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The Evolution of Budding Yeast Biodiversity

 Sequence the genomes of all ~1,100+ known budding 
yeast species

 Construct their definitive phylogeny and timetree & use it 
to revise their taxonomy

 Examine how genomic variation transforms into metabolic 
variation across an entire subphylum

Hittinger / Kurtzman / Groenewald / Rokas Labs; http://y1000plus.org
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why yeasts?



What is a Yeast?

Yeasts: fungi that asexually reproduce by 
budding or fission, which results in growth that is 

comprised mainly of single cells

Kurtzman et al. (2011) The Yeasts, 5th Ed.



Li et al. (2020) 
in preparation

ASCOMYCETES

BASIDIOMYCETES

REST OF 
FUNGI

1,644-species, 290-gene phylogeny - Li et al. (2021) Curr. Biol.

Fission yeasts
(Schizosaccharomyces)

Malassezia yeasts

Cryptococcus yeasts

Budding yeasts
(Saccharomyces, 
Candida)



Not All Saccharomycotina Species are Yeasts

Chavez et al. (2024) FEMS Yeast Res.



Budding Yeasts Have Very Small Genomes

http://book.bionumbers.org/how-big-are-genomes/



Budding Yeasts Have Amazing Genomic Diversity

Shen, Opulente, Kominek, Zhou et al. (2018) Cell



S. cerevisiae – S. eubayanus 
divergence ≈ human – chicken 

divergence

Hittinger (2013) Trends Genet.

Budding Yeasts Have Genomic “Flexibility”

S. pastorianus



Oil producers
(Lipomyces, Yarrowia)

Nectar yeasts
(Wickerhamiella / Starmerella clade)

Budding Yeasts Vary Widely in their Diets

Cactophilic 
yeasts

Human pathogenic yeasts
(Candida)

Plant pathogens
(Eremothecium sp.)



Strains & Metabolite Growth Data for All 1,100+ Species

Cletus Kurtzman 
(1939-2017)



Punchline

Budding yeasts are a fantastic system for studying 
the evolution of the genotype – phenotype map 

and for inferring principles of genome evolution in 
eukaryotes



Krause et al. (2018) PNAS

Pathway Discovery using Phylogenomic Footprinting

Attila Kántor



Pathway Discovery using Machine Learning

Harrison et al. (2023) bioRxiv

Fekete et al. (2004) Arch. Microbiol.



Pathway Discovery using Machine Learning

Harrison et al. (2023) bioRxiv

Genes Genes + Galactitol

Most of these 14 
species grow on 
both galactose 
and galactitol



Harrison et al. (2023) bioRxiv

Galactose Consumption and Enzymatic Activity



Signatures of Convergent Evolution in Cactophilic Yeasts

Goncalves et al. (2023) bioRxiv



Leveraging AI and Phylogenomics

Goncalves et al. (2023) bioRxiv



Goncalves et al. (2023) bioRxiv

Specific Traits Predict Cactophily



Goncalves et al. (2023) bioRxiv

Convergence in Genes Involved in Cell Wall & Envelope



Hanseniaspora



Hanseniaspora Genomic Diversity Exceeds that of Vertebrates

Steenwyk et al. (2019) PLoS Biol.

Faster-Evolving Lineage    Slower-Evolving Lineage
            (FEL)  (SEL)



https://www.youtube.com/watch?v=qFN9oZe5VlM
Genetik Universität Osnabrück

Hanseniaspora Divide Rapidly, Have Bipolar Budding






Hanseniaspora are the Dominant Yeasts on Grapes

Fugelsang & Edwards (2006) Wine Microbiology



Hanseniaspora Lifestyle Stems from Extensive Gene Losses

high evolutionary rate  loss of DNA repair genes

fast growth  loss of cell cycle genes

specialized diet  loss of metabolic genes / pathways



Hanseniaspora Lost Many DNA Repair and Maintenance Genes

Steenwyk et al. (2019) PLoS Biol.

FELSELOutgroup ▼

Present
TDP1 repairs damage 
from topoisomerase 

activity

POL32 fills in gaps after 
excision

PHR1 repairs UV damage 

MAG1 excises bases in 
the base-excision repair 

pathway

Absent



Hanseniaspora Yeasts Lost Many Cell Cycle Genes

Steenwyk et al. (2019) PLoS Biol.



Hanseniaspora Yeasts Lost Many Metabolic Genes

Steenwyk et al. (2019) PLoS Biol.



Reconstructing the Evolution of Yeast Metabolism 
Across the Subphylum



Loss Exceeds Gain for 38 /45 Metabolic Traits
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Shen, Opulente, Kominek, Zhou et al. (2018) Cell



Shen, Opulente, 
Kominek, Zhou et 

al. (2018) Cell

Inferring the Metabolic Capabilities of Yeast Ancestors

?



BYCA (Budding Yeast Common Ancestor) was a Generalist
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Probability of Trait Presence in Ancestor

Shen, Opulente, Kominek, Zhou et al. (2018) Cell

Prob. of trait
absence

Prob. of trait
presence

We infer that BYCA could grow on 28 of the 45 substrates



Widespread Loss of Traits

Shen, Opulente, Kominek, Zhou et al. (2018) Cell



Widespread Loss of Traits

Shen, Opulente, Kominek, Zhou et al. (2018) Cell



Widespread Loss of Traits

Shen, Opulente, Kominek, Zhou et al. (2018) Cell



with so much loss, how 
did new metabolic 

traits evolve?



Shen, Opulente, Kominek, Zhou et al. (2018) Cell

Horizontal Gene Transfer (HGT)



Distribution of 878 Horizontally Acquired Genes

HGT in 226 yeasts with universal code: 0.071%

HGT in 103 yeasts with non-universal code: 0.025% 

Shen, Opulente, Kominek, Zhou et al. (2018) Cell



HGT of a Bacterial Siderophore Operon in W/S clade Yeasts

Kominek, Doering, et al. (2019) Cell

W/S clade yeasts acquired the enterobactin 
operon from Enterobacteria – organisms from 
both lineages co-occur in insect guts, where 
iron is a growth-limiting factor



W/S Yeasts with Functional Operon Produce Enterobactin

Blue Agar 
CAS Assay 
after 9 days 
of growth

Kominek, Doering, et al. (2019) Cell





“The PIs assume “built it and they will come”. While the 
yeast community has a long track record of capitalizing on 
new resources, the PIs are cautioned against arguing for 
innovation using “field of dreams” reasoning”

Anonymous grant reviewer (2012)



Multiple reinventions 
of mating-type 

switching

Multiple HGTs, including of 
bacterial operons, in the W/S 

clade

Multiple codon 
reassignments of 

“universal” 
genetic code
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Questions? 

Yeasts are powerful for studying how genetic 
variation transforms to phenotypic variation at 

macroevolutionary scales

Gene conservation is not (never?) universal

Trait & gene loss are “creative” evolutionary 
forces

Few, but highly impactful, HGT events
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