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2µplasmid ORFs, mitochondrial genome, ribosomal DNA and repeti-
tive elements such as Ty and Y′.

In parallel, 971 strains were phenotyped in different conditions
that affect various physiological and cellular responses (Methods and
Supplementary Table 2). In total, we analysed 34,956 phenotypic meas-
urements that covered 36 traits, providing a comprehensive analysis of
their inheritance patterns. Most of the traits vary continuously across
the population in a manner consistent with their genetic complexity
(Supplementary Fig. 5). However, some traits—such as resistance to
copper sulfate (CuSO4) or anisomycin18—follow a bimodal distribution
model, and therefore a Mendelian inheritance pattern. Estimates of the
narrow-senseheritability,h2,fromgenome-wideSNPsgenotyped19

show a substantial amount of variance explained across all the traits,
with a mean of 0.69, which suggests the feasibility of performing GWAS
(Supplementary Fig. 6).

Population structure supports out-of-China origin
The phylogenetic tree of the 1,011 strains shows well-defined clades,
loose clusters and isolated branches (Fig. 1). Most of the strains
(813 in total) fall into 26 clades, and another 150 strains belong to

three groups of poorly related strains (Supplementary Information
note1).Ourdatarevealedacomplexpatternofgeneticdifferentiation
with distinct lineages that correlate with geography, environmental
niche and the degree of human association, as has previously been
reported8,9,11,12,20. Domesticated and wild clades largely fall into two
well-delineated sides of the tree, and are separated by a large group
of mosaic strains. The main exceptions are the wild Mediterranean
oak strains, which group with the domesticated clades, and the sake
strains, which group with wild clades. However, the Mediterranean
oak lineage groups together with the other wild lineages on the basis
of ORF-content strain clustering (Supplementary Fig. 7).

We used ADMIXTURE21to investigate ancestry in the genomes of
individual strains. Mosaic strains are characterized by admixture from
two or more lineages derived by outbreeding3,4and frequently mani-
fest as isolated branches in the phylogenetic tree. We identified three
groups of mosaic strains that are mostly associated with human-related
environments (Fig. 1). Population structure analysis revealed different
sources of ancestry and degrees of mosaicism, consistent with multiple
hybridization events (Supplementary Fig. 8). These findings under-
score the role of human-driven admixture in shaping the population
structure ofS. cerevisiae.

The recent discovery of highly diverged wild Chinese lineages
suggests that East Asia may represent the geographic origin of
S. cerevisiae22. The Taiwanese wild lineage represents the most diver-
gent population that has yet been described (average of 1.1% sequence
divergence to non-Taiwanese strains). This lineage also contains an
extremely divergent 2µplasmid that shares only 80% of identity with
known plasmid variants (Supplementary Fig. 9 and Supplementary
Information note 2). We used a subset of highly contiguous de novo
assemblies that sample the main S. cerevisiaelineages and closely
relatedSaccharomycesspecies23,24to generate a rooted phylogenetic
tree (Fig. 2). The outgroup species branched off near the Taiwanese
andChineselineages,whichstronglysupportsaChineseorigin for
S. cerevisiae. This scenariois also consistent with the isolation of closely
relatedSaccharomycesspecies suchasS. mikataeandS. arboricola25,26,
which are restricted to East Asia, and the broad genetic diversity of the
JapaneseS. kudriavzevii populations27. Together, these observations
suggest an Asian origin for the wholeSaccharomycesspecies complex.
We then tested the number of out-of-China events by investigating the
relationship of non-Chinese strains to the genetic structure of Chinese
strains. We performed a principal component analysis on SNPs that
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Fig. 1|Neighbour-joining tree built using the biallelic SNPs.We
identified 26 clades (numbered clockwise from 1 to 26) and three mosaic
groups (M1–M3). The pie charts represent the ecological origins of the
clade: domesticated (red), wild (green) and human (cyan). The colour
of the clade name indicates its assignment: domesticated (red) and wild
(green). The top left inset represents a magnification of the wine/European
clade with four major subclades highlighted.
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Fig. 2|Chinese origin ofS. cerevisiae.Maximum-likelihood rooted
tree of theSaccharomycescomplex, based on the alignment of 2,018
concatenated conserved genes. Heat maps display the distance from the
last common ancestor of S. cerevisiae(Sc)–S. paradoxus(Sp) (white–blue),
and the number of introgressedS. paradoxusORFs (white–red). The map
shows the geographical origins of the strains.
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Mutation, the ultimate source molecular variation, is a process can be affected by both 
genetic variation in DNA repair genes and environmental stressors. Natural genetic 
variations can be seen as “fossils” of past mutations that have also gone through any 
natural selection and genetic drift the population has experienced. Differences between 
populations in mutation spectrum, i.e. the relative frequencies of different types of 
mutations, can indicate that mutational processes themselves have been evolving. 

Recently, the 1002 Yeast Gnomes project surveyed 
1011 strains from natural populations of 
Saccharomyces cerevisiae in diverse environments 
across five continents with deep coverage (200x)1, 
providing an ideal resource for a mutation analysis that 
will parallele what has been done in humans2. 
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Experimental design to measure de novo 
mutation spectrum using CAN1

Mutation spectrum differences recapitulate 
yeast population structure 

• African beer yeast a Taiwanese    
yeast show evidence of distinctive 
mutational signatures 

In this PCA, each individual is summarized by a 6-dimensional vector 
summarizing the relative proportions of A>C, A>G, A>T, C>A, C>G, and C>T

• For each individual, derived alleles are
   classified into the above 6 types 
   (collapsing strand complements). 
  The first two principal component are 
  calculated from this 6xn mutation 
  frequency matrix. 
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Mutation Accumulation (MA) studies and natural 
genetic variation tend to yield different mutation 
spectrum estimates

• The CAN1 gene metabolizes canavanine into toxin, so only yeast with loss-of-function 
mutations in CAN1 can grow on media containing canavanine
• We can ascertain de novo mutations from African beer yeast, Taiwanese yeast, and other 
haploid strains by plating samples on canavanine media and sequencing the CAN1 genes of 
mutant colonies that grow 
• Goal: compare mutation spectra of yeast strains under controlled experimental conditions to 
separate genetic from environmental effects
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n=613,246 n=1735n=102,505 n=351 n=212 pairwise chi-square 
test of mutation 
spectrum counts 
are all statistically 
significant (p 
<0.05)

de novo mutation spectrum from CAN1 in 
haploid strains

Constructing Tawainese and African beer 
strains with one copy of sensitive CAN1

- Haploid starins from different populations, with one senstive CAN1. Include 
Taiwanese strains and African beer strains. (needs construction)

- 1) Quantify mutation rates using flucuation assay. 
- 2) Quantify mutation spectrum after pooled sequencing.
 
- Aim to collect ~300 mutants from each strain.

- Each pool contains ~35 mutants. (each mutant frequency is high enough to be 
distinguished from sequencing errors (~1%).

- Mutant calling pipeline has been validated by sanger seuqnecing.   
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Mutation rate variation across haploid strains
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Control1 and Control2 are lab strains that have been used in previous mutation accumulation 
experiments. A-Q are haploid strains from 1002 Yeast Genomes. Mutation rate is quantified on 
CAN1 locus.

Pooled mutations from each strain are sequenced and called under our pipeline. Mutation spectra 
are calculated for each individual haploid strain. Chi-sqaure tests are performed from each strain 
to the Control1 strain. Strains that do not show a significance in mutation spectrum differences are 
marked "NS" after each strain's ID. Note that strains Q and P which show the excessive C->A 
mutations also exhibit the highest mutation rate in our assay.


