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Supplementary Materials and Methods 

Populations sampled 

The dataset used to estimate genetic variance for gene expression in S. cerevisiae included 
seven isolates sampled from Italian vineyards in 1993/1994, two isolates sampled from oak 
trees in Pennsylania in 1999, and one classic lab strain S288c(Fay et al. 2004).  Genetic 
relatedness of these strains assessed in reference (Fay and Benavides 2005) suggests that S288c 
and the oak isolates were more distantly related to the wine isolates than the wine isolates 
were to one another so Vs was estimated from both the wine isolates alone and all 10 strains to 
assess whether reduced recombination between less closely related strains affected estimates 
of selection. Yeast isolates were cultured in rich YPD media and RNA was extracted after 
exponential growth of clonal cultures in which the OD600 was between 0.8 and 1. 

The dataset used to estimated genetic variance for gene expression in D. melanogaster 
included adult males from sixteen strains of D. melanogaster from natural populations in the 
Netherlands and Zimbabwe (Hutter et al. 2008). The flies were reared on cornmeal-molasses 
medium at 22°C under a 15/9 h light/dark cycle. Whole body RNA was extracted from 70-75 
flies of 4-6 days old.  

The dataset used to estimate genetic variance for gene expression in C. elegans included 5 
cosmopolitan C. elegans natural isolate lines. Worms were cultured on RNGM agarose plates 
under standard protocols and RNA was extracted from developmentally synchronized worms at 
the young adult stage (Denver et al. 2005). 

Model averaging procedure 

To incorporate uncertainty about the correct evolutionary model into our assessment of the 
phenotype space of gene expression, we performed model averaging (Hoeting et al. 1999) to 
estimate Vs for evaluation of the inequality 20 µVs < 𝛼2. For each gene, the proportion of 
parameter samples from their uncertainty distributions that satisfied this inequality for the 
Gaussian and House of Cards models was calculated to generate a probability for the fit of each 
model.  Starting from the Maximum Entropy prior that the two models were equally likely, 
these probabilities were used to weight the contribution of Vs calculated under each model to a 
model-averaged estimate of Vs as below: 

𝑉𝑠 = (0.5 ∗ HC pvalue ∗ 𝑉𝑠
𝐻𝐶 + 0.5 ∗ (1 − HC pvalue) ∗ 𝑉𝑠

𝐺) + (0.5 ∗ Gaussian pvalue ∗ 𝑉𝑠
𝐺

+ 0.5 ∗ (1 − Gaussian pvalue) ∗ 𝑉𝑠
𝐻𝐶) 

The same procedure was repeated with the stochastic House of Cards (SHC) model to generate 
a model averaged estimate between the SHC and Gaussian models. 

Genomic correlates and predictors of Vs 

To test whether the degree of selective constraint predicted essentiality for each gene, we 
parameterized a normal distribution with the first central moment defined by the median of 



the uncertainty distribution for mean population expression level and the second central 
moment defined by the median of the posterior distribution for HC Vs. The cumulative density 
function of this distribution was evaluated at 0 as a hard selective bound on expression level, 
and used as a logistic predictor for independently gathered data on essentiality in rich 
media(Seringhaus et al. 2006).  

Diverse other genomic correlates tested for correlation with Vs included GC content, codon 
adaptation index, number of effective codons, rate of amino acid replacement, rate of amino 
acid substitution, protein length, recombination rate, hydropathicity, number of 
transmembrane helices, SGA scores, and metabolic network betweenness. Logistic regression 
was performed to identify relationships between binary variables presence of TATA box and 
gene essentiality and posterior median Vs.  

Comparison with other phenotypes 

To compare Vs estimates for gene expression to measures of stabilizing selection previously 
reported for morphological and phenological traits, we drew on values of the standardized 
selection gradients (γ) calculated as partial regressions of fitnesses on trait values (Lande and 
Arnold 1983) .  Assuming a nor-optimal fitness distribution and using the approximation 
𝑉𝑠

𝑉𝑝
= − 

1

2𝛾
  (Johnson and Barton 2005), the magnitudes of stabilizing selection inferred for yeast 

gene expression traits were contrasted with all significant estimates of selection on 
phenological and morphological traits in a recent meta-analysis (Kingsolver et al. 2001; 
Kingsolver and Diamond 2011).   

This comparison is a rough approximation for two reasons. Our analysis of genome-wide gene 
expression might be expected to overestimate the strength of selection on gene expression for 
any single gene as it does not partition the effect of selection into direct and indirect responses 
to selection as analyses of the phenological and morphological traits do (Lande and Arnold 
1983). It should also be noted that relatively few statistically significant estimates of stabilizing 
selection in natural populations have been reported (Kingsolver et al. 2001; Kingsolver and 
Diamond 2011; Kingsolver et al. 2012), at least in part because the scaling of γ leads to a steep 
boundary effect for significance dependent on differences in fitness that may be difficult to 
measure with sufficient power. Additionally, experimental design may be biased to capture fast 
evolving traits with an a priori expectation of directional evolution (Kingsolver and Diamond 
2011). For these reasons, the true distribution of strengths of stabilizing selection on 
organismal phenotypes may not be fully captured here. Nonetheless, we find this comparison 
of stabilizing selection on different levels of phenotypes useful in summarizing the current 
evidence and suggesting patterns for informing further investigations. 

  



Supplementary Tables 

Table S1: Genome-wide distribution of Vs values inferred under the House of Cards and 
Gaussian models using n based on the number of eQTLs identified for each gene. The genome-
wide distribution is composed of the median values of the gene-specific uncertainty 
distributions.  

 

 
S. cerevisiae 

D. melanogaster – 
European 

D. melanogaster - 
African 

C. elegans 

 
Median 0.05 0.95 Median 0.05 0.95 Median 0.05 0.95 Median 0.05 0.95 

Vs
HC

 1324 443 4136 1358 231 3433 1259 233 4789 1078 369 7889 

Vs
G
 0.4 0.1 1.9 75 1.1 802 65 0.9 1668 3.2 0.3 219 

 

 

  



Table S2: Proportion of total genes by species for which the Gaussian model could be 
conclusively rejected based on the probability of 20µVs < α2 using different models to estimate 
the quantity Vs. This analysis uses n based on the number of eQTLs identified for each gene.  
Drawing from exponential distributions with mean values between 1 and 500 produce 
qualitatively similar results. 

 

 
S. cerevisiae 

(n=3405) 
C. elegans 

(n=930) 
D. melanogaster 

(n=563) 

Vs
HC 15% 74% 11% 

Vs 
G 96% 99% 69% 

Model-averaged  
Vs

HC and Vs 
G 

15% 76% 11% 

 



Supplementary Figures 

Figure S1: Scatterplot of HC by SHC Vs values for S. cerevisiae (orange diamonds), D. 
melanogaster (green squares), and C. elegans (blue triangles). Values plotted are the gene-
specific medians of the posterior distributions. This analysis uses n based on the number of 
eQTLs identified for each gene.  Linear regressions are represented as solid lines. For S. 
cerevisiae, y = 1.0 x + 0.84, R2 =  0.99; for D. melanogaster, y = 1.0x -17.4; R2 = 0.99; for C. 
elegans; y = 1.3x -361, R2 = 0.98 

 

 

 

  



Figure S2: Influence of population choice on inference.  

(a) Scatterplot of Vs values inferred when confining analyses to a subset of eight yeast isolates sampled 

from an Italian vineyard in consecutive years by Vs values inferred for the total population. The total 

yeast population includes two Pennsylvanian oak isolates and lab strain S288c.  All estimates were 

scaled by S288C. Points plotted are gene-specific medians of uncertainty distributions for Vs
HC (blue 

triangles), Vs
SHC (red squares), and Vs

G (green triangles). This analysis uses n based on the number of 

eQTLs identified for each gene. Linear regressions of Italian on cosmopolitan Vs values without log 

transformation yielded y = 0.96x + 78, R2  = 0.93 for Vs
HC; y = 0.99x + 20; R2 = 0.95 for Vs

SHC; and y = 1.17x 

– 9.4, R2 = 0.91 for Vs
G.  

(b) Frequency distribution of Vs
HC values for two different populations of D. melanogaster.  Population 

variation data for estimating Vg was available for D. melanogaster flies from natural populations in both 

the Netherlands (solid bars) and Zimbabwe (striped bars)(Hutter et al. 2008). Values plotted are the 

gene-specific medians of the Vs
HC

 posterior distributions using n based on the number of eQTLs 

identified for each gene. While individual genes differed in their Vs
HC values across populations from 

the Netherlands and Zimbabwe, the overall distribution of magnitudes for Vs
HC values estimated was 

highly similar. 
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Figure S3: Scatterplot of yeast Vs values inferred using two different sources for estimating the 

phenotypic per locus mutation rate µ influencing gene expression.  The X axis represents the median 

gene-specific Vs values inferred when using a direct empirical point estimate of µ based on yeast gene 

TDH3 (Gruber et al. 2012). The Y axis represents the median gene-specific Vs values inferred using 

empirical data gathered for human Mendelian diseases phenotypes (Kondrashov 2003) to define a 

gamma distribution characterizing µ. This analysis uses n based on the number of eQTLs identified 

for each gene.  Both the Vs
HC (blue diamonds) and Vs

SHC (red squares) values and linear regressions are 

plotted. For Vs
HC, y = 0.098x + 11.8, R2 = 0.997; for Vs

SHC, y = 0.097x + 17.8, R2 = 0.996. 
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