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Abstract

Heritable differences in gene expression are caused by mutations in DNA sequences encoding cis-regulatory elements and
trans-regulatory factors. These two classes of regulatory change differ in their relative contributions to expression
differences in natural populations because of the combined effects of mutation and natural selection. Here, we investigate
how new mutations create the regulatory variation upon which natural selection acts by quantifying the frequencies and
effects of hundreds of new cis- and trans-acting mutations altering activity of the TDH3 promoter in the yeast
Saccharomyces cerevisiae in the absence of natural selection. We find that cis-regulatory mutations have larger effects
on expression than trans-regulatory mutations and that while trans-regulatory mutations are more common overall, cis-
and trans-regulatory changes in expression are equally abundant when only the largest changes in expression are
considered. In addition, we find that cis-regulatory mutations are skewed toward decreased expression while trans-
regulatory mutations are skewed toward increased expression. We also measure the effects of cis- and trans-regulatory
mutations on the variability in gene expression among genetically identical cells, a property of gene expression known as
expression noise, finding that trans-regulatory mutations are much more likely to decrease expression noise than cis-
regulatory mutations. Because new mutations are the raw material upon which natural selection acts, these differences in
the frequencies and effects of cis- and trans-regulatory mutations should be considered in models of regulatory evolution.
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Introduction
Variation in gene expression is a common source of pheno-
typic diversity within and between species (Zheng et al. 2011).
Much of this variation is heritable, arising from mutations in
DNA sequences encoding cis-regulatory elements (e.g., pro-
moters and enhancers) and trans-regulatory factors (e.g., tran-
scription factors, noncoding RNAs, and signaling molecules)
(Carroll 2008; Stern and Orgogozo 2008). Studies investigating
the genetic basis of intra- and interspecific expression differ-
ences have shown that both cis- and trans-acting changes
contribute to differences in gene expression, but the contri-
butions of cis- and trans-acting loci are rarely equal (Yvert
et al. 2003; Gibson and Weir 2005; Rockman and Kruglyak
2006; Gilad et al. 2008; Tirosh et al. 2009; Goncalves et al. 2012;
Schaefke et al. 2013; Coolon et al. 2014). In particular, identi-
fication of the specific genetic loci responsible for variation in
gene expression has revealed differences in both the relative
frequency and average effects of cis- and trans-acting loci
(Gibson and Weir 2005; Rockman and Kruglyak 2006; Gilad
et al. 2008).

Differences in the frequency and effects of cis- and trans-
regulatory alleles result from the combined action of muta-
tion and natural selection, with new mutations generating

the genetic variation upon which natural selection acts.
Mutation accumulation experiments, in which mutations
are allowed to accrue in the near absence of selection, have
shown how gene expression levels change on a genomic scale
in response to new mutations (Denver et al. 2005; Rifkin et al.
2005; Landry et al. 2007; Simola et al. 2010; McGuigan et al.
2014; Hodgins-Davis et al. 2015), but many questions remain
about the impact of new mutations on cis- and trans-
regulation of a particular gene. For example, what are the
relative frequencies of such cis- and trans-regulatory muta-
tions? Do cis- and trans-regulatory mutations cause similar
changes in a gene’s expression? Are they equally likely to
increase or decrease expression? Empirical answers to these
questions are needed to develop realistic neutral models of
regulatory evolution that can be used to infer the impact of
selection on regulatory variation observed in natural
populations.

For any specific gene, the mutational target size for trans-
regulatory changes is expected to be larger than the
mutational target size for cis-regulatory changes because
cis-regulatory mutations are typically limited to sequences
close to the gene, whereas trans-regulatory mutations can
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be located anywhere in the genome. However, not all muta-
tions in these potential cis- and trans-regulatory sequences
will affect expression of the focal gene. The subsets of muta-
tions that actually do affect expression of the focal gene define
realized target sizes for cis- and trans-regulatory mutations
(Wittkopp 2005; Lang and Murray 2008), and it is these real-
ized target sizes that are important for determining the rela-
tive contributions of cis- and trans-regulatory mutations to
expression variation. Prior studies suggest that the realized
target size for trans-regulatory mutations remains larger than
the realized target size for cis-regulatory mutations (Denver
et al. 2005; Landry et al. 2007; Gruber et al. 2012); however, the
magnitude of this difference remains uncertain.

In addition to differences in frequency, differences in the
distributions of effects on gene expression for cis- and trans-
regulatory mutations are also important for determining the
relative contributions of cis- and trans-regulatory changes to
expression variation. These differences include how much
mutations alter gene expression level (magnitude of effects),
and whether mutations increase or decrease expression (di-
rection of effects). For example, studies of quantitative trait
loci affecting gene expression (eQTL) have shown that cis-
acting eQTLs tend to have larger magnitudes of effect on
gene expression than trans-acting eQTL (Schadt et al. 2003).
This pattern could arise if new cis-regulatory mutations
have, on average, larger effects on expression than new
trans-regulatory mutations. Differences in the direction of
effects for cis- and trans-regulatory mutations are harder to
predict and more likely to vary among genes, but could
result from a difference in the relative frequency of activa-
tors and repressors between direct trans-regulatory factors
(those that bind a gene’s cis-regulatory sequences) and in-
direct trans-regulatory factors (those that regulate a gene’s
expression by altering the abundance or activity of direct
regulators).

To address these questions, we compared the frequency
and effects of cis- and trans-regulatory mutations altering
expression of a focal gene using a reporter gene previously
constructed for studying the effects of cis- (Metzger et al.
2015) and trans-regulatory (Gruber et al. 2012) mutations
in the baker’s yeast Saccharomyces cerevisiae. We isolated
1,485 new mutants with the potential to affect expression
of this reporter gene in trans and compared them with a set
of 235 mutants that each contained a single cis-regulatory
mutation in the promoter of the reporter gene (Metzger et al.
2015). We also collected and analyzed 202 mutants enriched
for rare trans-regulatory mutations with large effects on re-
porter gene expression. Finally, because prior work suggests
that heritable variation affecting the variability in gene expres-
sion among genetically identical cells (i.e., expression noise)
exists within natural populations and can be subject to selec-
tion (Zhang et al. 2009; Wang and Zhang 2011; Metzger et al.
2015), we also measured the effects of each of these 1,922
mutants on expression noise. We found that cis- and trans-
regulatory mutations altering reporter gene expression dif-
fered in their frequency, magnitude of effect, and direction
of effect for both average expression level and expression
noise. These differences in the frequencies and effects of cis-

and trans-regulatory mutations should be considered in null
models of regulatory evolution.

Results

Effects of cis- and trans-Regulatory Mutations on Gene
Expression Level
To quantify the effects of new cis- and trans-regulatory mu-
tations on gene expression, we used a reporter gene (PTDH3-
YFP) containing the S. cerevisiae TDH3 promoter (PTDH3) and
yellow fluorescent protein (YFP) coding sequence incorpo-
rated into the S. cerevisiae genome (Gruber et al. 2012). Effects
of cis-regulatory mutations were determined by reanalyzing a
published data set describing the effects of 235 individual
point mutations in the 678-bp TDH3 promoter on YFP fluo-
rescence (Metzger et al. 2015). As described in Metzger et al.
(2015), these 235 genotypes were constructed by using site-
directed mutagenesis to systematically mutate Gs to As and
Cs to Ts within the TDH3 promoter. Overall, there was no
significant difference in the number of cis-regulatory muta-
tions that increased (n¼ 105) or decreased (n¼ 130)
expression (P ¼ 0.12, binomial test; fig. 1A). However, cis-
regulatory mutations that decreased expression had signifi-
cantly larger effects on expression (measured as percent
change in expression level) than cis-regulatory mutations
that increased expression (P ¼ 0.0001, Wilcoxon, fig. 1B).
This difference resulted in a significant skew in the distribu-
tion of cis-regulatory effects toward decreased expression
(skewness¼�7.9, P < 1 � 10�6, Bootstrap). Mutations in
known transcription factor binding sites (TFBS) for RAP1 and
GCR1 (supplementary fig. S1, Supplementary Material online)
contributed to this skew: 16 of the 18 mutations in previously
identified TFBS decreased expression, including all mutations
that decreased expression more than 6% (fig. 1A). After ex-
cluding all mutations in known TFBS, cis-regulatory muta-
tions that decreased expression still had significantly larger
effects on gene expression than cis-regulatory mutations that
increased expression (P¼ 0.008, Wilcoxon, supplementary fig.
S2, Supplementary Material online), indicating that the skew
toward decreased expression is a general property of cis-
regulatory mutations affecting activity of the TDH3 promoter
(skewness¼�1.3, P ¼ 2 � 10�5, Bootstrap). The relative
effects of cis-regulatory mutations were robust to changes
in the reporter gene insertion site, genetic background, and
even fusion of YFP to the TDH3 coding sequence (supplemen
tary fig. S3, Supplementary Material online).

To determine the effects of trans-regulatory mutations on
PTDH3-YFP expression, we generated mutations throughout
the genome using a low dose of ethyl methanesulfonate
(EMS) that introduced �32 (21–43, 95% percentiles) muta-
tions per cell. We then randomly collected and analyzed 1,485
mutant cells from the EMS-treated population, irrespective of
their effects on fluorescence. Because the potential target size
for trans-regulatory mutations is �18,000 times larger than
the potential target size for cis-regulatory mutations (12.1 Mb
S. cerevisae genome vs. 678 bp TDH3 promoter), we expect
that cis-regulatory mutations make a negligible contribution
to changes in expression among these mutants and
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attributed all effects to trans-regulatory mutations. This is a
conservative assumption when testing for significant differ-
ences between the effects of cis- and trans-regulatory muta-
tions. For each mutant isolated, we used flow cytometry to
measure YFP fluorescence in four biological replicate
populations containing �5,000 cells each and compared
this measure of gene expression with YFP fluorescence of
non–EMS-treated controls. This procedure is similar to that
used for the cis-regulatory mutants described above and both
data sets were analyzed using identical methods (Metzger
et al. 2015). We found no significant difference in the number
of trans-regulatory mutants that increased (n¼ 747) or de-
creased (n¼ 738) PTDH3-YFP expression (P ¼ 0.84, binomial
test; fig. 1C), nor any significant difference in the magnitude of

effects between trans-regulatory mutants that increased or
decreased expression (P ¼ 0.68, Wilcoxon, fig. 1D).

To determine the relative effects of cis- and trans-regula-
tory mutations on YFP fluorescence, we compared the rela-
tive effect sizes of the 235 cis-regulatory mutants and the
1,485 trans-regulatory mutants by examining the absolute
value of effects on gene expression. We found that the cis-
regulatory mutants had significantly larger effects on gene
expression than trans-regulatory mutants (P ¼ 3 � 10�11,
Wilcoxon, fig. 2A). This result was robust to removing the
large effects of cis-regulatory mutants with mutations in the
known TFBS (P ¼ 1 � 10�7, Wilcoxon; supplementary fig.
S2B, Supplementary Material online). Interestingly, for muta-
tions that increased expression, the effects of cis-regulatory
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F

FIG. 1. Frequency and effects of cis- and trans-regulatory mutants on average PTDH3-YFP fluorescence. (A) Frequency of cis-regulatory mutants
with specific effects on PTDH3-YFP fluorescence. Red, mutations outside of known TFBS; black, mutations in known TFBS. (B) cis-regulatory
mutants that increase PTDH3-YFP fluorescence (dark red, median ¼ 0.40%) have significantly smaller effects than cis-regulatory mutants that
decrease PTDH3-YFP fluorescence (light red, median¼ 0.77%, P¼ 0.0001, Wilcoxon). (C) Frequency of trans-regulatory mutants with specific effects
on PTDH3-YFP fluorescence. (D) No significant difference in the effect size of trans-regulatory mutants that increase PTDH3-YFP fluorescence (dark
blue, median¼ 0.31%) versus trans-regulatory mutants that decrease PTDH3-YFP fluorescence (light blue, median¼ 0.30%, P¼ 0.68, Wilcoxon). (E)
Frequency of trans-regulatory mutants with specific effects on PTDH3-YFP fluorescence for EMS-induced mutants enriched for large effects on
PTDH3-YFP fluorescence. (F) No significant difference in the effect size of enriched trans-regulatory mutants that increase PTDH3-YFP fluorescence
(dark brown, median¼ 0.38%) versus enriched trans-regulatory mutants that decrease PTDH3-YFP fluorescence (light brown, median¼ 0.50%, P¼
0.31, Wilcoxon).
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mutants were only marginally larger than the effects of trans-
regulatory mutants (P ¼ 0.013, Wilcoxon, fig. 2B) and the
larger overall effect of cis-regulatory mutants than trans-
regulatory mutants was caused primarily by the significantly
larger effects of cis-regulatory mutants than trans-regulatory
mutants for mutants that decreased expression (P ¼ 4 �
10�11, Wilcoxon, fig. 2C). These results were also robust to
removal of the effects of cis-regulatory mutations in known
TFBS (supplementary fig. S2C and D).

Differences in the percentage of cis- and trans-regulatory
mutations sampled in our collections might affect our con-
clusions: 34.6% of the 678 sites in the TDH3 promoter were
mutated in our collection of cis-regulatory mutants, but only
�0.39% of sites (32 mutations/mutant� 1,485 mu-
tants¼ 47,520 mutations) in the �12.1 Mb genome were
mutated in our collection of trans-regulatory mutants. It is
therefore possible that increased sampling of trans-regulatory
mutations might recover more large-effect mutations, which
would decrease the difference in effect size observed between
cis- and trans-regulatory mutations. To better characterize
trans-regulatory mutations with large effects on expression,

we used fluorescence-activated cell sorting (FACS) to isolate
103 mutants enriched for increased YFP fluorescence and 99
mutants enriched for decreased YFP fluorescence levels from
a new EMS-treated population. When each of these 202 mu-
tants was grown clonally and reanalyzed in four replicate
populations, the average absolute effect on PTDH3-YFP expres-
sion was significantly higher than the average absolute effect
of the trans-regulatory mutants chosen randomly from the
population (P ¼ 1 � 10�5, Wilcoxon, fig. 2B and C), consis-
tent with the selection of these mutants from the tails of the
fluorescence distribution. Trans-regulatory mutants enriched
for large increases in expression had an average effect on
reporter gene expression that was similar to that seen for
the cis-regulatory mutants (P ¼ 0.91, Wilcoxon), whereas
the average effect of trans-regulatory mutants enriched for
large decreases in expression remained significantly smaller
than the average effect of the cis-regulatory mutants (P ¼
0.035, Wilcoxon, fig. 2B and C). Twelve of the 202 mutants
enriched for large effect mutations showed changes in PTDH3-
YFP expression greater than 7.5%, 11 of which increased ex-
pression (fig. 1E and supplementary fig. S4, Supplementary

B

C

A D

FIG. 2. Comparison of frequency and effects for cis- and trans-regulatory mutants on average PTDH3-YFP fluorescence. (A) cis-regulatory mutants
have significantly larger absolute magnitudes of effect on PTDH3-YFP fluorescence (red, median ¼ 0.60%) than trans-regulatory mutants (blue,
median¼ 0.31%, P¼ 3� 10�11). (B) cis-regulatory mutants that increase PTDH3-YFP fluorescence (dark red, median¼ 0.40%) are not significantly
different from trans-regulatory mutants that increase PTDH3-YFP fluorescence (dark blue, median¼ 0.30%, P¼ 0. 013, Wilcoxon) nor from enriched
trans-regulatory mutants that increase PTDH3-YFP fluorescence (dark brown, median¼ 0.38%, P¼ 0.91, Wilcoxon). A total of 16 trans-regulatory
mutants were identified with effects larger than 7.5% (dashed gray line). (C) cis-regulatory mutants that decrease PTDH3-YFP fluorescence have
significantly larger effects (light red, median¼ 0.77%) than trans-regulatory mutants that decrease PTDH3-YFP fluorescence (light blue, median¼
0.31%, P¼ 4� 10�11, Wilcoxon) and no significant difference from enriched trans-regulatory mutants that decrease PTDH3-YFP fluorescence (light
brown, median¼ 0.50%, P¼ 0.035, Wilcoxon). Only a single trans-regulatory mutant was identified that decreased expression greater than 7.5%
(dashed gray line). (D) Number of estimated bases in the Saccharomyces cerevisiae genome (y-axis) that when mutated are expected to result in a
change in expression equal to, or more extreme than, a specific magnitude (x-axis). Red, cis-regulatory mutations; blue, trans-regulatory mutations;
brown, trans-regulatory mutations after enrichment. Dashed lines show the maximum possible target size (potential target size) if all cis-regulatory
mutations altered expression (red) or if all trans-regulatory mutations altered expression (blue).
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Material online). To determine whether these large increases
in expression were caused by duplications of the reporter
gene, we used pyrosequencing to compare copy number of
the PTDH3-YFP reporter gene in each of these mutants with
that of the ancestral wild-type strain. We found no evidence
of increased copy number in the mutants, indicating that the
large increases in expression were not caused by duplication
of the PTDH3-YFP construct. Taken together, these data indi-
cate that the effects of trans-regulatory mutants are signifi-
cantly skewed toward increased expression whether or not
the large effects trans-regulatory mutants are (skewness¼ 3.0,
P¼ 0.0007, Bootstrap) or are not (skewness¼ 2.3, P¼ 0.047,
Bootstrap) included. This skew toward increased expression
for trans-regulatory mutants affecting TDH3 expression is
consistent with earlier reports (Gruber et al. 2012) and con-
trasts with the skew of cis-regulatory mutations toward de-
creased expression (fig. 1A and B).

Frequency of cis- and trans-Regulatory Mutations
Affecting Gene Expression Level
To estimate differences in the frequency and target size of cis-
and trans-regulatory mutations, we first used t-tests to
compare expression between each mutant and a nonmuta-
genized control genotype. We found that 106 of 235 (45%)
potential cis-regulatory mutants and 463 of 1,485 (31%) po-
tential trans-regulatory mutants had significant changes in
PTDH3-YFP expression at a threshold of P ¼ 0.05. When a
more conservative significance threshold of P ¼ 0.01 was
used, 77 of 235 (33%) of cis-regulatory mutants and 232 of
1,485 (16%) of trans-regulatory mutants had significant
changes in reporter gene expression. For cis-regulatory muta-
tions, these data suggest a realized target size of 306 bp when
using the P ¼ 0.05 threshold or 222 bp when using the P ¼
0.01 threshold. For trans-regulatory mutants, if we assume
that 1) genotypes with wild-type expression do not harbor
mutations affecting PTDH3-YFP expression (i.e., no compensa-
tory mutations); 2) the number of mutations per cell signif-
icantly affecting PTDH3-YFP expression follows a Poisson
distribution (Gruber et al. 2012); 3) epistatic effects on
PTDH3-YFP expression are rare among the mutations, and 4)
if each mutant has on average 32 mutations, then these data
suggest a realized target size of �118,000 bp (86,000–
179,000 bp, 95% percentiles) when using a significance thresh-
old of P ¼ 0.05 and 59,000 bp (43,000–90,000 bp, 95%
percentiles) when using a significance threshold of P ¼
0.01. This represents 0.97% (0.73–1.48%, 95% percentiles) of
the S. cerevisiae genome when using the P ¼ 0.05 threshold
and 0.49% (0.36–0.74%, 95% percentiles) of the genome when
using the P¼ 0.01 threshold. In other words, using statistical
significance to define functional cis- and trans-regulatory mu-
tations, our data suggest that functional trans-regulatory mu-
tations should arise 265 times (based on P ¼ 0.01 threshold)
to 362 times (based on P¼ 0.05 threshold) more often than
functional cis-regulatory mutations.

The impact of a mutation on gene expression is expected
to be related to its impact on fitness (Rest et al. 2013), thus we
also examined how estimates of the realized target size for cis-
and trans-regulatory mutations changed when different

minimum effect sizes were used to define functional cis and
trans-regulatory mutations. To do this, we calculated the
number of mutations with effects on PTDH3-YFP expression
equal to or larger than a particular value for the range of
effects observed. We did this separately for the cis-regulatory
mutants, the original collection of trans-regulatory mutants,
and the trans-regulatory mutants enriched for mutations of
large effect, taking into account that each trans-regulatory
mutant has �32 mutations and that the second set of
trans-regulatory mutations was artificially enriched for muta-
tions of large effect (see Materials and Methods). We found
that the realized target size for both cis- and trans-regulatory
mutations dropped rapidly as the minimum effect size cutoff
increased, and that the choice of the specific cutoff used had a
drastic effect on the estimated target sizes. In particular, we
found that while trans-regulatory mutations remained more
common than cis-regulatory mutations for nearly all magni-
tudes and directions of effect, the relative frequencies of cis-
and trans-regulatory mutations varied considerably over the
range of effect sizes examined (fig. 2D). For example, trans-
regulatory mutations were inferred to be�10,000 times more
common than cis-regulatory mutations among mutations
that alter expression less than 1%, but only 10 times more
common among mutations that alter expression more than
2.5%. The relative frequency of cis- and trans-regulatory mu-
tations also depended strongly on the direction of effect. For
example, although over 100 trans-regulatory mutations that
increase expression more than 2.5% are predicted to exist, cis-
regulatory mutations resulting in more than a 2.5% increase
in PTDH3-YFP expression appear to be either incredibly rare or
nonexistent. In contrast, decreases in expression by more
than �7.5% were more likely caused by cis-regulatory muta-
tions than trans-regulatory mutations. These relationships
were robust to error in the estimated number of mutations
in each trans-regulatory mutant (supplementary fig. S5,
Supplementary Material online).

Frequency and Effects of cis- and trans-Regulatory
Mutations on Gene Expression Noise
In addition to the effects on the average level of expression,
mutations can also alter gene expression noise. To compare
the effects of new cis- and trans-regulatory mutations on gene
expression noise, we calculated the coefficient of variation
(r/l) in YFP fluorescence for each cis- and trans-regulatory
mutant. For the 235 cis-regulatory mutants, we found that
significantly more mutants showed increased expression
noise (n¼ 208) than decreased expression noise (n¼ 27, P
¼ 8� 10�36, binomial test) (fig. 3A), consistent with a prior
analysis of these data (Metzger et al. 2015). This difference
remained after excluding cis-regulatory mutations in the
known TFBS (increase¼ 190, decrease¼ 27, P ¼ 2 �
10�31, binomial test). We also found that cis-regulatory mu-
tants with increased expression noise had larger effects than
cis-regulatory mutants that decreased expression noise, re-
gardless of whether mutations in known TFBS were included
(P ¼ 2 � 10�5, Wilcoxon; fig. 3B) or not (P ¼ 5 � 10�5,
Wilcoxon; supplementary fig. S6, Supplementary Material on-
line), resulting in a significant skew toward increased gene
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expression noise for mutations in the TDH3 promoter (all
mutations: skewness¼ 11.0, P < 1� 10�6, Bootstrap; muta-
tions in known TFBS excluded: skewness¼ 0.74, P¼ 0.001). In
contrast, the randomly collected set of 1,485 trans-regulatory
mutants contained significantly more mutants with de-
creased expression noise (n¼ 797) than increased expression
noise (n¼ 688, P ¼ 0.005, binomial test; fig. 1C). There was
not a significant difference in the effects of trans-regulatory
mutants that increased or decreased expression noise (P ¼
0.71, Wilcoxon; fig. 3D). Unlike the effects of mutations on
average expression levels, cis-regulatory mutants had smaller
effects on gene expression noise than trans-regulatory mu-
tants (P¼ 6� 10�8, Wilcoxon; fig. 4A). This was true for both
mutations that increased expression noise (P ¼ 2 � 10�4,
Wilcoxon; fig. 4B) and decreased expression noise (P ¼
9� 10�8, Wilcoxon; fig. 4C).

Using t-tests to compare expression noise between each
mutant and a nonmutant control genotype showed that 74
of 235 (31%) potential cis-regulatory mutants and 293 of
1,485 (20%) potential trans-regulatory mutants had signifi-
cant changes in PTDH3-YFP expression noise at a significance
threshold of P ¼ 0.05. Forty of 235 (17%) of cis-regulatory
mutants and 110 of 1,485 (7%) of trans-regulatory mutants
showed a significant change in expression noise at a signifi-
cance threshold of P¼ 0.01. From these values, we estimate a
realized target size for cis-regulatory mutations affecting gene
expression noise of 213 bp when a P¼ 0.05 threshold is used

and 115 bp when a P ¼ 0.01 threshold is used and a realized
target size for trans-regulatory mutations affecting gene ex-
pression noise of 74,000 bp (55,000–113,000 bp, 95% percen-
tiles) when a P ¼ 0.05 threshold is used and 28,000 bp
(21,000–43,000 bp, 95% percentiles) when a P¼ 0.01 thresh-
old is used. For both cis- and trans-regulatory mutations, the
realized target sizes predicted for expression noise are smaller
than the realized target sizes predicted for average expression
using a statistical cutoff based on P values; however, differ-
ences in statistical power to detect significant changes in gene
expression noise and average expression level make it difficult
to meaningfully compare these estimates.

To compare the frequency of cis- and trans-regulatory mu-
tants affecting TDH3 expression noise without relying on sta-
tistical cutoffs, we used the same approach described above
for average expression level to calculate the realized target size
for cis and trans-regulatory mutations affecting gene expres-
sion noise over a range of effect sizes. We found that for all
magnitudes and directions of effects, trans-regulatory muta-
tions affecting expression noise were more common than cis-
regulatory mutations affecting expression noise (fig. 4D).
However, as with the average level of expression, the relative
frequency of cis and trans-regulatory mutations varied con-
siderably. For example, among mutations that increased ex-
pression noise, trans-regulatory mutations were about
10–100 times more common than cis-regulatory mutations
for most effect sizes; however, for even moderate decreases in

A

C

B

D

FIG. 3. Frequency and effects of cis- and trans-regulatory mutants on PTDH3-YFP fluorescence noise. (A) Frequency of cis-regulatory mutants with
specific effects on PTDH3-YFP fluorescence noise. Red, mutations outside of known TFBS; black, mutations in known TFBS. (B) cis-regulatory
mutants that increase PTDH3-YFP fluorescence noise (dark red, median ¼ 2.3%) have significantly larger effects than cis-regulatory mutants that
decrease PTDH3-YFP fluorescence noise (light red, median ¼ 0.85%, P ¼ 2� 10�5, Wilcoxon). (C) Frequency of trans-regulatory mutants with
specific effects on PTDH3-YFP fluorescence noise. (D) No significant difference in the effect size of trans-regulatory mutants that increase PTDH3-YFP
fluorescence noise (dark blue, median¼ 03.5%) versus trans-regulatory mutants that decrease PTDH3-YFP fluorescence noise (light blue, median¼
3.6%, P ¼ 0.71, Wilcoxon).
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gene expression noise, trans-regulatory mutations were
1,000–10,000 times more frequent than cis-regulatory
mutations.

Relationship between Mutational Effects on Average
Expression and Expression Noise
New regulatory mutations can alter both the average level of
expression and expression noise simultaneously. If the effects
of new mutations on average expression level are indepen-
dent of the effects of mutations on expression noise, however,
natural selection can act independently on these two traits.
Previous work indicates that there is often a negative corre-
lation between average expression and expression noise
across genes (Bar-Even et al. 2006), as well as for individual
cis-regulatory mutations (Hornung et al. 2012; Sharon et al.
2014). However, individual cis-regulatory mutations can inde-
pendently alter average expression and expression noise
(Hornung et al. 2012; Sharon et al. 2014; Metzger et al.
2015) and little is known about the relationship between
average expression and expression noise for trans-regulatory
mutations.

To compare the relationship between effects on average
expression level and expression noise for new cis- and trans-
regulatory mutations, we used principal components analysis
(PCA) to determine the primary axes of variation for the cis-
and trans-regulatory mutants separately (fig. 5). Because PCA
analysis can be sensitive to extreme outliers, we removed the
effects of cis-regulatory mutations in the known TFBS. We
found that for cis-regulatory mutants the primary axis of
variation had a significant negative slope, indicating a negative
correlation between average expression and expression noise
(angle of rotation¼ 106�, 99% confidence interval [CI]
100–111�, P < 1 � 10�5, Bootstrap). In contrast, for trans-
regulatory mutants, the primary axis of variation had a slightly
positive slope (angle of rotation¼ 91�, 99% CI 89–93�) and
this slope was not significantly different from the 90� ex-
pected if trans-regulatory mutations had independent effects
on average expression level and expression noise (P ¼ 0.09,
Bootstrap). The angle of rotation was significantly different for
cis and trans-regulatory mutations (P < 10�6, permutation
tests), indicating that cis- and trans-regulatory mutations can
have different relationships between their effects on average

A B

C

D

FIG. 4. Comparison of frequency and effects for cis- and trans-regulatory mutants on PTDH3-YFP fluorescence noise. (A) cis-regulatory mutants
have significantly smaller absolute magnitudes of effect on PTDH3-YFP fluorescence noise (red, median ¼ 2.1%) than trans-regulatory mutants
(blue, median ¼ 3.6%, P ¼ 6 � 10�8). (B) cis-regulatory mutants that increase PTDH3-YFP fluorescence noise (dark red, median ¼ 2.3%) have
significantly smaller effects than trans-regulatory mutants that increase PTDH3-YFP fluorescence noise (dark blue, median ¼ 3.6%, P ¼ 0. 0001,
Wilcoxon). (C) cis-regulatory mutants that decrease PTDH3-YFP fluorescence noise have significantly smaller effects (light red, median ¼ 0.85%)
than trans-regulatory mutants that decrease PTDH3-YFP fluorescence noise (light blue, median¼ 3.6%, P¼ 4� 10�8, Wilcoxon). (D) Number of
estimated bases in the Saccharomyces cerevisiae genome (y-axis) that when mutated are expected to result in a change in expression noise equal to,
or more extreme than, a specific magnitude (x-axis). Red, cis-regulatory mutations; blue, trans-regulatory mutations. Dashed lines show the
maximum possible target size (potential target size) if all cis-regulatory mutations altered expression noise (red) or if all trans-regulatory mutations
altered expression noise (blue).
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expression level and expression noise. These results were ro-
bust to inclusion of the cis-regulatory mutations in the known
TFBS (supplementary fig. S7A, Supplementary Material on-
line, angle of rotation¼ 98�, 99% CI 97–108�; difference in
angle between cis and trans-regulatory mutants, P ¼ 0.041).
To better understand how cis- and trans-regulatory muta-
tions might differ in their effects on the relationship between
average expression and expression noise, we repeated this
analysis using the standard deviation rather than the coeffi-
cient of variation (standard deviation/mean). We found that
removing the scaling of standard deviation by mean had no
effect on the relationship between average expression and
expression noise for trans-regulatory mutants (angle of rota-
tion¼ 90�, 99% CI 89–92�, P¼ 0.52, Bootstrap), but reduced
the strength of the negative correlation seen for cis-regulatory
mutants (angle of rotation¼ 91�, 99% CI 89–95�, P ¼ 0.046,
Bootstrap) such that there was no longer a statistically signif-
icant difference between cis- and trans-regulatory mutations
(P ¼ 0.11, permutation test; supplementary fig. S7B,
Supplementary Material online). The different impact on
cis- and trans-regulatory mutations of changing the measure
of expression noise used suggests that cis- and trans-
regulatory mutations might tend to alter expression noise
in different ways.

Discussion
This study reveals many differences between cis- and trans-
regulatory mutations that can impact their likelihood of con-
tributing to variation in gene expression within and between
species. For example, we find that cis- and trans-regulatory
mutations differ significantly in their effects on both TDH3
average expression level and expression noise, with cis-
regulatory mutations skewed toward decreased expression
and increased expression noise, while trans-regulatory muta-
tions are skewed toward increased expression and decreased
expression noise. The relative frequencies of cis- and
trans-regulatory mutations also differ, but the difference in
frequencies depends upon the effect size used to define func-
tional cis- and trans-regulatory mutations. For example, if only
the largest changes in activity of the TDH3 promoter are
considered, then the target size for both cis- and trans-
regulatory mutations is in the dozens or hundreds of bases,
with trans-regulatory mutations more frequent for increases
in expression and cis-regulatory mutations more frequent for
decreases in expression. In contrast, if both small and large
changes in PTDH3 activity are considered, then the trans-
regulatory target size for altering PTDH3 activity is orders of
magnitude larger than the cis-regulatory target size, and most
new mutations resulting in biologically meaningful changes in
TDH3 transcription should be trans-regulatory. To the best of
our knowledge, these data provide the first systematic com-
parison of cis- and trans-regulatory mutations affecting ex-
pression of a focal gene in any eukaryote.

Consequences of Mutation Type on Mutational
Distributions
All the cis-regulatory mutations examined in this study were
G A and C T transitions. The majority of trans-regulatory
mutations examined were expected to be G A and C T
transitions as well because EMS introduces these types of
changes almost exclusively (Flibotte et al. 2010; Duveau
et al. 2014). G A and C T transitions are also the most
common spontaneous point mutations in S. cerevisiae (Zhu
et al. 2014) and the most common polymorphisms segregat-
ing among natural populations of S. cerevisiae (Maclean CJ,
Metzger BPH, Yang JR, Ho WC, Moyers B, Zhang J, in prepa-
ration); however, they are still a minority of all point muta-
tions, comprising �35% of all spontaneous point mutations
(Zhu et al. 2014) and �37% of single nucleotide polymor-
phisms segregating in S. cerevisiae (Maclean CJ, Metzger BPH,
Yang JR, Ho WC, Moyers B, Zhang J, in preparation). So how
representative are the effects of G A and C T transitions of
all point mutations? And how might the effects of point
mutations differ from other types of mutations such as inser-
tions or deletions (indels), rearrangements, or copy number
variants (CNVs)?

For cis-regulatory sequences, prior work suggests that there
are no systematic differences in the effects of different classes
of point mutations on gene expression (Patwardhan et al.
2009, 2012; Kwasnieski and Mogno 2012; Melnikov et al.
2012; Metzger et al. 2015). Nevertheless, we might have

FIG. 5. Relationship between average expression and expression
noise for cis- and trans-regulatory mutations. The effects of cis-
regulatory mutations (red) on PTDH3-YFP fluorescence are negatively
correlated with the effects of cis-regulatory mutations on PTDH3-YFP
fluorescence noise. Dashed red lines give principle components for
cis-regulatory mutations. Dark red oval captures 95% of the cis-
regulatory mutants. cis-regulatory mutations in TFBS were excluded
for this analysis as PCA is sensitive to extreme outliers. The effects of
trans-regulatory mutants (blue) show no relationship between PTDH3-
YFP fluorescence and PTDH3-YFP fluorescence noise. Dashed blue lines
give principle components for trans-regulatory mutations. Dark blue
oval captures 95% of the trans-regulatory mutants. The relationship
between PTDH3-YFP fluorescence and PTDH3-YFP fluorescence noise
is significantly different between cis- and trans-regulatory mutants
(P < 10�6, permutation test).
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overestimated the average effect of cis-regulatory mutations
in the TDH3 promoter because mutations in known TFBS,
which had the largest effects on expression, were overrepre-
sented in our data set (4% of total sequence, but 8% of mu-
tations) due to their higher GC content (18/27 bp, 67%)
relative to the rest of the promoter (35%). cis-regulatory mu-
tations had larger effects than trans-regulatory mutations
even after excluding mutations in the TFBS, however, sug-
gesting that this overrepresentation does not alter our con-
clusions. Another consequence of mutating only Gs and Cs is
that we failed to mutate functional elements composed of
only As and Ts. The canonical TATA box contained within
the TDH3 promoter is one clear example of this. This se-
quence is a key determinant of both average expression level
and gene expression noise (Raser and O’Shea 2004; Hornung
et al. 2012), suggesting that mutations within it would have
had large effects that further increased the magnitude of cis-
regulatory mutations we observed.

The impact of using EMS to introduce trans-regulatory
mutations differs for coding and noncoding sequences of
trans-acting factors. For mutations in noncoding cis-
regulatory sequences of trans-acting factors, the conse-
quences of using EMS are expected to be similar to the
consequences of mutating only Gs and Cs in the TDH3 pro-
moter: Potentially large effect mutations in functional ele-
ments that are AT rich such as TATA boxes might be
missed and GC-rich binding sites might be overrepresented,
but the distribution of mutational effects should otherwise be
unbiased. In contrast, in coding regions, which make up to
�73% of the S. cerevisiae genome (Alexander et al. 2010),
using EMS to introduce mutations is expected to result in a
biased sampling of amino acid changes because of the genetic
code and codon usage (supplementary fig. S8, Supplementary
Material online). G A and C T transitions are the most
common type of spontaneous mutation, thus this bias should
be toward the same types of amino acid changes caused most
often by spontaneous mutations; however, some amino acids
(Alanine, Glycine, and Proline) cannot be created by these
types of mutations, whereas other amino acids (Asparagine,
Isoleucine, Lysine, and Phenylalanine) and stop codons
cannot be mutated. Some amino acid changes are more likely
to disrupt protein function than others, resulting in differ-
ences in their magnitude of mutational effects (Yampolsky
and Stoltzfus 2005). EMS-induced mutations and spontane-
ous mutations are also expected to differ in the relative fre-
quency of synonymous and nonsynonymous mutations:
�23% of naturally occurring point mutations in coding
regions are expected to be synonymous, compared with
31% for EMS-induced mutations (see Materials and
Methods). Because synonymous mutations typically have
smaller effects than nonsynonymous mutations, the use of
EMS might underestimate the effects of new trans-regulatory
mutations in coding regions. To determine the full conse-
quence of these biases in the distribution of mutational
effects, the impact of other types of point mutations should
be examined in future work.

The effects of indels, large-scale genome rearrangements,
and CNVs must also be considered to fully describe a

mutational distribution. Point mutations are more common
than these other types of mutations, but indels, rearrange-
ments, and CNVs are known to contribute to variable gene
expression in natural yeast populations (Gerstein et al. 2014;
Hose et al. 2015) and experimentally evolved yeast popula-
tions (Dunham et al. 2002; Kao and Sherlock 2008; Payen et al.
2014; Sunshine et al. 2015). For example, a prior study char-
acterizing trans-regulatory mutations affecting activity of the
TDH3 promoter identified 22 spontaneous CNVs, all of which
included duplication of the reporter gene (Gruber et al. 2012).
In most cases, expression was increased substantially, suggest-
ing that CNVs have distinct effects on expression from cis-
and trans-regulatory changes caused by point mutations
(Gruber et al. 2012). The effects on gene expression for other
types of CNVs (including deletions and aneuploidies of other
chromosomes) are less clear, but may often be larger than for
point mutations (Sunshine et al. 2015). Indels are also ex-
pected to have large effects when they occur in trans-acting
coding regions because many will alter the reading frame and
create nonfunctional proteins. Together, these observations
suggest that the mutational distributions we measured may
be missing rare, large, effect mutations. Ultimately, the impact
of indels, rearrangements, and CNVs on the distribution of
mutational effects will need to be determined empirically.

Generality of the Gene Studied
In eukaryotes, transcription of each gene is controlled by
biochemical interactions among many trans-acting factors
that culminate in the direct binding of specific transcription
factors to cis-regulatory sequences (Wray et al. 2003). Our
observation that trans-regulatory mutations are more com-
mon overall than cis-regulatory mutations is thus likely to be
true for most genes, as is the observation that cis-acting mu-
tations tend to have larger effects than trans-acting muta-
tions (Schadt et al. 2003). Other properties we report,
however, such as the relative frequency of mutations that
increase or decrease gene expression level or expression noise
or the relative frequency of cis- and trans-regulatory muta-
tions with particular effect sizes are expected to vary among
genes.

TDH3 encodes a glyceraldehyde-3-phosphate dehydroge-
nase that is involved in both glycolysis (McAlister and Holland
1985) and chromatin remodeling (Ringel et al. 2013). TDH3
expression is regulated (at least in part) by binding sites for
the RAP1 and GCR1 transcription factors in its promoter
(Baker et al. 1992; Yagi et al. 1994). Most mutations in these
TFBS caused TDH3 promoter activity to decrease, consistent
with RAP1 and GCR1 activating TDH3 expression. Other
genes involved in glycolysis are also regulated by RAP1 and
GCR1 (Chambers et al. 1995; Uemura and Fraenkel 2000; Lieb
et al. 2001) and these genes potentially have similar distribu-
tions of effects for cis-regulatory mutations. Mutations in
TFBS appear to often have the largest effects on gene expres-
sion (Patwardhan et al. 2012), suggesting that the density of
TFBS within a promoter will strongly influence the distribu-
tion of effects for its cis-regulatory mutations. Such mutations
are not expected to always decrease expression, however;
loss-of-function mutations in TFBS for repressors should
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increase promoter activity and can thus potentially skew the
effects of cis-regulatory mutations toward increased expres-
sion. Outside of the known TFBS, we found that cis-regulatory
mutations tend to have small effects that were equally likely
to increase or decrease expression. It remains to be seen if
these mutations are disrupting unidentified binding sites for
activators and repressors or simply altering chromatin
structure more generally with an effect on expression (Voss
and Hager 2014).

Because TDH3 is one of the most highly expressed pro-
teins in the yeast genome (Newman et al. 2006), we found
the skew toward increased expression of trans-regulatory
mutations affecting activity of the TDH3 promoter sur-
prising. This skew reflects the near absence of mutations
decreasing reporter gene expression by more than 7.5%
despite the presence of multiple mutations causing ex-
pression to increase by this magnitude. Because most new
trans-regulatory mutations are expected to disrupt activ-
ity of a trans-acting factor, we interpret the large fre-
quency and magnitude of effects seen for trans-
regulatory mutations that increase PTDH3 activity as an
indication that repressors play a major role in the regula-
tion of TDH3 expression. Because cis-regulatory muta-
tions are skewed toward decreased expression, this
additionally suggests that the trans-regulatory mutants
with substantial increase in expression we examined af-
fect regulators that do not bind directly to the TDH3
promoter.

The absence of trans-regulatory mutants with large de-
creases in PTDH3-YFP expression (even after we selected
specifically for them) could result from trans-regulatory
mutations causing strong decreases in PTDH3 activity being
nonexistent; however, our understanding of TDH3 cis-
regulatory sequences suggests that this is not the case:
Mutations in the RAP1 and GCR1 binding sites of PTDH3

caused large decreases in PTDH3 activity, suggesting that
trans-acting mutations eliminating or significantly dimin-
ishing the function of RAP1 or GCR1 should also cause
large decreases in PTDH3 activity. The absence of these mu-
tants might be explained by the low fitness of RAP1 and
GCR1 null mutants (Giaever et al. 2002), with cells carrying
such mutations either dying or being out-competed by
other genotypes during the �10 generations of growth
between the introduction of mutations and the isolation
of individual mutant genotypes. Low fitness of such mu-
tants could be due to their effects on TDH3 expression,
pleiotropic effects on activity of other genes, or some com-
bination of both. In media containing glucose, null muta-
tions in TDH3 have much smaller fitness consequences
than null mutations in RAP1 or GCR1 (Baker et al. 1992;
Giaever et al. 2002), suggesting that pleiotropy contributes
to the low fitness of these mutants. The inability to recover
lethal and nearly lethal mutations in studies of mutational
effects such as ours is expected to have minimal impact on
the utility of these distributions for making predictions
about patterns of evolutionary change, however, because

mutations causing very low fitness are also expected to be
short lived in natural populations.

Consequences of Mutational Properties for the
Evolution of Gene Expression
How does gene expression evolve in natural populations?
And what are the forces most often responsible for shap-
ing the patterns of regulatory divergence observed within
and between species? These questions are difficult to an-
swer, in part because we currently lack realistic null mod-
els of regulatory evolution. Generating the data needed to
construct such neutral models was one of our primary
goals for characterizing the frequencies and effects of
new cis- and trans-regulatory mutations. Comparing reg-
ulatory evolution expected in the absence of natural se-
lection with patterns of regulatory variation observed in
natural populations can be a powerful approach to de-
tecting natural selection and elucidating the underlying
forces responsible for regulatory evolution (Denver et al.
2005; Rice and Townsend 2012; Smith et al. 2013; Metzger
et al. 2015). Although it is not yet possible to model all
aspects of regulatory evolution, the general properties we
observed for new mutations can be qualitatively com-
pared with patterns of cis and trans-regulatory divergence
observed in natural populations to begin disentangling
the contributions of mutation and selection to the evo-
lution of gene expression.

Using statistical significance as a cutoff for defining
functional cis- and trans-regulatory mutations affecting
PTDH3 activity, we found that new trans-regulatory muta-
tions occurred �250–350 times more often than new cis-
regulatory mutations for both average expression and ex-
pression noise. When mutations with smaller effects
(<1%) were also considered, we found that trans-regula-
tory mutations were as much as 10,000 times more com-
mon than cis-regulatory mutations for both properties of
gene expression. These observations suggest that trans-
regulatory mutations should be the predominant source
of polymorphic expression for species where genetic var-
iation is thought to largely reflect neutral processes.
Indeed, many studies of intraspecific expression differ-
ences have found that trans-regulatory changes are the
primary source of regulatory variation (Lemos et al. 2008;
Wittkopp et al. 2008; Emerson et al. 2010; Schaefke et al.
2013; Coolon et al. 2014, 2015).

Between species, cis-regulatory changes appear to play a
larger role (Wittkopp et al. 2008; Tirosh et al. 2009; Coolon
et al. 2014). The preferential fixation of cis-regulatory
changes over evolutionary time can be caused by reduced
purifying selection on cis-regulatory mutations compared
with trans-regulatory mutations due to fewer pleiotropic
constraints (Wray et al. 2003; Carroll 2005; Stern and
Orgogozo 2008, 2009) and/or cis-regulatory mutations
more frequently being the target of positive selection
(Fay and Wittkopp 2008; Emerson et al. 2010; Coolon
et al. 2014, 2015). The larger average effects we observed
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for cis-regulatory mutations should make them more likely
to be eliminated when deleterious and fixed when advan-
tageous, potentially explaining their greater contribution to
divergence than polymorphism. The tendency of cis-regula-
tory mutations not to be recessive (Lemos et al. 2008;
Gruber et al. 2012) might also contribute to their more rapid
elimination or fixation within a population.

Taken together, our data are consistent with a model of
regulatory evolution in which the neutral process of mutation
is primarily responsible for the abundant trans-regulatory var-
iation observed within a species and natural selection is pri-
marily responsible for the excess of cis-regulatory divergence
observed between species. Such a model was also suggested
and supported by comparisons of cis- and trans-regulatory
polymorphisms and divergence using measures of allele-
specific expression (Wittkopp et al. 2008; Emerson et al.
2010; Coolon et al. 2015). Future progress in understanding
how gene expression evolves in natural populations will re-
quire building explicit models of regulatory evolution that
account for differences in mutational properties such as plei-
otropy, effect size, and dominance between cis and trans-
regulatory mutations as well as investigating how these biases
are shaped by the action of natural selection. Additional in-
formation, such as estimates of pleiotropic effects of individ-
ual mutations and measures of their effects on relative fitness,
is needed before mature models can be developed.

Materials and Methods

Yeast Strains
Trans-regulatory mutations were created in strain YPW1139
(MATa). This strain is derived from BY4724, BY4722, BY4730,
and BY4742 and contains no auxotrophies. In addition, this
strain contains five mutations derived from natural yeast
strains that fix two defects in the common laboratory strains:
High frequency of petites and low sporulation rate. The im-
proved alleles introduced are RME1(ins-308A); TAO3(1493Q)
from Deutschbauer and Davis (2005); and SAL1, CAT5-91M,
and MIP1-661T from Dimitrov et al. (2009). Finally, this strain
contains a copy of the TDH3 promoter, YFP coding sequence,
CYC1 terminator, and KanMX4 drug resistance cassette in-
serted at the HO locus on chromosome IV. cis-regulatory
mutations were previously created in strain YPW1 (MATa),
as described in Metzger et al. (2015). This strain is derived
from BY4724 and is a lys2- ura3- auxotroph. YPW1 contains
none of the allele changes made to strain YPW1139, but does
carry the same PTDH3-YFP reporter gene. This reporter gene is
inserted on chromosome I near the SWH1 pseudogene in-
stead of at the HO locus (Gruber et al. 2012).

To determine whether the differences in genetic back-
ground or genomic insertion site of the reporter gene be-
tween YPW1139 and YPW1 altered the relative effects
of cis-regulatory mutations on reporter gene expression, we
compared the effects of 17 different TDH3 promoter haplo-
types on PTDH3-YFP expression between the two strains (sup
plementary table S1, Supplementary Material online). These
haplotypes were chosen to capture the entire range of effects
on reporter gene expression. We found that the relative

effects of these haplotypes were well correlated between
the two strains, with an R2 of> 0.96 for both average expres-
sion level and expression noise (supplementary fig. S3A and
B). This strong correlation shows that differences between
these two strains have a negligible effect on the relative effects
on reporter expression for individual mutations. To account
for absolute differences in expression between the two strains,
we used a linear model to estimate the slope of the relation-
ship between YFP fluorescence at the HO locus compared
with reporter expression at the SWH1 locus for all 17 TDH3
promoter haplotypes. We used this slope to correct the ef-
fects of all 235 cis-regulatory mutants to make their effects
comparable with the effects measured for the trans-
regulatory mutants.

To further determine whether the relative effects of cis-
regulatory mutations measured using the PTDH3-YFP repor-
ter gene were representative of the relative effects of muta-
tions in the native TDH3 promoter, we introduced the same
17 haplotypes into the native TDH3 promoter in a version of
YPW1139 that lacked the PTDH3-YFP reporter gene and in-
stead contained the coding sequence for YFP added to the
30 end of the native TDH3 coding sequence to produce a
TDH3::YFP fusion protein at the native TDH3 locus
(YPW1452). For the effects of these cis-regulatory mutations
on both average expression level and expression noise, we
observed a correlation coefficient of R2 > 0.99 between the
reporter gene in YPW1139 and the fusion protein in
YPW1452 (supplementary fig. S3C and D, Supplementary
Material online). These results are consistent with previous
reports indicating that both mRNA (Soboleski et al. 2005)
and protein (Kudla et al. 2009) abundance of fluorescent
proteins are highly correlated with fluorescence and that the
level of YFP fluorescence is a quantitative readout of TDH3
promoter activity (Gruber et al. 2012; Duveau et al. 2014;
Metzger et al. 2015).

Mutagenesis
To generate trans-regulatory mutants, a low dose of EMS was
used. The specific dose of EMS was chosen to maximize the
proportion of cells with a single mutation that significantly
altered reporter gene expression while maintaining a low pro-
portion of cells with multiple mutations having significant
effects on PTDH3-YFP fluorescence (Gruber et al. 2012).
Genome sequencing and genetic mapping of genotypes iso-
lated previously from populations treated similarly with EMS
have confirmed that significant changes in PTDH3-YFP expres-
sion are typically caused by only a single mutation (Duveau
et al. 2014). Because cis-regulatory mutations were more likely
to be found in mutants showing low YFP expression, we
sequenced the TDH3 promoter in eight EMS-treated mutants
that showed an expression level below 95% in this study and
found that none carried a cis-regulatory mutation. In addi-
tion, sequencing the TDH3 promoter in genotypes isolated
from EMS-treated populations that were described in a pre-
vious study showed that less than 2% contain mutations in
the TDH3 promoter driving YFP fluorescence (Gruber et al.
2012). These genotypes were isolated from the tails of the
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fluorescence distribution and were required to have statisti-
cally significant effects on YFP fluorescence before being se-
quenced, thus this 2% represents an upper bound on the
frequency of cis-regulatory mutations in the EMS-treated
population expected in this study. Indeed, for the 1,485
EMS-treated strains that were randomly isolated, if we assume
that each strain carries an average of 32 mutations that are
randomly distributed in the genome, we expect only 2 (0–6,
95% percentile) cis-regulatory mutations (0–0.4% of all
strains).

Mutagenesis was performed on YPW1139 after reviving
from a�80 �C glycerol stock. All glycerol stocks were revived
on YPG agar medium (10 g/l yeast extract, 20 g/l peptone, 5%
vol/vol glycerol, and 20 g/l agar) and grown for 48 h at 30 �C.
Approximately 106 cells were then transferred to 10 ml of
YPD liquid medium (10 g/l yeast extract, 20 g/l peptone, 20 g/l
dextrose) and incubated for 24 h at 30 �C with 250 rpm shak-
ing. After growth to a density of �7� 107 cells/ml, two ali-
quots of 1 ml were transferred to separate microcentrifuge
tubes. Cells were washed twice in 1 ml of H2O and then
suspended in 1 ml of sodium phosphate (0.1 M). In total,
10 ll of EMS (99%; Acros Organics) was added to one sample
(EMS treated), but not the other (control), and both samples
were incubated for 45 min at room temperature. EMS muta-
genesis was quenched by the addition of 1 ml of sodium
thiosulfate (5%), a treatment that was also applied to the
control sample. Cells were pelleted and suspended twice in
1 ml of sodium thiosulfate (5%), twice in 1 ml of H2O, and
finally suspended in 1 ml of YPD. About 0.125 ml of each
sample was then transferred to 3.875 ml YPD in a 15-ml
culture tube that was incubated at 30 �C for 24 h. After
growth to saturation, 0.125 ml of culture was added for
each sample to 3.875 ml YPD and grown for an additional
24 h at 30 �C to allow for �10 generations of recovery after
EMS treatment. A set of mutagen-treated and control cells
were collected in each of the two different experiments per-
formed on separate days using the same protocol.

Measuring the Mutation Rate
After allowing cells to recover from EMS mutagenesis, the
mutation rate was estimated for control and EMS-treated
samples using a canavanine resistance assay (Gruber et al.
2012; Lang and Murray 2008). Briefly, for each culture, 0.1
ml of a 10�1 dilution was plated on arginine dropout medium
supplemented with 60 mg/ml L-canavanine sulfate (Sigma-
Aldritch) and 0.1 ml of a 2� 10�4 dilution of cells was plated
on arginine dropout medium (6.7 g/l bacto-yeast nitrogen
base, 20 g/l dextrose, 2 g/l drop-out mix minus arginine,
20 g/l agar). The number of colony-forming units was
counted on each medium after 48 h of growth at 30 �C,
and these counts were used to infer the proportion of can-
avanine-resistant cells in the initial cultures. Previous work has
indicated that there are 88 EMS-like point mutations (G A
and C T transitions) in the CAN1 gene that can result in
canavanine resistance (Lang and Murray 2008). We calculated
the average number of point mutations per cell as well as a
95% CI for this average using the proportion of resistant

colonies and this mutational target size, as described in
Gruber et al. (2012).

Isolating Mutants Using FACS
After EMS recovery, individual EMS-treated and control cells
were arrayed in a 384-well plate layout on YPD agar plates
using FACS (BD FACS Aria III, University of Michigan Flow
Cytometry Core). For each sample, 0.5 ml of saturated culture
(�7� 107 cells/ml) was mixed with 2 ml of PBS buffer and
run on the FACS machine at a flow rate of �15,000 cells/s.
Gating of flow cytometry events was based on width and
forward scatter using FACSDiva software to avoid sorting
nonyeast events or aggregates. For the first mutagenesis ex-
periment, 1,340 EMS-treated cells and 160 control cells were
sorted irrespective of their fluorescence level onto 5 YPD agar
plates.

Prior to the second mutagenesis experiment, two gates
were set up corresponding to the 2nd and 98th percentiles
of the YFP/FSC (fluorescence divided by cell size) distribution
obtained from recording 106 nonmutant control cells. A total
of 550 EMS-treated cells and 550 control cells were then
sorted onto 4 YPD agar plates. For both EMS-treated and
control samples, 300 cells were sorted irrespective of their
fluorescence level, 125 cells were sorted from the 2nd percen-
tile gate (fluorescence lower than 98% of the control cells),
and 125 cells were sorted outside of the 98th percentile gate
(fluorescence higher than 98% of the control cells).
Considering the two mutagenesis experiments together, a
total of 1,640 EMS-treated cells and 460 control cells were
collected irrespective of fluorescence level. In addition, 125
EMS-treated cells and 125 control cells were sorted from each
of the 2% extreme tails of the control fluorescence
distributions.

After sorting, cells were grown into colonies by incubating
the plates for 48 h at 30 �C. Overall, no growth was observed
at 6% of the positions, either due to the presence of a lethal
mutation or because no cell was sorted. After growth, 4 quad-
rants of 96 colonies were transferred to 4 deep 96-well plates
containing 0.5 mL YPD in each well using a V&P Scientific pin
tool. Fresh YPW1139 cells that went through neither the
mutagenesis procedure nor through a single-cell bottleneck
were revived from glycerol stocks and inoculated at 20 fixed
positions on each plate. These samples were used to correct
for position effects in the plate during subsequent flow cy-
tometry experiments (note that these positions were left
empty during cell sorting). After 24 h of growth at 30 �C,
100 ll of all cultures was mixed with 23 ll of glycerol
(80%) in sterile 96-well plates and kept frozen at �80 �C. In
parallel, all samples were transferred to YPG agar plates using
the pin tool and grown for an additional 48 h at 30 �C. At this
stage, 4.9% of the samples did not grow and were considered
petites (cells lacking mitochondria). Ultimately, these proce-
dures resulted in 1,585 EMS-treated colonies sorted irrespec-
tive of their YFP fluorescence, 202 EMS-treated colonies
sorted from the 2% extreme tails of the control fluorescence
distribution (99 from low fluorescence tail and 108 from high
fluorescence tail), and 429 control colonies.
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Quantifying Fluorescence Using Flow Cytometry
After growth on YPG agar plates, each sample was transferred
to 4 replicate 96-well plates containing 0.5 ml of YPD for
fluorescence quantification. Two replicates were inoculated
3 h apart on two different days and grown for 22 h at 30 �C to
saturation (�7� 107 cells/ml). Cells were maintained in sus-
pension during growth by the presence of a 3-mm glass bead
in each well and by constant shaking at 250 rpm. Immediately
prior to flow cytometry, 15 ll of each sample was diluted into
0.5 ml of PBS in a clean 96-well plate. Fluorescence was re-
corded for �2� 104 events per sample using a HyperCyt
autosampler (Intellicyt Corp) coupled to a BD Accuri C6 in-
strument (488-nm laser used for excitation and 533/30 nm
optical filter used for acquisition). For cis-regulatory mutants,
flow cytometry data are publically available in the
FlowRepository under Repository ID FR-FCM-ZZBN. For
trans-regulatory mutants, flow cytometry data are publically
available in the FlowRepository under Repository ID FR-FCM-
ZZNR

Analysis of Flow Cytometry Data
Flow cytometry data were analyzed with custom R scripts
that are similar to those used in Metzger et al. (2015) (supple
mentary files S1–S4, Supplementary Material online). Samples
with less than 1,000 events after removing budding cells and
flow artifacts, or with median FSC more than three times the
median average deviation, were excluded. Strains with less
than three replicates after removing poor samples were also
excluded.

For all samples, we measured the median and standard
deviation in fluorescence. We then averaged these values
across replicates to determine a genotype’s average expres-
sion and expression noise. For gene expression noise, we used
the coefficient of variation (average standard deviation in
expression divided by the average median expression). In pre-
vious work, gene expression noise has been divided into in-
trinsic and extrinsic components. However, our methodology
does not allow us to make this distinction and our measure of
expression noise captures both components. Finally, we re-
moved samples whose estimates were likely to be unreliable
by discarding strains in which the standard deviation in av-
erage expression was greater than 0.1, the standard deviation
in expression noise was greater than 1, or the standard devi-
ation in FSC (cell size) was greater than 0.1. To confirm the
effects of the 12 large effect (>7.5% change in fluorescence)
mutants recovered from the tails of the fluorescence distri-
bution of EMS-treated cells, an additional�5,000 cells in each
of the 6 replicate populations for each strain were grown in
parallel in a single 96-well plate following the same procedure
and analysis steps described above.

Determining PTDH3-YFP Copy Number
A prior study (Gruber et al. 2012) found that large increases in
fluorescence from PTDH3-YFP sometimes resulted from dupli-
cations of PTDH3-YFP. To determine whether this was the
cause of increased fluorescence in the 16 EMS-treated mu-
tants that showed an increase in fluorescence greater than
7.5% (5 mutants from the unbiased screen and 11 mutants

isolated after enrichment for large increases in YFP fluores-
cence), we used the same quantitative pyrosequencing assay
used in the prior study (Gruber et al. 2012) to test for evi-
dence of PTDH3-YFP duplications. Briefly, the 16 mutant strains
were crossed to a common reference strain that carried a
single nucleotide substitution in the TDH3 promoter located
upstream of the YFP coding sequence. Pyrosequencing was
performed in 3 independent replicates for each diploid to
quantify the frequency of the TDH3 promoter mutation in
DNA, which was expected to be 0.5 in the absence of dupli-
cation of the PTDH3-YFP construct and 0.66 if 2 copies of the
construct were present in the mutant strain. All 16 diploids
showed an average PTDH3-YFP mutation frequency between
0.49 and 0.56, suggesting that all 16 strains with expression
greater than 7.5% contain only a single copy of the PTDH3-YFP
construct.

Estimating Mutational Target Sizes
Mutational target size was determined in two ways. First,
t-tests were used to identify individual mutants with YFP
fluorescence significantly different from nonmutant controls
(P< 0.01). However, the power of this approach is dependent
on sample size and does not necessarily reflect biological sig-
nificance. As an alternative, we estimated mutational target
size for all observed mutational effects. We first assumed that
the potential target size was equal to the total number of
bases available to be mutated. In addition, we assumed that
the realized target size for mutations of no effect is the same
as the potential target size. For cis-regulatory mutants, each
strain carries only a single mutation and we attributed all
differences in fluorescence between a mutant and control
to the effect of that mutation. For each mutant we then
counted the number of mutants with fluorescence equal
to, or more extreme than, that specific mutant’s fluorescence.
This was done separately for mutations that increase fluores-
cence and mutations that decrease fluorescence.

To estimate the target size for trans-regulatory mutants,
we used the same procedure with two modifications. First, we
accounted for the fact that each trans-regulatory mutant
contains multiple mutations. We assumed that epistasis
among mutations was rare and that all mutants that did
not have effects greater than a specific cutoff did not have
mutations with effects greater than that specific cutoff, that is,
we assumed that large compensatory mutations were rare.
We then assumed that the number of mutations with a
specific effect within a mutant follows a Poisson distribution.
Under this assumption, the fraction of mutants without an
effect beyond a specific cutoff is proportional to the Poisson
distribution rate parameter (fraction without effect¼ e�k).
We used the estimated rate parameters to determine the
number of mutants expected to have multiple mutations
larger than a specific effect and correct for this bias. This
bias is expected to be largest for mutants with small effects
and nearly absent for mutants with large effects on YFP
fluorescence.

Second, we accounted for the larger effects on expression
expected when sorting of large effects. Given the distribution
of effects on YFP fluorescence within a sample for nonmutant
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control cells and the specific cutoffs used for sorting, we cal-
culated for each effect size the expected enrichment relative
to an unsorted sample. We then used this enrichment to
correct the target size estimates. We found that using this
correction caused estimates of target size to be similar for
trans-regulatory mutants sorted irrespective of their effects
and trans-regulatory mutants sorted from the tails of the YFP
florescence distribution, suggesting that it correctly ac-
counted for the expected bias due to sorting from the ex-
tremes of the distribution. It also suggests that accurate
estimates of target size can be gained by collecting individuals
with extreme phenotypes if appropriate corrections can be
found.

To determine if the number of mutations expected in each
trans-regulatory mutant altered estimates of the mutational
target size, we performed the identical calculations but
assuming the extremes of the 95% percentiles on the number
of mutations within each trans-regulatory mutant (21–43).
We also tested our conclusion that cis- and trans-regulatory
mutations have different distributions of effects further by
comparing the observed effects of trans-regulatory mutants
(blue in supplementary fig. S5B and C, Supplementary
Material online) with the effects of hypothetical mutants
with a similar Poisson distributed number of mutations
(k¼ 32) drawn from the observed distribution of effects for
single cis-regulatory mutations. This “upsampling” of the
effects of cis-regulatory mutations was done with replace-
ment, multiplying the effects of cis-regulatory mutations
with each other (i.e., assuming no epistasis). We simulated
1,485 hypothetical mutant effects (equivalent to the number
of observed trans-regulatory mutants) in this manner using
the effects of cis-regulatory mutations with (black in supple
mentary fig. S5B and C, Supplementary Material online) and
without (red in supplementary fig. S5B and C, Supplementary
Material online) the effects of mutations in the known TFBS
included.

Estimating Target Size and the Percentage Mutated
The percentage of the target size mutated was calculated as
the number of sites mutated divided by the total number of
possible sites that could have been mutated. For cis-
regulatory mutants, there were 235 Gs and Cs in the 678-
bp TDH3 promoter. For trans-regulatory mutants, we
assumed that each mutant contained 32 mutations and
that overall there were 32� 1,485¼ 47,520 individual muta-
tions created. Assuming a genome size of 12,071,326, this
represents less than 1% of the potential trans-regulatory tar-
get and the likelihood of the same mutation occurring twice
is thus low.

Comparing Effects of EMS and Spontaneous
Mutations on Amino Acid Sequences
To determine the expected frequency of amino acid changes
in the absence of natural selection, we combined S. cerevisiae
codon usage (Gardin et al. 2014) with spontaneous point
mutation rates determined from mutation accumulation as-
says (Zhu et al. 2014). To determine the effects of restricting
the type of mutations used to EMS-like GC AT transitions,

we set the mutation rate for all other mutation types to zero
and recalculated the expected frequencies of specific amino
acid changes. Synonymous mutation rates were calculated as
the percentage of mutations expected to result in the same
amino acid assuming either natural mutation rates or EMS-
like transitions only.

Statistical Analyses
All statistical analyses were performed in R (version 3.0.2, R
Core Team 2013) using custom code available in supplemen
tary file S1, Supplementary Material online, and the following
R packages: flowCore (Hahne et al. 2009), flowClust (Lo et al.
2009), mixtools (Benaglia et al. 2009), moments (Komsta and
Novomestky 2015), and lawstat (Hui et al. 2008).

Supplementary Material
Supplementary table S1, figures S1–S8, and files S1–S4 are
available at Molecular Biology and Evolution online (http://
www.mbe.oxfordjournals.org/).
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Danila A, Anderson K, André B, et al. 2002. Functional profiling of the
Saccharomyces cerevisiae genome. Nature 418:387–391.

Gibson G, Weir B. 2005. The quantitative genetics of transcription.
Trends Genet. 21:616–623.

Gilad Y, Rifkin SA, Pritchard JK. 2008. Revealing the architecture of
gene regulation: the promise of eQTL studies. Trends Genet.
24:408–415.

Goncalves A, Leigh-Brown S, Thybert D, Stefflova K, Turro E, Flicek P,
Brazma A, Odom DT, Marioni JC. 2012. Extensive compensatory cis-
trans regulation in the evolution of mouse gene expression. Genome
Res. 22:2376–2384.

Gruber JD, Vogel K, Kalay G, Wittkopp PJ. 2012. Contrasting properties of
gene-specific regulatory, coding, and copy number mutations in
Saccharomyces cerevisiae: frequency, effects and dominance. PLoS
Genet. 8:e1002497

Hahne F, LeMeur N, Brinkman RR, Ellis B, Haaland P, Sarkar D, Spidlen J,
Strain E, Gentleman R. 2009. flowCore: a bioconductor package for
high throughput flow cytometry. BMC Bioinformatics 10:106.

Hodgins-Davis A, Rice DP, Townsend JP. 2015. Gene expression evolves
under a House-of-Cards model of stabilizing selection. Mol Biol Evol.
32:2130–2140.

Hornung G, Bar-Ziv R, Rosin D, Tokuriki N, Tawfik DS, Oren M, Barkai N.
2012. Noise-mean relationship in mutated promoters. Genome Res.
22:2409–2417.

Hose J, Yong CM, Sardi M, Wang Z, Newton MA, Gasch AP. 2015.
Dosage compensation can buffer copy-number variation in wild
yeast. Elife 4:1–27.

Hui W, Gel Y, Gastwirth J. 2008. lawstat: an R package for law, public
policy and biostatistics. J Stat Softw. 28:1–26.

Kao KC, Sherlock G. 2008. Molecular characterization of clonal interfer-
ence during adaptive evolution in asexual populations of
Saccharomyces cerevisiae. Nat Genet. 40:1499–1504.

Komsta L, Novomestky F. 2015. moments: Moments, Cumulants,
Skewness, Kurtosis and Related Tests. Available from: https://
cran.r-project.org/web/packages/moments/index.html.

Kudla G, Murray A, Tollervey D, Plotkin J. 2009. Coding-sequence deter-
minants of gene expression in Escherichia coli. Science 324:255–258.

Kwasnieski J, Mogno I. 2012. Complex effects of nucleotide variants in a
mammalian cis-regulatory element. Proc Natl Acad Sci U S A.
109:19498–19503.

Landry CR, Lemos B, Rifkin SA, Dickinson WJ, Hartl DL. 2007. Genetic
properties influencing the evolvability of gene expression. Science
317:118–121.

Lang GI, Murray AW. 2008. Estimating the per-base-pair mutation rate in
the yeast Saccharomyces cerevisiae. Genetics 178:67–82.

Lemos B, Araripe LO, Fontanillas P, Hartl DL. 2008. Dominance and the
evolutionary accumulation of cis- and trans-effects on gene expres-
sion. Proc Natl Acad Sci U S A. 105:14471–14476.

Lieb JD, Liu X, Botstein D, Brown PO. 2001. Promoter-specific binding of
Rap1 revealed by genome-wide maps of protein-DNA association.
Nat Genet. 28:327–334.

Lo K, Hahne F, Brinkman RR, Gottardo R. 2009. flowClust: a bioconduc-
tor package for automated gating of flow cytometry data. BMC
Bioinformatics 10:145.

McAlister L, Holland MJ. 1985. Differential expression of the three yeast
glyceraldehyde-3-phosphate dehydrogenase genes. J Biol Chem.
260:15019–15027.

McGuigan K, Collet JM, McGraw EA, Ye YH, Allen SL, Chenoweth SF,
Blows MW. 2014. The nature and extent of mutational pleiotropy in
gene expression of male Drosophila serrata. Genetics 196:911–921.

Melnikov A, Murugan A, Zhang X, Tesileanu T, Wang L, Rogov P, Feizi S,
Gnirke A, Callan CG, Kinney JB, et al. 2012. Systematic dissection and
optimization of inducible enhancers in human cells using a massively
parallel reporter assay. Nat Biotechnol. 30:271–279.

Metzger BPH, Yuan DC, Gruber JD, Duveau FD, Wittkopp PJ. 2015.
Selection on noise constrains variation in a eukaryotic promoter.
Nature 521:344–347.

Newman JRS, Ghaemmaghami S, Ihmels J, Breslow DK, Noble M,
DeRisi JL, Weissman JS. 2006. Single-cell proteomic analysis of S.
cerevisiae reveals the architecture of biological noise. Nature
441:840–846.

Patwardhan RP, Hiatt JB, Witten DM, Kim MJ, Smith RP, May D, Lee C,
Andrie JM, Lee SI, Cooper GM, et al. 2012. Massively parallel func-
tional dissection of mammalian enhancers in vivo. Nat Biotechnol.
30:265–270.

Patwardhan RP, Lee C, Litvin O, Young DL, Pe’er D, Shendure J. 2009.
High-resolution analysis of DNA regulatory elements by synthetic
saturation mutagenesis. Nat Biotechnol. 27:1173–1175.

Payen C, Di Rienzi SC, Ong GT, Pogachar JL, Sanchez JC, Sunshine AB,
Raghuraman MK, Brewer BJ, Dunham MJ. 2014. The dynamics of
diverse segmental amplifications in populations of Saccharomyces
cerevisiae. G3 (Bethesda) 4:399–409.

R Core Team. 2013. R: a language and environment for statistical com-
puting. Available from: http://www.r-project.org/.

Raser JM, O’Shea EK. 2004. Control of stochasticity in eukaryotic gene
expression. Science 304:1811–1814.

Rest JS, Morales CM, Waldron JB, Opulente DA, Fisher J, Moon S,
Bullaughey K, Carey LB, Dedousis D. 2013. Nonlinear fitness conse-
quences of variation in expression level of a eukaryotic gene. Mol Biol
Evol. 30:448–456.

Rice DPD, Townsend JPJ. 2012. A test for selection employing quantita-
tive trait locus and mutation accumulation data. Genetics
190:1533–1545.

Rifkin SA, Houle D, Kim J, White KP. 2005. A mutation accumulation
assay reveals a broad capacity for rapid evolution of gene expression.
Nature 438:220–223.

Ringel AE, Ryznar R, Picariello H, Huang K, Lazarus AG, Holmes SG. 2013.
Yeast Tdh3 (glyceraldehyde 3-phosphate dehydrogenase) is a

Frequencies and Effects of cis- and trans-Regulatory Mutations . doi:10.1093/molbev/msw011 MBE

1145

 at U
niversity of C

hicago on A
pril 21, 2016

http://m
be.oxfordjournals.org/

D
ow

nloaded from
 

https://cran.r-project.org/web/packages/moments/index.html
https://cran.r-project.org/web/packages/moments/index.html
http://www.r-project.org/
http://mbe.oxfordjournals.org/


Sir2-interacting factor that regulates transcriptional silencing and
rDNA recombination. PLoS Genet. 9:e1003871.

Rockman MV, Kruglyak L. 2006. Genetics of global gene expression. Nat
Rev Genet. 7:862–872.

Schadt E, Monks S, Drake T, Lusis AJ, Che N, Colinayo V, Ruff TG, Milligan
SB, Lamb JR, Cavet G, et al. 2003. Genetics of gene expression sur-
veyed in maize, mouse and man. Nature 205:1–6.

Schaefke B, Emerson JJ, Wang TY, Lu MYJ, Hsieh LC, Li WH. 2013.
Inheritance of gene expression level and selective constraints on
trans- and cis-regulatory changes in yeast. Mol Biol Evol.
30:2121–2133.

Sharon E, van Dijk D, Kalma Y, Keren L, Manor O, Yakhini Z, Segal E.
2014. Probing the effect of promoters on noise in gene expres-
sion using thousands of designed sequences. Genome Res.
24:1698–1706.

Simola DF, Francis C, Sniegowski PD, Kim J. 2010. Heterochronic evolu-
tion reveals modular timing changes in budding yeast transcrip-
tomes. Genome Biol. 11:R105.

Smith JD, McManus KF, Fraser HB. 2013. A novel test for selection on cis-
regulatory elements reveals positive and negative selection acting on
mammalian transcriptional enhancers. Mol Biol Evol. 30:2509–2518.

Soboleski MR, Oaks J, Halford WP. 2005. Green fluorescent protein is a
quantitative reporter of gene expression in individual eukaryotic
cells. FASEB J. 19:440–442.

Stern D, Orgogozo V. 2009. Is genetic evolution predictable? Science
323:746–751.

Stern DL, Orgogozo V. 2008. The loci of evolution: how predictable is
genetic evolution? Evolution 62:2155–2177.

Sunshine AB, Payen C, Ong GT, Liachko I, Tan KM, Dunham MJ. 2015.
The fitness consequences of aneuploidy are driven by condition-
dependent gene effects. PLOS Biol. 13:e1002155.

Tirosh I, Reikhav S, Levy AA, Barkai N. 2009. A yeast hybrid provides
insight into the evolution of gene expression regulation. Science
324:659–662.

Uemura H, Fraenkel DG. 2000. Glucose metabolism in gcr mutants of
Saccharomyces cerevisiae. J Bacteriol. 182:2354.

Voss TC, Hager GL. 2014. Dynamic regulation of transcriptional
states by chromatin and transcription factors. Nat Rev Genet.
15:69–81.

Wang Z, Zhang J. 2011. Impact of gene expression noise on organismal
fitness and the efficacy of natural selection. Proc Natl Acad Sci U S A.
108:E67–E76.

Wittkopp PJ. 2005. Genomic sources of regulatory variation in cis and in
trans. Cell Mol Life Sci. 62:1779–1783.

Wittkopp PJ, Haerum BK, Clark AG. 2008. Regulatory changes underlying
expression differences within and between Drosophila species. Nat
Genet. 40:346–350.

Wray GA, Hahn MW, Abouheif E, Balhoff JP, Pizer M, Rockman MV,
Romano LA. 2003. The evolution of transcriptional regulation in
eukaryotes. Mol Biol Evol. 20:1377–1419.

Yagi S, Yagi K, Fukuoka J, Suzuki M. 1994. The UAS of the yeast
GAPDH promoter consists of multiple general functional ele-
ments including RAP1 and GRF2 binding sites. J Vet Med Sci.
56:235–244.

Yampolsky LY, Stoltzfus A. 2005. The exchangeability of amino acids in
proteins. Genetics 170:1459–1472.

Yvert G, Brem RB, Whittle J, Akey JM, Foss E, Smith EN,
Mackelprang R Kruglyak L. 2003. Trans-acting regulatory varia-
tion in Saccharomyces cerevisiae and the role of transcription
factors. Nat Genet. 35:57–64.

Zhang Z, Qian W, Zhang J. 2009. Positive selection for elevated gene
expression noise in yeast. Mol Syst Biol. 5:1–12.

Zheng W, Gianoulis TA, Karczewski KJ, Zhao H, Snyder M. 2011.
Regulatory variation within and between species. Annu Rev
Genomics Hum Genet. 12:327–346.

Zhu YO, Siegal ML, Hall DW, Petrov DA. 2014. Precise estimates of
mutation rate and spectrum in yeast. Proc Natl Acad Sci U S A.
111:E2310–E2318.

Metzger et al. . doi:10.1093/molbev/msw011 MBE

1146

 at U
niversity of C

hicago on A
pril 21, 2016

http://m
be.oxfordjournals.org/

D
ow

nloaded from
 

http://mbe.oxfordjournals.org/

