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Understanding the impact of ploidy on adaptation is a central 
challenge in evolutionary biology. Ploidy varies consider-
ably in the natural world1 and all sexual organisms alternate 

between ploidy states through gamete fusion and meiosis2. Despite 
its importance, we have incomplete knowledge of how ploidy affects 
the rate of adaptation and the spectrum of beneficial mutations. In 
principle, how ploidy affects adaptation depends mostly on assump-
tions regarding the dominance of new beneficial mutations. If new 
beneficial mutations are mostly dominant, then diploids, with twice 
the mutational target size compared to haploids, will be twice as 
likely to acquire beneficial mutations, and will have greater evolu-
tionary potential. Alternatively, if beneficial mutations are reces-
sive, then haploids will have access to new beneficial mutations that 
have no selective benefit as heterozygotes in diploid populations3. 
It is probable that the filtering of recessive beneficial mutations in 
diploids—Haldane’s sieve4—is not the only factor that affects the 
impact of ploidy on adaptation. Other factors, such as deleterious 
load and physiological differences (for example, protein expres-
sion), may also contribute to differences in adaptive potential5. If 
deleterious mutations are mostly recessive, negative phenotypes will 
be masked in diploids. However, if deleterious mutations are domi-
nant (for example, haploinsufficient mutations), diploids would 
have twice the deleterious load compared to haploids. It has been 
shown in yeast that different ploidy states experience differential 
regulation of some genes6, which may further affect the mutations 
that are selectively accessible in haploids and diploids.

The budding yeast, S. cerevisiae, can be propagated as haploids or 
diploids, making it an ideal system for studying the effect of ploidy 
on adaptation. Early work appeared to demonstrate that diploids 
evolved faster7; however, most recent studies find that haploid yeast 
adapt more quickly. This result holds across strain backgrounds and 
environments8–11, with possible exceptions in small populations11 or 
in high concentrations of fungicide8. Despite these exceptions, there 
is a general consensus that haploids adapt faster than diploids across 
a range of environments. However, the reasons why haploids adapt 
more quickly remain unclear.

Evolve-and-resequence studies have focused almost exclusively 
on haploid rather than on diploid organisms12–15. Collectively, these 
studies have shown that the spectrum of beneficial mutations in 

haploid populations is skewed towards loss-of-function muta-
tions. Although there is less information regarding the spectrum of 
beneficial mutations in higher ploidies, one recent study has used 
whole-genome sequencing and gene expression analysis to explore 
adaptation of polyploid yeast to raffinose media and has observed 
a broader spectrum of beneficial mutations in tetraploids16. Some 
work in diploids indicate that Haldane’s sieve is a filter for recessive 
beneficial mutations. For example, one study found that all hap-
loid-evolved nystatin-resistant mutations were recessive17. Recent 
theory also suggests that beneficial mutations in diploids may be 
overdominant18 and there is some experimental evidence suggest-
ing that this is the case11,19. There is therefore a need to determine 
how diploidy changes the spectrum of beneficial mutations and the 
dynamics of adaptation.

Here we measure the rate of adaptation for 48 diploid popula-
tions through 4,000 generations and compare these results to previ-
ously evolved haploid populations14. We sequence two clones each 
from 24 populations after 2,000 generations and we perform whole-
genome whole-population time-course sequencing on two popula-
tions. We show that diploids adapt more slowly than haploids, that 
ploidy alteres the spectrum of beneficial mutations, and that the 
prevalence of homozygous mutations depends on their genomic 
position. In addition, we validate haploid-specific, diploid-specific 
and shared mutational targets by reconstructing individual muta-
tions in the ancestral background.

Results
Previously, we have determined the spectrum of mutations in hap-
loid populations evolved for 1,000 generations14. We have observed 
a large number of nonsense and frameshift mutations, suggesting 
that adaptation in haploids is mostly driven by loss-of-function 
mutations. Many of these mutations are likely to be recessive in dip-
loids given that only 3% of gene deletions are haploinsufficient or 
haploproficient20.

Haploids adapt mostly by recessive beneficial mutations. We 
hypothesize that haploid adaptive mutations are recessive. To test 
this, we isolated twelve individual clones containing diverse muta-
tions from ten evolved haploid populations and crossed them to the 
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MATα  version of the ancestor to generate diploids that are hetero-
zygous for all of the evolved mutations. To control for differences 
in gene expression and physiology, all heterozygous diploids were 
converted to MATa/a. Fitness of the haploid evolved strains ranged 
from 2% to 8% (Fig. 1). Heterozygous diploid fitness is significantly 
different from zero in 8 out of 12 populations, but decreases com-
pared to the haploid fitness (Fig. 1). On the basis of this result, we 
expect Haldane’s sieve to filter out most of these mutations if they 

occur in a diploid background, leading to a slower rate of adaptation 
in diploids and a spectrum of beneficial mutations that is shifted 
away from recessive loss-of-function mutations.

Diploids evolve more slowly than haploids. To test our hypothesis 
that the rate of adaptation and mutational spectrum differs between 
ploidies, we evolved 48 diploid populations in rich glucose medium 
for 4,000 generations under conditions identical to those used for 
the haploid experiment14. On average, diploid populations increased 
in fitness by only 5.8% over 4,000 generations, whereas haploid pop-
ulations increased in fitness by 8.5% over 1,000 generations (Fig. 2). 
As expected given the stochastic nature of evolution, we observed a 
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Fig. 1 | Beneficial mutations in evolved haploids are recessive. Filled red 
circles indicate fitness of twelve evolved MATa clones from the haploid 
experiment14. Open blue circles indicate the fitness of the same twelve 
strains as MATa/a diploids, in which all of the evolved mutations are 
heterozygous. Data are mean!± s.e.m. of 28 replicates. The four diploid 
populations that are not significantly different from zero are indicated with 
NS (two-tailed, one-sample t-test, α!= !0.05). Haploid fitness data are from 
ref. 31. In order from left to right, the data points correspond to populations 
(and known haploid-beneficial mutations) RMS1-G02-545 (mot3), 
BYS1-E03-745 (ymr102C, say1, ira1), BYS2-C06-1000, BYS1-A08-545 
(gas1, ste12), BYS2-D06-910 (ira2, ste5, gas1), BYS1-A09-1000 (gpb2, cne1), 
RMS1-G02-825 (ira1, yur1), RMS1-H08-585 (ira1, kre6), BYS-D08-1000 
(ste4, yur1), BYS2-E01-745 (kel1, hsl7), RMS1-H08-585 (ste11, kre6) and 
RMS1-D12-910 (mid2, ira1, rot2) in refs 14,31.
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Fig. 2 | The rate of adaptation of haploid and diploid populations. Over the 
course of 4,000 generations of laboratory evolution, diploids adapt more 
slowly than haploids. Fitness effects for haploids and diploids are plotted as 
means represented by red circles and blue squares, respectively. Light-red 
and light-blue traces indicate individual trajectories of haploid and diploid 
populations, respectively. The red dotted line represents the fit of the haploid 
average to the power law equation = + −y bx( 1) 1a . The blue dotted line 
represents the linear fit of the diploid average data. Haploid data are from  
ref. 14. Diploid fitness data points below 0 are likely owing to measurement error.
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Fig. 3 | Genome-wide distribution of mutations in diploids evolved for 2,000 generations. Sequencing data for 831 individual nuclear mutations  
(both shared and clone-specific) across all 24 diploid populations show an overrepresentation of homozygous mutations on the right arm of chromosome 
XII (P!< !0.001, χ2 test). Chromosomes are represented as grey bars. Homozygous mutations are represented by red lines at the top of the chromosome. 
Heterozygous mutations are represented by blue lines at the bottom of the chromosome. Mutations that were found both as homozygous and 
heterozygous mutations in paired samples are shown as green lines in the middle of the chromosome.
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large variation in fitness gains and trajectories across replicate popu-
lations. Diploids increased in fitness by between 2% and 11% over 
4,000 generations, whereas haploids increased in fitness between 5% 
and 12% over 1,000 generations (Fig. 2). Variance also changed over 
time among both haploid and diploid populations (Supplementary 
Fig. 1). We fitted the averaged data to both a power law (which has 
been shown to accurately model haploid evolution21) and a linear fit. 
The haploid data are described better by a power law fit than by a 
linear fit (P <  0.001, F-test) but the diploid data are not (P =  1, F-test).

The spectrum of beneficial mutations is different between dip-
loids and haploids. Having confirmed that diploids adapt more 

slowly than haploids, we next determined the spectrum of muta-
tions in diploids by sequencing 48 clones (two clones each from 24 
randomly selected diploid populations) from generation 2,000. We 
identify 850 individual de novo mutations across the 24 popula-
tions. Of these mutations, 416 are shared between both clones in the 
population and 434 are unique to only one clone (Supplementary 
Table 1). Heterozygous mutations outnumber homozygous muta-
tions 1,135 to 105 (Supplementary Fig. 2). The number of mutations 
per population ranged from 20 in population C04 to 55 in popula-
tion G08. Of the 850 mutations, 342 are intergenic, 114 are syn-
onymous, 336 are missense, 23 are nonsense and 28 are frameshift.  
In addition, we identified two conservative in-frame deletions, two 

Table 1 | Common targets of selection in diploid populations

Gene Mutation Population Biological process

Homozygous Heterozygous Total

CTS1 6 0 6 A07, D05, E06, G08, 
H08, F05

Cell separation after cytokinesis

ACE2 2 3 5 C04, F09, A05, F04, 
F04

Cell separation after cytokinesis

FLO1 0 3 3 H08, A05, F04 Flocculation
AGP1 0 2 2 E04, D04 Amino acid transmembrane transport
BCK1 0 2 2 C05, E04 Regulation of cell wall organization
BEM2 0 2 2 C04, H08 Actin cytoskeleton organization
BPH1 0 2 2 C05, A08 Cell wall organization
BST1 0 2 2 F09, H04 Negative regulation of COPII vesicle formation
CLA4 1 1 2 D09, H05 Negative regulation of sterol import
CLB2 1 1 2 E04, H08 Regulation of mitotic spindle elongation
EDE1 0 2 2 D05, C05 Endocytosis
FKS1 2 0 2 B09, E06 1,3-beta-glucan biosynthesis
HAP5 0 2 2 E06, B09 Regulation of respiration
KRE6 0 2 2 F04, G06 1,6-beta-glucan biosynthesis
MHP1 0 2 2 C04, B04 Cell wall organization
MSS116 0 2 2 D04, B04 Group I and II intron splicing
NPL6 0 2 2 C05, A07 Nucleosome disassembly
NUM1 0 2 2 F07, H05 Microtubule cytoskeleton organization
PDR1 0 2 2 D09, G08 Regulation of pleiotropic drug response
PEX1 0 2 2 F07, G06 Protein import into peroxisome matrix
PSE1 0 2 2 F07, G06 Protein import into nucleus
PUF2 0 2 2 A05, A07 Nuclear-transcribed mRNA decay
RKR1 0 2 2 H08, E04 Ribosome quality control complex
RPL33A 0 2 2 E04, H05 Cytoplasmic translation
RSF2 0 2 2 F07, A05 Regulation of transcription
SNT2 0 2 2 D04, E06 Histone ubiquitination
TRA1 0 2 2 F07, G06 Histone acetylation
UBP12 0 2 2 H08, F07 Ubiquitin recycling
UBP2 0 2 2 B09, F05 Ubiquitin recycling
URC2 0 2 2 B05, B09 Uracil catabolic process
USA1 0 2 2 E06, H08 Ubiquitin-dependent ERAD pathway
UTR2 0 2 2 B04, G08 Cell wall organization
YDR090C 0 2 2 C05, E06 Unknown
YPR202W 0 2 2 A07, H04 Unknown

YUR1 1 1 2 E04, D05 Cell wall mannoprotein biosynthesis

Mutations are counted as a single mutation in this list whether they are shared or unique to paired clones. We expect 465 genes to be mutated once by chance, 20 genes to be mutated twice by chance 
and one to be mutated three or more times by chance. Population F04 contains one shared and one unique mutation to ACE2. The list of biological processes has been manually curated to select the most 
relevant gene ontology (GO) terms from entries on the Saccharomyces Genome Database (www.yeastgenome.org). There are no statistically significant GO terms for biological processes in this gene list.
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disruptive in-frame deletions, two stop codon readthroughs, and 
one complex frameshift and missense mutation (Supplementary 
Table 2). Homozygous mutations are overrepresented on the right 
arm of chromosome XII (P < 0.001, χ2 test), with 19 out of 24 pop-
ulations containing a homozygous mutation on the right arm of 
chromosome XII. Excluding chromosome XII, the genome-wide 
distribution of homozygous and heterozygous mutations is not sig-
nificantly different from random (P = 0.06, χ2 test; Fig. 3). In addi-
tion to point mutations, we observed trisomy XIV in both clones 
from populations G08 and H08 and trisomy VII in clone B from 
population D04 (Supplementary Fig. 3).

We identified candidate targets of selection as those genes in 
which mutations were seen in at least two populations (Table 1). 
We observed notable differences in the biological processes that 
are common targets of selection in diploids compared to hap-
loids. Genes involved in the Ras pathway and the mating path-
way are common targets of selection in haploid populations14. 
However, no mutations in either of these two pathways were 
among our candidate targets of selection in the evolved diploids. 
Cell wall biogenesis, and assembly and cytokinesis are shared 
targets of selection in both haploid and diploid populations. 
However, even within these biological processes, there are both 
shared (for example, KRE6) and ploidy-specific target genes, 
such as the haploid-specific GAS1 and KRE5 and the diploid-
specific CTS1. Furthermore, the most common haploid target 
of selection, IRA1 (a negative regulator of Ras, mutated in 21 
out of 40 haploid populations), was not mutated in any of our  
diploid populations.

Evolved alleles show varying degrees of dominance and ploidy-
dependence. Given that mutations in genes involved in cell wall 
biosynthesis and assembly represent a diverse subset of beneficial 
mutations, including haploid-specific (GAS1, KRE5), diploid-spe-
cific (CTS1), and common (KRE6) beneficial mutational targets, 
we focused on these four targets of adaptation. We generated these 
alleles as haploids, heterozygous diploids and homozygous dip-
loids and performed competitive fitness assays on all strains to test 
whether the relative fitness effects of evolved alleles are contingent 
on the ploidy in which they arose (Fig. 4). For these reconstruc-
tions, we used alleles of KRE6, GAS1, and KRE5 from previous 
haploid evolution14 and the CTS1 allele from our diploid popula-
tion F05. Consistent with our classification of these mutations as 
candidate drivers of adaptation, we found that each is beneficial 
in the background in which it arose. Mutations in the shared tar-
get of selection, KRE6, are beneficial as haploids, heterozygous 
diploids and homozygous diploids, although the benefit for the 
heterozygote is less than that for the homozygote, showing that 
it is partially dominant (coefficient of dominance, h =  0.34). The 
diploid-specific target of selection, CTS1, is equally beneficial for 
the heterozygote and homozygote (h ≈   1); however this mutation is 
neutral in a haploid background. Mutations in the haploid-specific 
targets, GAS1 and KRE5, are beneficial in haploids and homozy-
gous diploids. In the case of KRE5, the heterozygous diploid fitness 
is not statistically different from zero (h =  0.10; Fig. 4). In the case 
of GAS1, the heterozygote is strongly deleterious (h <  0). Notably, 
this may indicate an incompatibility between the ancestral and 
evolved alleles of GAS1.

Loss-of-heterozygosity occurs more rapidly for CTS1 than ACE2. 
Although our reconstruction experiments show no significant fit-
ness difference between a heterozygous and homozygous CTS1 
mutation, all six CTS1 mutations are homozygous in the diploid 
populations. Another common diploid-specific target, ACE2, is 
observed as a homozygous mutant in two of the four populations 
in which it arose. Both ACE2 and CTS1 are located on chromo-
some XII. This frequent observation of homozygous mutations 
on chromosome XII could potentially be explained by unbalanced 
structural variation resulting from whole or partial loss of one copy 
of chromosome XII in these populations. We found that coverage 
across chromosome XII was consistent with coverage across the 
rest of the genome, verifying that our strains had two copies of 
chromosome XII. Furthermore, tetrad dissections of CTS1 mutant 
strains produced four-spore viable tetrads, which indicates that it is 
unlikely that all or part of one copy of chromosome XII is missing. 
These homozygous mutations therefore probably arose from bal-
anced loss-of-heterozygosity (LOH) events, which maintain chro-
mosome copy number.

With this in mind, we investigated the dynamics of genome 
sequence evolution by performing whole-genome whole-pop-
ulation time-course sequencing on two populations, one with a 
homozygous CTS1 mutation, and one with a homozygous ACE2 
mutation. In population A05, the ace2 allele fixes as a heterozygote 
before undergoing LOH and fixing as a homozygote (Fig. 5b). In 
population F05, however, the cts1 homozygote establishes before 
the heterozygote fixes (Fig. 5d). We can use the information from 
the dynamics of additional mutations in these populations to 
inform our theory of balanced LOH. When the ace2 allele fixes in 
the A05 population, an ancestral heterozygosity in an LTR located 
approximately 387 kb away from ACE2 on chromosome XII also 
loses heterozygosity (Fig. 5a). In the F05 population, the same 
ancestral LTR heterozygosity and a mutation in DUS4, which is also 
located on chromosome XII, lose heterozygosity at the same time 
as CTS1 (Fig. 5c).

The F05 allele of CTS1 is a nonsense mutation (Glu298*) and 
is likely to be a loss-of-function mutation. The other five CTS1 
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Fig. 4 | Evolved alleles show varying degrees of dominance and ploidy 
dependence. Average fitness effects of haploid (single filled circle in red), 
heterozygous diploid (one filled circle and one open circle in yellow) and 
homozygous diploid (two filled circles in blue) mutants with mutations in 
cell wall genes are compared to wild-type (WT) haploids (light-grey empty 
circle) and wild-type diploids (dark-grey empty circle). The corresponding 
gene mutated in each strain is listed at the top. The cts1 mutation 
(Glu298*) is from the F05 population of our diploid data (Supplementary 
Table 2). The gas1, kre5 and kre6 mutations are from the haploid 
populations BYS2-D06 (F259L), RMB2-B10 (T872K) and RMS1-H08 
(I478L), respectively14. Each point is a mean of at least sixteen replicates. 
Error bars are the s.e.m.
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mutant alleles in our diploid populations are missense mutations. 
Nevertheless, all six alleles of CTS1 show similar dynamics and 
rates of LOH (Supplementary Fig. 4). On the basis of these results, 
we hypothesize that the difference in rates of LOH events between 
CTS1 and ACE2 mutations is probably not due to the effects of indi-
vidual mutations, but rather is due to the location of the CTS1 and 
ACE2 genes themselves. A high rate of LOH on the right arm of 
chromosome XII is further supported by examining the fate of the 
LTR polymorphism on chromosome XII, which is one of six loci 
that was heterozygous in the founding strain. The other five, on 
chromosomes I, II, XII, XIII and XIV, maintain heterozygosity in 
approximately 90% of the clones at generation 2,000. By contrast, 
the chromosome XII polymorphism loses heterozygosity in all 24 
populations, with 11 populations fixing one allele and 13 popula-
tions fixing the other. This is consistent with a high rate of LOH on 
the right arm of chromosome XII and suggests that selection is not 
necessary for LOH in this region.

Discussion
We show that our diploid populations adapt more slowly than hap-
loids. We attribute this result to an altered spectrum of beneficial 
mutations selectively available to diploids. In support of this, we 
show that, while recessive loss-of-function mutations are common 
in haploid evolution, their effect is limited in diploid evolution.  

The rate of haploid adaptation starts off higher compared to diploids 
but decreases over time, whereas the diploid rate of adaptation is 
lower but constant (Supplementary Fig. 5). This is similar to a pre-
vious study of haploids and diploids evolved for 5,000 generations, 
which finds that haploids initially adapt faster, but that the average 
fitness increase for haploids and diploids converges by 5,000 genera-
tions11. The declining rate of adaptation in haploids may be due to 
the exhaustion of available recessive beneficial mutations; however, 
our data do not rule out other possibilities such as stronger dimin-
ishing-returns epistasis among beneficial mutations in haploids.

We identify 1,266 total de novo mutations across 48 sequenced 
clones. We find no correlation between the number of mutations 
in a population and the fitness of that population (Supplementary 
Fig. 6). We identify candidate targets of selection as genes that were 
mutated more often than expected by chance across all populations 
(Table 1). Two populations (A09 and H06) did not have any muta-
tions in common targets of selection. Through our comparison of 
the mutations gained during haploid and diploid adaptation, we 
observed that both the mating pathway and the negative regulation 
of Ras were prominent targets of adaptation in haploids, but these 
pathways were not common targets of selection in diploids. This 
makes sense for the mating pathway, as it is repressed in diploids 
(and therefore sterile mutations are not selectively advantageous). 
With regards to why negative regulation of Ras is not a target of 
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Fig. 5 | Dynamics of adaptation and LOH. a, Time-course sequencing of population A05 containing an ace2 mutation. There is a decrease in slope around 
an allele frequency of 0.5, suggesting heterozygote fixation before homozygous mutant establishment. Mutations are shown with the chromosomes 
on which they occur. Black arrows represent time points at which the populations were sampled for Sanger sequencing. b, ACE2 genotype by Sanger 
sequencing of clones isolated at three time points are shown as homozygous wild type (two open circles), heterozygous (one filled and one open circle) 
and homozygous mutant (two filled circles). Homozygous mutants only appear after the homozygous wild type is eliminated by the sweep of the 
heterozygous mutant. Number of clones subjected to Sanger sequencing is listed for each time point. c, Time-course sequencing of population F05 shows 
multiple mutations fixing as a cohort with cts1. The cts1 mutant fixes in the population quickly, without a pause around 0.5 signifying heterozygote fixation. 
Mutations are shown with the chromosomes on which they occur. Dashed lines represent intergenic mutations. Black arrows represent time points at 
which the populations were sampled for Sanger sequencing. d, CTS1 genotype by Sanger sequencing of clones isolated at three time points are shown 
as homozygous wild type (two open circles), heterozygous (one filled and one open circle) and homozygous mutant (two filled circles). Homozygous 
mutants appear before homozygous wild type is eliminated. Number of clones subjected to Sanger sequencing is listed for each time point.
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adaptation in diploid populations, there are three possibilities.  
The first is that all or most of the spectrum of beneficial mutations 
that can be made to genes involved in the negative regulation of 
Ras are recessive in their fitness effects, and thus unlikely to pass 
through Haldane’s sieve. Another possibility is that the Ras path-
way is regulated differently in haploids and diploids, such that some 
genes are not functionally redundant in haploids and diploids. 
Some yeast genes are known to have ploidy-specific regulation6. 
Interestingly, CTS1 is included among these differentially regu-
lated genes, increasing in expression with ploidy. This physiological 
difference between haploids and diploids may explain why muta-
tions in CTS1 are diploid-specific. Lastly, it is possible that the Ras 
pathway is a target of selection in diploids but that gain-of-function 
mutations (which are accessible to diploids) are simply less common 
than the loss-of-function mutations accessible to haploids. Indeed, 
at least one mutation in this pathway (a mutation to CYR1) has been 
previously seen in evolved diploids22. This lends further support to 
an altered spectrum of mutations that are selectively accessible to 
haploids and diploids.

By examining our diploid evolved mutations, we found that 
Haldane’s sieve is effective at filtering out recessive beneficial muta-
tions from evolving diploid populations, but it is not the only factor 
affecting the rate of adaptation and spectrum of beneficial muta-
tions in diploids. We also see that genomic position is an important 
factor, largely owing to varying rates of recombination throughout 
the genome. This is particularly visible on the right arm of chro-
mosome XII, which contains the rDNA locus, a known recombina-
tion hotspot in yeast23. This locus has also been shown to be the 
site of frequent LOH in natural populations24. Furthermore, we find 
one ancestral heterozygosity on the right arm of chromosome XII, 
which loses heterozygosity in all 24 sequenced populations, sup-
porting the hypothesis that frequent LOH is initiated at this locus. 
We find that homozygous mutations are rare (only 10% of diploid 
mutations), but are largely concentrated on the right arm of chro-
mosome XII (Fig. 3), particularly in the CTS1 and ACE2 genes 
(Supplementary Fig. 7). This implies that the ability for beneficial 
diploid mutations to become homozygous, and thus to escape from 
Haldane’s sieve, will depend strongly on local rates of LOH events. 
Our results further validate the idea that mitotic recombination is 
an important factor in the spread of beneficial alleles in evolving 
asexual populations25.

We reconstructed evolved haploid-specific, diploid-specific and 
shared alleles in isolation as haploids, heterozygous diploids and 
homozygous diploids, and found that the degree of heterozygos-
ity differs between the alleles. Our reconstructed allele of CTS1 is 
dominant (h ≈   1), yet all six of the cts1 alleles present in our dip-
loid populations rapidly converted and fixed as homozygotes. One 
possible explanation is that the homozygote does have an advan-
tage over the heterozygote but that we cannot detect this differ-
ence with flow-cytometry-based fitness assays. One complication 
is that homozygous mutations in CTS1 result in a cell aggregation 
phenotype. This aggregation phenotype has previously been shown 
to occur during yeast laboratory evolution26–29. Our evolved CTS1-
mutant diploid populations and the reconstructed cts1 haploid and 
homozygous diploid strains form aggregates, but the reconstructed 
heterozygous mutant does not (Supplementary Fig. 8). It is possible 
that this phenotype complicates fluorescence-based fitness mea-
surements of these strains.

Furthermore, from the dynamics of adaptation of all six CTS1-
mutant populations (Fig. 5a, Supplementary Fig. 4), we have shown 
that CTS1 mutants become homozygous both very frequently and 
quickly. Additionally, from the dynamics of the F05 population con-
taining our CTS1 mutation of interest, we see a mutant dus4 allele 
that travels to fixation with the cts1 allele, and one ancestral hetero-
zygosity in a long terminal repeat that loses heterozygosity at the 
same time (Fig. 5a). All three of these genetic loci are located on 

chromosome XII telomeric to the yeast rDNA locus. We propose 
that a single recombination event caused a LOH event for all three 
of these loci, establishing the cts1 homozygous mutant. Our dynam-
ics of adaptation also show LOH of the same ancestral heterozygous 
long terminal repeat paired with the rise of the ace2 allele to fixation, 
suggesting that a similar LOH event may have established the ace2 
homozygote. In this same population, there is another case where 
LOH in IOC4 co-occurs with the fixation of an FSH2 mutant. Both 
of these loci are on chromosome XIII (Fig. 5c). Because of these 
examples and the concentration of homozygous mutations and lack 
of heterozygous mutations on the right arm of chromosome XII, 
we also propose that when LOH events occur, they often involve 
a single point of recombination leading to LOH from the point of 
origin through the telomere. This is similar to the types of lesions 
observed due to break-induced replication30.

Although LOH allows us to explain the location-specific enrich-
ment of homozygous mutations, these are a minority of our candi-
date driver mutations (Table 1) and are therefore not sufficient to 
explain the fitness gains that we see in diploids. There must also be 
some adaptive heterozygous mutations, which remain heterozygous. 
It is possible that some of our heterozygous candidate driver muta-
tions are maintained as heterozygotes because they are overdomi-
nant as suggested previously18,19. Overall, we have shown that over 
the course of 4,000 generations of evolution, diploid populations 
adapt more slowly than haploid populations, and that diploid popu-
lations have an altered spectrum of beneficial mutations compared 
to haploid populations. In addition, the majority of adaptive diploid 
mutations are heterozygous and the prevalence of adaptive diploid 
homozygous mutations depends on the position of the mutations in 
the genome. Collectively, this work fills a gap in our understanding 
of how ploidy impacts adaptation, and provides empirical support 
for the hypothesis that diploid populations have altered access to 
beneficial mutations.

Methods
Strain construction. The strains used in this experiment are derived from the base 
strain, yGIL432, a haploid yeast strain derived from the W303 background with 
genotype MATa, ade2-1, CAN1, his3-11, leu2-3,112, trp1-1, URA3,  
bar1Δ ::ADE2, hmlαΔ ::LEU2, GPA1::NatMX, ura3Δ ::PFUS1-yEVenus. This strain was 
previously reported as DBY1510527. A nearly isogenic MATα  version of yGIL432 
was constructed by introgressing the MATα  allele through three backcrosses into 
the yGIL432 background. This MATα  strain, yGIL646, was crossed to yGIL432 to 
generate the diploid strain yGIL672. Haploid MATa evolved strains used in Fig. 1 
have been described previously14, and their corresponding MATa/a heterozygous 
diploids have also been described previously31. For the reconstruction experiments, 
the haploid cts1 mutation in the yGIL432 background was generated using  
Cas9 allele replacement32. In brief, we retargeted the guide-RNA (gRNA)- 
expressing plasmid (Addgene 43803) to CTS1 using the gRNA sequence  
5′ -TTCTTCAAAATCTCAACATA-3′ . We co-transformed the gRNA plasmid 
(pGIL083), a constitutive Cas9 plasmid (Addgene 43802), and a plasmid (pGIL089) 
containing the cts1 mutant allele into our MATa strain, yGIL432. We screened 
for plasmid retention, PCR-screened single colonies for allele replacement, and 
cured the strains of the plasmids. Allele replacements of gas1, kre5 and kre6 in the 
yGIL432 strain were obtained from M. Remillard (Princeton University), who 
constructed these strains using alleles from our haploid populations BYS2-D06, 
RMB2-B10 and RMS1-H08, respectively. Each of the haploid MATa strains was 
crossed to yGIL646 to generate heterozygous diploids. The heterozygous diploids 
were then sporulated, tetrads were dissected, and haploid spores were mating-type 
tested and genotyped. Appropriate haploid spores were then crossed to each other 
to create homozygous diploid strains for each mutation.

Long-term evolution. To set up the long-term evolution experiment, a single clone 
of yGIL672 was grown to saturation in YPD (yeast extract, peptone, dextrose) 
medium, was diluted 1:1,000, and was used to seed 48 replicate populations in a 
single 96-well plate. This initial plate was duplicated and then frozen for future 
use. The cultures were evolved through 4,000 generations (400 daily cycles) of 
growth and dilution in YPD at 30 °C. Every 24 h, the populations were diluted 
1:1,024 by serial diluting 1:32 (4 μ l into 125 μ l) ×  1:32 (4 μ l into 125 μ l) into new 
YPD medium containing ampicillin (100 mg l−1) and tetracycline (25 mg l−1). 
All dilutions were performed using the Biomek Liquid Handler equipped with a 
Pod96. Approximately every 50 generations, populations were mixed with 50 μ l of 
60% glycerol and archived at − 80 °C.
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Competitive fitness assays. Flow-cytometry-based competitive fitness assays 
were performed as described previously14,27,31. In brief, experimental and reference 
strains were grown to saturation in separate 96-well plates. If the strains to be tested 
were coming from the freezer, the strains were passaged once by diluting 1:1,024 
to re-acclimate the strains to the appropriate medium. Experimental and reference 
strains were mixed 50:50 using the Biomek Liquid handler and were propagated 
for 40 generations under identical conditions to the original evolution experiment. 
We excluded 10 populations from Fig. 2, because we could not accurately measure 
fitness for populations that formed large cell aggregates or abnormal cell pellets.  
In this project, we used two reference strains: diploid MATa/a, and diploid 
MATa/α . These reference strains are derived from the yGIL432 base strain, but 
contain a constitutive ymCitrine integrated at the ura3 locus. Between time 
points 1,200 and 2,000, we measure 8 out of 152 (5%) points at or below zero. 
The measurement error of our flow-cytometry-based fitness assay is 0.5%. Given 
a 0.5% or 1% fitness advantage, there is an 18% or 3% chance, respectively, that a 
single measurement will fall at or below zero, based on measurement error alone.

We used previously collected competitive fitness data from evolved MATa 
haploid strains14. We performed a competitive fitness assay as described below 
on previously generated heterozygous MATa/a diploid strains31. To perform this 
assay, we generated a MATa/a diploid version of the fluorescently labeled reference 
strain using a plasmid containing LEU2 under a MATa-specific promoter to select 
for LOH at the mating-type locus. These data were normalized to their respective 
references and compiled into Fig. 1.

Whole-genome sequencing. For sequencing clones, we used single colonies 
grown on YPD and picked two colonies from each population to sequence. These 
individuals were grown to saturation in liquid medium and total genomic DNA 
was isolated for each sample. For whole-genome whole-population time-course 
sequencing, we thawed each population at 18 time points from generation 0 to 
2,000 and transferred 10 μ l into 5 ml of YPD. We made genomic DNA preparations 
as described previously31.

We followed a modified version of the Nextera sequencing library preparation 
protocol33, according to the previously described protocol31. We used the Nextera 
sequencing library preparation kit and protocol to isolate total genomic DNA 
and add the unique Nextera library barcodes to all 48 samples. We measured the 
concentration of DNA in each sample using a NanoDrop spectrophotometer 
and confirmed these values using a Qubit fluorometer. We equalized the DNA 
concentration of each sample via dilution and mixed all 48 samples into a single 
pool. We used a BioAnalyzer High-Sensitivity DNA Chip (BioAnalyzer 2100, 
Agilent) to confirm that the pool contained DNA fragments of the appropriate 
length, and performed gel extraction on the pool to remove short fragments. 
The pool was run on an Illumina HiSeq 2500 sequencer with 157-nucleotide 
single-end reads by the Sequencing Core Facility within the Lewis-Sigler Institute 
for Integrative Genomics at Princeton University. After an initial sequencing run 
provided us with the number of reads from each sample, we remixed the pool to 
better represent underrepresented samples and it was resequenced.

Sequencing analysis pipeline. The raw sequencing information was first 
merged from three lanes of sequencing via concatentation. This single file was 
demultiplexed into 48 FASTQ files by clone-specific barcodes using a custom 
Perl script (barcode_splitter.py) from L. Parsons (Princeton University) and 
clipped using fastx_clipper from the FASTQ Toolkit. Each sample was aligned 
to the complete and annotated W303 genome34 using Burrows–Wheeler Aligner 
(BWA, v.0.7.12), using default parameters except ‘Disallow an indel within INT 
bp towards the ends’ set to 0 and ‘Gap open penalty’ set to 5. Variants were called 
using FreeBayes, using default parameters (v.0.9.21-24-g840b412). To remove 
spurious calls, variants common to more than 30 individual samples were 
removed using the VCFtools ‘vcf isec’ function (v.0.1.12b). Individual VCF files 
were annotated using SnpEff (v.4_3o). Each annotated variant was then manually 
confirmed using Integrated Genome Viewer (Broad Institute) and all were 
merged into one TEXT file (Supplementary Table 2). Each clone was sequenced 
to an average depth of approximately 30×  coverage, and we determined whether 
mutations were unique to individual clones or shared between both clones  
within a population.

For whole-genome whole-population time-course sequencing, we used the 
same Nextera sequencing library preparation protocol as described above, with the 
following changes. Instead of two clones from each of 24 populations, we isolated 
genomic DNA from whole populations at 18 time points for two populations for a 
total of 36 samples. During the sequencing analysis, after splitting the reads based 
on the Nextera barcodes, we used FASTX clipper to remove any Nextera adapter 
sequences introduced by sequencing short fragments. We aligned these FASTQ 
files to an annotated version of the S288C genome. We used a previously described 
set of scripts (allele_counts.pl and composite_scores.pl) to call real mutations14.

Five ancestral heterozygosities were detected through the identification of 
variants called in at least 30 of the 48 sequenced clones, most of which maintained 
the variants as heterozygotes. A sixth ancestral heterozygosity was first called as a 
homozygous mutation in 22 of the 48 evolved clones. The variant was later shown 
to be an ancestral heterozygosity following whole-genome time-course sequencing 
of the A05 and F05 populations.

Evolved genomes were evaluated for aneuploidies by comparing the median 
coverage across each chromosome to the median genome-wide coverage for each 
clone. Estimates of chromosome copy number are shown in Supplementary Fig. 3.

Sanger sequencing. We isolated multiple clones from populations A05 and F05 
at three time points each, grew up liquid cultures of each clone, and isolated total 
genomic DNA. For population A05, these time points (and number of clones 
isolated) were generations 790 (10), 1,270 (20) and 1,630 (10). For population F05, 
these time points were generation 430 (5), 790 (10) and 1,030 (5).  
We performed PCR on these samples to amplify the ACE2 gene from population 
A05 and the CTS1 gene from population F05. To amplify the ACE2 gene, we used 
the forward primer 5′ -ACACTGAACCCATCCACATG-3′  and the reverse primer 
5′ -TCCGCATGGGCAGATGTATT-3′ . To amplify the CTS1 gene, we used the 
forward primer 5′ -GCAGTGTGAGTGGTCAATTC-3′  and the reverse primer 
5′ -TAGCTGTTTGAATTGGGGCC-3′ . These samples were sent for Sanger 
sequencing (GenScript) using the gene-specific forward primers above, except for 
the CTS1 gene in population A07, which was sequenced using the reverse primer. 
The frequency of the evolved mutation is reported as the frequency of the peak 
height as measured in 4peaks (Nucleobytes).

Reconstruction experiments. Reconstruction of evolved mutations in the 
ancestral backgrounds was performed as described above. Fitness of each of these 
twelve total samples was measured via competitive fitness assays across seven 
replicates along with control haploids and diploids with no mutations, all against 
the appropriate fluorescent ancestor strains.

Life Sciences Reporting Summary. Further information on experimental design is 
available in the Life Sciences Reporting Summary.

Data availability. The sequences reported in this paper have been deposited in 
the BioProject database (accession no. PRJNA418180). All strains and reagents are 
available from the corresponding author upon request.
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