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Summary

Adaptive evolution plays a large role in generating the phenotypic diversity observed in nature, yet
current methods are impractical for characterizing the molecular basis and fitness effects of large
numbers of individual adaptive mutations. Here we used a DNA barcoding approach to generate
the genotype-to-fitness map for adaptation-driving mutations from a Saccharomyces cerevisiae
population experimentally evolved by serial transfer under limiting glucose. We isolated and
measured the fitness of thousands of independent adaptive clones, and sequenced the genomes of
hundreds of clones. We found only two major classes of adaptive mutations: self-diploidization,
and mutations in the nutrient-responsive Ras/PKA and TOR/Sch9 pathways. Our large sample size
and precision of measurement allowed us to determine that there are significant differences in
fitness between mutations in different genes, between different paralogs, and even between
different classes of mutations within the same gene.

Introduction

Adaptive evolution is a major driving force behind the observed phenotypic diversity in

nature (Darwin, 1872; reviewed in Givnish, 2015 and Soulebeau et al., 2015), and is of key
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importance to many problems of biomedical interest, including cancer (Greaves and Maley,
2012; Korolev et al., 2014; Landau et al., 2013; Nowell, 1976) and the emergence of drug
resistance (Davies and Davies, 2010; Palmer and Kishony, 2013; Pennings, 2012; Toprak et
al., 2012). To further understand the process of adaptation, it is essential to obtain a large,
statistically representative number of individual adaptive events and determine their fitness
effects and molecular nature.

While there are many methods for identifying instances of adaptive evolution in natural
populations, they are not suitable for a comprehensive analysis of the spectrum of mutations
that drive adaptation. Indeed, methods that infer selection in natural populations (reviewed in
Lachance and Tishkoff, 2013; Oleksyk et al., 2010; Stinchcombe and Hoekstra, 2008; Vitti
et al., 2013) are typically unable to identify adaptive mutations with single base-pair
resolution, much less quantify the fitness effects of single adaptive mutations. Mechanistic
studies can be conducted in genetically tractable systems where one can measure the fitness
effects of a set of engineered mutations (Bank et al., 2014; Bozek et al., 2014; Fowler and
Fields, 2014; Giaever et al., 2002; Hietpas et al., 2013; De Meester et al., 2002; Rich et al.,
2016; Sliwa and Korona, 2005; Warringer et al., 2011; Weinreich et al., 2006). However,
mutations studied in such systems are typically limited to a small, artificial, and
predominantly deleterious subset of possible mutations, e.g. whole-gene knock-out
mutations or deep mutational scanning of one or a few genomic regions.

In principle, microbial experimental evolution provides an excellent framework for the
comprehensive study of adaptive mutations due to the ease of both identifying adaptive
mutations, and assaying their fitness by pairwise competition. Two experimental evolution
approaches for identifying large numbers of independent beneficial mutations are to either
sequence multiple isolates from populations evolved under identical conditions (e.g., Barrick
et al., 2009; Gresham et al., 2008; Kryazhimskiy et al., 2014; Kvitek and Sherlock, 2011;
Tenaillon et al., 2012; reviewed in Dettman et al., 2012 and Long et al., 2015), or to conduct
whole-population, whole-genome sequencing at multiple time-points during the evolution
(Herron and Doebeli, 2013; Kvitek and Sherlock, 2013; Lang et al., 2013). However, these
approaches are limited to identifying only a subset of high frequency and easy to sequence
mutations. Moreover, separating the adaptive mutations from those that are merely
hitchhiking remains a challenge (Moordeckers and Verstrepen, 2015). For example, in many
studies the sequenced clones were isolated after hundreds or thousands of generations to
ensure the presence of adaptive mutations, resulting in multiple mutations per clone (Barrick
et al., 2009; Kryazhimskiy et al., 2014; Tenaillon et al., 2012). This makes it difficult to
distinguish adaptive mutations from hitchhikers and also precludes the measurement of the
fitness effects of individual beneficial mutations in isolation. By contrast, whole-population
genome sequencing provides us only with the trajectories of easy to sequence mutations that
rise to high frequencies (>1%), at which time they tend to be present in clones with multiple
mutations, and their behavior is driven by complex clonal interference dynamics (Desai and
Fisher, 2007; Herron and Doebeli, 2013; Kvitek and Sherlock, 2013); this prevents both the
identification of very low frequency yet beneficial mutations and the precise estimation of
their individual or marginal selective effects. Finally, fitness measurements are typically
done in a low throughput, pairwise fashion, precluding generation of a comprehensive
genotype-to-fitness map.
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Here, we use our lineage tracking method (Levy et al., 2015) to solve these technological
limitations and characterize both the genetic basis and fitness effects of hundreds of
independent adaptive mutations in a laboratory evolution experiment using S. cerevisiae.
Using DNA barcodes as neutral markers to track the frequencies of ~500,000 independent
lineages during an evolution experiment, Levy et al. (2015) identified ~25,000 lineages that
gained an adaptive mutation within the first 168 generations of evolution. We have now
isolated thousands of clones from a single early time point in those experiments—a point at
which we expect most adaptive lineages to carry single adaptive mutations—and identified
their DNA barcodes. We then pooled these clones and monitored their barcode frequencies
during short-term pooled growth. This allowed us to assign a fitness value to each of the
clones, within the context of a single experiment. We then selected and sequenced the
genomes of hundreds of known adaptive clones with varying fitness effects, as well as many
neutral clones. Combining the sequencing and fitness measurements, we linked the
molecular targets of adaptation to their fitness effects and thus built a comprehensive
genotype-to-fitness map of the mutations that drove initial adaptive evolution in this system.
Our results show that initial adaptation under these conditions is overwhelmingly driven by
two distinct classes of mutations, which together explain the bimodal distribution of fitness
effects observed in Levy et al. (2015).

Isolation of thousands of evolved clones, and parallel measurement of their fithess

We isolated 4,800 random, single-colony-derived clones from frozen population samples
taken at generation 88 from the Levy et al. (2015) experimental evolutions (Figure 1a, Table
S1): 3,840 clones were from evolution replicate E1 and 960 clones from replicate E2. Those
evolutions were performed by serial transfer in limiting glucose conditions, such that the
populations grew for 8 generations each 48-hour growth/dilution cycle. The sampling
generation and number of clones were chosen specifically to both maximize the fraction of
clones with only a single adaptive mutation and allow fitness measurement assays to be cost-
effective (see Methods and Resources, “M&R”). We unambiguously determined the barcode
sequence for 4,149 of the clones via Sanger sequencing (M&R) and identified 4,009 unique
barcodes with 140 duplicates, consistent with random sampling from the Levy et al. (2015)
data.

To measure the fitness, s, of each of these clones, we conducted fitness measurements in a
single pooled assay (Figure 1b, Tables S2, S3). We grew each of the 4,800 clones
independently in liquid media and then pooled equal volumes of their saturated cultures; this
pool was then frozen as a stock culture to use for all subsequent fitness measurements
described in this work, unless specified otherwise. For each assay, we re-grew the pool from
a frozen stock of ~108 cells, then mixed it 1:9 with a population of the ancestral clone. We
then propagated this mixed population by serial transfer through four 8-generation cycles for
a total of 32 generations under conditions identical to the original evolution experiment
(Figure 1b); the starting population size for each cycle was ~5x107 cells, large enough to
minimize drift. This design allowed us to measure the fitness relative to the ancestor of each
of the 4,800 clones in the pool without allowing substantial further adaptive evolution during
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the propagation. These measurements were conducted with 2-3 biological replicates across
each of 4 different experimental batches (experiments conducted on different days).

The frequency of each barcode was measured after each transfer cycle by Illumina
sequencing (M&R). We detected 3,883 of the 4,009 unique lineage barcodes; clones
carrying the 126 missing barcodes may not have recovered from the frozen stock in high
enough numbers to establish and thus were not present in the pool used for the fitness
measurements. We used the frequency measurements from three of the four 8-generation
cycles (for a total of 24 generations of data) to estimate the fitness of the 3,883 clones.
Details of the fitness estimation, and extensive analysis of the fitness measurement errors
and the batch effects are in the M&R and Figure S1-Figure S5. The distribution of fitness
effects for all sampled lineages is shown in Figure S6.

The fitness values (5) reported throughout this work are the inverse variance weighted mean
and sample standard error of the mean across the four batches of fitness measurements, and
are quoted, following convention, as percent per generation. The fitness measurements are
consistent across replicates within batches (Figure 2a, Figure S4) and between batches,
although not to the same extent (Figure 2b—c, Figure S5). Sources of error between the
replicates and batches include counting noise, caused by the growth/bottleneck dynamics of
the assay itself, and from sampling and sequencing the DNA from the population, as well as
intrinsic experimental noise. In addition, there appear to be systematic deviations among the
batches. Batch 2 showed the largest systematic deviations (Figure S5), on the order of 6.5%
for high fitness lineages (s> 5%) rather than the 1-2% deviations for all other batches
(Figure 2b—c), which may be due to the slightly different measurement protocol used for this
batch when compared to the other batches (M&R).

Some deviations across the batches might be caused by slight differences in the growth
conditions between batches or may be induced by different population compositions during
the latter growth cycles of the fitness assay. We considered the possibility that a few lineages
present at a substantial frequency in the pool (13 lineages at 1%-8% frequency) could drive
non-linear effects at the latter growth cycles of the assay. To investigate this, we created a
pool of 500 of the barcoded clones, providing us with a biological replicate of pooling, and
specifically avoiding the introduction of the anomalously large lineages. We performed the
fitness assay as for the larger pool and found that the fitness estimates remained largely
unchanged (Figure 2d) with similar systematic batch deviations, on the order of ~3.2% for
high fitness lineages (s> 5%) (see M&R). This indicates that most of the among-batch
variation is likely to be driven by biological variability and not variation in the pool
composition or a few anomalously large lineages. Overall, the systematic effects appear to
be small compared to the measured fitness values, and our analysis below controls for the
batch effect in all pairwise comparisons.

Our fitness measurements are consistent with those of Levy et al. (2015) as reported for both
the lineage tracking fitness estimates (Figure 2e) and pairwise competition assays of single
clones against a YFP-marked ancestor (Figure 2f). We suspect that the deviations in fitness
in these assays when compared to our 4,800 pool estimates are largely due to batch effects,
though we cannot rule out fitness differences due to frequency dependent effects as the
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adaptive clones begin each of these assays at a different starting frequency (see Levy et al.
2015 and M&R for details).

Note, a number of lineages were classified as adaptive by Levy et al. (2015), while our
isolated clones from those lineages proved to be neutral, and vice versa (highlighted in
Figure 2¢). This is expected: adaptive mutants in lineages called adaptive by Levy et al.
should generally comprise the majority but not all of the cells in their lineages. Thus, there
will be instances where the sampled isolate from a lineage does not have the adaptive
mutation. Conversely, some sampled isolates from lineages called neutral by Levy et al. will
have acquired an adaptive mutation late enough in the evolution that the lineage was not
classified as adaptive. The pooled-clone fitness measurements conducted in this study were
thus critical for assigning fitness effects to our isolated clones (see below).

We determined that 59% of our 3,883 sampled lineages were adaptive (defined as s> 0%
with 99% confidence); we refer to these clones as “adaptive”, and the clones falling outside
the 99% confidence level as “neutral”. This 59% adaptive fraction is similar to the Levy et
al. (2015) estimate of 50% adaptive lineages at generation 88.

Whole-genome sequencing

To determine the genetic basis of adaptation we conducted whole-genome sequencing for
418 of the 3,883 unique barcoded clones with assigned fitness estimates (M&R). These
included 333 adaptive clones, consisting of nearly every sampled clone with s> 5% and
many lower fitness clones (0% < s< 5%). To understand the spectrum of neutral mutations
we also sequenced 85 neutral clones. Our sequenced clones thus covered the entire range of
observed fitness values (Figure S6, blue bars). We obtained ~20x average and 5x minimum
coverage for each clone. We called SNPs and short indels using a GATK based pipeline and
manual curation, and larger structural variants were identified with CLC Genomics
Workbench (M&R). Sanger sequencing of 57 randomly chosen mutations that passed
manual curation revealed no false positives (M&R). Across all clones (adaptive and neutral),
we identified a total of 445 mutations (Table 1, Table S4 and Data File S1), including 352
point mutations, 44 insertion/deletion events, 4 chromosomal aneuploidy events, and 45
transposable element (TE) insertion events. A total of 211 clones (188 adaptive clones) have
more than one mutation.

Self-diploidization is an adaptive mechanism

In 83 adaptive clones, we observed the surprising presence of unambiguous heterozygous
mutations, suggesting that many of the clones were diploid. To validate this, and to measure
the frequency of diploidy, we developed a high throughput method to determine the ploidy
of all 4,800 sampled clones, based on Upshall et al. (1977) (see M&R). This method takes
advantage of the stronger growth inhibition at 25°C of diploid cells compared to haploid
cells in media containing benomyl; our assay was 99% concordant with flow cytometry
ploidy analysis of a sample of ~800 clones. Of the 4,800 clones, 43% from evolution E1 and
60% from evolution E2 were diploid (Table S1). We also performed mating assays (M&R)
for ~1,200 randomly chosen clones, including haploids and diploids from both E1 and E2,
and found that every clone behaved as a MATa strain (the mating type of the founding
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ancestor). Thus all of the diploids apparently arose via self-diploidization to generate
MATa | MATa diploids, rather than by mating type switching and subsequent mating
between haploids of opposite mating types. Such self-diploidization has been observed to be
beneficial in a prior glucose-limited evolution experiment (Gerstein et al., 2006).

Of our whole-genome sequenced clones, 240 were diploid, of which the vast majority—237
(99%)—were measured as adaptive, with an average fitness benefit of 3.6% + 0.6%. This
included 12 clones used for the pairwise competition assays in Levy et al. (2015), which had
an average fitness benefit of 3.5% in that assay, validating diploidy as an adaptive mutation.
Aside from three diploid clones carrying an extra copy of chromosome 11 (discussed
below), there was no significant difference in the fitness of adaptive diploid clones that
contained no additional mutations (n=102), as compared to either diploids with additional
mutations that do not alter protein sequence (n=53), or diploids containing additional
mutations (i.e., missense, nonsense and insertion/deletion) that do alter protein sequence
(n=79) (3.4% vs. 3.2% vs. 4.2%; P> 0.1, ANOVA). This strongly suggests that diploidy is
the only driving adaptive mutation in most or all of these clones. Three of the sequenced
adaptive diploid clones contained an extra copy of chromosome 11, which conferred a
significant fitness advantage beyond diploidy alone (s=7.6% + 0.6%; P< 0.0001; ANOVA
test for each of the 4 batches of fitness measurements). One additional diploid clone
contained an extra copy of chromosome 12, but was not significantly more fit than the
average diploid (s=4.6%, P> 0.1).

Of the 1,649 lineages that we determined to be diploids, 451 (27%) had been previously
determined by the lineage tracking analysis of Levy et al. (2015)—without any knowledge
of ploidy—to be lineages that were adaptive, with roughly the same fitness values, across
both replicate evolution experiments. This suggests that many of these lineages were already
self-diploidized by the time they were present in the barcoded population used to found the
replicate evolutions; potentially the self-diploidization occurred during the transformation
process itself when the barcodes were introduced into the cells. To investigate this, we
measured the frequency of diploids throughout the Levy et al. replicate evolutions, and
determined that at time zero the frequency of diploidy was low (~1%; Figure S7). We also
conducted additional 200-generation evolution experiments using the experimental
conditions of Levy et al. (2015) but using an isogenic non-barcoded haploid ancestral
population (i.e., that had not undergone transformation) and found that < 0.1% of sampled
clones were diploid at generation 88, indicating that spontaneous self-diploidization under
our adaptive growth conditions is a rare event. The possibility of transformation-induced
diploidy prevents us from accurately estimating a mutation rate for self-diploidization, but it
is clear that whole-genome duplication alone is beneficial under our growth conditions with
a fitness effect of ~3.4%.

Adaptive haploid clones typically carry a single adaptive mutation

Of the 418 clones we sequenced, 178 were haploid, of which 96 were adaptive and 82
neutral. We found a significant excess in the total number of mutations in adaptive haploid
clones compared to neutral haploid clones (1.95 vs. 0.94 mutations per clone; 2= 0.00004;
ANOVA, Table 1); note, the observed number of mutations in neutral clones (0.94 per clone)
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is higher than the expected 0.5 events per clone after 88 generations, based on the mutation
rate estimates of Levy et al. (2015). The source of this excess is unknown, though it is
possible that mutations may have been induced by transformation of the DNA barcodes. It
has been speculated that transformation is mutagenic (Giaever et al., 2002; Shortle et al.,
1984), and would be consistent with the transformation-induced diploidy hypothesized
above.

The adaptive clones have, on average, almost exactly one additional mutation compared to
neutral clones, suggesting that they indeed carry only a single adaptive mutation. The
adaptive haploid clones also have a significantly larger proportion of protein sequence
altering mutations (i.e. missense, nonsense or insertion/deletion mutations) (73%) when
compared to the neutral clones (46%) (Table 1; A= 0.0001, Fisher’s exact test), strongly
suggesting that the additional mutations in the adaptive clones impact protein function.

Adaptive haploids are enriched for mutations in the nutrient response pathways

A hallmark of adaptive mutations in laboratory evolution experiments is the finding of
recurrent mutations within genes or pathways, which is unlikely under neutral evolution. We
define candidate adaptive targets as those loci with at least two independent adaptive
mutations among our sequenced clones. None of the protein-altering mutations found in the
neutral clones occurred in the same gene; by contrast, 77 of the 135 (57%) protein-altering
mutations in the adaptive clones were found in recurrently mutated genes (P= 10711,
Fisher’s exact test). All of these 77 mutations were found in clones with different barcodes
and are thus independent. The recurrent mutations in the adaptive clones occurred in 6 genes
(IRA1, IRAZ, GPB1, GPBZ, PDEZ, CYRYI), all of which are in the Ras/PKA pathway and
are known to regulate yeast cell growth in response to glucose availability (reviewed in
Conrad et al., 2014). A number of identical mutations occurred independently more than
once: single mutations in CYR1, GPBI, and GPBZ2and two different mutations in /RAZ
each occurred twice independently, while a single mutation in PDEZ occurred independently
four times. Mutations in this pathway have been identified as adaptive in previous glucose-
limited yeast evolution experiments (e.g. Kao and Sherlock, 2008; Wenger et al., 2011,
reviewed in Long et al., 2015), with selective effects of ~10% - 25% per generation in
chemostats. We also observed one mutation in each of three different genes belonging to the
TOR/Sch9 pathway (7OR1, KOG1, SCH9), which also integrates nutrient availability
information with growth. We did not observe recurrent mutations in any other genes or
pathways.

A total of 82 of our 96 (85%) sequenced adaptive haploid clones contained a mutation in
either the Ras/PKA or TOR/Sch9 pathways (Figure 3, Table 1); 36 of these 82 clones had no
other identified mutations, strongly indicating for these clones (and implying for the other
clones) that the mutation in the Ras/PKA or TOR/Sch9 pathway gene is the causal adaptive
mutation. We also note that four diploid clones (not included in the 82 described above) also
carried mutations in the nutrient response pathway genes. Of the remaining adaptive haploid
clones that did not have mutations in the Ras/PKA or TOR/Sch9 pathways, 3 were clones
for which we were unable to identify any mutations, and 11 had mutations that did not
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appear to affect other nutrient response pathways (Table 2). We do not find any evidence for
adaptive copy number changes in any of our haploid clones.

In genes known to be positive regulators of the Ras/PKA and TOR/Sch9 pathways (RASZ,
CYRI1, TOR1, KOG1, SCH9and TFSI1) we identified only missense mutations, and for each
of these genes there were only 1 to 3 clones with such mutations (Table 1). By contrast, in
genes encoding negative regulators of the Ras/PKA pathway (/RA1, IRAZ, GPB1, GPB2
and PDE2Z) many of the mutations were likely inactivating (insertion/deletion and nonsense)
and mutations in these genes were observed much more frequently, with 4 to 32 mutant
clones per gene (Table 1). These results suggest that most adaptive mutations in the positive
regulator genes increase or modify activity (hypermorphic) and thus have a small mutational
target size, while those in negative regulator genes of the nutrient response pathway decrease
or abolish activity (hypomorphic). As expected of clones with hypermorphic mutations in
the Tor/Sch9 pathway, those clones had increased rapamycin resistance (data not shown).

The fitness effect of a mutation is dependent on the gene and the mutation type

We integrated our genotype data with our fitness estimates to study the distribution of fitness
effects for all of our major mutation classes, generating a genotype-to-fitness map for the
initial driver mutations in our evolution experiment (Figure 4). As the fitness benefits may
not necessarily be gained during exponential growth, we also provide an additional y-axis on
the plot, showing the fitness per growth cycle (a factor of 8 larger). We found that most
diploid clones have a fitness advantage close to the mean for diploids without other
mutations (~3.4%) with variations consistent with counting noise (Figure S3), again
suggesting that these clones have functionally identical adaptive mutations — that is, solely
diploidy. By contrast, lineages with mutations in the Ras/PKA and TOR/Sch9 nutrient
response pathways have fitness benefits ranging from 5% to 15%, depending on the gene
and type of mutation, suggesting a lack of functional equivalency between different adaptive
mutations within these nutrient response pathway genes. Together, the diploidy (s ~3.4%)
and nutrient response pathway mutations (s ~5-15%) explain the two major fitness classes
observed in Levy et al. (2015) (Figure 3b of that work) and in our fitness measurement
assays (see Figure S6).

We conducted a number of ANOVA tests for the effects of gene identity, mutation type, and
the presence of additional coding mutations on the fitness of our clones containing nutrient
response pathway mutations. We found significant effects of both gene identity (P< 107;
ANOVA), and mutation type (P < 1073; ANOVA after controlling for gene effects for three
of four batches) on the fitness of these lineages. These differences can even be found
between paralogs: the 32 mutations in /RAI confer a significantly greater fitness advantage,
on average, than the 12 mutations in its paralog /RA2(12.9% vs 10.2%) (P< 0.05;
ANOVA), and mutations in GPBZ2 confer a significantly greater fitness advantage than
mutations in GPBI (10.4% vs 6.2%) (P< 1074 ANOVA). In addition, missense mutations in
IRA1 confer a significantly lower fitness benefit than nonsense or insertion/deletion
mutations within the same gene (P < 0.05, ANOVA for three of four batches).

The fitness distribution for lineages carrying mutations in GPBZ2is remarkably narrow
within replicates (standard deviation < 1% per generation across all replicates), particularly
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when compared to other nutrient response pathway genes such as /RAI (standard deviation
of 1-3% per generation). Note, this variation in GPBZ2is substantially less than the average
variation observed between replicates and batches for high fitness lineages (Figure 2). One
possible explanation is that every mutation in GPBZ completely abolishes gene function;
alternatively, partial loss of GPBZ2function may still lead to the same level of Ras/PKA
pathway activation as a complete loss of function, resulting in these highly consistent fitness
estimates. In either case, the lack of fitness variation among the lineages with mutations in
GPBZ2 demonstrates the precision of our fitness estimates and further suggests that the
fitness differences observed between replicates and batches (Figure 2) may be due to
biological variation in fitness due to slight differences in conditions rather than estimation
error.

We also tested for the presence of additional adaptive mutations in the adaptive haploid
clones containing nutrient response pathway mutations. We found that the 32 clones with
both a nutrient response pathway mutation and an additional protein sequence altering
mutation do not have a significantly different fitness than the 50 clones with a nutrient
response pathway mutation alone (P < 0.05 for only one of the 4 batches; ANOVA
controlling for gene and mutation type).

Not every gene in the Ras/PKA pathway is a target of adaptation

Among our sequenced adaptive clones, we found putative hypomorphic mutations in most of
the negative regulators of the Ras/PKA pathway (/RA1, IRAZ, GPBI1, GPB2and PDE2) but
no mutations in PDE1. We hypothesized that PDEZ mutations did not confer a substantial
fitness advantage, as Pdel has a lower affinity for CAMP than Pde2 (Londesborough and
Lukkari, 1980). To test this hypothesis, and to confirm that loss of any of the five negative
regulators of the Ras/PKA pathway we observe as mutated is indeed adaptive, we
constructed whole-gene deletions of /RAL, IRAZ2, GPB1, GPB2, PDE1, and PDEZ, as well
as the pseudogene YFRO059C as a control, and assayed their fitness using fluorescence based
pairwise competition assays (M&R). As predicted, we found that the fitness of the PDE1
deletion mutant was indistinguishable from neutrality, while deletion of the other genes was
highly beneficial (Figure 5) with the fitness benefit roughly similar to that of the detected
mutations in these genes.

Discussion

One of the key goals of the study of adaptive evolution is to characterize the molecular basis
and fitness effects of a comprehensive set of adaptation-driving mutations. We have
overcome several challenges to achieve this goal: sampling a large number of independent
clones without any bias for the type of adaptive event (e.g. point mutation vs. structural
variant vs. epigenetic change), identifying adaptive events across the whole genome, and
estimating the fitness effects of each of these mutations in a high-throughput manner, with
high confidence and at a low cost per assay (~$0.07 per clone per replicate measurement). In
addition, as exemplified by the small variation in the many independent fitness
measurements for GPB2 mutants, our fitness measurements are both sensitive and precise.
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By sampling adaptive mutations while they are still collectively a modest fraction of the
population, we were able to identify the two major (and perhaps only) classes of adaptive
mutations that drive early evolution in our experiment: (1) self-diploidization (s~3.4%), and
(2) presumably activating mutations in the Ras/PKA or TOR/Sch9 pathways (s ~5-15%).
These two classes of mutations explain the fitness advantages of 319/333 (96%) of our
sequenced adaptive clones, suggesting that in our system early-stage adaptation is driven by
only a small number of mutational classes. We can also be certain that we didn’t miss a large
class of difficult to identify adaptive events, such as mutations in repetitive regions, complex
structural changes or epigenetic modifications.

We found a large number of recurring large-effect adaptive mutations in a small number of
genes. In one case only a single member of a paralog pair, PDE2 and not PDEZ, had any
observed mutations. We confirmed that the reason we did not observe mutations in PDEZ
was not due to insufficient sampling depth, but rather was due to PDEI mutations not being
adaptive under our experimental conditions. The results make us confident that we have
generated a comprehensive map of the predominant adaptation-driving mutations in S.
cerevisiae grown in one specific environment.

Note, we have not attempted to identify every potentially adaptive mutation in our
experimental condition, rather we have identified most of the mutations that drive or are
likely to drive the evolutionary dynamics of our system. In this system, with its well-mixed
population, any adaptive mutation that is either too selectively weak or has a very low rate of
occurrence cannot effectively drive the adaptive dynamics, because of clonal interference
(Levy et al. 2015). For example, if the target sizes for adaptive mutations in two genes are kj
and ko respectively, with selective advantages s; and s, then after a time T in a large
population the ratio of the fractions of the population of the two classes of mutants are k;
exp(s; T) and ky exp(s, T). If T=88 generations, as for our sampled clones, with 5, — $ =
5%, and the same target sizes (k1 = k), the mutant with 5% greater fitness benefit will be
observed 100 times as often. However, the mutational target size is also important: if k, were
100x larger than k; (e.g., ko includes many possible beneficial loss of function mutations
while kj includes only very few beneficial gain of function mutations), this compensates for
the selective effect and mutations in the two genes will become comparable fractions of the
population. Therefore, both selective advantage and the mutational target size are important
in determining which mutations drive adaptive evolution.

The importance of both parameters may explain why we observed few candidate adaptive
mutations in regulatory regions of Ras/PKA or TOR/Sch9 pathway genes. Indeed, we
observed only one possible case, a transposon insertion upstream of the CYRI gene, in a
clone for which there were no other obvious adaptive mutations. Such mutations may
therefore be rarer and/or confer a smaller selective advantage than changes to the actual
protein sequences in our system and experimental condition.

The first key mutational event that we identified here was self-diploidization. The presence
of a diploid fitness advantage in our growth condition is consistent with previous work
showing that self-diploidization frequently fixes in yeast populations evolving under glucose
limitation (Gerstein et al., 2006), but contrasts with the fitness disadvantage of diploids
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relative to haploids found under glucose limitation (Adams and Hansche, 1974; Zeyl et al.,
2003) and no difference in fitness under nitrogen limitation (Hong and Gresham, 2014).
Note however that these studies were performed in environmental conditions different from
ours (chemostats vs. batch culture), which could significantly modify the relative fitness of
haploids and diploids. This is consistent with a prior study which has found that the relative
growth rates of haploid and diploid cells is highly dependent on both the specific strain
genotype and the environment (Z6rg0 et al., 2013). A large body of work (reviewed in Otto,
2007) has sought an explanation for the evolution of diploidy in eukaryotes and the frequent
polyploidization events in the evolutionary history of many organisms, including S.
cerevisiae (Marcet-Houben and Gabaldon, 2015). Our work and that of Z6rg6 et al. (2013)
suggest that diploidy may arise under some conditions due to a direct fitness advantage for
diploids when compared to isogenic haploids. Further work is needed to determine the
physiological basis for this fitness advantage and the generality of this advantage in other
conditions.

The second major type of adaptive event targeted genes in the Ras/PKA and TOR/Sch9
nutrient response pathways. Previous work has shown that mutations in these pathways
exhibit strong pleiotropic effects. For example, natural genetic variation present in many
genes in the Ras/PKA pathway responds to selection for growth at 40°C (Parts et al., 2011).
In addition, loss of function mutations in the TOR/Sch9 pathway result in an increased
replicative lifespan (number of viable cell divisions per cell, Kaeberlein et al., 2005), as do
mutants that decrease activity of the Ras/PKA pathway (Fabrizio et al., 2004; Lin et al.,
2000). The study of the pleiotropic nature of fitness trade-offs (antagonistic pleiotropy), is
critical to understanding adaptive evolution in the laboratory and in nature. Our DNA
barcode based approach allows for the isolation and economic measurement of the
individual fitness values of large pools of mutants, which will be of great use in investigating
such evolutionary trade-offs.

In summary, we have conducted an in-depth survey of the molecular nature and associated
fitness effects of the adaptive mutations in an evolving system, generating a genotype-to-
fitness map for the mutations that drive the initial adaptive evolution. This approach opens
the possibility of a far more in-depth understanding of adaptive evolution by de novo
mutations and gives us a new way to assay the fitness landscapes in evolving systems
comprehensively, economically, and precisely.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Experimental procedures to select and measure fitness of evolved clones
(A) Schematic of isolation and identification of individual evolved yeast clones. We

isolated 4,800 single colonies from generation 88 across both replicate evolution
experiments from Levy et al. (2015), determined their lineage barcodes, and stored them
individually. (B) Schematic of barcoded fitness measurement assay. We grew all 4,800
colonies individually (not shown) and pooled them. The pool was mixed with an ancestral
clone at a 1:9 ratio and the mixture was propagated for 32 generations in four independent
batches (2-3 replicates per batch). At each transfer (every 8 generations), we isolated DNA,
amplified the barcodes and conducted high-throughput sequencing to estimate the frequency
trajectory of each barcode. The inset graph shows the frequency trajectory of all lineages
with fitness > —1%, where adaptive lineages are colored in red (darker red lineages are more
fit) and neutral lineages are colored in blue. Fitness was estimated using 24 generations of
data from these frequency trajectories (M&R). Raw data for the sampled clones and their
fitness measurements are in Tables S1-S3.
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Figure 2. Fitness measurements are consistent across replicates and techniques
(A) Comparison of fitness values for individual barcoded clones obtained from independent

replicate assays conducted in the same experimental batch. (B—C) Comparison of fitness
values for individual barcoded clones obtained from independent experimental batches
(averaged over all replicates within a batch) of the fitness measurement assay. For A-C, a
small number of lineages with extreme fitness estimates in at least one replicate (s < —-5% or
5> 20%) are not shown for increased resolution. A comparison of our fitness measurements
using the 4,800 clone pool and (D) fitness measurements from a 500 clone pool, (E) to their
barcode lineage fitness measurements from the Levy et al. (2015) lineage tracking estimates,
and (F) the pairwise fluorescence competition assay measurements, from Levy et al. (2015).
The solid lines on all panels are Y=X while X and Y error bars show the fitness
measurement errors (M&R). For each panel, we report the mean and standard deviation of
the difference in fitness for each comparison, grouped by low and high fitness clones.
Systematic differences between measurements appear to be lower in low-fitness clones
compared to high fitness clones, but the measurements are generally consistent throughout.

Cell. Author manuscript; available in PMC 2017 March 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Venkataram et al.

Page 17

We conducted extensive validation of our fitness estimation methodology, highlighted in
Figures S1-S5.
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Figure 3. Schematic of the Ras/PKA and TOR/Sch9 pathways in yeast and the number of
adaptive mutations found per gene

The colored boxes denote the number of independent haploid lineages observed in our
dataset with mutations in a particular gene. Blue boxes indicate mutations in negative
regulators of cell cycle progression, while green boxes indicate mutations in positive
regulators. Modified from Kao and Sherlock (2008) Figure S1.
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Figure 4. The fitness spectrum (genotype-to-fitness map) of evolved clones with different
adaptive mutations

The inverse variance weighted fitness averaged across all batches and replicates is plotted.
Mutations are colored by their molecular basis (i.e. chromosomal amplification, insertion/
deletion, nonsense or missense). The “other” class includes the 14 adaptive haploid clones
for which we did not identify a nutrient response pathway mutation. Within-batch standard
deviations (not shown for clarity) are < 1% for > 90% of clones with nutrient response
pathway mutations, while between-batch standard deviations are ~2% for all clones. To
highlight the effect of single mutations on fitness, the six diploid clones with nutrient
response pathway mutations are not shown. We show per-cycle fitness (8 generations per
cycle) as a secondary y-axis (right side), as the fitness benefit of these mutations may not
exclusively be due to changes in per-generation fermentative growth rate, but due to changes
in other parts of the growth cycle such as growth lag, diauxic shift, aerobic growth, or
increased viability after stationary phase. Figure S6 shows the distribution of fitness effects
of our 4,800 sampled and 418 sequenced clones.
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Figure 5. Fitness of clones with synthetic whole-gene deletions in negative regulators of the
Ras/PKA pathway

Fitness was assayed using pairwise competitions against a fluorescently tagged ancestral
clone. The plot shows the fitness for each of the constructed deletions and the error bars
show standard error. P-values are for t-tests comparing the fitness of each gene deletion to
the control, which is a deletion of the pseudogene YFR059C. n.s. stands for “non-
significant”, meaning 2> 0.05.
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Mutations in adaptive haploid clones without a nutrient response pathway mutation

Table 2

Lineage | Fitness | Genel Gene 2 Gene 3 Gene 4 Gene 5
1D
7538 8.2% | ERGI, THI3,
missense; nonsense;
H220Y S18*
7953 10.0%
13183 13.9%
14688 2.3% | STE3 missense; RXT2,
1141T missense;
N63Y
18152 13.9% | KTI12,
missense;
K208Q
21863 3.2%
26598 4.0% | YLR1S7TW-E; TE
insertion
53054 1.6% | ATG17
Upstream SNV,
2655 bp A/G
60700 8.5% | SSKZ. nonsense;
E702*
88494 6.4% | NCLI; Upstream
SNV, 374 bp
TIA
225103 2.1% | YKLO68W-A IES3, LAAT, SEC4,
upstream TE missense; Synonymous; | Synonymous;
insertion N241T T623T N65N
254044 2.2% | TCB2 Upstream BAT1, LEU4, DMATI, SUP51
SNV; 99 bp C/A Upstream missense; frameshift; CYR1
SNV; 498bp | 1264V 989bp Upstream TE
AIT insertion
262917 2.6% | FPKI, POPA4,
frameshift; Upstream
2113bp SNV, 246
bp C/G
304483 3.1% | YOLO014w; BEM?2, PAUIE,
missense; L65M missense; Upstream
D2054Y SNV; 835 bp
ATITG
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