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Abstract
Galactose is a secondary fermentable sugar that requires specific regulatory and structural genes for its assimilation, which 
are under catabolite repression by glucose. When glucose is absent, the catabolic repression is attenuated, and the structural 
GAL genes are fully activated. In Saccharomyces cerevisiae, the GAL pathway is under selection in environments where 
galactose is present. However, it is unclear the adaptive strategies in response to long-term propagation in galactose as a sole 
carbon source in laboratory evolution experiments. Here, we performed a 4,000-generation evolution experiment using 48 
diploid Saccharomyces cerevisiae populations to study adaptation in galactose. We show that fitness gains were greater in the 
galactose-evolved population than in identically evolved populations with glucose as a sole carbon source. Whole-genome 
sequencing of 96 evolved clones revealed recurrent de novo single nucleotide mutations in candidate targets of selection, 
copy number variations, and ploidy changes. We find that most mutations that improve fitness in galactose lie outside of 
the canonical GAL pathway. Reconstruction of specific evolved alleles in candidate target of selection, SEC23 and IRA1, 
showed a significant increase in fitness in galactose compared to glucose. In addition, most of our evolved populations (28/46; 
61%) fixed aneuploidies on Chromosome VIII, suggesting a parallel adaptive amplification. Finally, we show greater loss of 
extrachromosomal elements in our glucose-evolved lineages compared with previous glucose evolution. Broadly, these data 
further our understanding of the evolutionary pressures that drive adaptation to less-preferred carbon sources.

Keywords Experimental evolution · Galactose · Saccharomyces cerevisiae

Introduction

Catabolic repression–the inability to utilize a less-preferred 
carbon source when a more favorable one is present–is a 
core principle of metabolic gene regulation. The stand-
ard example is the lac operon in E. coli where expression of 
the structural genes needed to assimilate alternative carbon 
sources require that two conditions be met: the absence of 
the preferred carbon source and the presence of the alterna-
tive carbon source (Jacob and Monod 1961). This logic is 
used to regulate the assimilation of a variety of secondary 

fermentable (e.g., sucrose, maltose, and galactose) and non-
fermentable (e.g., acetate, glycerol, and ethanol) carbon 
sources (Zaman et al. 2008; Fendt and Sauer 2010).

In the yeast, Saccharomyces cerevisiae, galactose is a 
widely used secondary carbon source. Galactose is a com-
mon sugar found in dairy products, fruits, grains, and veg-
etables (Acosta and Gross 1995; Lee et al. 2011). Galactose 
assimilation requires three regulatory genes and four struc-
tural genes, which are expressed only when glucose is absent 
and galactose is present. In the absence of glucose, the Snf1 
complex attenuates catabolite repression by phosphorylating 
the Mig1 transcriptional repressor, leading to its inactivation 
(Conrad et al. 2014; Nair and Sarma 2021). Full activation of 
galactose structural genes is mediated by a transcription fac-
tor (Gal4p), a repressor (Gal80p), and a co-inducer (Gal3p). 
In the absence of galactose, Gal80p sequesters Gal4p in the 
cytoplasm. When present, galactose binds to Gal3p, which 
in turn binds to Gal80p, releasing Gal4p. Once released, 
Gal4p relocalizes to the nucleus and increases up to ~ 1000-
fold the transcription of the GAL structural genes, which 
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are clustered in a 7 kb region on Chromosome II (Sellick 
et al. 2008).

Galactose initially enters the cell through low-affinity 
hexose transporters (Escalante-Chong et al. 2015). However, 
once the switch occurs, galactose enters the cell predomi-
nantly through the high-affinity galactose transporter Gal2 
(Conrad et al. 2014). Once in the cell, three main enzymes 
are necessary to catalyze four sequential steps in galactose 
assimilation. Gal1p is the galactokinase. Gal10p contains 
two catalytic domains: a mutarotase that interconverts galac-
tose enantiomers and an epimerase that converts UDP-galac-
tose to UDP-glucose. Gal7p is the galactose-1-phosphate 
uridylyltransferase. These enzymes are tightly regulated to 
reduce their costly expression and avoid accumulation of 
the toxic intermediate galactose-1-phosphate (Slepak et al. 
2005; Wang et al. 2015).

The genetic switch from glucose to galactose utilization 
has been extensively studied as a model system to under-
stand the evolution of gene clustering (Hittinger and Car-
roll 2007, Lang and Botstein 2011, Harrison et al. 2021), 
transcriptional regulation (van denBrink et al. 2009; New 
et al. 2014; Peng et al. 2015), nutrient-sensing metabolism 
(Escalante-Chong et al. 2015; Lee et al. 2017), and cellu-
lar memory (Acar et al. 2005; Sood and Brickner 2017). 
The clustering and regulation of the GAL pathway has 
evolved independently multiple times in fungi. Relative 
to other yeast, S. cerevisiae evolved strong repression and 
slow induction of the GAL genes, which confers a fitness 
advantage in environments where glucose is in excess (Har-
rison et al. 2021). However, studies on natural environments 
identified novel strategies in S. cerevisiae isolates that are 
associated with improved growth on galactose. For exam-
ple, natural variation in catabolite repression varies with the 
length of diauxic lag such that galactose is only assimilated 
once glucose drops below a certain threshold (Wang et al. 
2015). Lineages isolated from dairy products harbor GAL 
variation, such as GAL3 polymorphisms, GAL2 amplifi-
cation, and GAL cluster introgressions from S. paradoxus 
reflecting adaptation to a galactose-rich environment (Duan 
et al. 2018; Legras et al. 2018; Boocock et al. 2021). These 
suggest that the structural and regulatory genes in the GAL 
pathway are under selection in environments where galac-
tose is present. However, natural environments are complex 
and variable environments; therefore, it is unclear how selec-
tion acts to improve the growth in a simple environment 
containing galactose as the sole carbon source.

Experimental evolution of microbes is a powerful tool 
to identify genomic changes during adaptation in different 
environments (Voordeckers et al. 2015; Swamy and Zhou 
2019). The molecular targets of selection can be informa-
tive on the pressure that drive adaptation in each system. For 
example, in glucose-limitation laboratory evolution, recur-
rent mutations arise in nutrient signaling pathways, such 

as the Ras/PKA pathway and TOR pathway (Venkataram 
et al. 2016). In chemostat, amplification of glucose trans-
porters is another recurrent adaptive mechanism (Kao and 
Sherlock 2008; Wenger et al. 2011). In glucose-rich labo-
ratory evolution, genetic targets of selection are involved 
in cell wall biogenesis, assembly, and cytokinesis, as well 
as nutrient sensing and signaling (Lang et al. 2013; Fisher 
et al. 2018; Marad et al. 2018; Johnson et al. 2021). Previous 
laboratory evolution experiments in galactose have identified 
mutations in genes encoding the transcriptional repressor 
GAL80 (Quarterman et al. 2016), proteins involved in polar-
ized growth (Jerison et al. 2020), and regulators of the Ras/
PKA pathway (Hong et al. 2011; Hong and Nielsen 2013). 
In contrast to variation found in galactose-rich natural envi-
ronments, mutations identified in laboratory evolution are 
predominantly outside the canonical GAL genes.

Previously, we evolved 48 diploid populations in glu-
cose over 4,000 generations (Marad et al. 2018). Here, we 
perform an identical 4,000-generation diploid evolution 
experiment using galactose as the sole carbon source. We 
directly compare the rates of adaptation and genetic tar-
gets of selection between glucose and galactose evolution. 
Consistent with previous work, we find that most mutations 
that improve fitness in galactose lie outside of the canonical 
GAL pathway. In addition, we identify recurrent copy num-
ber variants, including aneuploidies on Chromosome VIII. 
Reconstruction of specific evolved alleles in SEC23 and 
IRA1 showed significant increases in fitness under galactose 
conditions. Finally, we show multiple losses of extrachromo-
somal elements, two of which (2-micron plasmid and Killer 
phenotypes) were also observed in galactose-evolved popu-
lations, and one of which (mitochondrial genome) was not.

Results

Higher Rate of Adaptation in Rich Galactose 
Medium Compared to Rich Glucose Medium

To determine the evolutionary response to constant growth 
in an alternative carbon source, we evolved 48 replicate pop-
ulations of the same diploid ancestor in a rich medium with 
galactose as the sole carbon source (YPGal). After 2,000 
generations, all populations increased in fitness compared to 
the ancestor (Fig. 1A) with a mean fitness gain of 8.2 ± 0.1% 
(α = 0.05). This is significantly greater than the fitness gains 
for the identically evolved populations using glucose as a 
sole carbon source (p < 0.0001, Wilcoxon rank-sum test; 
Fig. 1B), which showed mean fitness gains of 3.7 ± 0.06% 
(α = 0.05) in the first 2,000 generations of evolution.

To identify mutations that arose in the galactose-evolved 
populations, we sequenced two clones from each of the 48 
populations at Generation 4,000. We found 2,406 de novo 
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mutations across 96 evolved clones distributed across all 16 
chromosomes with a mean of 25 ± 6 mutations per clone. 
Of these mutations, 794 are present in both clones from the 
same population, and 735 mutations are only found in one 
clone.

Of the 1,529 unique mutations, 91% are single nucleotide 
polymorphisms, most of which are in coding genes (1092 
out of 1529; 71.4%). 712 of these mutations are mostly mis-
sense (46.6%), 225 are synonymous (14.7%), 76 are non-
sense (5%), 59 are frameshift (3.9%), and 20 are complex 
mutations (1.3%) (Fig. 2 and Supplementary Data). Con-
sistent with our previous work (Fisher et al. 2018; Marad 
et al. 2018), we find that heterozygous mutations outnumber 
homozygous mutations ~ 19:1 (Supplementary Fig. 1A), and 
that homozygous mutations are clustered on the right arm of 
Chromosome XII (Supplementary Fig. 1B). This region is 
a hotspot for loss of heterozygosity (LOH) due to the rDNA 

locus: approximately one third of the homozygous mutations 
are located on this chromosome.

Beneficial Mutations are Commonly Found Outside 
the Canonical GAL Pathway

To identify the pathways under selection in galactose 
medium we performed Gene Ontology (GO) enrichment 
using all 860 coding genes that were mutated across all 
populations. This analysis showed, at a broad level, an 
enrichment for genes involved in: positive regulation of the 
metabolic process, cellular response to stimulus, intracel-
lular signal transduction, and cellular component organiza-
tion (biological process enrichment, p < 0.001). We next 
restricted our GO-term enrichment analysis to the 24 genes 
that acquired mutations in three or more populations. This 
showed enrichment for genes involved in the negative regu-
lation of Ras signal transduction including IRA1, IRA2, and 

A

B

Fig. 1  Galactose-evolved populations have a higher fitness advantage 
after 2,000 generations of laboratory evolution. A Relative fitness 
advantage of 48 evolved populations on galactose. Vertical error bars 
reflect ± standard error of the regression. B Adaptation in galactose 
has a significantly higher fitness advantage compared with glucose-

evolved populations (p < 0.0001, Wilcoxon rank-sum test). Box plot 
reflects the mean fitness of 48 populations in both conditions. Galac-
tose populations have a mean fitness advantage of 8.2%, whereas glu-
cose populations have a mean of 3.7%. Glucose fitness data are from 
Marad et al. 2018
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BEM2 (p < 0.005). In addition, we found mutations in GPB1, 
PDE2, and CDC25 in one or two populations. All the muta-
tions found in Ras pathway genes are nonsynonymous.

We identified individual genes that are targets of selec-
tion by determining which genes are mutated more often 
than expected by chance across replicate populations. Using 
this approach, we identified five targets of selection with a 
p < 0.001 (Fig. 3A). These five genes are involved in the 
Ras/PKA pathway (IRA1), histone deacetylation (SNT1), 
endosome organization/vacuolar biogenesis (PEP5), secre-
tory pathway (SEC23), and actin filament (BNI1). Notably, 
we did not find a GO enrichment or a significant num-
ber of mutations in genes with an obvious connection to 
galactose metabolism. We found two missense and one 
conservative inframe in GAL10, two missense mutations 
in GAL2, one missense mutation in GAL4, one missense 
mutation in GAL7, one nonsense and one synonymous in 
GAL1. None of these genes, however, were acquired more 
mutations than expected by chance at p < 0.001. None of the 
candidate targets of selection in galactose are significantly 
overrepresented in glucose evolution experiment and vice 
versa (Fig. 3B). The most common targets of selection in 
glucose-evolved populations are cell wall-associated genes, 
CTS1, ACE2, and RPL33A (p < 0.001, Poisson distribution; 
Fig. 3B). Of these, only one mutation in ACE2 was observed 
in one galactose-evolved population.

Based on the types of mutations observed, we can deter-
mine how selection is acting on the candidate targets of 
selection (Table 1). We observed enrichment for nonsense 
and frameshift mutations (high impact mutations) in SEC23, 
PEP5, and IRA1, suggesting selection for loss-of-function. 

In contrast, we only observe missense mutations in SNT1. 
Out of the five mutations found in BNI1, three are synony-
mous and conservative inframe mutations, suggesting that 
this locus may not have a strong effect in the adaptation of 
galactose. Though there are a few notable exceptions of ben-
eficial synonymous mutations in other systems (Bailey et al. 
2014; Kristofich et al. 2018), most synonymous mutations 
in our system are neutral (Buskirk et al. 2017) and reach 
high frequency by genetic hitchhiking (Lang et al. 2013). 
Ignoring synonymous mutations removes a large background 
of hitchhiker mutations and produces more robust predic-
tions of true targets of selection. If we restrict our analysis 
to nonsynonymous mutations, PEP5 and BNI1 are no longer 
significant at p < 0.001 (Supplementary Data).

Galactose‑Evolved Alleles Show Carbon Source 
Dependence Effect

To quantify the fitness effect of individual mutations, we 
reconstructed evolved mutations in putative targets of selec-
tion (snt1-A168S, snt1-R1009K, sec23-R592I, ira1-S700P, 
Table 1) as well as evolved mutations in the galactose path-
way (gal10-D302N, gal10-R433P, gal7-Q265E, and gal1-
G347*, Supplementary Fig. 3B) even though our statistical 
analysis did not identify them as candidate targets of selec-
tion. Each mutation was reconstructed in the ancestral back-
ground as haploids, heterozygous diploids, and homozygous 
diploids. As a control, we constructed two previously identi-
fied adaptive mutations, hsl1-A262P (Buskirk et al. 2017; 
Vignogna et al. 2021), and ace2-R669* (Marad et al. 2018) 

Fig. 2  The spectrum of muta-
tions in 96 evolved clones under 
galactose evolution. Distribution 
of 1,529 unique evolved muta-
tions across 16 Chromosomes. 
The vertical bars represent each 
Chromosome labeled by Roman 
numeral. The horizontal lines 
reflect each mutation colored 
based upon their protein-
coding effect (top box). Other 
mutations group conservative 
inframes, disruptive inframes, 
and complex mutations. Cen-
tromers are represented with a 
black horizontal line
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from haploid-glucose evolution and diploid-glucose evolu-
tion, respectively.

We performed competitive fitness assays of the recon-
structed strains against a fluorescently labeled ancestral 
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p < 0.001
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p < 0.001

Galactose

Fig. 3  Common targets of selection in galactose-evolved populations. 
A Plotted on the x-axis is the observed number of coding sequence 
(CDS) mutations in each of the 5800 genes. The y-axis is the prob-
ability that the observed number of CDS mutations in each gene 
(without mutation type distinction) occurred by chance. We used 
a Poisson distribution weighted for the length of each gene (Fisher 
et al. 2018). The gray dotted line indicates the cut-off of genes with 
3 or more CDS mutations with corresponding p-value < 0.001 (solid 
dark cyan). Genes in this area are common targets of selection. We 
also denoted gal10 with p-value = 0.002 (solid light green). B Com-

mon targets of selection in galactose-evolved populations differ from 
glucose-evolved populations. Plotted is the ratio of the probability 
that the observed number of CDS mutations in a gene occurred by 
chance in galactose populations (cyan circles) versus glucose popula-
tions (gold circles). The gray dotted line indicates the cut-off genes 
with a p-value < 0.001. Targets of selection were labeled with the 
gene name and bigger solid dark cyan circles. Open purple circles 
indicate CDS mutated in both conditions. Gray circles indicate CDS 
that were not mutated under any conditions. Glucose data are from 
Marad et al. 2018

Table 1  Common targets of 
selection in galactose-evolved 
populations

Bolded clones indicate the SNP was found in all clones of the population
a Statistical analysis focus on nonsynonymous mutations
b Clones indicate the well ID followed by the clone number
c Nonsense
d Reconstructed mutations
fs Frameshift

Gene p-valuea Amino acid change Zygosity Cloneb Biological process (SGD)

SNT1
(Chr III)

4.55–04 Ala168Serd

Val237Ile
Val374Leu
Arg1009Lysd

Heterozygous
Heterozygous
Heterozygous
Heterozygous

F51, F52
B42
E81, E82
A91, A92

Subunit of the Set3C 
deacetylase complex

SEC23
(Chr XVI)

8.01–05 Gln167c

Gln494c

Arg592Iled

Leu701fs

Heterozygous
Heterozygous
Heterozygous
Heterozygous

F41, F42
A91, A92
G61, G62
H61, H62

COPII vesicle coating

IRA1
(Chr II)

2.84–04 Ser700Prod

Gln933c

Pro1013fs  Leu1402c

Gln2083c

Ala2292Ser

Homozygous
Homozygous
Heterozygous
Heterozygous
Heterozygous
Heterozygous

C41, C42
H81, H82
A91, A92
G91, G92
A61, A62
B51, B52

Inhibitory
Regulator of the
RAS-cAMP pathway
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reference in both galactose and glucose. Reconstruction of 
heterozygous evolved mutations in the GAL pathway does 
not show fitness advantage in galactose (Supplementary 
Fig. 3B). We observed the same pattern for the homozy-
gous reconstruction. In contrast, for all evolved mutations 
identified in our candidate targets of selection, we find that 
the fitness effects in glucose and galactose are highly cor-
related (r = 0.69, p = 0.0122, Pearson correlation coefficient; 
Supplementary Fig. 2). Nevertheless, the magnitude of the 
fitness effect was greater in the condition in which the spe-
cific mutation arose, and this difference is more exaggerated 
for homozygous mutations. We found a fitness advantage 
of the heterozygous sec23-R592I mutation of 3.9 ± 0.4% 
(α = 0.05; p <  10−6 one-way ANOVA, Tukey's HSD test) 
in galactose than glucose and a larger fitness advantage of 
6.2 ± 0.5% (α = 0.05; p <  10−8, one-way ANOVA, Tukey's 
HSD test) as homozygous in galactose compared to glu-
cose. We observed similar fitness advantage for ira1-S700P 
mutation; 3.3 ± 0.3% (α = 0.05; p <  10−3, one-way ANOVA, 
Tukey’s HSD test) as heterozygous and 5.3 ± 0.3% (α = 0.05; 
p <  10−8, one-way ANOVA, Tukey's HSD test) as homozy-
gous (Fig. 4B). Despite the greater fitness benefit of the 
homozygote mutations, only ira1-S700P lost heterozygo-
sity in the evolution experiment. Surprisingly, neither of the 
two SNT1 alleles provided a selective benefit in galactose 
or glucose. The heterozygous snt1-R1009K mutation is 
strongly deleterious, but it is neutral as a homozygote. The 
snt1-A592S shows the opposite pattern: the heterozygous 
mutation is neutral but homozygous mutation is deleterious 
(Fig. 4). As expected, the ploidy, glucose-evolved alleles 
of hsl1-A262P and ace2-R669* are more beneficial in glu-
cose although both alleles also improved fitness in galactose 
(Fig. 4 and Supplementary Fig. 3). Our results show that 

evolved mutations on SEC23 and IRA1 are beneficial only 
in the condition in which they arose.

Aneuploidies and CNVs are Common 
in Galactose‑Evolved Populations

In addition to point mutations, copy number variants (CNVs) 
and aneuploidies can contribute to adaptation (Gresham 
et al. 2008; Yona et al. 2012; Sunshine et al. 2015). To 
identify CNVs and aneuploidies in our galactose-evolved 
populations, we calculated the relative coverage across all 
16 chromosomes. We find that most of our evolved clones 
(28/46; 61%) have one or two extra copies of Chromosome 
VIII. In addition, we find one population with monosomy 
for Chromosome I (Fig. 5). We validated these findings by 
sequencing eight random clones by long-read sequencing 
(Supplementary Fig. 4A). Although the high occurrence of 
additional copies for Chromosome VIII strongly suggests 
an adaptive strategy under galactose, populations with extra 
copies do not correlate with higher fitness than euploid pop-
ulations (p = 0.56, Wilcoxon rank-sum test; Supplementary 
Fig. 4B).

In addition to loss or gain of entire chromosomes, we also 
detect large (> 40 kb) CNVs in our evolved clones, including 
eight unique amplifications and two deletions (Table 2 and 
Supplementary Fig. 5). We identified several populations 
with CNVs in the right arm of Chromosome II; however, in 
only population does the amplification include the GAL1-
GAL10-GAL7 gene cluster (Population A4, Chromosome 
II: 268,984–275,164). No other recurrent CNVs were iden-
tified that overlap with GAL genes (Table 2 and Supple-
mentary Fig. 5). In Populations A4 and B9, we identified 
duplication of genes associated with Ras/PKA signaling 
pathway; IRA1 (Chromosome II: 534,751–544,029) and 
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p < 10–4, (*) p < 10–3, and NS: not significant; one-way ANOVA, 
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RAS2 (Chromosome XIV: 440,898–441,866), respectively. 
Additionally, we found amplifications of regions containing 
hexose transporters genes; HXT14 (Population B9), HXT9, 
HTX8, HXT16 (Population G4), HXT4, HXT1, and HXT5 
(populations with aneuploidies for Chromosome VIII). 

These data demonstrate recurrent amplifications of regions 
that contain genes encoding hexose transporters, suggesting 
a potential adaptive mechanism in our galactose evolution. 
We do not, however, find a significant correlation between 
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Fig. 5  Aneuploidy on Chromosome VIII appears to be a parallel 
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ploidy of 96 clones, we calculated the median coverage across each 
chromosome compared to genome-wide coverage. Baseline ploidy is 

2 N. Aneuploidies are shown as filled red circles and labeled by name 
population. Empty circles indicate euploidy. Notably, duplication of 
Chromosome VIII occurred in 28 populations out of 46 populations

Table 2  Structural variants in galactose-evolved populations

Bolded population indicates that the CNV was found in all clones of the population
b Clones indicate the well ID followed by the clone number
c Populations with cross-contamination (See Supplementary Data)
1 Duplication of the GAL cluster. Coordinates: chrII. 268,984–275,164, W303 ref
2 Duplication of hexose transporters
3 Duplication of components of the Ras/PKA pathway

Chr Start (kb) Stop (kb) Length (kb) Copy number Class Cloneb

I 0 161,000 161 1 N Aneuploidy C61, C71c

II1,3 226,000 844,051 618 3 N CNV A41, A42c

II 666,000 836,000 170 3 N CNV B61, B62
II3 354,000 836,000 482 3 N CNV H71, H72
II 737,000 844,051 107 1 N CNV G71, G72
VII 749,000 1,092,105 343 3 N CNV D51, D52
VIII2 0 844,051 844 3 N & 4 N Aneuploidy G71, G72, G61, G62, D81, D82, F41, F42, F91, F92, B81, B82, 

A51, A52, G41, G42, G51, G52, C71c, C61c, F61c, F62c, F71c, 
C51, C52, H41, H42, F81, F82, E81, E82, B41, B42, C81, 
C82, D71, D72, B51, B52, G91, G92, D61, D62, A41c, A42c, 
E71c, E72c, A61, A62, C91, C92, E41, E42, C61c, C721c, 
D91, D92

X2 502,000 762,303 260 4 N CNV G41,G42
XI 0 297,000 297 3 N & 4 N CNV H91, H92, H82
XIII 379,000 750,000 371 3 N CNV F52
XIII 0 44,000 44 3 N CNV D41, D42
XIV2,3 0 479,001 479 3 N CNV B91, B92
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higher fitness and CNVs (p = 0.89, Wilcoxon rank-sum test; 
Supplementary Fig. 4B).

Changes in Copy Number of Extrachromosomal 
Elements and Reduction of the Killer Phenotype 
in Galactose‑Evolved Populations

In addition to evolution in the nuclear genome, we deter-
mined the extent to which cytoplasmic elements (the mito-
chondrial genome, the 2-micron plasmid, and the yeast 
dsRNA Killer virus) changed during evolution in galactose. 
Using read depth as a proxy, we estimated the copy num-
ber of mitochondrial DNA for each clone according to Chi-
ara et al. 2020. Estimates of mitochondrial copy number is 
highly correlated between clones from the same population 
(r = 0.928, p < 0.0001, Pearson correlation; Supplemen-
tary Fig. 7A). Most of the populations show a significant 
decrease in the mitochondrial copy number (p < 0.0001, 
Wilcoxon rank-sum test), with a global mean of ~ 8:1 mito-
chondrial to nuclear genomes (Supplementary Fig. 6A) and 
with only six galactose-evolved populations maintaining or 
increasing mitochondrial copy number (19:1 ratio between 
mitochondrial and nuclear genomes). In contrast mitochon-
drial copy number is maintained throughout evolution in 
glucose-evolved populations (Supplementary Fig. 7C).

Like mitochondrial copy number, our estimates of 
the 2-micron plasmid copy number are highly corre-
lated between clones from the same population (r = 0.66, 
p < 0.0001, Pearson correlation; Supplementary Fig. 7B). 
Our galactose-evolved populations show a drastic loss of 
2-micron copy number (from 133 initial copies to an aver-
age of 57 copies per every copy of the nuclear genome). 
Only three populations showed a higher 2-micron copy 
number than the ancestor (Supplementary Fig. 6B). We 
did not observe differences in reduction of 2-micron copy 
number between galactose and glucose-evolved populations 
(p = 0.43, Wilcoxon rank-sum test; Supplementary Fig. 7D). 
We also did not find correlation between reduction of mito-
chondrial DNA and 2-micron (r = -0.07, p = 0.48, Pearson 
correlation).

As a proxy for the loss of the killer toxin, we quanti-
fied killing ability in our populations (Buskirk et al. 2020). 
Similar with glucose evolution, we find that the majority of 
the populations (42/48) lost totally or partially the killer-
associated phenotype (Supplementary Fig. 6C, Supplemen-
tary Fig. 8). We did not observe a significant difference of 
the loss of the killer phenotype between both conditions 
(p = 0.17, Wilcoxon rank-sum test). Consistent with previous 
glucose evolution, reduction of the 2-micron and killing abil-
ity is also a common mechanism in our galactose evolution 
adaptation. In contract, mitochondrial DNA has recurrent 
losses only in galactose evolution.

Discussion

The genetic switch from glucose to galactose utilization in 
S. cerevisiae has been extensively studied (Acar et al. 2005, 
Ronen and Botstein 2006, van den Brink et al. 2009, Esca-
lante-Chong et al. 2015). However, the strategies for long-
term adaptation to galactose as a sole carbon source are not 
well understood. To determine how galactose affects adap-
tation in budding yeast, we evolved 48 diploid populations 
in rich galactose medium under identical conditions to our 
previous glucose evolution experiment (Marad et al. 2018). 
We show that fitness gains over the first 2,000 generations 
were greater in the galactose medium compared to glucose. 
We find that beneficial mutations in the galactose-evolved 
populations are beneficial in glucose medium but that the 
magnitude of the benefit is smaller. Similarly, glucose-
evolved mutations are strongly beneficial in glucose, but 
beneficial in galactose, suggesting that environment-specific 
selective pressures drive the fixation of specific mutations 
in each environment. These results are consistent with find-
ings of others showing a positive correlation between fitness 
in glucose and fitness in galactose (Chen and Zhang 2020; 
Jerison et al. 2020).

To identify the targets of selection during long-term 
growth on galactose, we sequenced two clones from each 
population after 4,000 generations. Several studies have 
identified functional variants in the GAL pathway that tune 
the response of the galactose pathway in natural populations 
(Roop et al. 2016; Lee et al. 2017; Boocock et al. 2021). It 
is, therefore, reasonable to expect laboratory adaptation to 
constitutive galactose to select for mutations in these same 
genes. While we did observe several mutations in the GAL 
pathway genes, we do not observe more mutations than 
expected by chance, and reconstruction experiments failed 
to identify a fitness advantage (Supplementary Fig. 3B).

We identify candidate targets of selection outside of the 
canonical galactose pathways, with SNT1, SEC23, and IRA1 
as the most significant hits. IRA1 is repeatedly observed as a 
target of selection across evolution experiments (Lang et al. 
2013; Fisher et al. 2018; Li et al. 2018; Johnson et al. 2021), 
whereas SNT1 is rarely observed (Fisher et al. 2018). SEC23 
has not been previously identified as recurrent mutated gene 
in glucose. These three genes show enrichment of missense 
and nonsense mutations consistent with being under selec-
tion in galactose. In diploid evolution experiments, ben-
eficial mutations are partially dominant or overdominant 
(Aggeli et al. 2022). Reconstruction of evolved alleles shows 
that ira1-S700P and sec23-R592I are partially dominant. 
Consistent with being partially dominant, we find that the 
allele ira1-S700P fixed as a homozygote. It is not surpris-
ing that sec23-R592I did not undergo loss of heterozygosity 
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since the majority of mutations in the evolved clones are 
heterozygous (1,444 of 1,529 mutations).

IRA1 is a negative regulator of the Ras/PKA signaling 
pathway, one of the best-known glucose-triggered signaling 
cascades (Tamanoi 2011; Broach 2012). The Ras pathway is 
a hotspot for functional variation owing to its role in regulat-
ing metabolic, transcriptional, and physiological responses 
to nutrient availability. Because of this, genes in the Ras 
pathway are common targets of selection in nearly all yeast 
evolution experiments including rich glucose medium (Lang 
et al. 2013), defined low glucose medium (Venkataram 
et al. 2016), as well as glucose-limited (Kvitek and Sher-
lock 2013) and nitrogen-limited (Hong and Gresham 2014) 
chemostats.

Mutations identified in experimental evolution are often 
pleiotropic, affecting fitness (either positively or negatively) 
in other environments (Ostrowski et al. 2005; Jerison et al. 
2020; Bakerlee et al. 2021). Mutations in the Ras pathway 
have been shown to result in fitness tradeoffs under alterna-
tive carbon sources (Hong et al. 2011; Hong and Nielsen 
2013) or prolonged starvation (Li et al. 2018). Here, we 
find that the galactose-evolved mutation, ira1-S700P, has 
a greater fitness benefit in galactose compared in glucose. 
These results suggest that though the Ras/PKA pathway is a 
general hub for adaptive mutations in all laboratory evolu-
tion experiments, individual mutations are condition spe-
cific, adjusting cell physiology match the environment.

Outside of the Ras/PKA pathway, the secretory pathway 
is another common target of selection in galactose. Apart 
from recurrent mutations in SEC23, we observe independent 
moderate-impact mutations in six more genes that encode 
secretory proteins. The endoplasmic reticulum has a role 
in maintaining metabolic homeostasis by sensing nutri-
ent availability (Fu et al. 2012). Another common target 
of selection is SNT1, which encodes a histone deacetylase. 
However, despite SNT1 being a common target of selection, 
neither of our reconstructed SNT1 mutations are beneficial 
on their own (Fig. 4). It is possible the presence of epistasis 
interactions between SNT1 mutations and the genetic back-
ground. The snt1-A1009S and snt1-V237I mutations arose 
in populations with mutations in ira1 and ira2, respectively. 
Genetic interaction among co-evolved mutations is common 
in experimental evolution (Fisher et al. 2019; Vignogna et al. 
2021).

Increasing the copy number of specific genes whose 
expression level is limiting is another common mode of 
adaptive evolution. For example, the amplification of trans-
porter and specific permeases are a recurrent adaptive mech-
anism to selection in medium limited for glucose (Gresham 
et al. 2008; Kao and Sherlock 2008), nitrogen (Hong and 
Gresham 2014), sulfur (Sunshine et al. 2015), or raffinose 
(Scott et al. 2017). An essential step in utilizing galactose 
is its transport achieved by Gal2p, a closely related hexose 

transporter (Boles and Hollenberg 1997). Notably, we did 
not detect any duplications of the transporter GAL2 located 
on Chromosome XII. Of the four CNVs on Chromosome II, 
only the largest one encompasses the GAL1-GAL10-GAL7 
gene cluster (Supplementary Fig. 5). We do, however, find 
that 61% of our populations have fixed aneuploidies on 
Chromosome VIII. We suggest that a strong adaptive advan-
tage in our populations can be explained by the amplification 
of hexose transporters on Chromosome VIII: HXT4, HXT1, 
and HXT5. Under galactose conditions, selection for spon-
taneous duplication of Chromosome VIII may favor nutrient 
transporters, leading to more efficient nutrient uptake into 
central metabolism (Torres et al. 2007). We only detected 
one point mutation in any of the HXT genes (a single mis-
sense mutation in HXT3).

Most of the observed adaptive processes have focused 
on the nuclear genome. Little is known about the evolution 
of extrachromosomal elements in different environments. 
Changes in copy number can give us a first light of whether 
these elements are under selection or not. Recently, Johnson 
et al. 2021 showed the recurrent loss of 2-micron plasmids 
and reduction of the killer phenotype of the Killer virus 
under rich glucose and synthetic complete media. Here we 
find a similar pattern in 2-micron plasmids and Killer-asso-
ciated phenotypes in galactose-evolved populations (Supple-
mentary Fig. 6). The selective benefit decreasing 2-micron 
copy number are unclear; however, we previously showed 
that the loss of Killer virus occurs due to an intracellular fit-
ness advantage of viruses that do not produce toxin (Buskirk 
et al. 2020).

We observe multiple losses of mitochondrial DNA (Sup-
plementary Fig. 6). When growing on galactose, S. cerevi-
siae does not exhibit a Kluyver effect (inability to grow on 
and ferment sugars under anaerobic conditions). Therefore, 
it can consume galactose under respiration and fermentation 
(van den Brink et al. 2009). The existence of this respiration-
dependent assimilation of sugars is an essential link between 
mitochondria and sugar utilization (Quarterman et al. 2016). 
The reduction of mitochondrial genome copy number may 
indicate that the evolved populations are increasing fermen-
tation relative to respiration. Mitochondrial genome copy 
number, however, is dynamic with considerable strain-to-
strain variation (Galeota-Sprung et al. 2022). We, therefore, 
cannot determine if the changes we observe are adaptive or 
are a secondary response to changes in growth.

Overall, we find that long-term adaptation to growth 
on galactose is driven mainly by mutations outside of the 
canonical GAL pathway. Specifically, we identify Ras/PKA 
signaling as a major target of selection, as it is in nearly all 
environments. We find that glucose and galactose-evolved 
alleles are more beneficial in the condition in which they 
arose. Unlike in glucose-evolved populations, we find recur-
rent aneuploidy for Chromosome VIII suggestion a potential 
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role in galactose adaptation by increasing the copy number 
of HXT genes. We observe a reduction in 2-micron copy 
number, mitochondrial copy number, and killing ability 
across our evolved populations.

Methods

Strains Construction

All strains used in this study are derived from the W303 
background (ade2-1, CAN1, his3-11, leu2-3,112, trp1-
1, URA3, bar1Δ::ADE2, hmlαΔ::LEU2, GPA1::NatMX, 
ura3Δ::pFUS1-yEVenus). All the derivative strains are 
identified by their yGIL prefix and the number in the Lang 
Lab yeast collection. Mutant strains were constructed using 
CRISPR-Cas9 as described previously (Fisher et al. 2019). 
Repair oligonucleotide templates were generated by ampli-
fying 500 bp gBlocks (IDT) that contained the point muta-
tion and a synonymous PAM site substitution. We co-trans-
formed a high-copy plasmid that contains the Cas9 gene 
and the guide RNA expression cassette (pML104; Addgene 
#67,638) (Laughery et al. 2015) and the linear repair tem-
plate into yGIL432 (MATa) and yGIL646 (MATα) strains. 
We designed the following sgRNA; snt1-A168S (5ʹ-TGG 
AGC GTTT GAT AAT GCCG AGG-3ʹ), snt1-R1009K (5ʹ-
ATG GCT CTAT AAG ACC ATTT GGG-3ʹ), sec23-R592I 
(5ʹ-TTG GGA TCTT CTT AAA TAAT AGG-3ʹ), and ira1-
S700P (5ʹ-GAA GAG ATTC TAC AAC TTGT TGG-3ʹ). 
After editing, we removed the plasmid on media containing 
5-FOA. Diploid mutants were generated by crossing each 
mutant strain with the opposite mating type mutant strain or 
wild-type strain to produce homozygotes and heterozygotes, 
respectively. Crosses were sporulated to confirm diploid 
strains. All plasmids and strain construction were confirmed 
by Sanger sequencing (Genscript).

Evolution Experiment

Long-term evolution was performed as described previ-
ously (Marad et al. 2018). Briefly, the ancestral diploid 
strain, yGIL672, was grown to saturation in YPD (yeast 
extract, peptone, dextrose) medium. A dilution of 1:210 was 
used to seed 48 replicate populations in a single round bot-
tom 96-well plate. The cultures were propagated for 4,000 
generations in YPGal medium (yeast extract, peptone, 2% 
galactose) containing ampicillin (100 mg/mL) and tetracy-
cline (25 mg/mL) to prevent bacterial contamination. The 
cultures were incubated at 30 °C in an unshaken 96-well 
plate. Every 24 h, the populations were diluted 1:1,024 by 
serial dilution 1:32 (4 μl into 125 μl) × 1:32 (4 μl into 125 μl) 
into a new YPGal 96-well plate. This regime corresponds to 
10 generations of growth per day at an effective population 

size of ~  105. The long-term experimental evolution was per-
formed using the Biomek Liquid Handler. Approximately 
every 50 generations, populations were cryo-archived in 15% 
glycerol at − 80 °C.

Competitive Fitness Assays

To measure the effect of evolved mutations we used flow-
cytometry-based competitive fitness assay as described pre-
viously (Buskirk et al. 2017). We used for the competition 
the reference strains; yGIL519 (MATa), yGIL699 (MATα), 
and yGIL702 (MATa/α). These strains have the ancestral 
background with constitutive ymCitrine integrated at the 
URA3 locus. For all the evolved alleles, we performed the 
competition in YPD and YPGal under identical conditions. 
Diploid and haploid strains were competed in independent 
96-well plates in an identical fashion to the evolution experi-
ment. The reference and the experimental strains were mixed 
1:1 at Generation 0 using a Biomek Liquid handler. The 
assays were performed for 50 generations and sampled every 
10 generations. To measure density using flow-cytometry 
(BD FACSCanto II), we transferred 4 µL of each sample 
into 60µL of PBS and stored at 4 °C for 1 day. Data were 
analyzed in FlowJo 10.3. The selective coefficient was cal-
culated as the slope of the change in the natural log ratio 
between query and reference strains. For each fitness meas-
urement, we performed between 4–6 independent biological 
replicates and one technical replicate.

Whole‑Genome Sequencing

Each population, from generation 4,000, was struck to sin-
gles colonies on YPGal and two clones were isolated for 
sequencing. Clones were grown to saturation in YPGal 
and total genomic DNA was isolated for each sample using 
phenol–chloroform extraction and ethanol precipitation. 
We used the Nextera sequencing library preparation kit 
as described previously (Buskirk et al. 2017). Sequencing 
was performed on an Illumina HiSeq 2500 sequencer with 
150-nucleotide paired-end reads by the Sequencing Core 
Facility within the Lewis-Sigler Institute for Integrative 
Genomics at Princeton University.

The Oxford Nanopore MinION Genomic DNA Sequenc-
ing Kit (SQK-LSK109) was used to prepare the DNA librar-
ies of 8 evolved clones. Briefly, we performed DNA extrac-
tion using a QIAGEN 100/G. One microgram of DNA per 
sample was diluted in 48µL of water. End-repair was per-
formed using NEBNext FFPE Repair Mix and the product 
was purified using 60 μl of Agencourt AMPure XP beads. 
End-prepped gDNA was quantified using the Qubit High 
Sensitivity assay. dA-tailing was performed using NEBNext 
dA-tailing module. A ligation reaction was then performed 
by adding 2.5µL of the Native Barcode (EXP-PBC001 and 
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EXP-PBC096) and 25µL of Blunt/TA Ligase Master Mix. 
The adapter-ligated DNA was purified using Agencourt 
AMPure XP beads and washed with long fragment buffer. 
DNA was quantified using a Qubit and then loaded on to 
Minion R9.4.1 (product code FLO-MIN106D R9) flow cells.

Sequencing Analysis Pipeline

Raw Illumina sequencing data were concatenated and 
demultiplexed using barcode_splitter 0.18.6 from L. Par-
sons (Princeton University). Adapter sequences were 
trimmed using trimmomatic/0.36 (Bolger et al. 2014) using 
PE -phred33 parameter. Each sample was aligned to the 
complete and annotated W303 genome (Matheson et al. 
2017) using BWA-MEM, v.0.7.15 (Li and Durbin 2009). 
Each clone was sequenced to an average depth of approxi-
mately 50X coverage (Supplementary Fig. 1). Common 
variants were called using FreeBayes/1.1.0 (Garrison and 
Marth 2012), using default parameters. Variants common 
were filtered using the VCFtools/0.1.15 vcf-isec function 
(v.0.1.12b). Individual VCF files were annotated using 
SnpEff/5.0 using -formatEff flag (Cingolani et al. 2012). 
Manually we did a more punctual filtering of common 
variants by viewing BAM files using Integrated Genome 
Viewer (Broad Institute). We removed the variant calls found 
in low complexity regions (TY elements, centromeres, and 
telomeric regions) and with less than 5X coverage. Only 
nuclear mutations were analyzed. We used R package idi-
ogramFISH to plot the distribution of our evolved muta-
tions. Zygosity was determined by establishing a cut-off of 
mutation frequency values above 0.9 and p-values < 0.001. 
If both parameters were satisfied, we called those muta-
tions homozygous. Copy Number Variants (CNVs) were 
identified using ControlFREEC version 11.5 (Boeva et al. 
2012). All the.txt outputs were merged into one data frame 
to remove all the common calls. We applied the following 
criteria to filtered CNVs: the variant is calling more than 
10 times, had length less than 5 kb, and variants that were 
located close to telomeres and centromeres (5 kb of dis-
tance) regions. CNVs and aneuploidies were corroborated 
by visual inspection of chromosome coverage plots created 
in R. Briefly, we used samtools-depth to calculate per-site 
depth from the sorted-bam files. We divided the median 
chromosome coverage by the median genome-wide cover-
age using non-overlapping 1000 bp window size and 500 nt 
step size. The total coverage of the genome was normalized 
to 2 (diploid population). The same analysis was used to esti-
mate copy number of the 2-micron plasmid. Copy number 
of mitochondrial DNA was estimated using the same sliding 
window approach but only from the ATP6, COX2, and COX3 
regions (De Chiara et al. 2020) to avoid overcounting the 
highly repetitive sequences in the mitochondrial genome. 
For Nanopore sequencing, we performed basecalling and 

demultiplex barcode using guppy/3.1.5. We aligned reads to 
the S288C reference using the long-read mapper ngmlr/0.2.7 
and identified structural variants using Sniffles (Sedlazeck 
et al. 2018). To visualize chromosome coverage, we used 
the same methodology described for Illumina data. For glu-
cose-evolved populations, we performed the same analysis 
as galactose. However, the whole-genome sequencing was 
performed at Generation 2,000.

Gene Ontology analysis was conducted using Gene 
Ontology Term Finder (https:// www. yeast genome. org/) and 
PANTHER (http:// panth erdb. org/), both analysis were con-
ducted on Sep, 2022.

Identification of Common Targets

The p-values of coding genes hit by a mutation just by 
chance were calculated using the Poisson distribution 
(Fisher et al. 2018). We determined the probability that 
chance alone explains the observed number of mutations 
across all 5,800 genes by assuming a random Poisson dis-
tribution of CDS mutations weighted by the length of the 
gene across the 8,453,525 bp genome-wide CDS. First, we 
determined p-values of the 1,040 CDS mutations without 
mutation type distinction. However, to increase the statisti-
cal power, we also performed the same statistical analysis 
but focus on nonsynonymous CDS mutation. Final common 
targets of selection were defined as genes with three or more 
nonsynonymous CDS mutations and a corresponding prob-
ability of less than 0.1%. To determine if the targets of selec-
tion are unique to galactose, we compare the p-values with 
prior glucose evolution experiments (Marad et al. 2018). 
To determine the targets of selection for each condition, we 
calculated the ratio between probabilities (Supplementary 
Data).

Halo Assay

Killer phenotype was performed using the protocol 
described previously (Buskirk et  al. 2020). Assay was 
performed using YPD agar that had been buffered to pH 
4.5 (citrate–phosphate buffer), dyed with methylene blue 
(0.003%), and poured into a 1-well rectangular cell cul-
ture plate. Killing ability was assayed against a hypersen-
sitive tester strain (yGIL1097). The hypersensitive tester 
was grown to saturation, diluted 1:10, and spread (150 ml) 
evenly on the buffered agar. Glucose and galactose-evolved 
populations were grown to saturation, concentrated five-fold, 
and spotted (2 µL) using liquid handler (Biomek FX). Plates 
were incubated at room temperature for 3 days before assess-
ment. Killer phenotype was scored according to the scale as 
shown in Buskirk et al. 2020.

https://www.yeastgenome.org/
http://pantherdb.org/
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Statistical Analyses

All statistical analyses reported were performed using tools 
in the R Stats package in R v.4.0.2. All plots were produced 
in R using the ggplot2 package (Wickham et al. 2016).

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00239- 022- 10079-9.
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