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Abstract

Experimental evolution allows the observation of change over time as laboratory populations
evolve in response to novel, controlled environments. Microbial evolution experiments take
advantage of cryopreservation to archive experimental populations in glycerol media, creating a
frozen, living “fossil” record.  Prior research with Escherichia colihas shown that
cryopreservation conditions can affect cell viability and that allele frequencies across the genome
can change in response to a freeze-thaw event. We expand on these observations by characterizing
fitness and genomic consequences of multiple freeze-thaw cycles in diploid yeast
populations. Our study system is a highly recombinant Saccharomyces cerevisiae population
(SGRP-4X) which harbors standing genetic variation that cryopreservation may threaten. We also
investigate the four parental isogenic strains crossed to create the SGRP-4X. We measure cell
viability over 5 consecutive freeze-thaw cycles; while we find that viability increases over time in
the evolved recombinant populations, we observe no such viability improvements in the parental
strains. We also collect genome-wide sequence data from experimental populations initially, after
one freeze-thaw, and after five freeze-thaw cycles. In the recombinant evolved populations, we
find a region of significant allele frequency change on chromosome 15 containing the ALR1 gene.
In the parental strains, we find little evidence for new mutations. We conclude that cryopreserving
yeast populations with standing genetic variation may have both phenotypic and genomic
consequences, though these same cryopreservation practices may have only small impacts on
populations with little or no initial variation.

Keywords: experimental evolution, pool-seq, freeze-thaw, standing genetic variation, glycerol

Significance: Investigators studying laboratory populations of microbes tend to store them
indefinitely as frozen stocks at -80C, so that they can be revived for future experiments. While it
is a widespread assumption that such freezing does not impact population genotypes or
phenotypes, this assumption has not been generally tested, especially in cases where populations
are recombinant and harbor a large amount of genetic variation. Here, we show that five cycles
of freezing and thawing result in very clear changes to both fitness and genetic variation in
replicated, recombinant yeast populations. Our results suggest that care should be taken to
minimize the evolutionary consequences of cryopreservation in initially recombinant microbial
populations.

http://mc.manuscriptcentral.com/gbe
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Introduction

Experimental evolution can be generally defined as research that involves exposing
replicated populations to a novel environment for many generations and observing how those
populations evolve in real time (Garland and Rose 2009). This approach allows investigators to
directly test hypotheses about evolutionary processes in the laboratory. When these experiments
involve microbes, it is common practice to regularly archive samples of replicate populations by
storing them at —80°C in media supplemented with glycerol. This practice adds value to
evolution experiments by providing reserves of cells that can be revived for future use. Reasons
for reviving archived cells might include recovery following an experimental error, assaying
particular biochemical or physiological phenotypes, or intentionally restarting an evolutionary
trajectory from a given timepoint to assess how repeatable an experimental evolutionary outcome
might be (Kawecki et al. 2012). Essentially, cryopreservation in microbial experimental
evolution allows researchers to produce a living “fossil” record over the course of a population’s
evolutionary history.

Such a record may not be perfect; as with any fossil record, the archives of an evolution
experiment may be subject to preservation biases (Efremov 1940, Behrensmeyer et al. 2000).
While the duration of freezing may not affect the survival of microbial cells, freeze-thaw events
are known to impose reductions in viability (e.g. Gao and Critser 2000). Glycerol is one of the
most widely used cryoprotectants in microbial research; it functions by lowering the freezing
temperature and reducing osmotic shock to cells during freezing (e.g. Mazur 1984). While the
use of glycerol for cryopreservation is widespread, it has reported toxic effects including
oxidative stress, DNA damage, and alterations to gene expression (reviewed by Fahy 1986). E.

coli strains with different genetic backgrounds have been observed to survive the process of
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freezing and thawing at different rates (Sleight et al. 2006, 2008; Sleight and Lenski 2007), and
natural isolates of S. cerevisiae have also been shown to exhibit different viabilities following
glycerol exposure (Warringer et al. 2011) and freeze-thaw stress (Kvitek et al. 2008). Thus,
several lines of evidence suggest that cryopreservation — the combination of glycerol exposure
and freezing/thawing - may exert selective pressures on microbial populations.

Sprouffske et al. (2016) subjected three strains of Escherichia coli to a single freeze-thaw
event across a range of glycerol concentrations and freezing methods. Not only did the strains
display differences in viability across glycerol concentrations, but this single freeze-thaw event
evidently resulted in the loss of rare alleles in experimental populations. The authors concluded
that cryopreservation alone may influence a population’s phenotypes and genotypes, and they
attributed these changes to natural selection rather than genetic drift. This demonstration of the
potential genomic consequences of cryopreservation is especially relevant to experimental
evolution projects involving populations that harbor genetic variation. In most cases, microbial
evolution experiments are initiated from single clones with little to no genetic diversity, and
evolution proceeds via the sequential fixation of de novo beneficial mutations. Such mutations
are expected to rapidly increase in frequency in a population under selection (e.g. Lang et al.
2013), so at any given timepoint few rare alleles should exist. Thus, the impacts of
cryopreservation may be small if only rare alleles at frequencies < 1% are threatened (as
observed by Sprouffske et al. 2016). By contrast, in populations with more genetic diversity,
allele frequencies may be vulnerable to perturbations due to cryopreservation. While there are
few studies of the effects of freezing on heterogeneous or genetically diverse microbial
populations, Turner et al. (1996) provide a relevant example; two E. coli strains were mixed at

different initial frequencies prior to freezing and thawing. One strain increased in frequency in

http://mc.manuscriptcentral.com/gbe

020z 1snbny z| uo 1sanb Ag 986985/ ZLEeend/agb/e60L 0L /10p/a1o1e-aoueApe/aqb/wod dno-ojwapede//:sdiy woly papeojumoq



all 15 trials regardless of initial frequency, suggesting that freezing and thawing alone can
change the relative frequencies of competing strains.

Here we aim to evaluate the consequences of freezing and thawing at both phenotypic
and genomic levels, using S. cerevisiae populations that either harbor a great deal of genetic
diversity or none. We assay fitness and genetic variation in five different yeast populations (one
recombinant population and 4 isogenic strains) across five consecutive cycles of freezing and
thawing. Glycerol is typically used at concentrations of 2-55% (Hubalek 2003) to supplement
liquid cultures of the yeast Saccharomyces cerevisiae at -80°C for cryopreservation, and a
popular laboratory manual recommends routinely archiving yeast at final concentrations of 15-
20% glycerol (Dunham et al. 2015). Thus, we also implement two glycerol conditions, final
concentrations of either 15% or 25% glycerol, in our experiments, and assess the effects of acute
glycerol toxicity on cell viability. We analyze genome-wide sequence data from all populations
collected initially, after one freeze-thaw, and after five freeze-thaws to evaluate changes in the

frequencies of either pre-existing variants or de novo mutations over time.

Materials and Methods

Y east maintenance and cryopreservation selection experiment

The focal yeast population in this experiment, which is called “SGRP-4X”, is a highly
recombinant diploid population useful for QTL mapping (Cubillos et al. 2013). The SGRP-4X
was constructed by crossing four stable heterothallic haploid strains: a European wine strain
(DBVPG6765); a West African palm wine strain (DBVPG6044); a North American oak tree
isolate (YPS128); and a Japanese sake strain (Y12). All of these strains belong to the

Saccharomyces Genome Resequencing Panel (SGRP; Liti et al. 2009). Both the SGRP-4X and
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the four isogenic “founder” strains in were used as base populations in our evolution
experiments. The SGRP-4X population was originally acquired from G. Liti in January 2011,
grown overnight in liquid culture, diluted to a final concentration of 15% glycerol, and frozen at
-80°C until it was revived for this project in March 2017. The isogenic founder strains were
obtained as haploids from the NCYC collection (SGRP Strain Set 2); crosses between MAT A
and MAT o haploids produced diploids for each strain, and single diploid colonies were isolated,
grown up in YPD liquid culture overnight, diluted to a final concentration of 15% glycerol, and
frozen at -80°C until they were revived for this project in March 2017.

Experimental populations were first established as follows. 600 uL of a frozen archive of
the SGRP-4X population was aliquoted onto a YPD agar plate to create a lawn that was allowed
48 hours of recovery growth. A wooden applicator was used to collect cells in a cross-hatch
pattern that covered the entire lawn so that the substantial genetic diversity in this population was
sufficiently sampled; these cells were then used to inoculate liquid YPD for overnight culture.
Freezer stocks of the four diploid isogenic founder strains were sampled with wooden applicators
and struck for single colonies on YPD agar plates twice before a single colony was chosen as the
ancestor for this experiment and cultured in liquid YPD overnight. From these five overnight
liquid cultures, 500 pl of cells were aliquoted into 4.5mL of YPD to create a more dilute
population of cells, and optical density (ODgg) was checked to ensure that cell density was
consistent for all experimental populations. This technique was used to found 12 replicate
populations of SGRP-4X and 3 replicate populations of each isogenic strain for each glycerol
condition. One milliliter of each diluted population was added to ImL of either 50% glycerol or
30% glycerol, forming pre-freeze cultures of 25% and 15% final glycerol concentrations,

respectively.
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Serial dilutions were performed on these pre-freeze cultures for the fitness assays. One
hundred microliters of the appropriate dilutions were plated in triplicate on YPD agar plates,
allowed to grow at 30°C for 48 hours, and then the number of colonies were counted. After the
removal of liquid required for the serial dilutions, the cultures were placed in a -80°C freezer for
48 hours. Previous studies show that there is an optimal cooling rate for the survival of
eukaryotic cells (Gao and Critser 2000), though slow cooling by placing samples directly in the
freezer is likely the easiest and most preferred method of freezing for microbes such as S.
cerevisiae.

After 48 hours in the freezer, samples were then removed to initiate the next freeze-thaw
cycle. Post-freeze cultures were allowed to thaw completely at room temperature (approximately
12-14 minutes to fully thaw) before the serial dilution step was repeated as before, allowing
direct pre- and post-freeze fitness comparisons of cell viability as measured via colony counting.
Viability was calculated as the ratio N,q/Niia1, Where Ny, 1s the average number of colonies
per plate per dilution post-freeze, and N;,;,.;1s the average number of colonies per plate per
dilution pre-freeze. Revival lawns were created by aliquoting 500uL of post-freeze cultures on
YPD agar plates and were allowed a 48-hour recovery and growth period before being sampled
with a wooden applicator to inoculate 10mL liquid YPD for overnight growth. This cycle of
freezing and thawing was repeated a total of five times before archiving all samples during the
sixth freeze (Figure S1). In order to assess whether cell viability increased over time in the 12
replicate recombinant populations, we carried out ANOV As on arcsine square root transformed
viabilities treating “freeze-thaw cycle” as a continuous regressor. We used this same ANOVA
approach on transformed viabilities of the initially isogenic lines over time. Finally, we carried

out Kruskal-Wallis tests on viabilities of the founder strains after one freeze-thaw to determine
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whether there might be initial strain-specific differences in freeze-thaw viability, for both
glycerol concentrations used.

We estimate that ~100 generations have passed over the course of five freeze-thaw
cycles. While it is difficult to precisely pinpoint the number of cell doublings that occurred over
the course of the experiment, we can use average colony counts collected during fitness assays to
provide some ball-park estimates. For example, the number of cells transferred from cryotubes
to agar plates was consistently around 5 million cells. The number of cells recovered from agar
lawns after 48 hours of growth was consistently between 1-10 billion cells. It follows that the
number of doublings that likely occurred during this phase of noncompetitive growth on agar
plates ranged between 7.64 doublings (given a minimum of 1 billion cells recovered) and 10.96
doublings (given a maximum of 10 billion cells recovered). Only a small fraction of all the cells
that grew on these agar plates were transferred to 10mL of liquid YPD media for the next phase
of growth, and we estimate that the number of cells transferred (via wooden applicator) ranged
from 1-10 million cells. We can also use colony counts from fitness assays to extrapolate the
approximate number of cells present in that 10mL of YPD after 24 hours of growth, and this was
consistently ~2 billion cells. It follows that the number of doublings that likely occurred during
this period of 24 hours of growth in liquid media is 7.64 on the low end (in the case of 1 million
cells transferred from the plate) and 10.96 on the high end (in the case of 10 million cells
transferred from the plate. Therefore, over the 5 weeks of the experiment we suggest that the
number of generations ranged between 75-110 (~7.5 doublings * 2 phases of growth * 5 weeks =
75 generations on the low end and ~11 doublings * 2 phases of growth * 5 weeks = 110
generations on the high end). Of course the number of generations varied among replicate

populations, and over the weeks of the experiment, but given that such variation was always less
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than one order of magnitude we think it appropriate to use global means to generate these
ballpark estimates. We also note that ancestral populations were maintained as lawns on YPD
agar plates kept at room temperature and re-plated weekly until all fitness assays were concluded

(to avoid repeatedly thawing archival stocks).

Glycerol toxicity assay

In order to distinguish between stresses induced by glycerol toxicity versus the freezing
and thawing process, we evaluated how each of the populations that had endured 5 freeze-thaw
cycles (“evolved” populations) responded to acute glycerol exposure. Each of these 24 evolved
populations (12 evolved in 15% glycerol and 12 evolved in 25% glycerol) were compared with
the SGRP-4X ancestor to determine relative fitness when exposed to acute glycerol stress. In
this assay, we employed three “treatments”: (i) the ancestor, (i1) populations evolved for 5
freeze-thaw cycles in 15% glycerol, and (ii1) populations evolved for 5 freeze-thaw cycles in
25% glycerol. Each treatment was assayed in 12 replicates; each of the 12 experimentally-
evolved replicates per glycerol condition was assayed, and the ancestor was sampled 12 times
independently for a balanced design. Each replicate was assayed as 5 individual overnight
cultures.

Glycerol toxicity assays utilized cultures that were standardized to an ODgyy 0of 0.1 in
10mL of YPD media, then grown for 24hrs in a 30°C shaking incubator. For each assayed
population, nine total cultures were started, and upon removal from the incubator the five with
1072 diluted ODgq readings closest to a target value of 0.3 were selected for glycerol testing.
This was done to ensure synchronized cell stages across replicates, as close to the transition from

log phase to stationary phase as possible. In pilot work we observed substantial mortality in the
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ancestral populations at this cell stage when exposed to high (45%) glycerol concentrations (data
not shown). For the glycerol stress, ImL of each culture from a selected population was placed in
either ImL of sterile water or ImL of sterile 90% glycerol (for a total glycerol concentration of
45%). These test cultures were vortexed thoroughly before being allowed to sit on the bench for
20 minutes of exposure time. Following this exposure period, test cultures were vortexed again
before being serially diluted to a 10~ concentration. One hundred microliters of the 10-> diluted
test cultures were spread on each of YPD agar plates and placed in a 30°C plate incubator for
48hrs. Colonies were counted and averaged across plates, and viability was calculated as the
average number of colonies surviving 45% glycerol divided by the average number of control
colonies (0% glycerol). To determine whether viabilities differed between the ancestor,
populations evolved in 15% glycerol, and populations evolved in 25% glycerol, we ran a

Kruskal-Wallis test of viabilities versus “treatment”.

DNA extraction and sequencing

DNA was extracted from 1mL of overnight liquid cultures in YPD (~10° diploid cells) as
the experiment progressed, beginning with the ancestral generation before any planned freeze-
thaws were imposed. Extractions were performed using the Qiagen Gentra Puregene
Yeast/Bacteria kit to collect DNA from entire mixed populations at once. Once extracted, DNA
was standardized to a quantification of between 6.25 ng/uLL and 10 ng/uL using a Qubit 3.0
Flourometer. Sequencing libraries were constructed using the Nextera Library Preparation Kit
(ITlumina) for 41 populations: the ancestral SGRP-4X population prior to any intentional freeze-
thaws; all 12 SGRP-4X derived populations after a single freeze-thaw in 15% glycerol; all 12

SGRP-4X derived populations after five freeze-thaws in 15% glycerol; the four founder strains
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prior to any intentional freeze-thaws; and 12 replicates of the founder-derived strains after five
freeze-thaws in 15% glycerol (3 replicates x 4 founders). Some modifications to the Nextera
protocol were imposed to save costs (details of library prep available upon request).

Libraries were combined in equal molarities and run on three SE100 lanes of a
HiSeq3000 instrument at the OSU Center for Genomic Research and Biocomputing.

Populations derived from the SGRP-4X were run on 2 lanes to obtain high coverage, and all
populations derived from the isogenic founders were run on a single lane. The Burke lab has
developed a processing pipeline for estimating allele frequencies in each population directly
from pooled sequence data. GATK v4.0 (McKenna et al. 2010; Poplin et al. 2018) was used to
align raw data to the current S.cerevisiae S288C reference genome (R64-2-1) and create a single
VCF file for all variants identified across all replicate populations. We also downloaded and
indexed SNP information for a number of distinct natural isolates of S. cerevisiae (VCF file from
Bergstrom et al. 2014); this is a recommended best practice for calibrating base quality with
GATK v4.0. This VCEF file was converted into a SNP frequency table with a custom python
script (available upon request) suitable for downstream analysis with R. SnpEff v.4.3T
(Cingolani et al. 2012) was used to extract predicted effects of individual SNPs. Only SNP
positions with >10X coverage in all populations were used in subsequent analyses.

To assess variation in coverage in individual populations, we calculated the coefficient of
variation (standard deviation in coverage divided by mean coverage); this metric has been used
to assess coverage uniformity within a sample (Feng et al. 2015). A value less than one indicates
low variance and uniform coverage across the genome (i.e. little sequencing bias), while values
greater than one indicate high variance and skewed coverage distributions. We also looked more

directly at patterns of coverage variation across the genome as a means of identifying potential
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structural variations in our populations (i.e. regions of elevated coverage suggestive of
duplications, regions of reduced coverage suggestive of deletions, etc.). Specifically, we looked
at how normalized coverage, defined as site-specific coverage divided by the genome-wide mean
coverage averaged across 10kb windows, varied across the genome to screen for regions where

values diverge from one.

Identifying allele frequency changes over time

Following the approach of Burke et al. (2014), we used two strategies for identifying
changes in SNP frequencies over time: 1) a genome scan for standing genetic variants that
changed dramatically from the start to the end of the experiment, as well as consistently across
replicate populations; and 1i) a genome scan for de novo mutations that might have emerged after
the experiment began. The first approach only applies to the initially recombinant populations,
as no standing variation exists in the initially isogenic populations. Thus, in the 12 recombinant
populations we carried out linear regression on individual arcsine square root transformed allele
frequencies, treating “cycle” as a continuous regressor (c.f. Burke et al. 2014). This model was
weighted by the square root of the population allele count, or coverage, per position. The -log;
transformed p-values returned for individual SNPs are very similar to logarithm of the odds
(LOD) scores (Broman and Sen 2009), a common metric in genome-wide association studies. To
establish significance thresholds for our regression analysis, we first generated null distributions
for these scores using the permutation approach featured in Burke et al. (2014). Briefly, we
randomly shuffled population identifiers (replicate number and freeze-thaw cycle) and created
1000 dummy datasets. As in Burke et al. (2014), we chose not to shuffle the population

identifiers for the ancestor (freeze-thaw cycle “0”) as it was shared among all populations. Next,
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we performed our regression analysis in each of the 1000 permuted datasets as was done with the
real data. We then recorded the smallest p-value generated from the entire genome scan from
each permuted dataset, to generate a null distribution against which the observed data can be
evaluated.

To identify potential de novo mutations in the recombinant populations, we identified
SNPs that were fixed in the ancestor, but had reached high (>0.20) frequency in at least one
replicate from freeze-thaw cycle 5. We further curated this list by selecting only SNPs that were
private to single replicate populations; any SNP at high frequency shared by more than one
replicate population likely was present at in the ancestor but missed by our sequencing. For
initially isogenic strains, we took the same approach; we searched for SNPs that were fixed in
the respective ancestor but exceeded a frequency of 0.20 in at least one cycle 5 replicate. We
again selected SNPs that were private to a single evolved replicate for each isogenic strain,

narrowing the dataset to those SNPs that most likely represent true de novo mutations.

Estimating haplotype frequencies

As we collected sequence data from the four ancestral diploid founder strains, we can
estimate which founder allele(s) introduced a SNP into the SGRP-4X ancestor. As most SNPs in
this recombinant population are private to a single founder, most SNPs are expected to occur at
frequencies of either ~0.25 or ~0.75 with respect to the S288C reference genome. For any small
region of the genome we can integrate this information to estimate the most likely set of founder
haplotype frequencies that explains the vector of observed SNP frequencies in an evolved
population. Following the precedent and methodology of Burke et al. (2014), we evaluated 10kb

windows of the genome with a 2kb step size; at focal positions every 2kb across the genome we
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used the set of SNPs within 5 kb of either side to determine the most likely set of haplotype

frequencies that would produce the observed set of SNP frequencies.

Results

Viability assays over the course of cryopreservation selection

Linear regressions of viability trajectories reveal a significant increase in viability over
time for the SGRP-4X in both 15% glycerol (p = 2.2x10°) and 25% glycerol (p = 3.44x10°,
Figure 1). Shapiro-Wilk tests show that residual errors are normally distributed for these
regressions (p=0.146 for 15% glycerol data and p=0.057 for 25% glycerol data), validating the
appropriateness of arcsin-root transformation of viability estimates. We did observe some
evidence of heteroscedasticity for the 15% glycerol data (Breusch-Pagan test p=0.03414), though
this appears to be driven by a single outlier observation; population replicate 1 exhibited a low
viability during cycle 5. Removing this outlier replicate from the analysis also removes the
heteroscedasticity, so we are inclined to retain the regression approach as a framework for
interpreting the time-series data. The isogenic founders displayed differences in initial viability
between strains; a Kruskal-Wallis test of the cycle 1 freeze-thaw viabilities suggests a significant
effect of “founder” (p = 1.89 x10-3), but no significant effect of glycerol concentration (p =
0.4865) with the European wine strain exhibiting the lowest viability in both (Figure 2). When
transformed viabilities were regressed against all 5 freeze-thaw cycles, no significant increases
were observed over time in any founder, for either glycerol condition (Figure S2). The ANOVA
yielding the smallest p-value was for the West African founder in 25% glycerol (p=0.0811), but

interestingly the viabilities decrease rather than increase (Figure S2). All regressions of
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transformed viabilities from initially isogenic strains over time exhibited normal distributions of

residuals and homoscedasticity.

Glycerol toxicity assays

We found no evidence to support the hypothesis that the evolved populations had an
increased ability to tolerate acute glycerol stress compared to the ancestor SGRP-4X (Figure S3).
In fact, a Kruskal-Wallis test yielded a significant effect of “treatment” on viability (p =
9.538x10-%), but this effect is driven by the observation that the populations evolved in 15%
glycerol exhibited lower viabilities than the ancestor (populations evolved in 25% glycerol
performed comparably to the ancestor). Thus, the observed increases in viability following
subsequent freeze-thaw stresses are unlikely to be rooted in an increased ability to withstand

glycerol toxicity.

Sequence coverage assessment

We identified a total of 113,773 bi-allelic SNPs segregating in the dataset. Prior to any
sort of filtering, mean SNP coverage in the raw dataset was ~60X and mean coverage per
population ranged from ~28X to ~106X (with only a single sample having less than 30X; Table
S1). The coefficient of variation was less than 1 for all populations, which indicates a low
variance in genome-wide coverage within each population (Table S1). As a means of detecting
evidence of structural variants (e.g. duplications, deletions, etc.) we examined normalized
coverage across the genome averaged over 10kb windows to see if any regions were dramatically
different than the genome-wide mean coverage. We found one such region on chromosome 12,

which is a single 10kb window containing 9 high-coverage SNPs between positions 460,103-
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460,515. Normalized coverage in this particular region was > 3 in all populations, compared to
values much closer to 1 in the rest of the genome. This region was ultimately found to overlap
with NTS1-2, a non-transcribed region of the rDNA repeat located between 3” ETS and RDNS.
As such, the abnormally high coverage found here is likely due to the highly repetitive nature of
this sequence and suggestive of some sort of structural variant in our populations. We did not

observe changes in normalized coverage over time in any population.

Allele frequency changes over time

To identify standing variants that may have changed in frequency over the course of the
experiment due to selection, we screened for SNPs that: 1) occurred at a non-zero frequency in
the SGRP-4X ancestor, and ii) changed consistently in all 12 replicate populations over time.
After filtering out low-coverage sites (sites <10X in any population), this left 90,304 high-quality
SNPs to evaluate. We performed linear regressions on arcsine square root transformed SNP
frequencies from the ancestor, cycle 1 and cycle 5, which revealed a ~43kb region of significant
allele frequency change on chromosome 15, containing 25 genes (Figure 3). The peak exceeds a
significance threshold of -log;¢(p)=8.622, which corresponds to the most significant minimum
value observed in any of the 1000 permuted datasets. Put another way, this threshold can be
viewed as an empirically-determined genome-wide alpha of 0.001, since it is the value observed
in the single most extreme null dataset of the group of 1000. The most significant SNP in this
region is a synonymous mutation (Figure 4) that lies within the ALRI gene, which is involved in
magnesium transport across the cell membrane (MacDiarmid and Gardner 1998, Graschopf et al.
2001). Five of the significant alleles in this region are predicted to lead to amino acid sequence

changes, including one that causes a premature stop codon, (Table S2); these are perhaps the
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most promising candidates for quantitative trait nucleotides (QTN) that might underlie the
observed phenotypic increases in freeze-thaw viability. The allele frequency changes in this
region were not accompanied by any significant haplotype frequency changes, though the SNPs
in question largely belonged to the YPS128 founder haplotype (Figure 4).

Examining haplotype frequency changes in the recombinant populations over time may
provide more power to detect genome-level changes than examining SNP frequencies alone
(Burke et al. 2014a & b). However, while average haplotype frequencies across the n = 12
recombinant replicate populations implicate the same region on chromosome 15 as the SNP
regression analysis, haplotype frequencies did not reveal obvious additional candidate regions
(Figure S4). To visualize haplotype frequency changes directly in individual replicate
populations, versus averaging across all 12, we generated correlation plots by plotting cycle 5
haplotype frequencies against the ancestral haplotype frequencies for each individual
population/founder haplotype (Figures S5-S8). While these revealed a number of outlier points
in the genome where haplotype blocks changed in individual populations, generally these
outliers involve only single windows, and are therefore weak candidates. Strong candidate
regions, such as the one on chromosome 15, will involve many linked windows; this pattern is
evident in the correlation plot for the North American YPS128 haplotype (Figure S5). Notably,
this reveals interesting heterogeneity among replicate populations, as we observe much higher
haplotype frequency changes in 6 replicates compared to the other 6 (Figure S5).

We identified only 5 potential de novo beneficial mutations that went from a frequency of
zero in the SGRP-4X ancestor to >0.20 in a single replicate population replicate by freeze-thaw
cycle 5 (Table S3). One of these, observed in replicate population 9, is predicted to have a high

impact as it leads to a premature stop codon in the gene PCA1. In the initially isogenic founders,
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after filtering out sites with low (<10X) coverage in any population, we observed substantial
variation in the number of potential de novo mutations identified per strain. We found 21
potential de novo mutations in the West African founder, and 3 potential de novo mutations in
each of the other three strains (Table S4). In general, we did not observe overlap among the
putative mutations, or even regions containing them, across founders. However, we find
candidate mutations impacting the gene FLO9 in an evolved replicate derived from the West
African replicates, and a candidate mutation impacting the gene FLO1 in an evolved replicate
derived from the North American oak strain — both of these genes belong to the same family and

are involved in flocculation (Table S4).

Discussion

We report evidence that cryopreservation has significant effects on initially recombinant
populations at both phenotypic and genomic levels, but we did not observe this phenomenon in
initially isogenic strains. Recombinant populations displayed increased abilities to survive a
freeze-thaw cycle over the course of 5 cycles, while isogenic lines showed no notable differences
in viability under the same conditions. The magnitude of these viability changes in recombinant
populations is surprising, given that we conservatively estimate only ~100 generations to have
elapsed over the course of these five freeze-thaw cycles. We chose to replicate the experiment in
two commonly used final glycerol concentrations, 15% and 25%, to evaluate potential
phenotypic consequences between those concentrations, as glycerol toxicity might impact cell
viability (Fahy 1986, Warringer et al. 2011, Sprouffske 2016). We observed similar
consequences on cell viability in both glycerol treatments with respect to ability to survive a

freeze-thaw stress.
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To test the hypothesis that the observed viability increases might be attributable to
selection for increased tolerance to glycerol rather than increased tolerance to freezing/thawing,
we assayed both evolved and ancestral populations in high concentrations of glycerol. We find
no evidence to support this hypothesis; in fact, the ancestral population generally exhibited
higher viability following exposure to 45% glycerol than any of the replicate populations that
were repeatedly frozen. We generally interpret this as evidence that the viability increases we
saw following repeated freeze-thaws are indeed a response to the specific selective pressure of
freezing/thawing, rather than an evolved response to glycerol toxicity.

Historically, experimental evolution using initially isogenic yeast populations has
allowed us to address a wide variety of major evolutionary questions (reviewed by Fisher and
Lang 2016). A smaller but important category of evolution experiments have tested questions
using populations harboring standing genetic variation (e.g. Cubillos et al. 2013, Burke et al.
2014b, McDonald et al. 2016, Kosheleva and Desai 2018) to model eukaryotic evolution and
address questions about how evolution proceeds in the presence of standing genetic variation and
sex. McDonald et al. (2016) find that recombination makes natural selection more efficient at
fixing beneficial mutations and purging deleterious hitchhikers. While this experiment does not
involve mating or sex, we expected similar results among recombinant populations, since these
underwent several rounds of intercrossing before this cryopreservation experiment to effectively
break up large blocks of linked haplotypes (Cubillos et al. 2013). Thus, we expected — and
observed — larger phenotypic shifts in response to repeated freeze-thaw stress due to the potential
for selection to act on variants in that have been decoupled from deleterious hitchhikers. By
contrast, we expected the initially isogenic strains to evolve solely by the accumulation of new

mutations or structural rearrangements in the genome due to the lack of initial genetic variation
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for selection to act on. Given the relatively small number of generations that passed here, we did
not necessarily expect to observe dramatic phenotypic differences in resistance to freeze-thaw
stress in the isogenic lines, and indeed we did not observe this.

Because we found no dramatic fitness differences when populations were cryopreserved
in 15% vs. 25% glycerol, we carried out population-level whole-genome sequencing (Pool-SEQ)
in evolved populations that experienced just one of these conditions — repeated freezing/thawing
in 15% glycerol. Pool-SEQ data from initially isogenic lines revealed some potential genetic
consequences of freeze-thaw cycles. Examining SNP frequency changes over time revealed a
number of putative de novo SNPs in each of the isogenic lines (21 in DBVPG6044, 3 in YPS128,
3in Y12, and 3 in DBVPG6765; Table S4). However, given that viability did not meaningfully
change over repeated freeze-thaw cycles, we argue that these putative mutations likely have few
or no phenotypic consequences related to freezing and thawing. Notably, we observed evidence
of potential de novo beneficial mutations in two different flocculation genes in evolved
populations from different genetic backgrounds: FLO9 in DBVP6044-derived replicate 3, and
FLO1 in YPS128-derived replicate 3 (Table S4). Yeast flocculation, or cell aggregation, is an
important mechanism of stress resistance and known to evolve in response to long-term
laboratory experiments (e.g. Hope et al. 2017). Thus it is possible that one or both of these
mutations promotes flocculation, and therefore general stress resistance, in the replicates bearing
them; however, the absence of phenotypic changes observed in any initially isogenic line makes
this speculation rather lackluster.

Examining data from the recombinant populations, we found 5 examples of potential de
novo beneficial SNPs that might underlie our observed viability increases; these alleles were

fixed in the recombinant ancestor but present at intermediate frequency in an evolved population.
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All of these are in gene coding regions on chromosome 2 (in gene PCA1) or chromosome 4 (in
genes SED1 and NUM1). Each of these mutations is specific to one of the 12 replicate
populations and reached a frequency >0.20 over the course of the experiment. Most of these are
predicted to have low or moderate impact (see Table S3), but one T -> A mutation at position
793934 on chromosome 2 results in a premature stop codon, suggesting a high potential impact
on gene function for PCA1. PCAI encodes a cadmium transporter, and expression of this gene
has been associated with a fitness trade-off in natural S. cerevisiae populations (Chang and Leu
2011). Thus it is interesting to speculate that this (presumably) loss-of-function mutation might
confer higher fitness in the low-cadmium environment of laboratory culture. On the other hand,
previous research suggests that de novo mutations play a small role in the first several hundred
generations of evolution when standing variation is present (Burke et al. 2014b) and given the
relatively few generations we estimate to have elapsed during this study, it is unlikely that these
putative de novo SNPs drive the large-scale phenotypic changes we observed. Since these SNPs
were unique to individual replicate populations, no single one can be responsible for the dramatic
shift in viability under freeze-thaw stress that we observed in all twelve replicate populations.
On the other hand, examining SNP frequency changes over time in the recombinant lines
provides compelling evidence of dramatic change at a region on chromosome 15 (Figures 3 & 4).
Because the alleles in this region consistently changed in the same direction in all twelve
replicate populations, we invoke selection rather than drift as the driving evolutionary force; this
region on chromosome 15 may be involved in a freeze-thaw-resistance phenotype. The most
significant SNP in this region lies within the ALR/ gene, which is involved in magnesium

transport across the cell membrane (MacDiarmid and Gardner 1998, Graschopf et al. 2001).
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We also examined sequence coverage for evidence of structural variation within and
between populations. Because coverage remained consistent within genomes, and over time, we
report no evidence of large-scale deletions or duplications in our populations. At first glance this
may seem surprising, given that aneuploidy is a common outcome of evolution experiments
utilizing yeast as a model (Gerstein et al. 2006, Hong and Gresham 2014, Voordeckers et al.
2015, Fisher et al. 2018). These studies reveal whole-genome duplications in evolved lines
relative to initially haploid ancestral strains. Gerstein et al. (2006) also showed that tetraploid
cells lost genetic material. Together, these results suggest a tendency for S. cerevisiae to evolve
towards diploidy in laboratory experiments. As our populations — both initially isogenic and
recombinant — were diploid as ancestral populations, the lack of large-scale structural changes is
consistent with previous work in yeast experimental evolution.

Finally, we examined haplotype frequencies for the recombinant lines across all 12
replicate populations. Haplotype frequency changes can sometimes allow for better detection of
candidate regions than tracking individual SNP frequency change (Burke et al 2014a; 2014b),
but in this experiment we did not find this to be true. On the other hand, haplotype-level analysis
reveals that the region of significantly diverged SNPs belong to the North American oak strain
haplotype (YPS128), which is notable because a previous study showed that strains collected
from oak soil are highly resistant to freeze-thaw stress, and suggest that this might be important
for surviving harsh winters (Kvitek at al. 2008). Notably, YPS128 is the only founder strain of
the four we used to be isolated from a natural, as opposed to commercial fermentation
environment.

While it is possible that the significant region on chromosome 15 might directly drive the

large phenotypic consequences observed here, assays such as RNA-seq or allele replacement
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experiments would be necessary to fully validate any potentially functional consequences of the
variants in this region, and such assays are beyond the scope of this study. Allele-swapping
experiments are not especially straightforward in recombinant populations such as the ones in
this study; the results of such assays could be confounded by differences in the genetic
backgrounds among the millions of segregating haplotypes in each population and epistatic
interactions have been shown to play important roles in evolutionary trajectories (McDonald et
al. 2016).

This study resembles in many aspects the work presented by Sprouffske et al. (2016),
who used E. coli to test the prediction that the freeze/thaw of a glycerol stock might alter
genomic diversity. They found no evidence for fitness or genomic changes in isogenic E. coli
stocks after a freeze-thaw, and our results with initially isogenic S. cerevisiae are consistent with
this. However, using a stock of hypermutable E. coli, Sprouffske et al. (2016) demonstrated that
when standing variation is present, a freeze-thaw can result in the loss of alleles that occur at
very low frequencies. Notably, in a hypermutable strain of bacteria, one expects to observe
many polymorphic alleles, but each should be at low frequency. The authors attribute this loss of
rare alleles to selection, based on statistical resampling of their initial allele frequencies to model
expected outcomes in drift-based scenarios, and as a result cautioned against using thawed
populations in future experiments. Here, we work with a recombinant S. cerevisiae population
with a large number of common alleles (99.5% of polymorphic alleles in the SGRP4X ancestor
occur at frequencies between 0.05-0.95), therefore we do not face the same complication of
having large numbers of rare alleles in our experimental populations. And yet, we observe that
in this population, common variants can change dramatically in frequency after a small number

of freeze-thaw events. We also observe a large difference in cell viability between populations
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that had experienced no freeze-thaw events versus those that had experienced several. Thus, we
advise experimental evolution researchers using genetically diverse populations to practice
special caution when creating a frozen archive. We interpret our results as evidence that
repeated freezing and thawing exerts selective pressure that may complicate future assays of
allelic diversity, fitness, or other phenotypes. The very strong signal we observed at only a
single locus (ALR1) suggests there may be value to “domesticating” recombinant laboratory
populations to several freeze-thaw cycles prior to initiating an evolution experiment. While
generally considered best practice, extra care should be taken to highly replicate population
archives, such that any one cryotube is never completely thawed more than once. Notably, we
do not observe the same potential impact with isogenic strains, and therefore argue that the
impacts of cryopreservation on experiments involving populations with little or no standing
genetic variation are likely small. On the other hand, there are many aspects of cryopreservation
bias that we have left unexamined. For example, it is widely assumed that the duration of
freezing has few, if any, biological consequences for microbial samples. Given that investigators
rely on archival populations that have been in the freezer for years, or even decades, such

assumptions are worth scrutinizing within the experimental evolution context.
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Figures and Figure Captions
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Figure 1. Relative viability of recombinant SGRP-4X-derived populations supplemented
with A) 15% and B) 25% glycerol over 5 freeze-thaw cycles. Boxplots represent average
viabilities measured in each of 12 replicate populations over 5 consecutive rounds of freezing
and thawing. Linear regressions of viability trajectories reveal a significant increase in viability

over time for the populations in 15% glycerol (p = 2.2x10) and 25% glycerol (p = 3.44x107).
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Figure 2. Relative viability of SGRP-4X founder strains supplemented with 15% (left bars)
and 25% glycerol (right bars) following a single freeze-thaw event. A Kruskal-Wallis test
suggests that strain identity predicts freeze-thaw viability (p = 1.89x10%) with the European wine
strain DBVPG6765 exhibiting the lowest viability. Error bars represent SEM of three

independent replicates.

http://mc.manuscriptcentral.com/gbe

0202 ¥snBny z. uo 3senb Aq $98598G/1.218BAS/SAB/EE0 1 0 |/10P/l0IHE-80UBAPE/2qB/WOD"dNO-0IWapEoE//:SARY WO} POPEOIUMOQ



15 -
1]
i
{
=" i
o
A
(@]
ke
| 5 -
O -
Cc2 C4 C6 Cc8 Cc10 C12 C14 C16
0 Position (Mb) 12.07

Figure 3. A genome scan for regions of significant allele frequency change in this
experiment. Points represent individual -log;o(p-values) from linear regressions of SNP
frequency changes over time, from the ancestor through freeze-thaw cycle 5. We observe a
region of dramatic allele frequency change on chromosome 15 across all replicate populations

that exceeds the significance threshold (-log;o(p) > 8.622).
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Figure 4. A close-up look at the alleles that changed the most in this experiment, with their
associated haplotypes. (Top) Points represent -log;o(p-values) for the chromosome 15 peak in
recombinant evolved populations. Colors indicate the predicted effect of each SNP exceeding
the significance threshold: purple = nonsynonymous, green = synonymous, red = premature stop
codon, gray = intergenic. (Bottom) Points represent the estimated haplotype frequencies
associated with these SNPs, with each founder haplotype shown in a different color (YPS128 =
yellow, Y12 = blue, DBVPG6044 = red, DBVPG6765 = green. The highly differentiated SNPs

are associated with the YPS128 haplotype.
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