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Abstract 
 
In a recent paper1, Shen et al. reported that most mutations in the coding regions of 21 yeast 
genes were strongly deleterious, and that the distributions of fitness effects were similar for 
synonymous and nonsynonymous mutations. Taken at face value, these results would conflict 
with well-established findings from a broad range of fields and approaches. Here, we argue that 
these results arose from a lack of appropriate controls for the impacts of background genetic 
effects in edited strains. A re-examination of the data in Shen et al. strongly suggests that it is 
entirely consistent with the expectation that most nonsynonymous and nearly all synonymous 
mutations have no detectable effects on fitness. We present analyses which show that the data 
is inconsistent with the proposed explanation that pervasive fitness effects of synonymous 
mutations arise from their effects on mRNA levels, that the sequence-based fitness assay 
overestimates fitness effects compared to the growth-based fitness assay, and that the 
observed wide fitness distributions for nonsense mutations are consistent with ‘off-target’ effects 
or other uncontrolled sources of biological variation contributing to measured fitness. We 
conclude by discussing the essential controls and other experimental design considerations that 
are required to produce interpretable results regarding the fitness effects of mutations in large-
scale screens. 
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Introduction 
 
Some mutations within a gene’s coding region change the amino acid sequence of the encoded 
protein; these are known as nonsynonymous mutations. Other mutations alter a gene’s DNA 
sequence without any changes in the encoded protein; these are known as synonymous 
mutations. Many lines of evidence accumulated over decades of research have shown that, 
because they do not lead to sequence changes in proteins, synonymous mutations are much 
less likely than nonsynonymous ones to have biological effects. However, in a recent paper1, 
Shen et al. reported that most mutations in the coding regions of 21 yeast genes were strongly 
deleterious, and that the distributions of fitness effects were similar for synonymous and 
nonsynonymous mutations. Taken at face value, these results would conflict with well-
established findings from a broad range of fields and approaches, including human genetics2-7, 
population genetics8-10, mutagenesis screens11-13, and deep mutational scanning14-16. These 
prior findings have firmly established that only some nonsynonymous changes have detectable 
fitness effects, and that synonymous changes are much more likely to be neutral than 
nonsynonymous ones. These prior findings are highly robust, despite evidence that some 
synonymous changes can have detectable fitness consequences because they create or disrupt 
functional elements embedded within coding sequences17 or allow for tuning of translational 
properties and feedback on mRNA stability18-20. For additional context and analysis, please see 
the accompanying letter21. 
 
Here, we argue that there is an alternative explanation for the data presented by Shen et al. 
Flaws in experimental design and analysis—most importantly a lack of appropriate controls for 
the impact of background genetic effects in edited strains—make their interpretation that the 
majority of both synonymous and nonsynonymous mutations are strongly deleterious untenable. 
Instead, we predict that inclusion of appropriate controls would show that the results are 
completely consistent with the expectation that most nonsynonymous and nearly all 
synonymous mutations have no or minimal effects on fitness; only a subset of mutations, 
primarily nonsynonymous ones, would have significant effects on fitness. We discuss what 
controls are needed to be able to properly assess the fitness effects of mutations in large-scale 
CRISPR editing screens. 
 
Results 
 
Shen et al. set out to examine fitness effects of synonymous and nonsynonymous mutations in 
a curated set of 21 genes in yeast1. They first used CRISPR-Cas9 to create 21 strains each 
carrying a deletion of 150 nucleotides and a common sgRNA target in one of the genes. They 
then used CRISPR-Cas9 to generate a double-stranded break at the deletion site, which was 
repaired using pools of synthesized templates homologous to sequences flanking each deletion 
(Illustrated in Figure 1). This process would hypothetically generate libraries of all 450 single-
nucleotide variants in the chosen 150 nucleotide region of each gene, although in the published 
experiment, some variants were missing or lacked sufficient DNA sequencing coverage for 
analysis. Shen et al. then subjected these libraries to competitive growth, with a single “wild-
type” (WT) strain, derived from repair of a strain carrying a deletion in one of the genes (ASC1), 
mixed into the libraries as a control. The fitness of each strain was determined from its relative 
abundance over time compared to this WT strain, measured by deep sequencing of amplicons 
for the mutated regions of each gene. Most mutant strains showed a relative depletion over 
time, leading to the reported results. The key results of Shen et al. are presented in their Figure 
2c, which appears to show that for each gene, the distribution of fitness effects was similar for 
synonymous and nonsynonymous edits. We note that for about half of the genes, a subset of 
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edits shows much stronger deleterious effects, and that nearly all of these edits are 
nonsynonymous. 
 
In addition to the fact that the reported results contradict a large body of prior work, we note a 
number of inconsistencies in the interpretation offered by Shen et al. First, variants with 
deleterious effects as large as those reported in Figure 2a-c should be efficiently removed by 
purifying selection; however, Figure 2e shows that many of them are observed in other yeast 
species. Second, Shen et al. propose that the pervasive deleterious effects of synonymous 
mutations arise from their impact on gene expression levels. However, while the distributions of 
the effects of synonymous mutations on fitness and on mRNA levels vary substantially across 
genes (see Shen et al. Fig. 2c and Extended Data Fig. 4), there is no correlation between the 
average effects on fitness and on mRNA levels (Figure 2). For some genes (e.g., VMA7), 
virtually all synonymous mutations are reported to be strongly deleterious, but their effects on 
mRNA levels are very small. These inconsistencies are easily explained by our alternative 
interpretation of the data, i.e., that most of the reported fitness effects arise not from the 
mutations in question, but from other effects of the genomic background of each strain, which 
we discuss below. 
 
Crucially, the repair template pools used by Shen et al. did not contain any WT sequences that 
would allow for WT versions of each gene to be created in a manner identical to and in parallel 
with the creation of the genome-edited strains. Inclusion of such WT strains in the libraries 
would have allowed for proper control of any background effects on fitness that are specific for 
each edited gene.  
 
Several critical factors make such controls essential for determining the fitness of each edited 
strain. First, transformation of yeast itself can be mutagenic22,23, and making deletions in each 
gene with CRISPR-Cas9 can generate off-target effects, with different guide RNAs causing 
different types of off-target effects and with different frequencies. These experimental 
manipulations mean that each genetically engineered deletion strain represents a unique 
genetic background potentially carrying unascertained mutations that may affect strain fitness 
(Figure 1). 
 
Second, the effects of deleting particular genes may have caused other mutations to emerge 
during growth, before rescue with the variant library. For example, deletion of RAD6 is expected 
to impair DNA repair and may lead to chromosomal rearrangements24, deletion of EST1 is 
expected to alter telomere length and function25,26, and deletion of PAF1 is expected to cause 
defects in multiple histone modifications27,28. Therefore, it is not clear that each of these 
deletions, after some period of growth, would necessarily be complemented immediately to WT 
fitness upon reintroduction of a WT allele, let alone upon introduction of a mutant allele. The 
combination of all of these effects means that strains in which each of the 21 genes were first 
deleted may have fitness differences from each other and from the single WT control strain, 
making it impossible to properly assign fitness to the individual engineered mutations. 
Differences between the 21 genetic backgrounds could have been examined with whole-
genome sequencing of the strains, but such sequencing was not carried out.  
 
Third, further unascertained fitness-altering mutations may have arisen during CRISPR-Cas9-
mediated insertion of variant alleles, contributing to the observed fitness differences among 
different edits of each gene. Critically, in pooled library construction, each individual variant 
derives from many colonies, and these colonies sample a distribution of fitness effects arising 
from any of the above-mentioned variant-independent mechanisms; the reported fitness for 
each variant then reflects the average of this distribution (Figure 1). By contrast, the individual 
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WT colony selected to serve as the control does not represent an average of the distribution of 
potential fitness effects from these allele-independent mechanisms, and indeed may have been 
selected as a robustly growing colony, which is much more likely to have wild-type fitness. 
 
Fourth, careful reexamination of the reported growth rates for reconstructed synonymous 
variants in Figure 1d of Shen et al. (Figure 3) shows that relative growth rates of most variants 
cluster around 1, while fitness determination from pooled growth competition indicated that 
fitness of these variants was mostly below 1 (slope of 0.89 for the linear fit). These results are 
indicative of potential bias in one of the assays. 
 
Diagnosis and alleviation of these technical issues could have been accomplished through the 
use of many independent isolates for each of the 21 deletions, and through the generation of 
multiple WT alleles in each of the deletion backgrounds in biological replicates, but such 
biological replicates were not performed. We propose that the observed differences in average 
fitness among the 21 genes in Figure 2c of Shen et al. represent such uncontrolled effects of 
genetic background. The selection of a single WT strain is especially sensitive to potential 
ascertainment bias, as any obviously unhealthy strain would not be selected to represent WT 
fitness, but within the variant pools and among pools of the same variant there is no such filter. 
 
Indeed, the results shown in Shen et al. Figure 2c are completely consistent with such artifacts. 
Most of the genes show an overall average impaired fitness relative to the single WT control, 
and these values differ across the 21 genes. For each gene, the mean and the distribution of 
fitness are very similar for synonymous and nonsynonymous edits; we expect that they would 
also be similar for control edits that simply re-introduced the wild-type sequences for each gene, 
had such appropriate gene-specific controls been used. Roughly half of the genes have a small 
subset of edits with much larger fitness effects that clearly stand out from the rest of the 
distribution, and nearly all of these edits are nonsynonymous (see Figure 4 for fitness 
distributions of six example genes). We expect that these represent the real deleterious effects 
of these nonsynonymous mutations, with the reported fitness values of the rest of the edits for 
each gene inadvertently serving as the true null distribution. We also found that nonsense 
mutations present in the experiment often exhibit a wide distribution of fitness effects (Fig. 4, 
blue curves), further supporting our interpretation that off-target effects make major 
contributions to measured fitness. We would expect that true fitness of effects of different 
nonsense mutations in a given gene should generally be equivalent notwithstanding potential 
partial loss of function due to tolerated truncations. Consistently, the magnitude of observed 
fitness effects was not correlated with the position of nonsense mutations within the edited 
regions. 
 
Conclusions 
 
To settle these issues empirically, the experiment requires repetition with the inclusion of WT 
sequences in each variant pool. Without this indispensable control, the results are largely 
uninterpretable.  Should the experiment be repeated with the use of such control sequences, 
the following important points need to be incorporated to make any conclusions as robust as 
possible. Growth measurements for multiple independent isolates of each deletion strain are 
needed to allow determination of potential off-target effects and deletion-specific fitness. Whole-
genome sequencing of each isolated deletion strain should be carried out in order to uncover 
potential cryptic alleles created during strain construction. In addition, biological replicates 
should be employed during the creation of variant libraries by genome editing to reliably 
measure the fitness effect, if any, for each variant; otherwise, these cannot be distinguished 
from off-target effects during library construction. In the configuration employed by Shen et al., 
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fitness measurements from replicate competitions of the same pool represent technical 
replication of competition only. As a confirmatory step, direct fitness measurements of many 
independently created individual variants of a gene in parallel with WT alleles created on the 
identical genetic background should be performed. More generally, we note that when results 
appear to contradict decades of evidence from multiple fields, the default assumption should be 
that they arise from a hidden artifact or artifacts, and every effort should be made to rule these 
out before taking the results at face value. 
 
Methods 
 
Fitness distributions  
Fitness data were taken from Shen et al. Supplemental Data 31. For each gene, edits were 
stratified into three classes: synonymous, non-synonymous, and nonsense. Only mutations with 
at least two replicate measurements were retained. For each edit the mean fitness and 
standard-deviation were calculated from the replicate measurements and the fitness distribution 
for each class was estimated as the mixture of normal distributions with corresponding means 
and standard-deviations for all edits within the class (shown in Figure 4). 
 
Comparison of the average effects of synonymous mutations on fitness and mRNA 
levels 
Relative expression data were taken from Shen et al. Supplemental Data 41. For each gene, all 
synonymous edits with at least two replicate measurements were taken, and the mean and 
standard deviation across the replicates were calculated for each edit. As above, we estimated 
the overall fitness distribution of synonymous mutations as the mixture of normal distributions 
with the corresponding means and standard deviations and the overall mean and standard 
deviation of this mixture were determined for each gene. For the mRNA levels an overall mean 
and standard deviation was calculated analogously for each gene. The means and error-bars in 
Figure 2 correspond to these means and standard-deviations of the effects on fitness and 
mRNA level of synonymous edits for each gene. For gene-specific correlations in Figure 2 
(Right), datasets were filtered for synonymous variants that were assayed in all four replicates 
for both fitness and relative expression. Pearson correlations and p-values were calculated 
using the pearsonr function from Scipy29. 
 
Comparison of fitness assays 
Fitness measurements based on growth- and sequencing-based assays were taken from the 
supplemental data of Shen et al. (Source Data Fig.1)1. To quantify the linear relationship 
between the estimates generated by the two assays, as shown in Figure 3, we built a linear 
model using the lm-Function of the R-stats package30. We modeled sequencing-based fitness 
as the dependent variable y with a freely chosen offset and the growth-based fitness as the only 
predictor x: 
 
y ~ β0+ β1*x 
 
  

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 15, 2022. ; https://doi.org/10.1101/2022.07.14.500130doi: bioRxiv preprint 

https://doi.org/10.1101/2022.07.14.500130
http://creativecommons.org/licenses/by/4.0/


 6 

References 

1 Shen, X., Song, S., Li, C. & Zhang, J. Synonymous mutations in representative yeast 
genes are mostly strongly non-neutral. Nature 606, 725-731, doi:10.1038/s41586-022-
04823-w (2022). 

2 Boyko, A. R. et al. Assessing the Evolutionary Impact of Amino Acid Mutations in the 
Human Genome. PLoS Genetics 4, e1000083, doi:10.1371/journal.pgen.1000083 PMID 
- 18516229 (2008). 

3 Keightley, P. D. & Eyre-Walker, A. Joint inference of the distribution of fitness effects of 
deleterious mutations and population demography based on nucleotide polymorphism 
frequencies. Genetics 177, 2251-2261, doi:10.1534/genetics.107.080663 PMID - 
18073430 (2007). 

4 Racimo, F. & Schraiber, J. G. Approximation to the Distribution of Fitness Effects across 
Functional Categories in Human Segregating Polymorphisms. PLoS Genetics 10, 
e1004697, doi:10.1371/journal.pgen.1004697 PMID - 25375159 (2014). 

5 Eyre-Walker, A., Woolfit, M. & Phelps, T. The Distribution of Fitness Effects of New 
Deleterious Amino Acid Mutations in Humans. Genetics 173, 891-900, 
doi:10.1534/genetics.106.057570 PMID - 16547091 (2006). 

6 Karczewski, K. J. et al. The mutational constraint spectrum quantified from variation in 
141,456 humans. Nature 581, 434-443, doi:10.1038/s41586-020-2308-7 (2020). 

7 Dhindsa, R. S., Copeland, B. R., Mustoe, A. M. & Goldstein, D. B. Natural Selection 
Shapes Codon Usage in the Human Genome. American journal of human genetics 107, 
83-95, doi:10.1016/j.ajhg.2020.05.011 (2020). 

8 Hurst, L. D. The Ka/Ks ratio: diagnosing the form of sequence evolution. Trends in 
Genetics 18, 486-487, doi:10.1016/s0168-9525(02)02722-1 PMID - 12175810 (2002). 

9 McDonald, J. H. & Kreitman, M. Adaptive protein evolution at the Adh locus in 
Drosophila. Nature 351, 652-654, doi:10.1038/351652a0 PMID - 1904993 (1991). 

10 Kimura, M. Preponderance of synonymous changes as evidence for the neutral theory of 
molecular evolution. Nature 267, 275-276, doi:10.1038/267275a0 PMID - 865622 
(1977). 

11 Cuevas, J. M., Domingo-Calap, P. & Sanjuán, R. The Fitness Effects of Synonymous 
Mutations in DNA and RNA Viruses. Molecular biology and evolution 29, 17-20, 
doi:10.1093/molbev/msr179 PMID - 21771719 (2012). 

12 Peris, J. B., Davis, P., Cuevas, J. M., Nebot, M. R. & Sanjuán, R. Distribution of fitness 
effects caused by single-nucleotide substitutions in bacteriophage f1. Genetics 185, 603-
609, doi:10.1534/genetics.110.115162 PMID - 20382832 (2010). 

13 Sanjuán, R., Moya, A. & Elena, S. F. The distribution of fitness effects caused by single-
nucleotide substitutions in an RNA virus. Proceedings of the National Academy of 
Sciences 101, 8396-8401, doi:10.1073/pnas.0400146101 PMID - 15159545 (2004). 

14 Flynn, J. M. et al. Comprehensive fitness maps of Hsp90 show widespread 
environmental dependence. eLife 9, e53810, doi:10.7554/elife.53810 PMID - 32129763 
(2020). 

15 Bank, C., Hietpas, R. T., Wong, A., Bolon, D. N. & Jensen, J. D. A Bayesian MCMC 
Approach to Assess the Complete Distribution of Fitness Effects of New Mutations: 
Uncovering the Potential for Adaptive Walks in Challenging Environments. Genetics 196, 
841-852, doi:10.1534/genetics.113.156190 PMID - 24398421 (2014). 

16 Melamed, D., Young, D. L., Gamble, C. E., Miller, C. R. & Fields, S. Deep mutational 
scanning of an RRM domain of the Saccharomyces cerevisiae poly(A)-binding protein. 
RNA 19, 1537-1551, doi:10.1261/rna.040709.113 PMID - 24064791 (2013). 

17 Bailey, S. F., Morales, L. A. A. & Kassen, R. Effects of Synonymous Mutations beyond 
Codon Bias: The Evidence for Adaptive Synonymous Substitutions from Microbial 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 15, 2022. ; https://doi.org/10.1101/2022.07.14.500130doi: bioRxiv preprint 

https://doi.org/10.1101/2022.07.14.500130
http://creativecommons.org/licenses/by/4.0/


 7 

Evolution Experiments. Genome Biol Evol 13, evab141, doi:10.1093/gbe/evab141 PMID 
- 34132772 (2021). 

18 Presnyak, V. et al. Codon optimality is a major determinant of mRNA stability. Cell 160, 
1111-1124, doi:10.1016/j.cell.2015.02.029 (2015). 

19 Hanson, G. & Coller, J. Codon optimality, bias and usage in translation and mRNA 
decay. Nat Rev Mol Cell Biol 19, 20-30, doi:10.1038/nrm.2017.91 (2018). 

20 Bae, H. & Coller, J. Codon optimality-mediated mRNA degradation: Linking translational 
elongation to mRNA stability. Mol Cell 82, 1467-1476, doi:10.1016/j.molcel.2022.03.032 
(2022). 

21 Dhindsa, R. S. et al. A minimal role for synonymous variation in human disease.  (2022). 
22 Shortle, D., Novick, P. & Botstein, D. Construction and genetic characterization of 

temperature-sensitive mutant alleles of the yeast actin gene. Proceedings of the National 
Academy of Sciences 81, 4889-4893, doi:10.1073/pnas.81.15.4889 PMID - 6379652 
(1984). 

23 Giaever, G. et al. Functional profiling of the Saccharomyces cerevisiae genome. Nature 
418, 387-391, doi:10.1038/nature00935 PMID - 12140549 (2002). 

24 Putnam, C. D., Hayes, T. K. & Kolodner, R. D. Specific pathways prevent duplication-
mediated genome rearrangements. Nature 460, 984-989, doi:10.1038/nature08217 
PMID - 19641493 (2009). 

25 Puddu, F. et al. Genome architecture and stability in the Saccharomyces cerevisiae 
knockout collection. Nature 573, 416-420, doi:10.1038/s41586-019-1549-9 PMID - 
31511699 (2019). 

26 Lundblad, V. & Szostak, J. W. A mutant with a defect in telomere elongation leads to 
senescence in yeast. Cell 57, 633-643, doi:10.1016/0092-8674(89)90132-3 (1989). 

27 Wood, A., Schneider, J., Dover, J., Johnston, M. & Shilatifard, A. The Paf1 Complex Is 
Essential for Histone Monoubiquitination by the Rad6-Bre1 Complex, Which Signals for 
Histone Methylation by COMPASS and Dot1p*. Journal of Biological Chemistry 278, 
34739-34742, doi:10.1074/jbc.c300269200 PMID - 12876294 (2003). 

28 Krogan, N. J. et al. The Paf1 Complex Is Required for Histone H3 Methylation by 
COMPASS and Dot1p: Linking Transcriptional Elongation to Histone Methylation. 
Molecular Cell 11, 721-729, doi:10.1016/s1097-2765(03)00091-1 PMID - 12667454 
(2003). 

29 Virtanen, P. et al. SciPy 1.0: fundamental algorithms for scientific computing in Python. 
Nat Methods 17, 261-272, doi:10.1038/s41592-019-0686-2 (2020). 

30 R: A language and environment for statistical computing (R Foundation for Statistical 
Computing, Vienna, Austria, 2022). 

  

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 15, 2022. ; https://doi.org/10.1101/2022.07.14.500130doi: bioRxiv preprint 

https://doi.org/10.1101/2022.07.14.500130
http://creativecommons.org/licenses/by/4.0/


 8 

 

Figure 1. Schematic of the approach taken by Shen et al. for strain creation. Parallel strain 
construction allows for background effects on fitness (indicated by lightning bolts) that may be 
different between strains (yellow bolt vs red bolt). Furthermore, selection of a single wild-type 
strain (left) creates uncontrolled ascertainment bias relative to variant strains that will 
incorporate the average of background effects across a distribution (right) into any fitness 
measurement. 
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Figure 2. (Left) Means and standard deviations of the fitness (vertical axis) and relative mRNA 
levels of synonymous edits (horizontal axis) across genes. Although the distributions of the 
effects on fitness and relative mRNA levels of synonymous edits vary substantially across 
genes, there is no correlation between the average effect on fitness and the average effect on 
relative mRNA level (Pearson correlation coefficient 0.134 with p-value 0.57 under a Pearson 
correlation test; see Methods for description of error calculation). (Right) There is little 
correlation between the fitness and relative expression of synonymous mutations within genes. 
A subset of genes is shown; most synonymous mutations cluster around the mean fitness and 
relative expression of the gene. Points are mean fitness and expression values for all variants 
with 4 replicates of each measurement.  
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Figure 3. Comparison of sequencing-based fitness and growth rate-based fitness for 
synonymous variants (orange) and non-synonymous (blue). The deviation from a slope of 1 is 
consistent with an underestimation of fitness in the sequence-based fitness assay, and 
therefore an overestimation of small effects, compared to the growth-based fitness assay 
(dashed line represents x=y, red line is linear fit, slope=0.89).  
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.

Figure 4: Distributions of measured fitness for synonymous (green), nonsynonymous (orange) 
and nonsense (blue) edits for six example genes (see panel headers) that exhibit a tail of 
nonsynonymous edits with strong deleterious effects. Note that different nonsense edits of the 
same gene often exhibit substantially different fitness, leading to wide fitness distributions of 
nonsense mutations. These distributions do not correlate with locations of nonsense alleles 
within the edited regions. This observation is consistent with ‘off-target’ effects or biological 
variation other than that of the nonsense mutation contributing to the measured fitness. Note 
that no nonsense edits were measured for RAD6 and TSR2. 
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