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Natural selection acts on heritable variation in fitness-related 
traits. Gene expression states that confer phenotypes can be 
inherited epigenetically and could therefore, in principle, 

contribute to adaptive evolution. While such epigenetic inheritance 
is relatively short-lived, it can persist for a number of generations 
and contribute to selectable phenotypic variation, as highlighted for 
example by work on plants and worms1–3. Unlike genetic mutations, 
epi-mutations occur frequently and are generally transient and 
reversible, a property fundamentally different from mutations in 
DNA where reversion of a change is typically rare. Transient forms 
of phenotypic inheritance may facilitate adaptation under condi-
tions of a novel stressful environment where evolutionary rescue by 
mutation may be difficult. In such a scenario, temporary epigen-
etic change may provide phenotypic variation, allowing adaptation 
before the appearance of mutations. This is a form of genetic assimi-
lation akin to either the Baldwin effect4 or canalization proposed by 
Waddington5,6 and, more recently, demonstrated in the context, for 
example, of HSP90-mediated evolution7,8 or in the case of prion-
mediated epigenetic states9. In the latter case, stable conformers of 
proteins are cytoplasmically inherited and impact on cellular fit-
ness10. While these are unique specialized cases of epigenetic inheri-
tance, gene expression states can also be epigenetically maintained, 
including trans-generationally in a variety of organisms, particu-
larly in plants3 and Caenorhabditis elegans11, but also in more com-
plex metazoans, including flies and mammals12. As gene expression 
is fundamental to phenotypic variation, this form of heritability of 
chromatin states has the potential to be of broad relevance to the 
dynamics of adaptation.

For this reason we now ask: to what extent and with what con-
sequences can chromatin-based, epigenetically heritable gene 
silencing contribute to adaptation? Recent theory predicts that an 
epigenetic form of inheritance can be an effective means of reach-
ing a fitness optimum quickly by acting as a buffering step until 
mutations fix in the population. This can be achieved by facilitating 
the survival of the population in a new environment, giving it time 

to accumulate adaptive mutations13,14. Models suggest there might 
be an optimal degree of the stability of epigenetic inheritance that 
can speed up evolution15. Despite the growing body of theoreti-
cal efforts, direct experimental evidence is still lacking as pointed 
out recently16, and one can envisage different scenarios where epi-
genetic forms of inheritance can either impede or aid adaptation. 
Here we directly test these theoretical predictions with a power-
ful experimental evolution set-up that allows us to distinguish the 
contribution to adaptation of genetic mutations versus transiently 
heritable changes in gene expression. The strength of this system is 
dependent on the ability to control the clonality (that is, no standing 
genetic variation) of the population and the rate of epigenetic modi-
fication. Key questions that we address are: how does short-lived 
but heritable gene silencing impact (1) the rate of fitness increase, 
(2) the spread of new beneficial mutations and, ultimately, (3) the 
adaptation of a population?

Results
In the budding yeast, Saccharomyces cerevisiae, genes proximal to 
mating type loci, ribosomal DNA arrays and telomeres undergo 
heritable gene silencing, dependent on the silent information regu-
lator (SIR) proteins17–19 that act, in part, via deacetylation of local 
chromatin20. This classic epigenetic mechanism is initiated by 
sequence-specific DNA binding proteins that nucleate a local self-
perpetuating feedback system where hypo-acetylated nucleosomes 
form an anchor for recruitment of additional SIR complexes allow-
ing for local spreading of silencing21. Consequently, genes located at, 
or adjacent to, these loci are silenced in a SIR-dependent manner22. 
Importantly, while sequence elements are required to target silenc-
ing, the silencing itself is subject to stochastic switching between 
ON and OFF states, both of which are heritable for multiple divi-
sions. Therefore, silencing in this context relates to the switching 
rate of gene silencing versus activation, leading to an equilibrium 
between two interchanging subpopulations23. The rate of switching 
is dependent on position and local chromatin context22.
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An experimental evolution set-up based on tuneable SIR-
mediated heritable gene silencing. We constructed an allelic series 
of S. cerevisiae strains in which we inserted a functional URA3 cas-
sette at seven different positions ordered along the subtelomeric 
region of the left arm of chromosome XI (Supplementary Fig. 1a), 
thereby tuning the degree of epigenetic switching in otherwise iso-
genic clones. This puts us in a unique position to quantitatively 
assess the contribution of epigenetic silencing to adaptation. URA3 
is a widely used reporter gene that can be subjected to both positive 
and negative selection. Functional Ura3 protein is essential for ura-
cil biosynthesis and is required for growth in the absence of uracil, 
but induces cell death in the presence of the drug 5-fluoroorotic 
acid (5-FOA, Fig. 1b)24. Consequently, URA3 gene silencing leads 
to resistance to 5-FOA, a phenotypic trait previously used to study 
the nature of heritable epigenetic silencing in yeast, estimated to 
be maintained for up to 20 generations25. We assayed the degree 
of silencing of URA3 at different subtelomeric positions by real-
time growth rate measurements under different concentrations of 
5-FOA, titrating the selective pressure within our experimental evo-
lution set-up (Supplementary Fig. 1b). As expected from previous 
reports22, we found that the degree of silencing in our allelic series 
roughly scales with the distance from the telomere but is discon-
tinuous as reported26, with the strongest silencing observed at about 
2 kilobases (kb) from the telomere (Supplementary Fig. 1b, position 
5) and declining in either direction, where positions 6 and 7 (closer 
to the telomere end) displayed intermediate levels of silencing and 
positions 4, 3, 2 and 1 (distal to the SIR seeding point) represented 
low silencing levels (Supplementary Fig. 1).

From our allelic series, we selected three URA3 insertion loci rep-
resenting low (L), intermediate (M) and high (H) silencing, hence-
forth simply named L, M and H, respectively, denoting the degree 
of silencing (Supplementary Fig. 1 and 1a). Spot growth assays 
on 5-FOA confirmed the different degrees of silencing (Fig. 1c).  
These strains, which are otherwise isogenic, formed the basis of our 

experimental evolution strategy where we can vary the level of epi-
genetic gene silencing (dictated by the URA3 position) as well as the 
selective pressure (5-FOA concentration). As expected18, silencing 
at all positions was SIR complex dependent (Fig. 1c, right panel).

Intermediate levels of heritable gene silencing accelerate adapta-
tion. Our experimental set-up allowed us to determine the dynam-
ics and mechanisms of adaptation in a highly defined system where 
a single pathway is under selection in the presence or absence of 
short-term heritable gene silencing. Cells were first pre-selected, 
in complete synthetic media (CSM) lacking uracil, to ensure that 
all strains were in the URA+ state at the onset of the experiment, 
irrespective of their ability to silence. Each population was then 
evolved by serial daily passage into liquid culture containing 0.05% 
5-FOA (Fig. 2a), a dose conferring intermediate selection pres-
sure in which all strains proliferate in a manner dependent on the 
degree of URA3 silencing (Supplementary Fig. 1b). Half a million 
cells were transferred daily under continued selection, and the 
number of living cells in each of the 24 replicates per strain was 
determined by plating on non-selective media. In parallel, cells 
were plated on high concentrations of 5-FOA to determine the 
fraction adapted to growth under selection. Furthermore, these 
5-FOA-resistant clones were replica-plated on medium lacking 
uracil to determine whether adaptation would occur while main-
taining the ability to switch on URA3 expression (where growth 
indicates the ability to reactivate URA3) or by directly affecting the 
uracil biosynthetic pathway (for example, by mutation of URA3), 
in which case cells can no longer grow in the absence of uracil. As 
expected, the strain with higher levels of epigenetic silencing sur-
vived better on encountering 5-FOA (Fig. 2b, H–M: P <  0.0001 at 
48 h; H–L: P <  0.0001 at 48 h (N =  24 for H and M, 21 for L), Tukey 
honestly significant difference). These populations adapted very 
rapidly, reaching maximum resistance rates after 24–48 h (Fig. 2c 
and Supplementary Fig. 2).
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Fig. 1 | outline and characterization of experimental system. a, Scheme showing positions of URA3 gene cassette in different yeast strains relative to the 
core X element near the telomere on the left arm of chromosome XI. b, Scheme outlining the principle of counter-selection using URA3 as reporter gene. 
Ura3 is essential for biosynthesis of uracil (positive selection in the absence of uracil), but converts the drug 5-FOA into a toxin that kills the cell (negative 
selection). c, Measurement of the relative strength of silencing. Tenfold dilutions of indicated strains were spotted on either plates containing 5-FOA 
or minimal, non-selective media plates as control for growth. The strains ura3Δ and URA3+  were used as positive and negative controls, respectively. 
Deletion of SIR3 resulted in loss of silencing at all URA3 insertion positions17.

NaTuRE EcoLogy & EvoLuTioN | www.nature.com/natecolevol

http://www.nature.com/natecolevol


ArticlesNATurE Ecology & EvoluTioN

24 h 24 h

URA3 ON

Non-selective media
(survival)

CSM + 5-FOA 
(aquired resistance)

CSM – Uracil
(score for

ura– phenotype)

24 h

Replica-
plating

Time (h)

Survival

a

b

c

d

C
F

U
 m

l–1

H M L

Adapted ura– clones
(lost switching capacity)

Adapted silentURA+ clones
(switchable)

Growth– Uracil

5-FOA

Growth

5-FOA 5-FOA

Growth

0 24 48 14496 12072 0 24 48 14496 12072 0 24 48 14496 12072

103

104

105

106

107

108

109

103

104

105

106

107

108

109

103

104

105

106

107

108

109

F
re

qu
en

cy

Average population dynamics

0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

Fraction of ura– cells Fraction of adapted URA+ cells Fraction of non-resistant cells

C
um

ul
at

iv
e 

fr
eq

ue
nc

y

Time (h) Time (h)

Appearance of 5-FOA resistance Appearance of ura–clones

**

N
S **

A
llHigh (H)

Intermediate (M)
Low (L) 

0
0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

24 48 72 96 120 144 0 24 48 72 96 120 144

****

Intermediate (M)

High (H)
Low (L) 

URA+ (URA3-V) URA+ (URA3-V)

** ***

Fig. 2 | intermediate epigenetic gene silencing enables better survival and faster adaptation in a new environment. a, Experimental set-up. Populations 
were pre-selected in media lacking uracil (all cells expressing URA3) and evolved in liquid CSM with 0.05% 5-FOA. Every 24 h cells were passed for further 
selection and scored for both viability (based on the number of colonies on non-selective plates) and acquisition of 5-FOA resistance (number of colonies 
growing on 5-FOA selection). 5-FOA-resistant clones were replica-plated onto CSM plates without uracil (growth indicates that cells are ura+, despite 
being 5-FOA resistant, for example, due to epigenetic silencing); lack of growth indicates that cells are ura–. b, Survival through the course of selection (as 
determined by the number of colony-forming units - CFU - per millilitre. Each line represents the number of living cells in each replicate population—24 
parallel populations for URA3 positions H and M and 21 for L (strains LJY186, LJY188 and LJY185, respectively, see Supplementary Fig. 9). c, Dynamics of 
the acquisition of 5-FOA resistance. Coloured areas represent the different phenotypic subgroups within each population (as indicated), plotted as the size 
fraction of each subgroup within the total population across time. The graphs represent the median value of all replicate populations (see Supplementary 
Fig. 2 for complete dataset). d, Cumulative frequency of populations that acquired at least one detectable resistant clone (left), or resistant with a ura– 
phenotype (right) during the course of the experiment. Evolution of a strain with URA3 at its endogenous position on chromosome V (URA-V, which is 
not subject to silencing) is included as control (see Supplementary Fig. 3 for complete URA-V dataset). Differences between strains were compared using 
the log-rank test with Bonferroni correction for multiple testing (NH and NM = 24, NL = 21, NWT = 19). Appearance of resistance: PM–URA3-V, PM–H, PM–L, PH–URA3-V 
and PH–L all 10−4 (***), PL–URA3-V <  2 ×  10−4 (**). Appearance of mutations: PM–URA3-V <  10−4 (***), PM–H <  1.6 ×  10−3 (**), PM–L <  1.1 ×  10−3(**), PH–URA3-V <  10−4(***), 
PL–URA3-V <  5 ×  10−3 (*), PH–L <  0.396; NS, not significant.
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Importantly, the frequency of resistance in the URA3-H popu-
lations, after the initial rapid increase, reached an equilibrium at 
approximately 50% (Fig. 2c) that was maintained throughout the 
length of the experiment (~90 generations), presumably reflecting 
the frequent switching of the silent URA3OFF state to an URA3ON 
state. Genetically ura– clones appeared late (median time of initial 
detection, 72 h) and took longer to spread among the population. 
Such dynamics probably resulted from competition between clones 
carrying de novo mutations and heritably silenced clones, delaying 
the increase in frequency of mutants, a phenomenon analogous to 
clonal interference27. Contrary to the strong capacity of the high-
silencing strain (H) to withstand a novel stressful environment 
due to heritably low expression of URA3, in the strain with low 
levels of silencing (L), population sizes dropped by more than two 
orders of magnitude (Fig. 2b) due to a high degree of deleterious 
URA3 expression and inability to adapt epigenetically. These strains 
therefore adapted more slowly (Fig. 2c). In addition, extinction 
was detected in 4/21 replicates (Fig. 2b and Supplementary Fig. 2, 
URA3-L), demonstrating the power of epigenetic silencing in rescu-
ing populations.

Interestingly, at intermediate levels of silencing (URA3-M) cells 
adapted more rapidly, initially while maintaining the capacity to 
switch followed by the appearance of ura– clones (median time 
of initial detection, 48 h). To quantify these differences, we calcu-
lated (1) the frequency of acquisition of adaptive 5-FOA resistance 
(typically through silencing) and (2) the frequency of appearance 
of adaptive ura– clones, which most probably reflects genetic muta-
tions across all evolved populations (Fig. 2d). This analysis shows 
that the rate of initial resistance scales with the degree of silencing, 
while the appearance and spread of adaptive ura– clones is acceler-
ated at the intermediate level of silencing (Fig. 2d). In 18 out of 24 
(URA3-M) populations, over 50% of clones were fully ura– com-
pared to only eight populations under high silencing (URA3-H) 
(P =  0.008, N =  24, Fisher’s exact test). This indicates an optimal 
degree of short-term heritable gene silencing that impacts long-
term adaptation.

In contrast, these differences in adaptation dynamics disap-
peared in cells in which URA3 could not be silenced. In WT 
SIR+-competent cells in which URA3 is at its endogenous centro-
mere-proximal location on chromosome V (URA3-V, no silenc-
ing), we found that the majority of evolved populations went extinct 
(14 out of 19 populations) with adaptive mutations arising infre-
quently (Supplementary Fig. 3 and Fig. 2d (red line)). This shows 
that the lack of silencing dramatically hinders the ability to adapt 
under these experimental conditions. In strains bearing subtelo-
meric URA3 but lacking silencing (by deletion of SIR3), we found 
that ura3– mutants appeared more frequently compared to WT 
cells (Supplementary Fig. 4). This was probably due to an overall 
increase in mutation rate by recombination (Supplementary Fig. 5,  
see below) at defective telomeres28. Importantly, in the absence 
of silencing, all three URA3 insertion positions behaved virtually 
identically, with a median time of appearance for ura– clones of 72 h 
(eight replicate populations each; Supplementary Fig. 4b), which 
is still slower compared to strains with moderate URA3 silencing 
(Fig. 2c). These experiments further underscore the notion that the 
differences between the degrees of adaptability of strains L, M and 
H are due to silencing rather than to intrinsic sequence differences 
between URA3 positions.

Adaptation dynamics cannot be explained by local differences in 
mutation rate. To determine whether the differences in adaptation 
rates could be explained by intrinsic differences in mutation fre-
quencies among the different URA3 insertion sites, we performed 
Luria–Delbrück fluctuation assays29 in either the presence (SIR3) 
or absence of silencing (sir3Δ) (Supplementary Fig. 5). In strains 
devoid of subtelomeric silencing, overall mutation frequencies were 

increased by around twofold, probably due to increased recombina-
tion in the absence of subtelomeric silencing and consequent loss 
of telomeric chromatin organization, as reported22,28. However, no 
differences were found among the URA3 sites, indicating that the 
position of the reporter has no bearing on mutation rates. Similarly, 
when mutations were allowed to accumulate in the presence of nor-
mal subtelomeric silencing, mutation rates were similar across URA3 
positions. It should be noted that, even in the presence of silencing, 
subtelomeric regions generally have higher mutation rates due to 
elevated rates of recombination relative to telomere distal sites30,31. 
Indeed, PCR analysis of evolved clones revealed that the URA3 gene 
was lost in the majority of ura– clones (16/16 of URA3-M clones, 
11/13 URA3-H clones and 10/14 URA3-L clones). While we do not 
have the statistical power to evaluate the significance of these dif-
ferences (PM–H =  0.1921, PM–L =  0.0365, PH–L  =  0.6483, Fisher’s exact 
test), high recombination rates were similar across the different 
subtelomeric insertion positions and have no bearing on the overall 
mutation frequency (Supplementary Fig. 5). These results indicate 
that epigenetically heritable gene silencing has a dominant role in 
explaining the differences in adaptation, rather than genetic differ-
ences in mutation frequencies due to local sequence or chromatin 
effects. Combined, these data suggest that heritable gene silencing 
results in faster acquisition of typical ura– mutations. This is indica-
tive of a form of genetic assimilation where short-term epigenetic 
silencing precedes adaptation by mutation.

Heritable gene silencing expands the mutation target for adap-
tation. To uncover the genetic basis of adaptation, we performed 
whole-genome sequencing on 10–12 independently evolved clones 
per position, from both the ura– class and resistant but switch-
able URA+ clones. Sequencing revealed that most ura– clones had 
resulted from a subtelomeric deletion containing the URA3 cassette 
(as predicted from our PCR analysis above), probably due to a high 
rate of gene conversion at subtelomeric regions (Supplementary  
Fig. 6), consistent with the high mutation rate estimation in the 
fluctuation test (Supplementary Fig. 5). Interestingly, in six out 
of six evolved URA3-H and two out of six evolved URA3-M and 
URA3-L clones, we were unable to identify any causative mutation. 
While the idea that these adapted purely epigenetically is tantaliz-
ing, we cannot exclude the possibility that these clones either bear 
an undetected mutation or represent the ancestral lineages that sur-
vived until the end of the experiment.

Importantly, we observed an expansion of the mutational tar-
get beyond the URA3 gene in clones from populations with low 
or intermediate levels of silencing showing rapid adaptation 
(Supplementary Fig. 6, URA3-M and URA3-L). In these strains 
we found, in addition to URA3 mutations in ura– clones, unlinked 
mutations in adapted URA+ clones. Of specific interest are novel 
mutations in PPR1, a known trans-activator of URA3 that has pre-
viously been shown to collaborate with SIR-mediated silencing. 
PPR1 mutants enhance telomere repression of URA3 at more distal 
positions from the telomere in a SIR-dependent manner32,33. This 
exemplifies how heritable gene silencing can render specific muta-
tional targets such as PPR1 relevant for adaptation. We found this 
form of adaptation in three independent clones in populations with 
low and intermediate silencing. Furthermore, we recovered a non-
synonymous mutation in the RPD3 gene, a histone deacetylase with 
known roles in gene silencing, where it has been shown to directly 
oppose SIR-mediated silencing34.

Novel alleles enhance heritable gene silencing, resulting in 
increased fitness. To determine whether the evolved populations 
that acquired mutations outside of URA3 had produced adapted 
clones, we estimated fitness by measuring the direct growth rates 
of clones in 0.05% 5-FOA (Fig. 3). Most evolved clones derived 
from medium- and low-silencing ancestors (URA3-M and URA3-L, 
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respectively) showed an increase in fitness in 5-FOA. In particular, 
those with mapped mutations in PPR1 and RPD3 showed strong 
adaptation (~2.5- to 3.5-fold increase in growth rate), approach-
ing the growth rate of a ura3Δ strain, despite maintaining an intact 
URA3 locus. Several clones in which no mutation could be identi-
fied also showed a significant increase in fitness, although in this 
case the effect was much more modest (~1.05- to 1.2-fold increase 
in growth rate, Fig. 3). Due to these small changes in growth rates, 
we cannot exclude the possibility that these clones are ancestral lin-
eages that survived selection.

The identification of mutations outside of URA3, particularly 
those with known roles in gene silencing such as PPR1 and RPD3, 
prompted us to determine whether URA+  evolved mutant clones 
adapted by modulating epigenetic silencing or through indepen-
dent means. We exposed these clones to nicotinamide, a known 
inhibitor of SIR2 activity that reduces silencing35. Strikingly, SIR2 
inhibition abolished 5-FOA resistance in all evolved clones that 
had maintained epigenetic switching (Supplementary Fig. 7), indi-
cating that the acquired resistance to 5-FOA is increased in a SIR-
dependent manner. This demonstrates a mechanism of adaptation 
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Fig. 3 | Evolved clones increase fitness by changing the epigenetic switching rate of uRa3 gene silencing. a, Growth rate of control strains. Ancestral and 
evolved URA+ clones were determined in liquid culture under selection in 0.05% 5-FOA. Mean and one standard deviation of nine replicate populations 
are shown. Indicated P values are pairwise t-test comparisons between evolved clones and the ancestral strain, with Bonferroni correction for multiple 
testing. Calculated P values (N =  9): M clones: 3E3 , <  2 ×  10−16; 8E3, <  2 ×  10−16; 6E7, 1.9 ×  10−13; 8E7, <  2 ×  10−16; 4E9, 2.1 ×  10−5; 5E9, 2.1 ×  10−5. H clones: 
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1.0 NS; 3E9, <  2 ×  10−16. NS, not significant. b, Estimated switching rates. Based on the URA3ON to URA3OFF curves presented in Supplementary Fig. 8, we 
estimated the probability that cells either switch off URA3 (left plot) or switch on URA3 (right plot) (see Methods). Fitting of data from four experiments 
with 95% confidence intervals is shown. For each URA3 position the growth rate of the ancestral (ances.) clones is highlighted with a vertical bar, and 
evolved clones are plotted in the corresponding colour. URA3-H clones are green, URA3-M clones are blue and URA3-L clones are magenta. The identified 
mutations in Supplementary Fig. 6 are included in the graph for clarity.
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where a genetic change is beneficial only in the presence of an active 
epigenetic system. In other words, these mutations collaborate with 
epigenetic silencing as a means of increasing fitness.

Finally, we determined the means by which cells increase SIR-
dependent 5-FOA resistance. The average degree of silencing in a 
population is dependent on the switching rate25, which is the prod-
uct of frequencies at which cells switch between the ON and OFF 
states. We determined the switching rate by pre-selecting cells to be 
in the URA3ON state (by growth in medium lacking uracil) and then 
releasing them in the absence of selection. The rate at which cells 
reached an equilibrium between the URA3OFF and URA3ON states 
is a measure of the switching rate (see Supplementary Fig. 8 for 
raw data and fitted recovery curves). From these we estimated the 
URA3OFF and URA3ONrates as described in Methods. Interestingly, 
we found that the high, medium and low ancestral strains differed 
predominantly in the URA3OFF rate (Fig. 3b). Strikingly, in the 
evolved clones analysed, we found that while the frequency of ON 
switching remained largely unchanged, cells showed an increase in 
the OFF rate of up to three to four orders of magnitude (as was the 
case for clones bearing mutations in PPR1). In these clones, cells 
spent more time in the silent state, indicating that evolved mutants 
resulted in enhanced silencing by modulating the frequency of OFF 
switching, rendering gene silencing more strongly heritable.

Discussion
Using a defined experimental evolution set-up in budding yeast, 
we minimized genetic variance and uniquely assessed the contribu-
tion of chromatin-based heritable gene silencing to adaptation in a 
selective environment. We show that multi-generational heritable 
gene expression through epigenetic chromatin states is a powerful 
contributor to driving of evolution. This is important because chro-
matin states impact directly on gene expression, which is a major 
source of phenotypic variation. We find that in our defined URA3 

reporter assay for tuneable heritable silencing, there is an optimal 
degree of silencing that accelerates adaptation (Fig. 4). Deviation 
from this results in either (1) clonal interference, where strongly 
silenced clones compete with de novo mutations, delaying their 
fixation, or (2) too little silencing, leading to insufficient mutational 
supply and extinction (Fig. 2).

We found that intermediate levels of silencing facilitate adap-
tation in two ways: first, the silencing phenotype resulted in an 
increase in the effective population size, aiding mutational supply 
(Fig. 2). This change in the tempo of adaptation appears to be a 
consequence of genetic assimilation of silencing through the accel-
erated acquisition of ura– mutations. Second, we found that the 
silencing machinery collaborated with several novel alleles, biasing 
the switching rate to the silent state and thus rendering the URA3OFF 
state more stable (Fig. 3 and Supplementary Fig. 6). This changes 
the mode of adaptation by increasing capitalization of the muta-
tional target on the silencing machinery. The genes we have identi-
fied are unlikely, per se, to be subject to silencing as these are distant 
from SIR-bound regions. Rather, they probably act by changing the 
degree of silencing at the telomere region.

Finally, we also found adapted populations in which no caus-
ative mutations could be found yet showed increased fitness. While 
a genetic change may have eluded us, it is an intriguing possibility 
that these clones adapted by purely epigenetic means. However, due 
to the relatively small increase in fitness, we cannot exclude the pos-
sibility that these clones are still in the ancestral state.

In sum, our findings may help explain how short-term epigen-
etic inheritance of transient gene expression states can have a long-
lasting impact on adaptation, through mutation and the course of 
evolution. This is relevant because heritable gene expression is a 
widespread phenomenon in different organisms36. Among yeasts, 
there are around 350 naturally occurring genes within the range of 
subtelomeric gene silencing. Six per cent of these have been shown 
to be silenced in a SIR-dependent manner, and this percentage could 
be higher under stressful conditions26. Our results indicate that 
there may be an evolutionary advantage in maintaining particular 
genes within this region, since the epigenetic control of their expres-
sion may allow rapid adaptation to a novel stress. Furthermore, her-
itable control of gene expression could potentially buffer deleterious 
effects in a rapidly changing environment.

Methods
Strains and growth conditions. All S. cerevisiae strains used in this study (listed 
in Supplementary Fig. 9) were derived from S288c (MATα, trpΔ63, hisΔ200, 
ura3-52)37. LJY170, a Ura+ strain, was created by restoring the endogenous URA3 
allele by integration of a URA3 construct amplified from the strain FEP193, 
originally derived from pFEP2422. LJY181, a ura– strain, was created in which all 
URA3 sequences were deleted by integration of a KanMX6 cassette amplified from 
pLJ32 (pLoxB-KMX) into LJY170, deleting nucleotides between positions 115,929 
and 117,048 on chromosome V. The LJY170 ura3 deleted strain was used for the 
integration of URA3 cassettes at seven different positions in the subtelomeric region 
of the left arm of chromosome XI. Insertions were made telomere-proximal of 
the following nucleotide coordinates: position 1 (strain LJY182), 3,304; position 2 
(strain LJY183), 2,804; position 3 (strain LJY184), 2,399; position 4 (strain LJY185), 
1,623; position 5 (strain LJY186), 1,373; position 6 (strain LJY187), 1,123; position 
7 (strain LJY188), 873. In all strains, URA3 is transcribed in the telomere direction.

SIR3 knockout strains were constructed by replacing the whole open  
reading frame (between nucleotide positions 1,019,287 and 1,022,281 on 
chromosome XII) with a hphMX4 cassette (hygromycin resistance) amplified  
from the plasmid pAG3238. SIR3 was deleted in all seven strains bearing a  
telomeric URA3 insertion (LJY182–LJY188), generating strains LJY189–LJY195, 
respectively (Supplementary Fig. 9).

All strains were maintained in either rich medium (yeast peptone dextrose; 1% 
Bacto yeast extract BD (Fisher, no. 212720), 2% peptone (Fisher, no. BP1420-500), 
2% glucose (Merck, no. 1.08342.1000), either as liquid medium or supplemented 
with 2% agar (Roth, no. 2266,4) for solid medium) or complete synthetic dropout 
medium (CSM, 0.7% yeast nitrogen base (Sigma, no. Y0626), 0.1% CSM (MP 
Biomedicals, no. 4560-222), 0.005% tryptophan (Sigma, no. T0254), 0.002% 
histidine (Sigma, no. H8000), 0.001% uracil (Sigma, no. U0750), 2% glucose 
(Merck, no. 1.08342.1000), either as liquid medium or supplemented with 2% agar 
(Roth, no. 2266,4) for solid medium).

Low or intermediate
epigenetic silencing

No
epigenetic silencing Slow
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adaptation rateNew

New

Environment

Environment

Fast epigenetic
adaptation

New

Environment
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epigenetic silencing

Novel mutational targets

Mutations in URA pathway

Time

Time

Time

Stabilized epigenetic silencing?

Clonal interference

Fig. 4 | observed and potential pathways to adaptation and the 
contribution of epigenetic silencing. Populations with no epigenetic 
silencing adapt through acquisition of mutations, mostly in the URA3 gene 
locus29 at a low frequency (red cells). Intermediate levels of heritable 
gene silencing allow the expansion of population size (yellow cells) and 
result in the appearance of novel mutational targets (green cells) that may 
accelerate adaptation. Strong heritable gene silencing leads to pre-adapted 
populations and interferes with mutation accumulation. It is possible 
that these non-mutant cells (orange cells) are epigenetically adapted. 
Chromosomes are represented by lines with telomeres (arrows), the URA3 
gene by green boxes and mutations by a red cross (either in the URA3 
gene, or outside to represent non-URA3 mutations). The red shaded areas 
represent the regions of epigenetic gene silencing.
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Spot assays. After 2 days of growth on rich yeast peptone dextrose media 
plates, fresh single colonies were picked and suspended in 100 µ l of distilled, 
demineralized water. Six tenfold dilutions were prepared and 10 μ l was plated 
onto either CSM or CSM supplemented with 0.1% 5-FOA (Apollo Scientific, 
no. PC4054), or onto plates that were additionally supplemented with 5 mM 
nicotinamide (Fisher, no. 1663C). Plates were imaged and scored after 3 days of 
incubation at 28 °C.

Growth curves. Cultures were grown in liquid yeast peptone dextrose at 28 °C 
for 16 h. Then, approximately 105 cells were diluted into 200 µ l cultures of CSM 
supplemented with different concentrations of 5-FOA (0, 0.025, 0.05, 0.1%). 
Growth was monitored on a Bioscreen C system by measuring absorbance  
every 30 min.

Experimental evolution. All strains were pre-selected to be in the URA3+ state 
by growing cells in liquid CSM lacking uracil for 16 h. Next, 106 cells were diluted 
in 1 ml liquid CSM supplemented with 0.05% 5-FOA. Every 24 h, absorbance was 
determined and 5 ×  105 cells were transferred into fresh medium. If populations 
contained < 5 ×  105 cells, these were considered extinct. At each passage, cells 
were analysed for viability, 5-FOA resistance and growth on medium lacking 
uracil (scoring URA state). For this, approximately one hundred cells were plated 
onto non-selective plates (yeast peptone dextrose or CSM) or at higher densities 
on plates containing 0.1% 5-FOA. Plates were incubated at 28 °C for 5 days, after 
which colonies were counted and cell numbers in each population estimated.  
The number of cells plated on non-selective media imposes a 1% threshold of 
detection for resistance. In some cases, a low number of epigenetically silenced 
cells were detected on plates with 5-FOA at time 0 h. Since these cells could not 
survive in medium lacking uracil during pre-selection, we assume these had arisen 
after plating due to their high frequency of switching. Plates with 5-FOA were 
replica-plated onto CSM plates lacking uracil and incubated for 3 days at 28 °C, 
after which the fractions of ura+ and ura– clones in each population were  
estimated. Experiments were performed three times independently, with eight  
population replicates for each strain (a total of ≤ 24 replicates per strain across  
all experiments).

PCR analysis. To determine the frequency of recombination events that 
resulted in the deletion of the URA3 gene relative to the frequency of point 
mutations or indels, we performed PCR analysis of the ura– evolved clones. 
We scored for the presence of the URA3 locus with a primer within the URA3 
gene (sequence: ACTGGAGTTAGTTGAAGCATTAGGTC) matched with 
a primer outside the cassette in the telomere proximal region (sequence: 
ATCAACCTGTCTCCAAACCTAC). The absence of a PCR product is indicative 
of whole gene loss. The frequency of deletion events is then compared among all 
three yeast strains using Fisher’s exact test with Bonferroni correction for  
multiple testing.

Sequencing. Representative evolved clones from classes ura+ and ura– were 
isolated at the final time point (144 h), and genomic DNA was extracted using 
standard procedures based on bead lysis followed by phenol/chloroform extraction 
and ethanol precipitation of genomic DNA. Libraries were prepared with a 
Nextera kit (according to the manufacturer’s instructions) and were sequenced 
at approximately 30X coverage using an Illumina MiSeq Sequencer. The reads 
were processed using SeqTK (github.com/lh3/seqtk) to trim low-quality reads. 
Alignment and mutation calling were performed by BreSeq39 based on the yeast 
reference genome taken from the Yeast Genome Database (Saccharomyces 
Genome Database; www.yeastgenome.org). The alignments of all called mutations 
were manually checked. Mutations in homopolymers were discarded, because 
these are difficult to distinguish from sequencing errors and were all in intergenic 
regions. The list of mutations in each evolved clone was compared to that of 
mutations in its ancestor to determine which were acquired during the experiment. 
Whole-genome sequence data for all strains listed are available at the National 
Center for Biotechnology Information Sequence Read Archive, accession  
no. SRP129019.

Mutation rates. Mutation rates were determined by fluctuation tests and were 
performed on sir3Δ clones, as previously described29. Three clones per each 
position were analysed to account for possible inter-clonal differences. In 
brief, cultures were grown in CSM without uracil to saturation to select cells 
in the URA3+ state. Cells were then transferred to 96 yeast peptone dextrose 
cultures at a concentration of 103cells ml–1. After 3 days of non-selective 
growth, seven cultures were pooled and appropriate dilutions were plated 
on yeast peptone dextrose plates to estimate the average number of cells 
per well. The remaining 89 wells were plated as lawns onto CSM plates with 
0.1% 5-FOA, to estimate the number of populations in which ura– mutations 
occurred. Plates were incubated at 28 °C for 5 days, after which the number 
of mutants per lawn was scored. The mutation rates were calculated using the 
p0 method40, and 95% confidence intervals were determined with the exact 
binomial test. For SIR3+ clones, the same procedure was performed except that 
the CSM plates with 0.1% 5-FOA were supplemented with 5 mM nicotinamide 
to prevent silencing.

Growth rates of evolved clones. Cells were maintained for several passages 
in yeast peptone dextrose without selection. These were then diluted in CSM 
supplemented with 0.05% 5-FOA, and growth was monitored using a Bioscreen 
C set-up. The time elapsed in exponential phase between absorbance 0.1 and 0.6 
was determined. This ensures that any non-linearity between absorbance and cell 
number affects all strains in the same way. Growth rate was calculated as log2 of 
fold differences in absorbance per unit time.

Determination of switching rates. To determine the epigenetic switching rates 
we used a method analogous to that described previously23. All clones (ancestral 
and evolved) were pre-selected to be in the URA3ON state by growing cells for 
16h in liquid CSM lacking uracil. Then, four independent cultures were prepared 
by placing 106 cells into fresh non-selective media (CSM containing 0.002% of 
uracil). The populations were sampled at given time points (0, 8, 24, 32, 48, 56, 72 
and 80 h) and plated on CSM with 0.1% 5-FOA to score for 5-FOA resistance. The 
rise in frequency of resistance to the selective drug is a measure of the acquisition 
of epigenetic silencing of the URA3 gene. The dynamics of the increase in the 
frequency of resistance (fr) are dependent on the rate of conversion from active to 
epigenetically silenced state (μOFF) and the rate of conversion from silenced to an 
active state (μON) of the gene. Under such a model the change in the frequency of 
resistant cells is given by:

μ μ= − −
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t
f t f t

d ( )
d

*(1 ( )) * ( )r
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By solving this differential equation in Mathematica (using DSolve) we obtained:
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We performed a non-linear fit of this formula to the frequencies of resistance 
over time and extracted the values for μOFF and μON, as well as the 95% confidence 
intervals (Mathematica NonlinearModelFit).

Statistical analysis. Fisher’s exact test, binomial test, analysis of variance (ANOVA) 
and Tukey’s honestly significant difference were performed using the standard 
command line in R software41, with default parameters. The log-rank test was 
performed using GraphPad. Significance in differences of growth rate between 
evolved and ancestral clones was determined using pairwise t-test with Bonferroni 
correction for multiple testing.

Reporting Summary. Further information on experimental design is available in 
the Nature Research Reporting Summary linked to this article.

Data availability
Whole-genome sequence data for all strains listed in Supplementary Fig. 6 are 
available at the National Center for Biotechnology Information Sequence Read 
Archive, accession no. SRP129019.
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Figure S1.Titration of 5-FOA selection for evolution experiments. a. Scheme depicting 7 
different insertion positions of the URA3 gene cassette relative to the core X element near the 
telomere on the left arm of chromosome XI (see Figure S9 for strain details). The URA3 positions 
representing High (H), Medium (M) and Low (L) silencing that are used for further experiments and 
shown in Figure 1 are indicated. b. Strains with uniquely positioned URA3 insertions were grown in 
indicated concentration of 5-FOA. Growth was monitored using a Bioscreen C setup to obtain real-
time growth curves at 30 minute intervals. Data was obtained for 9 replicate cultures per strain (of 
which one representative population is shown for clarity). The positions representing High (H), 
Medium (M) and Low (L) silencing are indicated in the 0.05% 5-FOA condition which is used for 
subsequent experimental evolution experiments. 
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Figure S2 (4 pages). Population dynamics of acquisition of 5-FOA resistance during 
experimental evolution. Plots as shown in Figure 2b and c. All 24 replicate populations are shown 
(H- 24 replicates, M- 24 replicates, L- 21 replicate). Green line indicates the total number of living cells 
within a population during the course of the experiment [colony forming units (CFUs)/ml]. Colours 
represent the different phenotypic subgroups within each population (as indicated), plotted as the 
size fraction of each subgroup within the total population across time. 
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Figure S3 (2 pages). Population dynamics of acquisition of 5-FOA resistance during 
experimental evolution of wild type strain (URA3 gene at unlinked non-telomeric position 
on chromosome V, non-silenced). Plots as shown in Figure 2b and c. 19 replicate wildtype (strain 
LJY170, see Figure S9) populations are shown. Green line indicates the total number of living cells 
within a population during the course of the experiment [colony forming units (CFUs)/ml]. Colours 
represent the different phenotypic subgroups within each population (as indicated), plotted as the 
size fraction of each subgroup within the total population across time. 
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Figure S4 (2 pages). Population dynamics of acquisition of 5-FOA resistance during 
experimental evolution in sir3Δ mutants. a. Plots as shown in Figure 2b and c. For H-sir3Δ, M-
sir3Δ and L-sir3Δ (strains LJY193, LJY195 and LJY192, respectively, see Figure S9). 8 replicate 
populations for each strain are shown. Green line indicates the total number of living cells within a 
population during the course of the experiment [colony forming units (CFUs)/ml]. Colours represent 
the different phenotypic subgroups within each population (as indicated), plotted as the size fraction 
of each subgroup within the total population across time. b. Median values of 8 replicate evolution 
experiments. 
 

 

 



Figure S5 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S5. Comparable intrinsic mutation rates at different URA3 positions at telomere of 
XI-L. Fluctuation tests were performed for indicated URA3 positions in a sir3Δ or SIR3+ background. 
Mutations were allowed to accumulate in the absence of selection and were then scored on 5-FOA. 
For SIR3+ strains scoring of mutations was performed in the presence of 5-FOA + nicotinamide (NAM) 
to avoid 5-FOA resistance due to silencing. Three independent clones were analysed for each position. 
The mutation rate was estimated using the p0 method40. Calculated rate is plotted for each 
experiment and 95% confidence interval was determined using binomial exact test (shown as 
whiskers). 
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Figure S6. Silenced strains evolve by expanding the mutational target. Whole genome 
sequencing identifies mutations in evolved clones. For each URA3 position 10-12 evolved clones were 
isolated at the end of the 144 hour experiment. Both ura- and silenced (5-FOA resistant but switchable) 
ura+ clones were analysed. In evolved ura- clones, deletion of the telomere end containing URA3 was 
the dominant mutational event. In evolved clones that increased 5-FOA resistances but maintained 
the capacity to switch, novel mutational targets were identified. Evolved clones from URA3-M (blue), 
URA3-H (green) and URA3-L (magenta) are colour coded corresponding to the graphs in Figure 3. 

 

  



Figure S7 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S7. Non-URA3 mutations in silenced strains genetically interact with the silencing 
machinery. Nicotinamide abolishes 5-FOA resistance in the adapted URA3+ silenced clones. Ten-
fold dilutions of indicated ancestral and evolved clones were spotted on plates containing 
nicotinamide (NAM; with and without 5-FOA) or minimal media plates (CSM-with and without 5-
FOA) to control for the level of resistance to the 5-FOA. ura3Δ (LJY181) and URA3+ (LJY170) strains 
were used as positive and negative controls respectively. Corresponding mutations for each evolved 
clone are indicated. Note that at high cell densities, few breakthrough colonies appear. We 
confirmed these to be ura- clones appearing due to large cell numbers in correspondence with the 
mutation frequency determined in Figure S5.  

 



Figure S8 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S8. Evolved clones increase gene silencing by increasing the URA3OFF rate. Switching 
rate assay: Ancestral strains and the indicated derivative evolved clones were preselected on 
medium lacking Uracil (all URA3on) and released into non-selective medium. At indicated time points, 
cells were plated on 0.1% 5-FOA to score for the fraction of 5-FOA resistant clones (as a measure of 
the degree of silencing). 4 replicate experiments are shown for each strain and data was fitted to 
estimate the URA3on and URA3off rates (see methods). Note that the following data points were 
omitted from the analysis due to low colony count at these time points: M-(ancestral) at 56h; H-
evolved strains and M-5E9 at 24h. The R-squared values of the data fitting for each clone is as 
follows: M-ancestral: 0.82, H-ancestral: 0.94, L-ancestral: 0.88, H-1E3: 0.97, H-5E3: 0.92, H-4E9: 0.96, 
M-3E3: 0.96, M-8E3: 0.97, M-5E9: 0.97, L-2E7: 0.85, L-3E9: 0.94. 
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Figure S9. List of strains used in this study. Genotype and relevant mutations are indicated for 
all control and ancestral strains used for evolution experiments. Ref 37. Mortimer, R. K. & Johnston, 
J. R. Genealogy of principal strains of the yeast genetic stock center. Genetics 113, 35–43 (1986). 
 


