A600) of 20-folds diluted 

samples using Tecan microplate reader (Tecan Group Ltd., Männedorf, Switzerland). Based on 

these measurements, yeast suspensions were diluted with appropriate volumes of SD0.1 to yield 
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A600 ≈ 1.0, in a new 96-deep-well plate. 100-µl aliquots were transferred to several non-treated 

polystyrene 96-well microplates (Genesee Scientific, cat. No 25-104). The plates were incubated 

6 h at 30oC; after that, 100 µl of 1% Crystal Violet (CV) were added to each well of each plate. 

After 15-min incubation at room temperature, the staining solution was removed, attached cells 

were washed 5 times with deionized water and re-suspended in 100 µl of 10% sodium dodecyl 

sulphate. After 30 min of incubation at room temperature, 100 µl of phosphate-buffered saline 

(137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4; pH 7.4) were added into each 

well, the resulting solutions were mixed by pipetting, and A600 absorbance (since the λmax of CV is 

590 nm) of 50-µl aliquots was measured in a Tecan microplate reader. For most of the tested 

strains, the biofilm-formation data were obtained in 16 replicates (for each strain, 5 independent 

SD cultures were assayed 3-4 times); for the strains YJM1433, YJM1419, YJM1578, YJM1615 

only 6 replicates were performed (for each strain, 2 independent SD cultures were assayed in 

triplicate).  

 

Measurement of flocculation   

Flocculation was assayed using 96-well microplate-adopted version of the Bony et al. 

procedure (Bony et al. 1998). Yeast strains were grown in liquid SD medium (3-ml cultures) in a 

roller drum at 30oC to saturation (3 days). 1-ml aliquots were transferred to a 96-deep-well 

microplate (Genesee Scientific, cat. No 22-484S). Cells were collected by centrifugation, washed 

twice with citrate/EDTA buffer (0.8 ml of 50 mM-Na-citrate, 5 mM EDTA; pH 3.0), and re-

suspended in 0.8 ml of the same buffer. The optical densities of the resulting suspensions were 

determined by measuring the A600 of 20-folds diluted samples on Tecan microplate reader, and 

the suspensions were diluted with appropriate volumes of citrate/EDTA buffer to yield A600 ≈ 1.0 

in a new 96-deep-well plate. 210-µl samples were then transferred to a 96-well plate (Genesee 

Scientific, cat. No 25-104). To determine more precisely the A600 values of these completely 

deflocculated cell suspensions (“D1”), 10-µl aliquots were removed, mixed with 90 µl of 0.25 M 
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EDTA (pH 8.0), and analyzed on a Tecan microplate reader. Flocculation was initiated by 

addition of 4 µl of 1M CaCl2 to the remained 200 µl of each cell suspension. The plate was 

incubated (periodically inverting) at room temperature for 10 min and finally left standing for 5 

min. 10-µl aliquots were removed just below the meniscuses, mixed with 90 µl of 0.25 M EDTA 

(pH 8.0) and analyzed on a Tecan microplate reader (to obtain “D2” A600-absorbance values). The 

percent of flocculation was calculated as (1-(D2/D1))×100. The experiment was repeated 3 times.  

 

Sporulation phenotypes  

For all sporulation conditions, strains were freshly revived from frozen cultures on YPD 

plates (1% Yeast Extract, 2% Bacto Peptone, 2% dextrose, 2% Bacto Agar) and grown overnight 

at 30ºC.  Freshly grown cells from these YPD plates were inoculated into 2 ml of liquid YPD (2% 

dextrose), as the first step in determining liquid 1% KAc (1% potassium acetate) sporulation 

efficiencies, and onto YPD with 6% dextrose (YPD (6%)) plates, for pre-sporulation growth for 

determining plate sporulation efficiencies.  Both the emphasis on the use of freshly grown cells 

and the use of YPD (6%) for liquid and plate pre-sporulation growth is as per (Elrod et al. 2009).  

All liquid growth (30ºC) and sporulation (25ºC and/or 30ºC) were carried out in 2 ml of media in 

15 ml Falcon Tubes on roller drums. 

 

Liquid YPD sporulation protocol: To determine YPD sporulation efficiencies, each strain was 

inoculated into YPD (2% dextrose), which was incubated for one week at 30ºC, at which point 

sporulation efficiencies were determined. 

 

Liquid 1% KAc sporulation protocol: To determine liquid 1% KAc sporulation efficiencies, 

cells from liquid YPD (2% dextrose) 30ºC overnight cultures were inoculated into 2 ml of YPD 

(6%) and grown for ~ 18-24 hours at 30ºC.  Cells were harvested at ~ 108 cells/ml, washed twice 

in sterile deionized H2O, and suspended in 2 ml of 1% KAc to a concentration of ~ 107 cells/ml.  
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1% KAc cultures were incubated (separately) at 25ºC and 30ºC for four days, at which point 

sporulation efficiencies were determined. 

 

Plate sporulation protocol: Freshly revived strains growing on YPD (2%) at 30ºC were patched 

(~ 2 cm × 1 cm patches) onto two YPD plates (6%); after 24 hours growth at 30ºC, one toothpick 

full of cells of each strain were patched (~ 2 cm × 1 cm patches) onto each of two “diet” KAc 

plates (diet KAc plates = 1% KAc, 2% Bacto Agar).  Strains grown on these two YPD (6%) 

plates for 24 hours at 30ºC were also replica plated to two “regular” KAc plates (regular, or semi-

defined, KAc plates: 20 g potassium acetate, 2.2 g Yeast Extract, 0.5 g dextrose, 460 mg COM 

mixture, 20 g Bacto Agar, 1 l deionized H2O; COM (Complete) mixture = 800 mg adenine; 800 

mg arginine; 800 mg histidine; 1200 mg leucine; 1200 mg lysine; 800 mg methionine; 2000 mg 

phenylalanine; 8000 mg threonine; 800 mg tryptophan; 1200 mg tyrosine; 800 mg uracil).  Each 

YPD (6%) plate was replica plated to one regular KAc plate to ensure approximately equivalent 

cell densities of the same strain on KAc plates incubated at 25ºC and at 30ºC.  Both diet and 

regular KAc plates were incubated (separately) at 25ºC and 30ºC for four days, at which point 

sporulation efficiencies were determined 

 

Determining sporulation efficiency: For each sporulating culture-condition, the numbers of 

unsporulated cells and of asci with 2, 3, or 4 spores were counted (≥ 300 cells + asci).  In 

addition, for cultures with ≥ 1% 4-spored ascus formation, the numbers of tetrahedral, diamond, 

and linear 4-spored asci were determined.  Percentages were determined as below: 

• % sporulation efficiency: number of asci (2, 3, or 4 spores)/(number of asci (2, 3, or 4 

spores) + number of unsporulated cells) × 100 

• % of 4-spored ascus formation: number of 4-spored asci/(number of asci (2, 3, or 4 

spores) + number of unsporulated cells) × 100 
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High-throughput analysis of yeast phenotypes 

Yeast were grown in 80 µl of liquid YPD10 (1% yeast extract, 2% peptone, 10% D-

glucose) in a 384-well microplate (Greiner Bio-One, cat. No 781186). Cells were then transferred 

robotically onto rectangular agar plates (Greiner Bio-One, cat. No 781186) at a density of 1536 

dots per plate using a 384-pin replicating tool with a BM5 robot (S&P Robotics Inc., Ontario, 

Canada). To minimize colony position effects (i.e. edge of the plate versus internal area; colony 

neighborhood), for each tested strain, 24 replicates were plated as 6 × 4 blocks, and only the 8 

colonies internal to each block were scored. The plates were incubated at 30oC (except for 

temperature sensitivity tests, see below) for 1-3 days and imaged every 24 h using digital camera 

of the BM5 robot. The colony areas were quantified using ImageJ 1.47v program (available at 

http://imagej.nih.gov/ij/index.html) and Patch Detector Plus plug-in (available at University of 

Graz Microscopy Facility website: http://microscopy.uni-graz.at/index.php?item=new1). Thus, 

for each strain, we calculated the ratio of the median colony size (obtained in 8 internal colony 

replicates) observed on experimental phenotype-tester plates to the average colony size (obtained 

in 8 internal colony replicates) observed on control plates. These ratios were used to quantify and 

compare the phenotypes among individual strains. In addition, two initial tests (sulfite- and 

copper-sensitivity) were performed with 3 different random arrangements of 6 × 4 blocks of 

colonies of each strain (see above); however, based on the results obtained with these 

arrangements being indistinguishable (data not shown), all other tests were performed using one 

fixed arrangement of strains.  With the exceptions of copper, lithium, and sodium resistance, all 

phenotypes were determined in media containing 0.2% weight/volume of water-soluble nigrosin 

(Sigma). 

Sulfite sensitivity was measured on acidified YPD medium (1% yeast extract, 2% 

peptone, 2% D-glucose, 2% agar) containing 9 g/L citric acid and 4 g/L sodium citrate 
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monohydrate (Casalone et al. 1989) and supplemented (or not) with 3.0 mM and 6.0 mM sodium 

sulfite.  

Copper sensitivity was tested on SD plates (0.67% yeast nitrogen base without amino 

acids, 2% D-glucose, 2% agar) supplemented (or not) with CuSO4 at 0.075 mM, 0.1 mM, and 

0.25 mM concentration. 

Resistance to Li+ (50mM LiCl), Na+ (1M NaCl), and alkaline pH (pH8.0, 50mM MOPS) 

was determined on synthetic minimal medium (SD), similar to (Goto et al. 1991; Wieland et al. 

1995; Daran-Lapujade et al. 2009; Warringer et al. 2011). 

Sensitivity to several fungicides was scored on YPD plates supplemented (or not) with 

one of the following fungicide: cycloheximide (at concentrations of 0.25 mg/L and 0.5 mg/L); 

ketoconazole (at concentrations of 10 mg/L and 20 mg/L); amphotericin B (at concentration of 15 

mg/L); and natamycin (at concentration of 3 mg/L).  

Growth at different temperatures was tested on YPD, YPEG (1% yeast extract, 2% 

peptone, 2% ethanol, 2% glycerol, 2% agar), SD, and SEG (0.67% yeast nitrogen base without 

amino acids, 2% ethanol, 2% glycerol, 2% agar) plates incubated at 15oC, 37oC, 39oC, and 30oC 

(control). 

Vitamin-prototrophy was scored on SD plates containing 0.17% vitamins-, amino acids-, 

and ammonium sulfate-free yeast nitrogen base (American Biorganics, Inc., Niagara Falls, USA, 

cat. No A25-9685), 0.5% ammonium sulfate, 2% D-glucose, 2% Difco Noble agar, and 

supplemented with all (control) or lacking one (or two, in case of folic acid/p-aminobenzoic acid 

omitted plate) of the following vitamins: 2 mg/L of D-biotin, 400 mg/L of calcium pantothenate, 

2 mg/L of folic acid, 200 mg/L of p-aminobenzoic acid, 2000 mg/L of inositol, 400 mg/L of 

niacin, 400 mg/L pyridoxine hydrochloride, 200 mg/L of riboflavin, 400 mg/L of thiamine 

hydrochloride.  

 

Polymorphisms and Principal Component Analysis of the 93 strains and S288c 
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Non-sub-telomeric regions (i.e. regions proximal to repetitive sub-telomeric genes) with only 

single-copy genes and no introgressions were extracted from each of the 16 chromosomes of each 

strain to provide an unbiased view of variation in unique sequence (total = 218 kb; 124 protein-

coding genes; Supplemental Material, Table S16).  In these regions, the percentage identity per 

strain relative to S288c ranged from 99.29% - 99.6%, with an average of 99.51%.  The genic and 

intergenic polymorphisms consisted of approximately 93% SNPs and 7% indels.  Within the 124 

protein-coding genes, 67% of the polymorphisms were synonymous SNPs.  The SNP frequency 

in the 218 kb of these 93 strains relative to S288c is approximately one per 150-250 bases.  

Comparison of polymorphisms between strains suggests extensive assortment has occurred (data 

not shown).  Despite this assortment, principal component analysis of the sequence identity 

values of the 218 kb region (Figure S8), and a phylogeny (Figure 4) using the SNPs in the same 

region, show the clustering of the six populations described in the population structure analysis 

and clusters of clinically- and non-clinically-derived strains. 

 

Population Structure and Association Testing 

Obtaining genetic variants for population structure analysis 

To facilitate the analysis of population structure in previously sequenced genomes along 

with the genomes we sequenced for this study, we called genetic variants using short reads and a 

common reference genome (S288c, SGD release 64). For the 93 strains sequenced in this study, 

101 base pair Illumina paired-end reads were aligned to the yeast reference genome using the 

mem algorithm implemented in the program BWA version 0.7.4 (Li and Durbin 2009). For the 

six previously sequenced strains in the 100 genomes project (excluding the reference S288c), we 

used genome assemblies to construct files of short reads that could be mapped to the reference 

genome as above. Specifically, for two previously sequenced strains (M22 and YPS163; (Doniger 

et al. 2008)) with relatively short contig sizes, we simulated 101 base pair single-end reads to 

achieve 60× coverage. For the remaining four strains (RM11, Sigma1278b, SK1, YJM789; 
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http://www.broadinstitute.org, (Wei et al. 2007), (Dowell et al. 2010), (Nishant et al. 2010)) we 

simulated 101 base pair paired-end reads to achieve 60× coverage. 

 Picard version 1.101(http://picard.sourceforge.net) and SAMtools version 0.1.18 (Li et al. 

2009) were used for sorting and merging of BAM output files from BWA. Freebayes 0.9.9 

(Garrison 2012) and SAMtools (Li et al. 2009) were used for polymorphism discovery and 

genotyping. Freebayes genotype calls with quality greater than 10 were retained for further 

analysis. We found that this quality threshold resulted in reliable genotypes, as compared to genic 

regions from the manually edited de novo assemblies. Specifically, we used de novo assemblies 

of the 93 strains sequenced in this study to compile alignments of 5,088 genes (requiring a single 

best blat hit, >95% sequence identity, >80% coverage of the full gene). Comparing variants called 

using sequences from de novo assemblies and short reads, we found high concordance for both 

SNP and indel genotypes (mean 99.96% and 98.6% concordance, respectively). As expected, we 

found that most SNPs (98.9%) were detected by both methods, but that indels were undercalled in 

the short-read data (493 indels called by both methods as compared to 2,617 called only using de 

novo assembly data). 

 A variety of other S. cerevisiae strains have been previously sequenced to varying levels 

of coverage. For analyses of population structure, we included data from 21 strains sequenced by 

(Liti et al. 2009) and 23 strains available at Saccharomyces Genome Database 

(http://www.yeastgenome.org). We did not include duplicates of strains sequenced in multiple 

studies, or strains isogenic to strains sequenced in this study. Genotypes were obtained by 

aligning raw Sanger reads (for genomes from (Liti et al. 2009)) or simulated 101 base pair single-

end reads (for the remaining assembled genomes) to the reference S288c using BWA as above, 

and calling genotypes using base quality values at each site. 

 

Population structure analysis 
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For investigations of population structure, we focused on biallelic single nucleotide 

polymorphisms (SNPs). structure version 2.3.4 was used to infer population structure and assign 

individual strains to populations (Pritchard et al. 2000). structure assumes that loci are 

independent within populations, which is not a valid assumption for complete sequence data. 

Thus, PLINK (Purcell et al. 2007) was used to prune out SNPs in high linkage disequilibrium (R2 

> 0.4). This reduced set of SNPs (N = 24,360) was used as input to structure. Since structure is 

very slow with a set of SNPs this large, we sampled SNPs to create four largely independent 

smaller datasets consisting of N = 1,210 SNPs (approximately one SNP per 10 kb). We binned 

SNPs by minor allele frequency (MAF; ten equally spaced bins for 0 < MAF < 0.5). SNP 

sampling probability was inversely proportional to the number of SNPs in the corresponding 

MAF bin. This procedure resulted in datasets with an approximately uniform distribution of 

MAFs. The procedure was motivated by the observation that most SNP variation in the dataset is 

rare. Common variation is likely to be useful for elucidating broad-scale patterns of population 

structure, while rare variation can provide finer-scale information (Henn et al. 2010). Although 

common variation would be suitable for our goal of ascertaining broad-scale patterns of 

population structure, we theorized that rarer variation might also be useful for distinguishing 

populations with limited sampling in our dataset. Thus, our procedure for sampling SNPs allowed 

for the inclusion of some rare variation while ensuring that the dataset was not dominated by rare 

SNPs. 

 structure runs used the linkage model, with a burn-in period of at least 200,000 iterations 

and a minimum of 1,000,000 iterations of MCMC after the burn-in. The best-fitting value of K, 

the number of populations, was investigated in two stages. First, at least three preliminary 

structure runs for K = 3 through K = 15 were carried out on one dataset for at least 250,000 

iterations. Values K = 3 and K > 10 were significantly less likely (as measured by the estimated 

log probability of the data) than 3 < K < 11. Subsequently, longer runs of at least 1,000,000 

iterations post-burn-in were carried out for K = 4 through K = 10 on all four datasets, with three 
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independent runs per K value per dataset. Results presented in the text were obtained by 

averaging results from the three independent runs of the program for each of the four subsampled 

datasets described above. Results for independent runs were compared using CLUMPP version 

1.1.2 (Jakobsson and Rosenberg 2007) to manage label switching and multimodality. We 

assigned individual yeast strains to one of six populations using results from structure. 

Specifically, as described in the legend to Figure 3 in the main text, a threshold of 60% ancestry 

from any single population was used to assign strains to populations, except for mosaic strains 

that have less than 60% ancestry from any of the other five populations. 

Association testing 

We tested for association between phenotypes and several types of genomic variation 

(restricting to a minor allele frequency of at least 5% for all classes of variation): 

(1) all biallelic SNPs 

(2) presence/absence of genes lost in a subset of strains 

(3) presence/absence of novel genes not present in the reference strain S288c 

(4) S. cerevisiae vs. other sequence in introgressed regions 

We tested for association at all biallelic SNPs in order to maximize the opportunity to test the 

causal allele itself. In addition, we searched for local peaks of high association signal among 

SNPs, which would be expected to be especially pronounced (when testing all SNPs) if linkage 

disequilibrium is extended by recent selection acting on the causal variant. 

 The program GEMMA version 0.94beta (Zhou and Stephens 2012) was used to conduct 

association tests. This program takes a linear mixed model approach to controlling population 

structure using a relatedness matrix estimated using data at all loci. As noted by Zhou and 

Stephens (2012), mixed linear models employ this single genome-wide relatedness matrix to 

account for both relatedness among samples and for population stratification. For this exploratory 

analysis, we conducted association tests at all SNPs and examined in detail any hit with a highly 

significant p-value (p < 10-6). 
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In order to examine the power and false positive rate for tests of genotype-phenotype 

association, we used our actual genotype data and simulated phenotype data for causal alleles 

with a range of effect sizes. Specifically, for N=1,000 simulations per effect size, we chose a 

single biallelic SNP at random from the genome and assigned it as the causal SNP. The genotypes 

for this SNP were then used to simulate phenotypes with effect size (proportion of phenotypic 

variance explained by the causal SNP) ranging from 5% to 90% (in increments of 5%) according 

to formulas presented in (Long and Langley 1999). The initial genotype data consisted of a set of 

10,938 SNPs with minor allele frequency at least 5% and genotype calls for at least 95/100 

strains. This set of SNPs resulted from pruning a larger dataset to remove one of each pair of 

SNPs with high linkage disequilibrium (LD); this pruning was performed using plink (Purcell et 

al. 2007) in order to remove SNPs in high LD (R2 > 0.5). Figure S11A indicates that the power to 

detect loci of large effect (>35%) is relatively high (>80% at uncorrected p < 1×10-7). However, it 

is possible for false positives to arise even at very low significance thresholds, as illustrated in 

Figure S11B. 

 

Genetic and Molecular Methods 
 
Genetic and molecular testing for chromosome co-linearity in the 100 strains 

Crosses of the canonical S. cerevisiae S288c background with the 100 sequenced strains, 

followed by sporulation and tetrad dissection, are a genetic species test (Naumov 1986; Naumov 

1987; McCusker et al. 1994; Naumov 1996; Naumov et al. 2000; Naumov et al. 2006; Naumov et 

al. 2010) and test for chromosome co-linearity, at least outside of sub-telomeric regions that lack 

distal essential genes.  Chromosome co-linearity with S288c greatly facilitates genome assembly.  

Chromosome co-linearity, and correspondingly high spore viability in crosses, also facilitates 

genetic analysis, particularly quantitative genetic analysis. 

 Deviations from chromosome co-linearity are chromosomal rearrangements that can have 

major effects on phenotypes (Sherman and Helms 1978; Perez-Ortin et al. 2002; Zimmer et al. 
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2014).  Chromosomal rearrangements include chromosomal inversions and reciprocal 

chromosomal translocations that will only be identified by short read sequencing if their 

breakpoints do not involve large repeated sequences, such as Ty elements.  Because of the 

limitations of short read sequencing in assessing chromosome co-linearity and identifying 

chromosomal rearrangements, we performed crosses and determined percent spore viabilities and 

spore viability patterns to identify strains with chromosomal rearrangements. 

 A haploid S288c background strain (YJM1617: ho∆::kanMX4 MATα ρ0) was crossed 

with haploid spores of each of the 100 strains (Table S4), including a positive (S288c 

background) control.  Diploids were selected on YP(Ethanol + Glycerol) + G418 and sporulated 

at 30ºC.  Tetrads were then dissected and spore viability was determined (Table S4).  In addition 

to being genetic species tests, these crosses assessed the chromosome co-linearity (outside of sub-

telomeric regions) of chromosomes.  High spore viability crosses demonstrate co-linearity 

(outside of sub-telomeric regions) of all chromosomes of that strain with S288c.  Crosses of 79 of 

the sequenced strains, including the positive control S288c × S288c cross (YJM1617 × 

YJM1552), had high percent spore viability with a high proportion of tetrads with four viable 

spores, consistent with these strains being members of the species S. cerevisiae with 

chromosomes co-linear with S288c.  However, crosses of 21 strains with S288c showed lower 

spore viabilities with, in many cases, informative spore viability patterns. 

 

YJM1250: While the known approximately 32.5 kb inversion in YJM789 (isogenic with 

YJM145) (Wei et al. 2007) has no obvious effect on spore viability, larger inversions would be 

expected to reduce spore viability, with a large excess of tetrads with two viable spores that 

would result from an odd number of recombination events within the inversion.  Therefore, one 

hypothesis for the observed spore viability and spore viability pattern of YJM1617 × YJM1250 is 

heterozygosity for a large inversion. 
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YJM1447: We find that YJM1447, a single spore clone of UWOPS05-227.2, has high sequence 

similarity to S. cerevisiae; SGRP sequence data of the Malaysian isolate UWOPS05-227.2 also 

shows high sequence similarity to S. cerevisiae (Liti et al. 2009).  Despite the high sequence 

similarity, S288c × YJM1447 had very low spore viability; other workers have shown crosses of 

Malaysian S. cerevisiae strains with other S. cerevisiae strains have similarly low spore viability 

(Naumov et al. 2006; Cubillos et al. 2011).  Such low spore viability is consistent with 

heterozygosity for multiple reciprocal translocations.  A diploid heterozygous for four reciprocal 

translocations with essential genes distal to all breakpoints would have a theoretical maximum of 

approximately 6.25% spore viability, which is similar to what we observe.  Therefore, one 

hypothesis for the observed low spore viability of YJM1617 × YJM1447 is that YJM1447, and 

possibly other Malaysian S. cerevisiae strains, have multiple (likely four) reciprocal chromosomal 

translocations relative to S288c. PCR analysis showed that YJM1447 does not have a previously 

described (Zimmer et al. 2014) chromosome 15-16 translocation (data not shown). 

 

YJM195: Sequence analysis showed that YJM195 has a 258 kb pericentric inversion on 

chromosome 9 at a 5 base pair microhomology, AGTAG, located between RPI1 and RHO3 at 

138633 and on the minus strand between YIR020C and MRS1 at 396233, with essential genes 

being distal to both breakpoints.  Consistent with YJM195 having a pericentric inversion, a cross 

of the haploid S288c background strain YJM1617 with haploid spores of YJM195 had 45.8% 

spore viability with few tetrads with four viable spores and an excess of tetrads with two viable 

spores. 

 
YJM456, YJM1342, YJM1387, YJM1443, and YJM1592: Crosses of the haploid S288c 

background strain YJM1617 with haploid spores of YJM456, 1342, 1387, 1443, and 1592 had 

spore viabilities of 40.9 to 50.5% with similar spore viability patterns.  A diploid heterozygous 
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for one reciprocal translocation with essential genes distal to both breakpoints would have few 

tetrads with four viable spores and an excess of tetrads with two viable spores.  The observed 

spore viability patterns and percent spore viabilities are consistent with these diploids (YJM1617 

× YJM456, 1342, 1387, 1443, and 1592) being heterozygous for a reciprocal translocation with 

essential genes being distal to both breakpoints. PCR analysis showed that none of these strains 

has a previously described (Zimmer et al. 2014) chromosome 15-16 translocation (data not 

shown).  Sequence analysis showed that none of these strains has the pericentric inversion on 

chromosome 9 found in YJM195. 

 

YJM189, YJM969, YJM972, YJM978, YJM981, YJM987, YJM996, YJM1129, YJM1433, 

YJM1526, YJM1529, YJM1549, and YJM1574: Crosses of the S288c background strain 

YJM1617 with haploid spores of YJM189, 969, 972, 978, 981, 987, 996, 1129, 1443, 1526, 1529, 

1549, and 1574 had spore viabilities of 51.6 to 71.3% with similar spore viability patterns.  A 

diploid heterozygous for a reciprocal translocation with no essential genes distal to one 

breakpoint (likely in a sub-telomeric region) and essential genes distal to the second breakpoint 

would have few tetrads with four viable spores and excesses of tetrads with three and two viable 

spores.  The observed spore viability patterns and percent spore viabilities suggest that these 

diploids (YJM1617 × YJM189, 969, 972, 978, 981, 987, 996, 1129, 1433, 1526, 1529, 1549, and 

1574) are heterozygous for a reciprocal translocation with essential genes distal to only one 

breakpoint. 

 The previously described ECM34-SSU1 reciprocal translocation (Perez-Ortin et al. 2002) 

has no essential genes distal to the sub-telomeric ECM34 breakpoint and multiple essential genes 

distal to the SSU1 breakpoint.  We used PCR analysis of all 100 strains to determine whether 

strains had the canonical S288c-like ECM34 (sub-telomeric chromosome 8) and SSU1 

(chromosome 16L) chromosome structures or the ECM34-SSU1 reciprocal translocation.  While 
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88 strains, including YJM1433, had the canonical S288c-like ECM34 and SSU1 chromosome 

structures, YJM189, 969, 972, 978, 981, 987, 996, 1129, 1526, 1529, 1549, and 1574 all had the 

ECM34-SSU1 reciprocal translocation (Table S4).  Genome sequencing and assembly further 

confirmed these chromosome structures.  We describe the contribution of the ECM34-SSU1 

reciprocal translocation to sulfite resistance in this study. 

 

 In conclusion, 21 of the 100 strains show evidence (percent spore viability, spore 

viability pattern) consistent with chromosomal rearrangements.  For 12 of these 21 strains, we 

identified the relevant chromosomal rearrangement. 

 

Yeast genomic DNA isolation used for PCR analyses 

Yeast genomic DNA was isolated from 40-ml saturated YPD cultures (grown overnight 

at 30oC with agitation) by Zymolyase-mediated protocol, described in (Burke et al. 2000). 

 

Detection of the ECM34-SSU1 translocation and restriction fragment length polymorphism 

(RFLP) analysis of the 100 strains 

The presence or absence of the ECM34-SSU1 translocation was tested by PCR using 

primers ECM34D (5’-tcg aac atc gag cat gca-3’), ECM34R (5’-cca tat ttg tga tga tat cg-3’), 

SSU1MD (5’-acc tat cga gtc tcc cac-3’), and SSU1R (5’-gac acc cat gac cat cac-3’) (Perez-Ortin 

et al. 2002). Genome sequences were used to design primers that, when digested by the 

appropriate restriction enzymes, would distinguish all 100 strains; the PCR products for RFLP 

analysis were generated using primer pairs listed in Table S3. In all cases, PCR amplification was 

performed with ∼ 0.5-1 µg of the purified genomic DNA (as described in previous paragraph) as 

a template using Platinum Taq DNA polymerase (Invitrogen). The PCR conditions were: 1 min at 

94oC, 30 × (30 sec at 94oC, 30 sec at 50oC, 1 min at 72oC), 5 min at 72oC. Amplification of ≈ 0.6 

kb and ≈ 0.5 kb PCR-products with the primer pairs ECM34D+SSU1R and SSU1MD+ECM34R, 
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respectively, and lack of the DNA amplification with primer pairs SSU1MD+SSU1R and 

ECM34D+ECM34R indicated the presence of ECM34-SSU1 translocation (Table S4). In 

contrast, amplification of approximately 0.6 kb and approximately 0.2 kb PCR-products with the 

primer pairs SSU1MD+SSU1R and ECM34D+ECM34R, respectively, and lack of the DNA 

amplification with the primer pairs ECM34D+SSU1R and SSU1MD+ECM34R indicated absence 

of the ECM34-SSU1 translocation (Table S4). 

 PCR-products amplified for the RFLP analysis were purified using QIAquick 96 

Multiwell PCR Purification Kit (Qiagen). 25-µl aliquots of the purified PCR products were then 

hydrolyzed with 0.8-3.0 U of the corresponding restriction endonuclease (all restriction 

endonucleases were from New England BioLabs) (Table S3) and whole reaction mixtures were 

analyzed by agarose gel electrophoresis. In all cases, size of the intact PCR fragments was ≈ 0.5 

kb, whereas size of hydrolyzed fragments was reduced to ≈ 0.25 kb. 
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Figure S1: Strains with whole chromosome aneuploidies and a large segmental duplication. 
Based on sequence coverage, YJM450 is euploid and is shown here for comparison. Based on 
sequence coverage, YJM428, YJM1356, YJM1387, and YJM1439 are each aneuploid (2N+2) for 
one chromosome, while YJM1549 is 2N+2+1+1 and YJM1574 is 2N+1+1.  YJM326 has a large 
segmental duplication of the left arm of Chromosome 7 (approximately 1 – 411,000).  
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Figure S2: Neighbor-joining trees of different ORFs from the 100-genomes S. cerevisiae 
strains and sibling species.  (A) Phylogeny of ADE13 ORF. All S. cerevisiae sequences are 
highly similar and cluster together. (B) Phylogeny of CDC10 ORF. Sequences cluster into two 
groups. Group 1 is S288c type and has a majority of strains. Group 2 has 7 strains and clusters 
closely with S. paradoxus sequence indicating an introgression of this sequence from S. 
paradoxus to strains of this group. (C) Phylogeny of YHL008C ORF. Sequences cluster into two 
groups. Group 1 has a majority of strains. Group 2 has 7 strains including S288c. In this case 
there is no known source of introgression. (D) Phylogeny of ZRT1 ORF. Sequences cluster into 
three groups with 100% bootstrap support, except 5 strains (YJM1418, YJM470, YJM428, 
YJM1447, and Sigma1278b) that do not cluster with any of the three groups with strong support. 
From this phylogeny, it seems like there has been putative introgression in 80 of the 100 strains. 
The five strains that do not cluster are recombinant types of the three groups. 
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Figure S3: Structure of an introgressed cluster of S. paradoxus genes in seven S. cerevisiae 
strains. 
The structure of the chromosome 3 introgression in these seven strains is consistent with a single 
introgression event the size of which was reduced by recombination.  
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Figure S4: Neighbor-joining tree of ENA ORF from S. cerevisiae strains, 6 S. paradoxus 
strains, and sibling species with bootstrap values. Only single copy ENA sequences from S. 
cerevisiae and one or two copies (where found) of ENA sequences from S. paradoxus were used 
in tree construction. The S. paradoxus sequences form three clusters. The three clusters of S. 
paradoxus ENA in the tree are also seen when the ENA of 36 S. paradoxus (Liti et al. 2009) 
strains are used (data not shown).  One S. cerevisiae ENA cluster includes ENA6.  The other S. 
cerevisiae ENA sequences do not form any tight cluster but are consistent with recombination 
between S. paradoxus and S. cerevisiae ENA.  
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Figure S5: Neighbor-joining tree of ARO3 ORF from the 100-genomes S. cerevisiae strains 
and sibling species with bootstrap values. Two clusters of S. cerevisiae ARO3 are seen when 
the entire open reading frame is used to construct the tree.  One strain (YJM1252), which clusters 
outside of the S. cerevisiae clades, clusters instead with S. paradoxus. When only the first 350 bp 
of the ORF is used to build the tree, the two S. cerevisiae clusters disappear. When the last 350 bp 
of the ORF is used to build the tree, the two S. cerevisiae clusters are farther apart, with one 
cluster also containing S. paradoxus. This suggests the presence of recombinant (S. cerevisiae×S. 
paradoxus) ARO3 in 60 S. cerevisiae strains, with YJM1252 having a complete introgression of 
the ARO3 ORF. 
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Figure S6: Neighbor-joining tree of EHD3 (A) and KRS1 (B) ORFs from the 100-genomes S. 
cerevisiae strains and sibling species with bootstrap values. In both trees, the S. cerevisiae 
sequences fall into two clusters, with a few strains not falling into either one (recombinant types). 
Sixty S. cerevisiae strains cluster with S. paradoxus in each of the trees consistent with 
introgression. 
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 Figure S7: Geographic distribution of the different populations of S. cerevisiae strains. 

World map showing locations, where known, of the S. cerevisiae strains sequenced in this 
study. Each strain is represented by a single glyph divided and colored according to fractional 
ancestry of the strain as shown in Figure 3. Placement of strains on map is approximate; for 
some strains only broad-scale geographic information on collection location is available, and 
in instances where multiple strains were collected near the same location, glyphs have been 
spread out to facilitate viewing of ancestry. 	  
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Figure S8: Principal component analysis of the 93 sequenced strains plus S288c. PCA plots 
of sequence identity between 94 strains (S288c and 93 strains) using 218 kb (total) of sequence 
(excluding introgressions and large indels) gathered from all 16 chromosomes: (A) Clinical vs. 
non-clinical strains; (B) The six populations of the 94 strains.  
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Figure S9: Heatmap illustrating phenotypic variability in the 100-genomes strains. Each row 
represents a phenotype measured in all or nearly all of the 100 strains.  Phenotype measurements 
are comprised of ratios of growth under treatment to control conditions (for growth phenotypes) or 
are shown in appropriate measurement units for the phenotype (e.g. percent sporulated for 
sporulation phenotypes).  Phenotypes are scaled to have mean 0 and variance 1 to facilitate 
comparison.  The color bar (upper left) illustrates the color scheme distinguishing low from high 
phenotypic values; white boxes indicate missing data. On right, histograms for individual 
phenotypes illustrate examples of phenotypic distributions for three phenotypes.  
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Figure S10: Locations of genes with potentially inactivating frameshift and premature stop 
codons. Genes analyzed (total 4522) do not include duplicated genes and genes with introns. (A) 
Locations of frameshifts. (B) Locations of premature stop codons. 
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Figure S11: Power and false positive rate for simulated tests of genotype-phenotype 
association. 
Both plots use a threshold of p < 1×10-7 as significance level. (A) Power as a function of causal 
SNP effect size (proportion of phenotypic variation explained by allele at causal SNP). Power is 
defined as the fraction of 1,000 simulations in which the causal SNP was called as significant (p 
< 1×10-7). (B) P-values of false positive SNPs. A false positive is defined as a SNP with p < 
1×10-7 that is not within 25 kb of the causal SNP. Each bar shows the mean number of false 
positives across simulations with p-value between the values indicated by the axis ticks on each 
side of the bar. Mean number of false positives is calculated across 18,000 simulations (1,000 
simulations for each effect size from 5% to 90%). 
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Supplemental Table Legends (Table S1 – S19) 

Table S1. The 100-genomes strains with their parental isolate name, geographic and 

environmental origin, as well as population; other relevant strains are also included. 

All strains listed in column 1 have been deposited in and should be requested from the Fungal 

Genetics Stock Center (FGSC; http://www.fgsc.net) 

SUH = Stanford University Hospital 

CBS, NCYC, NRRL, and Phaff strains and isolates should be requested from the CBS 

(Centraalbureau voor Schimmelcultures; http://www.cbs.knaw.nl/), NCYC (National Collection 

of Yeast Cultures; http://www.ncyc.co.uk/), NRRL (Northern Regional Research Laboratory, 

now the National Center For Agricultural Utilization Research; http://nrrl.ncaur.usda.gov/), and 

Phaff Yeast Culture (http://phaffcollection.ucdavis.edu) collections, respectively. 

Most of the YJM isolates listed in column 2 have been deposited into and should be requested 

from the Phaff Yeast Culture (http://phaffcollection.ucdavis.edu) collection. 

 

Table S2: Error summary of the 93 assembled S. cerevisiae genomes and N50 of AbySS 

assembled scaffolds.  

Under sequence, the version number reflects the in house version number of the assembled 

sequence. 

N’s denote either a single base uncertainty in the sequence, or a longer string of N’s indicating a 

gap in the assembly or an ambiguity in the assembly.  

Ambiguity codons refers to the use of the standard ambiguity codons K (G or T) M (A or C) R (A 

or G) Y (C or T) S (C or G) W (A or T) B (C or G or T) V (A or C or G) H (A or C or T) D (A or 

G or T). In most cases, the ambiguity codons are found in duplicate, near identical sequences in 

the assembly.  No N’s or ambiguity codons are present in the mitochondrial genome sequences. 

Incomplete telomeres: The number of chromosomes ends, out of 32 possible per strain, where the 

assembly does not extend into the telomerase-generated terminal telomeric repeat. 
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Fraction incomplete telomeres: The fraction of chromosomes where assembly did not extend to 

telomerase-generated sequence. 

Errors found by pilon: The number of errors the pilon program identified, excluding those at the 

incomplete telomere ends, and at N’s and ambiguity bases, to prevent double counting of these 

assembly problems. Multiple errors reported by pilon within a 100 base window are counted as 

only a single error. 

Fraction protein associated errors: The fraction of pilon detected errors within or within ~50 bases 

of a protein coding gene, and ranges from .16 to .58. These errors are found in a total of 159 

different protein-coding genes. No errors were detected by pilon in the remaining 5600 proteins 

across all 93 genomes. These nuclear genomes are approximately 13,000,000 bases, and 67% 

protein coding. No errors were detected in the mitochondrial sequence. In this analysis, the COS, 

PAU, YRF, telomeric Y’ helicases, and Ty encoded proteins were excluded. 

Total identified errors: The sum of the N’s, ambiguity codons, missing telomeres, and pilon 

detected errors. 

Sequence coverage is based on counting the number of Illumina sequence reads that align to the 

5189 bp (total) of the unique nuclear protein-coding regions of URA3 (803 bp), LEU2 (1094 bp), 

HIS4 (2399 bp), and HIS1 (893 bp) using BWA. 

 

Table S3. PCR primers for RFLP strain confirmations. Nineteen primer pairs, in combination 

with restriction digestion, were identified to distinguish the strains in this study; (0) = PCR 

product is not cut and (1) = PCR product is cut by the designated enzyme. 

 

Table S4. Spore viability of the 100 strains when crossed with the S288c background strain 

YJM1617, and the PCR test result for the ECM34-SSU1 translocation in the 100 strains.  

 

Table S5. List of genes that are introgressed, or putatively introgressed, deleted, and novel in one 
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or more of the 93 strains.  

(A) Introgressed genes relative to S288c. This list does not include subtelomeric and duplicated 

genes. Gene notations: (1) = S288c-like, not introgressed; (0) = deleted; (P) = likely introgression 

from S. paradoxus (sequence identity ≥ 96%). (s) = closest sequence identity (< 96%) is to S. 

paradoxus, cerevisiae, kudriavzevii, mikatae, bayanus, or arboricolus; possible introgressions 

from unknown or unsequenced species of Saccharomyces most closely related to these species. 

(B) Deleted genes relative to S288c. This list does not include subtelomeric and duplicated genes. 

(1) denotes the presence of the gene, (0) denotes the absence. In addition, those genes that are 

detected as introgressed are denoted in the same way as (A).  

(C) Novel putative genes relative to S288c. These sequences are not present or not annotated in 

S288c. Also included are some genes previously known to be absent in S288c that are found in 

one or more of the 93 strains. 

 

Table S6. GO results for introgressed genes, deleted genes and genes with frameshifts and 

premature stop codons. 

 

Table S7. Results of tests for non-independence between genetic variants (introgressed loci, 

frameshift/stop polymorphisms, novel genes, deleted genes) and population membership or 

clinical status. 

 

Table S8. Approximate numbers of SNPs and Indels in the 93 genomes relative to s288c.  

 

Table S9. Copy numbers, based on coverage, of Ty1-Ty5 in the 93 strains and S288c. 

 

Table S10. Locations of LTRs in the 93 strains. (A) LTRs that are present in S288c and one or 

more of the 93 strains. (B) LTRs that are not present in S288c but present in one or more of the 
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93 strains. (C) Total numbers of positions of 4 types of LTRs that are present in the 93 strains and 

S288c. 

 

Table S11. List of genes with LTR insertions, the strain names in which they appear, and the 

location of insertion. 

 

Table S12. Genes with ORF length polymorphisms, relative to the reference S288c. Genes 

(excluding sub-telomeric, duplicated, and intron-containing genes) with ORF length 

polymorphisms, relative to the reference S288c, due to frameshift indels (FS) and premature stop 

codons (Stop); (0) denotes those genes with no FS or premature stop. 

 

Table S13. The presence/absence in the 93 strains of polymorphisms previously described to be 

phenotypically relevant. 

 

Polymorphisms previously described to be phenotypically relevant and their presence/absence in 

the 93 strains.  Also shown are other likely inactivating polymorphisms in these genes. The strain 

name of the reference sequence used for the analysis is given in parentheses next to the gene 

name on the first row, followed by the type of polymorphism surveyed. Previously described 

polymorphisms: MKT1 (Deutschbauer and Davis 2005; Sinha et al. 2006; Demogines et al. 

2008a; Dimitrov et al. 2009); END3 (Sinha et al. 2006); NCS2 (Sinha et al. 2008); MIP1 

(Baruffini et al. 2007; Dimitrov et al. 2009); RAD5 (Fan et al. 1996; Demogines et al. 2008a); 

AMN1 (Ronald et al. 2005); FLO8 (Liu et al. 1996); CYS4 (Kim and Fay 2007); BUL2 (Kwan et 

al. 2011); RDS2 (Diezmann and Dietrich 2011); IME1 (Gerke et al. 2009); RME1 (Deutschbauer 

and Davis 2005; Gerke et al. 2009); RSF1 (Gerke et al. 2009); TAO3 (Deutschbauer and Davis 

2005); RAS2 (Ben-Ari et al. 2006); TRM10 (Torabi and Kruglyak 2011); CDC28 (Lee et al. 

2011); SSY1 (Brown et al. 2008); GPA1 (Lang et al. 2009); SAL1 (Dimitrov et al. 2009); CAT5 
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(Dimitrov et al. 2009); GAL3 (Warringer et al. 2011); SSD1 (Jorgensen et al. 2002); HO (Meiron 

et al. 1995; Ekino et al. 1999); PMS1 (Demogines et al. 2008b; Argueso et al. 2009); MLH1 

(Demogines et al. 2008b; Argueso et al. 2009); HAP1 (Gaisne et al. 1999); CTR3 (Knight et al. 

1996); PDR5 (Wei et al. 2007); VMA1/VDE (Gimble and Thorner 1992); AQY1 (Will et al. 

2010); AQY2 (Will et al. 2010). 

 

Table S14. ENA copy numbers and flanking gene types in the 93 strains. ENA copy numbers 

were determined by ENA sequence coverage analysis.   

 

Table S15. CUP1 copy numbers and the five types of junction sequences of the CUP1 repeats in 

the 93 strains. The CUP1 copy numbers for the 93 sequenced strains from this work were 

determined by the CUP1 sequence coverage analysis. For YJM1077 (SK1) and YJM1281 

(YPS163), CUP1 copy number was determined by PCR.  For YJM789 (isogenic with YJM145) 

and S288C, CUP1 copy number was from (Fogel et al. 1988; Zhao et al. 2014). 

 

Table S16. The numbers of SNPs and indels within the 218 kb region of the 93 strains as 

compared to S288C.  

 

Table S17. 49 phenotypes measured in the 100 genomes strains (see Supplemental Material for 

phenotyping methods). 

 

Table S18. Summary and complete results of genotype-phenotype association mapping. 

 

Table S19. List of the 93 strains sequenced in this study and their accession numbers for each 

chromosome in GenBank and for each strain in SRA. 

 


