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The yeast Saccharomyces cerevisiae proliferates rapidly in glucose-containing media. As glucose is getting depleted,
yeast cells enter the transition from fermentative to nonfermentative metabolism, known as the diauxic shift, which is
associated with major changes in gene expression. To understand the expression evolution of genes involved in the
diauxic shift and in nonfermentative metabolism within species, a laboratory strain (BY), a wild strain (RM), and
a clinical isolate (YJM) were used in this study. Our data showed that the RM strain enters into the diauxic shift ;1 h
earlier than the BY strain with an earlier, higher induction of many key transcription factors (TFs) involved in the diauxic
shift. Our sequence data revealed sequence variations between BY and RM in both coding and promoter regions of the
majority of these TFs. The key TF Cat8p, a zinc-finger cluster protein, is required for the expression of many genes in
gluconeogenesis under nonfermentative growth, and its derepression is mediated by deactivation of Mig1p. Our kinetic
study of CAT8 expression revealed that CAT8 induction corresponded to the timing of glucose depletion in both BY and
RM and CAT8 was induced up to 50- to 90-folds in RM, whereas only 20- to 30-folds in BY. In order to decipher the
relative importance of cis- and trans-variations in expression divergence in the gluconeogenic pathway during the
diauxic shift, we studied the expression levels of MIG1, CAT8, and their downstream target genes in the cocultures and in
the hybrid diploids of BY–RM, BY–YJM, and RM–YJM and in strains with swapped promoters. Our data showed that
the differences between BY and RM in the expression of MIG1, the upstream regulator of CAT8, were affected mainly by
changes in cis-elements, though also by changes in trans-acting factors, whereas those of CAT8 and its downstream
target genes were predominantly affected by changes in trans-acting factors.

Introduction

The significance of regulatory evolution has been rec-
ognized since 1970s. The morphological and behavior dif-
ferences between humans and chimpanzees were suggested
to be mainly due to regulatory differences between the 2
species (King and Wilson 1975). However, regulatory evo-
lution has not been well studied in the past mainly because
of technical difficulties in obtaining suitable data. Recent
technology advances provide new tools to pursue this fun-
damental question. Especially, microarray has been used to
study genome-wide patterns of the evolution of gene ex-
pression within and between species (Ranz and Machado
2006). However, although these studies provided large
amounts of data about genes that are differentially ex-
pressed, most did not investigate the actual genetic changes
that are responsible for the expression variation.

Differences in gene expression may arise from cis- or
trans-regulatory changes. cis-regulatory changes affect
transcription initiation, elongation rate, and/or transcript sta-
bility in an allele-specific manner, whereas trans-regulatory
changes modify the activity or expression levels of tran-
scription factors (TFs) that interact with cis-regulatory el-
ements (Carrol et al. 2001; Davidson 2001). The relative
contributions of cis- and trans-regulatory changes to gene

expression variations have been studied (Brem et al. 2002;

Yvert et al. 2003; Wittkopp et al. 2004; Wang et al. 2007),

but much remains to be explored. Using real-time polymer-
ase chain reaction (PCR), pyrosequencing analysis, and
promoter swapping, we studied regulatory evolution in
the yeast Saccharomyces cerevisiae.

Saccharomyces cerevisiae proliferates rapidly in me-
dia containing fermentable sugar, such as glucose, with the
production of ethanol. This stage is known as fermentative
(anaerobic) growth. As glucose is depleted, yeast cells turn
to ethanol as carbon source for the stage of aerobic growth.
The transition from fermentative growth to respiratory
growth is known as the diauxic shift, which is associated
with remarkable changes in the expression of genes in-
volved in carbon metabolism, protein synthesis, as well
as carbohydrate storage (Johnston and Carlson 1992).
One key feature of entering the diauxic shift is that cells
release glucose repression and express a large set of genes
involved in the utilization of alternate carbon sources, glu-
coneogenesis, the tricarboxylic acid (TCA) cycle, respira-
tion, and peroxisomal functions.

Genomic scale profiling of gene expression by micro-
array analyses revealed that the diauxic shift involves re-
programming of several regulatory pathways, affecting
the expression of at least one-quarter of the genes in the
entire yeast genome (DeRisi et al. 1997). Among the highly
induced genes are those involved in the TCA cycle, oxida-
tive phosphorylation, gluconeogenesis, b-oxidation, and
ethanol and glycerol utilization. These genes can be classi-
fied into 5 different regulatory pathways mainly controlled
by 11 TFs (see Schuller 2003). The Hap2p/3p/4p/5p com-
plex, which is heme-activated or glucose-repressed, is
a transcriptional activator and global regulator of respira-
tory gene expression (Pinkham and Guarente 1985; Olesen
and Guarente 1990). The Rtg3p/Rtg1p complex, activated
under nonfermentative or some mitochondrial
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dysfunctional conditions, is involved in retrograde gene
regulation of some respiratory genes (Jia et al. 1997;
Rothermel et al. 1997). Adr1p, a carbon source-responsive
zinc-finger TF, is required for ethanol, glycerol, and fatty
acid utilization and derepression of some glucose-repressed
genes (Simon et al. 1991; Tachibana et al. 2005). Oaf1p,
acting alone or with Pip2p, activates genes involved in
oxidation of fatty acids and peroxisome organization
(Rottensteiner et al. 1997; Karpichev and Small 1998).
Cat8p, together with Sip4p, is necessary for activating
many genes involved in gluconeogenesis, ethanol utiliza-
tion, and the glyoxylate cycle during the diauxic shift
(Haurie et al. 2001; Tachibana et al. 2005). Some of the
genes regulated by Cat8p and Sip4p were also coregulated
by Adr1p (Tachibana et al. 2005).

Besides these TFs, which regulate specific pathways
of carbon source utilization, some other regulators show
multiple functions and thus influence a great number of tar-
get genes. The Snf1p complex functions as a global positive
regulator of carbon source utilization, including upregulat-
ing activities of several TFs, such as Cat8p/Sip4p and
Oaf1p/Pip2p, during the diauxic shift. The Snf1p complex
comprises of protein kinase Snf1p and its regulatory sub-
units Snf4p, Sip1p, Sip2p, and Gal83p (Jiang and Carlson
1997). On the other hand, Mig1p functions as a general
negative regulator involved in glucose repression, though
it was originally identified as a repressor of genes in sucrose,
maltose, and galactose metabolic pathways (Carlson et al.
1984; Nehlin and Ronne 1990). Snf1p-dependent phosphor-
ylation of Mig1p triggers its nuclear export and deactivates
Mig1p within the nucleus (Ostling and Ronne 1998).

Although the diauxic shift is known to be associated
with major changes in gene expression in the pathways
mentioned above, the regulatory evolution of these path-
ways has not received much attention. A microarray anal-
ysis of global patterns of gene expression in a laboratory
strain (BY) and a wild strain (RM) followed by a genetic
linkage analysis showed that over 1,500 genes were differ-
entially expressed between these 2 strains, suggesting that
the regulatory variation was mainly characterized by the
trans-acting effects when cells were at the exponentially
growing stage (Brem et al. 2002; Yvert et al. 2003). How-
ever, little is known about how the genetic polymorphisms
affect the variation of gene expression in nonfermentative
metabolism. The well-characterized transcriptional regula-
tory pathways during the diauxic shift and the difference in
efficiency in glucose utilization between the BY and RM
strains provide us with an opportunity to investigate mech-
anisms of transcription evolution.

Materials and Methods
Yeast Strain Constructions

The yeast strains used in this study are listed in table 1.
The laboratory strain BY4741 (BY) was derived from
S288C and was one of the parental strains for the interna-
tional systematic S. cerevisiae gene disruption project. The
wild isolate RM11-1a (RM) was kindly provided by Lee
Hartwell (Fred Hutchinson Cancer Research Center). It
is a haploid strain derived from Bb32(3), a natural isolate

collected by Robert Mortimer (Mortimer et al. 1994). The
pathogenic isolate YJM789 (YJM), kindly provided by
L. M. Steinmetz, is isogenic with YJM145, which is a seg-
regant of a clinical isolate of S. cerevisiae (McCusker et al.
1994; Gu et al. 2005). BY 4742 and BY 4741 are isogenic
but with different mating types and so are RM11-1a and
RM11-1a.

The swapped strains YL129 and YL130 were both
constructed in RM11-1a by replacing the nucleotide se-
quence from �412 to þ10 of the CAT8 promoter region
with the same region from BY4741. The swapped strain
YL184 was constructed in BY 4742 by replacing the nu-
cleotide sequence from �176 to �151 of the MIG1 pro-
moter region, which includes 3 substitution sites, with
the same region of RM11-1a. Another swapped strain
YL208 was constructed in BY4741 by replacing the nucle-
otide sequence from �508 to �151 of the MIG1 promoter
region, which includes 4 substitution sites, with the same
region of RM11-1a. The 2-step site-specific genomic mu-
tagenesis at each indicated promoter region was conducted
by PCR and homologous recombination, following Storici
et al. (2003). Hybrid diploid strains were constructed by
pairwise mating of BY4742 and RM11-1a, BY4741 and
RM11-1a, RM11-1a and YJM789a, BY4741 and
YJM789a, the swapped strain YL184 and RM11-1a, or
YL208 and RM11-1a as indicated in table 1.

Growth Conditions and Glucose Measurement

Yeast cells were grown in standard yeast-rich growth
media, which has 1% (w/v) Bacto-yeast extract, 2% of Bac-
to-peptone, 1% of adenine-HCl, and 2% (w/v) glucose, at
30 �C and at 200 rpm shaking. The cultures were typically
startedata density of0.1OD600 units, and thegrowth rate was
monitored by measuring the absorbance with a spectropho-
tometer at 600 nm wavelength. Yeast cells were harvested
at different time points, and the glucose concentration of
the media was determined by a Glucose Assay Kit from
Sigma (St Louis, MO).

PCR Amplification and Sequencing of DNA Segments

PCR and sequencing primers were designed based on
the sequences from the Saccharomyces Genome Database.
PCR amplification and sequencing reactions were carried
out following the condition described in Yu et al. (2004).

RNA Isolation and Real-Time PCR Analyses

Yeast cells were harvested at different time points, and
the total RNA was prepared by the hot phenol extraction
method (Ausubel et al. 1995). The rRNA levels were
monitored by visual inspection after staining the gel with
ethidium bromide. The reverse transcription was carried
out by SuperScript III First-Strand Synthesis System for
quantitative real-time polymerase chain reaction (qRT-
PCR) from Invitrogen (Carlsbad, CA) with random hexamer
primers. qRT-PCR was performed in triplicate using the
Applied Biosystems 7500 Real-Time PCR System.
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Independent PCRs were performed using the same cDNA
for the gene of interest and using cDNA for18S rRNA, en-
coded by RDN18, to serve as an endogenous control, with
the SYBR Green PCR Master Mix from Applied Biosys-
tems (Foster City, CA). The 18S rRNA levels were used
as internal loading controls for each sample during the anal-
ysis. For the allele-specific quantification, PCRs were per-
formed using the allele-specific primers and TaqMan MGB
probes, with the TaqMan Universal PCR Master Mix from
Applied Biosystems. Gene-specific primers and probes
were designed using Primer Express software from Applied
Biosystems.

Real-time PCR analyses were carried out in a final vol-
ume of 25 ll containing 40 ng of the cDNA sample, 50 nM
of each gene-specific primer, and 40 nM of allele-specific
TaqMan MGB probe if needed. The primer and probe se-
quences are listed in supplementary materials, Supplemen-
tary Material online. 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 15 s, and anneal-
ing/extension at 60 �C for 1 min. A dissociation curve was
generated at the end of each PCR cycle to verify that a single
product was amplified using the software provided by the
Applied Biosystems 7500 Real-Time PCR System. The
amplification efficiency of each pair of gene-specific pri-
mers was tested, and a negative control reaction in the ab-
sence of template cDNA (no template control) was also
routinely performed for each primer pair. The change in in-
tensity of the fluorescence dye in every cycle was moni-
tored by the 7500 System software, and the threshold
cycle (CT) above background for each reaction was calcu-
lated. Through out all the time points we monitored in the
real-time PCR analyses, the CT values for RDN18 were

around 9–12, whereas the Ct values for the TFs we analyzed
were around 20–25 or even more, indicating that rRNAs
were considerably more abundant than TF RNAs and the
rRNA levels were consistent in our total RNA samples.
The CT value of 18S rRNA was subtracted from that of
the gene of interest to obtain a DCT value. The DCT value
of an arbitrary calibrator (e.g., the culture sample collected
at the reference time point hour 4 in the case of a particular
gene) was subtracted from the DCT value of certain time
points to obtain a DDCT value. The gene expression level
relative to the reference time point T4, the calibrator, was
expressed as 2�DDCT .

Pyrosequencing Analyses

Genomic DNA was extracted according to the stan-
dard yeast DNA isolation procedure (Burke et al. 2000).
Both the genomic DNA and cDNA samples from the same
strain were subjected to pyrosequencing analysis. All the
primers were designed using the Pyrosequencing software,
Assay Design version 1.0. A single nucleotide difference
that distinguished between the allele-specific transcripts
of BY4741 and RM11-1a, or YJM789 and RM11-1a,
was identified for each gene tested. Gene-specific primers
annealing to conserved sequences of each gene were used to
amplify regions of sequence including the divergent sites.
PCR was conducted using Taq DNA polymerase from In-
vitrogen in a reaction mixture containing 20 ng of genomic
DNA or cDNA template, 20 nM of tagged gene-specific
primer, 180 nM of biotin-labeled primer, and 200 nM of
the other gene-specific primer. The PCR cycling program
consisted of denaturation at 95 �C for 5 min, followed by

Table 1
List of Saccharomyces cerevisiae Strains Used in This Study

Strain Genotype Source Note

YL6 MATa HO::kan ura3D leu2D Lee Hartwell RM11-1a
YL7 MATa his3 D 1 leu2D met15D ura3D Open Biosystems BY4741
YL8 MATa his3 D 1 leu2D lys2D ura3D Open Biosystems BY4742
YL51 MATa lys2D ura3D Lee Hartwell RM11-1a
YL123, 124 MATa/a HIS3/his3D 1 LEU2/leu2D ura3D/ura3D

MET15/met15D LYS2/lys2D
This study RM 11-1a � BY4741

YL125, 126 MATa/a HO::kan HIS3/his3 D 1 leu2D/leu2D
ura3D/ura3D LYS2/lys2D

Mei-Yeh Lu RM 11-1a � BY4742

YL129 MATa HO::kan ura3D leu2D This study CAT8 promoter swapped
YL130 MATa HO::kan ura3D leu2D This study CAT8 promoter swapped
YL135 MATa/a HO::kan HIS3/his3D 1 leu2D/leu2D ura3D/

ura3D LYS2/lys2D
This study YL129 � BY4742

YL136 MATa/a HO::kan HIS3/his3D 1 leu2D/leu2D ura3D/
ura3D LYS2/lys2D

This study YL130 � BY4742

YL140 MATa HO::hisG lys2 cyh Winzeler et al. (1998) YJM789a
YL141, 142 MATa/a HO::kan/hisG LEU2/leu2D URA3/ura3D

LYS2/lys2D CYH/cyh
This study YJM789a � RM11-1a

YL146, 147 MATa/a HO::hisG/HIS3/his3D LEU2/leu2D URA3/
ura3D LYS2/lys2D CYH/cyh

This study YJM789a � BY4741

YL184 MATa his3 D 1 leu2D lys2D ura3D This study BY42-72
YL200 MATa/a HO::kan HIS3/his3 D 1 leu2D/leu2D

ura3D/ura3D LYS2/lys2D
This study RM 11-1a � YL184

YL208 MATa his3 D 1 leu2D met15D ura3D This study BYa-2-51
YL213 MATa/a HIS3/his3D 1 LEU2/leu2D ura3D/ura3D

MET15/met15D LYS2/lys2D
This study RM 11-1a � YL208
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50 cycles of denaturation at 95 �C for 15 s, annealing at
60 �C for 30 s, and extension at 72 �C for 15 s. The designed
primers for the studied genes are available in supplementary
materials (Supplementary Material online).

Each pyrosequencing reaction was performed using
20–25 ll of PCR products in accordance with the manufac-
turer’s instructions (http://www.pyrosequencing.com). Bi-
otinylated single-stranded DNA was obtained, and an
extension primer, also matching a conserved sequence
for both BY and RM alleles, was then annealed. The rela-
tive abundance of the 2 alleles in genomic DNA or cDNA
samples from BY–RM, YJM–RM, BY–YJM, YL184-RM,
or YL208-RM cocultures or hybrid diploid cultures was
measured by Pyrosequencing, model PSQ 96MA from Bi-
otage AB (Uppsala, Sweden). The reaction couples DNA
synthesis with a series of enzymatic reactions that produce
stoichiometric quantities of luminous signals. The amount
of signal generated by the incorporation of allele-specific
bases was directly proportional to the number of molecules
incorporated into the growing DNA chain during the reac-
tion. The ratio of signal intensity of the 2 alleles (BY/RM,
YJM/RM, or BY/YJM) was calculated, which corresponds
to the relative abundance of the 2 alleles in the sample.
cDNA ratios were normalized with genomic DNA mea-
surements as described in Wittkopp et al. (2004).

Results and Discussion
Sequence Data

Genes essential for nonfermentative metabolism can
be classified into 5 different regulatory pathways mainly
controlled by 11 TFs. We determined the sequences of
the promoters and coding regions of these TF genes and
several other regulator genes in the RM strain and com-

pared them with the corresponding genes in the BY strain
as shown in table 2. Because it is difficult to define the pro-
moter regions of each gene, and because the intergenic re-
gions of each gene in yeast genome are relatively short, we
referred the promoter region of each gene as its upstream
intergenic region.

The genes encoding these 11 TFs, except HAP5,
RTG1, andOAF1, showedsingle-nucleotide polymorphisms
(SNPs) in the promoter regions and 9 of them (except HAP3
and HAP5) showed nucleotide differences in the coding re-
gion, resulting in at least one or more nonsynonymous
changes in each of these 9 genes. None of these nucleotide
polymorphisms change the length of the open reading
frames (ORFs), except that OAF1 has 6 nonsynonymous
substitutions plus 2 nucleotide deletions near the 3# end
of its ORF resulting in a frameshift at the carboxyl end
of the ORF. Interestingly, HAP5, which encodes a protein
that mediates interaction with other Hap proteins in the
CCAAT-binding complex, is the only TF that has the iden-
tical promoter and coding sequence between BY and RM.
The absence of any SNP in 1.1 kb of HAP5 coding and non-
coding regions is significant (P , 0.05), given the expec-
tation of 0.4% average divergence in genic regions between
the RM and S288C strains (Broad Institute, http://
www.broad.mit.edu/annotation/genome/saccharomyces_cere
visiae.3/Info.html). The sequence polymorphisms of these
TFs raise the possibility that the regulatory function of
these factors may differ between BY and RM when cells
enter the diauxic shift.

We next compared the sequences for genes encoding
components of the Snf1p complex, including the protein
kinase Snf1p, and its regulatory subunits Snf4p, Sip1p,
Sip2p, and Gal83p (table 2). There are 11 nucleotide differ-
ences within the ;2-kb coding region of SNF1 between BY

Table 2
Sequence Variations in Coding Sequences (CDs) and in Promoter Regions between the BY and RM Strains for Key
Regulators in Nonfermentative Growth

Locus Gene Name ORF Length (bp) Promoter Length (bp) CDs (Nonsynonymous:Synonymous) Promoter Regions

Key TFs
YGL237C HAP2 798 229 5:4 4
YBL021C HAP3 435 307 0:0 1
YKL109W HAP4 1,665 1,000a 3:7 11
YOR358W HAP5 729 449 0:0 0
YDR216W ADR1 3,972 1,108 2:1 5
YOL067C RTG1 534 303 1:3 0
YBL103C RTG3 1,461 563 1:3 4
YAL051W OAF1 3,144 314 6:19 0
YOR363C PIP2 2,991 249 1:1 2
YMR280C CAT8 4,302 1,010 4:6 2
YJL089W SIP4 2,490 875 1:2 1
YGL035C MIG1 1,515 1,000a 4:1 13

The Snf complex
YDR477W SNF1 1,902 1,300 0:11 20
YGL115W SNF4 969 392 0:0 5
YER027C GAL83 1,254 460 3:2 5
YDR422C SIP1 2,592 129 3:1 1
YGL208W SIP2 1,248 332 3:11 0

Snf1p-activating kinases
YGL179C TOS3 1,683 1,000a 1:2 10
YKL048C ELM1 1,923 327 0:0 0
YER129W SAK1 3,249 812 5:4 4

a Sharing promoter region with its neighboring gene.
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and RM, but all of them are synonymous changes, implying
that nonsynonymous sites are functionally constrained. Sur-
prisingly, the SNF1 coding sequence in YJM 789, a patho-
genic isolate of S. cerevisiae, is identical to the BY (data not
shown). Nonetheless, there are 20 nucleotide differences
within the 1.3-kb promoter region of SNF1 between the
BY and RM alleles (P , 0.01, given the expected diver-
gence for promoter regions is about 0.52% between RM
and S288C). In contrast, the SNF4 coding region is identical
in BY and RM, though the promoter region shows 5 nucle-
otide differences between BY and RM. These sequence data
imply that the function of the Snf1 complex might have
been relatively well conserved among these strains.

It has been shown that there are 3 upstream Snf1-
activating kinases with partially redundant function: Sak1p,
Tos3p, and Elm1p (Hong et al. 2003; Hedbacker et al.
2004). Our sequence data showed that there are several nu-
cleotide polymorphisms in SAK1 and TOS3, but the se-
quence of ELM1 is identical between BY and RM (table 2),
suggesting that ELM1 might have been evolutionarily
better conserved. It also implies that, although these 3
kinases are partially functionally redundant, Elm1p might
play a more distinct role than the other 2 kinases in the reg-
ulation of Snf1p activity.

Different Growth Patterns between RM and BY

To compare the growth patterns, RM and BY were
grown separately in rich media containing 2% glucose as
the carbon source, and the cell density and glucose concen-
tration in the media were monitored. Our data showed that
the RM strain grew at a faster rate than the BY strain (fig. 1).
However, once glucose was exhausted, each strain encoun-
tered a transient arrest, during which cells shift from fer-
mentative to nonfermentative metabolism in order to use
ethanol as the carbon source produced by glucose fermen-
tation. Our data also showed that the glucose in the media of
the RM culture was depleted nearly 1 h earlier than that of
the BY culture, which is likely the result of a faster growth
rate of RM, indicating that RM entered the diauxic shift ear-
lier than BY.

Expression Profiles of CAT8, MIG1, MLS1, and SNF1
Genes in BY, RM, and YJM

To investigate the regulatory evolution of the TFs in-
volved in nonfermentative metabolism, the expression pro-
files of these factors were examined. Each culture sample
was harvested at different times for RNA extraction, and the
mRNA levels of each TF at different times were quantified
by qRT-PCR. We focused on the well-studied gluconeo-
genesis pathway regulated by TFs Cat8p and Sip4p
(fig. 2). At a low level of fermentable carbon sources, the
Ser/Thr-specific protein kinase Snf1p is activated. The
phosphorylation of Mig1p by Snf1p leads to the deactiva-
tion of Mig1p repressor activity, allowing the biosynthesis
of Cat8p. The posttranslational modification of Cat8p by
Snf1p subsequently stimulates the expression of TF Sip4p
and further downstream target genes such as MLS1. We
found that the expression levels of ADR1, HAP2, and
RTG1 were induced within 2-folds (data not shown) but

CAT8 and SIP4 showed dramatic induction in both strains
during the diauxic shift (fig. 3). The induction of CAT8 and
SIP4 occurred earlier by 1 h in RM than in BY, correspond-
ing to their respective timing of glucose depletion. The
CAT8 expression was induced up to 50- to 90-folds in
RM but only up to 20- to 30-folds in BY (fig. 3). Interest-
ingly, in the YJM strain, CAT8 transcription was only in-
duced up to 10- to 20-folds, even lower than that in the BY
strain. We also examined the expression levels of MLS1,
which encodes malate synthase for the utilization of non-
fermentable carbon sources and is one of the well-studied
downstream target genes of Cat8p. MLS1 expression was
induced dramatically, up to 400- to 500-folds, in RM after
the diauxic shift, but up to only 100-folds in BY, correlating
with the observed differential induction levels of CAT8 be-
tween RM and BY. The induction folds of these genes in
YJM were more similar to those in BY than those in RM. In
summary, the induction peak and timing of these genes are
consistent with the growth patterns for the BY and RM
strains, indicating that RM enters the diauxic shift stage
and induces the expression of genes required for the non-
fermentative metabolism ;1 h earlier than does BY.

It has been shown that during the diauxic shift, both
the derepression of Cat8p by deactivation of Mig1p and the
transcriptional activation mediated by Cat8p require an ac-
tive Snf1p complex (Haurie et al. 2001; Schuller 2003;
Young et al. 2003). Because Snf1p controls the most up-
stream step in this regulatory pathway, we wondered
whether it has played an important role in the expression
evolution of the downstream genes. Our data, however,
showed that there was little change in the SNF1 mRNA
level before the diauxic shift in both BY and RM
(fig. 3). Although the induction folds fluctuated between
0.5 and 2.7 during the time points we monitored within
5 replicates, this variation might be due to the low expres-
sion level of SNF1. The microarray data of DeRisi et al.
(1997) also suggested that the SNF1 mRNA levels did
not show significant changes (Max increase was 1.2 in
the whole data sets) during the diauxic shift. Therefore,

FIG. 1.—The growth and glucose concentration curves of the
laboratory (BY) and wild (RM) strains. The cultures were started in yeast-
rich growth media, YPAD, which has 2% glucose. The culture density is
presented as the absorbance at 600 nm. At least 3 biological replicates
were performed, and the growth and glucose concentration curves were
similar to the ones shown here.
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we concluded that there is little change in the SNF1 mRNA
level during the diauxic shift. This suggested that Snf1p
plays no big role in the remarkable expression divergence
in downstream genes, such as CAT8 and MLS1. This con-
clusion was strengthened by the observation of no amino
acid difference in Snf1p between BY and RM. It is possible
that Snf1p is differentially activated on a nontranscriptional
level. Snf1-GFP is mainly localized in the cytoplasm in
glucose-grown cells but becomes enriched in the nucleus
10 min after shift to a nonfermentable carbon source, sug-
gesting that the translocation of the Snf1 protein is impor-
tant in response to glucose limitation (Vincent et al. 2001;
Hong and Carlson 2007). It has also been shown that the
phosphorylation state of Snf1p at threonine 210 and the
Snf1p kinase activity are correlated with glucose limitation
and are responsible for the phosphorylation of Mig1 protein
(McCartney and Schmidt 2001). These data suggest that
rather than the Snf1 protein expression level, phosphoryla-
tion, and translocation are required in response to glucose
limitation.

Because Mig1p is another key regulator of CAT8 tran-
scription, we examined the expression levels of MIG1 in the
BY, RM, and YJM strains. We found that the MIG1 expres-
sion level was induced up to 3- to 4-folds in both BY and
RM, and the induction peak was observed about 1 h before
the depletion of glucose in the media (fig. 3). These results
suggested that the expression difference of MIG1 between
the 2 strains is largely responsible for the expression diver-
gence of its downstream genes.

Expression Profiles of MIG1, CAT8, and MLS1 Genes in
BY and RM Cocultures

We observed that the glucose in the media of RM cul-
ture was depleted nearly 1 h earlier than that of BY culture

and that the induction peak of CAT8 also occurred 1 h ear-
lier in RM than in BY. We therefore decided to examine
whether the difference of the induction timing of CAT8
is due to the differences of the growth patterns between
BY and RM. We grew the BY and RM strains together
in the same culture (coculture), starting from approximately
the same cell number of each strain. We then analyzed the
expression patterns of BY-CAT8 and RM-CAT8 alleles by
qRT-PCR with allele-specific probes and found that the
CAT8 transcripts of both alleles showed an induction peak
at the same time, that is, when the glucose was depleted
(fig. 4). The expression differences between the 2 replicates
for CAT8 might be due to the variation in the cell numbers
at the starting time points, which may affect the growth rate
and competition of the BY and RM population. However,
the expression from the RM allele was induced to a much
higher level than that from the BY allele, and the levels of
induction were similar to the ones when these 2 strains were
cultured separately. These results indicated that the induc-
tion time difference between BY and RM when these 2
strains were grown separately was due to difference in glu-
cose consumption rate, whereas the difference in induction
peak was due to genetic differences between BY and RM.
We also examined the expression levels of MLS1 and MIG1
in this coculture system and found a simultaneous induction
of the BY and RM alleles for these 2 genes. Taken together,
these results indicated that glucose depletion acts as a signal
for the induction of genes involved in the gluconeogenic
pathway in both the BY and RM strains.

Expression Profiles of MIG1, CAT8, and MLS1 Genes in
Diploid Hybrid Strains and Promoter-swapped strains

We used the following 2 experiments to determine
whether the difference in CAT8 expression between BY

FIG. 2.—Signaling pathway in the regulation of gluconeogenesis by carbon source-responsive element-binding factors, Cat8p and Sip4p. Adapted
from Schuller (2003).
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and RM is due to the variation in the cis elements or in the
trans-acting factors. First, we generated a diploid hybrid
strain by mating the haploid BY and RM strains and exam-
ined the CAT8 expression in the diploid hybrid strain, in
which the expression of both alleles shares the same
trans-acting factors under the same genetic background.
Therefore, if there is any observed expression difference
between the BY and RM alleles, it should be due to differ-
ences in the cis-acting elements. The hybrid diploid strains
were generated from reciprocal crosses. Our results sug-
gested that the direction of the cross used to generate the
hybrids had little effect on the expression levels of the
BY and RM alleles (fig. 5). In addition, the transcription
levels of BY-CAT8 and RM-CAT8 alleles were, respec-
tively, induced to 40- and 50-folds higher than the basal
levels. We found similar situation for the MLS1 expression
between the 2 alleles. The expression levels of BY-MLS1
and RM-MLS1 were similar in the hybrid diploid strains.
These data implied that the differences in the expression
profiles of the CAT8 and MLS1 genes between the haploid
BY and RM strains were mainly due to trans-acting factors

because once the BY and RM alleles were regulated under
the same genetic background, they showed similar expres-
sion profiles. In contrast, the expression patterns and induc-
tion folds of BY-MIG1 and RM-MIG1 in the hybrid strains
were closer to the ones we observed in the BY–RM cocul-
ture, suggesting that the expression difference in MIG1 be-
tween BY and RM was mainly but not solely due to cis
variation.

A second approach is to swap a promoter region of
interest from one strain into the other and then compare
the expression levels between the swapped strain and its
parental strain. If differential expression is still observed
between the BY and RM alleles after promoter swapping,
it should be due to the trans-variation. Applying this ap-
proach, we replaced the CAT8 promoter region in the
RM strain with the promoter region of the BY strain and
examined the expression level of CAT8 in the promoter-
swapped strain. Interestingly, the expression profile of
CAT8 in this promoter-swapped strain was very similar
to the profile of the parental RM strain, suggesting that
the change of the cis elements from the RM allele to the

FIG. 3.—The expression profiles of genes CAT8, MIG1, MLS1, and SNF1 in the BY and RM and YJM separated cultures. Each culture was
harvested at different time points for RNA extraction, and the mRNA levels of genes CAT8 (A), MIG1 (B), and MLS1 (C), and SNF1 (D) were
quantified by qRT-RCR. At least 3 biological replicates were performed, and the induction folds for CAT8, MIG1, and MLS1 were similar to the ones
shown here.
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BY allele has little effect on the CAT8 expression (fig. 6).
Even though both the BY-CAT8 and RM-CAT8 coding re-
gions were driven by the same promoter region from the BY
allele but regulated by variant TFs, the differences between
BY-CAT8 and RM-CAT8 expression profiles still existed.
This observation was consistent with the data we had for
the hybrid diploid strains. Furthermore, the expression pro-
files of MIG1 and MLS1, an upstream and a downstream
gene, respectively, ofCAT8 in this swapped strain were also
similar to those of the parental RM strain. In summary, both
approaches suggest that the expressional differences in
CAT8 and its downstream target gene MLS1 between
BY and RM are mainly due to trans-variations.

Expression Profiles of CAT8 and MLS1 in the Swapped
Hybrid Diploid Strain

In order to further decipher the effect of cis-regulatory
elements in the regulation of CAT8 expression, we gener-
ated a hybrid diploid strain by mating the swapped haploid
RM strain that carries the BY promoter region to the BY
strain. In this hybrid diploid strain, the RM-CAT8 and
BY-CAT8 alleles are controlled by the same cis-regulatory
element but we found that the differences in expression lev-
els between these 2 CAT8 alleles still existed (fig. 7). In-
deed, the induction pattern of both CAT8 alleles in this
swapped hybrid diploid resembled the pattern in the paren-
tal BY–RM hybrid (fig. 5A). Because the induction folds of
BY or RM alleles were calculated from its basal levels sep-
arately as described in Materials and Methods, this might be
the reason that we still observed some differences in induc-
tion peak between the BY and RM alleles. Indeed, as will be
discussed below, our pyrosequencing data (supplementary
fig. S1, Supplementary Material online) did confirm that the
expression levels of BY-CAT8 and RM-CAT8 were almost
the same. Therefore, the expressional differences between
the BY-CAT8 and RM-CAT8 alleles are not mainly due to
differences in the promoter region. However, because there
are 10 nucleotide differences between the BY and RM al-
leles in the coding regions of CAT8, it is possible that these
differences affect the accessibility of other regulators due to
changes in chromatin structure or the stability of CAT8 tran-
scripts. Therefore, cis variation might have played a role in
the expression divergence of CAT8 between BY and RM.

Pyrosequencing Analysis of MIG1, CAT8, MLS1, IDP2,
and SFC1 Allelic Gene Expression

Although our data in the BY and RM hybrid diploid
strain indicated that the trans-acting factors are more impor-
tant than cis elements for the expression divergence of
CAT8 and MLS1 between BY and RM, the mild asymmetric
allelic expression implied a slight effect of the cis-regulatory
divergence. To measure the relative abundance of allele-
specific transcripts more accurately, we used pyrosequenc-
ing to analyze cDNA samples extracted from the BY–RM
cocultures, the hybrid diploid strains, the swapped hybrid
diploid strains, as well as the RM–YJM and BY–YJM co-
cultures and the hybrid diploid strains. If cis-regulatory di-
vergence completely explains the difference between both
alleles, the allele ratios of the hybrid diploid strains and the

FIG. 4.—The expression profiles of genes CAT8, MIG1, and MLS1 in
the BY and RM cocultures. The mRNA levels of genes CAT8 (A), MIG1
(B), and MLS1 (C) were quantified by TaqMan qRT-RCR using BY or
RM allele-specific probes. The data from 2 replicates of the BY and RM
cocultures are represented by solid and dotted lines and indicated as batch
1 and 2, respectively.

1870 Chang et al.

supplementary fig. S1
supplementary fig. S1


FIG. 5.—The expression profiles of genes CAT8, MIG1, and MLS1 in
the BY–RM hybrid diploid strains YL123 and YL125. YL123 and
YL125 were 2 independent reciprocal crosses that served as the replicates
for the experiment. The mRNA levels of genes CAT8 (A), MIG1 (B), and
MLS1 (C) were quantified by TaqMan qRT-RCR using BY or RM allele-
specific probes. The data from strains YL123 and YL125 are represented
by solid and dotted lines, respectively.

FIG. 6.—The expression profiles of genes CAT8, MLS1, and MIG1 in
separated cultures of BY, RM, and RM-swapped strains YL129 and
YL130 in which we replaced the CAT8 promoter region of the RM allele
by the one from the BY allele. YL129 and YL130 were 2 independent
swapped clones that served as the replicates of the experiments. The
mRNA levels of genes CAT8 (A), MLS1 (B), and MIG1 (C) were
quantified by qRT-RCR. The data from the BY and RM strains are
presented by solid lines, whereas those from YL129 and YL130 are
presented by dotted lines.
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cocultures will be the same (i.e., BY/RMhybrid 5 BY/
RMcoculture). In contrast, if only trans-regulatory differen-
ces cause the divergent expression, both alleles will be
equally expressed in the hybrid diploid strains (i.e.,
BY/RMhybrid 5 1).

Our pyrosequencing data showed that in the BY–RM
cocultures, consistent with our qRT-PCR data, the expres-
sion levels of BY-CAT8 were much lower than that of RM-
CAT8, making the BY/RM ratio significantly lower than 1
(fig. 8A and supplementary fig. S1 [Supplementary Material
online]). On the other hand, in the BY–RM hybrid diploid
strains, the expression levels of BY-CAT8 were about 10–
20% higher than RM-CAT8, indicating a slight difference in
the levels of expression of the 2 alleles. However, during
and after the diauxic shift, the differential expression of
BY-CAT8 and RM-CAT8 disappeared, and the expression
ratio of the 2 alleles was very close to 1. This was also ob-
served in the swapped hybrid diploid strains and the YJM–
RM hybrid diploid strains. These data further suggested that
CAT8 expressional difference is mainly due to transvariation.

The Cat8p downstream target genes MLS1, SFC1, and
IDP2 showed similar patterns of regulation to that of CAT8
(fig. 8A, supplementary figs. S1 and S2, Supplementary
Material online). In the BY–RM cocultures, the expression
levels of BY-MLS1 were much lower than that of RM-
MLS1, that is, the BY/RM ratio was significantly lower than
1 (P , 0.01). On the other hand, there is no significant dif-
ference in expression levels between the BY and RM alleles
of MLS1 in the hybrid diploid strains, as in the RM–YJM
hybrid diploid strains. These data also indicated that the
MLS1 expressional difference between the different S. cer-
evisiae strains examined is mainly due to trans variation,
perhaps largely due to variation in CAT8 expression be-
cause when CAT8 is induced to a higher level, so is MLS1.

Consistent with the results of the qRT-PCR analyses,
our pyrosequencing results showed that cis-variations
might be responsible for the divergence of MIG1 expres-
sion. We observed significant expression differences be-
tween the BY and RM alleles of MIG1 in both the
hybrid diploid cells and cocultures during the early diauxic
shift (P , 0.01) (fig. 8A). When the ratio BY/RMhybrid was
plotted against the ratio BY/RMcoculture, we found that our
data were relatively close to the diagonal line, which indi-
cates predominantly cis-regulatory divergence. This was
also observed in the BY–YJM hybrid diploid strains and
the BY–YJM cocultures. Surprisingly, we found that there
is a significant difference of expression levels in the RM–
YJM cocultures but not between the RM and YJM alleles of
MIG1 in hybrid diploid strains. In the promoter region, that
is, the 1,500-bp region upstream of MIG1, there are a total
of 14 nucleotide substitutions among the 3 strains. Interest-
ingly, there are 10 nucleotide substitutions between RM and
YJM but only 4 nucleotide substitutions between BY and
YJM at positions �151, �152, �174, and �498; at these 4
positions, the RM and YJM alleles are identical. This ob-
servation implies that these 4 nucleotide positions within
the MIG1 promoter region were responsible for the expres-
sion divergence between the BY and RM (or YJM) alleles.

To investigate whether the cis-variations within the
MIG1 promoter region are responsible for the divergence
of MIG1 expression, we generated 2 MIG1 swapped strains
of a particular promoter region between the BY and RM
alleles. In the BY strain, we replaced the MIG1 promoter
region including the 3 substitution sites �151, �152,
and �174 with the same promoter region of the RM strain.
The other swapped strain was also done in the BY back-
ground, but all 4 substitution sites �151, �152, �174,
and �498 were included. The swapped hybrid diploid
strains were also made by mating each of the MIG1 swap-
ped haploid strains to the parental RM strain. Both swapped
strains were cocultured with the RM strain, and the cocul-
tured strains were then subjected to pyrosequencing anal-
yses and so were the swapped hybrid diploids. As
expected, for the swapped hybrid diploid with all 4 substi-
tution sites, there was no significant difference of expres-
sion levels between RM and swapped alleles of MIG1,
strongly suggesting that BY-MIG1 and RM-MIG1 differen-
tial expression is mainly due to cis-variations (fig. 8B). Sur-
prisingly, for the swapped hybrid diploid with only 3
substitution sites, the MIG1 expression differences between
the RM and swapped alleles still remained as in the

FIG. 7.—The expression profiles of genes CAT8 and MLS1 in the
hybrid diploid strains YL135 and YL136 generated by mating BY and the
swapped RM strain. YL135 and YL136 were 2 independent swapped
hybrid clones that served as the replicates of the experiments. The mRNA
levels of genes CAT8 (A) and MLS1 (B) were quantified by Taqman qRT-
RCR using BY or RM allele-specific probes. The data from YL135 and
YL136 are represented by solid and dotted lines, respectively.
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BY–RM hybrid diploid strains (fig. 8B). These observa-
tions strongly suggest that MIG1 differential expression
is mainly due to cis variation at the SNP site �498. This
position is 2 nucleotides downstream of the Rfx1p putative
binding site (Pachkov et al. 2007) and is the same in Sac-
charomyces paradoxus and Saccharomyces mikatae,
though not in Saccharomyces bayanus. It has been shown
that Rfx1p might be involved in the DNA damage and rep-
lication checkpoint pathway (Emery et al. 1996; Huang
et al. 1998). However, whether this single-nucleotide change
or the combination of multiple SNPs resulted in the expres-
sion differences of MIG1 will require further investigations.

Our data suggested that trans-acting factors may also
be involved in the divergence of MIG1 expression. As men-
tioned earlier, we observed significant difference of expres-
sion levels in the RM–YJM cocultures (fig. 8A). However,
the difference was not observed between the RM and YJM
alleles of MIG1 in the hybrid diploid strain, indicating that
the expressional divergence of MIG1 in the cocultures may
be due to the trans variation. We also observed similar ex-
pression patterns for the RM strain and the MIG1 swapped
strain containing the replacement of the 4 substitution sites
(fig. 8B). The expression levels of the RM and swapped
alleles in hybrid diploid strains were very similar but they
showed a 2-fold difference in the cocultures. Altogether, our
pyrosequencing data indicated that not only the cis-regulatory
elements but also the trans-acting factors have contributed
to the variation of MIG1 expression.

Conclusions

Among the pathways reprogrammed during the dia-
uxic shift, we focused on the gluconeogenic pathway
mainly regulated by Snf1p, Mig1p, and Cat8p to monitor
their expression differences among 3 S. cerevisiae strains,
BY, RM, and YJM. Our qRT-PCR data strongly suggested

thatCAT8and 3 of its downstream target genes were predom-
inantly regulated by trans-acting elements, with a minor cis-
element influence. In contrast, the expression divergence of
MIG1appeared tobedue tocis-variations,withaminoreffect
of trans variation. Our pyrosequencing data further con-
firmed that the expression evolution of MIG1 was more
strongly affected by changes in cis elements than by changes
in trans-acting factors. It has been speculated that a gene’s
position in the regulatory network affects the relative roles
of cis- and trans-factors in the expression evolution of the
gene. Here we found that for MIG1, which is at a very up-
stream position in the regulatory network, the expression
evolution seems to be mainly due to cis variation, whereas
trans variation seems to have played a major role in the ex-
pression evolution of its downstream genes. However, be-
cause the number of genes we studied is limited, we still
cannot draw a general conclusion. Studying additional tran-
scriptional regulatory pathways or other key regulators in-
volved in the diauxic shift will help us further understand
evolutionary patterns of gene regulatory network. Our stud-
iesalsopointed to the importanceofcombiningavailablemo-
lecular tools for analyses of expression evolution. Although
microarray is a powerful tool for comparing whole-genome
transcription profiles, qRT-PCR and pyrosequencing analy-
ses provide more sensitive and precise quantification of gene
expression. In this study of regulatory evolution within spe-
cies, the expression differences of genes of interest between
2 strains might be subtle. The latter 2 techniques provide bet-
ter resolution when monitoring the transcription levels along
different time points.

Supplementary Material

Supplementary materials and figures S1 and S2 are
available at Molecular Biology and Evolution online
(http://www.mbe.oxfordjournals.org/).

FIG. 8.—Pyrosequencing results of MIG1, CAT8, and MLS1 from cocultures versus hybrids. The ratios of allele expression levels with the
corresponding time pairs of coculture and hybrid are presented in the log scale. The diagonal line represents the 1-to-1 ratio, that is, BY/RMhybrid 5 BY/
RMcoculture. The vertical and horizontal bars on each dot represent the standard deviations from 2 biological and 2 technical repeats. (A) Pyrosequencing
results of MIG1, CAT8, and MLS1 between strains. MIG1 is in red, CAT8 in green, and MLS1 in blue. The MIG1 results that are close to the vertical line
are for YJM/RM and those near the diagonal line are for BY/RM or BY/YJM. The data points of CAT8 and MLS1 are for BY/RM (below the diagonal
line) or YJM/RM (above the horizontal line). (B) Pyrosequencing results of MIG1 between the parental BY strain, the promoter-swapped strains, and
the RM strain. The swapped strains were obtained by replacing the MIG1 promoter region in the BY strain that included 3 or 4 substitution sites with
the same promoter region of the RM strain as described in Materials and Methods. The number ‘‘3’’ or ‘‘4’’ represents the number of key candidate
nucleotides (see text) that were swapped. The data indicated in blue are for the parental BY and RM strains, whereas those indicated in orange are for
the swapped strain with 3 substitution sites and the RM strain, and those indicated in red are for the swapped strain with 4 substitution sites and the RM
strain.
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