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SUMMARY

How evolution can be facilitated by epigenetic mechanisms has received refreshed attention
recently. To explore the role epigenetic inheritance plays in evolution, we subject isogenic wild-
type yeast cells expressing P ga; - YFP (yellow fluorescent protein) to selection by daily sorting
based on reporter expression. We observe expression-level reductions in multiple replicates sorted
for the lowest expression that persist for several days, even after lifting the selection pressure.
Reduced expression is due to factors in the galactose (GAL) network rather than global factors.
Results using a constitutively active GAL network are in overall agreement with findings with the
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wild-type network. We find that the local chromatin environment of the reporter has a significant
effect on the observed phenotype. Genome sequencing, chromatin immunoprecipitation (ChlP)-
gPCR, and sporulation analysis provide further insights into the epigenetic and genetic
contributors to the expression changes observed. Our work provides a comprehensive example of
the role played by epigenetic mechanisms on gene network evolution.

In Brief

Luo et al. demonstrate how epigenetic mechanisms contribute to the evolution of gene network
activity. Subjecting yeast cells to repeated environmental selection based on the activity of the
galactose network, they observe sustained changes in reporter expression level. They characterize
the epigenetic and genetic factors contributing to the observed phenotypes.

Graphical Abstract
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INTRODUCTION

Since Charles Darwin published On the Origin of Speciesin 1859, the concept of evolution
by natural selection has occupied a prominent place in modern biology (Darwin, 1859).
Darwin himself, of course, had no knowledge of the molecular details of this process: DNA
would not be established as the genetic material for another 85 years (Avery et al., 1944).
The neo-Darwinian evolution theory combines modern knowledge of genetics and molecular
biology with Darwin’s thinking (Olson-Manning et al., 2012), but classic neo-Darwinian

Cell Rep. Author manuscript; available in PMC 2020 November 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Luo et al.

Page 3

evolution theory is focused on genetics as the primary molecular mechanism and has
substantial difficulties with the fact that beneficial genetic mutations occur at an extremely
low rate (Day and Bonduriansky, 2011; Jablonka and Raz, 2009; Kuzawa and Thayer, 2011;
Nei and Nozawa, 2011), to the point where some evolutionary biologists have called for a
rethinking of the entire evolutionary theory (Laland et al., 2014).

The concept of inheritance of acquired characteristics is frequently attributed to Lamarck
(Skinner, 2015), though perhaps inaccurately (Burkhardt, 2013). Nonetheless, the so-called
neo-Lamarckian theory, grounded on epigenetic mechanisms, has received increased
attention recently (Burggren, 2014; Day and Bonduriansky, 2011; Skinner et al., 2015). A
key postulate of the neo-Lamarckian theory is that environment directly alters phenotype
generationally (Figure 1A) (Skinner, 2015). In this context, epigenetic mechanisms can be
the mediator for the environment to directly alter phenotypic variation and its subsequent
inheritance (Skinner, 2015).

Evolutionary consequences of epigenetic inheritance have been studied in recent years,
showing how epigenetic control of gene expression affects adaptation (Bodi et al., 2017,
Bonduriansky and Day, 2009; Bonduriansky et al., 2012; Halfmann et al., 2012; Klironomos
et al., 2013; Kronholm and Collins, 2016; Stajic et al., 2019). Nongenetic inheritance can be
mediated in several ways, such as by the inheritance of epigenetic states, cytoplasmic
factors, and nutrients (Bonduriansky and Day, 2009). Nongenetic inheritance and its
evolutionary implications have been conceptualized in a general framework, showing that by
decoupling phenotypic change from the genotype, nongenetic inheritance could circumvent
the limitations of genetic inheritance (Bonduriansky and Day, 2009). Nongenetic and genetic
inheritance mechanisms are not mutually exclusive. For example, theoretical predictions
suggested that nongenetic inheritance could increase the rate of both phenotypic and genetic
change (Bonduriansky et al., 2012). Also, theoretical and computational work showed how
the interplay of heritable epigenetic changes with genetic changes could affect adaptive
evolution (Klironomos et al., 2013) and how the effect of epigenetic mutations on adaptive
walks depended on their stability and fitness effects relative to genetic mutations (Kronholm
and Collins, 2016).

In addition to this theoretical work, experimental studies further focused on the evolutionary
consequences of nongenetic heterogeneity and inheritance across generations (Acar et al.,
2005, 2008; Badi et al., 2017; Chatterjee and Acar, 2018; Halfmann et al., 2012; Huang,
2009; Peng et al., 2015; Stajic et al., 2019; Tyedmers et al., 2008; Xue and Acar, 201843,
2018b). For example, yeast prion proteins can act as epigenetic elements of inheritance
(Halfmann et al., 2012), and it has been hypothesized that the yeast prion [PS/*] provides a
mechanism to increase survival in fluctuating environments (Tyedmers et al., 2008); it has
also been shown that prions are a common mechanism for phenotypic inheritance in wild
strains of Saccharomyces (Halfmann et al., 2012). In another experimental study focusing on
heterogeneity, it has been shown that phenotypic heterogeneity facilitates adaptive evolution,
with the heterogeneity being an evolving trait when populations are under chronic selection
pressure (Baédi et al., 2017). As the final example, when tuning low, intermediate, and high
levels of heritable silencing of a reporter under selection by insertion within silent
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subtelomeric yeast chromatin, epigenetic gene silencing has been found to alter the
mechanisms and rate of evolutionary adaptation (Stajic et al., 2019).

The concepts of epigenetic inheritance and memory are tightly linked and often used
interchangeably to refer to non-DNA-based inheritance (Bonduriansky and Day, 2009).
While epigenetic inheritance refers to the passage of certain epigenetic marks to the
offspring (Lacal and Ventura, 2018), epigenetic memory is defined as the process of
establishing and maintaining a heritable transcriptional state (Acar et al., 2005; Kaufmann et
al., 2007; Kundu et al., 2007). Work from the van Oudenaarden group (Acar et al., 2005)
described transcriptional memory in the yeast galactose (GAL) network by showing that
yeast cells “remember” whether they were previously exposed to high or low concentrations
of galactose. Using an engineered GAL network (Acar et al., 2005) where single yeast cells
switch between “on” and “off” states of the network, another study (Kaufmann et al., 2007)
from the same group measured inheritance of the dynamic gene-expression state and found
that several generations after cells have separated, many closely related cell pairs switched
with high degrees of synchrony. Providing mechanistic insights into the mediation of
epigenetic memory in the GAL network, one study (Kundu et al., 2007) showed that the rate
of transcriptional induction of GAL1 was regulated by the prior expression state; the
epigenetic state was inherited by daughter cells, and the SWI/SNF chromatin remodeling
enzyme was essential for GAL 1 epigenetic memory. Another study (Brickner et al., 2007)
demonstrated that the yeast GAL I gene is recruited to the nuclear periphery upon
transcriptional activation, and it remains at the periphery for generations after it is repressed,
with localization at the periphery serving as a form of memory of recent transcriptional
activation. Finally, Tzamarias and colleagues (Zacharioudakis et al., 2007) further showed
that the residual activity of the GAL Z-encoded galactokinase preserves memory in progeny
cells by rapidly turning on the Gal4p activator upon cells’ re-exposure to galactose.

Despite these studies, a comprehensive example of the role played by neo-Lamarckian
epigenetic mechanisms on evolution in the context of a gene network has been lacking.
Here, we directly explore the role epigenetic inheritance plays in short-timescale
microevolution. We subjected yeast cells to repeated environmental selection based on the
expression level of a fluorescent protein reporting on the activity of the canonical GAL
network (Figure 1D) (Acar et al., 2005, 2008, 2010; Elison et al., 2018; Luo et al., 2018)
over a period of 7 days. We observed reductions in expression level in multiple replicates
sorted for the lowest expression that persisted even after the selection pressure was lifted.
Using whole-genome sequencing (WGS), chromatin immunoprecipitation (ChIP)-qgPCR
experiments, and sporulation analysis, we characterized the epigenetic and genetic factors
contributing to the persistent expression-level reductions observed.

Applying Environmental Selection on WT GAL Network Activity

To explore the role epigenetic inheritance (Bintu et al., 2016; Bird, 2002; Kouzarides, 2007;
Li and Zhang, 2014; Zhou et al., 2011) may play in short-timescale microevolution, we
designed an experiment in which a population of isogenic wild-type (WT) yeast cells
expressing the yellow fluorescent protein (YFP) under the GAL 1 promoter is subjected to
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repeated environmental selection in the form of daily sorting based on the expression level
of the reporter as measured by flow cytometry. During a 7-day period and corresponding to
approximately 101 generations with a 100-min doubling time, the cells were sorted daily
based on YFP expression level, and only cells whose expression level is within a particular
range (either the lowest 5%, the middle 5%, or the highest 5%; Figure 1E) were selected and
allowed to grow further in the same environment (Figures 1B and 1C).

Immediately after sorting, the expression-level distribution of the selected cells is extremely
narrow, and it gradually relaxes over time, either to the original distribution if the sorting
procedure had no lasting effect on the expression level or to a different distribution with
different statistical properties (Figure 1C). By monitoring the expression-level distributions
over the 7-day sorting period, one can discern if the sorting intervention had any impact on
the expression of the reporter. To determine if any change in the reporter expression
observed was transient or lasting, immediately after the 7-day sorting period, the population
was grown 3 additional days free from selection pressure to see if the expression-level
distribution reverted back to the original after the selection pressure was lifted.

We found no significant expression-level changes in cells sorted for the middle or highest
expression levels (Figure 2B). It is unsurprising that cells already at the middle expression
levels retained their character. Given the already high expression levels from the GAL1
promoter, the lack of change in the cells sorted for the highest expression level may be
simply because there is little room for it to increase further. On the other hand, all 12
biological replicates sorted for the lowest expression levels displayed marked reduction in
expression (Figures 2A and 2B) to varying degrees that persisted during the 3-day selection-
free growth period. Nine replicates were grown (free of selection) for a further 16 days
(approximately 230 generations), and 8 of the 9 retained the expression-level reduction
(Figure 2C).

To better understand the possible causes driving the observed expression-level reduction, we
introduced a second fluorescent reporter protein, mCherry, into the cells. We constructed two
strains in which mCherry was either driven by the TEFZ promoter or the GAL I promoter
and performed the same YFP-sorting experiment on these strains. We found no change in
the expression level of mCherry in the P 7z-mCherry strain (Figure S1) but significant
reduction in the mCherry expression level in the P g4, -mCherry strain (Figure 3). Further,
the level and timing of mCherry expression-level reduction in the P54, -mCherry strain was
synchronized with that of YFP (Figure 3C). We therefore conclude that the observed
reduction in expression was likely due to some factor specific to the GAL network rather
than a global factor that can be expected to also affect the expression from P yzz-mCherry.

Dissecting System Behavior in the Constitutively Active GAL Network

The natural GAL network contains a number of interacting regulators forming feedback
loops (Acar et al., 2010; Peng et al., 2016). This complicates the interpretation of the results.
For example, the synchronized reduction in double-reporter expression could be due to the
dynamics of the epigenetic regulation of the GAL 1 promoter activity, or it could be due to
the upstream regulatory elements in the WT GAL network. To eliminate such complication,
we deleted the GAL80 gene—which codes for a repressor through which other GAL
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network regulators exert their effects—effectively converting the P 4, 7 promoter into a
constitutive promoter dependent only on the transcription factor Galdp (Figure 4A) and
repeated the YFP-sorting experiments in this strain. A total of nine biological replicates
were used, two of which were found to have accumulated mutations in GAL4 or the reporter
during the course of the experiment and were excluded from further analysis (Data S1).

We found that most biological replicates in which the cells were sorted for the lowest-YFP-
expressing cells continued to display a downward shift in mean YFP expression level,
although the extent of the shift varied from replicate to replicate, and in one replicate there
was no significant change (Figures 4B and 4C, blue curves); five replicates were further
grown free of selection for 8 additional days (approximately 115 generations), and all
retained their reduced expression levels during this selection-free period (Figures 4E and
4F). Cells sorted for the middle or highest YFP expression did not display any significant
changes in either YFP or mCherry expression (Figures 4B and 4C, green and pink curves),
just like WT cells. Measuring the doubling times of the cells belonging to colonies isolated
from the biological replicate that displayed the largest downward shift in YFP expression
(~70%) showed a small increase in doubling times for five colonies isolated from the 7th-
day culture, compared to the selection-free positive control (Figure S2A).

We also observed a downward shift in mCherry expression level despite sorting cells in the
YFP channel. In all but one of the biological replicates, the YFP and mCherry expression
levels were in agreement, but in one replicate, the level of expression-level reduction was
significantly different (Figure 4D), though the timing of reduction was similar. This suggests
that at least two underlying mechanisms are in play. One mechanism affects the GAL1
promoter activity generally, driving the synchronized behavior seen both here and previously
(Figure 3). But another mechanism, apparently specific to the P g4, - YFP reporter, must
exist that drives the divergence in expression-level reduction between the two reporters, as
seen in the last biological replicate.

Measuring Noise Dynamics under Environmental Selection

To see how the selection pressure potentially influences the expression heterogeneity, we
next examined the level of noise in P4, 7-YFP and P g4, -mCherry expression when
9al80A cells were sorted throughout the 7-day period. We discerned no change in the level
of Pgar - YFP noise (coefficient of variation [CV]) in the positive control (no gating)
sample or when cells were sorted for the middle or highest expression (Figure S3A).

However, we observed an increase in noise in several samples when cells were sorted for the
lowest expression (Figure S3A, blue). Like the change in the expression level itself, this
noise increase was stable when the cells were grown selection-free for an additional 10 days
after the 7-day sorting period (Figures S3C and S3D, blue). Moreover, in two samples, an
accompanying increase in P 54, -mCherry noise can be seen when cells were sorted for the
lowest P4, - YFP expression (Figures S3A-S3D). Under the extreme selection pressure
applied during the sorting process, it is unsurprising that higher levels of noise in the protein
whose expression is under selection (YFP) may prove evolutionarily beneficial (by
increasing the number of cells having reduced expression levels and hence selected during
the sorting process). On the other hand, it is likely not advantageous to have higher noise in

Cell Rep. Author manuscript; available in PMC 2020 November 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Luo et al.

Page 7

the expression level of mCherry—or, as a proxy, the structural genes of the GAL network,
which are responsible for metabolizing the GAL taken from the static environment.
Diverging from the optimal level of GAL network expression in the environment carries a
fitness cost (and higher noise means that more cells are diverging from the optimal level),
which could explain why the noise level does not display the same degree of synchronization
behavior as the expression-level reduction.

The Effect of the Local Chromatin Environment on Observed Results

To understand the potential influence of genomic loci on the level of expression-level
reduction, we performed the same sorting experiment but based on the expression level of
Pcar -mCherry (which was integrated into the vra3locus) rather than P g4, -YFP (which
was in the /0 locus). A total of nine biological replicates were used, two of which were
found to have accumulated mutations in GAL4 or the reporter during the experiment and
were excluded from further analysis. Measuring the resulting GAL 1 promoter activity levels
during the 7-day sorting period as before, we found expression-level reduction to be
significantly more difficult to achieve (Figures 5A-5C), if not impossible, compared to
sorting when the reporter cassette is integrated into the /0 locus, with only one biological
replicate out of seven displaying a significant reduction in expression compared to the
positive control. We similarly quantified the level of noise in Pg4; - YFP and P4, 1
mCherry expression during these mCherry-sorting experiments (Figures 5D and 5E). We did
not detect substantial and persistent changes in noise levels of the kind we had seen
previously (Figures S3A and S3B).

Together, these observations suggest that the genomic locus at which the cassette is
integrated, and hence the local chromatin structure and epigenetic markers, has a significant
effect on the phenotype we observed. The Ao locus appears to be significantly more
susceptible to experiencing expression-level reduction in response to the selection pressure
we applied compared to the wra3locus. Especially given that the genetic mutation rate
appears to be approximately constant between the two experiments (in both cases, two out of
nine biological replicates were found to have accumulated mutations in the relevant genes),
the diverging outcomes strongly suggests that a non-genetic mechanism is involved in
suppressing the YFP expression at the /o locus.

As noted, sequencing detected no mutations in GAL4 or the two reporter cassettes (totaling
approximately 8 kbp) in the biological replicates under consideration. In addition, we did not
detect any substantial fitness changes in the sorted populations passed from one day to the
next; if anything, the sorted populations divide slightly slower than unsorted cells (Figure
S2). We therefore hypothesized that the observed downward shifts in expression level were
due to epigenetic changes in the transcription factor gene GAL4 and/or in the reporter
promoters: the accumulated epigenetic changes “lock” the chromatin into a closed state and
are enriched by the daily sorting process. Given the experimental observations, such locks
were then necessarily strong enough to persist through hundreds of generations of selection-
free growth.
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WGS to Explore Genetic Causes of Observed Phenotypes

Next, we performed WGS to evaluate any contributions from global genetic factors on the
observed reduction in YFP expression levels. For this, we focused on two biological
replicates—the FL6 and FL9 populations in the ga/80A background (STAR Methods)—from
which we had seen significant reduction in P g4, - YFP and P g4, -mCherry expression on
Day7, compared to Day0 expression levels, after gated sorting in the YFP channel. Our local
sequencing of the Day7 FL6 and FL9 populations in the reporter cassettes and the GAL4
region did not identify any mutations.

We isolated five single colonies from the FL6 and FL9 populations on Day7 and randomly
selected two single colonies from each of the two groups for performing WGS on them. As
controls, we also included in these WGS characterizations two randomly selected single
colonies isolated from the Day0 population, as well as two randomly selected single
colonies isolated from the positive control group on Day7. Results obtained from the
sequencing of each isolated colony were compared to those obtained from the sequencing of
the DayO colonies (Data S2, S3, and S4). While mutations in intergenic promoter regions
may also have phenotypic consequences, for the sake of interpretability, we focused on the
SNPs (single-nucleotide polymorphisms) causing amino acid alterations in open reading
frames (ORFs). We then selected the common ORF mutations found in both single colonies
isolated from the FL6 and FL9 populations. Five common mutations were identified for the
FL6 colonies (in FENZ2, GPM?2, IRAZ, NUP133, and RPN4), while the FL9 colonies shared
three mutations (in APLI, BDS1, and SRBS).

To see the isolated effects of these mutations on the P4, 7-YFP and P g4, -mCherry
expression levels, we attempted to clone them singly and in combination into a single colony
isolated from the unevolved Day0 population using CRISPR. For the FL6 group mutations,
we successfully cloned the mutations in the FENZ, IRAZ, and NUP133 genes one at a time
and combinatorically, but the mutations in the GPMZ2and RPN4 genes could not be cloned
because of challenges associated with CRISPR. Measuring the P54, -YFP and P4, 7
mCherry expression levels in each constructed strain, we did not see any major changes in
expression levels caused by the mutations in FENZ, IRAZ, or NUP133 genes relative to the
Day0 isogenic background without these mutations (Figure S4A). Regarding the mutations
in the GPMZ2and RPN4 genes that could not be cloned, GPMZ2is a nonfunctional homolog
of GPM!1 phosphoglycerate mutase, and RPN4 codes for a transcription factor that
stimulates expression of proteasome genes. Despite the potential relevance of RPN4 for the
phenotypes we observed, the degradation experiments we performed for the colonies
isolated from the FL6 population did not show differential degradation dynamics for YFP or
mCherry (Figures S5A and S5B). Nevertheless, we cannot fully exclude the possibility that
the mutations in GPMZ2and/or RPN4 might exert effects on the phenotypes we observed if
they were cloned into the DayO0 unevolved, single-colony-derived population.

For the mutations on the APLI, BDS1, and SRB8 genes of the FL9 group, on the other
hand, we combinatorically constructed all eight strains carrying these mutations one at a
time and together. Measuring the P4, - YFP and P g4, -mCherry expression levels in each
constructed strain, we saw consistent changes in Pg4; - YFP and P g4, -mCherry
expression levels, relative to the Day0 isogenic background without the mutations (Figure
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S4B). The degradation experiments we performed for the colonies isolated from the FL9
population did not show differential degradation dynamics for YFP or mCherry (Figures
S5C and S5D). The mutation in SRBS, coding for a subunit of the RNA polymerase 11 (RNA
Pol 1) mediator complex, led to 75% and 50% reductions in the Pg4, -YFP and Pga; -
mCherry expression levels, respectively, across all strains carrying the mutation. Since these
expression reductions in levels of YFP and mCherry are very similar to the ones observed at
the end of the 7-day sorting period, the mutation in the SRB& gene can account for the
phenotypic changes observed in one of the biological replicates (sorting group FL9).
However, the differential effects of the SRB8 mutation on YFP and mCherry expression
levels indicate that integration-locus-specific epigenetic factors still play a role on the main
phenotype of gene expression reduction under environmental selection.

Measuring Acetylation and Methylation Levels on System Components

To further investigate the effect of epigenetic factors on the difference in expression-level
decrease between the two reporters as a result of the SRB8 mutation, we examined the
chromatin modification levels at the GAL4, GAL1, Pga; 7-YFP, and P g4, 7-mCherry loci in
the two WGS-characterized isogenic colonies of the FL9 group (FL9_2 and FL9_5), as well
as isogenic colonies isolated from the Day0 population and Day7 positive control
population. For this, we tested for three different types of histone modifications via ChIP-
gPCR: trimethylation of histone H3 lysine 4 (H3K4me3), which positively correlates with
transcriptional activity; trimethylation of histone H3 lysine 36 (H3K36me3), which
represses transcription and is known to be associated with HDAC (Histone DeACetylase)
recruitment; and acetylation of histone H3 lysine 27 (H3K27ac), which is associated with
active transcription.

As expected based on the YFP and mCherry expression levels, ChIP-gPCR results from the
Day0 and Day?7 positive control colonies showed higher overall H3K4me3 and H3K27Ac
levels but lower H3K36me3 levels, compared to the results observed from the FL9_2 and
FL9 5 colonies (Figures 6A-6C; Table S1). More specifically, at the endogenous GAL1
locus, we saw reductions in H3K4me3 and H3K27Ac levels and an increase in H3K36me3
level in the FL9 2 and FL9_5 colonies, compared to the Day7 positive control colony,
suggesting that the local transcriptional activities at the GALZ locus in FL9 2 and FL9 5 are
lower than in Day0 and Day7 positive control. This is consistent with other observations: in
FL9_ 2 and FL9_5, the YFP protein level was reduced significantly (approximately 70%
reduction compared to the Day7 positive control), and there was a significant decrease in the
mRNA level of YFP as quantified by qRT-PCR (Figures S6 and S7). We also observed a
comparable trend of change in the epigenetic marks at the P 54, - YFP reporter, indicating
that the three types of chromatin modifications tested are similar on these two genetic
elements and that both loci are likely governed by the same epigenetic modification
machineries that act on the GAL 1 promoter.

We did not see a clear difference between the FL9 colonies and the Day0 and Day7 control
colonies at the GAL4 locus with respect to the H3K36me3 and H3K27Ac modifications,
although there seemed to be some reduction of the H3K4me3 mark in FL9_2 and FL9 5.
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We interpret this as a consequence of a lack of local chromatin-repressing machinery,
considering that GAL4 is expressed constitutively.

Interestingly, while we observed similar trends in H3K36me3 and H3K27Ac modifications
at P4, -mCherry compared to GAL 1 and P g4, ;- YFP, we saw no differentiating trend in
the H3K4me3 modification among the tested colonies at P 54, -mCherry. This divergence
suggests a difference in the local chromatin dynamics between the two reporters. It is
possible that the locus where P g4, 7-mCherry is placed, URA3 on chromosome V, has a
distinct local chromatin regulatory mechanism that interferes with GAL Z-promoter-specific
regulation. The lack of the H3K4me3 mark at P 54, -mCherry relative to P54, -YFP
suggests that transcriptional activity at the former is higher than the latter. Indeed, while
YFP protein level in FL9_2 and FL9 5 on Day7 was reduced by 70% relative to Day0,
mCherry protein level was reduced by only 50%. Therefore, the difference in expression
reduction between the two reporters is associable with the difference in the local chromatin
modification levels between the two loci where they are located. Together, these results
solidify the role of epigenetic modifications on the expression levels of the two reporters.

Sporulation-Based Assessment of Genetic versus Epigenetic Contributions on the
Observed Phenotypes

To rule out the possibility that the observed phenotypes of the evolved strains could be
explained on purely genetic grounds, we crossed our evolved strains (FL6_2 and FL9 2)
with the equivalent of our unevolved WT strain (Day0) of opposite mating type. As a
control, we crossed two unevolved WT strains of opposite mating type. After mating,
sporulation, and tetrad dissection, we measured the YFP and mCherry expression levels
displayed by the progeny of each cross after growing the cells in the same media conditions
as used during our evolution experiments. As expected, all offspring of the WT-to-WT cross
showed expression levels very similar to the parental strain (Figure 7A).

The FL6_2-to-WT cross generated offspring that was very heterogeneous in expression,
contrary to what would be expected from plausible Mendelian genetic mechanisms (Figure
7B). Moreover, the lack of offspring clustering around the parental FL6_2 strain suggested
that the mutations on GPMZ2and RPN4 were not relevant to the observed phenotypes; were
they relevant, Mendelian genetics would predict that half (or a quarter) of the offspring
spores would carry the mutations on one (or both) of those genes and display a similar
phenotype to that of the parental strain, but the fraction of the spores displaying a similar
phenotype to that of the parental strain was actually much lower. Surprisingly, a substantial
fraction of the spores displayed reporter expression levels higher than the WT parental
strain’s expression, especially for the YFP reporter. While there was some correlation
(Pearson’s r = 0.697) between the YFP and mCherry expression levels, we saw that some
spores displayed YFP levels higher than the WT but mCherry levels closer to the level
displayed by the evolved FL6_2’s low mCherry expression level. Meiosis and sporulation
are complex cellular programs involving the creation and repair of double-strand breaks on
the DNA in certain recombination hotspots (Kolodkin et al., 1986; Lichten and Goldman,
1995; Smith and Nicolas, 1998), and it is known that epigenetic state influences the meiotic
recombination hotspots (Brachet et al., 2012). Therefore, a potential explanation for these
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expression levels is that epigenetic changes carried by the evolved parental strain might have
caused unusual meiotic recombination events in the offspring.

The offspring generated from the FL9_2-to-WT cross displayed three clearly distinct
clusters of YFP and mCherry expression: one coincided with the parental WT strain’s
reporter expressions, one coincided with the parental FL9 2 strain’s expressions, and the
third cluster displayed a WT-like YFP expression and a FL9_2-like mCherry expression
(Figure 7C). The reporter expression composition of the third cluster would not be expected
based on a purely genetic inheritance pattern, as all genetic components controlling the
network are the same for both reporters. Since the only difference between the two genetic
constructs (P4, - YFP and P g4, -mCherry) is their chromosomal integration site, we
attribute the differential gene expression to the differential impact of the epigenetic marks
between the YFP and the mCherry loci, as we described in the previous section.

To explain these three expression clusters displayed by the offspring of the FL9_2-to-WT
cross, we propose a model in which the mutation in the RNA Pol Il mediator subunit Srb8
contributes to the reporter’s downregulation, but epigenetic marks at the YFP reporter locus
make its expression level independent of which SRB8&allele the cell is carrying (Figure 7D),
potentially through an epigenetically facilitated compensation mechanism maintaining the
overall progression of RNA Pol Il irrespective of the Srb8 subunit activity. The inheritance
pattern we observed from the offspring of the FL9_2-to-WT crossing supports the presence
of epigenetic modifications leading to WT-like YFP expression in one of the three
expression clusters. More specifically, the parental FL9_2 strain, which bears both the SRB8
mutated allele and differential epigenetic marks at the YFP insertion locus (Figures 6A and
6C), displays low YFP and mCherry expression (Figure 7C); the unevolved strain bearing
the mutated SRB8allele in a WT-like chromatin environment also displays low YFP and
mCherry expression (Figure S4B). Therefore, the epigenetic mark we are proposing to
explain the offspring’s third cluster should favor WT-like YFP expression, as only this
inheritance model would generate a 3:1 inheritance pattern for the YFP expression and a 2:2
pattern for the mCherry expression, which matches our observations (Figures 7E and 7F).

Overall, these results indicate that the mechanism behind the observed expression reduction
during our evolution experiments cannot be explained only by genetic causes. Epigenetic
modifications must be contributing to the differential expression pattern exhibited by the two
reporters within the same cell and to the overall evolved phenotype emerging at the end of
the evolution process.

DISCUSSION

In this report, we explored the role epigenetic inheritance plays in short-timescale
microevolution. We observed reductions in expression level in multiple replicates sorted for
the lowest expression that persisted for hundreds of generations, long after the selection
pressure was lifted. The amount of decrease in expression level was locus specific,
implicating the involvement of local chromatin environment in the process. Performing
WGS characterizations on isogenic colonies obtained from two populations, we found that
one case of the persistent expression-level reduction was due to genetic factors, while
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experiments performed for the other case did not indicate a genetic contributor. Measuring
the level of chromatin modification marks on system components supported the conclusion
that epigenetic regulation differences between integration loci could explain differential YFP
and mCherry expression under the same promoter. Finally, results from mating and
sporulation experiments provided evidence for the involvement of non-genetic inheritance
mechanisms as contributors to the differential expression pattern exhibited by the two
reporters in the same cell.

For the replicate that is guided mainly genetically, given that a single mutation in the SRB8
gene is sufficient to reproduce the decreased YFP and mCherry protein levels measured on
Day7, a plausible explanation for this could be that the impaired mMRNA synthesis machinery
led to a loss in MRNA production and subsequently in protein production in the cell. Since
Srb8 is involved in global RNA synthesis, one would expect a global reduction in mRNA
levels in the cell as well. We indeed saw a significant reduction in the mRNA level of the
housekeeping ACTI gene (Figure S7A). Moreover, we found that the isogenic colonies
isolated from the FL9 group had significantly increased doubling time compared to both
Day0 (~3% increase) and Day7 positive controls (~4% increase), revealing a reduced fitness
level that is potentially attributable to inefficient mMRNA synthesis. Despite the genetic
contributions to the observed phenotypes, we note that crossing and sporulation analysis
showed that the inheritance pattern of this strain’s traits was not explainable by a solely
genetic mechanism.

Our study involves observation of YFP and mCherry expression dynamics with reporter
constructs integrated in different genomic loci. We note that genomic loci differ not only in
their local chromatin environment, but also in their sequence context (e.g., presence or
absence of certain enhancers), which may be a contributor to expression-level differences
between the reporters.

Genetic and epigenetic mechanisms do not have to be mutually exclusive. In response to a
particular environmental condition, both kinds of mechanisms can play roles and
complement each other. Epigenetic mechanisms generally operate at a shorter timescale than
genetic mechanisms, allowing a faster response to changing environmental conditions
(Bonduriansky et al., 2012; Burggren, 2016). On the other hand, genetic mechanisms
operate at a longer timescale but also produce a more permanent response.

To test whether short-term epigenetic inheritance interacts with genetic change, a recent
study (Stajic et al., 2019) used an experimental evolution setup in yeast by tuning low,
intermediate, and high levels of heritable silencing of a URA3reporter under selection. The
authors showed that heritable gene expression through epigenetic chromatin states
contributed to adaptive evolution; however, their results and interpretations were not free
from mutational effects. More specifically, heritable silencing drove population size
expansion and rapid epigenetic adaptation, eventually leading to genetic assimilation of the
silent phenotype by mutations. Also, at intermediate or low levels of heritable silencing, the
study showed that populations evolved more rapidly by accumulation of adaptive mutations.
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Natural environments are usually not fully static, but they fluctuate over time. Memory of
previous expression levels, from whatever source, can function as a double-edged sword in
fluctuating environments. On one hand, having some memory of the optimal expression
level in the current environment confers a fitness advantage in the present (Brickner et al.,
2007; Zacharioudakis et al., 2007). On the other hand, locking the expression at a particular
level would prevent the cell from responding to environmental changes. Thus, fully
persistent memory of expression level would be expected to be detrimental in a fluctuating
external environment (Acar et al., 2008; Bodi et al., 2017).

Of the various kinds of heritable factors, genetic mutations are certainly among the most
persistent; the cell is full of mechanisms aiming to ensure that genetic materials are
faithfully passed from one generation to the next, and moreover, reverting a genetic mutation
naturally is even more difficult given the randomness of the mutagenesis process and the
rarity of gain-of-function mutations. However, epigenetic mechanisms of reducing gene
expression are likely easier to revert when the environment demands it (Klironomos et al.,
2013); after all, chromatin is routinely remodeled during the cell cycle (Deniz et al., 2016;
Raynaud et al., 2014). Thus, compared to genetic mechanisms, the wide variety of
epigenetic mechanisms of regulating gene expression levels are much more easily tuned to
environmental demands. While some epigenetic changes may disappear within a few
generations (Kundu et al., 2007), others can be highly persistent (Catania et al., 2020). Thus,
the epigenetic toolset allows the cell to strike a balance between memorizing gene
expression states and being plastic to external environmental changes.

STARXMETHODS
RESOURCE AVAILABILITY

Lead Contact—Requests for further information and for resources and reagents should be
directed to and will be fulfilled by the Lead Contact, Murat Acar (murat.acar@yale.edu).

Materials Availability—Yeast strains and plasmids used in this study are described in the
Key Resources Table and will be made available upon request from the Lead Contact, Murat
Acar (murat.acar@yale.edu).

Data and Code Availability—The accession numbers for the sequencing data from WGS
runs reported in this paper are GenBank: SAMN11440943, GenBank: SAMN11440944,
GenBank: SAMN11440945, GenBank: SAMN11440946, GenBank: SAMN11440947,
GenBank: SAMN11440948, GenBank: SAMN11440949, GenBank: SAMN11440950.
These numbers are also listed in the Key Resources Table.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Saccharomyces cerevisiae with the W303 genetic background—All yeast
Saccharomyces cerevisiae strains constructed are based on the haploid W303 strain
background. Complete genotypic descriptions of all strains can be found in the Key
Resources Table.
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All cultures were grown in synthetic minimal media with histidine dropout and appropriate
supplements of other amino-acids. Culture growths were performed in a 30°C shaker
(225rpm) in a volume of 1mL. After 48hrs of growth on histidine-dropout minimal media
plates containing 2% glucose, strains were grown in liquid minimal media for 22hr
(“overnight™) in the presence of 0.1% mannose as a hon-inducing sole carbon source. This
was followed by a 72hr induction period in liquid minimal media containing 0.1% mannose
and 0.2% galactose as carbon sources.

METHOD DETAILS

Construction of yeast strains and plasmids—Strains used to study the GAL network
were built on WP35 which is a haploid wild-type strain carrying single copy of the P4, -
YFPreporter in the #olocus. The double reporter strains carrying a second reporter (Pgay 1-
mCherry-tCYCI1 or Prgri-mCherry-tCYCI) were constructed with the following steps.
First, plasmids carrying Pga, ;-mCherry-tCYC1 or Prerz-mCherry-tCYC1 on the pRS306
backbone (Sikorski and Hieter, 1989) were constructed using the Gibson Assembly® Master
Mix and NEBuilder® Assembly Tool (New England BioLabs). The resulting plasmids were
then linearized within the URA3 gene at BstBI cut site and transformed into WP35 using the
standard lithium acetate (LiOAc) transformation technique. gPCR was performed to select
colonies carrying single copy of the second reporter. To obtain the strain XLUYmCgA80,
the PagrernatNT2-tADHI cassette from pYM17 (Euroscarf, Janke et al., 2004) was
integrated into the double reporter strain carrying Pga; ;- YFP-tCYC1 and Pga; ;-mCherry-
ICYC1to replace the GALE0gene by using 60bps homology regions immediately before
and after GALS&0.

For the mating and sporulation experiments, a MATa counterpart for XLUYmCgA80 strain
was constructed, starting with the MAQQO2 strain. First, a single copy of H/S5-Pga; ;- YFP-
ICYC1was inserted into the Ao locus by using 60bp homology regions around the /o locus.
Then, the Pga, ;-mCherry-tCYC1 plasmid was linearized by BstBI and inserted in single-
copy into the URAZ locus. Finally, the GAL80 ORF was deleted by amplifying the Pag7z7-
KanR-tAgTEF1 cassette from the pFA6-kanMX4 plasmid (Wach et al., 1994) with 60bp
homology regions immediately before and after the GAL80 ORF.

Flow cytometry data acquisition and sorting—After the induction period described
in the “Experimental Model and Subject Details” section above, the expression distribution
of ~50,000 cells were measured by flow cytometry (FACS-Aria; Becton Dickinson) at flow
rates between 4 to 8 (flow rate scale of 1-11 corresponds to approximately 10-80 pL/min),
and the cell-sorting period was initiated. During the 7-day-long sorting period, populations
underwent expression-based sorting once a day, followed by the selection-free growth period
lasting from 3 to 20 days during which the entire expression distribution was passed from
one day to the next instead of gated-sorting. Every 24hrs during the 7-day-long gated-sorting
period, individual cells were sorted into fresh media of the same type by applying
fluorescence intensity based gates rendering the highest, middle and lowest 4.8%-5.2% of
the total cell population (referred to as HIGH, MID, LOW). In “forward” sorting groups, the
gates were selected based on YFP fluorescence, while in the “reverse” sorting groups they
were selected based on mCherry fluorescence. 450 individual cells were sorted for the HIGH
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groups, and 600 cells were sorted for all other groups. To minimize potential variations in
the size and/or morphology of the sorted cells, the gating process also involved applying a
narrow FSC-SSC (ForwardSCatter-SideSCatter) range corresponding to the densest ~20% of
the total cell population. Grown cultures taken from Day0, Day?7, the last day of the
selection-free period, as well as certain other days throughout each sorting period were
frozen on the same day for further analysis. Starting from the overnight growth period and
until the end of the gated and selection-free sorting periods, cell densities were kept low
(between ODggg 0.2 and 0.3) to prevent nutrient depletion.

MRNA transcript levels determination by qRT-PCR—Selected cell populations of
the strain XLUYmCgA80 frozen after sorting on Day0 and Day7 were recovered as single
isogenic colonies from glycerol stocks streaked on 2% glucose minimal media plates with
histidine dropout. Colonies were then grown overnight in liquid minimal media containing
0.1% mannose as the sole carbon source, and induced in minimal media containing 0.1%
mannose and 0.2% galactose for 48hrs in 50mL volume, reaching a final ODggg of less than
0.2. Fluorescence levels of the induced cells were recorded by flow cytometry right before
harvesting for total RNA. cDNA was prepared by using the High Capacity RNA-to-cDNA
kit from Applied Biosystems. The resulting cDNA was then used in qPCR reactions to
quantify mRNA levels of genes of interest. For gPCR, we used the iTag™ Universal
SYBR® Green Supermix from Bio-Rad and targeted 4 genes with 2 sets of primers for each:
ACT1 (primer pair EPIACT1-2F and EPIACT1-2R were used as the endogenous control
for ACt calculation), YFP, mCherry, GAL1, and GALA4. The relative transcription levels for
samples within the same sorting experimental group were calculated with the Day0
population’s transcript levels used as the control. The qPCR primers used are listed on Table
S2. The amplicons were between 158 and 161bps long.

Local sequencing of key GAL network components—To see whether or not
mutations were accumulated on the genetic components relevant to the GAL network
activity, frozen cell populations from Day0 and Day?7 sorting groups of the strain
XLUYmMCgA80 (the groups that showed at least 20% decrease in YFP or mCherry
expression compared to corresponding DayO0 expression) were recovered from glycerol
stocks streaked on 2% glucose minimal media plates with histidine dropout. Populations
were then grown overnight in liquid minimal media containing 0.1% mannose as the sole
carbon source, and induced in minimal media containing 0.1% mannose and 0.2% galactose
for 48hrs in ImL volume, reaching a final ODg of less than 0.3. After the induction period,
expression measurements were performed by flow cytometry and also genomic DNA
contents were extracted from the induced populations to sequence key genetic components
of the GAL network. All re-induced Day7 populations exhibited similar expression levels
relative to expression levels of their corresponding DayO populations; in other words,
freezing and re-induction after the actual sorting process did not alter the relative expression
levels in these populations. For sequencing, we selected the LOW (“L”) sorting groups of
the strain XLUYmCgA80 which showed over 20% decrease in reporter expression; the local
sequencing was performed for the P4, 7-YFP, P g4, -mCherry, and P4, 4 GAL4
constructs from the beginning of the promoters to the end of the terminators. With “F or R”
indicating “Forward or Reverse” sorting based on YFP or mCherry, these Day7 sequenced
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groups of sorted populations were named as FL1, FL2, FL6, FL8, FL9, RL2, RL5, and RLS6;
the numbers indicate the identity of the biological replicate from the 7-day-long sorting
experiment. Sequencing was first performed on the population level for these sorting groups;
genomic DNA was prepared from the entire sorted populations from Day7, and no apparent
mutation was identified. Then, 5 randomly-selected single colonies were isolated from each
population for isogenic expression characterization, and sequencing was performed on select
single colonies which had similar expression profile as the corresponding original
population. No mutation on the P ga; - YFP, Pga; -mCherry, P 54, +GAL4 constructs was
found in colonies isolated from the FL1, FL6, FL9, RL2, RL5, whose full sequences are
given in Data S1; however, mutations/changes were found in colonies isolated from FL2,
FL8 and RL6 (Data S1).

Whole Genome Sequencing (WGS) sample preparation—Out of the 5 single
colonies isolated from the FL6 and FL9 populations on Day7 (for which local-sequenced for
the Pgas -YFP, Pga; -mCherry, P ga; +GAL4 constructs did not identify any mutations),
we randomly selected 2 single colonies from each of the FL6 and FL9 groups for performing
whole genome sequencing on them. As controls, we also included in these WGS
characterizations 2 randomly-selected single colonies isolated from the Day0 population, as
well as 2 randomly selected single colony isolated from the positive control group on Day?7.

Cells from each single colony were recovered from glycerol stock on 2% glucose minimal
media plates with histidine dropout, and grown in 10mL YPD liquid media until the cell-
density (ODgqg) reached ~1. The YeaStar Genomic DNA Kit (ZYMO Research) was used
for genomic DNA extraction. The process was repeated 2—3 times until 1-5 pg of purified
DNA (ODygp/280 between 1.8 and 2) concentrated in 50 pL of TE buffer was acquired for
each sample. The purified DNA were pooled and sequenced at the Yale Center for Genome
Analysis with Illumina HiSeq4000 (paired-end, 150bp) targeting 200X coverage.

Measuring doubling-times of cell populations—Five isogenic colonies isolated from
each of the Day7 FL6 and FL9 populations, as well as one isogenic colony isolated from
each of the Day0 and Day7 positive controls, were recovered from glycerol stocks and
streaked on 2% glucose minimal media plates with histidine dropout. Colonies were then
grown overnight in liquid minimal media containing 0.1% mannose as the sole carbon
source, and induced in minimal media containing 0.1% mannose and 0.2% galactose for
48hrs in ImL volume, reaching a final ODgqg of less than 0.3. Following the induction
period, cultures were continuously grown in the same media conditions, and the growth rate
analyses were performed based on the dilution rates and the ODggq Values measured at 6
different time points across the next 52-55hrs. At each time point, all cultures were diluted
to maintain ODggg below 0.55 to keep growth at log-phase and to prevent nutrition
depletion. The average log-phase doubling-time Zy,/ing Was calculated (Figures S2A and
S2B) using the following formula:

tdoubling = tduration|1082

Dstart

N

D,

end N H dk]
k=1
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tquration: duration between the start and end of the continuous culture growth
Deng: ODggg at the end of continuous culture growth

Dgart: ODggo at the start of continuous culture growth

N: total number of dilutions (here N = 6)

dy: dilution rate at time point k

SNP introduction with CRISPR-Cas9—Select mutations identified from WGS were
cloned into a single colony from DayO to see if each or all of them could result in the
phenotypic changes observed in the sorting experiment. To choose candidate mutations, we
first selected mutations within ORFs that cause changes in their corresponding amino acids.
We then selected the common mutations found in both single colonies isolated from a group:
5 common mutations for FL6 (FENZ2, GPMZ, IRAZ, NUP133, RPN4), and 3 common
mutations for FL9 (APL1, BDS1, SRBS). To introduce these mutations back into a single
colony from Day0, a centromeric plasmid with backbone pRS314 carrying a Cas9 cassette
was first transformed into a DayO0 single colony. For each mutation, the resulting strain was
transformed with donor DNA carrying the mutation together with a plasmid with backbone
pRS305 carrying guide RNA cassette targeting the mutation site. The final strains were
sequenced locally to verify the intended genetic alterations.

Degradation dynamics of fluorescent proteins—Five isogenic colonies isolated
from each of the Day7 FL6 and FL9 populations, as well as one isogenic colony isolated
from each of the Day0 and Day7 positive control, were recovered from glycerol stocks and
streaked on 2% glucose minimal media plates with histidine dropout. Colonies were then
grown overnight in liquid minimal media containing 0.1% mannose as the sole carbon
source, and induced in minimal media containing 0.1% mannose and 0.2% galactose for
48hrs, reaching a final ODggg of ~0.2 in a total volume of 5mL for each sample.
Cycloheximide (Sigma-Aldrich, C7698) was then added to the cultures at the final
concentration of 10 pg/mL. Samples were taken from the cycloheximide-treated cultures for
fluorescence measurements with flow cytometry (FACS-Aria, Becton Dickinson) at the
following time points while the cultures continued being incubated in a 30°C shaker: Ohr
(right before adding cycloheximide), 15min (right after adding cycloheximide), 1.5hr, 4hr,
6hr, 21hr and 28.5hr.

During the flow cytometry measurements, due to the cycloheximide treatment, changes were
observed in the position of the total cell population based on the FSC-SSC readings.
Therefore, a large FSC-SSC gate covering the densest 40%-80% of the total population was
applied.

ChIP-gPCR experiments—From the single colonies selected for WGS, we selected the
two colonies from FL9 together with one single colony from each of the Day0 and Day7
positive control group for histone modification characterization with ChIP-gPCR. We tested
three types of histone modifications at GAL1, GAL4, YFP and mCherry open reading
frames: H3K4me3, H3K36me3 and H3Ac. A yeast strain with setZA background was used

Cell Rep. Author manuscript; available in PMC 2020 November 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Luo et al.

Page 18

as negative control for the H3K4me3 group. Cells from each single colony were recovered
from glycerol stock on 2% glucose minimal media plates with histidine dropout, grown
overnight in minimal media containing 0.1% mannose as the sole carbon source, and
induced in minimal media containing 0.1% mannose and 0.2% galactose for 48hrs. We used
300mL of culture with ODggg ~0.4 to initiate ChlIP.

ChIP experiments were performed as described previously (Ahn et al., 2004; Ryu and Ahn,
2014). Briefly, formaldehyde was added to a final concentration of 1% for 20 min. Cross-
linking was quenched by addition of glycine to 240 mM. Cells were collected by
centrifugation, washed in TBS twice, and then lysed with glass beads in FA lysis buffer {50
mM HEPES-KOH at pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% Na
deoxycholate, 0.1% SDS, cOmplete protease inhibitor cocktail (Roche, 11697498001), 1
mM PMSF (AmericanBio, AB01620)}. Sheared chromatin by sonication was incubated
with Protein G-Sepharose (GE Healthcare, 17-0618-01) bound with anti-H3K4me3
(Abcam, ab8580), anti-H3K36me3 (Abcam, ab9050), anti-H3Ac (Millipore, 07-360), or
anti-H3 (Abcam, ab1791). Following washings, eluted chromatin fragments were treated
with pronase (Roche, 11 459 643 001), and DNA was purified by phenol/chloroform
extraction. gPCR assays were performed using 1:8 diluted DNA template, and then the
results for methylated or acetylated H3 were normalized to total histone H3 signals and the
internal control (a fragment amplified from an untranscribed region on ChrlV).

Forward and reverse primer sequences used for ChIP-gqPCR are listed on Table S2. EPIYFP
pair targets 169-327bp from 5" of YFP ORF; EPImC-1 pair targets 177-338bp from 5’ of
mCherry ORF; EPIGal1-1 pair targets 319-476bp from 5” of GAL1 ORF; EPIGal4-1 pair
targets 2225-2385bp from 5" of GAL4 ORF; IntlV pair is the endogenous control and
targets an intergenic region on chromosome IV.

Mating, sporulation and tetrad dissection—The desired strains were grown in YPD
plates overnight. Then, a small amount of the fresh patch of cells was mixed with its mating
counterpart in a fresh YPAD plate (YPD supplemented with 20mg/L Ade) and incubated for
4h at 30°C. Zygote formation was checked by microscopy and a portion of the mating patch
was transferred to YPD+Nat+G418 plate, which selected for diploid cells. Single diploid
colonies were transferred to GNA pre-sporulation plates (Giaever et al., 2002) (5% glucose,
3% nutrient broth, 1% yeast extract, 2% agar) and grown for a day at 30°C, and then
transferred to sporulation plates (Kaiser et al., 1994) (1% potassium acetate, 0.1% yeast
extract, 0.05% dextrose, 2% agar) where they were incubated at room temperature for 4-5
days. Tetrad dissection was performed on a YPD plate after degrading the ascus wall with p-
glucuronidase (Sigma-Aldrich, G7017), and then incubated at 30°C for 2 days. The spores
coming from each tetrad were spotted on YPD+G418 and YPD+Nat plates to check that
they were displaying a proper segregation pattern of the markers, which qualified them for
further analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

Flow cytometry data analysis—Each sample of flow cytometry (FACSAria, Becton
Dickinson) data were analyzed in R using the Bioconductor flowCore software package
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(Hahne et al., 2009). The FSC-SSC gate was chosen to cover the densest portion of the total
population and eliminate individuals with unusual morphologies, such as dying cells and cell
debris; the same gate was used for all samples gathered during a single experiment. Each
FACS sample had on average ~7500 cells after gating. Log-amplified fluorescence
measurements for the gated cells were converted to linear scale for analysis. When needed
for the wild-type strain, a threshold for ON state was selected based on fluorescence
measurements from uninduced cells and applied uniformly to all relevant samples.

The raw expression level of each strain on each day during the multi-day experiment is
measured by averaging the single-cell reporter fluorescence as measured by flow cytometry.
To control for the effect of day-to-day variations, the raw expression levels were normalized
using the average expression level of the same reporter in the positive control samples
measured on the same day.

Whole Genome Sequencing data analysis—The sequencing reads were first trimmed
using Trimmomatic (Bolger et al., 2014) with the following settings: “LEADING:3
TRAILING:3 SLIDINGWINDOW:2:30” (Barbieri et al., 2017). The filtered reads from
each sample were independently aligned to the current version of S288C reference genome
from Ensembl using BWA-MEM (Li, 2013) and converted to BAM format using SAMtools.
Picard’s MarkDuplicates (https://github.com/broadinstitute/picard) was used to mark
duplicates in the resulting BAM files. We then realigned the reads with the GATK tools (Van
der Auwera et al., 2013) RealignerTargetCreator and IndelRealigner, and variants were
called using GATK’s HaplotypeCaller with “-ploidy 1.” SNPs and Indels were extracted
from the resulting file and filtered manually using GATK’s SelectVariants and
VariantFiltration. For SNP, we used the following parameters: -filterExpression “QD<2.0 ||
FS>50.0 || MQ<50.0 || SOR>3.0 || MQRankSum<-12.5 || ReadPosRankSum<-8.0.” For
Indel, we used these parameters: -filterExpression “QD<2.0 || FS>200.0 || InbreedingCoeff<
-0.8 || SOR>10.0 || ReadPosRankSum<-20.0.” Finally, we used VCFtools (Danecek et al.,
2011) to identify variants in FL6, FL9 and Day7-positive-control samples relative to Day0,
which were then annotated with Ensembl’s VEP tool (McLaren et al., 2016).

Xz test for checking inheritance models for sporulation outcomes—The

proposed inheritance model was tested as described (Griffiths et al., 2000). Briefly, the XZ
2

(Ei - 0))

test statistic was calculated as Y7 _ 1T’, where r7is the number of classes for a
1

phenotype, £;is the expected number of individuals under that class according to the model,
and O;is the experimentally-observed number of individuals classified under that class. This
test statistic was compared with the Xz distribution with -1 degrees of freedom to obtain the
likelihood of the experimental observation if the assumed model was true (p value).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Gated sorting and regrowth of low-expression cells causes sustained
expression decrease

Chromatin environment affects expression changes in response to selective
pressure

Genetic causes alone cannot explain the expression reduction under selection

Inheritance of epigenetic factors contributes to the observed phenotypic
change
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Figure 1. Evolutionary Models, Study Design, and Model Network
(A) Hlustration of Darwinian (orange arrows) and neo-Lamarckian (blue arrows) models of

evolution. Blue rectangles represent DNA. Black and yellow squares represent genetic
mutations and epigenetic modifications, respectively.

(B) Hlustration of the three possible sorting gates used: lowest 5% (blue), middle 5%
(green), and highest 5% (red).

(C) Hlustration of two possible outcomes of the sorting experiment. After being sorted for
the lowest-expressing cells, the initial sharp distribution of expression levels will gradually
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relax, but it may relax either back to the same distribution as the original (left) or to a
different distribution with a lower mean (right).

(D) Gene network architecture of the WT yeast GAL network whose activity is reported
using a Pga; - YFP reporter.

(E) Sorting gate determination for WT cells. The off-peak position is determined using
expression data measured from uninduced cells (gray bars); the sorting gates in the induced
samples (purple bars) are then selected considering only “on” cells.
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Figure 2. Applying Environmental Selection on WT GAL Network Activity
(A) Sample YFP expression distributions for one of the WT replicates sorted for the lowest

expression (left) compared to the positive control (right) over the first 7 days of the
experiment.

(B) Normalized YFP expression levels from the YFP-sorting experiment in WT cells. Pink
indicates samples sorted for the highest expression, green indicates samples sorted for the
median expression, blue indicates samples sorted for the lowest expression, orange indicates
positive control, and gray indicates negative control. The dashed line indicates the time at
which expression-level-based sorting is terminated. All expression levels are normalized to
the corresponding positive control.

(C) Normalized YFP expression levels from the extended YFP-sorting experiment in WT
cells. Blue indicates samples sorted for the lowest expression, orange indicates positive
control, and gray indicates negative control. The dashed line indicates the time at which
expression-level-based sorting is terminated. All expression levels are normalized to the
corresponding positive control.
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Figure 3. Expression Dynamics from the YFP-Sorting Experiment in WT Cells Containing
PcaL1-YFP and Pgal 1-mCherry

(A and B) Normalized YFP (A) and mCherry (B) expression levels from the YFP-sorting
experiment in WT cells containing P g4, - YFP and P g4, -mCherry. Blue indicates samples
sorted for the lowest expression, orange indicates positive control, and gray indicates
negative control. The dashed line indicates the time at which expression-level-based sorting
is terminated. All expression levels are normalized to the positive control.

(C) Comparison of YFP (orange) and mCherry (pink) expression-level trajectories of the
three samples sorted for the lowest expression in (A) and (B). Each subpanel represents one
sample. The dashed line indicates the time at which expression-level-based sorting is
terminated. All expression levels are normalized to the positive control.

See also Figure S1.
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Figure 4. Dissecting System Behavior in the Constitutively Active GAL Network
(A) Gene network architecture of the ga/80A strain.
(B and C) Normalized YFP (B) and mCherry (C) expression levels from the YFP-sorting

experiment in gal80A cells. Pink indicates samples sorted for the highest expression, green
indicates samples sorted for the median expression, blue indicates samples sorted for the

lowest expression, and orange indicates positive control. The dashed line indicates the time
at which expression-level-based sorting is terminated. All expression levels are normalized

to the positive control.

(D) Comparison of YFP (orange) and mCherry (pink) expression-level trajectories of the
nine samples sorted for the lowest YFP expression in gal80A cells. Each subpanel represents
one sample. The dashed line indicates the time at which expression-level-based sorting is
terminated. All expression levels are normalized to the positive control.

(E and F) Normalized YFP (E) and mCherry (F) expression levels from the extended YFP-
sorting experiment in ga/80A cells. Blue indicates samples sorted for the lowest expression,
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and orange indicates positive control. The dashed line indicates the time at which
expression-level-based sorting is terminated. All expression levels are normalized to the
positive control.

See also Figures S2-S5 and Data S1, S2, S3, and S4.
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Figure 5. The Effect of the Local Chromatin Environment on Observed Results
(A and B) Normalized YFP (A) and mCherry (B) expression levels from the mCherry-

sorting experiment in ga/80A cells. Blue indicates samples sorted for the lowest expression,
and orange indicates positive control. The dashed line indicates the time at which
expression-level-based sorting is terminated. All expression levels are normalized to the
positive control.

(C) Comparison of YFP (orange) and mCherry (pink) expression-level trajectories of the
nine samples sorted for the lowest mCherry expression in ga/80A cells. Each subpanel
represents one sample. The dashed line indicates the time at which expression-level-based
sorting is terminated. All expression levels are normalized to the positive control.

(D and E) Noise in YFP (D) and mCherry (E) expression levels from the mCherry-sorting
experiment in gal80A cells. Blue indicates samples sorted for the lowest expression, and
orange indicates positive control. The dashed line indicates the time at which expression-
level-based sorting is terminated.
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Figure 6. Epigenetic Modification Levels Quantified by ChIP-gPCR
Three types of epigenetic marks—H3K4me3 (A), H3K36me3 (B), and H3K27Ac (C)—

were characterized at four genetic loci—GALI1, GAL4, Pga; -YFP, and P 54, -mCherry—
in four isogenic populations: Day0, Day7 positive control, FL9_2, and FL9_5. An additional
strain, SETIA, was included for H3K4me3 (A) as a technical control. Error bars indicate
SEM (n = 4).

See also Figures S6 and S7 and Tables S1 and S2.
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Figure 7. Sporulation-Based Assessment of Genetic versus Epigenetic Contributions on the
Observed Phenotypes
(A—-C) Scatterplot of the mean measured YFP and mCherry expression displayed by the

spores coming from the WT-to-WT crossing (A), the FL6_2-to-WT crossing (B), and the
FL9 2-to-WT crossing (C). The expression levels displayed by the parental strains are also
shown.

(D) Proposed model explaining the expression distributions of the offspring obtained from
the FL9_2-to-WT crossing. The purple Srb8* represents the mutated version identified by
WGS, while the green Srb8 represents the WT version. The asterisks along the YFP locus
represent the proposed epigenetic mark modulating reporter expression independently from
the SRB&allele inherited. The color and width of the arrows indicate the strength of the
gene expression (thin and gray, FL9_2-like low expression; thick and black, WT-like
expression).
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(E and F) Bar plots showing the number of spores displaying a given phenotype (WT-like or
FL9_2-like), expected by the model and observed experimentally, for the YFP (E) and
mCherry (F) expression phenotypes.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

a-H3K4me3 Abcam Cat# ab8580; RRID:AB_306649
a-H3K36me3 Abcam Cat# ab9050; RRID:AB_306966
a-H3Ac Millipore Cat# 07-360; RRID:AB_310550
a-H3 Abcam Cat# ab1791; RRID:AB_302613

Experimental Models: Organisms/Strains

S. cerevisiae: Strain background: W303 MATa Our Lab Stocks MAO0001

S. cerevisiae: Strain background: W303 MATa Our Lab Stocks MAO0002

S. cerevisiae: Strain background: W303 MATa ho::HIS5-Pga1-  Our Lab Stocks WP35

YFP

S. cerevisiae: Strain background: W303 MATa, ho::HIS5-Pga 1~ This paper WP35URAPg1mC
YFP, ura3::URA3-PgaL 1-mCherry

S. cerevisiae: Strain background: W303 MATa, ho::HIS5-Pga1-  This paper WP35URAPtefmC
YFP, ura3::URA3-P1gr-mCherry

S. cerevisiae: Strain background: W303 MATa, ho::HIS5-Pga 1~  This paper XLUYmCgA80
YFP, ura3::URA3-Pga1-mCherry, gal80A::NatNT2

S. cerevisiae: Strain background: W303 MATa, ho::HIS5-Pga 1~ This paper DMY375

YFP, ura3::URA3-Pga 1-mCherry, gal80A::KanMX4

Recombinant DNA

Plasmid: pRS306 (Sikorski and Hieter, 1989) N/A

Plasmid: pRS305 (Sikorski and Hieter, 1989) N/A

Plasmid: pYM17 (Janke et al., 2004) N/A

Plasmid: pFA6-kanMX4 (Wach et al., 1994) N/A

Plasmid: HIS5-Pgay 1-YFP Our Lab Stocks N/A

Plasmid: URA3-PgaL1-mCherry This paper N/A

Plasmid: URA3-Ptgg-mCherry This paper N/A

Plasmid: pRS314-CAS9 Our Lab Stocks N/A
Chemicals, Peptides, and Recombinant Proteins

Gibson Assembly® Master Mix New England BioLabs E2611S
Restriction Enzyme: BstBI New England BioLabs R0519S
iTagTM Universal SYBR® Green Supermix Bio-Rad 1725120
Protein G-Sepharose GE Healthcare 17-0618-01
Pronase Roche 11 459 643 001
High Capacity RNA-to-cDNA kit Applied Biosystems 4388950
YeaStar Genomic DNA Kit ZYMO Research D2002
Cycloheximide Sigma-Aldrich C7698
cOmplete protease inhibitor cocktail Roche 11697498001
PMSF AmericanBio AB01620
B-glucuronidase Sigma-Aldrich G7017
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REAGENT or RESOURCE SOURCE IDENTIFIER
Oligonucleotides

Primers for gRT-PCR and ChIP-gPCR, see Table S2 This paper N/A
Deposited Data

GenBank: SAMN11440943 GenBank N/A
GenBank: SAMN11440944 GenBank N/A
GenBank: SAMN11440945 GenBank N/A
GenBank: SAMN11440946 GenBank N/A
GenBank: SAMN11440947 GenBank N/A
GenBank: SAMN11440948 GenBank N/A
GenBank: SAMN11440949 GenBank N/A
GenBank: SAMN11440950 GenBank N/A
Software and Algorithms

NEBUuilder® Assembly Tool New England BioLabs N/A
BD FACSuite BD Biosciences N/A
R www.R-project.org N/A
Bioconductor flowCore package (Hahne et al., 2009) N/A
Trimmomatic (Bolger et al., 2014) N/A
BWA-MEM (Li, 2013) N/A
Picard’s MarkDuplicates https://github.com/broadinstitute/picard ~ N/A
GATK tools (Van der Auwera et al., 2013) N/A
VCFtools (Danecek et al., 2011) N/A
VEP tool (MclLaren et al., 2016) N/A
Other

BD FACS-Aria Becton Dickinson N/A
Cary 60 UV-Vis Spectrometer Agilent Technologies N/A
Zeiss Tetrad “Advanced Yeast Dissection Microscope” Carl Zeiss N/A
Illumina HiSeq4000 Ilumina N/A
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