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ABSTRACT In the yeast Saccharomyces cerevisiae, beneficial mutations selected during sulfate-limited growth are typically amplifi-
cations of the SUL1 gene, which encodes the high-affinity sulfate transporter, resulting in fitness increases of .35% . Cis-regulatory
mutations have not been observed at this locus; however, it is not clear whether this absence is due to a low mutation rate such that
these mutations do not arise, or they arise but have limited fitness effects relative to those of amplification. To address this question
directly, we assayed the fitness effects of nearly all possible point mutations in a 493-base segment of the gene’s promoter through
mutagenesis and selection. While most mutations were either neutral or detrimental during sulfate-limited growth, eight mutations
increased fitness .5% and as much as 9.4%. Combinations of these beneficial mutations increased fitness only up to 11%. Thus, in
the case of SUL1, promoter mutations could not induce a fitness increase similar to that of gene amplification. Using these data, we
identified functionally important regions of the SUL1 promoter and analyzed three sites that correspond to potential binding sites for
the transcription factors Met32 and Cbf1. Mutations that create new Met32- or Cbf1-binding sites also increased fitness. Some
mutations in the untranslated region of the SUL1 transcript decreased fitness, likely due to the formation of inhibitory upstream open
reading frames. Our methodology—saturation mutagenesis, chemostat selection, and DNA sequencing to track variants—should be a
broadly applicable approach.
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CHANGES in the extent or timing of gene expression can
have profound effects on molecular and organismal phe-

notypes and thereby drive evolution (King and Wilson 1975;
Wray 2007). Heritable noncoding variation can alter gene
expression in cis or in trans (Skelly et al. 2009), and both
have been shown to contribute significantly to gene expres-
sion variation (Ronald et al. 2005; Tirosh et al. 2009; Skelly

et al. 2011). Two primary mechanisms by which cis variation
can increase gene expression are increases in gene copy num-
ber and point mutations in regulatory regions. However, the
relative effect size of amplification compared to point muta-
tion is not known.

It has been proposed that amplification is both quickly
achieved and then reverts after fixation of fitness-increasing
point mutations (Hendrickson et al. 2002; Yona et al. 2012).
This mechanism raises the question of whether amplification
is simply a transitional state that provides an increased
chance for a beneficial point mutation to occur. Alternatively,
gene amplification may be so frequently observed because
the fitness effects it confers are greater than those achievable
by point mutations. Gene amplifications have been found to
be advantageous in many contexts, including phenotypic
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evolution (Hoekstra and Coyne 2007; Stern and Orgogozo
2008) and cancers (Brison 1993; Lengauer et al. 1998), but
few experiments have addressed whether cis-regulatory mu-
tations could also lead to similar effects. In one study, random
mutations were introduced into yeast and assayed for their
effects on the expression of a fluorescent reporter (Gruber
et al. 2012). Strains with altered reporter expression were
classified as having either trans or cis mutations, the cis
mutations being either noncoding point mutations in the
reporter construct or amplifications. As expected, amplifi-
cations increased reporter expression, but there was no dif-
ference in effect between these and fluorescence-increasing
cis-regulatory point mutations (although only two such
mutations were isolated). No strains with a reporter copy
number greater than two were isolated, leaving open the
possibility that higher-copy-number gene amplifications
could enhance expression beyond that achieved by point
mutation.

To study thesequestionsdirectly,we turned toanother case
in which gene amplifications are adaptive. When Saccharo-
myces cerevisiae is subjected to long-term growth under sul-
fate limitation, a region of chromosome II containing the
sulfate transporter gene SUL1 is recurrently amplified after
�50 generations (Gresham et al. 2008; Payen et al. 2014).
The amplification of this gene leads to a fitness increase of
37–51% (Gresham et al. 2008; Payen et al. 2014), depending
on amplicon size and copy number. Amplification appears to
be the preferred means by which fitness can be increased, as
the appearance of coding or noncodingmutations at the SUL1
locus is very rare. However, this preference for amplification
of SUL1 could have other possible explanations in addition to
superior fitness, such as differences in the mutation rate be-
tween point mutations and amplifications. We sought to de-
termine whether cis-regulatory mutations were capable of
comparable effects by directly creating such mutations via
mutagenesis, an approach that allowed us to skirt the poten-
tial effect of mutation rate.

The specifics of SUL1’s transcriptional regulation are
largely unknown. SUL1 is one of the 45 genes composing
the core Met4 regulon of genes involved in yeast sulfur me-
tabolism (Lee et al. 2010). Met4 is a transcriptional activator,
but has no DNA-binding activity. It is targeted to promoter
sequences by combinations of three transcription factors—
Cbf1, Met31, and Met32—that themselves lack transcrip-
tional activation activity. Cbf1, Met31, and Met32 can induce
transcription individually and in combination (Lee et al.
2010; Petti et al. 2012). SUL1 is unannotated in many func-
tional genomic studies on regulation, includingRNA sequencing
(Nagalakshmi et al. 2008), DNase I mapping (Hesselberth et al.
2009), andChIP-Exo (Rhee andPugh2012), presumably due to
its low expression in the sulfate-rich conditions used by these
studies.

Mutagenesis has long been applied to study the function
of noncoding sequence. Early work in yeast established the
structure of eukaryotic promoters, delineating upstream
activating sequences as the binding sites for transcriptional

regulators. These experiments changed promoter sequences
by truncation, internal deletion, replacement of activating
sequences, rearrangement, and random mutagenesis (Struhl
1989). However, these experiments were low throughput,
assaying promoter variants one at a time. More recent studies
that couple mutagenesis with high-throughput sequencing
have increased the resolution and throughput of the analysis
of eukaryotic cis-regulatory elements (Kwasnieski et al. 2012;
Melnikov et al. 2012; Patwardhan et al. 2012). These studies
assay thousands of variants simultaneously and provide de-
tailed information on the relative mutational constraints on
each base of a promoter, identifying transcription factor-binding
sites and other regulatory elements.

Here, we use the methods of mutagenesis, selection, and
sequencing to assay thefitness of nearly all singlemutations in
the SUL1 promoter. We show that, while point mutations can
increase fitness in sulfate limitation by up to �10%, neither
single mutations nor combinations of these mutations can
increase fitness to the extent that SUL1 amplification can.
We also use these data to define potential transcription factor-
binding sites that regulate SUL1 expression and to identify
point mutations that create new regulatory sites. Addition-
ally, our assay is sensitive to post-transcriptional effects of cis-
regulatory mutations and identifies detrimental mutations
that create new upstream open reading frames in the SUL1
59 untranslated region.

Materials and Methods

Oligonucleotides, yeast strains, and plasmids used in
this study

Oligonucleotidesused in this studycanbe found inSupporting
Material, Table S1. The S. cerevisiae strain used in this study
was FY3, a MATa uracil auxotroph (ura3-52) of the S288c
background. The strain deleted for SUL1 was obtained by
transformation with a PCR fragment containing a NatMX cas-
sette and two flanking regions with homology to the SUL1
locus. The transformant was backcrossed three times to FY2
to select for a clone containing both the sul1 deletion and the
ura3-52 allele. A list of strains and plasmids used in this study
can be found in Table S2.

Fitness estimates of individual strains

Fitnessmeasurements of individual cloneswere performed as
previously described (Payen et al. 2014) in sulfate-limited
chemostats using a prototrophic FY strain where theHO locus
had been replaced with eGFP (MATa: YMD1214).

Promoter truncation and mutagenesis

Promoter truncations were created by amplifying the SUL1
locus from genomic DNA using oligos 314–319 as forward
primers and oligo 266 as the reverse primer and the following
PCR conditions: 98� for 1 min; then 25 cycles of 98� for 10
sec, 65� for 15 sec, and 72� for 15 sec; and then a final in-
cubation at 72� for 5 min. These PCR products were cloned
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into an EcoRI- and SacI-digested pRS416 vector by Gibson
assembly, and their sequences were confirmed by Sanger
sequencing. Yeast was transformed by lithium acetate trans-
formation with each plasmid individually. At least two inde-
pendent transformants were used for fitness measurements.
The plasmid containing the 493-base promoter and remain-
der of SUL1 was named “pMR002.”

The templateused formutagenesiswasfirst amplified from
pMR002usingoligos295and297.Promotermutagenesiswas
performed using the GeneMorph II Random Mutagenesis Kit
(Agilent) according to manufacturer’s recommendations.
One and 10 nanograms of template were amplified in muta-
genesis reactions using oligos 295 and 297 and the following
conditions: 95� for 2 min; then 25 cycles of 95� for 30 sec, 55�
for 30 sec, and 72� for 30 sec; and then a final step of 72� for
10 min. These libraries were gel-extracted with a MinElute
Gel Extraction kit (Qiagen), mixed one-to-one, and cloned
into a BamHI and SacI-digested pMR002 plasmid usingGibson
assembly. One microliter of this reaction was transformed
directly into ElectroMAX DH10B electrocompetent Escheri-
chia coli (Life Technologies).

Barcodes were created by annealing oligos 283 and 296
and then performing a single cycle of extension using the
Klenow fragment of DNA polymerase I (NEB). These frag-
ments were cleaned and concentrated using a DNAClean and
Concentrator-5 kit (Zymo Research). pMR002 library plas-
midswere digestedovernightwithHindIII, dephosphorylated
with calf intestinal phosphatase (NEB), and gel-purified. Bar-
code fragments weremixed in a 10-foldmolar excess with cut
library plasmids and cloned using Gibson assembly. Electro-
MAX DH10B electrocompetent E. coli (Life Technologies)
was transformedwith 1ml of this reaction. In total, the library
comprised 157,159 variants tagged by 634,639 barcodes.
Yeast strains FY3 and FY3 sul1 were transformed with bar-
coded plasmids using a high-efficiency protocol (Gietz and
Schiestl 2007), resulting in .5 million transformed cells per
library.

Continuous culture in chemostats

Nutrient-limited media (sulfate-limited and glucose-limited)
were prepared as described (Gresham et al. 2008). The
200-ml chemostat vessels were inoculated with 1 ml of each
pool (�23 107 cells). The pools were grown in chemostats for
25 hr in batch and then switched to continuous culture at a
dilution rate of 0.176 0.01 vol/hr at 30�. The cultures reached
steady state after �6 generations and were maintained for
�40 generations. A sample was taken immediately after the
initiation of pumping and was designated generation 0 (G0).
Samples (25–50 ml of culture at a density of 23 104 cells/ml)
for cell counting and DNA extraction were passively collected
once or twice daily, every three to six generations on average.

Mapping barcodes to promoter sequences

To map barcodes to promoter sequences, 25 ng of pMR002
was amplified for nine cycleswith KAPAHiFi Hotstart Readymix
using oligos 327 and 328 and the following cycling conditions:

98� for 20 sec and then nine cycles of 98� for 30 sec, 65� for
15 sec, and 72� for 25 sec. This reaction was cleaned with a
DNA Clean and Concentrator kit (Zymo Research) and quan-
tified using a Qubit florometer (Life Technologies). The prod-
ucts were sequenced with 300-base paired-end reads and a
12-base index read on a MiSeq (Illumina). Oligo 325 was
used as the sequencing primer for both read 1 and read 2,
and oligo 326 was used as the sequencing primer for read 3.
Twelve-base barcode sequences were removed from read 1,
and read 1 was trimmed to 270 bases using Prinseq
(Schmieder and Edwards 2011). The resulting forward read
and read 3 were merged and mapped to their consensus
barcode (Hiatt et al. 2010; Starita et al. 2013). To remove
unbarcoded plasmids and truncations occurring during Gibson
assembly, barcode sequences were aligned to pMR002, and
all barcodes that mapped were removed from the data set.

Barcode sequencing library preparation

Yeast samples (50 ml) were harvested and flash-frozen after
growth in chemostats, and plasmids were extracted using the
Zymoprep YeastMiniprep II kit (ZymoResearch). Sequencing
librarieswere created using twoamplification steps. First, 4ml
of each plasmidminiprep was amplified in a 25ml reaction by
quantitative PCR with oligos 327 and 344 using KAPA HiFi
HotStart ReadyMix (KAPA) on a Bio-Rad MiniOpticon (Bio-
Rad). The following PCR conditions were used: 98� for 2 min
and then cycles of 98� for 10 sec, 65� for 15 sec, and 72� for
25 sec. Reactions were stopped after 10–13 cycles to avoid
overamplification. One microliter of each reaction was then
diluted into a 25 ml KAPA HiFi HotStart ReadyMix reaction
with oligos P5 and NexV2ad2_N to add sequencing indices
and amplify full-length products. As with the first reaction,
quantitative PCR was used to avoid overamplification, and
each reaction was stopped after either seven or eight cycles.
The same cycling conditions were used as in the first ampli-
fication reaction. These reactions were cleaned with Ampure
XP beads (Agencourt) and sequencedwith 25-base reads on a
MiSeq, NextSeq, and HiSeq 2000 (Illumina), using oligo 325
as the read 1 sequencing primer.

Barcode sequencing analysis

Twelve-base barcode sequences were extracted from reads
and analyzed using custom software implemented in Python
(File S1). Barcode sequences that perfectly matched the con-
sensus barcodes were counted, and counts were converted to
frequencies within each round of selection. Barcode frequen-
cies were converted to log ratios between each round and the
input. The fitness of each barcode was calculated as the slope
of the ordinary least-squares regression of these ratios, and
the number of generations elapsed for each sample. Variant
fitnesses were normalized to wild-type fitness by subtracting
the wild-type slope from the slope of each barcode. The fit-
ness of a mutant is the average fitness of all barcodes that
map to that mutant. To create a set of high-confidence vari-
ants, we compared the fitness and input read counts of the
barcodes mapping to wild-type promoters. We qualitatively
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set a minimum read count threshold at a point to maximize
the number of wild-type barcodes yet minimize the variance
of the wild-type fitness scores and dependence of fitness
scores on input count number. Using this heuristic, we set
the read count threshold for sulfate limitation experiments
at 50 input reads and for glucose-limitation experiments at
15 input reads (Figure S1).

Creation and selection of a combinatorial library of
high-fitness mutations

A library of promoters containing only combinations of five
high-fitness mutations and neutral variation at one position
was built using five sequential steps of PCR, each using the
product of the previous reaction as a primer. Inadvertently,
oligo 381 encoded either C or T, both neutral variants, at
position 2246. The primers and products used in each re-
action were the following: (1) oligos 380 and 381; (2) the
product from (1) and 237; (3) the product from (2) and 382;
(4) oligos 237 and 382; (5) the product from (4) and M13F;
(5) M13F and 237. All reactions were 25 ml KAPA HiFi Hot-
Start ReadyMix reactions using the following PCR conditions:
98� for 2 min; then 25 cycles of 98� for 10 sec, 65� for 15 sec,
and 72� for 15 sec; and then 72� for 5 min. Only 15 cycles of
PCR were used in reaction 5. The final product was gel-
extracted using a MinElute Gel Extraction kit (Qiagen),
cloned into pMR002 using Gibson assembly, used to trans-
form ElectroMAX DH10B electrocompetent E. coli (Life Tech-
nologies), and then used to transform YMD3017 using a
high-efficiency yeast transformation (Gietz and Schiestl
2007). Selections and plasmid extractions were performed
as before. Fragments for sequencing were amplified using
400 nM each of a custom forward index primer (oligos
395–402, one per sample) and oligo 328, using the following
PCR conditions: 98� for 2 min and then cycles of 98� for 10
sec, 65� for 15 sec, and 72� for 25 sec. Quantitative PCR was
used to avoid overamplification, and reactions were stopped
after 8–16 cycles, depending on the sample.

Libraries were sequencedwith overlapping 150-base reads
on aMiseq (Illumina) using oligo 442 as a forward primer and
oligo 387 as a reverse primer. These reads covered five of the
six mutated sites in the library. We sequenced the final mutated
site with an 8-base index read (using oligo 443) and used the
second index read to demultiplex samples. Reads were geno-
typedat eachmutated site andanalyzed similarly to our barcode
sequencing data (code for this analysis can be found in File S1).

Generation and genomic integration of
promoter variants

We first replaced the genomic SUL1 promoter with URA3.
URA3 was amplified from FY3 genomic DNA with oligos
678–681, and this PCR product was used to transform
YMD3107 via high-efficiency yeast transformation (Gietz
and Schiestl 2007). We created single mutants of the SUL1
promoter in two sequential PCR steps. We amplified the 39
end of the promoter with a primer containing each mutation
(oligos 517–522 and 603–605) and oligo 237, using pMR002

as a template. These products were gel-extracted with a Fast-
Gene PCR Extraction Kit (Nippon Genetics) and used as pri-
mers along with M13F to add the 59 end of the promoter to
the fragment (using pMR002 as template). These reactions
were gel-extracted and cloned into pMR002 by Gibson assem-
bly. The promoter-SUL1 fragments of these plasmids were am-
plifiedwith oligos 237 and 685 and used to transform YMR002,
creating strains YMR008-YMR012 and YMR017-YMR020.
These strainsweremade prototrophic (URA+) by backcrossing
to YMD3018, creating strains YMR022 and YMR024-YMR030.

Matching fitness data to known transcription factor motifs

Single-mutant log-normalized frequencies at 0 and 40 gen-
erations were estimated using the slope and y-intercept of
the linear fit used to calculate variant fitness, creating a log-
likelihood of finding each variant in the data set. These ratios
were then ordered by position and identity (i.e., A, C, T, or G).
The estimated wild-type ratio at 40 generations was used for
the wild-type base at each position, and a value of 1.0 was
used for missing data. Any extrapolated values,0.001 were
set to 0.001. Specific position ranges were extracted from this
matrix and compared to known transcription factor motifs
(Zhu and Zhang 1999; MacIsaac et al. 2006) using Tomtom
version 4.10.0 (Gupta et al. 2007).

Finding newly created transcription factor-binding sites

We enumerated all possible single mutations in the SUL1
promoter in the context of a 25-mer (each mutation was
flanked by 12 upstream and downstream wild-type bases),
as well as their wild-type alternatives. We searched this set of
sequences for occurrences of motifs with Find Individual Motif
Occurrences (FIMO) (Grant et al. 2011), relaxing the signifi-
cance threshold for reporting motif matches to P = 0.01. This
relaxed threshold allowed us to identify evenweakmatches to a
motif that could be improved by point mutations.We compared
the significance of eachmutantmatch to the significance of that
motif’s match to the wild-type 25-mer for all motif matches that
overlapped themiddle position in the sequence and calculated a
log-normalized ratio of these two scores.

Data availability

Scripts canbe foundathttps://github.com/msr2009/Rich2016.
Raw data can be found in File S2. Raw sequencing reads can be
found in the National Center for Biotechnology Information Se-
quence Reads Archive, Bioproject ID PRJNA273419. A flow-
chart describing the experiments presented here can be found
in Figure S7. Variants are named in this manuscript usingHGVS
format. For example, themutation at position2458 fromT to A
is named 2458T.A.

Results

Extent of the SUL1 promoter

We first sought to define the SUL1 regulatory region because
little functional annotation is available apart from the iden-
tification of three putative TATA boxes at 2199, 293, and
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291 (Kellis et al. 2003; Basehoar et al. 2004). We created a
centromeric plasmid-borne copy of SUL1 that included the
coding region, 687 bases upstream of the start codon and
270 bases downstream of the termination codon. This region
(chromosome II: 788548–792107) begins 118 bases down-
stream of the VBA2 termination codon and stops 57 bases
upstream of the first base of ARS228. Deletion of this geno-
mic region causes a 19% decrease in sulfate-limited fitness
(Payen et al. 2015). Expression of plasmid-borne SUL1 in the
deletion background increased fitness by 20.4%. To identify
the functional extent of the SUL1 promoter, we measured the
fitness in sulfate-limited media of sul1D yeast strains trans-
formed with plasmids containing one of a set of truncated
promoters, each progressively deleting �100 bases (Figure
1). Truncation to a 592-base promoter caused a small fitness
decrease (26.45%) compared to the full-length regulatory
sequence, although truncation further to 493 bases restored
fitness. All truncations that created a promoter shorter than
493 bases were unable to complement the deletion of the
endogenous SUL1, leading to substantial fitness defects
(233% to 253%). We defined the 493 bases (chromosome
II: 788742–789234) as the minimal SUL1 promoter and used
this region for mutagenesis. Since the transcription start site
of SUL1 is also unannotated, mutations will be numbered
relative to the SUL1 start codon; for example, 2493 is chro-
mosome II: 788742 and 21 is chromosome II: 789234.

SUL1 promoter mutagenesis and selection

We used error-prone PCR to create random mutations in the
SUL1 promoter and cloned these promoter variants scarlessly
by Gibson assembly into the SUL1 construct. After uniquely
barcoding plasmids and linking the plasmid barcodes to the
sequence of the promoter variants, we obtained sequences of
152,723 variants uniquely tagged by 630,517 barcodes. Each
uniquely barcoded variant had on average 2.2mutations. The
wild-type promoter was tagged by 92,753 barcodes (15.1%
of the total barcodes) (Figure S2A). We transformed both
SUL+ and sul1D strains with this library. Transformants were
competed as a pool during growth in sulfate-limited chemo-
stats, and the activity of each barcoded promoter, as approx-
imated by the relative fitness of each strain in the pool, was
calculated as described in Materials and Methods. After strin-
gent filtering for high-confidence variants (Materials and
Methods), we calculated a wild-type-normalized fitness value
for 29,906 promoter variants. The pooled transformants as a
whole had amedian fitness decrease of21.7%. Single-mutant
fitnesses were specific to sulfate limitation, as fitness values
after selection in glucose limitation, in which SUL1 activity
does not drive competitive fitness, were neutral (Figure S4),
and the distribution of all fitness scores in glucose limitation
was not statistically different from the fitness score of the
94,912 wild-type promoter sequences in sulfate-limited
medium (P = 0.38, t-test).

Both the distribution of wild-type barcodes and the distri-
bution of all variants were centered on zero and had a long
negative tail (Figure S2B).Unlike the distribution forwild-type

barcodes, the distribution of variant fitness had a large shoul-
der corresponding to variants with fitness decreases between
215 and25%, consistentwithmany positions in the promoter
being sensitive to mutation.

We also examined the effect of mutations in a strain in
which the endogenous copy of SUL1 was not deleted. The
fitness effects of variants were generally highly correlated
between this SUL+ strain and the sul1D strain (Spearman’s
rho = 0.859) (Figure S3). Fitness values were correlated
between the two backgrounds for variants with wild-type-
normalized fitness . 215%. However, variants with wild-
type-normalized fitness , 215% in sul1D were not as unfit
in a SUL+ background (Figure S3).

Effect of point mutations in the SUL1 promoter

SUL1 amplification is present in all populations at generation
100 during laboratory experimental evolution in sulfate lim-
itation (Gresham et al. 2008; Miller et al. 2013; Payen et al.
2014). Accumulating more than one mutation in the 493
bases of the SUL1 promoter during those 100 generations is
unlikely, so we first limited the bulk of our analysis to the
fitness effects from single mutations. We assayed 1400 of the
1479 (94.6%) possible single mutants of the SUL1 promoter
(Figure 2). Most mutations had little effect on fitness. Based
on the fitness distribution of uniquely barcoded wild-type
promoters, we established an empirical false discovery rate
of 5% to bewild-type normalized fitness less than27.1% and
greater than 4.3%. Only 11 singlemutations increased fitness
.4.3%, whereas 50 single mutations decreased fitness by
.7.1%. Overall, single mutations had a narrower distribu-
tion than the set of all variants, including a much shorter
negative tail. The effect size of fitness-increasing mutations
was similar between singly and multiply mutated variants;

Figure 1 Determining the extent of the SUL1 promoter by truncation.
The fitness of sul1D strains harboring plasmids with full-length and trun-
cated SUL1 promoters was assayed by competition in sulfate-limited che-
mostats against a wild-type (SUL+) strain. Fitness values are normalized to
the full-length promoter (687 bases). Promoter lengths are measured from
the SUL1 start codon. Error bars represent standard deviation (n = 2).
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only 46 variants with multiple mutations had fitness increases
greater than the maximum single-mutant fitness (9.4%), and
these variants increased fitness up to 11.7%. All 46 of these
variants contained at least one of 2353T.G, 2372T.C,
2404C.T, and 2458T.A, and 39 contained 2372T.C,
the second-most-fit variant in the library. The effects of
fitness-decreasing variants appeared to be additive, as 1054
multiply mutated variants decreased fitness more than the
most detrimental single mutation (214.7%) (Figure S2B).

Of the 50 single mutations that decreased fitness by
.7.1%, 46 were found in four sites in the promoter (A–D
in Figure 2B). These sites appear as low-fitness “stripes” on
the heatmap, with nearly every mutation that occurs in each
site decreasing fitness. These sites are short, between 8 and
20 bases, and likely correspond to binding sites for the tran-
scription factors that regulate SUL1 expression (see below).
Truncation of the SUL1 promoter to 393 bases, which
removes two of these sites, resulted in the failure of the
shortened promoter to complement a SUL1 deletion, presum-
ably because it provides insufficient expression.

Discovering SUL1 transcriptional regulatory sites

We used the single-mutation data to identify the likely tran-
scription factors that regulate SUL1 expression. Thewild-type
sequence of site D (2200 to2193) is TATAAATA, matching a
canonical yeast TATA box (Basehoar et al. 2004). Using the
slope and intercept data for each single mutant in the site,
we created a matrix of the log-likelihoods of finding each
single mutant in the site after 40 generations. We searched
transcription factor motif data sets (Zhu and Zhang 1999;
MacIsaac et al. 2006) to find significant matches to the log-
likelihood matrix. This analysis identified Spt15, the yeast
TATA-binding protein, as a match for this site (Figure 3D),
albeit one with a high false-discovery rate (q = 0.27), likely
driven by missing data in the first three positions of the
site. Because we conservatively assigned missing values a
log-likelihood of 1, i.e., no change in frequency during the
selection, we decreased the significance of our matches to
this site.

We then applied this methodology to the other three
sensitive sites (Figure 3, A–C). The log-likelihood matrix for
site A, spanning positions 2465 to 2448, weakly matched
the motif for Cbf1, a known regulator of sulfate metabolism
that recognizes CACGTG (Dowell et al. 1992), and Tye7, a
glycolytic activator that is implicated in Ty1-mediated gene
expression. A second site, from positions 2451 to 2449,
flanking a hypothetical Cbf1 motif (CTCGTG), was also sen-
sitive to mutation. These positions partially match the RYAAT
motif, which is necessary for full induction of genes during
growth in limited sulfate by enhancing binding of the Cbf1–
Met28–Met4 regulatory complex (Siggers et al. 2011).

The log-likelihood matrices for both site B and site C
contain the CCACA motif recognized by Met31 and Met32
(Blaiseau et al. 1997). Site B matched Met32 (q = 0.03) and
Met31 (q= 0.09) and appears to be an incomplete palindrome
[GCCACA(CG)TGTGGC] centered on position 2407. Site C

was the most significant match of the analysis and matched
the Met32 motif (q = 0.005).

Although sites A, B, and Cwere generally sensitive to most
mutations, some mutations yielded large (.5%) increases in
fitness. Comparison of the wild-type sequence to the highest-
fitness variant at these positions showed that each of these
binding sites was one mutation away from the consensus
binding site for the implicated transcription factor. For exam-
ple, mutation2458T.A creates the consensus binding site of
Cbf1 (CACGTG) and increased fitness by 6.3% in our compe-
tition and increased Cbf1 binding strength �140-fold, as
measured in vitro by the MITOMI assay (Maerkl and Quake
2007). Mutations 2413A.G and 2404C.T had similar ef-
fects in site B, creating a consensus binding site forMet32 and
increasing fitness 6.5 and 7.1%, respectively. Mutation
2353T.G, which also creates a consensus Met32-binding
site, caused the largest fitness increase in the data set (9.4%).
The importance of 2413A.G and 2356T.G distinguishes
these sites as Met32-binding sites, rather than similar Met31-
binding sites, as the importance of a 59 guanine is found only in
the Met32 site.

Other short sites in the promoter (e.g., 2329 to 2321)
showed similar trends of 8–20 contiguous positions being
sensitive to mutation, but with smaller fitness effects. When
we performed a search for the log-likelihood of these sites
against known transcription factor-binding sites, we found no
significant matches (data not shown).

Creation of new regulator-binding sites

Themethodology that we used to find endogenous regulators
depends on a signature of purifying selection throughout a
binding site and so is not generally applicable to finding
mutations that create new transcription factor-binding sites.
Endogenous SUL1 regulatory sites are highly sensitive to mu-
tation across the entire site, except for rare mutations that
optimize active sites (sites A, B, and C in Figure 2B). This
signature of purifying selection would not be found in inac-
tive binding sites, and point mutations that activate these
sites would be independent of the surrounding positions.
As such, we took a different approach to find binding sites
that occur or are lost upon single mutation.

To identify such sites, we first enumerated all 25-mers and
all possible single mutations centered in 25-mers in silico and
then searched these 25-mers for matches to transcription
factor-binding sites using relaxed parameters to allow for
weak matches. In total, 124,316 motifs matched at least
one 25-mer at a threshold of P , 0.01. An arbitrary P-value
of 0.01 was used for motifs that matched either the mutant or
wild-type 25-mer, but not both. We calculated the log ratio
between P-values for the wild-type and a mutant motif
match, log2(P_wt/P_mut) and used this ratio as a measure
of motif strength.

Of the 588motifs with a match significance of P, 0.0001,
347were either strengthened or weakened at least 10-fold by
mutations (Figure S5). The majority (52/56) of mutations
that decreased fitness by .5% and altered the significance
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of a motif match by at least 10-fold occurred in either the
TATA box or sites A–C or created a new upstream open read-
ing frame in the 59 UTR. Seven mutations matching 11 dif-
ferent motifs increased fitness by .5% and had at least a
10-fold increase in motif significance when compared to wild
type. We identified three of these (2353T.G, 2404C.T,
and2458T.A) in sites C, B, and A, respectively, asmutations
that optimize endogenous Met32- and Cbf1-binding sites.
One of the remaining mutations, 2372T.C, creates a Met32-
binding site (GCCACA), increasing the significance of the motif
match by 23-fold andfitness by 9.3%, the second-highestfitness
increase from a single mutation in our data set. Another,
2246T.G, creates a one-off Cbf1 site (CATGTG), increasing
the significance of the motif match by 32-fold and increasing
fitness by 8.4% (Figure S5B).

Other mutations that increased fitness .5% do not have
clear-cut biological explanations. For example,2310A.T in-
creased fitness by 5.5% and the significance of the match to
Hap2, a glycolytic activator, by 20-fold. The 2482A.G mu-
tationmight strengthen the binding of Aft1 or Aft2 (22.5- and
96-fold, respectively) or weaken the binding of Xbp1 by
43-fold. Aft1 and Aft2 regulate iron homeostasis, and Aft1
interacts physically with Cbf1 (Measday et al. 2005); the fit-
ness increase caused by2482A.Gmay be dependent on Cbf1
binding to the neighboring binding site (site A). Alterna-
tively, the fitness increase could also be caused by decreased
Xbp1-mediated repression, as Xbp1 is known to repress

other Met4-responsive genes (Mai and Breeden 1997; Lee
et al. 2010).

Effect of upstream open reading frames on SUL1 fitness

Short open reading frames starting upstream of a gene’s cod-
ing sequence can post-transcriptionally regulate gene expres-
sion, as the ribosome creates unproductive polypeptides
instead of the correct protein (Morris and Geballe 2000;
Yun et al. 2012). No upstream open reading frames are pre-
sent in the wild-type SUL1 59 untranslated region. Because
our assay selects on the amount of Sul1 protein in the cell, it
should identify mutations that cause a fitness defect due to
post-transcriptional regulation of SUL1 expression. There-
fore, we searched for mutations that create an upstream open
reading frame (Figure 4), i.e., the mutation of a 3-mer to an
AUG start codon within the 59 untranslated region of the
SUL1 transcript (Smith et al. 1995). Our data contained 23
of the 26 possible upstream ORFs, 8 of which decreased fit-
ness by at least 5%; none of the upstream ORF mutations
increased fitness. Four upstream ORFs created a polypeptide
that was out of frame with the SUL1 coding sequence and
read past the SUL1 start codon. These mutations were in-
variably deleterious (decreasing fitness by $6%). Six up-
stream ORFs created an in-frame fusion to Sul1, with
lengths ranging from 2 to 18 amino acids. The longest
fusion decreased fitness by 7.2%, and as the fusions short-
ened, their effect on fitness decreased, with fusions adding

Figure 2 The effect of single mutations in the SUL1 promoter on sulfate-limited fitness. (A) The fitness change of each single mutation in our data set is
plotted as a heatmap. At each position in the promoter along the x-axis, the base present in each single mutant is ordered on the y-axis, and every cell is
shaded based on the fitness change of that mutation. Missing data are white cells in the heatmap, and the wild-type base at each position is teal. (B)
Mean fitness change of all variants that are mutated at that position. Sites examined in Figure 3 are marked with pink backgrounds.
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five or two amino acids being neutral (0.3 and 1.3% fitness
increases, respectively).

Combinatorial analysis of high-fitness mutations

Six mutations in our data set yielded a.6% increase in fitness:
2353T.G, 2372T.C, 2246T.G, 2404C.T, 2413A.G,
and 2458T.A. Based on our analyses above, these muta-
tions may increase the affinity of a transcriptional activator.
Individually, these mutations conferred ,10% fitness in-
creases, much less than the increased fitness (.37%) of
evolved strains with amplifications containing SUL1 (Gresham
et al. 2008; Payen et al. 2014). No variants that passed filtra-
tion combined two or more of these mutations. To investi-
gate the combinatorics of these mutations, we created
another library in which five of these sites (excluding
2246T.G) were present as either the reference base or

the high-fitness mutation. Our library contained all 32 possi-
ble mutation combinations. As before, we transformed a
sul1D strain with this library, competed the population in
sulfate-limited chemostats, and calculated variant fitness.

Fitness effects from singlemutationswere additivewhen
combined in pairs, although double mutants increased
fitness only 10.5%, a fitness increase of 1.15% above the
most-fit single mutant (Figure 5). The addition of more
mutations to each variant did not increase fitness signifi-
cantly above the fitness of the double mutants, with 11%
the maximum increase in fitness reached by any mutation
combination.

Either 2353T.G or 2372T.C were necessary to reach
the fitness plateau of an �10% increase. Four combina-
tions without these mutations had a wild-type-normalized
fitness increase of 8.46 0.2% on average. All combinations

Figure 3 Determining SUL1 transcriptional regulatory sites through mutagenesis. To identify the transcription factors binding at the four sites high-
lighted in Figure 2B, we compared position weight matrices based on the fitness values for single mutations at each site with a database of known yeast
transcription factor-binding motifs. (A–D) The wild-type sequence for each region is shown at the top of each panel. Below this is a barplot showing the
fitness value for the single mutations at each site. Below the barplot is a set of sequence logos, the first of which is based on the mutational data for the
region (calculated as described in Materials and Methods). Underneath this logo are the significant (q , 0.2, except in D) matches between the fitness-
based PWM and yeast transcription factor-binding sites. Panel labels are consistent with the labels in Figure 2B.
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including 2353T.G or 2372T.C (n = 26) had a wild-
type-normalized fitness increase of 10.4 6 0.3%.

We tested a set of eight single mutants and the combina-
torial variant in their native genomic context. Integration of
the 493-base promoter that deletes �200 bases of the inter-
genic sequence SUL1 and VBA2 led to strain fitness of approx-
imately that of a sul1D strain (data not shown). We therefore
integrated eightmutations and the combinatorial allele in the
context of the entire 687-base promoter. The integrations
resulted in a scarless replacement of the SUL1 promoter.
The fitnesses of integrated single mutants were highly corre-
lated with pooled measurements of fitness (Pearson coeffi-
cient = 0.872, P = 0.002, Figure S6A). All variants except
2246T.G were contained within a 95% confidence interval
based on the pooled fitness values of the barcodesmapping to
each variant (Figure S6B). We could not calculate a confi-
dence interval for the five-mutation variant because it was
not found in the barcoded library and the combinatorial li-
brary did not employ barcodes.

Discussion

Amplification has been proposed to be a “quick and dirty”
solution for adaptation, allowing more stable mutations to
be selected over a longer period of time (Hendrickson et al.
2002; Yona et al. 2012); indeed, amplification of stress-specific
genesmay be detrimental during nonstress growth. Thefitness
increase due to SUL1 amplification [up to 51% (Payen et al.
2014)] is much higher than that due to any of the single mu-
tations, the largest increase in fitness of which was 9.35%.
Single mutations were not additive when combined, and the
fitness increase of any combination of high-fitness mutations
plateaued at �11%. This lack of additivity may imply that
there is a limit to the maximal rate of transcription achievable

from the SUL1 promoter, limiting the effect of cis-regulatory
mutations. Thus, for the SUL1 promoter, amplification and cis-
regulatory mutations are not equivalent, which is inconsistent
with the “quick and dirty” hypothesis of amplification. Two
coding mutations in SUL1 have been isolated that increase
sulfate-limited fitness by 23%, although it is not known how
they affect protein function. These mutants were isolated in a
strain in which gene amplification was prevented by deletion
of the recombinase geneRAD51 (Payen et al. 2015). It remains
to be tested whether beneficial mutations in the 39 UTR can
surpass gene amplification.

In this study, we did not investigate the potential for trans-
actingmutations to increase SUL1 expression, in part because
the transcription factors governing SUL1 expression were
largely unknown. Our data show that there are three sites
in the SUL1 promoter that match binding sites for sulfate-
regulatory transcription factors, two for Met32 and one for
Cbf1. Both these transcription factors provide DNA-binding
specificity for Met4, which recruits other transcriptional ma-
chinery. Met4 is a strong transcriptional activator (Titz et al.
2006), such that little Met4 occupancy in the promoter, per-
haps only a single binding event, may be sufficient to near-
maximally activate SUL1. Mutations that create new binding
sites for Met32 or Cbf1 presumably add an additional site for
Met4 occupancy and conferred fitness increases up to 9.3%,
which is a much smaller effect than that of amplification.
Amplification would increase the total copies of SUL1 avail-
able to be transcribed, leading to more protein than from a
single copy.

We determined that theMet32- and Cbf1-binding sites are
the primary regulators of SUL1 expression and that these sites
are not the consensus binding site for either factor. Consistent
with our analysis,met32 strains have decreased fitness under
sulfate limitation, whereasmet31 strains do not (Payen et al.

Figure 4 The effect of upstream open reading frames on SUL1 expression. We searched the 150 bases upstream of the SUL1 start codon for sites that
could mutate to form an upstream ATG. The heatmap of this region is shown with triangles marking the positions of mutations to upstream start
codons. Below each triangle is a cartoon representation of the upstream open reading frame created by each ATG. The position of the colored box in
each cartoon represents which base was mutated to create an ATG, and each box is colored based on the fitness change of that mutation. Dashed lines
extending to right of each box show the extent of the hypothetical polypeptide encoded by each ORF. In the case in which the ORF is in-frame with the
SUL1-coding sequence, these polypeptides are drawn as colored boxes.
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2015). Our data also strengthen the observation that Met31
and Met32 are not fully redundant (Su et al. 2008; Cormier
et al. 2010). Because each binding site in the SUL1 promoter
is at least one mismatch away from its consensus site, their
annotation by sequence-based motif-finding methods is diffi-
cult. Studies showing combinatorial control by Cbf1 and
Met31/32 of Met4-dependent genes failed to identify by
standard motif-finding approaches the Cbf1-binding site that
we identified in the SUL1 promoter (Lee et al. 2010; Carrillo
et al. 2012), although combinatorial regulation of SUL1 can
be parsed by analyzing transcription after inducing or repres-
sing sulfate-metabolism regulators (McIsaac et al. 2012; Petti
et al. 2012). We searched the SUL1 promoter sequence using
two yeast transcription factor databases, YEASTRACT (Teixeira
et al. 2006; Monteiro et al. 2008; Abdulrehman et al. 2011;
Teixeira et al. 2014) and YeTFaSCo (de Boer and Hughes
2012), to compare our results to the results from in silico
analyses. Our search yielded 99 possible motifs, only one of
which, a Met31 motif centered at 2410 (overlapping a site
that we hypothesize to be a Met32 site), aligned with any of
our predictions.

Whyarenoneof the transcription factor-binding sites in the
SUL1 promoter consensus sequences? A 5% increase in fit-
ness during sulfate limitation would be a strong evolutionary
force, and thesemutations should therefore become fixed in a
population. While the effects of these mutations were specific
to sulfate limitation, they do not appear to be detrimental
under permissive, sulfate-rich conditions, and thus they
would not be under purifying selection during nonstressful
growth. However, sulfate limitation, at least to the extent of
the experimental design here, may not be a selective pressure
frequently experienced by yeast in the wild. Alternatively,
balancing selection may be working against maximal activa-
tion of SUL1; as another activity, Sul1 also transports toxic

heavy metals (Cherest et al. 1997). SUL1 also appears to be
dispensable under rich media conditions, as lager strains
carry loss-of-function mutations in the gene (Libkind et al.
2011). Our assay measures fitness in steady state, so it is
possible that the wild-type promoter may have favorable ki-
netic qualities for fast adaptation to sulfate-limited environ-
ments; any temporally dependent aspects of SUL1 regulation
would go uninvestigated by our methodology.

The use of plasmids may confound some of our results. A
493-base SUL1 promoter on a centromeric plasmid comple-
mented the genomic deletion of SUL1, but not when it was
genomically integrated. Centromeric plasmids have a low
copy number, but not necessarily a copy number of 1 (Karim
et al. 2013). An increase in plasmid and SUL1 copy number
may have masked some of the effects of truncation and mu-
tagenesis of the SUL1 promoter, with multiple copies of low-
fitness promoters complementing a SUL1 deletion. We saw
this effect when measuring the fitness of variants in the con-
text of a SUL+ strain, where the endogenous copy of SUL1
masked variants that were detrimental in a sul1D back-
ground, and this could be the cause of the discrepancy in
the plasmid and integrated fitness measurements for variants
like 2348A.T. Promoter strength has been shown to affect
plasmid copy number (Karim et al. 2013). Our assay essen-
tially counts the number of plasmids in a population, so bi-
asing plasmid copy number dependent on promoter strength
would also bias our results.

Alternatively, backgroundmutations in the strainmay alter
fitness independently of the SUL1 promoter genotype. Trans-
formation is known to be mutagenic (Shortle et al. 1984),
and mutations can accumulate during strain construction
(Wilkening et al. 2014). We advise that future studies care-
fully control for plasmid copy number. Copy number is not an
issue with integrations, but minor fitness effects of variants

Figure 5 Combinatorial effects of high-
fitness mutations. The wild-type-normal-
ized fitness for each of 32 combinations
of five high-fitness mutations is shown as
a bar. The genotype of each variant is
identified on the x-axis: a black box in
each row indicates the presence of each
mutation in that variant.
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may be difficult to discern in integrants above the effects of
extraneous mutations in the strain background. This problem
may be circumvented by obtaining large numbers of bar-
coded integrants.

By using chemostats, we were able to perform sensitive
analyses of the fitness effects of cis-regulatory mutations, an
analysis not accessible to other methodologies that assay
only transcriptional output. This approach should be appli-
cable to studying transcriptional regulation more generally,
as the SUL1 promoter can be replaced with other S. cerevi-
siae promoters, allowing for the samemutational analysis as
long as these other promoters are functional during growth
under limited sulfate. Finally, because this approach is
sensitive to post-transcriptional effects on protein expres-
sion, it could be adapted as a platform for studying post-
transcriptional regulation in yeast, allowing, for example,
assays of the effects of 59 untranslated regions on protein
expression.
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Figure S1   Determining minimum read count threshold for variant filtration. Barcodes linked to wildtype SUL1 promoters were 
used to set a minimum generation 0 read count for variant filtration. The fitness of each wildtype barcode is plotted against 
that barcode’s generation 0 read count. Filtration thresholds (red lines) were set at a point where the dependency between 
read count and barcode fitness was not apparent.  
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Figure S2   Variant distributions. (A) Histogram showing number of mutations per variant. (B) Density plot of variant fitness 
change distributions. 



Figure S3   Correlation between fitness changes of variants in FY3 and FY3sul1Δ. Only variants passing filtration in both datasets 
(n=29,763) are shown. The dashed line shows y=x. 



Figure S4   The effect of single mutations in SUL1 promoter on glucose-limited fitness. (A) The fitness change of each single 
mutation in our dataset is plotted as a heatmap. At each position in the promoter along the x-axis, the base present in each 
single mutant is ordered on the y-axis, and every cell is shaded based on the fitness of that mutation. Missing data are white 
cells in the heatmap and the wildtype base at each position is teal. (B) Mean fitness change of all variants that are mutated at 
that position. Sites examined in Figure 3 are marked with pink backgrounds. 



Figure S5   Identifying cryptic regulatory sites uncovered by mutations. (A) All motifs that strongly match either a wildtype or 
mutant 25-mer (P<0.001). Motifs are plotted by the change to match significance of each mutation (x-axis) and the fitness of 
each single mutant (y-axis). Points are colored based on their annotated function. (B) Inset showing motif matches that are 
weakened by mutations that confer fitness increases. Unannotated mutations that match multiple motifs are grouped the 
transcription factor motif matched is noted. Transcription factors that we hypothesize to be functionally important at that site 
are in bold. 



Figure S6   Correlation of fitness measurements between pooled plasmid assays and genomic Integrations. (A) Scatterplot 
showing fitness measurements for strains based either on a pooled assay in which promoter variants are found on centromeric 
plasmids (x-axis) or individual measurements in which promoter variants were integrated scarlessly at the SUL1 promoter (y-
axis). Error bars represent standard deviations (n=2). The dashed line shows y=x. (B) Boxplots showing the distribution of fitness 
values amongst redundantly barcoded variants tested in (A). Whiskers for boxplots span 95% of the total distribution. Larger 
outlined points mark the fitness change of strains where each variant has been integrated at the SUL1 promoter. In both 
panels, fitness measurements are normalized to the wildtype fitness. The variant “5mut” comprises five mutations: -353T>G, -
372T>C, -404C>T, -413A>G, and -458T>A. 



Figure S7   Flow-chart of experiments presented in this study 



Table S1   Oligonucleotides used in this study. 

Oligo# Oligo Name Oligo Sequence 

266 pRS416-SacI_chr2:792107_R TCACTAAAGGGAACAAAAGCTGGATTCGGCTCAAGCTCAAGTTAACTTCTAGACC 

283 pRS-Barcode@HindIII GGCCCCCCCTCGAGGTCGACGGTATCGATANNNNNNNNNNNNAGCTTGATATCGGGATCC 

294 pRS416-RI+HI_chr2:788548_F ACGGTATCGATAAGCTTGATATCGGGATCCGACCGACAGTGCTGAACTGTGAG 

295 pRS416-RI+HI_chr2:788742_F ACGGTATCGATAAGCTTGATATCGGGATCCCGCCACCTCGAGTGCAC 

296 fill-in_283_pMR002 CTCACAGTTCAGCACTGTCGGTCGGATCCCGATATCAAGCT 

297 SUL1p-mut_R AGCATCCTCCTGATTATGCACATATTCAGTCGAGCTCTTACGTGACATATTCTTTCCGAG 

314 pRS416-RI+HI_chr2:788643_F GACGGTATCGATAAGCTTGATATCGGGATCCGTGAATAAGATGTGGCTGTGATAACC 

315 pRS416-RI+HI_chr2:788845_F GACGGTATCGATAAGCTTGATATCGGGATCCGCAAATCGGAATTTGAGTCACAGATC 

316 pRS416-RI+HI_chr2:788943_F GACGGTATCGATAAGCTTGATATCGGGATCCTTTGAACACTTCTACCTGTTCATGTC 

317 pRS416-RI+HI_chr2:789043_F GACGGTATCGATAAGCTTGATATCGGGATCCGTGAAGTAAAATGTGTTGTAATGCACATGG 

318 pRS416-RI+HI_chr2:789130_F GACGGTATCGATAAGCTTGATATCGGGATCCGTGAAACCGATTATATAAAAGTATATTAGCTGAC 

319 pRS416-RI+HI_chr2:789211_F GACGGTATCGATAAGCTTGATATCGGGATCCCCCTGCAGAATACTCGGAAAGAAT 

325 pRS416-HindIIIBC-seqF GGGCCCCCCCTCGAGGTCGACGGTATCGATA 

326 pMR002-seqR TTCCCTATATGTGCGGTATTCTGATTCAAATACTTCGATATCAGCATCCTCCTGATTATGCACATATTCAGTCGAGCTCTTACGTGACAT 

327 P5-M13F AATGATACGGCGACCACCGAGATCTACACTGTAAAACGACGGCCAGT 

328 P7_SUL1-109_R CAAGCAGAAGACGGCATACGAGATCCTCATCACCATTGTGAAGTCCGTCT 

344 nexV2_SUL1-109_R GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCCTCATCACCATTGTGAAGTCCGTCT 

380 SUL1p_6mut_F1 TCTCGCTGGARCCACAGTGYGGCTTTGCAATTTTGCAAATCGGAATTTGAGYCACAGATCCCAGAAAAACKCCACACCTTCCCCACGCAG 

381 SUL1p_6mut_R1 CACAGTGCATAATTTCAKATGACAGTGTTCGAGAAAAGACATGAACAGG 

382 SUL1p_6mut_F2 GTGCACTTTTTTTAATAAAGATCWCGTGTAATTGTCCAAATCTGACTTTT 

387 SUL1p_6mut_seqR GGGTCTAATTTGACAACTTGTTCGTTATCGCTTGCTGCGTGGGGAAGGTGTGG 

395 P5_X_M13_F1 AATGATACGGCGACCACCGAGATCTACACNNNNNNNNNTGTAAAACGACGGCCAGT 

442 SUL1p_6mut_seqF2 CGATAAGCTTGATATCGGGATCCCGCCACCTCGAGTGCACTTTTTTTAATAAAGATC 

443 SUL1p_6mut_seqI2 ATTAGACCCATAATAATTTTGAACACTTCTACCTGTTCATGTCTTTTCTCGAACACT 

517 n.-353T>G AGATCCCAGAAAAACGCCACACCTTCCCCAC 



518 n.-372T>C TCGGAATTTGAGCCACAGATCCCAG 

519 n.-246T>G GTCTTTTCTCGAACACTGTCATGTGAAATTATGCA 

520 n.-404C>T GGAACCACAGTGTGGCTTTGCAATT 

521 n.-413A>G AGTCTCGCTGGAGCCACAGTGCGGC 

522 n.-458T>A GTGCACTTTTTTTAATAAAGATCACGTGTAATTGTC 

603 -33A>G ggtcaatagctttaaaaataGaaataaatccctgcag 

604 -400T>C cagtgcggcCttgcaattttgc 

605 -348A>T  gaaaaactccacTccttccccac 

678 pSUL1::URA3_F TCCCCCCACTTTTTTGTGTTACCGCCACCTCGAGTGCACgattcggtaatctccgaacag 

679 pSUL1::URA3_R ACATATTCAGTCGAGCTCTTACGTGACATgggtaataactgatataattaaattgaagct 

680 pSUL1::URA3_F2  CACAAACCAATGAAAAAAGGCTTCAGAAAACTTGCTGTAAAGTCCCCCCACTTTTTTGTG 

681 pSUL1::URA3_R2  attcaaatacttcgatatcagcatcctcctgattatgcacatattcagtcgagctcttac 

685 pSUL1_687bp_F gaccgacagtgctgaactgtgag 

PGO40 SUL1::NatMX4 Forward primer TTGAAACTAGATATTCTACTTGACACTAAACTTTTTTTGTATTTCGTGGACAGATTGTACTGAGAGTGCACCATA 

PGO41 SUL1::NatMX4 reverse primer TGAAAACGGCCCTTTTCGTGTACTAATGCTTTCAGGAAATTATAAAATTTCCTTACGCATCTGTGCGGTATTTCA 

NexV2ad2_N2 NexV2ad2_N2 CAAGCAGAAGACGGCATACGAGATNNNNNNNNNGTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG 

M13F M13F TGTAAAACGACGGCCAGT 

P5 P5 AATGATACGGCGACCACCGAGATCTACAC 

1 – P5_N_M13_F is a set of indexed oligonucleotides used to demultiplex Illumina sequencing datasets (by the second index read.) Each oligonucleotide has a unique sequence 
in the region marked by Ns. 
2 - NexV2ad2_N is a set of indexed oligonucleotides used to demultiplex Illumina sequencing datasets (by the first index read). Each oligonucleotide has a unique sequence in 
the region marked by Ns. 



Table S2   Yeast strains used in this study. 

Name Mating type Genotype Reference 

FY2 alpha ura3-52 (Winston et al. 1995) 

FY3 a ura3-52 (Winston et al. 1995) 

FY4 a prototroph (Winston et al. 1995) 

YMD3017 a SUL1::NatMX4, ura3-52 Gal+ This study 

YMR002 a FY3 PSUL1::URA3 ura3-52 This study 

YMD3018 alpha sul1::NatMX This study 

YMR008 a PSUL1-246T>G ura3-52 This study 

YMR009 a PSUL1-404C>T ura3-52 This study 

YMR010 a PSUL1-458T>A ura3-52 This study 

YMR011 a PSUL1-400T>C ura3-52 This study 

YMR012 a PSUL1-348A>T ura3-52 This study 

YMR017 a PSUL1-353T>G ura3-52 This study 

YMR018 a PSUL1-372T>C ura3-52 This study 

YMR019 a PSUL1-413A>G ura3-52 This study 

YMR020 a PSUL1-5mut ura3-52 This study 

YMR022 a PSUL1-246T>G This study 

YMR024 a PSUL1-458T>A This study 

YMR025 a PSUL1-400T>C This study 

YMR026 a PSUL1-348A>T This study 

YMR027 a PSUL1-353T>G This study 

YMR028 a PSUL1-372T>C This study 

YMR029 a PSUL1-413A>G This study 

YMR030 a PSUL1-5mut This study 

YMD1214 a ho::kanMX-eGFP (Payen et al. 2014) 

YMD1139 a pFA6a-TEF2Pr-eGFP-ADH1-Primer-NATMX4 D. Breslow 



File S1: Software used for data analysis. (.zip, 3 MB) 

 

Available for download as a .zip file at: 

http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.188037/-/DC1/FileS1.zip 
 



File S2: Raw data files. (.zip, 44 MB) 
 
 
Available for download as a .zip file at: 
 
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.188037/-/DC1/FileS2.zip 
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