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Plasticity and environment-specific 
relationships between gene expression and 
fitness in Saccharomyces cerevisiae

Mohammad A. Siddiq    1,4, Fabien Duveau2,3,4 & Patricia J. Wittkopp    1,2 

The environment influences how an organism’s genotype determines 
its phenotype and how this phenotype affects its fitness. Here, to better 
understand this dual role of environment in the production and selection 
of phenotypic variation, we determined genotype–phenotype–fitness 
relationships for mutant strains of Saccharomyces cerevisiae in four 
environments. Specifically, we measured how promoter mutations of the 
metabolic gene TDH3 modified expression level and affected growth for 
four different carbon sources. In each environment, we observed a clear 
relationship between TDH3 expression level and fitness, but this relationship 
differed among environments. Mutations with similar effects on expression 
in different environments often had different effects on fitness and vice 
versa. Such environment-specific relationships between phenotype and 
fitness can shape the evolution of phenotypic plasticity. We also found 
that mutations disrupting binding sites for transcription factors had more 
variable effects on expression among environments than those disrupting 
the TATA box, which is part of the core promoter. However, mutations with 
the most environmentally variable effects on fitness were located in the 
TATA box, because of both the lack of plasticity of TATA box mutations and 
environment-specific fitness functions. This observation suggests that 
mutations affecting different molecular mechanisms contribute unequally 
to regulatory sequence evolution in changing environments.

An organism’s environment affects how its genotype determines its phe-
notype during the short-term process of development and how selec-
tion acts on that phenotype during the longer-term process of evolution 
(Fig. 1a). Often, a single genotype can produce different phenotypes in 
different environments; this is known as phenotypic plasticity1,2. Phe-
notypic plasticity is itself a variable and evolvable trait, and the same 
environmental change can induce different phenotypic changes among 
genetically distinct organisms through genotype-by-environment 

interactions1,3–8. The differences in reproductive success conferred by 
diverse phenotypes—known as relative fitness—can also differ among 
environments, because some trait values may be better suited to one 
environment than another9–17. This relationship between phenotypes 
and fitness, which can be described as a two-dimensional fitness func-
tion when considering variation in one particular trait18,19, determines 
which individuals are most likely to reproduce and influence evolution 
(Fig. 1a, dashed arrow).
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the environment of yeast cells can be easily controlled and changed in 
the laboratory.

By characterizing the expression and fitness of a set of yeast 
strains that differ only by mutations in the promoter of a focal gene 
under multiple environmental conditions (Fig. 1b), we can tease apart 
how different environments affect different mutations’ impact on 
expression level and on relative fitness. We can then interpret the 
environment-specific relationship between expression level and fitness 
using empirically determined fitness functions for the different envi-
ronments. For example, if the fitness function (that is, the relationship 

The importance of the dual role of the environment in the produc-
tion and selection of phenotypic variation is widely recognized1,20. 
For example, empirical studies have demonstrated that phenotypic 
plasticity can be adaptive9,11,14,16,17,21,22, such as when dorsal head spikes 
that increase fitness develop in Daphnia water fleas in response to 
predator-associated chemicals9,17. However, phenotypic plasticity 
can also be maladaptive12,23–25; for example, mice adapted to low alti-
tude conditions have a physiological response to low oxygen condi-
tions that also causes overproduction of red blood cells and potential 
pulmonary hypertension in high altitude conditions25. Theoretical 
studies have articulated evolutionary scenarios in which plastic-
ity may be selectively maintained or removed26,27 and described 
how genotype-by-environment interactions may allow accumula-
tion of genetic variants that only affect phenotype under certain 
conditions28,29. A major remaining challenge, however, is to determine 
how the molecular mechanisms that generally underlie phenotypic 
plasticity shape—and are shaped by—evolutionary processes.

The plasticity of organismal phenotypes is often enabled by the 
plasticity of gene expression: changes in activation and repression of 
genes enable organisms to produce different phenotypes from the 
same genotype in response to environmental stimuli. In fact, investiga-
tions of how bacteria could transition from glucose to lactose metabo-
lism without altering their DNA led Jacob and Monod to discover the 
foundational logic of molecular transcriptional regulation using the lac 
operon30. Over the past two decades, empirical studies—initially with 
microarrays in model organisms such as Saccharomyces cerevisiae31,32 
and Caenorhabditis elegans33,34 and subsequently with RNA sequenc-
ing in a much greater diversity of taxa12,16,22,24,35—have found expres-
sion plasticity to be pervasive. Studies of S. cerevisiae showed that 
genetic variation, whether among multiple diverse strains32 or in 
recombinant genotypes produced by crossing two strains36, often 
affects gene expression plasticity. These findings further indicated 
that genotype-by-environment interactions, which are necessary for 
plasticity to evolve, are common within a species37,38. As plasticity in 
gene expression is expected to underlie plasticity in higher-order 
traits (including fitness), genetic changes in sequences regulating 
gene expression are likely to have a key role in the evolution of phe-
notypic plasticity12,14–16,22,24,39. Consequently, it is necessary to identify 
specific genetic changes in regulatory sequences that alter gene expres-
sion among environments and determine the fitness effects of these 
changes in multiple environments to understand how phenotypic vari-
ation emerges from the interplay of an organism’s internal molecular 
processes and external environment8. Such work can reveal, for exam-
ple, whether mutations disrupting molecular processes of certain types 
may disproportionately produce environment-dependent phenotypes 
and are thus likely to be conditionally beneficial or deleterious. Further, 
such an approach should also enable comparison of environmental 
effects of mutations on gene expression and fitness; this is important, 
because the environment can potentially change both the phenotypes 
produced and the nature of selection acting on those phenotypes.

Experiments showing how specific genetic changes affect a focal 
trait in different environments and how the fitness of the resulting 
phenotypes differs among those environments are now possible, 
particularly in microbial systems40,41. The baker’s yeast, S. cerevisiae, 
provides a uniquely powerful eukaryotic system for measuring the 
environment-specific effects of genetic variants on gene expression 
and fitness for several reasons40,42,43. First, genetic changes that affect 
expression of a gene can be easily generated via site-directed mutagen-
esis of the promoter sequence located upstream of the gene’s coding 
sequence. Second, the quantitative effects of promoter mutations on 
expression of the focal gene can be measured with high precision and 
throughput using fluorescent reporters or RNA sequencing. Third, the 
impact of mutations on fitness in the unicellular eukaryote S. cerevisiae 
can be directly and precisely measured by comparing the relative 
growth rate of strains differing only by the mutations of interest. Finally, 
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Fig. 1 | Environmental impacts on genotype–phenotype–fitness 
relationships. a, Schematic showing that genotype and environment both 
influence phenotype. Phenotype and environment determine an organism’s 
relative fitness. The grey dotted line connecting fitness to genotype reflects 
reproduction and potential evolutionary changes in allele frequencies from one 
generation to the next. b, Allelic variation for a gene’s promoter (arrowheads 
indicate transcription start site) is shown under genotype, leading to variation 
in the gene’s expression (curvy lines represent differences in RNA abundance in 
budding yeast cells), shown under phenotype, and variation in the abundance of 
different yeast genotypes due to differences in expression, shown under fitness. 
Hypothetical differences in RNA abundance and relative fitness between two 
environments (A and B) are also shown. c,d, A case where the alternate allele has 
no expression plasticity but environment-specific fitness effects (c) and a case 
where expression plasticity of the alternate allele results in the same fitness in 
both environments (d). Considering the wild-type and alternate alleles together, 
c shows a genotype-by-environment interaction for fitness but not expression 
(Extended Data Fig. 1a,b), and d shows a genotype-by-environment interaction 
for expression but not fitness (Extended Data Fig. 1c,e). Solid lines show the 
relationship between expression of a focal gene and fitness in two environments 
(green, environment A; purple, environment B). Black dot indicates expression 
and fitness of a ‘wild-type’ promoter allele, with both values defined as 1. 
Green and purple dots indicate expression and fitness of the same alternative 
promoter allele in environment A (green) and environment B (purple), with 
expression and fitness defined relative to the wild-type allele. The green and 
purple dotted arrows highlight the effects of genetic differences between the 
wild-type and alternative promoter alleles on gene expression and fitness in each 
environment. e, Abbreviated metabolic pathway illustrating how the carbon 
sources used in this study (glucose, galactose, glycerol and ethanol) relate to the 
glycolysis/gluconeogenesis pathway. TDH3p catalyses the interconversion of 
glyceraldehyde-3-phosphate (GAP) to 1,3-biphosphoglycerate (1,3BPG), as shown 
by the double-headed black arrow. Grey arrows highlight other metabolic steps; 
multiple grey arrows indicate reactions catalysed by two or more enzymes. Fit., 
fitness; Exp., expression; G6P, glucose 6-phosphate.
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between the focal gene’s expression and fitness) differs between two 
environments, a mutation could have the same effect on expression in 
both environments but different effects on fitness (Fig. 1c and Extended 
Data Fig. 1a,b), different effects on expression in the two environments 
but the same effect on fitness (Fig. 1d and Extended Data Fig. 1c,d) or 
some other combination of effects on expression and fitness.

Here, we used TDH3 in S. cerevisiae as a focal gene to examine the 
effects of promoter mutations on gene expression and fitness in four 
environments, using media containing glucose, galactose, glycerol 
or ethanol as a carbon source. Glucose and galactose are fermentable 
carbon sources that can be metabolized by S. cerevisiae under aerobic 
and anaerobic conditions via glycolysis and alcoholic fermentation, 
with galactose first requiring degradation via the Leloir pathway. Glyc-
erol and ethanol are non-fermentable carbon sources that can only be 
metabolized by S. cerevisiae cells under aerobic conditions. The TDH3 
gene encodes a GAPDH protein that catalyses the interconversion of 
glyceraldehyde-3-phosphate and 1,3-biphosphoglycerate, and this 
biological role makes the gene’s activity important for the metabolism 
of different carbon sources via glycolysis and gluconeogenesis (Fig. 1e). 
Past studies have demonstrated that some mutations in this promoter 
have effects on expression levels that vary among different carbon 
environments44, and studies in rich glucose media have shown that 
variation in TDH3 promoter activity affects organismal fitness45,46, but it 
has remained unknown how the relationship between expression level 
and fitness changes with the environment, and, in turn, how the effects 
of mutations on expression and fitness vary among environments.

To address this knowledge gap, we used 51 strains of S. cerevisiae 
carrying different alleles of the TDH3 promoter to empirically charac-
terize the concurrent effects of the environment on expression level 
and fitness. We first used these data to construct environment-specific 
fitness functions relating TDH3 expression levels to relative growth 
rate, our proxy for fitness. Using these fitness functions, we then 
assessed the relationship between environment-dependent effects 
on expression and relative fitness for promoter variants. We found 
that both effects of mutations on gene expression and relationships 
between expression levels and fitness (fitness functions) varied among 
environments, with the plasticity of gene expression being beneficial in 
some contexts and detrimental in others. We also considered whether 
plasticity differed for mutations that affect transcription through dif-
ferent molecular mechanisms by comparing the effects of mutations 
in specific transcription factor binding sites and mutations in the TATA 
box on which the core transcriptional preinitiation complex assembles. 
We found that mutations in specific transcription factor binding sites 
generally had more variable effects on expression among environments 
than mutations in the TATA box; however, the mutations with the most 
variable effects on fitness among environments occurred in the TATA 
box. Together, these data show how the environment jointly affects 
the production and selection of phenotypic variation, revealing differ-
ent environment-dependent effects of mutations that regulate gene 
expression through distinct molecular mechanisms and suggesting 
a mechanistic explanation for propensities in regulatory sequence 
evolution as organisms navigate life in different environments.

Results
Environments affect TDH3 expression and effect of TDH3 
deletion on growth
Different environments pose different demands for growth on cells. 
S. cerevisiae can grow on a wide range of carbon sources, but it does 
so at different rates. To determine how the environments used in this 
study affected the growth of S. cerevisiae, we measured the growth 
rate of a haploid reference strain using batch cultures in four types 
of rich medium, each containing a different fermentable (glucose or 
galactose) or non-fermentable (glycerol or ethanol) carbon source. Sig-
nificant differences in growth rate were observed among the environ-
ments (analysis of variance (ANOVA), F = 12252, d.f. = 3, P < 5.5 × 10−15). 

Adaptation to glucose is a hallmark of S. cerevisiae, and, as expected, 
this strain had the highest growth rate on glucose and grew more rap-
idly on fermentable than non-fermentable carbon sources (Fig. 2a).

To determine how these different environments affected expres-
sion of the TDH3 gene and its contribution to the rate of cell division, 
we measured the activity of the unmutated TDH3 promoter allele in the 
same genetic background in each environment and then determined 
how the loss of TDH3 affected the rate of cell division. Activity of the 
TDH3 promoter was quantified by using flow cytometry to measure the 
fluorescence of individual cells with the reference allele of the TDH3 
promoter (PTDH3) driving expression of a yellow fluorescent protein 
(YFP) at the HO locus in each of the four environments (Fig. 2b). We 
found that the activity of the TDH3 promoter varied among environ-
ments (ANOVA, F = 2.8 × 1029, d.f. = 3, P < 2.2 × 10−16), with the highest 
activity in glucose and the lowest activity in galactose (Fig. 2c). We 
then examined the contribution of TDH3 to population growth in each 
environment by using flow cytometry to compare the relative growth 
rates of strains with and without a functional copy of the TDH3 gene. 
The reference and deletion strains were marked with green fluorescent 
protein (GFP) and YFP reporter genes, respectively (Fig. 2d). We found 
that the contribution of TDH3 to growth rate varied significantly among 
environments (Fig. 2e; ANOVA, F = 105, d.f. = 3, P < 2.1 × 10−12).

Comparison of the expression and fitness data suggested a com-
plex relationship between the expression level of TDH3 in an environ-
ment and the importance of TDH3 for growth in that environment 
(Fig. 2c,e). For example, TDH3 had the highest expression and largest 
fitness impact upon deletion in glucose but the lowest expression 
level and the second largest fitness impact upon deletion in galactose. 
These observations underscore that a gene’s relative expression level 
in a given environment is not predictive of its contribution to fitness; 
a gene’s optimal expression level can vary among environments. This 
extreme case scenario—comparing reference and deletion strains—
also demonstrates that even when a mutation has identical effects on 
expression in different environments (a complete loss of expression 
in this case), it can have different effects on relative fitness.

Environments alter the impact of expression on fitness
To better understand the relationship between TDH3 expression 
and its effects on growth in different environments, we identified 47 
alleles of the TDH3 promoter that showed a wide range of effects on 
PTDH3 activity in glucose44–46 and measured their effects on expression 
of the YFP reporter gene inserted at the HO locus in each of the three 
other environments. We then used each of these mutant alleles to drive 
expression of the native TDH3 gene and measured its effects on relative 
growth rate in all four environments via competitive growth assays, as 
described above. For all TDH3 promoter alleles, point mutations were 
located in RAP1 or GCR1 transcription factor binding sites and/or in 
the TATA box (Extended Data Fig. 2a). The promoter alleles examined 
included 12 alleles with one mutation, 11 alleles with two mutations 
and 11 alleles with more than two mutations relative to the reference 
sequence (Extended Data Fig. 2b). The remaining 13 mutant genotypes 
included a duplication of the PTDH3-YFP reporter gene (when measuring 
expression) or of the full TDH3 gene (when measuring fitness) with or 
without promoter mutations in both copies of the gene (Extended 
Data Fig. 3).

Focusing first on PTDH3 activity, we compared YFP expression 
driven by each of the mutant promoter alleles with expression driven 
by the unmutated reference allele in the same environment. We found 
that the overall range of expression levels observed in this set of 47 PTDH3 
alleles was similar in all four environments: 0% to 207% in glucose, 0% 
to 185% in galactose, 1% to 186% in glycerol and 1% to 182% in ethanol 
(Supplementary Data 1). Alleles carrying one promoter mutation had 
smaller effects on expression than alleles carrying multiple muta-
tions, and alleles with duplications of the TDH3 promoter often had 
expression levels higher than the unmutated reference allele (Fig. 3a). 
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Collectively, this allelic panel provided us with the tools necessary 
to examine the effects of environment across a wide range of gene 
expression levels.

To determine whether mutations in the TDH3 promoter altered 
its expression plasticity among environments (that is, showed 
genotype-by-environment interactions), we compared the differences 
in expression between each pair of environments for each promoter 
allele. Despite strong overall correlations between the effects of these 
PTDH3 alleles among environments (Fig. 3b; Pearson’s r ranging from 
0.969 to 0.996 in each pair of environments), we found evidence of 
statistically significant genotype-by-environment interactions in many 
cases: 45 of the 47 genotypes (Supplementary Data 1) had effects that 
were significantly different between at least two environments based on 
t-tests with a Bonferroni correction for n = 6 (P < 0.0083), which is the 
number of pairwise comparisons for each genotype. These significant 

differences were generally small in magnitude, however (Fig. 3b). 
Overall, mutations tended to have more similar effects on expression 
in the two fermentable or two non-fermentable carbon sources than 
between fermentable and non-fermentable carbon sources (Fig. 3b 
and Supplementary Table 1), consistent with a prior study of 235 PTDH3 
alleles carrying single point mutations and polymorphisms analysed 
in glucose, galactose and glycerol44.

To determine whether and how the relationship between TDH3 
expression and fitness varies among environments, we plotted the 
effects of each mutant allele on gene expression. We then fit a line 
to these data using weighted local regression (LOESS), which makes 
no assumptions about the shape of the fitness function (Fig. 3c). We 
observed that the fitness functions seemed to be nonlinear and dif-
ferent among environments. Indeed, for each environment, a nonlin-
ear, modified quadratic model fit the data better than a linear model 
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Fig. 2 | Environmental impacts on growth rate, TDH3 expression and fitness 
effects of TDH3 deletion. a, Average numbers of cell divisions per hour (growth 
rate) for a wild-type strain of S. cerevisiae grown in media containing glucose, 
galactose, glycerol or ethanol as a carbon source. Growth rate was calculated 
from optical density measurements of batch cultures over time. As indicated, 
glucose and galactose are fermentable carbon sources; glycerol and ethanol 
are non-fermentable carbon sources. b, To measure activity of PTDH3 in different 
environments, a PTDH3-YFP reporter gene was integrated into the HO locus, cells 
were grown in each environment (media containing glucose, galactose, glycerol 
or ethanol as a carbon source) and YFP fluorescence was measured using flow 
cytometry. c, Violin plots showing arbitrary fluorescence units (AFU) for YFP 
(corrected for cell size) driven by the TDH3 promoter in the four different 
environments. In each case, the horizontal line shows the median expression 

in each environment, and the points show individual replicates. d, To quantify 
fitness of a wild-type reference strain or a TDH3 deletion strain (ΔTDH3) relative 
to a reference competitor genotype (Ref.), we marked the ∆TDH3 strain with YFP 
and the Ref. strain with GFP and then grew them competitively by mixing cells 
from the two genotypes. We tracked the genotypes’ relative abundance over 
20–25 generations of log-phase growth (maintained by diluting the culture with 
new medium every 12 h) using flow cytometry every ~6–8 generations. e, Violin 
plots showing fitness of an unmutated reference strain (grey circles) and TDH3 
deletion (red triangles) relative to the GFP-positive competitor strain in the 
different environments. For each environment, points show the relative fitness 
of individual replicates (four to six replicates per condition and genotype), and 
horizontal lines show the median relative fitness for each genotype.  
Ref., reference; gen., generation. Schematic in b created using BioRender.com.
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(Extended Data Fig. 4a), and the quadratic model fit the data better 
with environment-specific parameters than without (Extended Data 
Fig. 4b). We expected that the fitness functions for TDH3 expression 
would be most similar for cells grown on the same type of carbon source 
(fermentable or non-fermentable), because they would be using TDH3 
in more similar metabolic processes. For example, glucose and galac-
tose are both hexose sugars that have the same chemical formula, and 
their metabolism shares nine of the ten steps of glycolysis. However, we 
found that this was not the case (Fig. 3c and Extended Data Fig. 4b); for 

example, the fitness function in glucose was more similar to the fitness 
function in glycerol than galactose (Fig. 3d).

Given that the optimal TDH3 expression level varied among envi-
ronments (Fig. 3c and Extended Data Fig. 4b), and that the environment 
also affected expression driven by the reference PTDH3 allele (Fig. 2a), we 
next asked whether this plasticity increased the fitness of the reference 
allele. Between glucose and galactose, we found that the unmutated 
reference PTDH3 allele exhibited plasticity that resulted in 24% lower 
expression in galactose than glucose, but fitness remained near the 
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Fig. 3 | Environment-specific effects of PTDH3 mutations on gene expression 
and fitness. a, Mean YFP expression with 95% confidence intervals from 4–8 
replicates of each genotype in each environment for the 47 mutant PTDH3 alleles 
driving expression of YFP in glucose (blue), galactose (green), glycerol (purple) 
and ethanol (orange). Mutant strains are grouped by whether they had one 
mutation (1 mut.), two mutations (2 mut.), more than two mutations (>2 mut.) or 
two copies of PTDH3 with mutations (2 copies + mut.). YFP expression of each strain 
was normalized by the expression level of the strain carrying an unmutated PTDH3 
grown in glucose. b, Pairwise comparisons for expression effects of mutant PTDH3 
alleles in glucose, galactose, glycerol and ethanol. The mean expression levels 
(±s.d.) of the 47 PTDH3-YFP mutant genotypes relative to the reference strain were 
estimated from 4–8 replicates. Panels I and II show comparisons of genotypes 
between the two fermentable and two non-fermentable environments, 
respectively. Panels III–VI show comparisons between fermentable and non-
fermentable environments. Relative expression levels of each mutant genotype 
in each environment were estimated from four to eight replicates. Genotypes 

with significantly different effects between the environments compared are 
shown in red. Significance was determined by two-sided t-tests, with P < 0.008 
following Bonferroni correction for the six comparisons between pairs of 
environments. Pearson correlation coefficients (r) are also shown in each panel. 
c, Mean relative activity of PTDH3 (normalized to expression of the reference in 
glucose) is plotted against the relative fitness of the strain carrying the same PTDH3 
allele at the native locus, with fitness normalized to the fitness of the unmutated 
reference strain in each environment. A LOESS regression line inferred from 
these points is shown for each environment (span = 0.75). d, The fitness 
functions shown in c are overlaid to show similarities and differences between 
environments. The coloured dots represent relative expression and fitness of 
the unmutated PTDH3 reference allele in glucose (blue), galactose (green), glycerol 
(purple) and ethanol (orange). The inset shows a higher magnification of the 
region of relative expression to better show expression plasticity of the reference 
allele. The lighter shaded areas in each environment indicate the inferred 95% 
confidence intervals in c and d.
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optimum in both environments because of differences in the shape of 
the fitness functions (Fig. 3d and Extended Data Fig. 4b). This obser-
vation suggests that this plasticity is either neutral or beneficial. By 
contrast, the unmutated reference allele exhibited 7% lower expres-
sion in ethanol than in glucose, even though higher expression levels 
were associated with higher fitness in this environment. The fitness 
function observed in ethanol was distinct from the fitness functions 
in the other three environments in that it did not reach a fitness peak 
or plateau within the range of TDH3 expression levels sampled (Fig. 3c 
and Extended Fig. 4b). This unique relationship between TDH3 expres-
sion and fitness is consistent with S. cerevisiae using ethanol differently 
from the other three carbon sources (Fig. 1e): glucose, galactose and 
glycerol are precursors of GAP (the substrate that TDH3p, encoded by 
TDH3, converts into 1,3-biphosphoglycerate in the second part of the 
glycolysis metabolic pathway), whereas ethanol is not a precursor of 
GAP, and the role of TDH3p in ethanol metabolism probably involves 
gluconeogenesis.

Environmental specificity of molecular mechanisms
In any environment, the fitness function determines whether a muta-
tion’s effect is visible to selection; selection is agnostic to the molecu-
lar mechanisms through which that mutation affects the phenotype. 
However, mutations affecting some molecular mechanisms may be 
more likely to be exposed to or hidden from selection because they 
have environment-specific effects. For example, promoters regulate 
gene expression by binding to context-specific transcription factors 
as well as core transcription factors that are part of the basal transcrip-
tional machinery required every time a gene is transcribed. Mutations 
that alter these different types of binding sites are expected to differ 
in their environmental sensitivity to effects on gene expression and 
fitness, which could preferentially maintain some promoter muta-
tions in populations when environments are changing. For example, 
mutations in binding sites for context-specific transcription factors 
that only function in one environment might have no effect on expres-
sion in other environments and thus be invisible to selection when the 
organism is in these other environments. By contrast, mutations that 
alter regulatory sequences used in all environments might always be 
subject to selection.

The S. cerevisiae TDH3 promoter contains a binding site for the 
RAP1 transcription factor, two binding sites for the GCR1 transcription 
factor and a TATA box sequence upon which the basal transcriptional 
machinery assembles (Fig. 4a). As prior work suggests that the RAP1 and 
GCR1 binding sites have different roles in regulation of TDH3 expression 
in fermentable and non-fermentable environments44,47, we hypoth-
esized that mutations affecting the RAP1 and GCR1 binding sites would 
be more prone to environment-specific effects than those affecting 
the TATA box, which functions more similarly in all environments. To 
test this hypothesis, we examined the seven mutant genotypes in our 
datasets with a single copy of PTDH3 that carried a single point mutation 
in one of the RAP1 or GCR1 binding sites and compared their effects on 
gene expression and fitness with the seven mutant genotypes in our 
dataset with one or more mutation(s) in the TATA box (Extended Data 
Fig. 2b, highlighted with asterisk). Environmental variability in expres-
sion and fitness was estimated for each of the 14 mutant genotypes by 
calculating the variance of the relative PTDH3-YFP expression or relative 
fitness measures for each mutant allele among the four environments.

We observed the hypothesized pattern for the effects of muta-
tions on gene expression but not fitness. The measures of expression 
variability between the set of alleles with mutations in either a RAP1 
or GCR1 binding site tended to have effects on gene expression that 
were more variable than the set of alleles with a mutation or mutations 
in the TATA box (Fig. 4b; directional Mann–Whitney U-test, W = 38, 
P = 0.048; permutation test, N = 10,000, P = 0.038), with mutations 
that had the most variable effects on expression among environments 
located in the RAP1 binding site and the adjacent GCR1 binding site 

(GCR1a in Fig. 4a). Despite the more environmentally variable effects 
of mutations in the RAP1 and GCR1 binding sites on gene expression 
(Fig. 4b), the three mutant alleles with the most environmentally vari-
able effects on fitness all carried a mutation or mutations located in the 
TATA box (Fig. 4c). Overall, the average variance of the seven TATA box 
mutants for fitness was higher than the average variance of the seven 
RAP1 or GCR1 binding site mutants (Fig. 4c), although this difference 
was not statistically significant (directional Mann–Whitney U-test, 
W = 17, P = 0.19; permutation test, N = 10,000, P = 0.108). Looking at 
the expression and fitness of each of these mutants individually in 
the four environments showed that the effects of these mutations on 
expression were generally largest in glucose and galactose, and the 
effects of TATA box mutations on fitness were often largest in ethanol 
(Fig. 4d), which has a steep fitness function (Fig. 3d). The differences 
in effects on expression and fitness we observed for the two classes of 
mutations are explained by their effects on plasticity and the different 
shapes of the fitness functions among environments.

Discussion
By measuring the effects of promoter mutations on both TDH3 expres-
sion and fitness in four different carbon environments, this study pro-
vides a rare empirical demonstration of the dual role of the environment 
in the production and selection of phenotypic variation. The plasticity 
in promoter activity, environment-dependent effects of mutations and 
differences in the shapes of fitness functions among environments 
that we observed are all expected to influence the evolutionary fate of 
genetic variants in the changing environments that yeast cells naturally 
experience. For example, when S. cerevisiae grows on a fermentable 
carbon source such as glucose, the non-fermentable carbon source 
ethanol accumulates, and, when glucose is exhausted, the ethanol 
produced is metabolized via respiration. Further, metabolic demands 
can vary significantly even between two fermentable carbon sources 
such as glucose and galactose that are metabolized through largely 
overlapping steps. In this case, a major selective constraint in galactose 
metabolism may be avoidance of the accumulation of a toxic intermedi-
ate, galactose-1-phosphate, which can happen if the relative activities 
of different genes in this pathway become mismatched48.

Our observations show that the same gene performing the same 
biochemical role can have different fitness functions under different 
conditions, and the differences in fitness functions we observed among 
environments with different carbon sources could favour promoter 
alleles that exhibit plasticity, conferring greater fitness in multiple 
environments. Such a pattern, in fact, could be predicted by metabolic 
control analysis, which posits that different relationships between gene 
activity and metabolic flux can emerge from the different structures 
of metabolic pathways49. Indeed, a prior study comparing the effects 
of mutations and polymorphisms on PTDH3 activity suggested that 
natural selection has favoured a particular degree of TDH3 expression 
plasticity between glucose and galactose44, although the differences 
in fitness functions reported here for these two environments sug-
gest that greater plasticity (in the same direction) could be even more 
beneficial (Fig. 3d).

When considering how mutations in the TDH3 promoter affected 
expression and fitness, we found that mutations in the RAP1 and GCR1 
binding sites caused greater variability in gene expression among 
the four environments tested. However, these mutations were no 
more variable in their effects on fitness than mutations in the TATA 
box. In fact, the three strains with the most variable effects on fitness 
had a mutation or mutations in the TATA box. This observation sug-
gests that genetic variation in the RAP1 and GCR1 transcription factor 
binding sites is less likely to be deleterious when environments are 
changing than genetic variation in the TATA box; this could explain 
why genetic variants causing differences in gene expression between 
strains of S. cerevisiae are often found in transcription factor binding 
sites43 and show genotype-by-environment interactions41. For example, 
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genetic variation in the RPN4 binding site of the ERG4 promoter and 
the GAL4 binding site of the PGM1 promoter have both been shown 
to have adaptive, environment-specific effects in S. cerevisiae and 
related species41,50–52. Arguments that condition-specific effects of 
cis-regulatory mutations in transcription factor binding sites are less 
deleterious than mutations affecting a gene’s expression constitutively 
have been made most often for tissue-specific enhancers found in 
metazoans53–57, but the same logic applies to environment-specific 
regulatory sequences in yeast promoters.

The different shapes of fitness functions we observed for TDH3 
expression among environments also suggest a way for populations of 
S. cerevisiae to accumulate genetic variation that is inconsequential for 
fitness in one environment but affects fitness in another. Such genetic 
variation is often referred to as ‘cryptic’ because its effects are only seen 
in some environments58. For example, our data suggest that mutations 
with small to moderate effects on TDH3 expression (for example, up to a 
50% decrease in expression relative to the wild type) could accumulate 
neutrally in a population growing on galactose as a carbon source but 
would then be selected against if the population shifted to growing on 
glucose, glycerol or ethanol (Fig. 3d). If the effects of these mutations 
were plastic, however, such that they caused different changes in TDH3 
expression in different environments, they could be neutral in multi-
ple environments, as we observed for the reference allele in glucose, 
galactose and glycerol (Fig. 3d). With limited data available showing 
the joint effects of the environment on the production of phenotypic 
variation and the shape of fitness functions, it remains to be seen how 
widespread these phenomena might be.

Understanding how the environment influences phenotypes and 
fitness is a shared goal of evolutionary and molecular genetics, yet stud-
ies documenting phenotypic plasticity and genotype-by-environment 
interactions are too rarely integrated with studies investigating envi-
ronmental impacts on cellular processes. By considering the regula-
tory and fitness effects of individual mutations on TDH3 expression 
in the context of what is known about the molecular mechanism 
controlling TDH3 promoter activity, this study provides a bridge 

connecting these fields and suggests that historical and ongoing 
changes in environments might result in selection for phenotypic 
plasticity that favours particular types of evolutionary changes in 
regulatory sequences. This type of functional synthesis between 
molecular and evolutionary biology is critical for addressing funda-
mental questions in both fields59.

Methods
Yeast strains
All S. cerevisiae strains used in this work to measure the effects of PTDH3 
mutations on gene expression and fitness (Supplementary Data 1 
and Extended Data Figs. 2 and 3) were constructed as described by 
Duveau et al.46. Briefly, production of these haploid strains involved 
crossing strains BY4724, BY4722, BY4730 and BY4742, which are all 
derived from S288C45,46,60. The S288C alleles of RME1, TAO3, CAT5 
and MIP1 were replaced with alleles (RME1 ins-308A, TAO3 Q1493, 
CAT5 M91 and MIP1 T661) that increase sporulation efficiency and 
decrease petite frequency relative to the alleles of the S288c laboratory 
strain61,62. The TDH3 promoter includes the 678 base pairs upstream 
of the TDH3 coding sequence in S288c with an A-293-G variant that 
has negligible effect on expression and fitness46. In strains used to 
quantify expression, the various TDH3 promoter alleles were first 
fused upstream of the coding sequence for a Venus YFP, a CYC1 ter-
minator (TCYC1) and an independently transcribed KanMX4 resistance 
cassette. This whole construct was recombined into the HO locus. The 
HO gene encodes an enzyme involved in mating type switching that 
is inactive in laboratory strains of S. cerevisiae derived from S288c 
owing to missense mutations63, enabling maintenance of stable hap-
loid strains. Site-specific integration was verified by Sanger sequenc-
ing (forward primer: 5′-CTCATCAGTAAGACCCGTTG; reverse primer: 
5′-GATGAATGGGTCGTTCAAAG). In strains that had two copies of the 
PTDH3-YFP-TCYC1 construct, a URA3 marker was used to separate each copy 
(for example, PTDH3-YFP–TCYC1-URA3–PTDH3-YFP-TCYC1) to reduce the prob-
ability of cross-talk between the gene copies. The endogenous TDH3 
promoter at the native locus was unaltered in these strains.
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Fig. 4 | Effects of mutations in RAP1 and GCR1 binding sites have greater 
environmental variance than TATA box mutations for gene expression but 
not fitness. a, Schematic of the S. cerevisiae TDH3 promoter showing locations of 
binding sites for the transcription factors RAP1 (yellow) and GCR1 (blue and red) 
as well as the location of the TATA box (grey) and transcription start site (arrow) 
for TDH3. b, Variance in effects of mutations on gene expression in the four 
environments tested (normalized to the reference allele in each environment) for 
PTDH3 alleles with a mutation only in either a RAP1 or GCR1 binding site (TFBS) or 
with a mutation(s) only in the TATA box (TATA). In each box plot, the centre line 
indicates the median effect size for the group, the bounds of the box indicate the 
interquartile range, and upper and lower whiskers extend from the bounds of the 

box to the largest and smallest values within 1.5× the interquartile range of the 
data. c, The same information is shown as in b but for variance in the effects of 
the promoter alleles on fitness rather than expression in the four environments. 
d, Mean relative effects of each of the 14 PTDH3 mutant alleles shown in b and c on 
gene expression and fitness in each of the four environments. Error bars indicate 
the 95% confidence interval for each genotype in each environment, calculated 
from four to eight replicates for gene expression and four replicates for fitness. 
In all panels, the colour of each point indicates whether the strain carried any 
mutations in the RAP1 binding site (yellow), GCR1 binding site (blue or red) or 
TATA box (grey).
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To measure the effects of these promoter alleles on fitness, a paral-
lel set of strains was constructed in which the native PTDH3 promoter was 
replaced by each of the mutant PTDH3 alleles. Prior work46 has shown that 
the effects of mutant PTDH3 alleles on reporter gene expression at the 
HO locus are strongly correlated (R2 = 0.99) with the effects of the same 
alleles on TDH3 expression at the native TDH3 locus (as measured using 
a TDH3::PTDH3–TDH3–YFP gene encoding a fusion protein). These strains 
were constructed in two steps. First, the native copy of the TDH3 gene 
was replaced by a URA3–KanMX4 cassette to create an intermediate 
strain (TDH3::URA3–KanMX4). Then, the different mutant promoter 
alleles fused to the TDH3 protein were recombined into this locus to 
restore a functional copy of the TDH3 protein under the control of 
various promoters (for example, TDH3::PTDH3mut-TDH3). In strains with 
multiple copies of the TDH3 gene at the native locus, an independently 
transcribed URA3 resistance marker was used to separate the copies 
(for example, PTDH3-TDH3–URA3–PTDH3-TDH3). Site-specific integration 
and DNA sequences of the different alleles were verified by Sanger 
sequencing of the amplicon covering this region spanning from 849 bp 
upstream of the ATG stop codon to 395 bp downstream of the TAA 
stop codon (forward primer: 5′-CTCATCAGTAAGACCCGTTG, reverse 
primer: 5′-AGATGATACTGACTGCACGC).

Environments tested
To compare the growth of S. cerevisiae strains on four different carbon 
sources, cells were cultured in four types of medium that were identical 
except for the carbon source. Each environment contained 10 g l−1 of 
yeast extract and 20 g l−1 of peptone along with either 20 g l−1 of glucose 
(YPD), 20 g l−1 of galactose (YPGal), 30 ml l−1 of 99% glycerol (YPG) or 
50 ml l−1 of 99% ethanol (YPE).

Measuring growth rate in four environments
To determine the growth rate of S. cerevisiae (strain YPW1160, which 
was also used as the competitor strain in the fitness assays described 
below), we measured its doubling time when grown in YPD (glucose), 
YPGal (galactose), YPG (glycerol) and YPE (ethanol). Three replicate 
cultures of YPW1160 were started in parallel in 5 ml of YPD, YPGal, YPG 
or YPE and incubated for 36 h at 30 °C with dilution to 5 × 105 cells ml−1 
every 12 h. After the last dilution, cell density was quantified every 
60 min for 10 h and then after another 800 min by measuring optical 
density at 660 nm. Doubling time was calculated as the inverse of the 
slope of the linear regression of log(cell density)/log(2) on time during 
log phase, when the relationship between log(cell density) and time 
is linear. The average doubling time was found to be 80 min in YPD, 
108 min in YPGal, 165 min in YPG and 233 min in YPE. These data were 
converted to the doublings per hour shown in Fig. 2a by dividing each 
of these values by 60.

Measuring effects of PTDH3 alleles on gene expression level
Fluorescence attributable to expression of the PTDH3-YFP reporter gene 
was measured as a proxy for PTDH3 transcriptional activity using flow 
cytometry as previously described60. Briefly, all strains were revived 
from −80 °C glycerol stocks on YPG plates (10 g yeast extract, 20 g 
peptone, 30 ml glycerol, 20 g agar per litre) and, after 2 days of growth, 
arrayed in 96-well plates containing 0.5 ml YPD per well. In addition 
to the different samples, a reference strain YPW1002 was inoculated 
in 24 positions and used to correct for plate and position effects on 
fluorescence. Strain YPW978, which does not contain the YFP reporter 
construct60, was inoculated in one well per plate and served to correct 
for autofluorescence. Cells were maintained in suspension by fitting 
the culture plates on a rotator. After 22 h of growth in YPD, samples 
were diluted to one of four different environments that differed only 
by carbon source. Expression assays in glucose and galactose were 
performed in parallel but on a different day from the experiments in 
glycerol and ethanol. Samples were acclimated to each environment by 
dilutions to fresh medium every 12 h for 36 h. Before each dilution, cell 

density was measured for all samples using a Sunrise absorbance reader 
(Tecan), and one dilution factor was calculated for each 96-well plate 
so that the average cell density would reach 5 × 106 cells ml−1 after 12 h 
of growth. This procedure ensured that all samples were maintained in 
constant log phase after the first few hours of growth, because no sam-
ple reached a density above 107 cells ml−1, while limiting the strength of 
genetic drift because the smallest number of cells transferred during 
dilution was ~10,000. After 36 h of growth, samples were diluted to 
2.5 × 106 cells ml−1 in phosphate-buffered saline (PBS), and fluorescence 
was acquired for 20,000 events per well on a BD Accuri C6 flow cytom-
eter coupled to a HyperCyt autosampler (IntelliCyt Corp.). A 488-nm 
laser was used for excitation, and a 530/30 optical filter was used for 
acquisition of the YFP signal.

Flow cytometry data were analysed using R packages flowCore 
and flowClust as described in ref. 46. Briefly, single cells were separated 
from all events based on the height and the area of the forward scatter 
signal. Then, the intensity of the fluorescence signal was normalized 
by cell size in several steps46, and the YFP signal was adjusted for auto-
fluorescence based on the signal from strain YPW978, which lacked 
YFP. The median expression level for each replicate of each genotype 
was calculated (six replicates per sample, 24–30 replicates of control 
strains without promoter mutations), and expression of each geno-
type was estimated as the mean of the median values. The plasticity 
of each mutant promoter variant was determined by dividing the YFP 
expression level of each mutant genotype in each environment by the 
YFP expression level of the unmutated reference strain (YPW1002 
for strains with one YFP copy; YPW2675 for strains with two YFP cop-
ies) in that environment. Scripts used for this analysis are included in 
Supplementary File 1 in an R markdown file titled ‘ExpressionFitnes-
sAnalysis.Rmd’.

Fitness assays
We used head-to-head competition assays between strains expressing 
different levels of TDH3p protein and a common reference to meas-
ure relative growth rate during log phase and used this as our proxy 
for fitness as described in ref. 46. Briefly, all strains with promoter 
mutations at the native TDH3 locus were engineered to also have an 
unmutated PTDH3-YFP reporter gene at the HO locus, allowing them to be 
recognized by their yellow fluorescence. A common competitor strain 
(YPW1160) with no mutations at the native TDH3 locus was engineered 
with a PTDH3-GFP allele at the HO locus that was recognized by its green 
fluorescence. The 47 YFP-marked mutant strains carrying different 
variants of the TDH3 promoter at the native locus (Supplementary Data 
1) were arrayed on four 96-well plates, with two replicates of each strain 
on each plate. In parallel, the common competitor YPW1160 express-
ing GFP was also arrayed on four 96-well plates. After 24 h of growth 
in 0.5 ml of YPD at 30 °C, 0.1 ml of each culture was mixed with 23 μl of 
80% glycerol in 96-well plates and stored at −80 °C. Of each of the eight 
culture plates, four plates were frozen to be used for the competition 
assays performed in the four different environments (YPD, YPGal, YPG 
and YPE). Competition assays were performed consecutively in the 
four environments over 3 weeks, starting with ethanol, then glucose, 
glycerol and galactose. The same batches of media were used for the 
expression and competition experiments, and cells were grown in 
96-well plates at 30 °C and maintained in suspension on a rotor for all 
assays. A similar protocol was used for all environments, except for 
differences in the timing of dilutions mentioned below to adjust for 
variations in doubling time.

For each competitive growth experiment, YFP and GFP strains 
were thawed on eight separate OmniTrays filled with YPG agar 
medium. After 48 h of incubation at 30 °C, samples were transferred 
in 0.5 ml of YPD and grown for 24 h to saturation. Then, cell densi-
ties were measured using a Sunrise absorbance reader (Tecan). At 
this point, equal volumes of YFP and GFP cell cultures were mixed in 
0.5 ml of either YPD, YPGal, YPG or YPE medium in four 96-well plates.  
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The dilution factor was calculated for each plate based on the doubling 
time of the GFP strain so that the average cell density would reach 
~5 × 106 cells ml−1 after 12 h of growth. This procedure of cell density 
measurement and dilution followed by 12 h of growth was repeated 
three times and constituted the acclimation phase of the experiment, 
during which the relative frequency of YFP and GFP strains was not 
recorded. After these first 36 h of growth, competitive growth was 
carried on for three additional cycles of dilution and growth, during 
which the ratio of YFP and GFP cells was recorded at four time points 
(before each cycle of growth and at the end of the last cycle). The 
duration of these three cycles of competitive growth depended on 
the environment: samples were diluted every 10 h in YPD, every 12 h 
in YPGal and every 24 h in YPG and YPE. Cell density was measured 
for all samples before each dilution. The relative frequency of YFP 
and GFP cells was quantified at each time point by flow cytometry. 
To this end, samples from incubated plates (not from freshly diluted 
cultures) were diluted in 0.3 ml of phosphate-buffered saline to a 
final density of 1.5 × 106 cells ml−1 in four 96-well plates and placed on 
ice to stop growth. These flow cytometry plates were prepared either 
immediately after samples had been diluted with fresh medium for 
growth (first three time points) or at the end of the last cycle of growth 
(last time point). Approximately 75,000 events were recorded for 
each sample on a BD Accuri C6 flow cytometer, using a 488-nm laser 
for excitation and two different optical filters (510/10 and 585/40) to 
acquire fluorescence. These filters allowed separation of the GFP and 
YFP signals. Therefore, the relative frequency of YFP and GFP cells was 
measured at four time points during the competition assays.

The number of cells expressing either YFP or GFP was counted for 
each sample using custom R scripts, as described by Duveau et al.46. 
Briefly, for each sample, we determined the number of cell genera-
tions that occurred during the three dilution cycles, using the median 
number of generations for all samples grown on the same 96-well plate 
as a robust estimator of the number of generations for all samples on 
that plate. The numbers of generations over the entire experiment were 
about 22 in YPD (glucose), 20 in YPGal (galactose), 26 in YPG (glycerol) 
and 13 in YPE (ethanol). The fitness of the YFP strain relative to the GFP 
competitor was calculated as the exponential of the slope of the ratio 
of YFP-positive over GFP-positive cells regressed on the number of 
generations across the four time points. For each PTDH3 variant, rep-
licates for which fitness departed from the median fitness across all 
eight replicates by more than four times the median absolute deviation 
were considered to be outliers and excluded from further analysis. For 
each sample, the fitness relative to the GFP strain was then divided 
by the mean fitness for all replicates of the reference strain YPW1189 
(for single-copy PTDH3 variants) or YPW2682 (for double-copy PTDH3 
variants). We then calculated the mean relative fitness and standard 
deviation over the eight replicates of each variant. This measure of 
fitness expressed relative to a strain with the reference PTDH3 allele was 
used in all subsequent analyses.

Additional data analysis
All data analysis was done using custom R code included in Supple-
mentary File 1, alongside the source data. ANOVA was used to test 
for significant effects of environment on doubling time, promoter 
expression and impact of a TDH3 deletion. We tested whether indi-
vidual alleles had different effects on YFP expression level between 
all six pairs of environments using t-tests with Bonferroni correction 
(n = 6) for multiple tests. We also tested for statistically significant 
differences in Pearson correlation coefficients between some pairs of 
environments using Steiger’s Z-test. Fitness functions were initially 
examined using LOESS curves. To test for nonlinearity and signifi-
cant differences among environment-specific fitness functions, we 
fit the data relating expression level and relative fitness to a linear 
model (lm(Fitness ~ Expression, data = data)) and a quadratic model 
lm(Fitness ~ poly(Expression, 2, raw = TRUE), data = data), and we 

chose the best-fit model based on the chi-squared statistic comparing 
likelihoods, as implemented in the anova() function in R. We tested 
whether the relationship between TDH3 expression and relative fitness 
differed significantly among environments by comparing the fit of 
quadratic models with lm(Fitness ~ Environment * poly(Expression, 2, 
raw = TRUE), data = data) and without lm(Fitness ~ poly(Expression, 2, 
raw = TRUE), data = data) environment terms using the Akaike informa-
tion criterion. We compared the effects of mutations in the RAP1 and 
GCR1 binding sites with the effects of mutations in the TATA box using 
the non-parametric Mann–Whitney U-test, as well as permutation tests 
performed by shuffling the classification of each mutant relative to 
its measurements. The data and necessary code to reproduce each of 
these analyses and the plots displayed in the main text are included in 
Supplementary Data 1 and Supplementary File 1.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
All data necessary to reproduce the results are included in Supplemen-
tary Data 1. The raw flow cytometry.fcs files have been deposited to 
flowrepository.org (repository IDs FR-FCM-Z8EK and FR-FCM-Z8EQ).

Code availability
The R code necessary to reproduce the analyses and figures is provided 
separately as Supplementary File 1.
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Extended Data Fig. 1 | Examples of genotype-by-environment interactions 
for gene expression and fitness. (a, b) Relative gene expression (a) or relative 
fitness (b) is shown for the scenario depicted in Fig. 1c, with values for the 
wild-type allele shown in red and values for the alternate allele shown in blue.  

(c, d) Relative gene expression (c) or relative fitness (d) is shown for the scenario 
depicted in Fig. 1d, with values for the wild-type allele shown in blue and values 
for the alternate allele shown in red. In each of the four plots (a-d), lines that are 
not parallel indicate a genotype-by-environment interaction.
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Extended Data Fig. 2 | Mutations in strains carrying a single mutant copy of 
the TDH3 promoter. (a) Schematic shows the reference sequence and mutations 
tested in the RAP1 binding site (yellow), two GCR1 binding sites (blue, red), and 
the TATA box (gray) of the TDH3 promoter. Coordinates shown are the number 
of bases upstream of the start codon of the downstream YFP or TDH3 protein. 
(b) The mutation(s) present in each of the 34 mutant PTDH3 alleles assayed with a 
single copy of the PTDH3-YFP reporter gene are shown. In each case, the first strain 

listed (YPW####) carries the mutant TDH3 promoter allele cloned upstream 
of a YFP reporter protein at the HO locus and was used to measure the effects of 
the mutation(s) on gene expression whereas the second strain listed carries the 
mutant PTDH3 allele at the native TDH3 locus and was used to measure the effects 
of the mutation(s) on fitness (Supplementary Table 1). Asterisks show alleles that 
were used to compare environment-dependent effects of disrupting TATA box or 
the TFBS.

http://www.nature.com/natecolevol


Nature Ecology & Evolution

Article https://doi.org/10.1038/s41559-024-02582-7

Extended Data Fig. 3 | Mutations in strains carrying two mutant copies of the 
TDH3 promoter. The schematic at the top of the figure shows the arrangement 
of two copies of the TDH3 promoter driving expression of either a YFP reporter 
protein at the HO locus or the native TDH3 protein at the native locus, with each 
gene pair separated by a copy of the URA3 gene. The specific mutations carried 
in each of the 13 pairs of mutant strains carrying two copies of the PTDH3 allele are 
then shown with the name (YPW####) of the strain carrying the reporter genes 

used to measure effects on gene expression listed before the name of the strain 
with the duplication of TDH3 used to measure fitness (Supplementary Table 1). 
For each pair of strains, the mutated elements are underlined and the sequences 
of these elements are shown for each copy of the TDH3 promoter with the 
mutated sites shown in red. The color of the underline corresponds to the feature 
mutated: RAP1 binding site = yellow, GCR1a binding site = blue, GCR1b binding 
site = red, and TATA box = gray.
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Extended Data Fig. 4 | Growth curves relating expression levels and relative 
fitness among environments. Figure 3c uses a weighted linear least squares 
regression (LOESS curve) to describe the relationship between TDH3 expression 
and fitness in each environment. This method fits a line to the same data 
without assuming a particular shape of the relationship, but it does not enable 
statistical comparisons of this relationship among environments. To enable 
such comparisons, we fit both linear and quadratic models to the data in each 
environment, determined which model fit better in each case, and then tested for 
significant differences in fit among environments. (a) Fit of linear (blue, dotted) 
and quadratic (red, solid) models to the data in each environment, with predicted 
95% confidence intervals. Datapoints show mean relative expression and 
fitness for each TDH3 promoter allele. In each case, the quadratic model better 
described the relationship between expression and relative fitness, though the 
improvement in fit was only marginally significant in ethanol (ANOVA, Glucose: 
F = 156.62, P < 2.2 *10−16; Galactose: F = 168.65, P = < 2.2 *10−16; Glycerol: F = 126.46, 

P = 6.34*10−15; Ethanol: F = 4.18, P = 0.047). (b) Comparison of inferred models 
for the four environment-specific datasets. Datapoints show mean relative 
expression and fitness for each TDH3 promoter allele in each environment. To 
test whether the quadratic fitness functions varied among environments, we 
compared a quadratic model in which parameters were estimated separately for 
each of the four environments to a quadratic model in which the fitness function 
was estimated jointly for all environments. We found that the more complex 
model (that is, fitting a distinct quadratic model to data from each environment) 
provided a significantly better fit to the data (AIC: -1378.53 vs -1289.27; ANOVA 
F = 14.82, P < 2.2 *10−16), suggesting that different environments have distinct, 
non-linear fitness functions. The estimated optimal expression level (scaled to 
the expression level of the unmutated reference) ± the standard deviation from 
the inferred quadratic models in each of the four environments were 1.27 ± 0.04 
for glucose (blue), 0.92 ± 0.03 for galactose (green), 1.33 ± 0.05 for glycerol 
(pink), and 2.44 ± 0.8 for ethanol (red).
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