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Extended Data Fig. 4 | Copy number variation of the ancestors and evolved 
isolates in the MuLTEE. a,b, Estimated copy number of each 1-kb non-
overlapping bin in each chromosome in PM/PA t0 and PM/PA1-5 t200, t400, 
t600, and t1000 isolates (a, PM; b, PA). Estimated bin copy numbers above 12 

are shown as 12, indicated by little triangles. Red horizontal line, baseline 
ploidy of each strain (i.e., 2 for PM/PA t0 and 4 for all evolved isolates).  
Red arrowhead, incidence of segmental aneuploidy.



Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Genetic construction and phenotypic characterization 
of diploid and tetraploid clusters. a, Procedure for engineering isogenic 
grande diploid and tetraploid clusters, from each of which four independent 
petite mutants were isolated. Isolating multiple petite mutants is important 
because petite mutations are not isogenic and may confound ploidy-phenotype 
map. Grande and petite clusters correspond to mixotrophic and anaerobic 
conditions, respectively. b-e, Violin plots showing the distributions of cluster 
radius (b,c, where c is weighted by cluster volume), cell volume (d), and cell aspect 
ratio (e) in engineered diploid and tetraploid clusters under mixotrophic and 
anaerobic conditions (on average, n = 922 clusters (b,c) and 2,458 cells (d,e) 
measured per sample). Four biological replicates were measured for the 
mixotrophic condition, and the four independent petite mutants (each with one 

biological replicate) were measured for the anaerobic condition. For b,c, we 
measured cluster radius at 4 h (exponential phase) and 24 h (stationary phase) 
after transferring the culture to fresh media, and the 24-hour measurements 
are used throughout the paper unless otherwise noted. For c, filled circles show 
biomass-weighted mean cluster radius (the 24-hour values are the same as the 
values in Fig. 3e). For d,e, boxes, IQR; center lines, median; whiskers, values within 
1.5 × IQR of the first and third quartiles. f,g, Comparison of the biomass-weighted 
mean cluster radius (f) and mean cell aspect ratio (g) of the engineered petite 
tetraploid clusters (mean of the four independent petite mutants, the same 
values as those in Fig. 1c,e) to the PA t0 and PA1-5 t50, t100, t150, and t200 
populations (data from Bozdag et al.8).



Extended Data Fig. 6 | Label-free method for distinguishing engineered 
diploid and tetraploid clusters in competition assays. a, Brightfield image 
of a snowflake yeast cluster (an engineered tetraploid mixotrophic cluster is 
shown) (top), whose bright cells in the cluster edges are detected (bottom). 
Scale bar, 30 µm. On average, 381 clusters were segmented per sample using 

this approach. b, Mean area of the five largest cells detected in a cluster can be 
used to distinguish between the engineered tetraploid and diploid clusters 
under both mixotrophic and anaerobic conditions, with the dashed line 
indicating the manually-chosen decision boundary.
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Extended Data Fig. 7 | Experimental evolution of the MuLTEE ancestors  
and t1000 isolates with selection against larger size. a, Experimental setup. 
We evolved PM/PA t0 and PM/PA1-5 t1000 isolates, each with four replicate 
populations (A, B, C, D), under selection against larger size for 70 days (~500 
generations) by growing them on agar in 24-well plates with daily dilution.  
b, Distributions of cluster radius (weighted by cluster volume) in the ancestral 

(“anc”) and evolved populations (on average, n = 406 clusters measured per 
population). Vertical thick solid line, biomass-weighted mean cluster radius of 
each population. Vertical dashed line, biomass-weighted mean cluster radius 
of PM/PA t0. Color codes for the evolved ploidy in each t0 population and in 
each t1000 population are the same as those in Fig. 3h,i, respectively, and the 
ancestral populations are colored in gray.



Extended Data Fig. 8 | Experimental evolution of the MuLTEE ancestors, 
t1000 isolates, and engineered tetraploids with minimal selection.  
We evolved PM/PA t0, PM/PA1-5 t1000 isolates, and engineered mixotrophic 
and anaerobic tetraploids, each with three replicate populations (A, B, C), with 
minimal selection for 56 days or 28 bottlenecks, by growing them on agar with 

picking and streaking single colonies every two days. a, Distributions of cellular 
DNA contents in the ancestral (“anc”) and evolved populations (on average, 
n = 15,848 cells measured per population). Color code for ploidy change 
categories is the same as that in Fig. 3j, and the ancestral populations are 
colored in light gray.
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Extended Data Fig. 9 | Point mutation changes in donut-to-spread 
transitions. Two donut-to-spread transitions with near-triploidization were 
excluded, and mutation allele frequency refers to the corrected allele frequency, 
calculated by dividing estimated allele copy number with copy number of  
the chromosome that carries the mutation. LOH, loss of heterozygosity.  
a,b, Number of mutations in each category of change in allele frequency in all 
donut-to-spread transitions combined, colored by change in allele copy number 
(a), and how change in allele frequency is associated with change in chromosome 
copy number (b). a,b share the color code. c, Number of mutations in each 
category of change in allele frequency in each donut-to-spread transition, 
colored by mutation impact. d, Percentage of mutations in each mutation 
impact category in each donut background, whose total number of mutations  
is indicated in the brackets. c,d share the color code. e, Comparison of the 
distribution of mutation impacts, between the mutations that were gained in  

all donut-to-spread transitions combined and the mutations randomly 
introduced into yeast genome, as well as between the mutations that 
underwent loss, LOH, increase, decrease, or maintenance in terms of allele 
frequency in all donut-to-spread transitions combined and the mutations in  
all donut backgrounds combined. Number of mutations is indicated in the 
brackets. P values were calculated by two-sided chi-squared test. f, For each 
donut-to-spread transition, the percentage of high/moderate-impact mutations 
in the mutations that increased or decreased in allele frequency is on average not 
significantly larger than the percentage of high/moderate-impact mutations in 
the donut background (for increase and decrease, respectively, P = 0.891 and 
0.442, t22 = −1.27 and 0.147, one-tailed one-sample Student’s t-test), and is 
largely explained by random sampling of mutations in the donut background 
(simulation with random seed = 1). Values are mean ± s.d. (n = 23 donut-to-
spread transitions).
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Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection Multicellular (or cluster) size, cell volume and aspect ratio, and ploidy data were collected using a Nikon Eclipse Ti inverted microscope (NIS-
Elements v4.30.01). Whole genomes were sequenced using Illumina NovaSeq 6000 and NovaSeq X Plus platforms. 

Data analysis ImageJ v1.54f and Cellpose v2.2.2 were used for image analysis, except that ImageJ v1.53q was used for image analysis in competition assay. 
Trimmomatic v0.39, BWA-MEM v0.7.17, Picard Toolkit v2.27.5, GATK Haplotypecaller v4.2.4.1, VCFTOOLS v0.1.16, bcftools-isec v1.10, snpEff 
v5.0, Bamtools Stats v2.5.1, and Linux bash shell were used in genome sequence analysis. R v4.1.2 was used for statistical tests and plotting. 
scikit-learn v1.3.2 and Python v3.11.6 were used for support vector machine. MATLAB R2019a was used for biophysical simulation. All custom 
code used for image analysis, genome sequence analysis, biophysical modeling, data analysis, and figure generation are publicly available at 
https://github.com/ktong25/WGD_in_MuLTEE. 

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

Underlying data used to make figures as well as raw experimental data are available at https://github.com/ktong25/WGD_in_MuLTEE. Raw Illumina sequencing 
reads are available at the NIH Sequence Read Archive under accession number PRJNA943273 (for MuLTEE evolved isolates) and PRJNA1093477 (for donut and 
spread strains). All raw microscopy images are publicly available at the BioImage Archive under accession number S-BIAD1559. Yeast genome (S288C reference 
genome, R64-3-1 build) used for genome sequence analysis was downloaded from Saccharomyces Genome Database (SGD).

Research involving human participants, their data, or biological material
Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation), 
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender n/a

Reporting on race, ethnicity, or 
other socially relevant 
groupings

n/a

Population characteristics n/a

Recruitment n/a

Ethics oversight n/a

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Ecological, evolutionary & environmental sciences study design
All studies must disclose on these points even when the disclosure is negative.

Study description We conducted an evolution experiment over 1000 days to select microscopic snowflake yeast clusters for large multicellular size. To 
study the effects of oxygen availability, we evolved these yeast under mixotrophic (PM1-5) or anaerobic (PA1-5) condition, making a 
total of 2 x 5 = 10 replicate populations. Tetraploidy rapidly emerged and was maintained in all ten populations. PM1-5 remained 
microscopic and are mostly euploid, while PA1-5 evolved macroscopic size with extensive aneuploidy. This study examines how 
polyploidy arises, becomes maintained and drives long-term adaptation through phenotypic characterization, genome sequencing, 
synthetic reconstruction, biophysical modeling and evolution experiments. 

Research sample We used the budding yeast Saccharomyces cerevisiae as our model organism. This organism is a well-established eukaryotic model 
system, making it genetically tractable and phenotypically accessible. To initiate our experiment with a multicellular phenotype, we 
deleted ACE2 gene from the yeast. 

Sampling strategy We began our evolution experiment with five replicate populations and two metabolic treatment groups. For phenotypic 
characterization and genome sequencing, we isolated a single clonal snowflake yeast cluster from these populations at day 200, 400, 
600, and 1000 and sequenced those isolates. To measure multicellular size, we collected data from an average of 886 multicellular 
clusters per isolate. To measure cell volume and aspect ratio, we collected data from an average of 1288 cells per isolate. To measure 
ploidy, we collected data from an average of 12922 cells per isolate. 

Data collection GOB performed the long-term evolution experiment and stored a -80C archive of each population every 10-15 days. The data were 
collected by KT, SD, SG, HLY, TCD, DL, and PLC without any manipulation by the experimenter. Cluster size, cell volume and aspect 
ratio, and ploidy data were collected using a Nikon Eclipse Ti inverted microscope at the Ratcliff Lab. Genome sequencing data was 
generated at the Microbial Sequencing Center in University of Pittsburgh.  
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Timing and spatial scale Long-term evolution experiment (the first 1000 days) was performed between 2017-2021 (paused during COVID-19). Multicellular 
size, cell volume and aspect ratio, ploidy and genome data collection and analysis were performed in 2022-2024. 

Data exclusions No data were excluded from the analysis.

Reproducibility All ten populations (PM1-5, PA1-5) evolved and maintained polyploidy. All PM1-5 remained microscopic and mostly euploid, while all 
PA1-5 evolved macroscopic clusters with extensive aneuploidy. This parallel trend not only demonstrates the reproducibility of our 
data but also provides confidence that, if these populations were to be re-evolved, the same outcome (polyploidy and aneuploidy) 
would arise. We have kept a frozen record of all those strain isolates and populations in our -80C freezer, which are available for 
further analysis, such as replicating our results. 

Randomization To ensure masked sample collection, we assigned random labels to samples at all stages of data collection. 

Blinding Blinding was not necessary for our study as we did not need to make any decisions based on phenotypic analysis. We collected 
multicellular size, cell volume and aspect ratio, and ploidy data by sampling a significant portion of the clusters from the cultures. 

Did the study involve field work? Yes No

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 
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Animals and other research organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in 
Research

Laboratory animals Other organisms are used: Saccharomyces cerevisiae - a non-pathogenic microbial eukaryote. Stain: Y55.

Wild animals n/a

Reporting on sex n/a

Field-collected samples n/a

Ethics oversight n/a

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Novel plant genotypes n/a

Seed stocks n/a

Authentication n/a
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