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Abstract

Gene-expression variation in natural populations is widespread, and its phenotypic effects
can be acted upon by natural selection. Only a few naturally segregating genetic differences
associated with expression variation have been identified at the molecular level. We have
identified a single nucleotide insertion in a vineyard isolate of Saccharomyces cerevisiae
that has cascading effects through the gene-expression network. This allele is responsible
for about 45% (103/230) of the genes that show differential gene expression among the
homozygous diploid progeny produced by a vineyard isolate. Using isogenic laboratory
strains, we confirm that this allele causes dramatic differences in gene-expression levels of
key genes involved in amino acid biosynthesis. The mutation is a frameshift mutation in a
mononucleotide run of eight consecutive T’s in the coding region of the gene SSY1, which
encodes a key component of a plasma-membrane sensor of extracellular amino acids. The
potentially high rate of replication slippage of this mononucleotide repeat, combined with
its relatively mild effects on growth rate in heterozygous genotypes, is sufficient to account
for the persistence of this phenotype at low frequencies in natural populations.
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Introduction

Differences in gene expression are important sources
of phenotypic variation. Early studies demonstrated that
genome-wide variation in gene expression is abundant across
taxonomic groups, including between species (Hsieh et al.
2003; Ranz et al. 2003; Rifkin et al. 2003), within populations
(Jinet al. 2001; Townsend et al. 2003; Aubin-Horth et al. 2005;
Whitehead & Crawford 2006; Clark & Townsend 2007) and
between progeny (Cavalieri et al. 2000). Comparisons of
expression data have allowed inferences about the under-
lying evolutionary forces that shape expression variation
on different evolutionary time scales (e.g. Jordan et al. 2005;
Lemos et al. 2005, 2007). While a few studies of gene-
expression divergence between species and polymorphism
within species suggest a role for directional selection on
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transcript abundance (Rifkin et al. 2003; Landry et al. 2007a),
the emerging consensus is that stabilizing selection limits
the amount of gene-expression polymorphism in nature
by selecting for phenotypes with intermediate levels of
expression (Lemos et al. 2005; Denver et al. 2005).

The functional consequences of genome-wide expression
variation have mainly been addressed indirectly. Such
studies have compared how the inferred relative strengths
of the selective forces map differentially among groups of
functionally related genes as defined, for example, by gene
ontology categories (Lemos et al. 2005). Furthermore, the
identification of the evolutionary forces acting on gene-
expression polymorphism has, so far, mostly relied on the
use of the theory developed for the evolution of quantitative
characters. However, the genetic bases of gene-expression
phenotypes can be simple in some cases and very complex
in others (Gibson et al. 2004; Brem & Kruglyak 2005), thus
violating some of the assumptions of classical quantitative
genetics. A more direct approach would be first to identify
the molecular basis of a gene-expression phenotype and
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then to investigate the forces acting on this variation.
However, the molecular underpinnings of phenotypic
variation, including gene-expression differences, are often
difficult to identify. Even as techniques such as genetic
mapping of quantitative trait loci (QTL) reveal regions of the
genome that contribute significantly to phenotypic variation
(Bradshaw et al. 1995), it is often difficult to narrow the
region of genetic causation to a single gene or nucleotide
(Erickson et al. 2004; Ron & Weller 2007; but see: Bradshaw
& Schemske 2003; Ben-Ari et al. 2006).

The budding yeast Saccharomyces cerevisiae has been at
the forefront of the methods, technologies and statistical
approaches used to dissect the transcriptome genetically
(Brem et al. 2002; Steinmetz et al. 2002). This unicellular
fungus has also pioneered the field of ecological genomics,
whereby variation in gene expression among natural isolates
is mapped onto known and well defined cellular, metabolic
and regulatory networks (Cavalieri et al. 2000; Fay et al. 2004;
Landry et al. 2006a). The wealth of functional genomics
and molecular genetics resources available for this model
species rank it highly among the model organisms best
suited to tackle the question of how gene-expression phe-
notypes may affect organismal fitness.

Using the functional genomic tools then available in
yeast, Cavalieri et al. (2000) discovered progeny from a
single vineyard strain of S. cerevisiae that displayed widely
divergent gene-expression phenotypes. Originally identified
because of their distinct colony morphologies (Cavalieri et al.
2000), diploid progeny from a homothallic vineyard isolate
designated ‘M28’ differed in gene-expression levels at
230 loci, or 3.6% of all genes, based on a Bayesian analysis
(Landry et al. 2006b; see Materials and Methods for analysis
of statistical power). While these expression differences
did not cosegregate with colony morphology (KMB and
DC, unpublished results), the expression phenotypes
mapped to specific metabolic pathways, and a large fraction
appeared to segregate together as a single Mendelian trait,
suggesting a simple genetic basis (Cavalieri et al. 2000;
Landry et al. 2006b).

We set out to identify the genetic basis of this expression
pattern and to evaluate the effects of the phenotype on
growth rate in laboratory culture. We found that a single
nucleotide insertion in SSY1, a gene encoding a component
of a plasma-membrane sensor of extracellular amino acids,
is responsible for 45% of the gene-expression differences
among the progeny of M28, the parental strain studied by
Cavalieri et al. (2000). By introducing this mutation into
isogenic strains of S. cerevisiae, we showed that this change
alone is sufficient to reproduce the expression phenotype
affecting amino acid biosynthesis and transport that segre-
gates in M28. We compared growth rates in laboratory
culture among the progeny of the vineyard strain M28 and
of isogenic strains containing the mutation. We observed
that detrimental effects on growth rate in the heterozygous

genotype are undetectable under our conditions, although
they are quite large in the homozygous mutant. Given that
this allele results from the expansion of an unstable mono-
nucleotide repeat and has also been found in another
independent isolate of S. cerevisiae isolate, we hypothesize
that this allele may persist at low frequencies in wild popu-
lations of S. cerevisiae owing to its high mutation rate balanced
against its modest selective effects when heterozygous.

Materials and methods

Saccharomyces cerevisiae strains

Saccharomyces cerevisiae strains M28 and M57 were isolated
in Montalcino (Tuscany), Italy, from damaged grapes
(Cavalieri et al. 1998), a typical source of vineyard yeasts
(Mortimer & Polsinelli 1999). As described in Cavalieri
et al. (2000), strains 4A and 4D (originally referred to as S1
and F,) are derived from individual meiotic segregants
from a single tetrad. Because M28 resembles about 70% of
vineyard isolates in being homothallic, all progeny from
sporulation are homozygous diploids (Mortimer 2000).

Because natural isolates have no auxotrophic markers
for use in genetic manipulation, we created a ura3 derivative
of 4D. After sporulating 4D on standard sporulation medium,
we plated spores on 4,4,4 fluororotic acid (FOA), a technique
that selects for ura3 mutants (loss of function). The presence
of ura3 was verified by confirming that strains could not
grow on medium lacking uracil. Furthermore, we showed
that putative ura3 4D derivatives could grow in the absence
of uracil after being transformed with pRS 416, a plasmid
carrying URA3 (ATCC No. 87521; Sikorski & Hieter 1989).
S5288C derivatives FY2, FY3 and FY4 are described in
Winston et al. (1995).

Complementation tests

We obtained plasmids with URA3 markers carrying
the genes encoding SSY1, PTR3 and SSY5 from Peter O.
Ljungdahl (Forsberg & Ljungdahl 2001). We used these
plasmids to transform ura3 4D using medium without uracil
to select for transformants. Transformations were performed
according to standard methods (Adams et al. 1997). To
determine whether the wild-type gene introduced via the
plasmid complemented the mutant phenotype, we tested
the resistance of the transformants to 5,5,5-tri-fluoro-DL-
leucine (TFL; Sigma-Aldrich) at 50 ug/mL on plates.

Sequencing

The SSY1 locus and flanking regions in the 4D strain (4D;
referred to as F, in Cavalieri et al. 2000) were sequenced
using primers designed from the published S288C sequence
(Saccharomyces GENOME Database; www.yeastgenome.org).
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The entire locus and flanking regions including flanking
regions and surrounding genes (SAC3 and YDRI161w)
were sequenced in order to identify the mutation (Region 1:
TTACTCCTGTGCTAGATGG = Forward, ATTCTTAGCA
AGGCTGGACG = Reverse; Region 2: CGTCCAGCCTTG
CTAAGAAT = Forward, CGTCCAGCCTTGCTAAGAAT =
Reverse; Region 3: TGCCCCTCGATAGATACTCC = For-
ward, CCCTGCTGTTACTCCCTTTG = Reverse; Region 4:
TGTATGCTTGCTCTTCCTG = Forward, TAGTAGTCTTGG
ATCGCCAC = Reverse; Region 5: CCATTGTACTGATATC
TTACG = Forward, TAGATATGGTTGGAATGGCG = Reverse;
Region 6: TTTGCGATTCTATTACGCCC = Forward, CCTACT
AAGGTCATCTCATCG = Reverse; Region 7: GTTACCTGG
CTGATTTAGGG = Forward, TCAGTATTACATTGTTTGCG
= Reverse). Sequencing reactions were performed using
Big Dye version 3 in a 3100 Genetic Analyser (Applied
Biosystems). Multiple sequence alignments comparing 4D
sequences with published S288C sequences were created
using SEQUENCHER (version 4.2.2, GENE Codes Corporation).
The frameshift mutation responsible for the ssy1T9 allele
was found in Region 6.

To ensure that the identified mutation was transcribed
into RNA, we sequenced the SSY1 mRNA from both 4D
and S288C. Total RNA was extracted using the methods
described below. Gene-specific primers for the mutated
region were used to create SSY1 complementary DNA
(cDNA) from total RN A according to protocols described for
Superscript Il Reverse Transcriptase (Invitrogen). Polymerase
chain reaction (PCR) products for the mutated region were
created and sequenced according to the procedure described
above. Additional strains from the same M28 tetrad (see
Cavalieri et al. 2000) and another filigreed strain ‘M57’ were
also sequenced at SSY1 according to the above methods.

Transformation of mutant SSY1 into S288C using TFL

As the complementation tests described above showed
that the ssy1T allele of 4D conferred resistance to TFL, we
were able to directly transform a laboratory strain with this
allele. Briefly, PCR products were created from the mutated
region of SSY1 in 4D (Forward = CCCAAGTTTCCTCAA
GTACATTCTATCTCAGC, Reverse = TTTTGTATTAACT
CCTCACACTGCTCTTCTGC). These PCR products were
used to transform the S288C strain, FY2 (Winston et al. 1995;
Brachmann et al. 1998) via homologous recombination using
standard yeast PCR product transformation procedures
(Adams et al. 1997). Transformants were selected on TFL
(50 ug/mL), uracil (URA) + plates and the appropriate
homologous recombination was confirmed by sequencing.

Knockout of SSY1 in S288C using URA3

In order to compare the 4D mutation with a gene knockout,
we constructed an SSY1 knockout in an S288C strain, FY2.
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While this knockout is lethal in a leu background (Klasson
et al. 1999; Saccharomyces GENOME Database), knocking
out this gene in LEU S288C results in a viable strain.
Approximately 80 base-pair (bp) primers were designed
with the 3™-most 20 bp homologous to flanking regions
around the URA3 locus in S288C (Forward = GATAATCACC
CATTTCTTATTACTGTCGGCGTGCCATCCTTTTCTCTAAAG
CTCGGCGGAACTAACATCACACTTGCTGG, Reverse= CG
GTCCAGTCAGTTCTGTCCATTTCCCTCCTCCCACTGTCC
ATATCTAACTGATCTAGTCTGTTCCGTTTGACTTGTCGC).
The 5™-most 60 bpof each primer were designed to match
flanking regions around SSY1. PCR products of URA3 were
created using these primers and then transformed into
FY2. Knockouts of SSY1 were selected on media lacking
uracil. Additional PCR primers were designed to amplify
from the DNA of putative transformants only if the
knockout had been successful (Forward = TGTTACTCCT
GTGCTAGATGGG, Reverse = TGCTCTAGCGTTACCA
CTGC). Resulting PCR products were sequenced to confirm
the replacement of SSY1 with URA3.

DNA microarrays

Cells were grown in 5mL of YPD (1% yeast extract, 2%
peptone, 2% dextrose) or MM (0.67% yeast nitrogen base
without amino acids, 2% dextrose) overnight and diluted
to an OD600 of 0.1 in 40 mL of YPD in the morning and
left to grow to an OD600 of ~0.8 at 30 °C and 225 r.p.m.
Cultures were then centrifuged at 3500 r.p.m. for 20 min at
room temperature and the pellets were flash frozen in
liquid nitrogen. Frozen cell pellets were resuspended and
extracted with hot acidic phenol/chloroform extraction.
Total RNA was ethanol precipitated, washed and resu-
spended in TE buffer. RNA quality was confirmed by
spectrophotometric analyses with A,/ A, ratios ~ 2. cDNA
synthesis, labelling and hybridization were performed
using 3DNA ARraY 50 Kit version 2 (Genisphere Inc)
according to manufacturer protocol. The samples were
hybridized on arrays containing 6388 probes (Qiagen
Operon) printed on poly L-lysine coated slides (Erie) accord-
ing to standard protocols (www.microarray.org).

The arrays were scanned on an Axon GENEPIX 4000B
Scanner (Axons Instrument, Molecular Devices) and the
images were analyzed using GENEPIX Pro 5 (Axons Instru-
ment, Molecular Devices). Spots of bad quality were flagged
manually and eliminated from the downstream analyses.
We also discarded spots that had a foreground intensity
smaller that the background intensity plus two standard
deviations for both channels. The raw intensities were
normalized using the print-tip loess method implemented
in the Limma package of the R statistics software (Smyth
& Speed 2003). This method ensures that the ratios of
expression are independent of the mean intensities.
Statistical analysis of differential gene expression was the
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Fig.1 (A) A comparison of gene expression patterns in a TFL-resistant M28 segregant (4D) and a TFL-sensitive M28 segregant (4A)
revealing more differentially expressed genes between TFL-resistant and TFL-sensitive in YPD medium than in minimal medium (MM).
Points represent average normalized spot intensities across two replicate microarrays for the resistant strain vs. the sensitive strain. (B) A
representation of the SPS complex and the role of Ssylp. (C) Comparison of SSY1 sequences from wild-type and ssy179 strains. Sequences
shown represent nucleotides 2332-2410 and the corresponding predicted amino acid sequences, amino acids 778-803. Because of the
frameshift mutation in ssy179, the mutant protein is predicted to terminate after translating only 802 amino acids (2409 nucleotides), 50

amino acids fewer than the wild type.

performed using BAGEL (version 3.62 for Windows) with
the default parameters (Townsend & Hartl 2002; see
Table S2, Supplementary material for results). TFL resistant
strains vs. sensitive strains gene-expression comparisons,
described in Fig. 1A, were performed as described in
Cavalieri et al. (2000). While the specific number of gene-
expression differences depends on the statistical power of
the microarray methodology, arrays whose data was pre-
sented in Fig. 1A were performed to test the effect of amino
acids in the growth media on genome-wide expression
patterns between TFL-sensitive and -resistant M28 progeny.
Therefore, they were not analyzed to detect statistically
significant expression differences for individual genes but
to confirm that the presence of amino acids affected the
gene expression differences.

For all other array data, we tested the power of our
methods to detect gene-expression differences by deter-
mining the gene-expression level difference (fold-change)
at which there is a 50% chance of a significance call
(Townsend 2004; Clark & Townsend 2007). This statistic is
known as the GeL50. Using our stringent criteria of non-
overlapping 95% Bayesian credible intervals, results from
arrays detailed in Landry et al. (2006b) have higher GeL50
values than previously reported (Clark & Townsend 2007).
Arrays comparing the TFL sensitive segregant M28 4A

with TFL resistant segregants M28 4C and M28 4D had GEL50
values of 3.44 and 3.58, respectively. Arrays comparing TFL
sensitive M28 4B with 4C and 4D had somewhat higher
power to detect differences (2.56 and 2.85, respectively).
In contrast, arrays comparing SSY1 and ssy1™ strains of
5288C had a GeL50 value of 1.24. The higher statistical power
gives these comparisons a greater probability of detecting
gene expression differences caused by the presence of the
ssy1™ allele.

Construction of S288c diploids

In order to simulate the effects that the ssy179 allele might
have in isolation on wild growing strains, we mated haploid
5288C strains to create diploid strains containing SSY1 muta-
tions and knockouts in heterozygous and homozygous
forms. Two selectable markers, kanM X6 and URA3, ensured
that only mated cells would survive on plates containing
G418 and lacking uracil. (Strains containing kanMX6 are
resistant to G418, which we obtained from Sigma-Aldrich.)
Specifically, two strains were constructed from FY3 (Winston
etal. 1995). In one transformation, we replaced the HO
locus with the kanMX6 module from the pFA6a-kanMX6
pLAsMID (Longtine et al. 1998; see above for PCR tran-
sformation protocol, Forward = CTATTACAACTATTAG
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CTCTAAATCCATATCCTCATAAGCAGCAATCAATTCT
ATCTATACCGGATCCCCGGGTTAATTAA, Reverse = TCAT
CCAAAATATTAAATTTTACTTTTATTACATACAACTTTT
TAAACTAATATACACATTGAATTCGAGCTCGTTTAAAC).
Another FY3 derivative was constructed by knocking out
SSY1 and replacing it with the same cassette (Forward =
GATAATCACCCATTTCTITATTACTGTCGGCGTGCCATCC
TTTTCTCTAAAGCTCGGCGGACGGATCCCCGGGTTAATT
AA, Reverse = CGGTCCAGTCAGTTCTGTCCATTTCCCT
CCTCCCACTGTCCATATCTAACTGATCTAGTCGAATT
CGAGCTCGTTTAAAC). The FY2 ssy1T9 strain, described
above, was transformed to replace its HO locus with
kanMXeé. Four crosses were performed to create the necessary
genotypes for growth rate experiments (Cross A =FY3
ho:kanMX6 x FY5, Cross B = FY3 ho:kanMX6 x FY2 ssy1::URA3,
Cross C = FY3 ssy1::kanMX6 x FY2 ssy1:URA3, Cross D = FY2
ssy1T9 x FY4). All resulting diploids were heterozygous
for both selectable markers (URA3 and kanMX6). Cross A
resulted in a homozygous wild-type SSY1 strain (denoted
wt/wt in Fig. 4). Cross B and Cross D resulted in heter-
ozygote strains for the knockout and 4D ssyl allele,
respectively (denoted wt/KO and wt/T9). Cross C resulted
in a homozygous ssy1 knockout strain (denoted KO/KO).

Diploid strain maximum growth rate assays

The maximum growth rates of 5288C derivative diploids
and M28 derivative strains were assayed using optical
density measurements obtained from a Bioscreen C micro-
biological workstation (Thermo Labsystems). Following
Joseph & Hall (2004), single colonies were picked from
plates and grown overnight in liquid YPD or MM with
uracil (20 mg/L). Optical densities of each overnight culture
were recorded and used to dilute cultures to approximately
105 cells/mL. 150 pL of these dilutions were loaded into
each well of the Bioscreen C plate. Two plates of one hundred
wells, containing at least four replicates of each strain in
each media type, were assayed for their optical density every
15 min for 2 days. All wells reached stationary phase, as
determined by optical density plots, after 18 h.

Using code written in R (version 2.2.1, The R Foundation
for Statistical Computing), we calculated a least-squares
regression for log absorbance vs. time for a 3.25-h sliding
window over the length of the growth curve. The maximum
growth rate from each well was designated to be the
coefficient from the regression with the largest slope.

Statistical analyses were performed in R and srss (spss
for Windows, version 13.0, SPSS Inc.). A nested ANOvVA com-
paring growth rates of replicates in different plates revealed
no significant plate effect. Replicates of similar strains and
media across the two plates were pooled for subsequent
statistical analyses. Pair-wise -tests were used to compare
the maximum growth rates of different strains in the same
media type.
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T-test power simulations

We verified that samples of replicate growth-rate experiments
performed in YPD had smaller variances than those in MM
by using Bartlett’s test for homogeneity of variances per-
formed in R. We subtracted each replicate growth rate
value from its corresponding sample mean to remove any
strain effect but preserve the variances of each sample.
Strains grown in YPD had statistically indistinguishable
variances (Bartlett’s K-squared = 0.7708, P = 0.9928), as did
those grown in MM (Bartlett's K-squared = 0.6287, d.f. = 6,
P =0.996). We then pooled replicates grown in YPD and
compared their variance with those grown in MM. Growth-
rate experiments performed in YPD had significantly lower
variances than those grown in MM (Bartlett’s K-squared
=92.0377,d.f. =1, P < 2.2 x 10-16).

We performed two sets of simulations to test the power
of t-tests to determine a difference in parametric mean
growth rate between two strains. Using the average standard
deviation for strains growing in YPD, we sampled from two
normal distributions whose means differed by a predeter-
mined amount to create two samples of eight observations.
We then tested whether a t-test would reject the null
hypothesis at the significance level of 0.05. We ran simula-
tions that tested parametric differences in growth rate
over two orders of magnitude (between 0.38% and 38%
difference between means compared). One thousand itera-
tions of the simulation were performed for each difference
in mean. Identical simulations were performed using the
average standard deviation for strains growing in MM (See
Fig. S2, Supplementary material, for simulation results).

Results

SSY1 is the cause of gene expression variation

We identified SSY1 as the source of gene-expression variation
among the progeny of strain M28 by identifying the genetic
basis of resistance to TFL, a toxic leucine analogue. Like the
gene-expression differences, TFL resistance segregates 2 :
2 among progeny derived from single tetrads of M28.
Previous work had demonstrated that TFL-resistant progeny
of M28 differentially expressed over 200 genes in com-
parison to either the M28 parent or TFL-sensitive progeny
(Cavalieri et al. 2000; Townsend et al. 2003; Landry et al.
2006b). These expression experiments therefore indicated
that the TFL-resistance phenotype cosegregated with the
gene-expression phenotype. In comparison with the parent
or TFL-sensitive progeny, TFL-resistant M28 progeny up-
regulated many genes for amino acid biosynthesis while
they down-regulated amino acid transporter and permease
genes (Cavalieri et al. 2000; Townsend et al. 2003; Landry
et al. 2006b). This suggested that a defect in amino acid
synthesis or utilization was responsible for the expression
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phenotype. Since TFL must be transported into the cells via
amino acid permeases and transporters, TFL resistance
suggested a defect in amino acid transports across the
plasma membrane. In fact, differences in gene expression
between TFL-resistant and TFL-sensitive M28 segregants
were similar to differences between strains growing in the
presence and absence of amino acids (Wodicka et al. 1997;
Landry et al. 2006b).

Based on this information, we tested the hypothesis
that the presence of amino acids affected the expression
differences. Comparison of the expression profile of a rep-
resentative pair of TFL-resistant and -sensitive progeny
from a single tetrad from M28 in the presence and absence
of amino acids confirmed this prediction (Fig. 1A). A pre-
liminary set of microarrays suggested that more genes
exhibited large expression differences in YPD medium,
which is rich in amino acids, than in minimal medium
(MM), which lacks amino acids. For example, 286 genes are
differentially expressed more than two-fold between the
TFL-resistant segregant 4D compared to its TFL-sensitive
cosegregant 4B when both segregants are grown in YPD
(Fig. 1A). However, growing these same strains in MM
eliminated all but 12 of these two-fold expression differ-
ences (Fig. 1A, see Materials and Methods). Many of the
expression differences between the TFL-resistant and TFL-
sensitive segregants seemed to be related to the presence
of amino acids in the external environment and confirm
that the expression differences among these segregants are
likely related to the use or sensing of amino acids.

Using data from these expression experiments along
with the knowledge that TFL needs to be imported into the
cells to be toxic, we hypothesized that the expression differ-
ences may result from defects in the sensing of extracellular
amino acids. One particularly well-studied complex of
amino-acid-sensing genes is the SPS nutrient sensor, which
includes the products of the genes SSY1, PTR3, and SSY5
(Fig. 1B, Poulsen et al. 2005). In the presence of amino acids
in the environment, the SPS complex triggers downstream
pathways that lead to the expression of amino acid tran-
sporters and permeases with concomitant down-regulation
of amino acid biosynthetic pathways. SPS therefore plays a
fundamental role at the interface between the cells and the
environment. The role of this nutrient sensor has been
extensively studied, and the expression in the 4D segregant
might be expected from a strain with a mutation in one of
these loci (Klasson et al. 1999; Forsberg & Ljungdahl 2001;
Forsberg et al. 2001; Eckert-Boulet et al. 2004).

To ascertain whether a mutation in a component of the
SPS extracellular amino acid sensory system might be
responsible for the metabolic phenotype, we tested if the
wild-type alleles of SPS genes could restore the TFL sensitivity
of the 4D segregant by introducing the wild-type alleles of
these genes into the 4D background (complementation
tests). We observed that only the SSY1-containing plasmid

restored TFL sensitivity to 4D (see Materials and Methods).
While not conclusive, this observation was consistent with
the hypothesis that a mutation effecting TFL resistance, and
potentially the gene-expression phenotype, may be contained
within SSY1.

We therefore sequenced the complete coding and flanking
region of SSY1 in 4D and identified a mutation in the coding
region. The mutation identified in 4D is a frameshift mutation
in the distal part of the coding region. We refer to the ssy1
allele in the TFL-resistant segregant 4D as ssy179 because
the insertion adds a ninth thymidylate in a mononucleotide
repeat normally containing eight (Fig. 1C). The protein
encoded by ssy179is predicted to be 50 amino acids shorter
than the wild type, with 15 of the 16 amino acids encoded
after the frameshift in ssy179 predicted to be different from
those at corresponding sites in the wild-type polypeptide.
We verified that ssy179 allele was transcribed by sequencing
mRNA transcripts from 4D. We confirmed this result by
sequencing the three independent segregants isolated
from other tetrads of M28. As predicted by the TFL-resistance
data reported by Cavalieri et al. (2000), the progeny that
demonstrated TFL resistance had the ssy1T9 allele while
those that were TFL sensitive did not.

Additionally, we observed this mutation in the geneti-
cally distinct vineyard isolate M57. Previously, sporulation
of M57 had been shown to yield 2 : 2 segregation of TFL
resistance: TFL sensitivity (DC, unpublished results). Two
TFL-resistant segregants from M57 had ssy1T% sequences
identical to that in 4D. While both strains were isolated
from Tuscany, Aa et al. (2006) sequenced four genes in M28
and M57 and demonstrated divergence in gene sequence at
three of these loci. Additionally, results of gene expression
profiling from Townsend et al. (2003) showed that 203
genes are differentially expressed to a significant degree
between M28 and M57, suggesting that these strains are
not more closely related than other pairs of strains from the
same population. M57 therefore represents an independent
sample and suggests that ssy179 segregates in natural
populations.

Frameshift allele, ssy179, is sufficient to create gene-
expression phenotype

To test whether the ssyl1T9 allele is the major genetic
determinant of the gene-expression phenotype of the M28
progeny, we created isogenic S288c-derived strains with
either the ssy1T9 or wild-type SSY1 allele. Because the ssy1T?
allele confers resistance to the drug TFL (see Materials and
Methods), we used full-length PCR products of the ssy1T9
allele from 4D to transform S288C directly with no additi-
onal genetic markers. Microarray analysis from total RNA
revealed a similar pattern of expression differences between
isogenic strains of S288C with SSY1 and ssy179 as were present
between the TFL-resistant and TFL-sensitive segregants
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Fig.2 (A) Relative expression levels of nine genes in the
methionine biosynthesis pathway in natural isolates and
laboratory strains. Error bars represent the 95% credible intervals.
Note that the scales of the relative expression levels are different
in each graph. While expression patterns are similar between
the two comparisons, differences in relative expression between
comparisons of natural and laboratory strains are likely due
differences in microarray technologies and protocols between the
two studies. (B) Relative expression levels of five amino acid
permeases in natural isolates and laboratory strains. Error bars
represent the 95% credible intervals.

from M28. Of the 230 genes differentially expressed
between M28 progeny based on nonoverlapping Bayesian
credible intervals (Landry ef al. 2006b), 103 have nonover-
lapping credible intervals in comparisons between 5288C
SSY1 and S288C ssy1T9. We interpret this result to indicate
that approximately 45% of the gene-expression differences
between 4D and 4A result from this single nucleotide
difference. Our arrays comparing S288C strains had higher
statistical power than those comparing M28 progeny,
indicating that gene-expression differences between the
progeny of M28 not represented in comparisons with the
5288C strain are likely due to other segregating genetic
factors (see Materials and Methods). Further, we assessed
the genome-wide expression correlation between 4D and
5288C ssy119 using the 230 genes identified as differenti-
ally expressed between M28 itself and its 4D segregant.
Remarkably, we find that the expression differences in the
two comparisons are significantly correlated despite their
differing genetic backgrounds (Fig. 2; Pearson correlation
coefficient: 0.56, P < 2.2 x10-16). While the effect of the
ssy1T9 mutation in gene M28 progeny may be different
than in S5288C laboratory strains, the correlated expression
levels presented above suggests that the average effect of
this mutation in laboratory and wild strains is similar. Not
only are many of the same genes differentially expressed in
the isogenic strains as the M28 progeny, but these genes
also exhibit similar levels of differential expression in the
two comparisons.
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Because of the increased statistical power of our lab
strains array methodology (see Materials and Methods),
we observed 1143 differentially expressed genes between
S5Y1 and ssy1T9 S288C strains. However, many of these genes
exhibited much smaller levels of differential expression.
(Average fold change 1040 genes differentially expressed
between SSY1 and ssy1T9 5288C but not in M28 progeny:
1.41. Compare with average fold change in lab strains for
the 103 genes differentially expressed in both M28 progeny
and S288C strains: 2.31. Wilcoxon rank sum test: P < 2.2 X
10-16). Of these 1143 genes, 853 were included on the original
array comparing M28 progeny. Among these 853 genes,
those that were not differentially expressed in M28 progeny
also have a small level of putative differential expression.
(Average fold change among non-differentially expressed
genes: 1.35. Compare with average fold change in M28
progeny for 103 genes differentially expressed in natural
and lab strain comparisons: 3.26. WILCOXON rank sum test:
P <2.2x10-16).

Even when arrays comparing natural isolate progeny
failed to detect a significant difference in expression level,
the putative differences in expression level between M28
progeny were still correlated with those of the lab strains.
Like the 103 genes with nonoverlapping confidence
intervals in both comparisons, the 853 genes that were
differentially expressed in S288C strains and present on
arrays comparing M28 progeny showed a correlation in
their expression differences in these comparisons (Pearson
correlation coefficient: 0.40, P < 2.2 x 10-16). In fact, this
correlation holds even when the 103 genes differentially
expressed in both comparisons are removed (Pearson
correlation coefficient: 0.20, P < 5.03 x 10-8).

The expression phenotypes that show a 2 : 2 segregation
among the progeny of M28 often map to pathways involved
in the biosynthesis of amino acids. The comparison of
5288C SSY1 and S288C ssy1T9 revealed the similar expression
differences in those pathways. For instance, Fig. 3A shows
the relative expression levels of genes in the methionine
pathway. Other genes involved in amino acid biosynthesis
including those in the histidine, valine and leucine path-
ways also exhibit similar patterns of gene expression
differences in the two ssy1T9 strains (see Table S2, Supple-
mentary material). Further, both 4D and S288C ssy1T9
exhibit similar down-regulation of key amino-acid tran-
sporters and permeases (Fig. 3b). The overexpression we
observed in GAP1 contrasted strikingly to the general pattern
of down-regulated transporters in ssy179 (Fig. 3B). However,
up-regulated GAP1 in SSY1 mutants is expected in light
of previous research indicating that a functional SSY1 locus
is necessary to repress this transporter (Klasson et al. 1999;
Forsberg et al. 2001). In total, these data indicate that the
ssy1T9 allele is sufficient to cause virtually all of the gene-
expression differences associated with amino acid transport
and biosynthesis between the progeny of M28.
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Fig. 3 Correlation of expression differences in genes originally found to be overexpressed between natural isolates (M28 and 4D) with
expression differences observed in the laboratory strains (S288C SSY1 and S288C ssy179). Genes used above were originally found to be
differentially expressed in M28 progeny by virtue of having nonoverlapping confidence intervals. Expression differences represent the
absolute value of the difference in relative expression between the two compared strains for a given gene. The expression differences
between the natural isolates describe a large amount of the variation in expression difference among genes between laboratory strains and
the correlation is highly significant (Pearson correlation coefficient: 0.5640047, P < 2.2 x 10-16).

Because the N-terminal domain of Ssylp is essential for
signal transduction to sense extracellular amino acids
(Klassonet al. 1999), and expression of a truncated polypeptide
containing only the N-terminal 276 amino acid residues
allows some growth on leucine as sole nitrogen source
(Bernard & Andre 2001), we hypothesized that the 800
amino acid polypeptide encoded by the ssy1T9 allele in
strains M28 and M57 may retain a fraction of its functions.
To test this hypothesis, we extended our gene-expression
analysis by comparing the expression pattern of an 5288¢c
ssy1 knockout, referred to as ssy1KO. We found that only 17
genes are differentially expressed between ssy1KO and ssy1T9
at a Bayesian posterior probability threshold of 0.9975,
which corresponds to a false discovery rate of ~5% (esti-
mated by randomly permuting the data matrix). Most of

these genes are involved in uracil metabolism, the up-
regulation of which is likely the result of using URA3 as
a selectable marker. In summary, our results show that
ssy1T9 is responsible for the expression phenotype in M28
while having no detectable residual function.

Growth-rate effects of ssy119 are recessive and
environment-dependant

After finding two genetically distinct vineyard isolates
heterozygous for ssy179 (M28 and M57), we examined the
effects of this allele on growth rate in laboratory cultures
either when heterozygous or homozygous. We created diploid
5288c strains in order to mimic the genetic conditions under
which we originally observed this mutation, and introduced
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the ssy1T9 in those otherwise isogenic genetic backgrounds.
We grew strains in either YPD (rich in amino acids) or in
minimal media (MM, lacking amino acids) to test if the
presence of a functional SSY1 has any detectable influence
on growth rate in these different environments.

Fig. 4A and 4B show the relative growth rates of M28
and its segregants 4A (SSY1/5SY1) and 4D (ssy179/ssy179)
in the two media. In Fig. 4(C, F), we report the relative
growth rates of S288c-derived diploid strains in these two
environments. Given that the gene-expression patterns of
5288c ssy1T9 and S288c ssy1KO are essentially the same, we
used a diploid knockout to approximate the S288c ssy179/
ssy1T9 growth rate. SSY1 homozygotes and heterozygotes
grew faster than ssy179 homozygotes in amino-acid-containing
media, regardless of genetic background (Fig. 4A, C). Pair-
wise t-tests reveal that while strains containing at least one
wild-type allele have statistically indistinguishable growth
rates, both are significantly greater than ssy1T9 homozy-
gotes (Table S1, Supplementary material).

While most of the expression differences were masked
by growing ssy179/ssy1T9 and SSY1/SSY1 strains in media
without amino acids (see Fig. 1A), our assays revealed that
the strains still grow at different rates. Figure 4(B, D) dem-
onstrate that wild-type homozygotes and heterozygotes
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Journal compilation © 2008 Blackwell Publishing Ltd

MM Fig. 4 Relative growth rates of natural

isolate (A and B) and diploid laboratory (C
and D) strains in media with (YPD, A and
C) and without (MM, B and D) amino acids.
Growth rates were compared with other
closely related strains in the same medium
only (e.g. lab strains in MM) and normalized
to the slowest growth rate among those
three or four strains. Within each part of
the figure, bars with the same number of
stars above them are statistically equivalent
(alpha = 0.05; based on pairwise t-tests
performed on regression coefficients; see
Table S1, Supplementary material). Labels
below each bars indicates the strain
name for natural isolates 4A = SSY1/SSY1,
4D = ssy1T9/ssy1T9, M28 = SSY1/ssy1(T9) and
the SSY1 genotypes for S288c diploid
laboratory strains (wt = SSY1, KO = ssy1KO,
T9 = ssy1T9). As this figure represents ratios,
no error bars are included. See Materials
and Methods for a discussion of variance in
these growth-rate estimates and their effect
on the pairwise t-tests.

wt/KO KO/KO wt/T9

grew significantly faster than their ssy179/ssy1T9 homozygote
counterparts. The TFL-sensitive 4A segregant from M28
and M28 itself, which are, respectively, SSY1 homozygous
wild type and heterozygous for the frameshift mutation,
grew at statistically equivalent rates, while the 4D homo-
zygous ssyl mutant segregant grew significantly slower
(Fig. 4; Table S1, Supplementary material). Likewise, the
growth rates of 5S288C SSY1/5SY1 and S288C SSY1/ssy1KO
were statistically indistinguishable, and both grew signifi-
cantly faster than S288C ssy1KO/ssy1KO However, 5288C
SSY1/ssy1T9 could not be distinguished statistically from
any of the other three S288C strains in MM.

Our results imply a higher cost in growth rate due to the
ssy1T9 mutation in minimal media than in YPD. Figure 4
shows that SSY1 strains grow about 16% faster than their
mutant isogenic counterparts compared with only a 5%
difference in YPD. This discrepancy was even greater when
considering the difference in the progeny of M28, where
the wild-type 4A segregant grew 62% faster than the
homozygous ssylT9 segregant 4D in MM, but only 4%
faster in YPD. Put another way, based on growth rate in
batch cultures, while the homozygous frameshift resulted
in a selective disadvantage of 4-5% in YPD, in MM, it
ranged from 13.5% for isogenic derivatives of S288C to
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38.2% for the homozyous progeny of M28. This result is
somewhat surprising given the similarity of the expression
profiles of SSY1 and ssy1T9 in MM (Fig. 1), and suggests
epistatic effects with one or more alleles in the genetic
background.

To assess the statistical power of the growth-rate experi-
ments, we carried out simulations to estimate the probability
of rejecting the null hypothesis of equal mean growth rates
when there is a stipulated real difference in the means.
Since replicate samples in YPD exhibited much smaller
standard deviations than those in MM (average standard
deviations: YPD = 5.23 x 10-5; MM = 2.39 x 104; Bartlett’s
K-squared = 92.0377, P < 2.2 x 10-16), we conducted a different
set of simulations for each type of medium (see Materials
and Methods). In YPD, the simulations indicate that the
analyses would reject the null hypothesis of equal mean
growth rates 50% of the time if the true difference in means
were 2%, and will reject the null hypothesis 80% of the time
if the true difference were 3%. In MM, the increased variance
among replicates reduces the power of these methods. The
analyses would reject the null hypothesis 50% of the time
when the true difference in mean growth rate is 10%, and
would reject 85% of the time with a true difference in means
of 15% (see Fig. S2, Supplementary material).

Discussion

We have isolated a frameshift mutation that segregates
in natural populations of wine yeast and causes gene-
expression differences at hundreds of loci. This allele explains
roughly 50% of the expression differences previously
reported among segregants in tetrads from a natural isolate
of Saccharomyces cerevisine (M28 in Cavalieri et al. 2000). The
mutation is an insertion into a mononucleotide repeat in
the coding sequence of the gene SSY1, which encodes an
amino acid sensor. This frameshift mutation disrupts the
reading frame of SSY1, creating a truncated protein (or a
degraded mRNA) that has no detectable residual function.
As a major component of the SPS plasma-membrane system
for detecting extracellular amino acids, SSY1 detects and
senses amino acids in the environment and triggers the
expression of amino acid permeases and transporters, which
also feeds into the expression of amino acid biosynthetic
enzymes. SSY1 therefore plays a key role at the interface
between the cell’s metabolism and its environment and thus
in the ecology of S. cerevisiae. Our results support previous
observations showing that trans-acting genetic factors
impacting gene expression do not necessarily map to tran-
scription factors or transcriptional regulators (Yvert ef al.
2003). Interestingly, very few gene deletions in the yeast
genome that affect gene expression in trans lead to the
differential expression of more than 50 genes (Featherstone
& Broadie 2002), so sensors of the environment may play
an important role in cascading transcriptional effects.

Analysis of gene-expression variation in natural popula-
tions has mostly been performed under the framework of
quantitative genetics. These analyses traditionally assume
that the expression level of each gene is independent and
that a large number of genetic factors may contribute to the
variation in expression level of each locus. The isolation of
a single frameshift mutation that explains genome-wide
differences in transcript abundance among natural isolates
shows that in some instances very few mutations are
necessary to create large and coordinated expression
differences. Our results also confirm earlier studies with
lower resolution (Brem ef al. 2002).

Other authors have often noted a positive relation between
time of divergence and gene-expression differences (White-
head & Crawford 2006). Some authors have also suggested
that these expression differences accumulate linearly with
divergence time (Khaitovich et al. 2004). In contrast, our
results demonstrate that large differences in gene expression
at many loci can be caused by a single mutation. Along
with the recent experimental results showing that gene
expression levels of different loci are not equally sensitive
to spontaneous mutations (Rifkin et al. 2003; Denver et al.
2005), and that specific properties of gene expression are
associated with this differential sensitivity (Landry et al.
2007b), our results show that a better understanding of
the integration of regulatory networks with other cellular
processes is necessary to understand and model the evolu-
tion of genome-wide transcriptional profiles.

Several studies have analyzed genome-wide expression
profiling with the goal of disentangling the role of various
evolutionary forces on the transcriptome and their func-
tional mechanisms. Comparisons of gene-expression variation
across functional categories and network properties indi-
rectly suggested that gene-expression polymorphism is
constrained by the gene’s essentiality (Landry et al. 2006a)
as well as its by position in the protein interaction network
(Lemos et al. 2005). Here we used a different, more direct
approach. We first isolated a mutation that contributes to
gene-expression differences and studied the effects of this
mutation on growth rate. Using the selection coefficients
estimated from our growth-rate analyses along with rea-
sonable approximations of mononucleotide repeat mutation
rates, we can estimate the frequency of the ssy179 allele in
natural S. cerevisiae populations. Homopolymeric repeats,
such as the eight thymidylates in SSY1, mutate at high
rates. Previous work has estimated mutation rates equal
to if not exceeding rates for microsatellite loci. Lynch et al.
(in press) used complete genome sequencing and estimated
mutation rates at homopolymeric runs to be between 10-5
and 10-6 per cell division (but see Gragg et al. 2002 for
homopolymeric runs in plasmids). As the frameshift allele
presumably exists at low frequencies, most copies will
occur in heterozygotes. Given the limitations of our experi-
ments and statistical power in detecting growth rate
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differences, ssy179 may have a small selective effect in
heterozygotes (i.e. potentially as large as 2% in YPD and
10% in MM, see Results). Additionally, natural populations
of yeast rarely undergo sexual reproduction, indicating
that most selection on this low frequency allele would
occur in heterozygotes (Ruderfer et al. 2006). Under these
conditions, population-genetics theory (Hartl & Clark 2007)
predicts an equilibrium frequency of the mutant allele
as q = u/hs, where u is the forward mutation rate, s is the
reduction in fitness in homozygous genotypes (here esti-
mated as 0.047 in YPD), and F is the degree of dominance.
Assuming a typical value i = 0.02 (Simmons & Crow 1977),
then g would range from 0.01 to 0.001, or the frequency of
heterozygous genotypes from 1/50 to 1/500. A smaller
degree of dominance or smaller selection coefficient when
homozygous would predict higher natural frequencies
for this allele. In any case, ssy179 is predicted to be about
as frequent as many human genetic disease alleles with
between one in 50-500 individuals being heterozygous
(Reich & Lander 2001).

By identifying the simple genetic basis for half of the
gene-expression differences among M28 progeny, we have
demonstrated that single-nucleotide mutations can have
highly pleoitropic effects on gene expression. While the
ssy1T9 mutation acts in trans to affect the expression level of
a hundred or more genes, it is not immediately associated
with transcription factors. If ssy179 is any indication, reces-
sive mutations, especially those associated with unstable
repeats, may persist at low but significant frequencies.
While rarely unmasked, alleles such as ssy179 can generate
a relatively large amount of phenotypic diversity from
small amounts of genotypic diversity.
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Supplementary material

The following supplementary material is available for this article:

Fig. S1 Microarray experimental design. We compared the exp-
ression profile of the wild-type S228¢ strain with that of isogenic
strains in which we knocked-out the SSY1 (ssyl1k) or introduced
the T9 frameshift mutation (ssy1t%). The three strains were compared
to each other directly on the microarrays and in the two possible
dyes orientation (dye-swap) for a total of 6 hybridizations.

Fig. S2 Simulation results examining t-test statistical power. (A)
Frequency of null hypotheses rejected using a given level of the
absolute difference in mean growth rate. (B) The same simulation
data plotted as a function of the percent difference between the
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two mean growth rates. See Materials and Methods for complete
description of simulations.

Table S1 Comparisons of growth rates among isogenic or nearly
isogenic strains in different media. P-values from pairwise Stu-
dent’s t-tests are reported. (wt = SSY1, KO = ssy1KO, T9 = ssy179).
P-values less than 0.05 are starred and in bold

This material is available as part of the online article from:
http://www.blackwell-synergy.com/doi/abs/10.1111/
j-1365-294X.2008.03765.x

(This link will take you to the article abstract).

Please note: Blackwell Publishing are not responsible for the
content or functionality of any supplementary materials supplied
by the authors. Any queries (other than missing material) should
be directed to the corresponding author for the article.
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