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Abstract 
Adaptation is driven by the selection for beneficial mutations that provide a fitness advantage in the 

specific environment in which a population is evolving. However, environments are rarely constant or 

predictable. When an organism well adapted to one environment finds itself in another, pleiotropic effects 

of mutations that made it well adapted to its former environment will affect its success. To better 

understand such pleiotropic effects, we evolved both haploid and diploid barcoded budding yeast 

populations in multiple environments, isolated adaptive clones, and then determined the fitness effects of 

adaptive mutations in “non-home” environments in which they were not selected. We find that pleiotropy 

is common, with most adaptive evolved lineages showing fitness effects in non-home environments.  

Consistent with other studies, we find that these pleiotropic effects are unpredictable: they are beneficial 

in some environments and deleterious in others. However, we do find that lineages with adaptive 

mutations in the same genes tend to show similar pleiotropic effects. We also find that ploidy influences 

the observed adaptive mutational spectra in a condition-specific fashion. In some conditions, haploids and 

diploids are selected with adaptive mutations in identical genes, while in others they accumulate 

mutations in almost completely disjoint sets of genes.  
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Introduction 
New mutations inevitably arise in all populations. Some will be beneficial, some will be neutral 

and have no effects, while others will even be deleterious and be selected against. But when and where 

such mutations arise may be just as important at shaping their fate as the mutations themselves. Real 

world environments are constantly changing, in both somewhat predictable ways (e.g. diurnal rhythms, 

seasonal fluctuations) and unpredictable ways (e.g. local weather) that can affect temperature, light, the 

availability of nutrients and water, salinity, pH, and many other environmental variables. Importantly, 

such environmental changes can influence adaptive outcomes (Boyer et al., 2021; Gorter et al., 2017; 

Cairns et al., 2022). One approach for investigating how changing environments can affect the fate of 

mutations, and thus evolutionary outcomes, is to determine whether populations adapted to a particular 

environment are well- or mal-adapted to others. That is, how conditional is adaptation?, and what are the 

pleiotropic consequences? - i.e. how do genotypes well-adapted to one environment fare in others? Do 

they show trade-offs, suggesting that they are specialists for their adaptive environment, or are they fit 

across many environments, suggesting instead that they may be generalists. Classically, pleiotropy is 

defined as when a gene influences two or more traits. However, it is often unclear what the traits 

influenced by a gene are. Thus, in this work we instead define a mutation’s pleiotropic profile as its 

vector of fitnesses across a set of environments, and determine the presence of pleiotropy predicated on 

non-neutral fitness in one or more non-home environments. 

The idea of a genotype resulting in different fitnesses in different environments has its roots in 

early botany experiments, first carried out a century ago by Gotë Turesson (Turesson, 1922), who noted 

that ecotypes of a species seemed best adapted to their native environment. This concept was later 

extended by Clausen and colleagues (Clausen, Keck, and Hiesey, 1948), whose now classic reciprocal 

transplant experiments showed that plants that are adapted to a particular environment were more fit in 

that environment than those adapted elsewhere, and vice versa. The development of new technologies, 

such as the gene deletion collection in the budding yeast Saccharomyces cerevisiae, has enabled the 

measurement of the fitness of thousands of defined genotypes across multiple environments (e.g. 

Steinmetz et al., 2002, Deutschbauer et al., 2005, Hillenmeyer et al., 2008, Giaever and Nislow, 2014 for 

review), including different drug treatments and nutrient deprivations. These studies revealed that many 

gene deletions show pleiotropic effects and are often beneficial in some environments yet deleterious in 

others. However, the deletion collection consists of gene knock-outs instead of mutations acquired 

through evolution; thus, it has limited power to reveal how adaptive mutations selected in a particular 

environment fare in another. 
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Experimental microbial evolution combined with high throughput sequencing and barcoded 

lineage tracking provides a powerful approach for testing evolutionary theory and has yielded substantial 

insights into the evolutionary process. These insights include detailed descriptions of evolutionary 

dynamics (Paquin and Adams, 1983; Kao and Sherlock, 2008; Paquin and Adams, 1983; Kvitek and 

Sherlock, 2013; Payen et al., 2014; Lang et al., 2013; Levy et al., 2015; Good et al., 2017, Blundell et al., 

2019; Johnson et al., 2021), adaptive mutational spectra (Gresham et al., 2008; Tenaillon et al., 2012; 

Venkataram et al., 2016; Hong and Gresham, 2014; Cooper et al., 2014; Lind et al., 2015), the 

distribution of fitness effects (DFE) for adaptive mutations (Levy et al., 2015; Aggeli et al., 2021; 

Avecilla et al., 2022; Böndel et al., 2022), epistasis of adaptive mutations (Khan et al., 2011; Chou et al., 

2011; Kvitek and Sherlock, 2011; Rojas Echenique et al., 2019; Kryazhimskiy et al., 2014; Jerison and 

Desai, 2015; Johnson et al., 2019), and even the origins of multicellularity (Ratcliff et al., 2012, Ratcliff et 

al., 2013, Ratcliff et al., 2015; Herron et al., 2019), among others. Experimental evolution is usually 

carried out in either a constant environment (Abdul-Rahman et al., 2021; Hart et al., 2021; Larsen et al., 

2019; Gresham and Dunham, 2014) a periodically cycling environment (such as by serial transfer), or an 

environment in which an experimental variable is changing monotonically over space (Baym et al., 2016) 

or time (Toprak et al., 2011; Chevereau et al., 2015; Leyn et al., 2021).  

Experimental evolution has also begun to answer questions related to pleiotropy by measuring the 

fitness of mutants evolved in one environment in another (see Cooper, 2018; Long et al., 2015; Jerison 

and Desai, 2015; Brettner et al., 2022; Jagdish and Nguyen Ba, 2022; McDonald, 2019 for reviews). 

Early work (Cooper and Lenski, 2000) showed that E. coli evolved for 20,000 generations often lost 

various catabolic functions, though it was unclear whether such loss was due to pleiotropy of adaptive 

mutations, or instead was the result of additional non-adaptive mutations due to mutation accumulation. 

Subsequent work (Bennett and Lenski, 2007) demonstrated that E. coli evolved at 20°C often, but not 

always, showed reduced fitness at 37°C, suggesting that the adaptive mutations resulted in trade-offs, yet 

confoundingly that such trade-offs did not always manifest. More recently, using pooled fitness 

measurement with barcoded lineages, trade-offs have been demonstrated even between different phases of 

the yeast growth cycle (Li et al., 2018), likely in large part due to the existence of Pareto fronts 

constraining performance between different pairs of growth cycle traits (Li et al., 2019). A detailed 

analysis of barcoded yeast adaptive mutants, selected for improved fitness in glucose limited medium, 

showed that adaptive mutants selected in one environment frequently showed trade-offs in other 

environments, suggesting that pleiotropy may be global (Kinsler et al., 2020). 

Two recent papers have sought to directly and systematically address the pleiotropy and trade-

offs of adaptive mutations, both in yeast. The first showed that when haploid populations were 

independently evolved in many different environments, the fitness consequences in environments in 
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which they were not evolved were largely unpredictable – that is, whether a population evolved 

specialists or a generalist phenotype was largely due to chance (Jerison et al., 2020). The second 

(Bakerlee et al., 2021) showed that replicate populations evolving independently displayed very similar 

pleiotropic profiles within the first few hundred generations, but that variability in pleiotropic effects 

tended to increase among populations over evolutionary time with the extent of that variability depending 

on the evolution environment. However, these studies focused on populations over time, and many 

mutations accumulated in those populations. Follow up work on specific individual mutations that arose 

in such populations and what their pleiotropic effects are is currently lacking. 

To characterize the trade-offs and pleiotropic effects of specific individual adaptive mutations, we 

experimentally evolved both haploid and diploid barcoded Saccharomyces cerevisiae populations in 

multiple environments, identified adaptive mutations via whole genome sequencing, then performed 

pooled fitness remeasurement assays in 12 environments across a broad range of perturbations such as 

change in temperature, pH, and antifungal drugs (Table 1). These data allowed us to observe how ploidy 

and environment influence the observed adaptive mutational spectrum and how the evolution (“home”) 

environment influences the dynamics of adaptation and pleiotropic effects of specific adaptive mutations 

in novel (“non-home”) environments. We find that ploidy influences the observed adaptive mutational 

spectra in a condition-specific fashion. In some conditions, haploids and diploids are selected with 

adaptive mutations in identical genes, while in others they accumulate mutations in almost completely 

disjoint sets of genes. We also find that pleiotropy is common, with most adaptive evolved lineages 

showing fitness effects in non-home environments, and that these effects are beneficial in some 

environments and deleterious in others. Consistent with other studies, we find that pleiotropic effects are 

unpredictable, although we do find that lineages with specific individual adaptive mutations in the same 

genes tend to show similar pleiotropic effects. 

Results 

Experimental Design and Overview 

To orient the reader, we first provide an overview of the entire set of experiments, then in 

subsequent sections describe each part in detail. To investigate adaptation and its pleiotropic 

consequences, we designed a double barcode system (Supplemental Figure 1), in which one barcode is 

intended to encode the environment within which a lineage will be evolved and the other is used for 

lineage tracking within each evolving population (as in Levy et al., 2015). This approach was devised 
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such that we could pool evolved lineages from multiple evolutionary conditions, and use their barcodes to 

measure fitness across multiple conditions and not be concerned about DNA barcode sequence collisions 

between adaptive clones isolated from different evolution conditions. We generated double barcoded 

populations of both haploid and diploid S. cerevisiae such that we had sufficient barcode complexity to 

track hundreds of thousands of lineages evolving in each condition. We evolved both haploid and diploid 

barcoded yeast populations in 12 conditions in duplicate. We chose the evolution environments with the 

goal of spanning a wide variety of conditions that had varying timescales of adaptation, different 

environmental or chemical perturbations, or alternative carbon sources (see Materials and Methods, Table 

1 and Supplemental Table 1). For each evolution condition (“home” environment), we tracked the 

frequency of barcodes by amplicon sequencing for one or both of the replicates every 8-24 generations, 

allowing us to observe the extent of adaptation and to estimate which lineages were likely to contain 

beneficial mutations. From each evolution condition, we isolated barcoded lineages from a timepoint at 

which we determined, if possible, that there was substantial adaptation (see Methods; Supplemental Table 

1) and whole-genome sequenced lineages to identify the mutations that arose during the evolution. We 

then conducted a bulk fitness assay (BFA) in which we pooled the isolated lineages into three different 

pools and measured their fitness in up to 10 of the original evolution conditions (Levy et al., 2015), 

capturing their fitness effects in their evolution (“home”) environment, as well as the pleiotropic 

consequences of those mutations in other “non-home” environments (Figure 1). 

Evolution of Haploid and Diploid Barcoded Yeast Populations in 

Diverse Environments 

Barcoded haploid and diploid yeast populations were evolved in 12 different environments (Table 

1) each for up to 440 generations. We isolated ~100-750 unique lineages from each evolution condition. 

Based on barcode lineage tracking data (Supplemental Figure 2), we decided to focus on adaptive clones 

isolated from three of the conditions, from each of which we were able to isolate more than 30 lineages 

with identifiable mutations from both haploid and diploid evolutions (Supplemental Table 2). These 

conditions were: treatment with the antifungal drug clotrimazole (2 mg/L), treatment with the antifungal 

drug fluconazole (4 mg/L), and growth in non-fermentable carbon sources: glycerol and ethanol (2% 

glycerol plus 2% ethanol). 

In both the diploid and haploid populations evolved in the clotrimazole environment, we observed 

rapid adaptation, with adaptive lineages largely taking over the population within the first 16-24 

generations. Similarly, in the fluconazole evolution (fluconazole), both the diploid and haploid 

populations showed rapid adaptation, though the most abundant lineages that took over the population did 
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so more slowly than in the clotrimazole evolutions, suggesting that at these drug concentrations the 

selective pressure is stronger in clotrimazole. By contrast, the diploid population evolved in 

glycerol/ethanol evolved more slowly than those in the presence of azole drugs, with the most abundant 

lineage only exceeding 1% frequency by generation 160. Finally, in the haploid population evolved in 

glycerol/ethanol, we observed a single lineage grow to ~50% of the population by generation 150, though 

several lineages exceeded 1% in frequency. Similar to the diploid population evolving in glycerol/ethanol, 

these data suggest that adaptation to glycerol/ethanol (2% glycerol + 2% ethanol) is a relatively weak 

selection compared to evolution in the presence of an antifungal drug. 

The beneficial mutational spectrum can be ploidy dependent 

To determine the adaptive mutational spectra for each of the six focal populations (3 

environments and 2 ploidies per environment), we isolated clones from the time points indicated 

(Supplemental Table 1) and performed whole-genome sequencing and variant calling (see Methods). 

While many of these lineages had multiple mutations, we identified presumptive adaptive targets (see 

Methods) and in so doing, determined the adaptive mutational spectrum for each of the haploid and 

diploid populations in the three focal evolution conditions: clotrimazole, fluconazole, glycerol/ethanol. 

We identified a total of 160 unique mutations in 25 different genes; most of them were single nucleotide 

polymorphisms leading to a missense or nonsense mutation (Table 2).  

Across these three evolution conditions, we observed that the overlap between adaptive targets 

for haploid and diploid populations is condition specific (Figure 3). For example, in clotrimazole, we 

observed only two adaptive gene targets, PDR1 and PDR3, both of which acquired numerous missense 

mutations irrespective of ploidy, suggesting that these mutations are likely hypermorphic and either 

dominant or co-dominant. Both PDR1 and PDR3 are known targets for multidrug resistance and such 

resistance is typically acquired by single missense mutations (e.g. Ksiezopolska, 2021). However, in 

fluconazole and glycerol/ethanol conditions, we observed adaptive targets common to both ploidies as 

well as numerous genes whose mutation was ploidy specific. For example, in glycerol/ethanol, genes in 

the Ras/cAMP pathway were targets in both haploids and diploids, such as IRA1 and IRA2, which are also 

known targets of adaptation in glucose limited conditions (Venkataram et al., 2016), where they exert a 

substantial fraction of their fitness benefit during the respiration phase of the growth cycle (Li et al., 

2018); by contrast, genes involved in heme biosynthesis (HEM2, HEM3) and sensing (HAP1) are 

adaptive targets only in diploids. These patterns reveal that although many gene targets are shared 

between haploid and diploid populations there are gene targets whose fitness effects differ by ploidy.  
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Fitness Effects of Mutations in Multiple Conditions are Reproducible and 

Robustly Measured 

To determine the pleiotropic effects of the identified mutations in other environments, we pooled 

mutant lineages from all the evolutions into 3 different pools for bulk fitness remeasurement. One pool 

solely contained lineages that arose in diploids (dBFA), the second pool solely contained lineages that 

arose in haploids (hBFA), and the third pool contained a combination of both haploid and diploid evolved 

lineages (cBFA) that are also shared with dBFA and hBFA. (Supplemental Table 1). We measured, in 

triplicate for dBFA and cBFA, and duplicate for hBFA, the fitness of the lineages within each pool in the 

12 environments listed in Table 1, including in their original evolution condition. The fitnesses were 

estimated using the frequency trajectories of each barcoded lineage (Methods, Supplemental Figure 3 LT 

for each BFA) and fitnesses for each replicate of a pool correlate well with one another (Supplemental 

Figure 4, Rep v Rep). The lineages adapted to clotrimazole rapidly took over the BFA populations grown 

in the clotrimazole containing fitness remeasurement experiment such that it was not possible to obtain a 

reliable fitness estimate for lineages in the BFAs grown in clotrimazole. Nonetheless, lineages with 

different barcodes but with identical mutations have similar fitness estimates in each condition. For 

example, multiple lineages with distinct barcodes from the glycerol and ethanol condition that carry the 

same mutation, GPB2-Q602*, have very similar fitnesses across all of the test environments 

(Supplemental Figure 6). Thus, the fitness estimates are reproducible. 

Pleiotropy is common, strong, and variable 

To characterize pleiotropy, we examined the fitness profiles for each lineage isolated from the 3 

focal conditions: clotrimazole (2 mg/L), fluconazole (4 mg/L), and alternative carbon source of 2% 

glycerol and 2% ethanol. Analysis of the fitness data for the lineages isolated from these three conditions 

revealed several different modes of adaptation with a variety of pleiotropic effects. We examined these 

pleiotropic effects through pairwise comparisons between mutant lineages’ fitnesses in their home 

environment and their fitnesses in all non-home environments (Supplemental Figure 5). We find that a 

majority of lineages are not neutral in non-home environments when grown in the bulk fitness assay, 

suggesting that pleiotropy is common. 

Not only is pleiotropy common, but it is also strong. We defined pleiotropy as present when a 

mutation has some fitness effect (fitness ≠ 0) in non-home environments and absent when a mutation has 

no fitness effect (fitness = 0, within the bounds of measurement noise) in any non-home environments. In 

our bulk fitness assays, we observed lineages that have high fitnesses in both home and some non-home 
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environments. For example, some diploid lineages evolved in glycerol/ethanol when remeasured in 

fluconazole had fitnesses comparable to diploid lineages evolved in fluconazole with the top 10% highest 

fitnesses in fluconazole (Supplemental Figure 8). We also observed lineages that have high fitness in the 

home environment, with a deleterious fitness in one or more non-home environments. For example, 

haploid and diploid lineages adapted in glycerol/ethanol have a negative fitness in pH 7.3. The strength of 

the pleiotropic effects are environment-dependent and adaptive mutations can be beneficial, neutral or 

deleterious in non-home environments.  

Lastly, we also observed that pleiotropy can vary greatly. For some environments, we observed 

that all mutations that arose from the same evolution, regardless of gene, have similar patterns of 

pleiotropy. Such a pattern is observed in the diploid mutant lineages that arose in clotrimazole, which all 

had strong positive fitness effects in clotrimazole and fluconazole yet were mostly neutral/slightly 

deleterious in all other environments. However, we also observe instances in which mutations selected for 

in a given home environment, even in the same gene, do not have the same pleiotropic profiles. For 

example, in haploid populations evolved in fluconazole, mutations in CSG2 have similar profiles except 

when remeasured in 37°C and glycerol/ethanol. CSG2-G258C is deleterious at 37°C, and has neutral 

fitness in glycerol/ethanol, while the other CSG2 mutations, CSG2-E234D and CSG2-S28F, have neutral 

fitness at 37°C and positive fitness in glycerol/ethanol. We see similar fitness variability in the mutations 

observed in HAP1 and SUR1. Pleiotropic effects are environment dependent – what is adaptive in one 

environment may be adaptive in some environments but also maladaptive in others. 

Adaptation can be cost-free 

While adaptation can lead to pleiotropic effects that are common, strong, and variable, such 

adaptation can even be cost-free. To further examine pleiotropy, we generated fitness profiles (Figure 4) 

containing each lineage’s fitness estimate across environments. We observed that diploid lineages 

evolved in clotrimazole containing a PDR1 mutation are highly fit (fitness > 0.2) in both the home 

environment and in fluconazole, yet have a deleterious fitness (fitness < -0.018) in pH 7.3. On the other 

hand, PDR3 mutant lineages evolved in clotrimazole are also highly fit (fitness > 0.2) in both the home 

environment and fluconazole but instead are less deleterious in pH 7.3. There are two exceptions to the 

PDR1 lineages, PDR1-L278V and PDR1-C862Y+, both of which are more like the PDR3 mutant lineages 

in their fitnesses. Adaptive haploid lineages evolved in clotrimazole all show positive fitness in 

fluconazole, which is a very similar condition to clotrimazole. Many of these lineages also have mutations 

in PDR1 and similarly show a trade-off in the pH 7.3 condition. Similar to the diploid evolutions, there 

are several haploid lineages with mutations in PDR3 that show mild positive fitness in fluconazole yet 
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near neutral fitness in all other environments, suggesting cost-free adaptation. However, not all lineages 

with PDR3 mutations have such cost-free adaptation. Similarly, in the haploid lineages that evolved in 

fluconazole treatment, two CSG2 mutations result in cost free adaptation, with both CSG2-S26F and 

CSG2-E234D either being near neutral or conferring a small benefit in the non-home environments. 

Finally, we see a similar pattern with the HAP1-V1471 insertion haploid mutant, which is fit in its home 

environment (fluconazole), almost equally as fit in glycerol/ethanol, and has either positive or near neutral 

fitness in all other environments. These examples reveal that cost free adaptation across a range of 

substantially dissimilar environments is possible, at least across the conditions in which we remeasured 

fitness.  

Pleiotropy varies according to mutated gene 

Although we observed that pleiotropy is strong, common, and variable, patterns of pleiotropy are 

also often dictated by the gene in which the mutation is found. For example, haploid lineages adapted in 

glycerol/ethanol with mutations in IRA1 show the same pattern of fitness effects across conditions 

(Supplemental Figure 6). Furthermore, lineages with mutations in IRA1’s paralog, IRA2, show the same 

pattern of fitness effects. Both IRA1 and IRA2 participate in the Ras pathway suggesting that this pattern 

may hold true for all genes that participate in this pathway. However, we instead see that lineages with 

mutations in GPB2, another gene in the Ras pathway, have a distinct pattern compared to the lineages 

with mutations in IRA1 or IRA2, which was also seen in Kinsler et al., 2021. This suggests that pleiotropic 

patterns can be gene specific. If lineages isolated from the same home environment have similar 

pleiotropic profiles, this suggests that the selection pressure of the environment is the main driver leading 

to a specific profile. However, if all the adaptive lineages for a given environment do not have similar 

profiles, this suggests that pleiotropy is influenced by other factors. Here, we see that even lineages 

adapted to the same home environment and with mutations in genes that participate in the same biological 

pathway (Ras pathway) have different profiles, suggesting that environment is not the main driving force 

of pleiotropy, but instead pleiotropy varies according to target genes and not environment alone. 

Discussion 
To characterize the various factors that influence pleiotropy, we evolved both diploid and haploid 

yeast populations in multiple different environments and then assayed the fitness of the adaptive lineages 

in up to 12 different environments. We characterized mutant lineages by their pleiotropic profiles – the 

vector of fitnesses from a broad range of non-home environments. Consistent with prior work (Jerison, et 
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al., 2021), we observed variability in the pleiotropic effects that could be attributed to many factors, 

including the evolving “home” environment, the strength of selection, ploidy, and even chance . 

While work has been done to study the factors that influence pleiotropy, these studies have yet to 

investigate ploidy as a potential source of variation. We found that ploidy affects the genes in which 

mutations are selected during evolution, as seen in the different mutational spectra between haploid and 

diploid populations evolved in glycerol/ethanol and fluconazole (Table 2). We also see different trade offs 

between haploid and diploid populations evolved in the same environment. For example, in 

glycerol/ethanol, the haploid adapted lineages have a trade off at 37°C but the diploid adapted lineages do 

not (Supplemental Figure 11). However for clotrimazole treatment, this is not the case: we see the same 

genes targeted in both haploid and diploid populations evolved in clotrimazole, and we observe that 

ploidy does not necessarily affect pleiotropy. The mutation PDR1-Y864H, which arose in both haploid 

and diploid populations evolved in clotrimazole,showed similar pleiotropic profiles in both ploidies. The 

haploid and diploid lineages with PDR1-Y864H both show positive fitness in fluconazole and 

clotrimazole (if fitness is available) and negative or close to zero fitness in all other measured 

environments. However, the haploid lineage shows an observably more negative fitness in pH 7.3 (Figure 

4, Supplemental Figure 10). 

We also identified several genes that were mutated only in diploid evolutions, such as those in 

HEM2, HEM3, and HAP1, which are not observed in haploids evolved in glycerol/ethanol. We 

hypothesize that such mutations may be recessively lethal and thus overdominant, such that the 

heterozygous mutant is more fit than either homozygote. Although additional experiments will be 

required to determine how often adaptive mutations arise in diploid populations result in overdominance, 

prior work suggests that it is a common outcome (Sellis et al., 2011, Sellis et al., 2016). Change in copy 

number and expression of HXT6/7 is an adaptation observed in glucose limitation that was found to be 

overdominant. Other work reconstructed mutants to be heterozygous for different combinations of 

accumulated mutations and found such mutants to also be overdominant (Aggeli et al., 2022). Our study 

highlights the importance of ploidy, the need to identify individual mutations, and how it is unclear what 

role ploidy plays in determining evolutionary outcomes and pleiotropic effects. 

Our work also touches upon how similar evolutionary environments may result in different 

mutational targets and pleiotropic effects as seen in evolutions grown in clotrimazole and fluconazole. 

Both of these antifungal drugs are azoles that target the synthesis of ergosterol, a cholesterol like 

component essential to cell membranes in fungi (Cottom, McPhee, 2021). Despite their similar antifungal 

mechanisms of action, they vary in their strength of selection and adaptive mutational spectra. It is 

unknown whether different concentrations of each drug as a means of tuning selection strength will result 

in different mutational targets and pleiotropic profiles. This suggests that growing mutant lineages that 
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arose in one drug concentration in a variety of different drug concentrations could be used to form a 

pleiotropic profile based solely on strength of selection. Such studies will provide insight to how strength 

of selection influences pleiotropy. 

While our approach of combining experimental evolution and barcode lineage tracking is 

powerful, there are nonetheless several limitations to our study. The conducted evolutions were short, 

such that sufficient adaptive mutations were identified in only 3 of the environments (though this reduced 

the number of neutral hitchhiking mutations and thus it was easier to identify adaptive mutations). Longer 

evolutions would provide more adaptive mutations in more environments, though disentangling neutral 

hitchhiking mutations from adaptive driver mutations will be more difficult. Furthermore, the number of 

potential home environments is much larger than 12 (in theory infinite) and thus our study is limited by 

the number of environments in which we measured fitness. Tuning environments by concentration of 

drug or stepwise changes in pH or nutrient levels will likely provide higher resolution to how the strength 

of selection influences pleiotropy. 

Empirical data capturing how different adaptive mutations alter fitness in conditions in which 

they were not selected will be valuable for predicting how populations evolve in changing environments. 

Such predictions may be important for understanding how populations may evolve in drug cycling 

regimes, or even how they may adapt to something as global as climate change. Our results suggest that 

pleiotropy is influenced not only by home environments, but also by several other factors such as ploidy, 

target genes, and other factors yet to be determined such as strength of selection. 

Methods 

Yeast barcode library construction 

General approach: 

The DNA barcoding system developed in Levy et al allows for the use of two distinct DNA 

barcodes – one in the landing pad itself, introduced via homologous recombination, and a second, which 

is introduced via a Cre-lox mediated recombination. In Levy et al, only a single sequence was used for the 

landing pad barcode, but here we used the landing pad barcode as a low complexity barcode to encode the 

experimental condition under which a population was evolved, while we used the other barcode for 

lineage tracking itself (as in Levy et al.). 
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Construction of ancestor and low diversity barcoded landing pad strains: 

To generate the ancestral strain for barcoding, we first constructed strain HR206, which contains 

the Magic Marker (Tong et al., 2004). HR206 was then crossed to strain SHA321 (Jaffe et al., 2017), 

which carries the pre-landing pad, Gal-Cre-NatMX, at the YBR209W locus (Levy et al., 2015). MATα 

spores derived from this cross were grown on Nourseothricin, to select for the pre-landing pad locus, then 

one of these was backcrossed to FY3 (Winston et al., 1995). This process was repeated 5 times, each time 

selecting for MATα spores containing the landing pad. Spores derived from the final backcross were used 

as the ancestor for haploid evolutions; one more mating with FY3 was performed to obtain the diploid 

ancestor. 

We next introduced the barcoded landing pad into the pre-landing pad locus by homologous 

recombination with NatMX (Supplemental Figure 1). The landing pad contains a lox66 site, a DNA 

barcode (which we refer to as BC1 - the low complexity barcode), an artificial intron, the 3’ half of 

URA3, and HygMX. We PCR amplified the fragment of interest from the plasmid library L001 (~75,000 

barcodes) described in (Jaffe et al., 2017) and transformed to obtain a library of landing pad strains 

containing a BC1 barcode.  

Construction of high diversity libraries and final pool: 

We selected 101 barcoded landing pad haploid strains and 117 barcoded landing pad diploid 

strains, listed in Supplementary Table 4 with their associated environment for evolution. Each individual 

barcoded landing pad strain was then transformed using the plasmid library pBAR3-L1 (~500,000 

barcodes) described in (Levy et al., 2015). This plasmid carries lox71, a DNA barcode (referred to as 

BC2), an artificial intron, the 5’ half of URA3, and HygMX. Transformants were selected onto SC +Gal –

Ura, to allow expression of the Cre recombinase, which is under the GAL1 promoter. The recombination 

between lox66 and lox71 is irreversible, and brings the two barcodes in close proximity to form an intron 

within the complete and functional URA3 gene. The plates were scraped, and transformants from each 

plate were stored separately in glycerol at -80°C. To estimate barcode diversity in each of the single 

libraries we performed high throughput sequencing, and using the estimated diversity, we pooled the 

different libraries to obtain ~500,000 unique lineages (combination of BC1 and BC2) per pool for 12 

pools for each ploidy. The number of landing pad (BC1) strains per pool ranged from 4 to 16; the 

minimum Hamming distance between landing pad barcodes within any pool is 6 for the diploid pools and 

7 for the haploid pools. 
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Growth culture 

Experimental Evolution: 

The final pools, each containing ~500,000 unique barcodes (BC1, BC2 combinations), were 

evolved by serial batch culture in 500 mL baffled flasks in various conditions described below. Unless 

otherwise specified, growth was in 100 mL at 30°C in SC complete (YNB + Nitrogen #1501-500, SC-

1300-500, Sunrise Science Products) based media supplemented with 2% Glucose (BD-Difco-215510) 

with shaking at 225 rpm and serial transfer every 48 hours. The evolution experiments were started with a 

pre-culture of each pool in 100 mL of SC+2% Glucose at 30°C overnight. This pre-culture was used to 

inoculate both replicate evolutions for each condition with ~5e7 cells (~400 µL). 

 

Conditions with 0.2M NaCl (Fisher Scientific - BP358-212), 0.8M NaCl, 21°C, 2% Glycerol 

(Fisher - G33-4) + 2 % Ethanol (Goldshield - 412804), Fluconazole 13 µM (4 mg/L, Acros Organics 

#455480050), Clotrimazole 6 µM (or 2 mg/L, Chem-Impex International #01311) were performed with 

48 hour transfers at Stanford. The YPD, SC, SC with 48 hours transfer, 37°C with 280 rpm shaking, pH 

buffered to 7.8, and pH adjusted to 3.8 were performed at Harvard.  

 

Serial transfers were performed by transferring ~5e7 cells (~400 µL) into fresh media. The 

remainder of the culture was used to make glycerol stocks for later analysis; 3 tubes, each with 1 mL of 

culture, were stored at -80°C (with 16.6 % final Glycerol), while the remaining ~90 mL were stored in 5 

dry pellets at -20°C after one wash with PBS. 

Ploidy Determination 

Benomyl Tests 

The benomyl assay was performed as previously described (Venkataram et al., 2016). Briefly, 

from liquid culture in 96-well plates, cells were resuspended using a shaker and then pinned onto 

YPD+20µg/mL benomyl (Sigma - 381586) and YPD + DMSO (Life Technologies - D12345) and grown 

at 25°C. After 48 hours the plates were imaged and the ploidy designation was determined based on the 

observed growth, with diploids being strongly inhibited compared to haploids. 
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Fitness measurements 

Pooling of the isolated clones 

Pool 1 – Haploid Bulk Fitness Assay (hBFA):  

Cells were isolated from each condition at transfer 13, which corresponds to 104 generations. 

Diploids were excluded based on cell size using a FACS machine; cells from the sample isolated from 

each evolution were sorted into 96 well plates with a single cell per well. We then grew up the cells and 

inferred cell size using forward scatter on 10,000 events in each well and discarded wells harboring a 

higher cell size than the mean cell size.  

 

Pool 2  – Haploid + Diploid Bulk Fitness Analysis (cBFA):  

Cells were grown overnight in SC –URA from the time point of isolation and sorted into 96 well 

plates containing YPD using FACSJazz at the Stanford Shared FACS Facility. Selected clones were then 

rearrayed using a TECAN robot, were grown in YPD medium, and an equal volume of each well was 

used to make sub-pool per plate. Each sub-pool was stored at -80°C in glycerol. For the diploid 

populations, we simply sorted cells and directly made the sub-pools. When all the sub-pools were created, 

an appropriate volume was added to the final pool: the volume from each sub-pool was based on the 

number of wells contained in the sub-pool. 

The final pool containing all barcoded clones was grown overnight in 100 mL baffled flasks in 

SC + 2% Glucose; the haploid pre-landing pad ancestor strain was also grown in a separate baffled flask 

in the same medium. To begin the Bulk Fitness Assay, the ancestor and the pools were each mixed in a 

9:1 ratio, and then ~5e7 cells were seeded into different flasks to remeasure fitness in each of the different 

environments. 

 

Pool 3 – Diploid Bulk Fitness Analysis (dBFA):  

Cells were grown overnight in SC –URA from the time point of isolation and sorted into 96 well 

plates containing YPD. After growth, an equal volume of each well was used to make a sub-pool per 

plate. Each sub-pool was stored at -80°C in glycerol. When all the sub-pools were created, an appropriate 

volume was added to the final pool. 

The final pool containing all barcoded clones was grown overnight in 100 mL baffled flasks in 

SC + 2% Glucose; the diploid pre-landing pad ancestor strain was also grown in a separate baffled flask 

in the same medium. To begin the Bulk Fitness Assay, the ancestor and the pools were each mixed in a 
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4:1 ratio, and then ~5e7 cells were seeded into different flasks to remeasure fitness in each of the different 

environments. 

 

DNA Extraction for barcode sequencing. 

From a dry cell pellet, DNA was extracted using the MasterPure™ Yeast DNA Purification Kit 

(Epicentre MPY80200) with slight modifications compared to the manufacturer’s guidelines as follows: 

the lysis step was performed for one hour in lysis buffer, supplemented with RNAse at 1.66 µg/µL. 

Following precipitation, the DNA pellet was then washed at least twice with 70% Ethanol to remove 

remaining contaminants. Because the number of cells in a cell pellet exceeded the upper limit of the kit by 

roughly 6 fold, 6 extractions were performed per pellet. We used the same procedure for DNA extraction 

for both the lineage tracking and the fitness measurements.  

Barcode amplification 

We used a two-step PCR to amplify the barcode locus for Illumina sequencing as previously 

described (Levy et al., 2015; Venkataram et al., 2016), with the following modifications. First, because 

we performed lower depth sequencing of each timepoint, we used only 6 PCR reactions per timepoint 

(600 ng of genomic DNA per tube). In addition, we used Herculase II Fusion DNA Polymerase (Agilent – 

600677) for the second step, which is a more efficient high fidelity enzyme, supplementing with 2mM 

MgCl2. In the event of PCR failure, we performed 12 reactions per timepoint, lowering the DNA 

concentration, each with 300 ng of genomic DNA. 

The Ns in the primers are the Unique Molecular Identifiers (UMIs) which are random nucleotides 

used to uniquely tag each amplicon product for subsequent removal of PCR duplicates during 

downstream analysis. All primers were HPLC purified to ensure that they were the correct length. 

  After the first step of PCR, all tubes were pooled, then purified using the QIAquick PCR 

Purification Kit (Qiagen, 28106). The eluent was split into 3 tubes for the subsequent second step PCR. 

The reaction was performed with the same PCR program as the first step but with 20 seconds for 

annealing and 30 seconds for elongation. The reaction contained 15µL of the purified first step and the 

standard Illumina paired-end ligation primers at recommended concentrations according to the 

manufacturer’s guidelines. 

The tubes were then pooled and the reaction was purified using one column from QIAquick PCR 

Purification Kit and the DNA was eluted in 30µL of water. Finally, the eluted DNA was gel-purified from 

a 2% agarose gel to select the appropriate band and eliminate primer dimers, using the QIAquick Gel 
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Extraction Kit. The final gel-purified DNA was quantified using a Qubit fluorometer (Life Technologies) 

and samples were then pooled according to their concentrations.  

Barcode sequencing was performed with 2x150 paired end sequencing using NextSeq, other than 

timepoints after 240 generations for the conditions 0.2M NaCl and 21°C, which were sequenced on a 

HiSeq4000. 

Barcode amplification of individual lineages in individual wells. 

To determine the location of the individual lineages in the 96 well plates after sorting, 20µL of 

the culture were placed in 96-well plates and boiled for further amplification of the barcode locus (see 

Barcode amplification of individual lineages in individual wells). In the first step, each well had a unique 

combination of primers at final concentration of 0.416 µM. OneTaq enzyme was used for amplification 

with the following PCR settings: 3’ 94°C - (20” 94°C, 30” 48°C, 30” 68°C) 40 cycles. After this first 

step, 5µL of each well were pooled into one tube for 5 plates. After centrifuging to remove cellular debris, 

20µL of the pooled mix were gel purified using QIAquick Gel Extraction Kit. The purified PCR product 

was then diluted 50 times for the second step of the PCR. In contrast to the previously described second 

step, here the Phusion® High-Fidelity DNA Polymerase was used following manufacturer instruction for 

12 cycles. Finally, the PCR product was gel-purified as described above and the purified product was 

quantified using Qubit before mixing the different libraries. 

Demultiplexing Illumina reads and counting barcodes 

We first divided reads into individual libraries based on inline indices following the unique 

molecular index on the paired-end reads. Next, we parse these demultiplexed files to extract and count 

unique barcode sequences. We discarded reads if the average quality score of the barcode regions was 

less than 30. The unique molecular index (UMI) for a set of paired reads is the first 8 bases of read 1 plus 

the first 8 bases of read 2. For each library, we discarded reads with duplicate UMIs. Finally, we extracted 

barcodes by searching the barcode region, plus 10 bases on either side, using the regular expression 

below. We discarded reads that did not match this regular expression:  

('\D*?(GTACC|GGACC|GGTCC|G.TACC|GG.ACC|GGT.CC|GGTA.C|GGTAC.)(\D{24,28})(.TAACT|

A.AACT|AT.ACT|ATA.CT|ATAA.T|ATAAC|AAACT|ATACT|ATAAT)\D*') 

Error-correcting barcodes 

Because of PCR and sequencing errors, many of the barcodes counted in the previous step are 

simply errors and should not be counted as “true” barcodes. To error correct the set of barcodes for each 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 1, 2023. ; https://doi.org/10.1101/2023.02.28.530341doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.28.530341
http://creativecommons.org/licenses/by/4.0/


experiment, we clustered errors to true barcodes based on the edit distance between barcodes, as in 

Johnson et al., 2019. We used the following algorithm to cluster the low complexity environment 

barcodes and high complexity lineage tracking barcodes separately. The algorithm takes advantage of the 

fact that all errors should be connected by single insertions, deletions, and substitutions, by using deletion 

neighborhoods to speed up the error-correction process. The algorithm uses as input a list of barcodes and 

total counts (reads) corresponding to each barcode. The steps are listed below: 

 

1. Make deletion neighborhoods  

a. For each barcode, create the set of single-base deletions at each position 

b. Connect barcodes with overlapping single-base deletion sets 

i. Note: this overlap indicates that the two barcodes are separated by one “edit”: a 

substitution, insertion, or deletion 

2. Within each neighborhood, define peaks by these criteria: 

a. Barcode does not contain an uncalled base (“N”) 

b. Barcode has no single-edit neighbors with more total counts 

c. Barcode has more than 10 total counts 

d. Barcode is more than 3 edits away from any peak with more total counts 

3. Within each neighborhood, error correct non-peak barcodes: 

a. Check the Levenshtein (edit) distance between each non-peak barcode and each peak 

barcode. If the edit distance is less than or equal to 3, the barcode error-corrects to the 

peak barcode. If a barcode is within 3 edits of more than one peak, it corrects to the 

barcode with higher total counts 

i. Note: This step uses the python Levenshtein module 

(https://pypi.python.org/pypi/python-Levenshtein/0.12.0#license) 

 

Once both the environment and diverse barcodes are error-corrected, we defined the 

combinations of “true” environment and diverse barcodes, which we call “centroids.” We discarded 

combinations with less than or equal to 10 total counts and added the counts from error barcodes to the 

appropriate centroids to produce a final list of barcodes and counts. 

Combining sequencing data 

Because the bulk fitness assays were all sequenced over multiple lanes, we performed the above 

steps for each lane separately and then combined count files based on full barcode (environment barcode 

+ diverse barcode) sequences. We discarded any full barcodes that were not found in all lanes, which 
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removed any lane-specific sequencing contamination. Chimeric barcode pairs, which arise from 

sequencing or PCR issues, occur at a low rate in our reads. We identified chimeras by finding barcodes 

that shared a diverse barcode (but not an environment barcode) with another barcode that has at least 

100X more reads. These barcodes were removed from the dataset. 

Timepoint exclusion and GC bias 

Early in our analysis, we recognized that some of our data show biases in read counts that can be 

at least partially explained by the GC-content of barcodes. We suspect these biases arise during PCR and 

are more pronounced in some timepoints due to slight differences in DNA extraction and PCR conditions. 

Thus, for barcodes with regions with very low GC-content, our frequency measurements are unreliable. 

We measured this bias by finding the minimum GC-content of a 26-bp sliding window measured across 

the barcode region, and we excluded barcodes from analysis that had a minimum value of less than 4 G/C 

bases in a 26-bp region. Supplemental Figure 9 shows these biases in sets of putatively neutral barcodes 

in each assay. For a small subset of timepoints, these biases are strong enough to affect a large number of 

barcodes. Using the data in Supplemental Figure 9, we manually excluded timepoints with particularly 

pronounced GC-content biases. We also excluded 2 timepoints with apparent library-prep cross 

contamination. These timepoints are listed in Supplemental Table 3, along with timepoints excluded from 

fitness estimation due to the extinction of putatively neutral barcodes (this is a natural consequence of 

large fitness differences). 

Determination of barcode home environment 

We also performed barcode sequencing on the subpools of the clones isolated from each 

evolution environment that were included in each bulk fitness assay. We processed the data as described 

above, and then assigned a barcode to an environment if the barcode appears in at least 3 reads and more 

than 95% of the reads associated with the barcode are from one subpool library. These home environment 

assignments were then added to the barcode count data for each bulk fitness assay. We only included 

barcodes associated with 10 environments in our analysis. 

Fitness inference 

We measured the fitness of each barcode in each bulk fitness assay using a previously described 

method (Johnson et al., 2019). Briefly, we measured the slope of the natural log of frequency of each 

barcode at each pair of consecutive valid timepoints in the assay, divided by the number of generations 

between the two timepoints (valid timepoints are those in which the barcode has at least 10 reads). We 
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use this generation-scaled fitness rather than per-cycle fitness (as used, for example, in Li et al., 2018) to 

allow easy comparisons to results from previous microbial evolution experiments. We then scaled these 

fitness measurements at each pair of timepoints by subtracting the corresponding median measured log-

frequency-slope of a set of putatively neutral barcodes. In the first two bulk fitness assays, we identified 

these putatively neutral barcodes after preliminary analyses showed that clones from one environment all 

had similar fitness and preliminary lineage tracking data showed that very little adaptation had occurred at 

the sampled timepoint. For hBFA, we used haploid clones from YPD as our putatively neutral class, and 

for cBFA we used diploid clones from clotrimazole. In dBFA, we included a set of clones isolated from 

timepoint 0 of the diploid YPD evolution as our putatively neutral class. Note that since we use the 

median log-frequency-slope, a small number of clones with non-neutral fitness will not affect this 

procedure. In assays performed in antifungal environments, we sometimes have cases where the 

putatively neutral barcodes go extinct early in the experiment. To obtain a measure of ancestral fitness in 

these cases, we iteratively merge the counts from pairs of putatively neutral barcodes together until we 

have at least three lineages with at least 10 reads at a pair of timepoints. We note that the absolute fitness 

values in these cases are likely to be noisy, but that the variation in fitness between antifungal-resistant 

and antifungal-sensitive lineages is easily captured (Supplemental Figure 4). 

 

We measured the fitness for a barcode and the standard error of that fitness for a single replicate 

by taking the mean and standard error, respectively, of these scaled fitness measurements at each pair of 

consecutive valid timepoints. We averaged across replicates using inverse-variance weighting (similar to 

the approach in Venkataram et al., 2016). Supplemental Figure 4 shows fitness correlations between 

replicates for each assay. 

Mutation Calling 

DNA Extraction for whole genome sequencing 

The selected plates were grown in 750 µL of YPD for 2 days. DNA was extracted in 96 well 

format using The PureLink® Pro 96 Genomic DNA Purification Kit (Thermo- K182104A). The 

sequencing libraries were made following the protocol previously described using Nextera technology 

(Baym et al., 2015; Kryazhimskiy et al., 2014). We multiplexed up to 192 libraries using set A and D 

primers from Nextera XT kits. The libraries were prepared using Tn5, made as described (Picelli et al., 

2014). 
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Analysis of whole genome sequencing data 

Most genome sequencing was performed with 2x150 paired end sequencing on NextSeq, with the 

exception of the haploid clones from Fluconazole evolution, which were sequenced on a HiSeq4000 

Sequencer. 

FASTQ processing 

For each sample, we received two fastq files, one for each read of the paired end sequencing 

(“fastqR1” and “fastqR2”). Using cutadapt 1.16, we trimmed the first 10bp of each read (-u 10), low-

quality ends (-q 30) and any adapter sequences (-a). After trimming, sequences with a length shorter than 

12bp (--minimum-length 12) were discarded (note, commands are a single line): 

forward read : 

cutadapt --minimum-length 12 -q 30 -u 10 -a CTGTCTCTTATACACATCTCCGAGCCCACGAGAC -o 

tmp.1.fastq.gz -p tmp.2.fastq.gz fastqR1 fastqR2 

 

Then trim the reverse read, using the temporary files as input: 

cutadapt --minimum-length 12 -q 30 -u 10 -a CTGTCTCTTATACACATCTGACGCTGCCGACGA -o 

trimmedR2.fastq.gz -p trimmedR1.fastq.gz tmp.2.fastq.gz tmp.1.fastq.gz 

Reads were mapped using bwa to S. cerevisiae S288C reference genome R64-1-1 

(https://downloads.yeastgenome.org/sequence/S288C_reference/genome_releases/) and sorted using 

Sentieon Genomic Tools6.  

(bwa mem -M -R readGroupInfo -K 10000000 ReferenceGenome trimmedR1.fastq.gz 

trimmedR2.fastq.gz) | sentieon util sort -o SORTED_BAM --sam2bam -i – 

 

Duplicates were removed using the sorted BAM file. The first command collected read information, and 

the second command performed the deduping. 

sentieon driver -i SORTED_BAM --algo LocusCollector --fun score_info SCORE_TXT 

sentieon driver -i SORTED_BAM --algo Dedup -- rmdup --score_info SCORE_TXT --metrics 

DEDUP_METRIC_TXT DEDUP_BAM 
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Local realignment around indels was performed using the deduped BAM file. 

sentieon driver -r ReferenceGenome -i DEDUP_BAM -- algo Realigner REALIGNED_BAM 

 

Lastly, base quality score recalibration was performed using the realigned BAM file. The first command 

calculated the required modification of the quality scores assigned to individual read bases of the 

sequence read data. The second command applied the recalibration to calculate the post calibration data 

table. 

sentieon driver -r ReferenceGenome -i REALIGNED_BAM --algo QualCal RECAL_DATA.TABLE 

sentieon driver -r ReferenceGenome -i REALIGNED_BAM -q RECAL_DATA.TABLE --algo QualCal 

RECAL_DATA.TABLE.POST 

SNP and small Indel variant calling 

SNP and small indels variants were called by the DNAscope algorithm (Sentieon Genomic 

Software) using the realigned BAM file and the output table of the base quality score recalibration 

(RECAL_DATA.TABLE). The parameter ploidy is assigned as 1 for haploids and as 2 for diploids. 

sentieon driver -r ReferenceGenome -i REALIGNED_BAM -q RECAL_DATA.TABLE --algo 

DNAscope --ploidy [1|2] VARIANT_VCF 

Structural variant calling 

The first command enabled the DNAscope algorithm to detect the break-end variant type (BND). 

The parameter ploidy was assigned as 1 for haploids and as 2 for diploids. The second command 

processed the temporary VCF file using the SVSolver algorithm and output structural variants to a VCF 

file.  

sentieon driver -r ReferenceGenome -i REALIGNED_BAM -q RECAL_DATA.TABLE --algo 

DNAscope --var_type bnd --ploidy [1|2] TMP_VARIANT_VCF 

 

Then process the VCF using the SVSolver algorithm with the following command: 

sentieon driver -r ReferenceGenome --algo SVSolver -v TMP_VARIANT_VCF 

STRUCTURAL_VARIANT_VCF 
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Variant annotation 

Here the vcf file from SNP and small indel variants calling (VARIANT_VCF) is used as an 

example. The same commands were used to annotate structural variants. 

 

Use snpEff (http://snpeff.sourceforge.net/download.html) to annotate a vcf file and output the annotated 

vcf file, named Ann.vcf.  

 

java -Xmx2g -jar snpEff -c snpEff_config -v R64-1-1.75 -class VARIANT_VCF > Ann.vcf -s 

snpEff_summary.html 

 

For variants in coding regions, SNPSift was used to extract the first annotation of each variant, which is 

the annotation with the largest effect. The extracted annotation was output as a vcf file, named 

Final_Ann.vcf: 

java -jar SnpSift extractFields Ann.vcf CHROM POS ID REF ALT QUAL FILTER EFF[0].EFFECT 

EFF[0].GENE: EFF[0].IMPACT: EFF[0].FUNCLASS: EFF[0].CODON: EFF[0].AA 

ANN[0].BIOTYPE: GEN[0].GT GEN[0].AD GEN[0].DP GEN[0].GQ GEN[0].PL > Final_Ann.vcf 

 

For variants in non-coding regions, the nearest gene of each variant was extracted. Thus, the non-coding 

variants were annotated as either the upstream or downstream of the nearest genes. 

Filtering SNPs, small indels and structural variants 

First, mitochondrial variants were discarded. Second, any variants in genes FLO1 and FLO9 were 

filtered out due to poor alignment in both genomic regions. Third, diploids with an average coverage 

lower than 15 and haploids with an average coverage lower than 10 were discarded. Fourth, background 

variants were removed. If a variant is present in >~12% of clones isolated from the same evolutionary 

condition, this variant was considered as a background variant and discarded. Fifth, variants with a quality 

score smaller than 150 were filtered out. Note that if a variant was present in multiple clones, the 

alignment of this variant was manually checked regardless of its quality score and a decision was made 

based on all clones carrying this variant. Thus, a variant with a quality score <150 may not be filtered out 
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if the same variant contained in other clones was proven to be authentic. Similarly, a variant with a 

quality score >150 may be filtered out if the same variant was proven to be spurious in other clones.  

Furthermore, all variants were further verified by manually checking the BAM files after 

alignment. By doing this, variants within repetitive regions and regions with a poor alignment were 

filtered out. More importantly, due to mishandling, sequencing data used here were contaminated by other 

yeast species/isolates at a low frequency (0-30%). While this low frequency contamination did not pose a 

substantial problem for variant calling in haploids, it led to excessive miscalling of heterozygous variants 

in diploids. These miscalled heterozygous variants are caused by genetic variations between S288C (the 

S. cerevisiae strain used in this study) and the contaminating yeast source and often appear in a “patch” 

(multiple variants within a small region, e.g. 4 variants within 100bp), which is unlikely given the short-

period evolutionary time. To remove false positive variants caused by this contamination, we manually 

checked alignments through BAM files and removed heterozygous variants appearing in such patches. In 

addition, the ratio of ref:alt was used to assist the removal of false variants. Variants with Ref:Alt > 3:1 

are very likely to be a result of low-frequency contamination. Lastly, ambiguous variants were checked 

using blast. Variants that are not present in other yeast species/isolates were considered as de novo 

mutations arising during the course of evolution.  

Clone barcode extraction 

To connect our mutation data to our bulk fitness assay data, we identified the barcodes associated 

with each sequenced clone. We extracted barcode sequences from our whole-genome sequencing data 

using the same regular expressions as above. We then used a simplified version of the deletion-

neighborhood clustering algorithm to match extracted barcodes to barcodes observed in our bulk fitness 

assays: we error corrected an extracted barcode to a known barcode if they shared any single-base 

deletions (representing a single error in sequencing, for example). This resulted in a list of known 

barcodes and their read counts. For each barcode locus, we assigned a known barcode to a clone if it had 

at least 2 reads supporting it, and if that barcode had at least 3 times more reads supporting it compared to 

any other detected barcode.  

Identifying adaptive mutations 

To classify which mutations observed in the whole genome sequencing were adaptive, we first, 

for each condition, grouped the mutations by which genes they were found in. We then selected the genes 

that had acquired distinct mutations in more than one barcode lineage in that condition. We then selected 

genes in which the median fitness in the original home condition was greater than 0. Next, we removed 
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any genes that acquired mutations only in non-coding regions. Lastly, the list of genes was curated based 

on those genes’ interactions with other identified genes or pathways known to be involved in the 

adaptation of that specific condition from previous work (Levy et al., 2015; Venkataram et al., 2016).  
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Figures 

Figure 1: DNA double-barcoding strategy enables massively parallel bulk "common garden" 

fitness remeasurements across many environments 

For both ploidies (1N and 2N) 12 pools of singly barcoded yeast were generated. A second, high 

complexity barcode was then introduced into each pool, creating 24 (12 haploid and 12 diploid) pools of 

uniquely double barcoded yeast. Each pool was evolved in a specific environment (Table 1) for up to 440 

generations (55 transfers). Evolved strains were isolated from each pool and whole genome sequenced to 

identify any mutations that arose. Strains were pooled for bulk fitness assays in the same environments 

used for the evolutions, in duplicate or triplicate. The barcodes were then sequenced and the barcode 

frequencies were used to estimate fitness.  
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Figure 2: Lineage Tracking Data for Evolutions in clotrimazole, fluconazole, and glycerol/ethanol 

The lines correspond to 10,000 barcoded lineages (the 5,000 lineages with highest abundance, and 5,000 

additional randomly chosen lineages). The intensity of the color of the line indicates the highest barcode 

frequency reached by that lineage. The y axis represents the barcode frequency in log scale. The dashed 

vertical lines indicate from which timepoint clones were isolated.   
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Figure 3: Haploid and Diploid Mutational Spectra. For each focal condition, the mutations are 

grouped by the ploidy they were identified in: blue (haploids), yellow (diploids). The genes listed in the 

overlap region are genes that had acquired mutations in evolutions of both ploidies. The number listed in 

parentheses is the number of unique mutations observed in that gene for that ploidy. Genes listed in the 

green overlap region are observed to have mutations in both ploidies. In the parentheses, the left number 

is the number of mutations observed in haploid evolutions and the number on the right is the number of 

mutations observed in that gene in the diploid evolutions. See Methods for selection criteria of mutations. 
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Figure 4: Heatmaps Representing Pleiotropic Profiles of Adaptive Mutant Lineages from 

populations evolved in fluconazole. 

Each heatmap shows the lineages evolved in a particular condition and their fitness remeasurements in a 

specific bulk fitness assay. Each square on the heatmap shows the average fitness of the lineage measured 

in each environment (columns) for approximately 40 generations, specifically for mutant lineages we 

identified in Table 1 (rows). The “+” indicates that in that lineage there are other background mutations, 

the “++” indicates that this specific mutation was observed in multiple lineages and what is shown in the 

row is the median fitness of all the lineages that have that mutation. (A) shows the haploids and (B) 

shows the diploids from the fluconazole evolution
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Table 1: Environmental conditions used in this study 

Table 1 Legend: Evolution conditions used in this study, after how many generations clones were isolated, whether adaptive mutations were 

identified, and abbreviations used. 
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Table 2: Summary of Adaptive Mutations 

Table 2 Legend: Mutations are grouped by the home environment and the ploidy of the population in which they arose. The mutations are 

tabulated by gene. Genes are listed multiple times because mutations arose in those genes in different home environments. “In/Del” stands for 

short “insertion/deletion” mutations, “fs” designates frameshift mutations, “*” designating a stop codon, and if the mutation was in a non-coding 

region the mutation is displayed as the chromosome position, reference allele, a right pointing chevron, and mutant allele (i.e. 646403A>C). This 

table only shows unique mutations within that home environment, but mutations could have arisen in multiple lineages in the same condition or in 

different conditions.
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Supplementary Figures 

 
Supplemental Figure 1: Double Barcoding System 

Supplemental Figure 1 Legend: A Gal-Cre-NatMX cassette was homologously recombined into the 

YBF209W dubious open reading frame region in an S288C derivative, BY4709. The NatMX marker was 

replaced with a DNA fragment containing a lox66 site, a random sequence of 20 nucleotides (BC1), half 

of an artificial intron (AI) and the 3’ half of the URA3 selectable marker. This strain was then transformed 

with a plasmid library containing the 5’ half of the URA3 selectable marker, another random sequence of 

20 nucleotides (BC2), the other half of an artificial intron, and a lox71 site. Gal-Cre-induced 

recombination between the lox66 and plasmid lox71 sites was used to insert the plasmid region 

containing BC2, AI, and the 5’ half of the URA3 marker. This insertion creates a genomic locus that 

contains a complete URA3 artificial intron, BC2, a crippled loxP site, BC1, and a complete URA3 gene. 

The barcodes residing in between the artificial intron regions are maintained due to selection for URA3. 
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Supplemental Figure 2: Lineage Tracking for All Evolutions 

Supplemental Figure 2 Legend: (A) Lineage tracking data for each haploid experimental evolution. 

The lines correspond to barcoded lineages. Each row represents the home environment in which the 

evolution was conducted. Each column represents the ploidy. (B) Lineage tracking data for each 

diploid experimental evolution. 
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Supplemental Figure 3: (A) Lineage tracking data of haploid Bulk Fitness Assay, hBFA, for lineages evolved in fluconazole, clotrimazole, 

and glycerol/ethanol. Each column represents a replicate. The columns are grouped together by the evolution environment: fluconazole, 

clotrimazole, glycerol/ethanol. Each row represents the “Test Environment”. Each line represents one lineage evolved in the home environments 

that corresponds with its column group. The color of the line indicates the test environment in which that lineage was remeasured. 

 (B) Lineage tracking data of diploid Bulk Fitness Assay, dBFA, for lineages evolved in fluconazole, clotrimazole, and glycerol/ethanol. 

(C) Lineage tracking data of combined Bulk Fitness Assay, cBFA, for lineages evolved in fluconazole, clotrimazole, and glycerol/ethanol. 
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Supplemental Figure 4: Comparison of Replicates for each BFA. Each panel corresponds to a bulk 

fitness assay and 2 replicates within that assay. Each row corresponds to a test environment. We plot the 

fitness of a lineage in one replicate against its fitness in another replicate. hBFA only had two replicates. 
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Supplemental Figure 5: Home Environment Compared to Test Environments for All Adaptive 

Lineages The columns are the home environments that lineages evolved in and the rows are the test 

environments in which their fitnesses were remeasured. X axis is the fitness of the lineages remeasured in 

the BFA in their home environment. Y axis is the fitness of the lineages in a non-home environment. No 

fitness remeasurements are available from BFAs grown in clotrimazole.   
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Supplemental Figure 6: Heatmaps for All Adaptive Lineages with Shared Mutations. These 

heatmaps show the fitnesses of all lineages including lineages that had the same mutation and were 

collapsed into a single row using the median fitnesses in Figure 4. The number at the end of the name 

represents numerical barcode identification number. (A) Mutations identified in clotrimazole 1N 

measured in hBFA, (B) Mutations identified in clotrimazole 2N measured in dBFA, (C) Mutations 

identified in fluconazole 2N measured in cBFA, (D) Mutations identified in fluconazole 2N measured in 

dBFA, (E) Mutations identified in glycerol/ethanol 1N measured in hBFA, (F) Mutations identified in 

glycerol/ethanol 2N measured in cBFA.
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Supplemental Figure 7: Net Effect of Mutant Haploid Lineages Evolved in Glycerol/Ethanol: (A) Fitness measurements, s, of haploid 

lineages adapted to Glycerol/Ethanol. The colored lines represent lineages that have a mutation identified to be adaptive. The colors represent 

which gene the mutation is in. (B) Negative Effect of lineages adapted to glycerol/ethanol. This describes the number of lineages that had a 

negative effect (fitness < -0.018) in a specific number of non-home environments. (C) Positive effect of lineages adapted to glycerol/Ethanol. This 

describes the number of lineages that had a positive effect (fitness > 0.018) in a specific number of non-home environments. (D) Nonzero Effect of 

Lineages adapted to Glycerol/Ethanol. This describes the number of lineages that had a nonzero effect (fitness > 0.018 or fitness < -0.018) in a 
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specific number of non-home environments. (E) Net Effect of lineages adapted to glycerol/ethanol. The sum of each lineage’s effect across all 

non-home environment.
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Supplemental Figure 8 Distribution of Fitness Effects for Fitness Estimates of All Adaptive Diploid 

Lineages remeasured in Clotrimazole, Fluconazole, and Glycerol/Ethanol: The distribution of fitness 

effects for all adaptive diploid lineages remeasured in clotrimazole, fluconazole, and glycerol/ethanol. 

The gray vertical line delineates the fitness threshold of the top 10% of mutants that were evolved in the 

labeled environment. The red line delineated the top fitness of all mutants that were evolved in the labeled 

environment. The y axis delineates the percentage of mutants that have a specific fitness (x axis).  
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Supplemental Figure 9: The mean frequency of putatively neutral barcodes with different 

minimum GC-contents  

The y axis represents the log10 of the mean frequency of the putatively neutral barcodes with different 

minimum GC-contents of a 26-bp sliding window measured across the barcode region. The ordering of 

the deviations here demonstrates that GC-content bias is affecting measured frequency.  
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Supplemental Figure 10: Heatmaps Representing Pleiotropic Profiles of Adaptive Mutant Lineages 

from populations evolved in clotrimazole. 

Each heatmap shows the lineages evolved in a particular condition and their fitness remeasurements in a 

specific bulk fitness assay. Each square on the heatmap shows the average fitness of the lineage measured 

in each environment (columns) for approximately 40 generations, specifically for mutant lineages we 

identified in Table 1 (rows). The “+” indicates that in that lineage there are other background mutations, 

the “++” indicates that this specific mutation was observed in multiple lineages and what is shown in the 

row is the median fitness of all the lineages that have that mutation. (A) shows the haploids and (B) 

shows the diploids from the fluconazole evolutions. 
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Supplemental Figure 11: Heatmaps Representing Pleiotropic Profiles of Adaptive Mutant Lineages 

from populations evolved in glycerol/ethanol. 

Each heatmap shows the lineages evolved in a particular condition and their fitness remeasurements in a 

specific bulk fitness assay. Each square on the heatmap shows the average fitness of the lineage measured 

in each environment (columns) for approximately 40 generations, specifically for mutant lineages we 

identified in Table 1 (rows). The “+” indicates that in that lineage there are other background mutations, 

the “++” indicates that this specific mutation was observed in multiple lineages and what is shown in the 

row is the median fitness of all the lineages that have that mutation. (A) shows the haploids and (B) 

shows the diploids from the fluconazole evolutions. 
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Supplemental Tables 

Supplemental Table 1. Table of Isolation Timepoints and BFA composition: The information 

regarding the bulk fitness assay pools such as the number of isolated lineages and the evolutions and the 

timepoints from which they were isolated. 
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Supplemental Table 2. Table of Conditions and Number of Unique Lineages Sequenced: For each 

environment, the number of lineages with unique barcodes isolated is listed along with the number of 

lineages sequenced that had identifiable mutations. 
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Supplemental Table 3: Table of Timepoints Excluded from Fitness Estimation 
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Pool BC1 Sequence Evolving Condition 
pool1 TTAATAATATCCAAAAGGGTTAAGAA  Haploid_YPD 
pool1 ATCGTAATCTAGAAATTTTTTTAGCA Haploid_YPD 
pool1 CTATAAAATACGAAAATGGTTTTTCT Haploid_YPD 
pool1 CTAGAAACAGAGAAACGAGTTACAGT Haploid_YPD 
pool1 AATAAAATCCAAAAGACTGTTGATCA Haploid_YPD 
pool1 CCAAGAAAAAGTAAAATTATTTTTGT Haploid_YPD 
pool1 GAAAGAAAGAGCAATGTCATTTCGTT Haploid_YPD 
pool1 AAGCCAAAGACTAAAACTATTCTTTC Haploid_YPD 
pool2 AGTAAAAGCGCAAAGTTTATTTAAAT Haploid_SC 
pool2 CCTTGAAAGTACAATATGATTGGCGG Haploid_SC 
pool2 CACTCAATTGCAAAGAATCTTTTTAT Haploid_SC 
pool2 CGAACAAACTTAAACCCCTTTGACCC Haploid_SC 
pool2 GAACGAACAAAGAACAGCTTTAATAA Haploid_SC 
pool2 TGCGGAATTACGAACACCCTTGGGTC Haploid_SC 
pool2 CCATAAAACAGAAACCCTCTTGTGTA Haploid_SC 
pool3 CGACAAACGGATAACATAGTTTATTT Haploid_48h 
pool3 ACTATAAACATTAACTCGCTTGGGTT Haploid_48h 
pool3 ATTCAAATACGAAATGGGGTTGTAGA Haploid_48h 
pool3 ATTGAAATCCTTAATAGGATTACGCC Haploid_48h 
pool3 ACGGAAACCGTAAAGTTGCTTTTATA Haploid_48h 
pool3 GTGAAAACGCAAAACCTGATTAGATC Haploid_48h 
pool3 TAGAAAACACCAAACGGTTTTACCCA Haploid_48h 
pool4 ATATTAAAAATCAACGGTCTTTATCG Haploid_37C 
pool4 ATTATAATCGCGAAAAGATTTTGTAA Haploid_37C 
pool4 AATGAAACTTACAAAACAATTAAAGA Haploid_37C 
pool4 CCGGTAATGCGCAACCCCCTTCCCCC Haploid_37C 
pool4 AATAGAAAAGCTAATGACATTAAACC Haploid_37C 
pool4 CTATAAACAATAAATTCTATTGGAGC Haploid_37C 
pool4 TGTTAAATACATAATTATCTTTTTTC Haploid_37C 
pool4 CAGACAAGCTGAAAAGATATTTTGCG Haploid_37C 
pool4 CCTTTAATGAGAAATTTTATTCAGTT Haploid_37C 
pool4 GAGCCAACCAATAACTGTCTTCCCCC Haploid_37C 
pool4 AATTAAAAACTGAAGCGTATTGGTGA Haploid_37C 
pool4 AACGAAAGGAACAAACGAATTCGTGC Haploid_37C 
pool4 CATGGAAATTTTAACAATGTTACAGA Haploid_37C 
pool4 GAAATAATCGACAAACGTGTTCATGT Haploid_37C 
pool4 AACATAATGTTTAAGAAGTTTAATTC Haploid_37C 
pool4 GAACCAAAACTCAATCGTTTTAGGTA Haploid_37C 
pool5 AACATAATTATAAACATCATTAACCC Haploid_LpH 
pool5 TGCTTAATTATCAACACTATTGACAA Haploid_LpH 
pool5 AGAAGAAGCTTCAAAGTGATTTGTTC Haploid_LpH 
pool5 GTAGAAACTCAAAATTAGTTTTGCGA Haploid_LpH 
pool5 ATACGAAGTCCGAAGTCAATTCAATT Haploid_LpH 
pool5 ACACGAAAGATAAACAATCTTAAATA Haploid_LpH 
pool5 ATGTTAACTGAGAAACAACTTGTAGC Haploid_LpH 
pool5 CCGTCAAGGAACAAGGAGCTTCTCAT Haploid_LpH 
pool5 ATTGTAATTGAAAACCTCGTTTAAGT Haploid_LpH 
pool5 AACTAAAACCACAATAGGGTTCGATT Haploid_LpH 
pool5 AATATAAATTCTAATTGCATTTTTAA Haploid_LpH 
pool5 ATCCAAAGGACTAAAACAATTGCGTT Haploid_LpH 
pool5 GACAAAAATATTAAAAATATTGAAGG Haploid_LpH 
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pool5 TACAAAAACTGTAAAGGAATTTTGCT Haploid_LpH 
pool6 TTTGTAAGGAAAAATACACTTTAGCA Haploid_HpH 
pool6 GTATTAAATACTAAAGATGTTCCAAT Haploid_HpH 
pool6 CTAATAATTTATAATCTGGTTCGCTA Haploid_HpH 
pool6 TTCGAAAGAGAAAAATCAGTTAATAG Haploid_HpH 
pool7 AAATCAAAAGTCAAGAGCATTATTGC Haploid_21C 
pool7 TTAATAAATAAAAATATGATTTCTGG Haploid_21C 
pool7 TACGGAATGGGTAAAATGATTTCAGG Haploid_21C 
pool7 CTAGTAAAAATAAAGACGCTTCGATG Haploid_21C 
pool7 TGACAAAAATTGAAGACTTTTCAGGT Haploid_21C 
pool8 CATTTAAATAGAAAAATTGTTATAAC Haploid_02M_NaCl 
pool8 TTAGAAATGACCAATTTATTTAATGA Haploid_02M_NaCl 
pool8 CACAAAAAAGTCAATACTGTTGCGAT Haploid_02M_NaCl 
pool8 TAAATAAAGTCAAACAAATTTTAGTG Haploid_02M_NaCl 
pool8 AGGGAAATAGGTAAGTGTATTTGATA Haploid_02M_NaCl 
pool8 AGGCCAATTATAAAATGCCTTTTGGA Haploid_02M_NaCl 
pool8 CATTTAACATTCAAAAACATTCTACT Haploid_02M_NaCl 
pool8 TAAAAAATAGACAATGGAGTTTTTAC Haploid_02M_NaCl 
pool8 AAAGAAACGTTCAAATGTATTGACGT Haploid_02M_NaCl 
pool8 ACGTAAAAGGGCAACCGTTTTTGGTT Haploid_02M_NaCl 
pool9 ATCTTAAATTTTAATTACATTTACAT Haploid_08M_NaCl 
pool9 AGCCAAAATAACAACCTTTTTATATG Haploid_08M_NaCl 
pool9 ACAAAAAATAAGAAAAGCATTAATTT Haploid_08M_NaCl 
pool9 TTTAGAAAAATCAACAATTTTAATTG Haploid_08M_NaCl 
pool9 ACAAAAAATGTCAAGTGCGTTCATTT Haploid_08M_NaCl 
pool9 TCCCTAAACCTGAAACAAGTTTTATC Haploid_08M_NaCl 
pool10 AAAGTAAGCGATAAATCTATTCGCAT Haploid_GlyEtOH 
pool10 CGTATAAAGCGCAACACTGTTGATCG Haploid_GlyEtOH 
pool10 CGACTAAAATGCAACAGGCTTTAATC Haploid_GlyEtOH 
pool10 ACATGAACGATCAAACGTGTTTCCTT Haploid_GlyEtOH 
pool10 ACGCAAATACATAACAAGCTTCAAAT Haploid_GlyEtOH 
pool10 GCAGAAAAAGGAAAATCTGTTAAAGC Haploid_GlyEtOH 
pool10 CCCCCAACCCCCAACCCCGTTCTCCT Haploid_GlyEtOH 
pool10 CCTCCAACCCGCAACCCTGTTTCGGC Haploid_GlyEtOH 
pool10 CCCCCAATCCTCAACCCGCTTCGTAC Haploid_GlyEtOH 
pool10 GTAATAAGAAGTAAGATGATTCTATT Haploid_GlyEtOH 
pool10 TAGTGAATGCCAAATCTGGTTTTACC Haploid_GlyEtOH 
pool11 TAAATAAGTATAAAAAATGTTTATAC Haploid_FLC 
pool11 CATTGAAGATAAAAAACTTTTTCGGG Haploid_FLC 
pool11 GACAAAAACGACAAATTCTTTTCAAA Haploid_FLC 
pool11 AGGTGAAGAAAAAATTCCGTTTAGGA Haploid_FLC 
pool12 CGGGAAACCTAGAAGCACTTTAGCTT Haploid_CLM 
pool12 ATTACAAGTAAAAAACGCTTTTGTTG Haploid_CLM 
pool12 TCAGTAACACTAAATGATGTTAATTA Haploid_CLM 
pool12 ATGAAAACATAGAAGACTTTTAGTAA Haploid_CLM 
pool12 GGATGAAACGATAAATCGCTTAAGCT Haploid_CLM 
pool12 AGAGGAAACTCCAATACCATTGCTAG Haploid_CLM 
pool12 CCTGCAAGCCCCAACTGGCTTCCCGT Haploid_CLM 
pool12 TCTCAAAAATATAATTCGCTTGGGAA Haploid_CLM 
pool12 TTGCTAAGCCGAAAACGTGTTTTGTA Haploid_CLM 
pool12 ATGAAAAGATTCAAAATAGTTTACAA Haploid_CLM 
pool13 AAAATAAGGACAAACCCTATTATCTA Diploid_YPD 
pool13 GGACAAACCTCAAATCGTTTTCTATA Diploid_YPD 
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pool13 AATATAAAAGATAATCTGTTTAATCA Diploid_YPD 
pool13 TACTTAAGTTGAAAAGCAATTTCTAA Diploid_YPD 
pool13 TAATTAAAAATGAAACAGGTTGCCTT Diploid_YPD 
pool13 TAATAAAACTCCAAGAAAATTAAATG Diploid_YPD 
pool13 GCCGTAACAATCAACTCGTTTCACCC Diploid_YPD 
pool13 CATTCAAACACGAATCGCTTTCTTAG Diploid_YPD 
pool13 CAAAGAACTATCAAGCTCTTTTTAGT Diploid_YPD 
pool13 TTACTAATAATAAAATACATTTTAGT Diploid_YPD 
pool14 GTACGAACTAAAAATTATATTTGCCA Diploid_SC 
pool14 AGCCGAATGGATAACTAATTTAGGTG Diploid_SC 
pool14 GACGAAACGCTAAACCACATTCTGTC Diploid_SC 
pool14 GCCAAAATTGGCAACCCCATTTTACG Diploid_SC 
pool14 ACTACAAAGAACAAGAATCTTGCCTT Diploid_SC 
pool14 AGTCGAAATATCAATGGAGTTGTATT Diploid_SC 
pool14 GAGTGAAACAGAAACTTGATTGATTC Diploid_SC 
pool15 AAACTAAATAACAAGTCTTTTACATC Diploid_48h 
pool15 CAGATAAATAACAAATCAATTTACTC Diploid_48h 
pool15 GTTGGAAGTCTCAAGATTTTTTGTTC Diploid_48h 
pool15 CTACGAAGACGCAACCAAATTGGTTA Diploid_48h 
pool15 CCATGAAAGAATAATGGTTTTATAGT Diploid_48h 
pool15 GTACCAAGACAAAAAACTGTTATTTA Diploid_48h 
pool15 TCCCTAAGAGTAAACCAAGTTGTATC Diploid_48h 
pool15 GAAGCAACAGGCAAACCGATTATGTA Diploid_48h 
pool15 AGTATAAAACATAAGGTTGTTAGTGT Diploid_48h 
pool15 TTTAGAAAAATCAACAATTTTAATTG Diploid_48h 
pool15 TAATCAAAAGTCAAGAGACTTTAGAA Diploid_48h 
pool16 TCCTAAAACACAAACCCCATTCTGGG Diploid_37C 
pool16 ATCCAAACGCATAATTACTTTTAACC Diploid_37C 
pool16 TCACAAAATTACAACACTGTTTCGTT Diploid_37C 
pool16 ATATTAACGGAAAAATTGTTTCGTGT Diploid_37C 
pool16 TCGTAAACGATGAATGTGTTTCATGA Diploid_37C 
pool17 ATTTCAAAAGGGAAACCTATTGTATA Diploid_LpH 
pool17 ACAAGAAACGGCAATTAAATTTTGAG Diploid_LpH 
pool17 CTGCGAATAACTAAAATAATTCCAAG Diploid_LpH 
pool17 GCATAAAGAAAAAAGAAAGTTTGTTT Diploid_LpH 
pool17 ACTGCAATCACAAATATTATTGCGTC Diploid_LpH 
pool17 AACCAAACATATAATAAAATTCACTA Diploid_LpH 
pool17 CCCCAAATAGGCAAAGCTTTTCCCAA Diploid_LpH 
pool17 AAGAGAACAGATAACCTAATTTGAGT Diploid_LpH 
pool17 CCCTCAACCCTTAACGCAGTTCGCGC Diploid_LpH 
pool17 TCAACAAGCACTAAGTCGTTTAGTAT Diploid_LpH 
pool17 GATATAAACCGAAACCATCTTCGGCA Diploid_LpH 
pool17 ACTAAAAGTCCAAAATATTTTTGATA Diploid_LpH 
pool17 ACATTAACGACCAAAACTTTTTAATT Diploid_LpH 
pool18 ACCTAAAGAACAAACAAAGTTTATAT Diploid_HpH 
pool18 AACAAAACCTACAAGGTAATTAATAT Diploid_HpH 
pool18 TACTCAAAGAAAAACTCTATTACCTT Diploid_HpH 
pool18 CTTTAAACACGCAACCCCATTGCCTC Diploid_HpH 
pool18 TCTTTAATCTTTAACCTCTTTTAACA Diploid_HpH 
pool18 TAAGTAAGTGAAAAGCTGTTTAAATT Diploid_HpH 
pool18 CGCCTAAACACAAAAGAGGTTAAGTG Diploid_HpH 
pool18 CCCGCAAGTTACAAACTTGTTTCTCG Diploid_HpH 
pool18 GGAACAAGGCCTAACCCTGTTAGAAA Diploid_HpH 
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pool18 GAAAGAATTATAAACGATTTTCATGG Diploid_HpH 
pool18 AGTTGAATTAAGAATACCTTTAGGAG Diploid_HpH 
pool18 CTGCAAAAATCGAACACCATTAAGCG Diploid_HpH 
pool18 GAGTGAAGTAGTAAACCTGTTTGATC Diploid_HpH 
pool18 TCCAAAAACGCGAACAGGATTTAAGA Diploid_HpH 
pool19 CGACAAATTAAAAAGCATGTTATGTG Diploid_21C 
pool19 TACCTAAATTTCAAACTTATTTGCCT Diploid_21C 
pool19 CATGGAACGAAAAACAAGTTTGATAA Diploid_21C 
pool19 TGCTTAATTATCAACACTATTGACAA Diploid_21C 
pool19 CAAGCAAAGAAGAAAGCCATTAACCG Diploid_21C 
pool19 TGGCAAACGTACAATTCTATTTGCTT Diploid_21C 
pool19 ACCGCAAAACTGAAGAATATTCCCCG Diploid_21C 
pool19 ACCCTAACACGAAACTGCGTTCGGAC Diploid_21C 
pool19 ATCACAAGATTTAAATTTATTACGAC Diploid_21C 
pool19 CTGGCAAACGTTAACCAAGTTAAGTG Diploid_21C 
pool19 AATTAAATATGTAATAGACTTCTCGT Diploid_21C 
pool19 AACAAAACATAAAACACAGTTACCAA Diploid_21C 
pool20 TCAAAAAAACACAATTTCGTTGGGTA Diploid_02M_NaCl 
pool20 CAATAAAACTGAAATGAAGTTGCATA Diploid_02M_NaCl 
pool20 TACATAACAAAAAAATCGATTGACAC Diploid_02M_NaCl 
pool20 GCCGAAATTACAAAATGTTTTGAATT Diploid_02M_NaCl 
pool20 CGTGCAAGTGATAATAATATTTTACG Diploid_02M_NaCl 
pool20 TAACCAAATCCCAAATCTATTTGCGT Diploid_02M_NaCl 
pool20 ACTCAAATAAACAAAATGTTTGCGCC Diploid_02M_NaCl 
pool20 GCTCTAAACCATAACCTAATTAGCGT Diploid_02M_NaCl 
pool20 TGAACAAGACTTAAGGCTATTAGAAA Diploid_02M_NaCl 
pool21 TCGACAATGCATAACGACCTTGTAAA Diploid_08M_NaCl 
pool21 TCTAAAACAATGAAGGCCTTTAGAAA Diploid_08M_NaCl 
pool21 TCGTAAACTAGCAATAGTGTTAGTAT Diploid_08M_NaCl 
pool21 TCAGCAAGACTTAAGATCCTTCCGAC Diploid_08M_NaCl 
pool21 TGCATAAGGCCTAAATGCATTGTGTA Diploid_08M_NaCl 
pool21 GCAGCAATACTCAAACTGTTTATGAC Diploid_08M_NaCl 
pool21 AGTTAAAATCCCAAATTTGTTTGTTA Diploid_08M_NaCl 
pool21 GATAAAATGAATAAAACAATTGATTG Diploid_08M_NaCl 
pool21 CGAAAAAACAGGAACACTTTTTTCAT Diploid_08M_NaCl 
pool21 GATTAAAATTAAAACACAATTAATAT Diploid_08M_NaCl 
pool21 TCACGAAATTTAAAGAGTTTTATTTG Diploid_08M_NaCl 
pool21 TTAACAAAAGTAAAATGCTTTTCTTA Diploid_08M_NaCl 
pool21 GTTATAATCTGGAACACGCTTAAAAA Diploid_08M_NaCl 
pool21 AAAAGAACAAAAAAGATTATTAAAGT Diploid_08M_NaCl 
pool22 AGATTAAACGCAAACACTATTAAATG Diploid_GlyEtOH 
pool22 AATTAAACAATAAACTTGATTATTCG Diploid_GlyEtOH 
pool22 GGATCAATGGGAAATGGATTTACGTT Diploid_GlyEtOH 
pool22 CCCCCAACCTCCAACCCACTTGTCCC Diploid_GlyEtOH 
pool22 CCGAAAACTCTTAACATCCTTTCGCA Diploid_GlyEtOH 
pool22 ACGTAAACAAACAATTTGCTTTGAGG Diploid_GlyEtOH 
pool22 AGGACAATACGTAAACATATTGTGAT Diploid_GlyEtOH 
pool22 GATGAAATCGTTAAACTTTTTATGTA Diploid_GlyEtOH 
pool22 GCATCAAATTGAAAGGGTATTTAGTT Diploid_GlyEtOH 
pool23 TAAGTAATTGACAAATATGTTCATGG Diploid_FLC 
pool23 GCCCAAATTGGGAAGTGGTTTTACCT Diploid_FLC 
pool23 TCCACAATGGATAACACTTTTACCAT Diploid_FLC 
pool23 CCAGCAACCCGGAACCGCGTTGCCCC Diploid_FLC 
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pool23 GCGATAAGATGGAACTTGCTTTAAAT Diploid_FLC 
pool23 AAAACAAGAAAAAAAATGATTAATAG Diploid_FLC 
pool23 AAGCCAAACAAAAAAGTTGTTGACAT Diploid_FLC 
pool23 TACATAAACTAAAATACTGTTTGAAT Diploid_FLC 
pool23 CAAGTAAAATTCAAGCCATTTCAGCA Diploid_FLC 
pool23 ACGCGAACATGTAACTATCTTGTGTC Diploid_FLC 
pool24 CAACAAATTACTAATGAAGTTAATAA Diploid_CLM 
pool24 CAACTAAAAAGAAAACCGTTTTAAAC Diploid_CLM 
pool24 CTCCCAAGGCCAAATAAGGTTCAAAA Diploid_CLM 
pool24 CCCCCAACCGTAAAGAATCTTGAAAT Diploid_CLM 

 

Supplemental Table 4: Landing Pad Diploid Strains – the sequences of each BC1 landing pad barcode, 

and the environment in which that barcoded population was evolved. 
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