Downloaded from genome.cshlip.org on June 16, 2026 . Published by Cold Spring Harbor Laboratory Press

ENOME
ESEARCH

Expression evolution in yeast genes of single-input modules is
mainly due to changes in trans-acting factors

Daryi Wang, Huang-Mo Sung, Tzi-Yuan Wang, et al.

Genome Res. 2007 17: 1161-1169 originally published online July 5, 2007
Access the most recent version at doi:10.1101/gr.6328907

References This article cites 31 articles, 7 of which can be accessed free at:
http://genome.cshlp.org/content/17/8/1161.full.html#ref-list-1

License

Email Alerting  Receive free email alerts when new articles cite this article - sign up in the box at the
Service top right corner of the article or click here.

To subscribe to Genome Research go to:
https://genome.cshlp.org/subscriptions

Copyright © 2007, Cold Spring Harbor Laboratory Press


http://genome.cshlp.org/lookup/doi/10.1101/gr.6328907
http://genome.cshlp.org/content/17/8/1161.full.html#ref-list-1
http://genome.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=protocols;10.1101/gr.6328907&return_type=article&return_url=http://genome.cshlp.org/content/10.1101/gr.6328907.full.pdf
https://genome.cshlp.org/subscriptions
http://genome.cshlp.org/
http://www.cshlpress.com
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 16, 2026 . Published by Cold Spring Harbor Laboratory Press

Letter

Expression evolution in yeast genes of single-input
modules is mainly due to changes in trans-acting factors

Daryi Wang,'-® Huang-Mo Sung,?° Tzi-Yuan Wang,? Chih-Jen Huang,? Peggy Yang,?
Tiffany Chang,? Yang-Chao Wang,? Da-Lun Tseng,? Jen-Pey Wu,? Tso-Ching Lee,?

Ming-Che Shih,* and Wen-Hsiung Li*>’

"Research Center for Biodiversity, Academia Sinica, Taipei 115, Taiwan; Genomics Research Center, Academia Sinica, Taipei
115, Taiwan; 3Department of Medical Research, Taichung Veterans General Hospital, Taichung 407, Taiwan,; *Department
of Biological Sciences and Roy J. Carver Center for Comparative Genomics, University of lowa, lowa City, lowa 52242, USA;
SDepartment of Ecology and Evolution, University of Chicago, Chicago, Illinois 60637, USA

Both cis- and trans-regulatory mutations contribute to gene expression divergence within and between species. To
estimate their relative contributions, we examined two yeast strains, BY (a laboratory strain) and RM (a wild strain),
for their gene-expression divergence by microarray. Using these data and published ChIP-chip data, we obtained a
set of single-regulator-regulated genes that showed expression divergence between BY and RM. We randomly selected
50 of these genes for further study. We developed a step-by-step approach to assess the relative contributions of cis-
and trans-variations to expression divergence by using pyrosequencing to quantify the mRNA levels of the BY and
RM alleles in the same culture (co-culture) and in hybrid diploids. Forty genes showed expression divergence
between the two strains in co-culture, and pyrosequencing of the BY/RM hybrid diploids showed that 45% (18/40)
can be attributed to differences in trans-acting factors alone, 17.5% (7/40) mainly to trans-variations, 20% (8/40) to
both cis- and trans-acting factors, 7.5% (3/40) mainly to cis-variations, and 10% (4/40) to cis-acting factors alone. In
addition, we replaced the BY promoter by the RM promoter in each of 10 BY genes that were found from our
microarray data to have expression divergence between BY and RM, and in each case our quantitative PCR analysis
revealed a cis effect of the promoter replacement on gene expression. In summary, our study suggests that
trans-acting factors play the major role in expression evolution between yeast strains, but the role of cis variation is
also important.

[Supplemental material is available online at www.genome.org.]

Functional variation of a gene among individuals in a species can
be due to nucleotide differences in coding regions or in regula-
tory elements. To date, most studies of molecular evolution have
examined changes in protein-coding sequences (see Li 1997). Re-
cently, several reviews argued that mutations in transcriptional
regulation may have been a major cause for phenotypic evolu-
tion (Carroll 2000; Purugganan 2000; Stern 2000; Tautz 2000;
Wray et al. 2003). Some studies have shown that natural genetic
variations are heritable and can cause significant differences in
gene expression (Brem et al. 2002; Cowles et al. 2002; Rockman
and Wray 2002; Schadt et al. 2003). However, evolutionary
changes in transcriptional regulation are still poorly understood.

Gene expression changes can arise from cis- or trans-
changes, or both. Variation(s) in cis-regulatory elements can be
defined as polymorphism(s) in functional motifs of the promoter
region or the DNA element(s) located within the transcribed re-
gion of the gene and/or a short distance outside of the tran-
scribed region that influences the gene-expression level or timing
or the mRNA stability. On the other hand, frans-regulatory varia-
tions are changes that affect the timing, level, or activity of the
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transcription factors (TFs) or other regulators that control the
expression of the target genes (Yvert et al. 2003; Wittkopp et al.
2004). Thus, the effect of cis-variation should be allele specific,
whereas trans-variation can affect both alleles in a diploid.

The relative contributions of cis- and frans-regulatory varia-
tions to expression evolution remain controversial. Several stud-
ies have found cases where intraspecies divergence in gene ex-
pression arose from mutations in cis-regulatory elements, such as
in the cases of Gpdh and Cyp6g1 (the cytochrome P450 family) in
Drosophila melanogaster (Laurie-Ahlberg and Bewley 1983;
Daborn et al. 2002), beta-glucuronidase in Mus domesticus (Bush
and Paigen 1992), and prolactin in the tilapia, Oreochromis niloti-
cus (Streelman and Kocher 2002). Furthermore, recent studies
reported that both intra- and interspecies divergences in gene
expression during development among D. melanogaster, Dro-
sophila yakuba, and Drosophila simulans are mainly due to cis-
variations (Rifkin et al. 2003; Osada et al. 2006) and that the
variations in expression levels of 29 genes between D. melano-
gaster and D. simulans are mainly due to cis-regulatory changes
(Wittkopp et al. 2004).

However, using linkage analysis to map the genetic changes
responsible for the expression differences of 2294 genes between
the yeast strains BY4716 (a laboratory strain) and RM11-1a (a
wild strain), Brem et al. (2002) and Yvert et al. (2003) found that
the expression divergence of 1716 genes (~75%) between these
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two strains seemed to be mainly due to changes in trans-acting
factors. More recently, Ronald et al. (2005) found that ~25% of
the 5727 genes that they have tested contain local regulatory
variation between these two strains. By measuring allele-specific
expression for 77 of these local regulatory variation-containing
genes in a hybrid diploid with quantitative real time PCR, they
estimated that in 52%-78% of these genes, local regulatory varia-
tion acts in cis. However, in some special circumstances, local
regulatory variation identified through linkage analysis actually
conferred trans-regulatory effects (Ronald et al. 2005; Rockman
and Kruglyak 2006). Combined results from these studies suggest
that trans-variations play a major role in expression divergence in
yeast, with contributions from cis-variations. This is a very inter-
esting finding because it is in contrast to the conclusion of the
studies in Drosophila (Rifkin et al. 2003; Wittkopp et al. 2004;
Osada et al. 2006). However, the studies in both Drosophila and
yeast have not attempted to identify the direct target genes of a
regulator, except for the case of Amn1P (Brem et al. 2002; Ronald
et al. 20095), and the regulatory pathways of these regulators have
not been investigated in detail. Here, we used a different ap-
proach to study the relative contributions of cis- and trans-
regulatory mutations to expression evolution in yeast.

First, we chose yeast single-input module (SIM) genes, each
of which is putatively regulated by a single transcription factor
(TF). Since a SIM gene is regulated by a single immediate-
upstream TF, the chance for a change to occur in its trans-acting
factors would, on average, be smaller than that for a multiple
input module (MIM) gene, because a MIM gene is regulated by
more TFs, and thus, likely by more trans factors than a SIM gene.
For this reason, we hypothesize that the role of trans factors is less
important for SIM genes than for MIM genes. Moreover, it would
be simpler to figure out the molecular changes that cause the
observed expression change in a SIM gene than in a MIM gene.
To identify SIM genes we used data obtained by the ChIP-chip
technique that combines chromatin-immunoprecipitation
(ChIP) with DNA microarrays (chip) to map the promoter and its
corresponding TFs (Lee et al. 2002; Harbison et al. 2004). Note
that the current ChIP-chip data cannot guarantee that each of
these genes is a true SIM gene, so they should be taken as “pu-
tative” SIM genes. However, such a gene is unlikely to be regu-
lated by many TFs.

Second, we used two different budding yeast strains BY4741
(denoted as BY) and RM11-1a (RM). These two strains proliferate
rapidly and have propagated under different environmental con-
ditions for decades. As a result, these two strains display substan-
tial divergence in gene expression and are ideal for studying ex-
pression divergence within species.

Third, we took advantage of the fact that yeast can propa-
gate as haploids or diploids and that the pyrosequencing tech-
nique can be used to estimate the relative expression levels of two
alleles in an mRNA pool if there is nucleotide polymorphism in
the coding region. We first used microarrays to identify and se-
lect SIM genes that showed expression differences between the
BY and RM strains. Next, we used pyrosequencing to check the
expression differences of each selected gene when the two strains
were grown in separate cultures, and selected those genes that
showed significantly different expression levels for further analy-
sis. The expression differences could be due to a combination of
differences in environmental factors such as glucose concentra-
tion and genetic (trans or cis) factors. Then, we grew the two
strains in the same culture (co-culture) and used pyrosequencing
to estimate the relative expression levels of the two alleles of a

gene (one from each of the two strains). This co-culturing should
remove the environmental effects.

Fourth, we formed a BY/RM hybrid diploid and used pyrose-
quencing to study the relative expression levels of the two alleles
of a gene in the diploid (where the two alleles are from the two
different strains). This procedure should remove the effects of
trans factors, so the remaining differences, if any, should be due
to the cis effects.

Finally, for some of the genes selected we have also swapped
the promoters of the two strains to verify the cis effects.

In summary, the experimental procedure we used provided
a rigorous means to separate the cis and trans effects. As will be
seen, our conclusion is that trans factors play a major role for the
expression divergence between the two yeast strains, even for
SIM genes. However, it will become clear that cis effects are also
common. Since we are still in the process of obtaining data for
MIM genes, we cannot yet test our hypothesis that the role of
trans factors is less important for SIM genes than for MIM genes.

Results

SIM genes that show different expression levels between strains

We used microarrays to compare gene expression profiles of BY
and RM cells from exponentially growing cells. There were 1360
genes that showed significant (P < 0.5 x 10~ *) expression dif-
ferences between the two strains (Supplemental Table 1). We
used a collection of Saccharomyces cerevisiae TFs and their target
genes predicted from ChIP-chip data (Harbison et al. 2004). This
database includes 203 known TFs and their downstream target
genes, from which we collected 1049 genes, each of which is
uniquely bound by only one of 72 TFs at a significance level of
P < 102 (Harbison et al. 2004). By incorporating the single-input
modules inferred from the ChIP-chip data (Lee et al. 2002; Har-
bison et al. 2004) with our expression data, we identified 219
putative single-regulator regulated (SIM) genes that showed dif-
ferent expression levels between the BY and RM strains (Supple-
mental Table 2).

Allele quantification of SIM genes

For pyrosequencing analyses, we randomly selected 50 SIM genes
from a pool of 80 genes in Supplemental Table 2, for which the
regulatory domain and DNA-binding domain of the upstream
TFs are known (see Supplemental Table 3 for the gene list and
DNA sequence comparison). An additional selection criterion
used was that the gene should have polymorphism(s) in the tran-
scribed region between BY and RM, which can be used as the
target for pyrosequencing analysis.

We used pyrosequencing to check the expression differences
in each selected gene between the BY and RM strains grown in
separate cultures. We found that eight of the 50 selected genes
showed similar expression levels, while the remaining 42 genes
showed significantly different expression levels between the BY
and RM strains (Supplemental Table 4). The observed expression
differences in separate cultures could be due to a combination of
environmental and genetic factors such as glucose concentra-
tion, trans factors, or cis factors. Next, we used pyrosequencing to
quantify the relative expression levels of the RM/BY alleles of
these 50 SIM genes when the strains are grown together in co-
culture. We found four of these 50 genes did not show significant
expression difference in both separate cultures and co-culture;
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these four genes were removed from further analysis. In addition,
we found that six of the remaining 46 genes have similar allele
expression levels under co-culture (RM/BY = 1; Supplemental
Table 4), but show different expression levels when grown sepa-
rately. Since this co-culturing system should remove the environ-
mental effects, our results indicated that 13% (6/46) of the ex-
pression divergence observed under separate cultures was mainly
due to interactions between genetic factors and environmental
factors. Interestingly, there were five genes that showed a similar
expression level in separate cultures of the BY and RM strains, but
showed significant expression difference in the BY and RM co-
culture system. The nonsignificant difference in expression level
under separate cultures could be in part due to large standard
errors (two of the five genes had particularly large standard er-
rors) or due to stronger effects of environmental factors than
genetic factors (Supplemental Table 4). When grown in separate
cultures, the RM strain grows faster and consumes glucose at a
faster rate, and this difference in glucose concentration may af-
fect the expression of some genes.

To further characterize the effects of cis- and trans-variations
on the 40 genes that showed significant expression differences
between the BY and RM alleles in the co-culture system, and are
therefore likely to be affected by the genetic variations between
BY and RM, we generated a BYa/RMa and a RMa/BYa hybrid
diploid strain and examined the relative expression levels of the
BY and RM alleles of the 40 genes in each strain by pyrosequenc-
ing (see Methods). Because the trans-acting effects should be the
same in the same genetic background, an equal level of expres-
sion of the BY and RM alleles in a hybrid diploid indicates dif-
ferences in trans-regulation. Therefore, if trans-regulatory diver-
gence completely explains the expression difference of a given
gene between the two strains, the allele-specific expression will
be approximately the same in the hybrids. On the other hand, if
the allele-specific expression of a given gene is different in the
hybrid, the difference can be attributed to cis-regulatory diver-
gence. If cis-regulatory divergence completely explains the ex-
pression difference of a given gene between the two strains, the
allele-specific expression ratios in the hybrid and parental strains
should be approximately equal (RMparend/BY parent = RMhypria/
BYnybria)- If the expression levels of the BY and RM alleles in a
hybrid are different and the ratio RMp,;en/BY parene is different
from RMy,gp,11a/BYhybria, the expression difference between the BY
and RM alleles should be due to a combination of cis- and trans-
regulatory effects. Our results, which are summarized in Table 1,
showed that 45% (18/40) of these 40 cases can be attributed to
the differences in trans-acting factors alone, 17.5% (7/40) mainly
to trans-variations, 20% (8/40) to both cis- and trans-acting fac-
tors, 7.5% (3/40) mainly to cis-variations, and 10% (4/40) to cis-
acting factors alone (Table 1).

In summary, variations in expression or sequence of frans-
acting factors were mainly responsible for 62.5% of the expres-
sion difference observed between the BY and RM strains. In total,
trans-acting factors affected 90% of the genes that showed ex-
pression differences between the BY and RM strains if the minor
trans-effects were also included, while the corresponding value
for cis-factors is only 55%.

Confirmation of the cis-regulatory effect
by promoter swapping

We performed promoter-swapping experiments to confirm the
cis-effects inferred by the SIM gene DNA sequence comparisons

and microarray data. The candidate genes for promoter swapping
were selected by three criteria: (1) the expression is significantly
different between the BY and RM strains, (2) the expression of the
corresponding upstream TF is similar for the BY and RM strains,
and (3) the binding domain and activation domain of the TF
have no nonsynonymous mutation between the BY and RM
strains. Thus, these genes were selected to minimize trans effects
and enhance cis effects. For each gene selected, there were SNPs
identified in the intergenic region (which usually includes the
promoter region) between the BY and RM strains, though the
SNPs did not fall into the predicted TF-binding site (Fig. 1). The
expression regulation of SIM genes appears to be more compli-
cated than we expected, so we examined whether the cis-
variation affected the gene expression after the intergenic region
of the BY allele was replaced with the intergenic region of the RM
allele. Seventeen genes with a significant difference between the
BY and RM strains in expression level in the array data
(P<1.0 X 10~ *) were selected for promoter-region swapping,
and we succeeded in 10 cases; we did not have successful trans-
formants for the remaining seven genes. The sequence compari-
sons of the promoter regions of these 10 genes are shown in
Figure 1. There are 33, 24, 6, 6, 6, 5, 5, 5, 9, and 6 nucleotide
differences in the promoter regions of YCRO75C, YDL137W,
YELOS2W, YELOS5S3C, YFLOO4W, YGR157W, YLR438W,
YMLO75C, YOR306C, and YPL157W between BY and RM. After
the replacement of the BY promoter sequence (300-800 bp) with
the RM sequence, the expression of the gene was determined by
quantitative real time PCR (qRT-PCR).

The relative expression levels of RM and BY (RM/BY, Col-
umn 4) and of the Swap strain and BY (Swap/BY, column 6)
determined by qRT-PCR are summarized in Table 2. (Some of the
specific promoter swapping had several different transformants
that were from different transformation events, and they showed
the same phenotype and similar qRT-PCR results. The qRT-PCR
results for four of the 10 genes were actually obtained from two
transformants.) For comparison, the RM/BY expression ratios es-
timated from our microarray data and pyrosequencing data are
also listed in Table 2 (column 2). Although the RM/BY expression
ratios estimated from microarray, real-time PCR, and pyrose-
quencing data are not identical, they do show the same trend;
e.g., if the RM/BY ratio from the microarray data was <1, it was
also <1 from the real time PCR and pyrosequencing data (Table
2). Under the assumption of no effect of cis-variation on the
expression level of a gene, the Swap/BY ratio is expected to be 1.
Therefore, our data indicate the presence of cis-effect in each of
the 10 genes studied, because the Swap/BY ratio is different from
1 for all of the 10 genes (Table 2). For gene YDL137W, the esti-
mated Swap/BY ratio is 1.45, which is similar to the estimate for
the RM/BY ratio from qRT-PCR data (1.44, Table 2). This obser-
vation suggests that the BY allele with the promoter of the RM
allele showed an expression level similar to that of the RM allele.
In other words, the lower expression level of the RM allele was
mainly due to its promoter region, so that the expression differ-
ence between the RM and BY alleles was mainly due to cis-effects.
A similar comment applies to the gene YELO53C. However, for
the remaining eight genes, the Swap/BY ratio was different from
the RM/BY ratio in each case, so there was also a trans-effect in
each case (Table 2). Therefore, for these eight genes, the expres-
sion divergence between BY and RM is due to variations in both
promoter sequences and upstream trans-regulatory factors. This
conclusion is largely consistent with the pyrosequencing data
summarized in Table 1, though the data in Table 2 indicates a
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Table 1. Pyrosequencing results of the 40 genes that showed significant expression divergence between BY and RM

ORF? Separate culture Co-culture BY(a) X RM(«) hybrid RM(a) X BY(«a) hybrid Effect
YBLO5SOW 0.92 = 0.025 0.66 = 0.057 1.03 + 0.082 0.99 = 0.050 trans alone
YDLO84W 0.83 = 0.019 0.86 + 0.033 1.03 + 0.034 1.04 + 0.038 trans alone
YER103W 0.59 = 0.063 0.53 £ 0.031 1.05 + 0.048 1.03 = 0.053 trans alone
YGL198W 0.95 = 0.019 0.92 + 0.032 1.02 = 0.033 1.02 + 0.032 trans alone
YGL248W 0.84 = 0.066 0.80 + 0.064 1.06 + 0.031 1.05 + 0.041 trans alone
YGR241C 1.07 = 0.062 1.21 = 0.090 1.00 = 0.014 0.97 + 0.044 trans alone
YHR146W 0.78 = 0.030 0.61 = 0.051 0.95 = 0.026 0.98 = 0.057 trans alone
YJL130C 1.01 + 0.045 1.18 + 0.037 1.00 + 0.051 1.00 + 0.042 trans alone
YJRO77C 2.14 = 0.151 1.95 £ 0.162 1.00 + 0.034 1.00 = 0.038 trans alone
YKLO72W 0.49 = 0.092 0.47 = 0.080 1.04 + 0.051 0.96 = 0.057 trans alone
YKR054C 0.66 = 0.098 0.67 + 0.107 0.99 + 0.076 1.02 + 0.082 trans alone
YLR223C 0.85 = 0.031 0.68 = 0.024 0.99 = 0.039 0.97 = 0.052 trans alone
YNLO94W 0.69 = 0.044 0.70 = 0.038 1.00 = 0.045 1.03 = 0.026 trans alone
YNL113W 1.12 £ 0.039 0.91 + 0.029 1.00 + 0.040 0.99 + 0.047 trans alone
YNRO50C 0.88 = 0.029 0.81 = 0.044 1.00 + 0.044 1.00 += 0.073 trans alone
YOL021C 1.02 = 0.020 0.91 = 0.040 1.00 = 0.092 1.03 = 0.093 trans alone
YOR326W 0.83 = 0.064 0.90 + 0.038 0.97 + 0.026 0.97 + 0.042 trans alone
YPR154W 0.80 = 0.046 0.63 = 0.046 0.98 = 0.037 1.04 = 0.050 trans alone
YALO37W 0.54 = 0.032 0.78 = 0.045 1.09 = 0.036 1.10 = 0.035 major trans effect
YCRO75C 0.52 = 0.028 0.62 + 0.041 1.09 + 0.036 1.06 + 0.025 major trans effect
YDR232W 1.64 = 0.120 1.58 = 0.084 1.17 = 0.050 1.19 = 0.053 major trans effect
YLR438W 1.96 = 0.104 2.70 = 0.192 1.54 = 0.049 1.57 = 0.054 major trans effect
YMLO75C 4.11 + 0.294 3.77 + 0.449 1.21 + 0.028 1.25 + 0.050 major trans effect
YOL144W 0.69 = 0.057 0.67 = 0.078 1.19 + 0.031 1.12 = 0.045 major trans effect
YPL264C 0.37 = 0.059 0.56 = 0.080 1.09 = 0.034 1.05 + 0.021 major trans effect
YFLO16C 0.83 = 0.077 0.85 + 0.025 0.83 = 0.035 0.85 = 0.029 cis alone
YFLO37W 0.97 = 0.044 0.89 = 0.032 0.87 = 0.033 0.88 = 0.039 cis alone
YGL200C 1.05 = 0.015 1.10 = 0.042 1.10 = 0.025 1.10 = 0.039 cis alone

YIL117C 0.61 = 0.056 0.83 + 0.041 0.87 = 0.046 0.86 + 0.042 cis alone
YDL124W 0.35 = 0.083 0.25 = 0.026 0.40 = 0.037 0.42 = 0.072 major cis effect
YMR318C 0.67 = 0.055 0.71 = 0.021 0.77 = 0.048 0.84 = 0.040 maijor cis effect
YOR306C 0.46 = 0.043 0.48 + 0.025 0.55 = 0.031 0.60 = 0.060 major cis effect
YELO52W 0.62 = 0.038 0.70 = 0.065 0.83 = 0.063 0.86 = 0.038 both cis and trans
YGR157W 0.52 = 0.030 0.57 = 0.040 0.77 = 0.021 0.80 = 0.042 both cis and trans
YJRO78W 0.38 = 0.041 0.28 + 0.066 1.54 + 0.086 1.60 + 0.065 both cis and trans
YKL152C 0.63 = 0.091 0.64 = 0.095 0.77 = 0.041 0.78 = 0.035 both cis and trans
YOL140W 1.18 £ 0.070 1.28 + 0.033 1.11 = 0.042 1.12 + 0.041 both cis and trans
YOR049C 0.28 + 0.054 0.28 + 0.066 0.57 = 0.064 0.64 = 0.080 both cis and trans
YOR150W 1.72 £ 0.102 1.43 = 0.155 1.16 += 0.059 1.24 + 0.057 both cis and trans
YPL157W 0.67 = 0.055 0.63 = 0.041 0.88 = 0.035 0.83 = 0.049 both cis and trans

Data presented are the expression ratios of the RM/BY alleles in separate cultures, in co-culture, and in two BY X RM hybrids. Each reaction was repeated

at least three times from different RNA and cDNA samples.
aSystematic name.

somewhat more important role of cis variation than inferred
from the result in Table 1. Note, however, that the 10 genes were
selected for promoter replacement using the three criteria men-
tioned above. These criteria can lead to an overestimate of the
contribution of cis elements to expression divergence.

Relationship between sequence polymorphism and cis versus
trans effects

In comparing the DNA sequences of the two strains, we found
that the polymorphism rate in the upstream intergenic regions of
the genes whose expression divergence is affected mainly by cis-
variation is higher than that in the upstream regions of the genes
whose expression divergence was affected mainly by trans-
variation (0.0102 vs. 0.0051 nucleotide differences per site,
P <0.05). All of the genes whose expression level is affected
mainly by cis-regulatory variations show polymorphisms in their
promoter (upstream) regions and in their coding regions (Table
3); however, in the coding regions, the polymorphism rate in
genes with cis-regulatory variation is not significantly different
from that in the genes with trans-regulatory variation (0.0047 vs.
0.0028). Similarly, Ronald et al. (2005) observed a greater poly-
morphism rate (0.0071) in the upstream regions of the 1233

genes showing self-linkage, compared with upstream regions of
3949 genes without self-linkage (0.0040); the increase was not
restricted to the region most likely to contain regulatory ele-
ments, but extended for at least 1 kb upstream of the genes. They
also observed that the polymorphism rate was also higher in the
coding regions of genes showing self-linkage (0.0044 vs. 0.0029).

Discussion

Our allele quantification analysis with pyrosequencing showed
that trans-acting factors affect most of the expression differences
observed between the BY and RM strains, in accordance with the
observation of Brem et al. (2002), Yvert et al. (2003), and Ronald
et al. (2005). Indeed, our data suggested that 90% of genes with
expression difference between BY and RM are affected by trans-
acting regulatory factors, though half of them are also influenced
by differences in cis-acting regulatory elements. Taken together,
our results show that even for SIM genes, which likely have only
one or few immediate upstream TFs, trans-regulatory variation
plays a major role in expression divergence between the two
yeast strains. Therefore, it is reasonable to speculate that trans-
variation is a major determinant in the genome-wide expression
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divergence in the yeast S. cerevisiae. Yvert
et al. (2003) reported that 1716 of the
2294 genes that showed expression dif- gy
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expression in promoter-swapped strains

showed that the polymorphisms in the ' 0 0
Figure 1.

promoter region contributed to the ex-
pression divergence of the two yeast
strains in each of the 10 genes studied
(Table 2). On the other hand, a change
in a regulator may affect the expression
of multiple downstream genes. One ex-
ample in our study is the HAP4 gene. The HAP4 mRNA level in
the wild strain is 18% higher than the level in the laboratory
strain, and it may be responsible or partially responsible for the
expression difference of 42% (8/19) of its target genes between
the BY and RM strains (our microarray data). HAP4 was suggested
to act as a target of carbon-source regulation, because its mRNA
level increased about 10-fold during nonfermentative conditions
(Forsburg and Guarente 1989; DeRisi et al. 1997). Evolution of trans-
acting factors may be related to the relaxation of selection pressure
or adaptation to the rich medium growth condition in the labora-
tory strain (Gu et al. 2005).
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Physical map of 10 promoter regions of the BY and RM strains. The SNP positions of BY and
RM were labeled; a dash denotes the absence of nucleotide. Black lines and pink boxes denote the
swapped promoter region and the coding region, respectively. Gray boxes denote putative (unchar-
acterized) genes. Dotted line and checker denote the unswapped intergenic region and the coding
region, respectively. The blue cubes indicate the TFs binding site quoted from the SGD database with
the data of Harbison et al. (2004).

Cis-regulatory variations are more readily studied at the mo-
lecular level compared with trans-regulatory variations. The ef-
fect of trans-regulatory variations is difficult to pursue at the mo-
lecular level because trans-regulatory variations could be due to
differences in any combination of expression level, DNA-binding
affinity, cofactor interaction, and post-translation modification
of upstream factors.

The influence of changes in cis- and/or trans-regulatory ele-
ments during evolution is still a controversial issue. The conclu-
sion can vary from study to study, depending on the organism
studied (Brem et al. 2002; Schadt et al. 2003; Yvert et al. 2003;
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Table 2. Relative gene expression levels of the SIM genes between promoter-swapped strains and the BY4741 strain

Ratio RM/BY

SIM gene®* Arrays Pyroseq. AACt RM/BY  Ratio RM/BY (95% Cl) AACt Swap/BY  Ratio Swap/BY (95% Cl) Effect
YCRO75C 0.74 0.52 0.59 £ 0.16 0.67 (0.53-0.81)° -0.11 £ 0.09 1.08 (0.96-1.2) major trans effect
YDL137W 1.27 NA -0.52 = 0.10 1.44 (1.24-1.64)° —0.53 + 0.03 1.45 (1.39-1.51)° cis alone
YELO52W 0.83 0.62 1.04 = 0.18 0.49 (0.35-0.63)° 0.57 £ 0.13 0.67 (0.55-0.79)° both cis and trans
YELO53C 0.84 NA 0.60 + 0.23 0.67 (0.45-0.89)° 0.64 = 0.12 0.64 (0.54-0.74)° cis alone
YFLOO4W 0.68 NA 1.00 = 0.23 0.50 (0.32-0.68)° —0.40 = 0.17 1.33(1.01-1.65) both cis and trans
YGR157W 0.66 0.52 1.71 £ 0.27 0.37 (0.19-0.43)° 0.92 + 0.32 0.54 (0.28-0.80)° both cis and trans
YLR438W 1.31 2.70 —-1.57 = 0.31 3.02 (1.74-4.3)° 0.12 = 0.03 0.92 (0.88-0.96)° major trans effect
YMLO75C 1.97 3.77 -1.18 + 0.07 2.27 (2.05-2.49)° —0.38 + 0.08 1.30 (1.14-1.46)° major trans effect
YOR306C 0.58 0.46 1.42 = 0.21 0.38 (0.28-0.48)° 0.25 = 0.08 0.84 (0.74-0.94)° major trans effect
YPL157W 0.93 0.67 0.31 £ 0.13 0.81 (0.67-0.95)° 0.08 + 0.08 0.95 (0.91-0.99)° major trans effect

Note: For real time PCR data, ratio (RM/BY) or (Swap/BY) = 224 AACt = [ACt(RM or Swap) — ACt(BY)]. If ratio (Swap/BY) = 1, trans-effect alone; if
ratio (Swap/BY) # 1, cis-effect was involved. If ratio (RM/BY) = ratio (Swap/BY), cis-effect alone; if ratio (RM/BY) # ratio (Swap/BY), both cis and trans.
If the 95% confidence intervals for RM/BY and Swap/BY have only a minor overlap, we conclude that both cis- and trans-effects were involved. The null
hypothesis of Swap/BY = 1 was tested by the two-tail Student’s t-test and so was the null hypothesis of RM/BY = Swap/BY. Each reaction was repeated

at least three times from different RNA and cDNA samples.
aSystematic name.

bSignificantly different from 1 (P < 0.05) by t-test.
<Significantly different from 1 (P < 0.01) by t-test.

Morley et al. 2004; Wittkopp et al. 2004; Hughes et al. 2006;
Osada et al. 2006). Results from studies of Drosophila showed that
the majority of expression divergence observed both between
and within species is due to the variations in the cis-regulatory
elements (Wittkopp et al. 2004; Hughes et al. 2006; Osada et al.
2006). The contribution of trans-differences observed between
species of fruit flies might not be the original source of expression
divergence, but may have accumulated after speciation (Witt-
kopp et al. 2004). On the other hand, since the yeast data are
from different strains in S. cerevisiae, the trans variation consid-
ered here represents within-species polymorphism.

Methods

Yeast strains and maintenance

The laboratory strains BY4741 (MATa his3A1 leu2A0 met15A0
ura3A0) and BY4742 (MATo his3A1 leu2A0 lys2A0 ura3A0) are
descendants of S288C. The wild strains RM11-1a (MATa leu2A0
ura3A0 ho::KAN) and RM11-1a (MATa lys2A0 ura3A0 ho::KAN)
are gifts from Dr. Lee Hartwell (Fred Hutchinson Cancer Research
Center, Seattle, WA). They were haploid strains derived from
Bb32(3), a natural isolate collected by Robert Mortimer (Mor-
timer et al. 1994). WL201 is a hybrid strain of BY4741 X RM11-
la, and WL202 is a hybrid strain of BY4742 X RM11-1a; both
were constructed in our lab. Yeast strains were maintained on
YPAD.

Growth conditions and extraction of nucleic acids

Yeast strains were grown in YPAD and harvested at the mid-log
phase. Overnight yeast cultures were used to prepare the starting
cultures with ODgq, = 0.1 and were grown in YPAD medium at
30°C with 250 rpm shaking. The yeast cells were harvested at the
ODgp = 1.0, and the total RNAs were extracted by the hot acid
phenol-chloroform method. The mRNA was isolated by using the
QIAGEN Oligotex mRNA purification kit (QIAGEN) following
the manufacturer’s instructions.

Microarray analysis

Each microarray experiment was conducted with 0.5 pug of puri-
fied mRNA from each strain. The purified mRNA and oligo dT

primers were used for cDNA synthesis with aminoallyl-modified
dUTP (Sigma). The reverse transcription was performed following
the manufacturer’s instructions of the Super-script II kit (Invit-
rogen). The cDNA samples were cleaned up by Microcon-30 mi-
croconcentrators (Millipore) and were labeled with either Cy3 or
CyS5 by coupling reactions for microarray experiments. The la-
beled cDNA samples were purified with the Qiaquick PCR puri-
fication kit (QIAGEN) and combined as a cy3/cyS paired sample.
The probes, 40-mer yeast oligos from MWG, were spotted on
UltraGAPS coated slides (Corning), and were cross-linked to the
slide by UV before use. The hybridization of cDNA samples to the
probes was done with the MAUI hybridization System (Biomicro)
at 42°C for 16 h. The microarray was scanned with GenePix
4000B microarray scanner (Axon Instruments) with the GenePix
5 software package. Each experiment was repeated eight times.
Dye-swapping was also performed in each set of experiments to
eliminate dye bias (a total of 16 slides). The microarray data ob-
tained from the GenePix 5 were further normalized by the local
regression intensity-dependent normalization method (the
LOWESS fit), and the scale normalization method.

In order to extract the effect of interest and filter noise re-
sulting from differences in dye-labeling efficiency and variation
between/within each array, we apply the two-stage strategy:
(1)we use the standard normalization procedure to normalize log
ratios of the raw data, and (2) we use an ANOVA model for the
normalized log ratios to estimate the significant levels of the
effect of interest.

For the first stage, the composite normalization strategies
between/within each array in Yang et al. (2002) can be summa-
rized by the following statistics:

log,Ratio;,, — log,a (A
longg,=H 82 g‘é 80 )”

The term log,Y,, is the normalized log ratio, which is normalized
by the location normalization within array and scale normaliza-
tion between arrays, Ratio,, = R;,/G,,,, where R, and G, repre-
sent the raw data of red and green fluorescent intensity in array
i for gene g and replicate r, A = 10g,\R;,,G;,,, the 10g,(;,(4)) term
means intensity-dependent normalization, the normalization
within array, which can be estimated by the LOWESS fit method,

and B; is the scale normalization, the normalization between ar-

1166 Genome Research
www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 16, 2026 . Published by Cold Spring Harbor Laboratory Press

Expression evolution of yeast genes

Table 3. Expression level of TFs (microarray data) and polymorphism rate of the downstream SIM genes
No of nt changes No. of nt changes

Expression ratio No. of aa changes in promoter of in Target
TF RM/BY in TF CD Target gene® target gene gene CDs Effect
CIN5 1.020 2 YELO52W 5 12 both cis and trans
CINS 1.020 2 YOR049C 6 7 both cis and trans
GCN4 1.011 2 YOL140W 5 8 both cis and trans
HSF1 1.093 6 YKL152C 1 1 both cis and trans
INO4 1.030 0 YGR157W 2 25 both cis and trans
REB1 1.082 0 YOR150W 12 1 both cis and trans
SWI5 1.008 3 YPL157W 4 4 both cis and trans
SUM1 0.940 0 YJRO78W 4 7 both cis and trans
FKH1 0.948 4 YFLO37W 2 3 cis alone
GCN4 1.011 2 YIL117C 5 3 cis alone
HSF1 1.093 6 YFLO16C 9 8 cis alone
REB1 1.082 0 YGL200C 3 1 cis alone
PUT3 1.104 8 YOR306C 11 13 major cis effect
YAP7 1.031 0 YDL124W 13 9 major cis effect
YAP7 1.031 0 YMR318C 8 3 maijor cis effect
CINS 1.020 2 YALO37W 0 2 major trans effect
FKH1 0.948 4 YCRO75C 3 3 major trans effect
GCN4 1.011 2 YPL264C 0 3 major trans effect
INO2 1.021 0 YMLO75C 2 11 major trans effect
REB1 1.082 0 YOL144W 2 14 major trans effect
STBS 1.139 5 YDR232W 6 6 major trans effect
SWi6 0.973 4 YLR438W 3 4 major trans effect
CBF1 0.604 2 YNLO94W 2 3 trans alone
DAL82 0.928 2 YOL021C 2 2 trans alone
FKH1 0.948 4 YDLO84W 0 3 trans alone
FKH1 0.948 4 YKR054C 3 45 trans alone
GCN4 1.011 2 YJL130C 2 17 trans alone
GCN4 1.011 2 YNRO50C 4 2 trans alone
HSF1 1.093 6 YER103W 6 1 trans alone
HSF1 1.093 6 YPR154W 0 2 trans alone
REB1 1.082 0 YBLO5OW 4 1 trans alone
REB1 1.082 0 YGL198W 4 3 trans alone
REB1 1.082 0 YGL248W 1 1 trans alone
REB1 1.082 0 YGR241C 6 5 trans alone
REB1 1.082 0 YHR146W 8 10 trans alone
REB1 1.082 0 YKLO72W 0 1 trans alone
REB1 1.082 0 YLR223C 3 4 trans alone
REB1 1.082 0 YNL113W 17 1 trans alone
REB1 1.082 0 YOR326W 1 6 trans alone
SUM1 0.940 0 YJRO77C 4 3 trans alone

aSystematic name.

rays, which can be estimated by the median absolute deviation
MAD (see Yang and Speed 2002; Yang et al. 2002).

For the second stage, we first write down the model and
then explain the implication. The ANOVA model for the normal-
ized log ratios is, according to Equation 1 of Landgrebe et al.
(2006):

1082Ygr =Yrg ~ Yoy + Tkg ~ Tk'g + Eerr

where v, and g, represent the dye-gene interaction term for the
dye effect on Cy5 and Cy3 dyes, respectively, 7,, — 74, indicates
the term of interest that reflects gene-specific differences in ex-
pression for two varieties (k,k’) (like two varieties of BY and RM
strains in this paper), and e, denotes the noise. For modeling
aspects and applications, see Landgrebe et al. (2006).

The above model can be represented in the matrix form and
the corresponding test statistics can be derived for detecting the
significant difference in gene expression between BY and RM:

Zy=XBst gy

te=(t1g— T/ Vs (X' X)7',

where Z,, =1og,Y,,, [}Z = [Yrg Yog T1g T2, X is the corresponding

design matrix of the model; I” = (0 0 1 -1), and s is the sample
variance of g. Similar to Landgrebe et al. (2006), we assume that
the error is normally distributed with mean 0 and a common
variance, so that the test statistics follows a t-distribution with
the degree of freedom of v, = nrank(X), where n, is the number
of observations on gene g and rank(X) is the rank of the design
matrix. The corresponding significant level, the P-value, can be
calculated from the above test statistic for each of the genes un-
der study.

Collection of single TF-regulated genes

We used a collection of Saccharomyces cerevisiae transcriptional
regulators and their target genes predicted from ChIP-chip data
(http://jura.wi.mit.edu/young_public/regulatory_code/
GWLD.html) (Harbison et al. 2004). This database includes 203
known TFs and their downstream target genes, from which we
collected 1049 genes, each of which is uniquely regulated by only
one of 72 TFs at a significance level of P < 10 3.

Polymorphisms in TFs and promoter regions

The DNA sequences of the BY4741 strain were downloaded from
the Saccharomyces Genome Database (http://www.yeastgenome.
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org/). Sequences for TFs and promoters of their target genes from
RM11-1a were determined using an ABI 377A automated DNA
sequencer and BigDye sequencing kits (Applied Biosystems) in
our lab or obtained from Broad Institute (http://www.broad.
mit.edu/annotation/). The DNA sequences of TFs and the pro-
moter regions (intergenic regions) and coding sequences of
downstream target genes in both strains were aligned.

Allele quantification with pyrosequencing

An aliquot of 5 pg of total RNA from each strain was used for
cDNA synthesis. The reverse transcription was carried out with
oligo-dT primers and the Super-script II kit (Invitrogen) following
the manufacturer’s instructions. After identification of strain-
specific nucleotide differences, a 150-200-bp fragment from each
gene in two hybrid strains, WL201 and WL202, and in the co-
culture of parental strains, BY4741 and RM 11-1a, were amplified
and sequenced using primer sequences listed in Supplemental
Table 5. Pyrosequencing reactions were used to measure the rela-
tive abundances of the two alleles in genomic DNA and in cDNA
samples from both parental and hybrid pools and were per-
formed according to the manufacturer’s instructions (http://
www.pyrosequencing.com/). Pyrosequencing software reports a
peak height directly proportional to the number of molecules
incorporated into the growing DNA chain. The ratio of allele-
specific frequencies (RMparent/BY parents RMhypria/BYnybria), Which
corresponds to the relative abundances of the BY and RM alleles
in the starting sample, was also reported by the pyrosequencing
software, PSQ 96MA 2.1.1. The cDNA ratios were normalized
with genomic DNA measurements as described in Wittkopp et al.
(2004). Because both alleles are extracted and measured in a
single sample, this method is insensitive to differences in extrac-
tion efficiency and eliminates the need for control genes or quan-
tification of total RNA recovery.

Let BYpypriq and RMy,g,54 be the expression levels of the BY
and RM alleles in the hybrid diploid and let BY ;ren and RM 5 en,
be the expression levels of the BY and RM alleles when the two
strains are grown in the same culture. Then, the trans- and cis-
effects on the expression differences between BY ., and
RMarene €an be judged by the following guidelines:

1. If RMyypriq = BYhypia — trans-effect alone
2. If RMpyprig # BYhypriq and
(@) RMparent/BYparent = RMuypria/BYnybiia — cis-effect alone
(b) RMparent/BYparent i RMhybrid/BYhybrid - bOth CiS- and
trans-effects

The null hypothesis of RMy,gpia/BYpypriq = 1 was tested by the
two-tail Student’s t-test, and so was the null hypothesis of
RMparent/BYparent = RMhybrid/BYhybrid'

Because the trans-acting effects should be the same in the
same genetic background, an equal expression level of the BY and
RM alleles in a hybrid diploid indicates differences in frans-
regulation. Therefore, if trans-regulatory divergence completely
explains the expression difference of a given gene between the
two strains, the allele-specific expression will be approximately
the same in the hybrids. However, if the allele-specific expression
of a given gene is different in the hybrid, the difference can be
attributed to cis-regulatory divergence. If cis-regulatory diver-
gence completely explains the expression difference of a given
gene between the two strains, the allele-specific expression ratios
of hybrid and parental strains should be approximately equal
(RMarent/BY parent = RMpypria/BY hybria)- If the expression levels of
the BY and RM alleles in a hybrid are different and the ratio
RMparent/BY parent is different from RMyypria/BYhypra, the expres-

sion difference between the BY and RM alleles should be due to
a combination of cis- and trans-regulatory effects

To further characterize the major effecter in the group of
genes affected by both trans- and cis-variations between BY and
RM, we divide the distance from the ratio RMy,,;ent/BY parent t0 1
into three sections: (1) major trans-effect, if RMpyp11a/BYhypria 1S
close to 1; (2) both trans- and cis-effect, if RMy,yp1a/BYnypria 1
close to the middle between 1 and RM,;;en/BY pareny (3) major
cis-effect, if RMyyp1ia/BYnypria i close to RMp,, ent/BY parene- 1N
some cases, RMy,yp11q/BYnypriq is considerably higher than 1, while
RMparent/BYparene is lower than 1. In such a case, if the distance
from RMyypsia/BYnybria to 1 is similar to that from RM,, ./
BYparene to 1, the expression difference is due to both cis- and
trans-effect, and if the distance from RMy,gp,;5a/BYnypria to 1 is
substantially larger than from RM,.en/BY parent t0 1, it is major
cis-effect.

If the trans-acting factors are the major effecter for the ex-
pression divergence between the BY and RM alleles observed in
the co-culture conditions, the expression levels of the BY and RM
alleles will be approximately equal in a hybrid diploid genetic
background, because the trans-acting effects should be the same
in the same genetic background. Therefore, if trans-regulatory
divergence explains the majority of the expression difference of
a given gene between the two strains, the allele-specific expres-
sion will be close to that in the hybrids. However, if cis-regulatory
divergence explains the majority of the expression difference of
a given gene between two strains, the allele-specific expression
ratios of hybrid could be close to or higher than the parental
strains (RMparent/BYparent = RMhybrid/BYhybrid)'

Swapping of promoter elements

The construction was done by PCR-based mutagenesis involving
two sequential steps (Gray et al. 2004). The gene of interest was
first replaced by an URA3 cassette with ~45 bp flanking homolo-
gous regions to the gene of interest at both ends. The transfor-
mation is performed by the LiOAc/SS Carrier DNA/PEG method
(Gietz and Woods 2002) and transformants were selected as Ura*
colonies. The insertion of URA3 at the targeted site was con-
firmed by diagnostic PCR and sequencing. The inserted URA3
was further replaced by a second transformation with the appro-
priate fragment into the URA3-inserted strain. The transformants
were selected by 5-FOA counter selection. Only the strains that
carried the desired sequence will survive and form colonies on
the medium with 5-FOA (1 pg/mL). The constructions at the
targeted site were confirmed by diagnostic PCR and sequencing.

Expression shift examined by real-time PCR

An aliquot of 0.5 pg of purified mRNA from each strain was used
for cDNA synthesis and the reverse transcription was carried out
with oligo-dT or random hexamer primers following the manu-
facture’s instructions of the Super-script II kit (Invitrogen). Real-
time PCR analyses were carried out in a final volume of 25 pL
that contained 2 pL of diluted cDNA (1 ng/uL), 1 uL each of
gene-specific forward and reverse primers (5 pM), and 12.5 pL of
SYBR Green Supermix from Bio-Rad with 40 cycles of 95°C for 15
sec and 60°C for 1 min. The primers were designed by using the
Primer Express software from Applied Biosystems. The relative
expression of each gene was normalized to that of the Actl gene
(ACt) and quantified with the AACt relative quantification
method and the relative expression ratio was calculated follow-
ing ABI’s suggestion, ratio (RM/BY) = 2!~ 24€1 The amplification
efficiency of each primer pair was tested by using twofold serial
dilutions of the templates as suggested by Applied Biosystems
and the amplification efficiency of the target gene and the refer-
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ence gene were approximately equal. The influence of cis- or
trans-effect was determined by the same guideline as used for
analyzing the pyrosequencing data.

1. if ratio Swap/BY = 1 — trans-effect
2. if ratio Swap/BY # 1 and
(a) if ratio RM/BY = ratio Swap/BY — cis-effect alone
(b) if ratio RM/BY # ratio (Swap/BY) — both cis- and trans-effect

The null hypothesis of Swap/BY =1 was tested by the two-tail
Student’s t-test, and so was the null hypothesis of RM/BY =
Swap/BY.

Primers

Primers used for gene disruption, promoter swapping, and allele
quantification are listed in Supplemental Table 5.
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