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Abstract

Gene expression evolution occurs through changes in cis- or trans-regulatory elements or both. Interactions between transcription
factors (TFs) and their binding sites (TFBSs) constitute one of the most important points where these two regulatory components
intersect. In this study, we investigated the evolution of TFBSs in the promoter regions of different Saccharomyces strains and species.
We divided the promoter of a gene into the proximal region and the distal region, which are defined, respectively, as the 200-bp
region upstream of the transcription starting site and as the 200-bp region upstream of the proximal region. We found that the
predicted TFBSs in the proximal promoter regions tend to be evolutionarily more conserved than those in the distal promoter regions.
Additionally, Saccharomyces cerevisiae strains used in the fermentation of alcoholic drinks have experienced more TFBS losses than
gains compared with strains from other environments (wild strains, laboratory strains, and clinical strains). We also showed that
differences in TFBSs correlate with the cis component of gene expression evolution between species (comparing S. cerevisiae and its

sister species Saccharomyces paradoxus) and within species (comparing two closely related S. cerevisiae strains).
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Introduction

The budding yeast S. cerevisiae has been used for fermenta-
tion by humans for millennia, including the production of
bread and a large variety of alcoholic beverages, and is one
of the most important eukaryotic model organisms. Various
yeast strains are found in different environments (e.g., tree
barks, wine or beer fermentation, laboratories, etc.) and dis-
play different metabolic characteristics, and growth and gene
expression phenotypes (Spor et al. 2009; Skelly et al. 2013).
Several studies have shown faster evolution for the laboratory
strain $288C (Gu et al. 2005; Li et al. 2009) in comparison
with other strains. A recent study supported the view that all
“domesticated” strains (including laboratory, industrial, fer-
mentation, clinical, and vineyard strains) have accumulated
more deleterious recessive alleles than wild S. cerevisiae strains
(Plech et al. 2014).

Phenotypic differences between closely related species or
individuals of the same species are often caused by gene

regulatory changes. These can be classified into changes in
cis-regulatory elements or changes in trans-regulatory
proteins, that is, transcription factors (TFs). Recent studies
have addressed the relative contributions of cis- and trans-
regulatory changes to gene expression evolution in yeast
(Sung et al. 2009; Tirosh, Reikhav, et al. 2009; Emerson
et al. 2010; Schaefke et al. 2013). The results suggested
that the relative importance of cis-regulatory differences is
higher between species than within species and that trans-
regulatory changes are subjected to stronger selective con-
straints than cis-regulatory changes. The relationship between
gene regulatory changes in cis and trans is complex. In gen-
eral, trans changes can be expected to affect more down-
stream genes and have a larger impact on gene expression
profiles, whereas changes in cis-regulatory elements allow for
the fine-tuning of gene expression on a smaller scale. A study
of mutation accumulation and natural isolate lines in
Caenorhabditis elegans found that most trans-acting
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mutations that resulted in expression changes of multiple
genes were quickly removed by selection in natural popula-
tions (Denver et al. 2005). On the other hand, the gain of
insulator proteins has played a significant role in arthropod
evolution (Heger et al. 2013), and the duplication of TFs in
C. elegans has contributed to extensive network rewiring
(Reece-Hoyes et al. 2013). In addition, a recent study in
Paramecium shows that the maintenance or loss of protein-
coding genes after whole-genome duplication is largely deter-
mined by dosage constraints (Gout and Lynch 2015),
conforming to a model under which the expression level of
individual duplicated genes can evolve neutrally as long as
they maintain a roughly constant summed expression.

The evolutionary dynamics of cis-regulatory elements have
been studied in various organisms: Haygood et al. (2007) found
that the promoter regions of many genes related to nutrition or
to neural development and function have experienced positive
selection in the human lineage. Liang et al. (2008) examined
the core promoters of human and macaque, and found evi-
dence of positive selection on the promoters of genes involved
in metabolic and biosynthetic processes. A more recent study
made use of large-scale Chip-seq data and found strong evi-
dence of adaptive substitutions as well as weakly deleterious
polymorphisms in human TF binding sites (TFBSs) (Arbiza et al.
2013). A study on TFBS gain and loss in two Drosophila species
showed patterns of polymorphism and divergence that were
inconsistent with neutral evolution, but supported a combina-
tion of positive selection and selective constraint (He et al.
2011). A comparison of regulatory networks in human,
worm, and fly showed that structural properties of regulatory
circuitry were largely conserved and that orthologous TF fam-
ilies recognize similar binding motifs (Boyle et al. 2014).

Other studies have investigated the specific evolutionary
patterns of TFs (Coulombe-Huntington and Xia 2012) and
of promoter sequences and TFBSs in the yeast genome
(Doniger and Fay 2007; Tirosh et al. 2008; Tirosh, Barkai,
etal. 2009; Chen et al. 2010; Tsai et al. 2012; Lin et al. 2013).
A recent study found that regulatory motif variation is associ-
ated with gene expression differences between S. cerevisiae
strains (Connelly et al. 2013). Moreover, previous studies have
found that the majority of experimentally confirmed TFBSs in
S. cerevisiae lies in between 200 and 80 bp upstream of the
transcription starting site (TSS), with a peak at about 115bp
upstream of the TSS (Lin et al. 2010). Lin et al. also found that
the regions from the TSS to —200bp show fewer deletion
polymorphisms among S. cerevisiae strains than expected,
suggesting that the distance between TSS and TFBS has
been under selective constraint. In contrast, they detected
no relationship between SNP frequency and the distance
from the TSS, but this could be because not all SNPs affect
TFBSs. Therefore, our study compared the “proximal pro-
moter” region, which is defined as the 200-bp region up-
stream of the TSS and is expected to contain more TFBSs,
with the “distal promoter” region, which is defined as the

intergenic region between 201 and 400 bp upstream of the
TSS and is expected to be under weaker selective constraint.
Finally, we investigated the patterns of TFBS evolution in dif-
ferent S. cerevisiae strains.

In summary, this study addresses the following issues: 1)
Are TFBSs in the proximal promoter region more conserved
than those in the distal promoter region? 2) How are differ-
ences in TFBSs between strains related to the cis and trans
components of gene expression differences between strains?
3) Are the differences in the rates of TFBS gain and loss in
diverse yeast strains and species related to differences in their
ecological niches (laboratory, fermentation, wild)? We ad-
dressed these questions by investigating the gain and loss of
TFBSs within and between S. cerevisiae and S. paradoxus,
using Saccharomyces mikatae and Saccharomyces bayanus
as outgroups.

Materials and Methods

Constructing Sets of Orthologous Sequences

We chose nine S. cerevisiae strains (BY4741, RM11-1a,
YJM789, SK1, DBVPG6044, UWOPS03-461.4, Y12,
YPS606, and UWOPS87-2421) and five S. paradoxus strains
(CBS432, CBS5829, Y8.5, YPS138, and N-44) (table 1), rep-
resenting different genetic clusters and geographic origins (Liti
et al. 2009). Genome sequence data and annotations
were downloaded from the Saccharomyces Genome
Database (SGD, http:/Avww.yeastgenome.org/download-
data/sequence, last accessed: September 19, 2014) for
BY4741, RM11-1a and YJM789, from the Yeast Resource
Center (YRC, http:/Awww.yeastrc.org/g2p-data/raw-data/ge-
nomes/, last accessed: September 19, 2014) for YPS606
and, from the Saccharomyces Genome Resequencing
Project (SGRP, http:/Avww.moseslab.csb.utoronto.ca/sgrp/
download.html, last accessed: October 29, 2014) for the re-
maining strains (Bergstrom et al. 2014). The genome se-
guences of the S. mikatae and S. bayanus genomes (Kellis
et al. 2003) were obtained from the BROAD institute website
(http:/AMwww.broadinstitute.org/annotation/fungi/comp_yeasts/,
last accessed: September 19, 2014).

Open-reading frame sequences (ORFs) and coding se-
guences (CDSs) were extracted from the genome sequences
according to the genome coordinates provided (SGD, YRC,
and SGRP sequences) or obtained directly from the database
(BROAD institute).

We considered two different promoter regions: 1) The
proximal promoter region defined as the 200-bp region im-
mediately upstream of the TSS, and 2) the distal promoter
region defined as the region from 201 to 400 bp upstream
of the TSS. Experimentally defined TSSs for the S. cerevisiae
reference strain S288C were obtained from Nagalakshmi et al.
(2008). In total, the proximal promoters of 1,400 genes with
known TSSs and their orthologs in S. mikatae, S. bayanus, and
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all selected S. cerevisiae and S. paradoxus strains were used in
our study. We excluded those genes with a distal promoter
region shorter than 100 bp or overlapping for 100 bp or more
with the proximal promoter region of a neighboring (head-to-
head) gene. This resulted in a set of 590 genes for the
comparison between the proximal promoter and the distal
promoter. All basic sequence analyses were performed using
customized Python scripts (Sanner 1999) and Biopython
(Cock et al. 2009; Talevich et al. 2012). Additionally, we com-
pared three smaller regions, each with a length of 80bp: 1)
The 80-bp region immediately upstream of the TSS; 2) the
80bp from 91 to 170bp upstream of the TSS, which is ex-
pected to include the peak of the TFBS density; and 3) the
region 201-280 bp upstream of the TSS.

We used the MUSCLE (MUltiple Sequence Comparison by
Log-Expectation) tool (Edgar 2004) to align promoter se-
guences, ORFs, and CDSs. A maximum-likelihood (ML) tree
(fig. 1) for the concatenated aligned ORFs and promoter se-
guences was constructed using PhyML (Guindon et al. 2009,
2010; Criscuolo 2011). For each internal node of the phylo-
genetic tree, a likelihood-based reconstruction of the ances-
tral promoter sequences (Yang et al. 1995; Koshi and
Goldstein 1996) was obtained using the BASEML program
in the PAML package (Yang 1997, 2007). The tree topology
was fixed, the branch lengths estimated by PhyML were used
as the initial values, and alignment gaps and ambiguous let-
ters were removed for the ancestral sequence reconstruc-
tion, using the general time-reversible nucleotide

Table 1

substitution model (BASEML parameters: cleandata=1,
fix_blength =1, model=7). The removal of alignment gaps
and ambiguous nucleotides limits our analysis to nucleotide
substitutions between the different strains (and excludes in-
sertions and deletions). After removal of regions overlapping
with neighboring proximal promoters and of nonalignable
sequences, the average length of proximal promoters was
163.1 bp (median: 168 bp) and that of distal promoters was
142 bp (median: 146 bp).

|dentification of Putative TFBSs

We obtained position weight matrices for TFBSs from the
JASPAR  database (jaspar.genereg.net/html/DOWNLOAD/
JASPAR_CORE/pfm/nonredundant/pfm_fungi.txt). The
sources used by the JASPAR database were an in vitro binding
screen (Badis et al. 2008), a protein-binding microarray exper-
iment (Zhu et al. 2009), the compiled SCPD binding profile
database (Zhu and Zhang 1999), the SwissRegulon computa-
tional reanalysis of multiple data collections (Pachkov et al.
2007), and a motif discovery-based collection from a widely
used ChIP-chip data collection (Maclsaac et al. 2006), in the
order of the curators’ preference (Portales-Casamar et al.
2010).

We identified putative TFBSs using the FIMO tool of the
MEME suite (Grant et al. 2011). We used the default param-
eters (threshold Pvalue: 0.0001) and two different ways to de-
termine the background nucleotide distribution: 1) We fixed

The Saccharomyces cerevisiae and Saccharomyces paradoxus Strains Used in This Study?

Strain Geographic Origin

Ecological Niche Genetic Cluster

Saccharomyces cerevisiae

Clade A
YPS606 America
YJM789 Europe
BY4741 America
RM11-1a America
Clade B
UWOPS87-2421 America
Y12° (K12) Asia
Clade C
UWOPS03-461.4 Asia
SK1 America
DBVPG6044 Africa
Saccharomyces paradoxus
YPS138 America
N-44 Asia
Y85 Europe
CBS5829 Europe
CBS432 Europe

Wild North American
Clinical Mosaic
Laboratory $288C-derived (mosaic)

Fermentation (vineyard) European/wine

Wild Mosaic

Fermentation (sake) Sake

Wild Malaysian

Laboratory (close to) West African

Fermentation (Bili wine) West African

Wild America
wild Far East
Wild Europe
Laboratory Europe
Laboratory Europe

°The strains were chosen to represent different ecological niches, geographic origins, and genetic clusters of S. cerevisiae and

S. paradoxus (Johnson et al. 2004; Liti et al. 2009).

Y12 was previously reported as an African fermentation strain, isolated from palm wine in Ivory Coast (Liti et al. 2009), but was later
identified as the Japanese sake strain K12 in a newer publication by the same group (Bergstrom et al. 2014).
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the background distribution equivalent to a GC content of
36%, and 2) we used a strain- and region-specific nucleotide
distribution, according to the average base composition of
either the proximal or the distal promoter regions of each
strain  (supplementary table S1, Supplementary Material
online).

To avoid overestimating the number of TFBSs and of TFBS
gain and loss events, we combined the results obtained with
the two slightly different background nucleotide distributions
in the following way: First, we built a core set of unambiguous
TFBSs each of which was detected under both, the fixed back-
ground nucleotide distribution and the strain-specific back-
ground distribution, for a given promoter sequence. Second,
if a TFBS was detected only under one of the two background
nucleotide distributions, then it was counted as a TFBS only if
the same sequence was already categorized as an unambig-
uous TFBS for the same TF in another strain (supplementary
fig. S1, Supplementary Material online).

In cases where the software detected two overlapping
TFBSs for the same TF, these were counted as one single
TFBS if the overlap was larger than 50% of their average
length. In contrast, if the binding sites of two different TFs
overlapped, both were counted.

[dentification of TFBS Gains and Losses

We determined TFBS gains, losses, and single-branch turnover
events (i.e., loss of the ancestral TFBS and gain of a TFBS for
the same TF at another position in the same promoter se-
quence) for each branch of the phylogenetic tree in a com-
parison of each ancestral sequence (internal node) and its
daughter nodes.

In the case that a nucleotide difference between two strains
affects two binding sites, it was counted for both TFBSs, be-
cause overlapping binding sites for different TFs were counted
separately for each TF.

We classified each difference between two S. cerevisiae
strains as follows: A putative TFBS loss had occurred in the
strain under study if the TFBS was absent in this strain, but was
present in the other strain as well as the reconstructed most
recent common ancestor (MRCA) of the two strains (see sup-
plementary fig. S2, Supplementary Material online). On the
other hand, it was a putative gain if the TFBS was present in
this strain, but in neither the other strain nor the reconstructed
ancestral sequence. If a TFBS was present (absent) in the an-
cestral sequence and absent (present) in both strains, this was
counted as a parallel loss (gain).

The total number of gain and loss events for a lineage was
calculated by simply adding up the numbers of gain and loss
events, separately, along the branch leading from the MRCA
to the strain under study (as indicated in fig. 2). For example,
the total number of gain events for DBVPG6044 in its
comparison with UWOPS03-461.4 is the sum of the value
for the branch leading from the MRCA of these two strains
(supplementary fig. S3, Supplementary Material online,
node with green circle) to the common ancestor of SK1
and DBVPG6044 (denoted as MRCA-SK1-DBVPG, supple-
mentary fig. S3, Supplementary Material online, node with
purple circle) and the number of gains on the branch leading
from MRCA-SK1-DBVPG to DBVPG6044: 116 +58=174.

The net number of TFBS gains and losses along a lineage
from an ancestor X to a daughter sequence Z refers to the
differences between sequences X and Z. This number was
subtracted from the total number of gain and loss events on
each lineage to estimate the number of multiple-branch TFBS
turnovers. Multiple-branch TFBS turnover events are the
changes between an ancestor X, an intermediate ancestor Y
and a daughter sequence Z, where either a TFBS present in X
was lost on the lineage leading to Y and regained on the
branch(es) leading to Z (examples in supplementary fig. S2c,
Supplementary Material online), or a TFBS was gained from X
to Y, but subsequently lost on the lineage leading to Z.
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We compared our approach using reconstructed ancestral
sequences with one using an extant outgroup instead to infer
the TFBS gains and losses between two taxa. In the latter
method, we inferred TFBS gains and losses between two
S. cerevisiae strains, using the S. paradoxus sequence as the
outgroup (reference), and gains and losses between
S. cerevisiae and S. paradoxus, using the S. mikatae sequence.
If a TFBS was present in two of the strains but not the third, it
was counted as a loss in the third lineage. If it was absent in all
but one lineage, it was counted as a gain in this lineage. As
parallel losses in two lineages are counted as gains in the third
lineage with this outgroup-based approach (supplementary
fig. S2a and b, Supplementary Material online), it leads to
an overestimation of putative gains. Therefore, the gains in-
ferred largely outnumbered the losses inferred when S. para-
doxus was used as an outgroup for the pairwise comparisons
of S. cerevisiae strains (supplementary table S2b,
Supplementary Material online). As this method tends to over-
estimate gains and underestimate losses, we did not use it in
our study.

Relationship between TFBS Changes and Gene
Expression Differences in cis and trans

Gene expression differences between RM11-1a and BY4741
and estimates for their cis and trans components were ob-
tained from Schaefke et al. (2013).

All statistical analyses were conducted using R (v. 3.0.2)
(R-Core-Team 2013).

Mutagenesis of TFBS

To determine the effects of TFBS gain/loss on the expression
level of the gene, we chose SNP (single nucleotide polymor-
phism) sites that lead to TFBS gain/loss events in a promoter
for site-directed mutagenesis. The TFBS of interest in the
BY4741 gene was first replaced by an URA3 cassette and
transformed by the LIOAC/SS Carrier DNA/PEG method. The
inserted URA3 was then replaced in a second transformation
by the appropriate fragment of BY4741's polymerase chain
reaction (PCR)-based SNP-mutated TFBS region in the URA3-
inserted strain and screened by 5-Fluoroorotic Acid (5-FOA)
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counter selection. Only the strains (called Swapped strains)
that carried the desired sequence survived and formed colo-
nies on the media with 5-FOA (2 pg/ml). The constructions in
the TFBS region were confirmed by diagnostic PCR and
sequencing.

Detecting Expression Level Shifts with Real-Time PCR

To compare the mRNA levels of genes in the mutagenesis
group and in the control group, we used the SYBR green
core reaction to perform quantitative PCR (Applied
Biosystems model 7300 Real-Time PCR System, Carlsbad,
CA). Real-time PCR analyses were carried out on a final
volume of 25 pl containing 40ng of the cDNA sample,
50nM of each gene-specific primer, and 12.5 pl of the
SYBER green tag premixture. The PCR conditions included
enzyme activation at 50°C for 2 min and 95°C for 10 min,
followed by 40 cycles of denaturation at 95°C for 155, and
annealing/extension at 60 °C for 1 min. To verify that a single
product had been amplified, a dissociation curve was gener-
ated at the end of each PCR cycle using the software provided
by the Applied Biosystems 7300 Real-Time PCR System (ver-
sion 1.4). The relative expression of each gene was normalized
to that of the ACTT gene (ACt) and quantified with the AACt
relative quantification method. The relative expression ratio
was calculated according to ABI's guideline, that is, ratio
(Swapped/BY4741)=2"22Y The amplification efficiency
of each primer pair was tested by using 2-fold serial dilutions
of the templates as suggested by ABI; and the amplification
efficiencies of the target gene and the reference gene were
approximately equal. Finally, the mRNA levels of the candidate
genes were compared, using a paired t-test.

Results

TFBS Numbers and Densities

We selected 1,400 genes with known TSSs (Nagalakshmi
et al. 2008) and orthologs in all strains used for our study.
TFBSs for the proximal promoter regions of these genes were
predicted based on 177 yeast TF binding profiles, obtained
from the JASPAR database (Portales-Casamar et al. 2010).
The numbers of predicted TFBSs were similar among all S.
cerevisiae strains and among S. paradoxus strains (table 2).
Saccharomyces paradoxus strains have slightly higher num-
bers of predicted TFBSs than S. cerevisiae strains (Mann—
Whitney U test P value: 9.99 x 10™%).

In total, 590 of the 1,400 genes have an intergenic region
of at least 300 bp upstream of the TSS without any major
overlap to the promoter region of the neighboring gene
(see Materials and Methods). We compared the average
TFBS densities (number of TFBSs per 100 bp) of the proximal
promoter regions and the distal promoter regions of these
genes. Significantly more TFBSs were detected in the proximal
promoter regions than in the distal promoter regions: The

mean TFBS density in proximal promoters for all strains was
3.96, whereas that in the distal promoters was 3.46 (Wilcoxon
signed-rank test P value: 1.85 x 107°).

We also examined the nucleotide compositions in the two
regions (supplementary table S1, Supplementary Material
online). In all strains, the distal promoter regions have a
higher GC content than the proximal promoter regions
(mean for all strains: 35.89% vs. 35.54%). However, this dif-
ference was not statistically significant (Wilcoxon rank-sum
test P value: 0.2611).

TFBS Gains and Losses in Different S. cerevisiae and
S. paradoxus Strains

We determined putative TFBS gains and losses for each
branch of the phylogenetic tree (fig. 1) based on the recon-
structed ancestral sequences of internal nodes (fig. 2). Within
the S. cerevisiae clade (fig. 2b) and within the S. paradoxus
clade (fig. 2¢) gains and losses of TFBSs are relatively balanced
on each branch. However, when we classify the differences
between the S. cerevisiae strain BY4741 (which is closest to
the S. cerevisiae reference strain $288C) and the S. paradoxus
strain CBS432 (from which the S. paradoxus reference
genome was derived) as gains or losses on either lineage (ex-
cluding parallel gains and losses), S. paradoxus appears to
have experienced relatively fewer TFBS losses than
S. cerevisiae and fewer TFBS changes in general (table 3;
Fisher's exact test P value: 1.11 x 10~"¥). The lower number
of TFBS losses in S. paradoxus compared with S. cerevisiae is
consistent with an earlier study on TFBS gains and losses in
different Saccharomyces species (Doniger and Fay 2007).
Similarly, the wild S. cerevisiae strain UWOPS87-2421 ap-
pears to have undergone fewer losses and fewer TFBS
changes in general than the fermentation strain Y12
(Fisher's exact test P value: 0.006; table 4). The vineyard
strain RM11-1a exhibits slightly more TFBS losses than gains
and more changes in general than the laboratory strain
BY4741. However, this difference is not statistically significant
due to the low total number of observed changes between
the two strains (Fisher’s exact test P value: 0.084; table 5).
These observations led us to ask whether fermentation
strains have generally experienced more TFBS losses than
gains from the common S. cerevisiae ancestor to the extant
strains, in comparison with other S. cerevisiae strains. This was
indeed the case (Wilcoxon rank-sum test: P value: 0.048). In
addition to Y12, we also compared each of the other two
fermentation strains with its closest wild relative (supplemen-
tary tables S3 and S4, Supplementary Material online). In the
comparison between RM11-1a and YPS606 the same trend is
visible, although not statistically significant because of the rel-
atively low total number of differences (Fisher's exact test P
value: 0.174; supplementary table S3, Supplementary
Material online), but it is absent between DBVPG6044 and
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Table 2

Numbers of Predicted TFBSs for the Proximal Promoter Regions of 1,400 Yeast Genes

S. cerevisiae Strains

BY4741 RM11-1a YJM789 SK1 DBVPG6044 UWOPS03-461.4 Y12 YPS606 UWOPS87-2421
Total no. of TFBSs 9,008 8,961 9,031 8,999 8,994 8,988 8,943 9,006 9,009
No. of TFBSs per 100 bp 3.94 3.92 3.95 3.94 3.94 3.94 3.92 3.94 3.94

MRCA of all MRCA of MRCA of All S. paradoxus
S. cerevisiae Strains®  S. paradoxus and  S. paradoxus Strains® Strains
S. cerevisiae®
Y85 YPS138 N-44  (CBS5829 (CBS432

Total no. of TFBSs 8,997 9,276 9,283 9,321 9,131 9,331 9,346 9,354
No. of TFBSs per 100 bp 3.94 4.06 4.06 4.08 3.99 4.09 4.09 4.09

®Reconstructed ancestral sequence.

Table 3

TFBS Gains and Losses in the Proximal Promoter of Saccharomyces cerevisiae (BY4741) and Saccharomyces paradoxus (CBS432)

Type of Event Total Changes® along the
Branches Leading to BY4741 (S. cerevisiae)

and CBS432 (S. paradoxus) from Their MRCA

Differences® between BY4741
and CBS432 that Were
Assigned to a Lineage

Parallel Events between
the BY4741 and
CBS432 Lineages

BY4741 CBS432 BY4741 CBS432

Gains 2,702 2,106 2,596 2,000 106
Losses 2,970 2,028 2,013 1,071 957
Turnovers 196+ 57¢ 410+ 259

®Total numbers of TFBS changes in the proximal promoters of 1,400 genes along the lineages leading to the S. cerevisiae strain BY4741 or the S. paradoxus strain
CBS432 compared with their MRCA (including parallel gains and losses). TFBS turnover events are classified into two categories: multiple-branch turnovers and single-branch

turnovers.

PPairwise differences between the BY4741 strain and the S. paradoxus strain CBS432 were classified as gains or losses with regard to the reconstructed sequence for the

common ancestor of S. cerevisiae and S. paradoxus.
“Multibranch turnovers.
9Single-branch turnovers.

UWOPS03-461.4 (supplementary table S4, Supplementary
Material online, Fisher’s exact test P value: 0.88).

Evolutionary Conservation of Proximal Promoters versus
Distal Promoters

We investigated whether TFBSs in proximal promoters are not
only more frequent but also better conserved than those in
distal promoters:

1. As the number of TFBS losses which can occur on a
branch is dependent on the number of TFBSs in the
ancestral sequence, we divided the total number of
TFBS losses on all branches by the total number of
TFBSs of all ancestral sequences for each gene, and
compared the two regions. There were indeed signifi-
cantly more losses per ancestral TFBS in the distal pro-
moter regions than in the proximal promoter regions
(0.23vs. 0.19 mean losses per ancestral TFBS; Wilcoxon
signed-rank test P value: 7.53 x 107°).

2. As the number of TFBSs which can be gained on a branch
depends on the length of the sequence under consider-
ation, we divided the total number of TFBS gains by the
length of the region for the proximal promoters and for the

distal promoters. There were slightly more TFBS gains in
distal promoters than in proximal promoters; the differ-
ence was not significant (0.09 vs. 0.086 mean total gains
per base pair; Wilcoxon signed-rank test P value: 0.21).

To assess the impact of the peak region around —115bp
on the observed TFBS conservation differences between prox-
imal and distal promoters and to control for the variable
lengths of distal promoter regions, we compared a set of
three 80-bp regions:

1. Region 1: The 80-bp region immediately upstream of the
TSS.

2. Region 2: From 91 to 170 bp upstream of the TSS.

3. Region 3: From 201 to 280 bp upstream of the TSS.

Region 2, which includes the peak of the TFBS density, is
expected to contain more functional TFBSs than the other two
regions (Lin et al. 2010). As expected, Region 2 was found to
have a significantly higher TFBS density (4.16 TFBS per 100 bp)
than Region 1 (1.93 TFBS per 100 bp; Wilcoxon signed-rank
test Pvalue: 2.2 x 10~ '®) and Region 3 (2.23 TFBS per 100 bp;
Wilcoxon signed-rank test P value: 2.2 x 107'%). Also, the
number of TFBS gains per base pair was significantly higher
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Table 4
TFBS Gains and Losses in the Proximal Promoter of the Saccharomyces cerevisiae UWOPS87-2421 and Y12 Lineages

Parallel Gains and
Losses® between the Y12
and UWOPS87-2421 Lineages

Differences® between
Y12 and UWOPS87-2421

Total Number of
Changes® along the Y12
and UWOPS87-2421 Branches

Y12 UWOPS87-2421 Y12 UWOPS87-2421
Gains 129 136 129 136 0
Losses 171 112 167 108 4
Turnovers 2 0

*Total numbers of TFBS gain and loss events along the lineages leading to the S. cerevisiae strains Y12 and UWOPS87-2421 from their MRCA.
bPairwise differences in TFBS numbers between the wild strain UWOPS87-2421 and the fermentation strain Y12, classified into gains and losses.
“Parallel TFBS gains and losses in the two strains, with regards to the reconstructed ancestral sequence.

Table 5

TFBS Gains and Losses in the Proximal Promoters of BY4741 and RM11-1a

Total Number of
Changes® along the BY4741
and RM11-1a Branches

Parallel Gains and
Losses® between the BY4741
and RM11-1a Lineages

Differences® between
BY4741 and RM11-1a

BY4741 RM11-1a BY4741 RM11-1a
Gains 133 168 129 164
Losses 123 205 118 200 5
Turnovers 1 2

*Total number of TFBS gain and loss events along the lineages leading to the Saccharomyces cerevisiae strains BY4741 and RM11-1a from their MRCA.
PPairwise differences in TFBSs between the laboratory strain BY4741 and the vineyard strain RM11-1a, classified into gains and losses.
“Parallel TFBS gains and losses in the two strains, with regards to the reconstructed ancestral sequence.

for Region 2 (mean: 0.088 gains per base pair) than for Region
1 (mean: 0.052 gains per base pair; Wilcoxon signed-rank test
P value: 2.2 x 107'®) and Region 3 (mean: 0.056 gains per
base pair; Wilcoxon signed-rank test P value: 2.2 x 107'©).
The number of TFBS losses per ancestral TFBS was lower in
Region 2 (mean: 0.24) than in Region 1 (mean: 0.31) and
Region 3 (0.27). However, the difference was statistically sig-
nificant only for the comparison between Region 2 and
Region 1 (Wilcoxon signed-rank test P value: 0.001).

Comparison of Different Constraint Categories

According to the analyses above and a previous study (Lin
et al. 2010), the proximal promoter regions are expected to
contain more TFBSs than the distal promoter regions. For this
reason, we focused on the proximal promoters in the follow-
ing analyses.

We compared the numbers of TFBS gain and loss events in
the proximal promoter of genes in different categories of se-
lective or functional constraint. Essential genes are found to
have experienced significantly fewer loss events than nones-
sential genes (the mean number of losses per ancestral TFBS:
0.158 for essential genes vs. 0.184 for nonessential genes;
Wilcoxon rank-sum test Pvalue: 0.015), whereas the numbers
of gain events per base pair were similar for both groups
(0.081 vs. 0.084).

Similarly, the proximal promoter regions of genes with no
known protein—protein interaction (PPl) partners have

experienced more TFBS losses than those with five (median)
or more PPl partners (mean: 0.186 vs. 0.161; Wilcoxon rank-
sum test P value: 0.026).

Additionally, we compared proximal promoters with a well-
defined nucleosome-free region close to the TSS, called de-
pleted proximal-nucleosome promoters, with those without
such a region, called occupied proximal-nucleosome pro-
moters (Tirosh and Barkai 2008). There were no significant
differences in TFBS densities (3.73 vs. 4.33 TFBSs per
100bp) and in the number of gain or loss events (0.08 vs.
0.082 gains per 100 bp; 0.177 vs. 0.168 losses per ancestral
TFBS) between these two groups (Wilcoxon rank-sum test P
values: 0.526, 0.505, and 0.751, respectively). In contrast, for
the comparison between TATA box containing and TATA-less
promoters (Basehoar et al. 2004), there were significant dif-
ferences in the mean density of predicted TFBSs (5.01 vs. 3.85
TFBSs per 100bp; Wilcoxon rank-sum test P value:
1.56 x 107°) and in the mean number of TFBS losses per an-
cestral TFBS (0.156 vs. 0.182; Wilcoxon rank-sum test P value:
7.31x1073).

Relationship between TFBS Changes and Gene
Expression Differences in cis and trans

We examined the relationship between changes in TFBSs and
gene expression differences between RM11-1a and BY4741
(Schaefke et al. 2013). The proximal promoter regions of
genes with a significant cis component in expression evolution
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Fic. 3.—Distributions of genes with TFBS gains/losses (227 genes) or
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BY4741 and RM11-1a in different cis/trans categories. Genes with TFBS
changes in the proximal promoter regions are more frequently found in
the categories with a significant cis component (“cis only,” “cis+ trans,"”
and “cis — trans”).

have experienced significantly more TFBS changes (mean:
0.76 differences per gene) between the two strains than
those of genes without a significant c¢is component (mean:
0.38; Wilcoxon rank-sum test P value: 6.67 x 1073).
Interestingly, this appears to be largely due to the effect of
TFBS losses in RM11-1a: Genes with a significant cis compo-
nent have a mean of 0.33 losses in RM11-1a, whereas the
other genes have significantly fewer losses in RM11-1a (mean:
0.10) (Wilcoxon rank-sum test Pvalue: 3.5 x 10~%). Moreover,
the numbers of TFBS gains in BY4741 and in RM11-1a were
also higher for genes with a significant cis component than for
other genes in our data set (mean: 0.126 vs. 0.093 and 0.215
vs. 0.087, respectively), but this difference is not statistically
significant (Wilcoxon rank-sum test P values: 0.53 and 0.08,
respectively).

Grouping genes into those with or without TFBS changes
between RM11-1a and BY4741, we observe the same rela-
tionship: Genes with TFBS differences have a mean P value of
0.26 (median: 0.12) for the cis component of gene expression
differences, whereas genes without predicted TFBS changes
between the two strains have a mean cis P value of 0.32
(median: 0.24; Wilcoxon rank-sum test P value: 8.5 x 10™%).
This difference is also reflected in the distribution of genes
with or without TFBS changes among the different cis/trans
categories (fig. 3). In general, genes with a significant cis com-
ponent are more likely to have experienced TFBS gains or
losses (Fisher's exact test P value: 0.012; supplementary
table S5, Supplementary Material online).

We also related the changes in TFBSs to gene expression
data from an interspecific comparison between the S. cerevi-
siae strain BY4741 and the S. paradoxus strain CBS432
(Tirosh, Reikhav, et al. 2009). The mean number of TFBS dif-
ferences for genes with a significant cis component was 5.82,

compared with 5.19 for genes without a significant cis com-
ponent (Wilcoxon rank-sum test P value: 0.051). Only the
number of changes in the lineage leading to CBS432
showed a significant difference between genes with a signif-
icant cis component (mean number of gains: 1.51; mean
number of losses: 0.86) and those without (mean number
of gains: 1.30; mean number of losses: 0.73; Wilcoxon
rank-sum test P values: 0.049 and 0.043, respectively).
Genes with a significant cis component are more likely to
have experienced a larger number of TFBS gains or losses,
but reaching statistical significance only for changes on the
S. paradoxus lineage (Fisher's exact test P value: 0.019 for
TFBS gains or losses to CBS432; Fisher's exact test P value:
0.24 for TFBS gains or losses to BY4741; supplementary table
S5b, Supplementary Material online).

No significant difference in TFBS changes between genes
with a significant trans component in expression evolution and
those without a significant difference in trans was detected in
either the intraspecific or the interspecific comparison.

To provide an example of gene expression influenced by
TFBS gain/loss events, we constructed two mutant BY4741
strains, targeting the Ndt80p and Reb1p binding sites in the
proximal promoter region of the MCTT gene (YOR221C) with
site-directed mutagenesis. Ndt80p is a positive regulator of
transcription, whereas Reb1p bound to DNA acts to block
RNA polymerase Il read-through transcription. In each case,
one nucleotide was changed to obtain the same nucleotide as
in RM11-1a (in which the respective TFBS was not predicted in
our scan). Both substitutions significantly changed expression
levels of the MCTT gene. As expected, this change was in
opposite directions (supplementary table S6, Supplementary
Material online): Expression of MCTT increased after turning
the Reb1p binding site nonfunctional, but decreased after tar-
geting the Ndt80p binding site.

Comparison of TFBS Changes in Different Lineages

We examined whether the promoter regions of specific genes
or the binding sites of specific TFs have undergone more TFBS
changes in the lineages leading from wild strains to fermen-
tation or lab strains.

For this purpose we divided our phylogenetic tree of
S. cerevisiae strains into three clades, each of which included
at least one fermentation and one wild strain (supplementary
fig. S3, Supplementary Material online): 1) Clade A: BY4741
(lab), RM11-1a (fermentation), and YPS606 (wild); (2) clade B:
Y12 (fermentation) and UWOPS87-2421 (wild), and (3) clade
C: SK1 (lab), DBVPG6044 (fermentation), and UWOPS03-
461.4 (wild). Then, we conducted three groups of pairwise
comparisons (with each comparison considering differences
classified as gains and losses with respect to the MRCA of
the two strains): 1) Each lab strain versus its closest wild rela-
tive (clade A: BY4741 vs. YPS606, clade C: SK1 vs. UWOPSO03-
461.4), 2) each lab strain versus the closest fermentation strain
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(clade A: BY4741 vs. RM11-1a, clade C: SK1 vs. DBVPG6044),
and 3) each fermentation strain versus its closest wild relative
(clade A: RM11-1a vs. YPS606, clade B: Y12 vs. UWOPS87-
2421 and clade C: DBVPG6044 vs. UWOPS03-461.4). In every
group (niche comparison), we obtained the sum of TFBS gains
or losses from the respective clade ancestor for the strains
belonging to the same ecological niche (e.g., gains for
RM11-1a vs. YPS606+gains for Y12 vs. UWOPS87-
2421 + gains for DBVPG6044 vs. UWOPS03-461.4 = total fer-
mentation strain gains). We pooled the data for each TF with
binding site gains or losses in the same way. Then, we per-
formed Fisher's exact test for each gene/TF and calculated the
difference between gains and losses for each gene/TF (total
gains per gene/TF — total losses per gene/TF).

1. Lab versus wild: Out of 1,400 proximal promoter regions in
our analysis, 322 showed TFBS differences between the
lab strain BY4741 and the wild strain YPS606, and 379
genes showed differences between the lab strain SK1 and
the wild strain UWOPS03-461.4. A total of 118 genes
showed differences in both comparisons (81 expected by
chance, hypergeometric test P value: 8.55 x 1075).

2. Lab versus fermentation: Out of the 1,400 proximal pro-
moter regions 259 showed TFBS differences between
BY4741 and the vineyard strain RM11-1a, whereas 92
showed differences between SK1 and the fermentation
strain DBVPG6044. A total of 21 genes showed TFBS dif-
ferences in both comparisons (17 expected by chance; hy-
pergeometric test P value: 0.11).

3. Fermentation versus wild: 359 proximal promoter regions
showed differences in TFBSs between RM11-1a and
YPS606, 264 between Y12 and UWOPS87-2421, and
377 between DBVPG6044 and UWOPS03-461.4. In
total, 126 genes had experienced changes between the
fermentation strain and the wild strain in clades A and B
(expected: 68; hypergeometric test Pvalue: 8.03 x 107"9),
119 were different between the two niches in both clade
A and clade C (expected: 97; hypergeometric test P value:
9.34 x 1074, and 95 genes were in the intersection be-
tween clade B and clade C (expected: 71; hypergeometric
test Pvalue: 1.16 x 1074). Finally, a total of 51 genes (sup-
plementary table S7, Supplementary Material online)
showed TFBS changes in all three pairwise fermentation
versus wild comparisons (multivariate hypergeometric test
Pvalue: 1.78 x 107%).

From the above analyses, we found significantly more TFBS
gains per TF in fermentation strains than in wild strains (mean:
3.71 vs. 2.8; Wilcoxon rank-sum test P value: 4.33 x 107%),
and also significantly more losses (mean: 4.24 vs. 2.67,
Wilcoxon rank-sum test P value: 5.66 x 10~7). The difference
in losses is larger, so that the mean number of gains—losses per
TF is negative in the fermentation strains (—0.525), but posi-
tive in wild strains (0.132; Wilcoxon rank-sum test P value:
0.046; fig. 4).

The three TFs with the highest fermentation versus wild loss
ratios were DAL8O0 (YKR0O34W), ADRT (YDR216W), and AAFT
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Fic. 4—TFBS gains—losses per TF in (a) fermentation versus (b) wild
strains.

(YMLO81W)  (supplementary table S8, Supplementary
Material online). Dal80p is a negative regulator of genes in
multiple nitrogen degradation pathways (Chisholm and
Cooper 1982; Cunningham and Cooper 1991). Adr1p is re-
quired for the transcription of the glucose-repressed gene
ADH2 and of genes required for ethanol, glycerol, and fatty
acid utilization (Simon et al. 1991; Tachibana et al. 2005).
Aaflp is a TF that regulates acetate production (Walkey
et al. 2012).

Relationship between TFBS Changes and TF Evolution

The TFBS matrices used in our study were derived from exper-
imental data in laboratory strains of S. cerevisiae. Thus, not all
detected putative gains of TFBSs in BY4741 or losses in other
strains or species necessarily reflect real changes of TF binding,
but might be the consequence of changes in the DNA binding
region of specific TFs and compensatory evolution in the TFBS.
To investigate this issue, we searched for TFs which were
overrepresented among TFBS gains in S. cerevisiae and/or
losses in S. paradoxus, because we expected TFs with different
DNA binding specificity between S. cerevisiae and S. para-
doxus predominantly to fall into this category. Then, we ex-
amined whether these TFBSs showed amino acid differences
in their DNA binding regions and consistent patterns in the
other species S. mikatae and S. bayanus. Among the three TFs
with the highest ratio of S. cerevisiae gains and S. paradoxus
losses to S. cerevisiae losses and S. paradoxus gains (Smp1p,
Arg81p, and Stb5p), only the Stb5p protein shows major
amino acid diversity in its DNA binding region (protein coor-
dinates 16-60; supplementary fig. S4, Supplementary
Material online) among the Saccharomyces species, whereas
the others are conserved.
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Discussion

TFBSs are an important nexus for the interaction of trans-
regulatory factors with cis-regulatory regions. Our results con-
firm  previous work that most functional TFBSs in
Saccharomyces yeasts can be found in a narrow region up
to 200 bp upstream of the TSS (Venters and Pugh 2009; Lin
et al. 2010). The density and the evolutionary conservation of
TFBSs in this region are higher than in the distal promoter
region (table 2 and supplementary table S2, Supplementary
Material online).

We show a strong relationship of TFBS changes in proxi-
mal promoters between the two S. cerevisiae strains BY4741
and RM11-1a and the cis component of gene expression
differences between these two strains (supplementary
table S5, Supplementary Material online, and fig. 3). We
also present experimental proof that a single nucleotide
change in a predicted TFBS, which has undergone a gain/
loss event between the two strains, can lead to significant
expression  differences  (supplementary  table  S6,
Supplementary Material online). This shows the possibility
that a combination of hybrid experiments between closely
related strains of interest and computational prediction of
TFBS gains and losses could be utilized to pinpoint the evo-
lutionary events which have led to expression differences and
phenotypical divergence between these strains.

The relationship between TFBS changes and the cis com-
ponent of gene expression differences between the species
S. cerevisiae and S. paradoxus is less pronounced. The reason
for this could be the different nature of the data: High-
throughput sequencing in the case of the within-species com-
parison (Schaefke et al. 2013) and microarray data in the case
of the between-species comparison (Tirosh, Reikhav, et al.
2009). Another possible explanation would be that different
evolutionary forces (He et al. 2011) have shaped the gain and
loss of TFBSs on the two lineages: Although the S. cerevisiae
lineage might have experienced more mutation-driven losses
of TFBSs and a partially compensatory gain of different bind-
ing sites with similar regulatory effect, the S. paradoxus line-
age might have been under stronger selective constraint,
experiencing less TFBS changes, but with a higher proportion
of these changes reflecting positive selection and contributing
to gene expression changes (reflected in our result that there is
a significant relationship between TFBS changes and the cis
component of gene expression differences between BY4741
and CBS432 on the S. paradoxus lineage, but not on the
S. cerevisiae lineage).

In agreement with this hypothesis, we found that S. para-
doxus has experienced comparatively fewer TFBS losses than S.
cerevisiae. Within S. cerevisiae, fermentation strains appear to
have evolved more rapidly and lost TFBSs more frequently than
strains from other environments. A possible explanation for this
phenomenon might be that S. cerevisiae has shifted from tree
barks to more sugar-rich environments, which reduced the

need of fine-regulation of gene expression. This trend has
been continued in the diversification of domesticated S. cerevi-
siae strains, especially those used in alcoholic fermentation,
from those living in environments more similar to S. paradoxus.
Future studies to compare larger numbers of different strains,
especially wild strains isolated from tree bark and fermentation
strains, might be able to validate or reject this hypothesis.
Possible candidates for TFs which have experienced losses
of TFBSs in their target genes as result of this environmental
shift in fermentation strains are AAFT and ADR1. Aaf1p reg-
ulates the production of acetic acid during wine fermentation,
which is an important factor in determining the sensory quality
of the product (Walkey et al. 2012). Adr1p is involved in the
response to carbon-source availability and has been shown to
mediate glucose derepression (Simon et al. 1991; Tachibana
et al. 2005), which “acts as an impediment to effective alco-
holic fermentation under glucose-rich fermentative condi-
tions” (Watanabe et al. 2013). Again, here a larger-scale
analysis is necessary to evaluate the roles of ADRT and
AAF1 TFBSs and whether their increased losses in fermenta-
tion strains have occurred because of a relaxation of selective
constraint or as an adaptation to the new environment. It will
also be of interest to examine how differences in ADRT and
CAT8TFBSs contribute to the marked differences between the
lab strain BY4741 and the fermentation strain RM11-1a with
regards to glucose consumption rate and transition to nonfer-
mentative metabolism (Chang et al. 2008). Competition ex-
periments can help to determine whether the loss of Aaf1p or
Adr1p binding sites confers a competitive advantage over
wild-type strains in sugar-rich environments or might have
been the result of human selection for specific qualities of
alcoholic beverages, for example, ethanol content or acidity.

Supplementary Material

Supplementary figures S1-S4 and tables S1-S8 are available
at Genome Biology and Evolution online (http:/Avww.gbe.
oxfordjournals.org/).
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