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Abstract

Despite recent advances in our ability to detect adaptive evolution involving the cis-regulation of gene expression, our
knowledge of the molecular mechanisms underlying these adaptations has lagged far behind. Across all model organisms,
the causal mutations have been discovered for only a handful of gene expression adaptations, and even for these,
mechanistic details (e.g. the trans-regulatory factors involved) have not been determined. We previously reported a
polygenic gene expression adaptation involving down-regulation of the ergosterol biosynthesis pathway in the budding
yeast Saccharomyces cerevisiae. Here we investigate the molecular mechanism of a cis-acting mutation affecting a member
of this pathway, ERG28. We show that the causal mutation is a two-base deletion in the promoter of ERG28 that strongly
reduces the binding of two transcription factors, Sok2 and Mot3, thus abolishing their regulation of ERG28. This down-
regulation increases resistance to a widely used antifungal drug targeting ergosterol, similar to mutations disrupting this
pathway in clinical yeast isolates. The identification of the causal genetic variant revealed that the selection likely occurred
after the deletion was already present at high frequency in the population, rather than when it was a new mutation. These
results provide a detailed view of the molecular mechanism of a cis-regulatory adaptation, and underscore the importance
of this view to our understanding of evolution at the molecular level.
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Introduction

Evolutionary adaptation is the process that has given rise to the
ubiquitous, yet remarkable, fit between all living organisms and
their environments [1]. The origins of these adaptations at the
molecular level have been a subject of great interest, with active
debate surrounding the relative roles of two major classes of
molecular mechanism: changes in protein sequences vs. changes in
the expression levels/patterns of those proteins [2-5]. Until
recently, the evidence cited in favor of both mechanisms was
either anecdotal (involving studies of single genes) or theoretical in
nature [2—4]. However, the advent of methods for characterizing
gene expression adaptation genome-wide [6-9] (as well as methods
for measuring cis-regulatory changes that may or may not be
adaptive [10-11]) has paved the way for this question to be
addressed in an unbiased, systematic fashion [5].

Although the distinction between protein sequence us. gene
expression regulation is important, it is only one of many levels at
which molecular mechanisms can be distinguished. For example
among cs-regulatory adaptations, mutations might act via
alterations in transcription factor (TF) binding, nucleosome
positioning, mRINA processing, binding of RNA-binding proteins,
etc. As the field matures, it is likely that the distinctions between
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these more detailed mechanistic levels will be of increasingly
greater interest, since only by investigating these mechanisms will
we fully understand the nature of adaptation at the molecular
level.

In order to investigate the molecular mechanism of an
adaptation, it is generally necessary to first identify the causal
mutation(s) (though see [12]). This prerequisite has been a
significant bottleneck in studies of cs-regulatory adaptation.
Because we cannot computationally predict the effects of most
non-coding mutations, and such mutations can act at long
distances from their target genes in many species (resulting in a
large search space), only a handful of causal mutations underlying
cis-regulatory adaptations have been reported. For example, large
deletions of an enhancer driving the pelvic expression of the Putx/
gene in sticklebacks have been found to result in adaptive pelvic
reduction in freshwater populations [13]. In another case, five
non-coding mutations at the ebony locus contributed to dark
abdominal pigmentation found in high-altitude populations of
Drosophila melanogaster [14] (although other examples exist where
causal ¢is-regulatory mutations have been identified [15-17], these
have not been shown to be adaptive). However even for these
mtensively studied cis-regulatory adaptations, and others where
important factors such as fitness effects have been estimated [18],
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Author Summary

Evolutionary adaptation is the process that has given rise
to the ubiquitous, yet remarkable, fit between all living
organisms and their environments. The molecular mech-
anisms of these adaptations have been a subject of great
interest, but we still know very little about their mecha-
nisms, particularly in the case of regulatory adaptations. In
this work, we investigate the molecular mechanism of a
regulatory adaptation that we previously identified in
ERG28, a component of the ergosterol biosynthesis
pathway in budding yeast. Ergosterol is an abundant lipid
component of the fungal plasma membrane, and is of
major biomedical importance, being targeted by numer-
ous antifungal drugs. We identified the causal mutation
underlying the ERG28 adaptation, a two-base deletion in
its promoter which leads to lower abundance of its mRNA.
This deletion acts via disrupting the binding of at least two
transcription factors, Mot3 and Sok2, to the promoter. The
deletion increases resistance to a widely used antifungal
drug, Amphotericin B, which targets ergosterol. This effect
is reminiscent of misregulation of the ergosterol pathway
observed in clinical yeast isolates that have evolved
resistance to Amphotericin B. Our results may therefore
have medical implications, while also advancing our basic
understanding of evolutionary mechanisms.

the molecular mechanisms by which the causal mutations act—
e.g. which TFs and/or epigenetic states are affected by the
mutations—remain unknown.

We previously reported a genome-wide scan for gene expression
adaptation between two strains of the budding yeast Saccharomyces
cerevisiae: a laboratory strain (BY4716, hereafter “BY”) and a
vineyard strain (RM11-1a, hereafter “RM”) [8]. We found that
over 200 genes had likely been subject to recent positive selection
in these strains via reinforcing cs and frans-acting regulatory
adaptations. Among these genes, there was a particularly strong
enrichment of down-regulating mutations in one metabolic
pathway: ergosterol biosynthesis. Ergosterol is an abundant lipid
component of the fungal plasma membrane, and is of major
biomedical importance, being targeted by numerous antifungal
drugs [19]. Indeed, a common mechanism of resistance to
ergosterol-targeting drugs (such as amphotericin B) is reducing
ergosterol levels via disruption of this pathway [19-21]. We
previously found that six genes within the pathway (underlined
and red in Figure 1A) showed the strongest signs of selection,
based on patterns of reinforcing cis/trans-regulatory mutations, as
well as a population-genetic signature of selective sweeps in the
genomes of multiple strains [8]. This represents the first known
example of a polygenic gene expression adaptation, from any
species. Here, we sought to gain a deeper understanding of this
adaptation.

Results

Further characterization of the ergosterol pathway
adaptation

Because our initial identification of the polygenic gene
expression adaptation within the ergosterol (ERG) biosynthesis
pathway was based on expression data from genome-wide
microarrays [22], we first sought to more precisely measure the
cis-regulatory divergence at these loci. This divergence can be
measured for any gene as the ratio of mRNA abundances of the
two alleles present in a hybrid diploid: in the absence of cis-acting
differences, the mRNA from the two alleles will be present in equal
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amounts (as they are in the genomic DNA), whereas they will be
unequal in the presence of cis-regulatory divergence. To measure
this ratio we employed pyrosequencing, a method that accurately
quantifies allelic ratios at individual heterozygous sites [23].

Of the six genes we previously implicated, five were amenable to
this approach (the sixth, ERG26, lacked any BY/RM sequence
differences in its mRINA, so the alleles could not be distinguished).
All five showed reproducible allelic imbalance in the expected
direction (lower expression from the BY allele), with magnitudes
ranging from 1.13-fold to 1.94-fold (Figure 1B). This result
confirms that the “local eQTL” (genetic markers showing a
statistical association with a nearby gene’s expression level)
previously mapped for these genes [22] likely represent cus-acting
genetic variants.

To investigate if the polygenic adaptation extends beyond the
six genes we originally identified, we also performed pyrosequenc-
ing on three additional ERG genes adjacent in the pathway to
those already implicated: FRG25, ERG27, and ERGZ (allelic bias of
ERGI, the other adjacent pathway member, could not be
measured because it has no sequence differences between BY
and RM). We found reproducible allelic bias in favor of RM for
both ERG25 and ERGZ27, but not for ERG? (Figure 1B). This
suggests that the adaptive down-regulation extends to a total of at
least eight genes, forming a contiguous block within the ERG
pathway (Figure 1A, in red) that has been specifically targeted by
natural selection.

Interestingly, in addition to the clear clustering of the down-
regulated genes within the pathway, the genes with the strongest
cis-regulatory differences correspond precisely to the core proteins
in a stable complex organized by Erg28. Erg28 is the only known
member of the ERG pathway lacking enzymatic activity; it is an
endoplasmic reticulum transmembrane protein, highly conserved
across eukaryotes (including humans), that acts as a scaffold
promoting co-localization of ERG enzymes [24-26]. Erg28
physically interacts most strongly with Erg27 (and is thus shown
next to Erg27 in Figure 1), but has also been found to interact
strongly with itself and three other proteins: Erg25, Erg6, and
Ergll; its other interactions are significantly weaker [24]. These
five interacting proteins are not only all components of the
polygenic adaptation (Figure 1), but are specifically those
components with the strongest cis-acting down-regulation: all five
have at least 1.25-fold differences between RM and BY alleles,
while no other genes quite reach this threshold (Figure 1B). This
pattern suggests that the precise magnitude of down-regulation
may be influenced both by pathway position and by membership
in the protein complex organized by Erg28.

Pinpointing a causal adaptive mutation

We decided to focus on ERG28 for further investigation. Not
only is Erg28 the central member of the protein complex
apparently targeted by natural selection, but sequence divergence
in its promoter region was also minimal: there are only two
sequence differences between BY and RM in the 590 bp upstream
of the FRG28 transcription start site (T'SS). These are one two-bp
deletion (located in an 11 bp poly-A tract 112 bp upstream of the
TSS, termed the AAL12A allele), and one T/C SNP (229 bp
upstream of the TSS, the T229C allele) (Figure 2A). Because
promoters in S. cerevisiae are compact (generally <400 bp [27]), we
decided to focus on these two candidate variants.

To definitively identify the mutation(s) underlying a cis-
regulatory adaptation, the mutations must be individually tested
for their effects on expression of the associated gene. Therefore we
constructed allelic replacement strains in which individual BY
variants were introduced into the RM genome. Using a method of
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Figure 1. A polygenic gene expression adaptation in the ergosterol biosynthesis (ERG) pathway. (A) The final steps of the ERG pathway.
Eight genes whose down-regulation contributes to a polygenic gene expression adaptation are colored red; the six previously implicated genes [8]
are underlined. Erg28 is shown next to its strongest interaction partner, Erg27. (B) Allelic bias of ERG genes, as measured by pyrosequencing in the
RM/BY hybrid. The allelic bias indicates the magnitude of cis-regulatory divergence between RM and BY for each gene. Red color indicates genes that
are part of the polygenic adaptation. Asterisks indicate those that interact strongly with Erg28 [24], all of which have stronger allelic bias than those

that do not.
doi:10.1371/journal.pgen.1003813.g001

i vivo site-directed mutagenesis known as delitto perfetto (28], we
engineered strains that differed only by the desired mutation. We
refer to the two resulting strains as RM AA112A and RM T229C
(Figure 2b).

If a mutation can fully account for the 1.30-fold cs-acting
difference between the RM/BY alleles of ERG26 (Figure 1B), and
no additional mutations have any effect, then this mutation can be
deemed causal. To test if this was the case for either of our
candidate mutations, we measured the expression level of ERG28
in each strain, as well as in wild-type RM, by quantitative PCR
(qPCR). While we found no effect of the T229C mutation (1.05-
fold difference), we observed that the AA112A mutation led to a
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1.26-fold decrease in mRNA level (Figure 2c), indistinguishable
from the 1.30-fold change expected for the causal mutation(s).
To further test if the AAI12A mutation could fully account for
the RM/BY difference, we mated the RM AA112A strain with
BY, and measured the allelic ratio of ERG28 mRNA in the
resulting diploid strain. The causal mutation would be expected to
reduce the 1.30-fold allelic difference to ~1, while any non-causal
mutation would have the same the 1.30-fold allelic imbalance
found in the BY/RM hybrid. Consistent with the gPCR results,
the RM AA112A/BY hybrid strain showed a 1.03-fold difference
between alleles, while the RM T229C/BY hybrid showed a 1.27-
fold difference (Figure 2d). Together, these results suggested that
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Figure 2. Pinpointing the causal mutation affecting FRG28 cis-regulation. (A) Sequence divergence between RM and BY in the ERG28
promoter region. No other differences exist for 590 bp upstream of the gene, or in the 5’ UTR. (B) Genotypes at the two variable positions for RM, BY,
and the two engineered strains. (C) The mRNA levels of ERG28 in each of the two engineered strains compared to wildtype RM, assayed by qPCR. The
causal mutation is expected to result in a ~1.30-fold difference, matching the allelic bias observed in the RM/BY hybrid (Figure 1B), whereas any non-
causal mutation will not alter the RM expression level (~1-fold change). (D) Allelic expression bias in hybrids between each engineered strain and BY,
assayed by pyrosequencing. Any non-causal mutation will not alter the 1.30-fold RM/BY allelic bias, whereas the causal mutation is expected to be

expressed at the same level as the BY allele (~1-fold allelic bias).
doi:10.1371/journal.pgen.1003813.g002

the AA112A mutation likely accounted for all, or nearly all, of the
cs-acting divergence at LRG28 between RM and BY.

The molecular mechanism of the ERG28 cis-regulatory

adaptation

We considered two potential mechanisms for how the AAT12A
mutation may be down-regulating transcription: nucleosome
positioning and TTF binding. Both processes are known to play
important roles in determining rates of transcription initiation, and
could potentially be affected by a 2-bp deletion.

Nucleosome positioning was an especially plausible mechanism
because the 11-bp poly-A sequence in which the 2-bp deletion
occurred 1is a strong nucleosome-disfavoring sequence [29].
Therefore we took advantage of published data on genome-wide
nucleosome positions from BY and RM [30] to determine whether
the nucleosome overlapping the deletion was affected. There was
no significant difference between BY and RM in the nucleosomal
occupancy or positioning at this location (nor was it differentially
acetylated on histone H3 lysine 14 [30]), suggesting that
nucleosome occupancy was not greatly affected by this deletion.

We therefore turned to TF binding as a second possible
mechanism. Utilizing a published map of putative TT binding sites
[31] we identified two highly conserved (across Saccharomyces sensu
stricto) binding sites for the TFs Mot3 and Sok2, flanking the
deletion (Figure 3a). Mot3 is a well-known repressor of ERG
pathway genes, exerting its greatest effect in hypoxic or hyper-
osmotic conditions [32-33], whereas Sok2 has not been previously
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linked to the ERG pathway to our knowledge. Neither binding site
motif is directly affected by the 2-bp deletion; rather the only effect
is on their spacing, reducing the distance between motif centers
from 16 bp to 14.

To test if the AAI12A deletion may affect the regulation of
ERG28 by either of these two TTs, we created knockout strains for
each TF in both the wild-type RM and RM AAII2A
backgrounds. Several outcomes are possible (Figure 3b). First, if
the TF does not regulate ZRG28, then deleting it should have no
effect in either genetic background. Second, if the TT does
regulate ERG28 but is not affected by the AA112A deletion, then
the effect of TF deletion should be equal in the two backgrounds.
Finally, if the AA112A deletion is affecting the TF’s regulation of
ERG28, then the effect of TF deletion will depend on the
background—for example, having an effect on FRG28 expression
in wild-type RM but not in RM AAT12A.

Consistent with Mot3’s known role as a repressor of ERG
pathway genes, we found that ERG28 was induced 1.85-fold in an
RM mot3A strain compared with wild-type RM  (Figure 3c).
Likewise, Sok2 was found to be an activator of ERG28, with 1.21-
fold lower expression in RM s0k2A compared to wild-type RM.
However neither TF had any measurable effect on ERG28
expression when deleted from the RM AA112A strain (Figure 3c¢).
This suggests that although both TFs regulate ZRG28 in RM, this
regulation was abolished by the 2-bp deletion.

The effect of AA112A on regulation of ERG28 by Mot3 and
Sok2 suggested that their binding to the promoter may be affected

4 September 2013 | Volume 9 | Issue 9 | 1003813



A

Sok?2

RM: CGAACAGGAAACA

Molecular Mechanism of a Cis-Regulatory Adaptation

Mot3

AAAAAAAA

BY: CGAACAGGAAACA

AAGGTACGAT

AAA - - AAA

AAGGTACGAT

B ERG28 expr ratio in TF / tfA strain expected if:
TF does not | TF regulation | TF regulation
regulate | independent | dependent
ERG28 of deletion on deletion
wild-type RM 1 X#1 X#1
RM AA112A 1 X#1 1
C D .
ERG28 expr ratio: o5
SOK2/|MOT3/| 2%,
Sok2A | mot3A 2 £,
wild-type RM| 1.21 0.54 ggﬁ
RM AA112A | 1.01 1.02 S0
g2
S =
5% 3
Le,

Sok2p Mot3p

Figure 3. Determining the molecular mechanism of the causal mutation. (A) Two predicted transcription factor (TF) binding sites flanking
the deletion. (B) The expected fold-change in ERG28 expression level when deleting TFs under different scenarios. Left: if a TF does not regulate
ERG28, its deletion should have no effect on ERG28 levels. Center: If a TF regulates ERG28 and acts independently of the two-base deletion, then
deleting the TF should result in some fold-change X, which will be observed in both the wildtype RM and RM AA112A backgrounds. Right: If a TF
regulates the wildtype ERG28 promoter, but the deletion abolishes this regulation, then the TF deletion may only affect ERG28 mRNA levels in the
wildtype background (A fourth possible scenario, not shown, is where the TF only regulates ERG28 in RM AA112A). (C) gPCR data showing changes in
ERG28 mRNA levels upon deleting either SOK2 or MOT3. In both cases, a difference is observed in the wildtype background (p=7.5x10"" for SOK2
and 5.0x10 > for MOT3), but not the RM AA112A background (p =0.28 for SOK2 and 0.67 for MOT3), consistent with the TF regulation being entirely
abolished by the deletion. (D) Chromatin immunoprecipitation data showing the difference in binding for Sok2 and Mot3 to the ERG28 promoter in

wildtype RM/RM AA112A. In both cases a significant decrease in binding is observed in RM AAT12A.

doi:10.1371/journal.pgen.1003813.g003

by the deletion. To investigate this, we performed chromatin
immunoprecipitation (ChIP). Specifically, we HA-tagged both TT's
in both wild-type RM and RM AA112A backgrounds, and
quantified their binding to specific regions by quantitative PCR
(qPCR). We found that for both factors, binding at the ERG28
promoter was reduced in RM AA112A, compared to wild-type
RM: Sok2 showed ~19-fold lower binding, while Mot3 had ~31-
fold lower binding (Figure 3d). This suggests that the loss of ERG28
regulation by these TFs in the AA112A background (Figure 3c) is
likely due to their severely reduced binding.

Fitness effects of the ERG28 cis-regulatory adaptation

In order to investigate the phenotypic effects of the AAT12A
allele, we measured the growth rates of our engineered strains and
RM in several environments (see Materials and Methods). While
we did not observe any fitness advantage of the RM AA112A
strain in most conditions (e.g. rich synthetic defined [SD] media;
paired t-test p = 0.46 for RM AA112A vs. RM and p=0.83 for RM
T229C wvs. RM; Figure 4a), we did find a growth advantage of this
strain in the presence of the antifungal drug amphotericin B
(Figure 4b). Specifically, RM AA112A had a 1.3% higher growth
rate than RM when grown in the presence of the drug (p=0.014),
whereas RM T229C had no measurable difference from RM
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(p=0.86). This suggests that the fitness benefit conferred by the
AAL112A allele is condition-specific.

Insights into the selection on ERG28 cis-regulation

Our identification of the AA112A allele as causal allows us to
examine the distribution of this adaptive mutation across other
yeast strains, in order to study its history. In particular, we wished
to address the question of whether the selection occurred when the
deletion was a new mutation that just recently arose (e.g. in the
laboratory), or whether it was present as “‘standing variation” in S.
cerevisiae for some time before the selection occurred. Population
geneticists have theorized about the consequences of selection
acting on pre-existing variation, as opposed to waiting for rare
advantageous mutations to occur, but few clear examples exist
[34-36].

To distinguish between these alternatives, we first examined the
distribution of the AA112A allele across a set of 36 sequenced
strains of S. cerevisiae [37]. The deletion is present in 12/36
sequenced strains (in addition to BY; Figure S1). These 12 strains
are diverse in terms of both geography (from the Americas, Asia,
Africa, and Europe) and lifestyle (lab strains, wild strains, sake
strains, palm wine strains, and other fermentation strains).
Furthermore they are genetically diverse, as evidenced by their
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Figure 4. Fitness effect of the causal mutation. (A) In rich synthetic defined (SD) media, the RM AA112A strain and RM T229C strains show no
significant difference from RM. (B) In the presence of the antifungal drug amphotericin B, the RM AA112A strain shows a growth rate advantage over
RM, whereas the RM T229C strain shows no difference from RM. Bars represent the mean log, ratios of log-phase growth rates from 48 replicate
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doi:10.1371/journal.pgen.1003813.9004

lack of clustering within the S. cerevisiae phylogeny (Figure S1). This
broad distribution across the species suggests that the AA112A allele
is present at appreciable frequency in many populations of S. cerevisiae.

To further investigate this, we sequenced the ERG28 promoter
in EM93, the wild strain that accounts for ~88% of the BY
genome [38-39]. Since EM93 is a diploid, we sequenced the
promoter in the four spores from a single EM93 tetrad, in order to
capture both alleles with no ambiguity. We found that the
AA112A mutation was heterozygous within EM93, supporting our
inference that it is commonly found in the wild. Together, these
results suggest that the selection on ERG28 in the BY lineage [8]
was likely acting on standing variation, as opposed to a new
mutation. Because EM93 is heterozygous, we can infer the
selective sweep most likely occurred in the descendants of EM93,
after its introduction to the laboratory.

To attempt a similar analysis for the seven other ERG genes
involved in this adaptation (Figure 1A), we sequenced their
promoters in the same four EM93 spores. Because we do not know
the causal variants, we performed this analysis at the level of
promoter haplotypes (sets of co-occurring alleles). We found that
for all seven genes, the complete BY promoter haplotype was
either homozygous (for two genes, ERG25 and ERG26) or
heterozygous (for five genes) in EM93, indicating that their cis-
acting down-regulations were likely not due to new mutations
occurring in the lab. Each of these BY haplotypes was also
observed in between zero and six additional sequenced strains,
indicating that some of the haplotypes are segregating at an
appreciable frequency in S. cerevisiae. However the absence of a
complete BY haplotype does not imply the absence of the causal
BY variant, since most ERG promoter variants are not in perfect
linkage disequilibrium with their neighboring variants. For
example, although the AA112A variant was found in 12 strains
(Figure S1), only five of these also had the T229C variant (and thus
the complete BY promoter haplotype). This highlights the
importance of identifying causal variants in order to study the
evolutionary histories of specific adaptations.

Discussion

We have identified the causal mutation underlying a cus-
regulatory adaptation that affects the ergosterol biosynthesis
pathway in yeast, and characterized its molecular mechanism of
action. The mutation, a 2 bp promoter deletion, reduces the
expression of KERG28 by ~1.3-fold. This effect is mediated by two
TFs, Mot3 and Sok2, which bind immediately adjacent to the
deletion; these TFs bind and regulate the wild-type RM ERG28
promoter, but not the ERG28 AA112A promoter.

Although it may seem surprising that a 2 bp deletion outside of
TF binding sites can have such a strong effect on TF binding, it is
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consistent with previous work. First, most between-strain variation
in the binding of the Stel2 TF in yeast cannot be linked to
variation in any known TF motif, even when only considering
those binding sites where occupancy was associated with nearby
genetic markers [40]. Second, it was recently shown that changes
in the positions of TT binding sites as small as 1-2 bp can result in
substantial (>1.5-fold) effects on transcription [41]. Finally, minor
changes in the copy number of very short tandem repeats in yeast
promoters can also impact transcription [42].

It is also at first counterintuitive that decreased binding of a
repressor (Mot3) could contribute to the down-regulation of
ERG28 by AAL12A, in particular since the repressive effects of
Mot3 appear to be stronger than the activation by Sok2
(Figure 3C). We hypothesize that the AA112A mutation may
have altered the TTF binding landscape upstream of FRGZ28, not
only for Mot3 and Sok2, but possibly for other TFs or their
cofactors as well. The deletion’s effect on transcription would then
be determined by this altered landscape.

In addition to the focus on ERG28, our results also further
characterize the polygenic ERG pathway adaptation as a whole.
We found that two genes not implicated in our previous analysis of
microarray data [8], ERG25 and ERG27, also show reduced
expression from the BY allele (compared to RM). Moreover, our
precise measurements of the cis-acting effect size for each ERG
gene led us to an intriguing discovery: the five proteins that form
the core of a complex at the ER membrane are also the five with
the strongest cis-regulatory change. This pattern suggests an
exquisite specificity of selection, in which the precise level of down-
regulation is determined not only by position within the pathway,
but also by membership in a particular protein complex.

While a handful of causal mutations underlying cis-regulatory
adaptations in other model organisms have been previously
reported [13-14], their molecular mechanisms are unknown.
Compared to these, our knowledge of the ERG28 AAl12A
mutation is now relatively detailed, though still incomplete; for
example, how the deletion disrupts binding has not been
established. A plausible explanation is that Sok2 and Mot3 may
bind cooperatively to the ZRG28 promoter in wildtype RM; if this
cooperativity is disrupted by the 2-bp deletion (which brings the
binding sites ~6.8 A closer together and changes their relative
angles by ~70°), then neither factor would bind well to the
AA112A promoter.

At the phenotypic level, we found that AA112A confers a
condition-specific growth advantage in the presence of the
antifungal drug amphotericin B. Because the AA112A mutation
may also lead to a fitness advantage in other environments that
were not tested, we cannot conclude whether amphotericin B is
related to the specific selection pressure that gave rise to the ERG
pathway adaptation in BY. However our results are quite
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consistent with previous observations that the down-regulation or
inactivation of ERG pathway genes confers resistance to
amphotericin B in diverse clinical yeast isolates [19-21]. Thus in
addition to aiding our understanding of the molecular mechanisms
of cis-regulatory adaptation, our results may shed light on potential
mechanisms by which antifungal drug resistance can evolve.

Materials and Methods

Strain construction

We carried out all strain engineering in RM, as opposed to BY,
because BY contains a very recent loss-of-function transposon
insertion in the transcription factor HAPI, which alters the
regulation of many ERG genes, including ERG28. Because this
mutation was so recent (not even present in the very closely related
lab strain W303 [8]), it must have happened after the KRG28 cis-
regulatory adaptation, so the functional HAP! in RM should more
accurately reflect the original effects of any czs-regulatory mutations.

In wvivo site-directed mutagenesis, known as delitto perfetto, was
performed as described [27]. Briefly, the pCORE-UH cassette,
containing K. lactis URA3 and hyg, was amplified using primers
containing ~70 bp of homology to the RM ERG28 promoter (T'able
S1). This PCR product was transformed into RM, and correct
incorporation into the ZRG28 promoter was verified by PCR. The
site of incorporation was chosen in between the two candidate genetic
variants, so that the same CORE cassette transformant could be used
for engineering both mutations. The CORE cassette was then
removed by separately transforming two PCR products from the BY
ERG28 promoter, containing the desired mutation (either AA112A or
T229C) as well as enough flanking DNA sequence (identical between
RM and BY) to allow specific targeting of the PCR product. Because
the efficiency of delitto perfetto is maximized when transforming longer
DNA molecules, as well as double-stranded DNA [20], transforming
long PCR products from BY (as opposed to shorter, single-stranded
synthetic oligonucleotides) is a useful modification. Counter-selection
of the resulting transformants on 5-FOA allowed isolation of
successfully engineered strains that had replaced the CORE cassette
with the desired mutation, which were then sequence-verified.

The complete coding regions of MOT3 and SOR2 were replaced
with the AphMX6 antibiotic resistance gene via PCR-mediated
gene disruption [43] in both RM and RM AA112A. Transfor-
mants were grown on hygromycin B, and verified by PCR. These
two TTs were also HA-tagged at their C-termini via transforma-
tion of a PCR product including the HA tag, /hphMX6, and
flanking regions with 40 bp of homology to the targeted regions
[43]. Transformants were grown on hygromycin B, and then
verified by PCR and sequencing.

Table S2 lists all strains used in this work.

Growth conditions

With the exception of growth rate experiments (Figure 4), all
strains were grown in standard YPD media at 30°C, and harvested
in log-phase (OD600 ~1) for either RNA extraction or chromatin

immunoprecipitation.

RNA extraction and cDNA synthesis

We extracted total RNA with the Epicentre Biotechnologies
RNA Purification kit, which includes a DNase treatment to
remove contaminating genomic DNA. RNA concentration was
quantified with a NanoDrop2000 spectrophotometer. For cDNA
synthesis, total RNA samples were diluted to a concentration of
500 ng/puLl.. RNA was reverse transcribed into cDNA with
SuperScript III RT (Invitrogen), following manufacturer protocols.
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Pyrosequencing

Pyrosequencing was performed on a PyroMark Q24 (Qiagen),
following manufacturer’s protocols. Primers (Table S1) were designed
to target individual SNPs in transcribed regions using the PyroMark
Assay Design Software (Qiagen). Negative controls using no primers,
or no cDNA template, were performed for each assay.

Quantitative PCR

cDNA was diluted 1:100 prior to gPCR. qPCR was performed
on an FEco Real-Time PCR machine (Illumina) following
manufacturer’s protocols. To quantify changes in FRG28 mRNA
abundance, six control genes previously noted for their stability
across conditions [44] were measured in each experiment: ACT],
TDH3, ALGY, TAFI10, TFCI, and UBC6. All experiments were
done in at least biological triplicate and technical duplicate.
Experiments in Figure 3¢ were done in biological sextuplicate and
technical quadruplicate. Data were analyzed using gBase Plus
software (Biogazelle) [45].

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) was performed essen-
tially as described [46]. Briefly, wildtype cells and cells expressing
either Mot3-HA or Sok2-HA were grown to mid-log phase in
100 mL YPD. Cross-linking was performed by treating yeast with
1% formaldehyde for 15 minutes at 25°C. Chromatin was isolated
from whole-cell extracts generated by spheroplasting and sheared
by sonication. Immunoprecipitation was performed from 5 ug
chromatin using mouse monoclonal anti-HA (Invitrogen, clone
5B1D10) and immune complexes were captured with Ultralink
Immobilized Protein A/G resin (Pierce). Protein-DNA complexes
were eluted with 1% SDS/0.1 M NaHCOs. Eluates were
incubated at 65°C overnight to reverse cross-links and treated
with proteinase K (Invitrogen) and RNAse A. DNA was phenol-
chloroform extracted, ethanol-precipitated, and resuspended in
water prior to qPCR.

ChIP DNA was amplified on an Eco Real-Time PCR machine
(Illumina) following manufacturer’s protocols. We quantified the
abundance of the ERG28 promoter region containing the Mot3
and Sok2 binding sites, as well as part of the ACT! coding region
as a control to quantify the amount of DNA in each reaction. The
concentration of ERG28 promoter DNA was normalized against
this control before comparing across genetic backgrounds (RM vs.
RM AAI112A) for each TF.

Quantitative growth rate measurements

To perform quantitative growth rate measurements (Figure 4),
we grew strains in 96-well plates and measured OD600 at 15-
minute intervals using an automated plate reader (Tecan) until
cultures reached saturation. Data shown in Figure 4 are the mean
log, ratios of the maximum log-phase growth rates (estimated by
Magellan software, Tecan) for 48 replicate growth curves of each
strain. Growth conditions were SD media alone or 0.8 ug/ml
amphotericin B in SD media, both at room temperature (22°C). P-
values were calculated using a paired t-test, pairing wells in the
same row on each plate. Other conditions tested in an initial
screening phase were hyperosmotic stress (NaCl or menadione)
and temperature stress (heat/freezing).

Supporting Information

Figure S1 Phylogeny of S. cerevisiae (adapted from [37]), with
strains containing the AAI12A allele marked with an asterisk.
Strains are grouped by geographic origin; branch lengths are not
to scale. “SGD” and “S288c” are nearly identical to BY, so are
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not counted among the 12 non-BY strains with the AA112A
variant.

(PDF)
Table S1 All PCR primers used in this work.
(XLSX)

Table 82 All yeast strains used in this work.
(XLSX)

References

1.

20.

21.

22.

24.

Darwin C (1876) On the Origin of Species by Means of Natural Selection: or,
the Preservation of Favored Races in the Struggle for Life. New York, NY: D.
Appleton and Co.

. King MC, Wilson AC (1975) Evolution at two levels in humans and

chimpanzees. Science 188: 107.

. Prud’homme B, Gompel N, Carroll SB (2007) Emerging principles of regulatory

evolution. Proc Natl Acad Sci USA 104 Suppl 1: 8605-12.

. Hoekstra HE, Coyne JA (2007) The locus of evolution: Evo devo and the

genetics of adaptation. Evolution 61: 995-1016.

. Fraser HB (2013) Gene expression drives local adaptation in humans. Genome

Research 23: 1089.

. Fraser HB, Levy S, Chavan A, Shah HB, Perez JC, et al. (2012) Polygenic cis-

regulatory adaptation in the evolution of yeast pathogenicity. Genome Research
22: 1930.

. Fraser HB, Babak T, Tsang J, Zhou Y, Zhang B, et al. (2011) Systematic

detection of polygenic cis-regulatory evolution. PLoS Genetics 7: ¢1002023.

. Fraser HB, Moses A, Schadt EE (2010) Evidence for widespread adaptive

evolution of gene expression in budding yeast. Proc Natl Acad Sci USA 107:
2997.

. Traser HB (2011) Genome-wide approaches to the study of adaptive gene

expression evolution. Bioessays 33: 469.

. Martin HC, Roop JI, Schraiber JG, Hsu TY, Brem RB (2012) Evolution of a

membrane protein regulon in Saccharomyces. Mol Biol Evol 29:1747-56.

. Tirosh I, Reikhav S, Levy AA, Barkai N (2009) A yeast hybrid provides insight

into the evolution of gene expression regulation. Science 324:659-62.

. Crocker J, Tamori Y, Erives A (2008) Evolution acts on enhancer organization

to fine-tune gradient threshold readouts. PLoS Biol 6: €263.

. Chan YF, Marks ME, Jones FC, Villarreal G Jr, Shapiro MD, et al. (2010)

Adaptive evolution of pelvic reduction in sticklebacks by recurrent deletion of a
PitxI enhancer. Science 327: 302.

. Rebeiz M, Pool JE, Kassner VA, Aquadro CF, Carroll SB. (2009) Stepwise

modification of a modular enhancer underlies adaptation in a Drosophila
population. Science 326: 1663.

. TFrankel N, Erezyilmaz DF, McGregor AP, Wang S, Payre F, et al. (2011)

Morphological evolution caused by many subtle-effect substitutions in regulatory
DNA. Nature 474: 598-603.

. Jeong S, Rebeiz M, Andolfatto P, Werner T, True J, et al. (2008) The evolution

of gene regulation underlies a morphological difference between two Drosophila
sister species. Cell 132: 783-93.

. Gerke J, Lorenz K, Cohen B (2009) Genetic interactions between transcription

factors cause natural variation in yeast. Science 323: 498-501.

. Linnen CR, Poh YP, Peterson BK, Barrett RD, Larson JG, et al. (2013)

Adaptive evolution of multiple traits through multiple mutations at a single gene.
Science 339: 1312-6.

. Morschhauser J (2010) Regulation of multidrug resistance in pathogenic fungi.

Fungal Genet and Biol 47: 94-106.

Young LY, Hull CM, Heitman J (2003) Disruption of ergosterol biosynthesis
confers resistance to amphotericin B in Candida lusitaniae. Antimicrob Agents
Chemother 47: 2717-24.

Kelly SL, Lamb DC, Taylor M, Corran AJ, Baldwin BC, et al. (1994) Resistance
to amphotericin B associated with defective sterol A87 isomerase in a Cryptococcus
neoformans strain from an AIDS patient. FEMS Microbiology Letters 122: 39-42.
Brem RB, Kruglyak L (2005) The landscape of genetic complexity across 5,700
gene expression traits in yeast. Proc Natl Acad Sci USA 102: 1572-1577.

. Wittkopp PJ (2011) Using pyrosequencing to measure allele-specific mRNA

abundance and infer the effects of ¢is- and trans-regulatory differences. Methods
Mol Biol 772: 297-317.

Mo C, Bard M (2005) Erg28p is a key protein in the yeast sterol biosynthetic
enzyme complex. J Lipid Res 46:1991-8.

PLOS Genetics | www.plosgenetics.org

Molecular Mechanism of a Cis-Regulatory Adaptation

Acknowledgments

We thank D. Leifer and S. Bhutra for assistance with strain construction; S.
Patel for assistance with pyrosequencing; and A. Ting for advice.

Author Contributions

Conceived and designed the experiments: JC HBF. Performed the
experiments: JC YZ XH CH EMG MSK LL. Analyzed the data: JC YZ
RK HBF. Wrote the paper: JC HBF.

30.

31.

32.

33.

34.

36.

37.

38.

40.

41.

42.

43.

44.

46.

. Mo C, Valachovic M, Bard M (2004) The ERG28-encoded protein, Erg28p,

interacts with both the sterol C-4 demethylation enzyme complex as well as the
late biosynthetic protein, the C-24 sterol methyltransferase (Erg6p). Biochim
Biophys Acta 1686:30-6.

Gachotte D, Eckstein J, Barbuch R, Hughes T, Roberts C, et al. (2001) A novel
gene conserved from yeast to humans is involved in sterol biosynthesis. J Lipid
Res 42:150-4.

. Venters BJ, Wachi S, Mavrich TN, Andersen BE, Jena P, et al. (2011) A

comprehensive genomic binding map of gene and chromatin regulatory proteins
in Saccharomyces. Mol Cell 41:480-92.

Storici F, Resnick MA (2006) The delitto perfetto approach to in vivo site-
directed mutagenesis and chromosome rearrangements with synthetic oligonu-

cleotides in yeast. Methods Enzymol 409:329-45.

. Raveh-Sadka T, Levo M, Shabi U, Shany B, Keren L, et al. (2012)

Manipulating nucleosome disfavoring sequences allows fine-tune regulation of
gene expression in yeast. Nat Genet 44:743-50.

Nagarajan M, Veyrieras JB, de Dieuleveult M, Bottin H, Fehrmann S, et al.
(2010) Natural single-nucleosome epi-polymorphisms in yeast. PLoS Genet
6:¢1000913.

Maclsaac KD, Wang T, Gordon DB, Gifford DK, Stormo GD, et al. (2006) An
improved map of conserved regulatory sites for Saccharomyces cerevisiae. BMC
Bioinformatics 7:113.

Montanés FM, Pascual-Ahuir A, Proft M (2011) Repression of ergosterol
biosynthesis is essential for stress resistance and is mediated by the Hogl MAP
kinase and the Mot3 and Rox1 transcription factors. Mol Microbiol 79:1008-23.
Davies BS, Rine ] (2006) A role for sterol levels in oxygen sensing in Saccharomyces
cerevisiae. Genetics 174:191-201.

Barrett RD, Schluter D (2008) Adaptation from standing genetic variation.
Trends Ecol Evol 23:38-44.

. Orr HA, Betancourt AJ (2001) Haldane’s sieve and adaptation from the standing

genetic variation. Genetics 157:875-84.

Hermisson J, Pennings PS (2005) Soft sweeps: molecular population genetics of
adaptation from standing genetic variation. Genetics 169:2335-52.

Liti G, Carter DM, Moses AM, Warringer J, Parts L, et al. (2009) Population
genomics of domestic and wild yeasts. Nature 458: 337-341.

Mortimer RK, Johnston JR (1986) Genealogy of principal strains of the yeast
genetic stock center. Genetics 113: 35-43.

. Dimitrov LN, Brem RB, Kruglyak L, Gottschling DE (2009) Polymorphisms in

multiple genes contribute to the spontancous mitochondrial genome instability
of Saccharomyces cerevisiae S288c strains. Genetics 183:365-83.

Zheng W, Zhao H, Mancera E, Steinmetz LM, Snyder M (2010) Genetic
analysis of variation in transcription factor binding in yeast. Nature 464:1187—
9l.

Sharon E, Kalma Y, Sharp A, Raveh-Sadka T, Levo M, et al. (2012) Inferring
gene regulatory logic from high-throughput measurements of thousands of
systematically designed promoters. Nat Biotechnol 30:521-30.

Gemayel R, Vinces MD, Legendre M, Verstrepen KJ (2010) Variable tandem
repeats accelerate evolution of coding and regulatory sequences. Annu Rev
Genet 44:445-77.

Amberg DC, Burke DJ, Strathern JN (2005) Methods in Yeast Genetics. Cold
Spring Harbor, NY: Cold Spring Harbor Laboratory.

Teste MA, Duquenne M, Frangois JM, Parrou JL (2009) Validation of reference
genes for quantitative expression analysis by real-time RT-PCR in Saccharomyces
cerevisiae. BMC Mol Biol 10:99.

. Hellemans J, Mortier G, De Paepe A, Speleman F, Vandesompele J. (2007)

qBase relative quantification framework and software for management and
automated analysis of real-time quantitative PCR data. Genome Biol 8: R19.
Meluh PB, Broach JR (1999) Immunological analysis of yeast chromatin.
Methods Enzymol 304:414-430.

September 2013 | Volume 9 | Issue 9 | 1003813



