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Synonymous edits in the Escherichia coli genome have  
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CRISPR-Cas-based genome editing is widely used in bacteria at scales ranging from 
construction of individual mutants to massively parallel libraries. This procedure relies 
on guide RNA-directed cleavage of the genome followed by repair with a template that 
introduces a desired mutation along with synonymous “immunizing” mutations to 
prevent re-cleavage of the genome after editing. Because the immunizing mutations 
do not change the protein sequence, they are often assumed to be neutral. However, 
synonymous mutations can change mRNA structures in ways that alter levels of the 
encoded proteins. We have tested the assumption that immunizing mutations are neutral 
by constructing a library of over 50,000 edits that consist of only synonymous mutations 
in Escherichia coli. Thousands of edits had substantial effects on fitness during growth of  
E. coli on acetate, a poor carbon source that is toxic at high concentrations. The per-
centage of high-impact edits varied considerably between genes and at different positions 
within genes. We reconstructed clones with high-impact edits and found that 69% indeed 
had significant effects on growth in acetate. Interestingly, fewer edits affected fitness 
during growth in glucose, a preferred carbon source, suggesting that changes in protein 
expression caused by synonymous mutations may be most important when an organism 
encounters challenging conditions. Finally, we showed that synonymous edits can have 
widespread effects; a synonymous edit at the 5′ end of ptsI altered expression of hundreds 
of genes. Our results suggest that the synonymous immunizing edits introduced during 
CRISPR-Cas-based genome editing should not be assumed to be innocuous.

genome editing | synonymous mutations | CRISPR

CRISPR/Cas-mediated genome editing has become a mainstay of the genetics tool kit 
for many bacteria. This technology takes advantage of guide RNA-directed nucleolytic 
cleavage at a specific site in the genome. In bacteria, precise genomic edits can be intro-
duced when the double-strand break is repaired by homologous recombination with a 
homology repair template (HRT) containing a desired mutation. Synonymous mutations 
in or near the protospacer-adjacent motif (PAM) site are typically included in the HRT 
to prevent re-cleavage of the genome after successful editing. Editing efficiency is increased 
due to the death of cells that have not incorporated the desired mutation (1, 2).

The synonymous mutations introduced by CRISPR-Cas genome editing do not alter 
the sequence of encoded proteins and are often assumed to be innocuous. The assumption 
that synonymous mutations are “silent” dates back to the original elucidation of the genetic 
code (3). However, mounting evidence suggests that synonymous mutations can have 
important fitness effects. Biases in codon usage suggest that synonymous codons are not 
always interchangeable (4–6). Synonymous mutations can generate or disrupt promoters 
for downstream genes (7–9), impact sRNA binding (10, 11), alter splicing (12–15), and 
affect mRNA stability (16–18). They can impact the rates of translation initiation  
(16, 19–23) and elongation (24, 25) and even alter protein folding; substitution of rare 
codons with common ones can affect translational pauses that allow polypeptide folding 
without interference from the downstream sequence (24, 26–28). Synonymous mutations 
can affect bacterial growth in the presence of an antibiotic (29), a sub-optimal carbon source 
(30, 31) or an inefficient metabolic enzyme (16). Analyses of several organisms (32–34) 
suggest that 5 to 39% of synonymous sites are under purifying selection. Further, synon-
ymous mutations are associated with a number of human diseases (10, 12, 15, 35, 36).  
The documented effects of synonymous mutations beg the question of whether the clusters 
of synonymous mutations used in HRTs for CRISPR-Cas-mediated genome editing have 
significant fitness effects.

We have investigated the fitness effects of clusters of synonymous mutations by intro-
ducing 50,102 synonymous edits into 30 Escherichia coli genes involved in central carbon 
metabolism. Each editing cassette introduced a synonymous “target” mutation as well as 
1 to 5 “immunizing” synonymous mutations in or near the PAM site to prevent re-cleavage 
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of the genome after editing. A barcode in each editing cassette 
plasmid enabled quantification of variants. We followed the levels 
of each barcode during growth of the library in 0.2% glucose and 
in 50 and 200 mM sodium acetate (acetate hereafter), a less- 
preferred carbon source. We identified thousands of synonymous 
edits with substantial effects on fitness during growth in acetate, 
but far fewer during growth in glucose. Among nearly 1,700 sets 
of immunizing mutations used to edit the 30 genes, 22% had 
substantial fitness effects during growth in 50 mM acetate. A 
synonymous edit in a gene with regulatory functions had signifi-
cant impacts on expression of hundreds of genes during growth 
in acetate. These results demonstrate that fitness effects due to 
synonymous immunizing mutations may contribute in unex-
pected ways to the fitness effects of target mutations of interest 
introduced during CRISPR-Cas genome editing.

Results

Synonymous Edits Have Striking Effects on Growth Rate in 
50 mM Acetate. We used OnyxTM technology (Fig.  1), an 
improved implementation of CRISPR-enabled trackable genome 
engineering (2), to introduce 50,102 synonymous edits into 30 
genes involved in central carbon metabolism in E. coli. These 
edits were designed to change each codon of the 30 genes to 
all other synonymous codons at that position with concomitant 
introduction of immunizing synonymous mutations in and 
near the PAM site to prevent re-cleavage of the genome after 
introduction of the target mutation. Editing was carried out in 
a strain of E. coli MG1655 with an 82 bp deletion upstream 
of pyrE that corrects a pyrimidine synthesis deficiency in K12 
strains of E. coli (37) (designated MG1655*). Because this deletion 
occurs frequently during experimental evolution of E. coli K12 
strains (38–40), we introduced it at the outset so that it would 
not occur during selection and lead to artifactual enrichment of 
clones. Genome editing was accomplished by MAD7TM, a Type 
V CRISPR nuclease, and the lambda Red proteins in concert 
with a library of editing plasmids targeting every codon of the 30 
genes. (Quality metrics of the edited clone library are provided in 
SI Appendix, Table S1.) A barcode in each editing plasmid enabled 
quantification of variants during selection.

We grew triplicate cultures of the edited clone library in 50 
mM acetate for 15 to 20 population doublings. Carbenicillin was 
included to ensure retention of the barcode plasmid. We passaged 
the cultures at mid-log phase to maintain a constant selection 
pressure. We isolated plasmids from aliquots of each culture at the 
beginning of the experiment and at each passage (approximately 
four population doublings) and sequenced the barcodes. We quan-
tified the change in abundance of each barcode by fitting the data 
to Eq. 1, where barcode is the read count for the barcode and total 
is the total number of reads beginning at the first passage (T1). 
We define the slope of the line relating the natural log of the 
fractional barcode abundance to the number of population dou-
blings as the “competition coefficient” c (Dataset S1). (Barcodes 
with low read counts were removed from the analysis.) The initial 
period of growth from T0 to T1 allowed the cells to acclimate to 
the selection conditions. In a few cases, edits were so detrimental 
during acclimation that the barcode was depleted by T1. In these 
cases, we estimated c based on the change between T0 and T1. 
These values may or may not accurately reflect the effect of the 
edits after acclimation. These edits are flagged in Dataset S1. 
Replicate data for competition coefficients were well-correlated 
(SI Appendix, Fig. S1).

	 [1]
Fig. 2A shows the distribution of competition coefficients 

for 47,218 edits in 30 genes measured during selection in 50 
mM acetate. [Edits with low read counts (2,884) were removed 
from the set of 50,102 edits.] Each value of c depends upon the 
effect of the edit, the efficiency of genome editing (on average 
about 20% for introduction of complete edits), and the effects 
of any unintended mutations introduced during genome edit-
ing. Thus, c values should not be viewed as equivalent to selec-
tion coefficients.

Concerns have been raised about unintended mutations during 
CRISPR-Cas9 genome editing (41–43). To determine whether the 
MAD7TM-based editing protocol used to generate our library also 
introduced unintended mutations, we sequenced the genomes of 
30 clones from the library. Only two had a single unintended 
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Fig. 1. CRISPR-based genome editing protocol. The engine plasmid encodes the lambda Red proteins and the MAD7TM CRISPR nuclease. The barcode plasmid 
encodes a gRNA, an HRT designed to introduce a genomic edit and a barcode. Immunizing edits introduced near the PAM site prevent cleavage of the genome 
after the desired edit is introduced.D
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mutation. Thus, on the order of 7% of cells with each barcode will 
have unintended mutations elsewhere in the genome, and possibly 
different unintended mutations, because hundreds to thousands 
of cells containing the same barcode plasmid were edited inde-
pendently. Although the incidence of unintended mutations is low, 
particularly high-impact mutations may contribute to the effects 
of genomic edits. An additional complexity arises because we expect 
the efficiency of editing to vary among designs due to variable 
gRNA efficiency (44–46). Consequently, we have not attempted 
a rigorous statistical analysis of the distribution of c values. Rather, 
we have taken a conservative approach to identifying the 
highest-impact edits by using c values for a control gene (glpX) as 
an indication of the range of effects due to unintended mutations 
and experimental noise. glpX is part of the glycerol utilization reg-
ulon and encodes fructose 1,6-bisphosphatase 2, one of three fruc-
tose 1,6-bisphosphatases in E. coli. This regulon is expressed in the 
presence of glycerol and the absence of glucose (47). GlpX repre-
sents only 0.003% of total detected protein in E. coli grown on 
0.4% acetate (48). Edits in such a lowly expressed gene would be 
expected to have minimal fitness effects. Given that expectation, 
the wide range of c values for edits in glpX is surprising. E. coli grows 
poorly in 50 mM acetate supplemented with carbenicillin (included 
to maintain the barcode plasmid). Differences in the timing of the 
transition to stationary phase among clones may have contributed 
to experimental noise if the fitness effect of an edit differs between 
exponential growth and stationary phase. For example, SI Appendix, 
Fig. S2 shows an example of a reconstructed clone that enters sta-
tionary phase unexpectedly early relative to wild-type cells. Clones 
like this would have been entering stationary phase while the bulk 

population was still growing exponentially. In addition, interactions 
between the vast number of clones growing under suboptimal 
growth conditions may also have contributed to the experimental 
noise. Notably, much less noise was observed when the edited 
library was grown in glucose, a preferred carbon source (see further 
below).

We have focused on edits for which c is outside of 98% of the 
c values for the control gene glpX. Using these criteria, we detected 
3,907 detrimental edits (c ≤ −0.130, 8% of the total) and 484 
beneficial edits (c ≥ 0.267, 1% of the total) during selection in  
50 mM acetate (SI Appendix, Table S2).

Two features of the data shown in Fig. 2A suggest that we have 
detected true biological effects of edits with high values of |c|. First, 
in many cases, high-impact edits (defined as those for which c is 
outside of 98% of the c values for glpX) are clustered in specific 
regions of genes. Clusters occur at the 5′ and/or 3′ ends of many 
genes. Codon choice at the 5′ end of genes can impact translation 
efficiency by altering secondary structure around the ribosome 
binding site (16, 19, 49–52) and synonymous mutations at the 
3′ end of genes can alter promoters of downstream genes (7–9). 
Thus, perturbations due to synonymous edits in these regions are 
not unexpected. Second, the percentage of detrimental edits varies 
between 1 and 26% between genes (Fig. 3). If the observed effects 
were due primarily to unintended mutations or experimental 
noise, we would expect to see similar effects across genes.

A striking feature of the data in Fig. 3 is that synonymous edits 
in the 30 genes are more likely to be detrimental than beneficial. 
The preponderance of detrimental edits is consistent with the expec-
tation that millions of years of evolution have optimized codon 
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usage in many positions. The average percentage of detrimental edits 
across all 30 genes was 8.3 ± 6.8 but exceeded 20% in some genes. 
The differences between the percentage of detrimental edits across 
the 30 genes may be due to the importance of the encoded proteins 
during growth in acetate and/or to buffering of the effects of altered 
protein levels by regulatory mechanisms for some genes.

Twenty-five per cent of edits in adhE were detrimental. AdhE 
(a bifunctional acetaldehyde-CoA dehydrogenase/iron-dependent 
alcohol dehydrogenase) reduces acetyl CoA to acetaldehyde and 
then to ethanol. During growth in acetate, acetyl CoA is generated 
by acetyl CoA synthetase and phosphotransacetylase. When ace-
tate concentrations are high, these reactions may diminish the 
supply of CoA that is needed for the TCA cycle. Under these 
circumstances, release of CoA from acetyl CoA by AdhE may help 
maintain cellular pools of CoA. Synonymous mutations that 
decrease the level of AdhE might compromise this function.

Twenty-two per cent of edits in zwf were detrimental. Zwf 
(NADP+-dependent glucose-6-phosphate dehydrogenase) shunts 
glucose 6-phosphate produced by gluconeogenesis into the oxidative 
branch of the pentose phosphate pathway, the major source of 
NADPH for biosynthesis. Synonymous mutations that decrease the 
level of Zwf might hamper myriad biosynthetic pathways for the 
production of amino acids and fatty acids, as well as folate 
transformations.

We attempted to validate the fitness effects of 22 edits by meas-
uring the growth rate of reconstructed clones after confirming by 
whole-genome sequencing that no unintended mutations were 
present. Growth rates of reconstructed strains (3 to 6 biological 
replicates) and the parental strain MG1655* (16 biological repli-
cates) were measured during early log phase in a 16-vial turbi-
dostat. When the OD600 reached a set value (0.18), a small amount 
of fresh medium was added to dilute the culture to an OD600 of 
0.16 and an equivalent volume was diverted to waste. Growth rate 
(µ) was monitored during 20 to 100 successive cycles of growth 
and dilution, giving highly accurate values for µ. Selection coeffi-
cients (s) were calculated using Eq. 2.

	 [2]

The effects of suspected high-impact edits were validated in 11 out 
of 16 cases (69%) for which |c| exceeded the cutoffs for the control 
gene glpX (Fig. 2B and SI Appendix, Table S3). The effects of three 
out of six edits for which c fell within the glpX cutoffs were also vali-
dated, including two for which the values of c and s were very small 

(e.g., −0.06) and the growth rate of the reconstructed strain was not 
statistically significantly different from that of the parental strain. 
(Validated effects include those for high-impact edits for which a 
statistically significant effect on growth rate was observed in the recon-
structed strain and those for low-impact edits when the values of c 
and s were similar.)

Although we observe a reasonably good correlation between c 
and s, the s values typically indicate fitness effects that are smaller 
than expected based upon the c values. This discrepancy is most 
likely due to the different conditions under which c and s values 
were measured. c values were determined from selection experi-
ments carried out with a population of an enormous number of 
clones, some of which had unintended mutations, in flasks. s values 
were determined using pure cultures of reconstructed strains free 
of unintended mutations in a turbidostat (which was not available 
at the time the original selection experiment was carried out).

Immunizing Edits Alone Can Affect Fitness of E. coli in 50 mM 
Acetate. The previous analysis addresses a typical situation in 
which a large number of targeted mutations are introduced 
into the E. coli genome to enable high-throughput selection or 
screening, although in most cases, the targeted mutations will 
be nonsynonymous rather than synonymous mutations. The 
observation that thousands of edits composed of only synonymous 
mutations had substantial fitness effects prompted us to delve 
deeper into the effects of immunizing synonymous mutations 
alone. For each target codon in our library, we had included an 
edit design with the wild-type sequence at the target codon but the 
same set of immunizing mutations used to change the target codon 
to all other synonymous codons. Since most sets of immunizing 
mutations were used to edit multiple nearby positions, many edit 
designs had different barcodes but were actually identical. At the 
low end, 2 barcodes had identical mutations, providing 6 values 
of c from the three replicate selection cultures. At the high end, 34 
barcodes had identical mutations, providing 102 values of c from 
the three replicate selection cultures. The additional replicates 
reduce the experimental noise considerably (Fig. 4). c values for 
373 edits are outside of the range of c values for edits in the 
control gene glpX (SI Appendix, Table S4). Thus, 22% of the sets 
of immunizing edits have fitness effects that could either diminish 
or augment the fitness effects of target mutations. The increased 
percentage of high-impact edits among immunizing mutation-
only edits (22%) relative to the percentage of high-impact edits 
(9%) in the full set of edits is likely due to the decreased noise, 
which makes it easier to discriminate between signal and noise.

The Impact of Synonymous Edits Depends On 
Growth Conditions.

We next investigated whether the fitness consequences of edits 
varied across different growth conditions. We assessed the impact 
of the 50,102 edits during growth in 200 mM acetate and 0.2% 
(11 mM) glucose (Fig. 5 A and B, Dataset S1, and SI Appendix, 
Tables S5 and S6).

Growth in 200 mM acetate is more challenging than growth in 
50 mM acetate because high levels of acetate are toxic (SI Appendix, 
Fig. S3). Nevertheless, the percentages of high-impact edits are sim-
ilar for most genes during growth in 50 and 200 mM acetate 
(Fig. 6). However, there are a few striking outliers. The percentage 
of detrimental edits in pgi increases from 19% in 50 mM acetate to 
36% in 200 mM acetate (Fig. 6A and SI Appendix, Table S5). pgi 
encodes phosphoglucose isomerase, which interconverts fructose 
6-phosphate and glucose 6-phosphate. Fructose 6-phosphate sits at 
an important branch point in the metabolic network (SI Appendix, 
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Fig. S4). Fructose 6-phosphate must be converted to glucose 
6-phosphate by Pgi during gluconeogenic growth on acetate to feed 
the oxidative pentose phosphate pathway and to provide precursors 
for synthesis of colanic acid, a negatively charged exopolysaccharide 
that forms a protective capsule around E. coli cells under stressful 
conditions. Fructose 6-phosphate is also a precursor for synthesis 
of peptidoglycan and other components of colanic acid. If appro-
priate partitioning of fructose 6-phosphate between these compet-
ing pathways is important for fitness, alterations in the level of Pgi 
caused by synonymous edits may result in suboptimal flux into one 
or the other of these pathways.

The percentage of high-impact beneficial edits was uniformly 
low (<2.7%) across all genes in 50 mM acetate but was increased 
by more than ninefold (and up to 23-fold) in five genes in 200 
mM acetate (Fig. 6B). Relatively high percentages of beneficial 
edits were observed in genes involved in the phosphotransferase 
system that couples phosphorylation of glucose to its transport 
across the membrane (crr, ptsH, and ptsI; 7.4, 39.1, and 5.6%, 
respectively). PtsI donates a phosphate derived from PEP to the 
downstream protein PtsH (aka Hpr) (Fig. 7A). The phosphate is 

then transferred to Crr and ultimately to glucose imported across 
the membrane by EIIC and EIIB. Both PtsH and Crr serve reg-
ulatory functions that depend upon phosphorylation state; phos-
phorylation increases when phosphate cannot be delivered to 
glucose (e.g., during growth in acetate) (53). A high percentage 
(19%) of beneficial edits is also observed in cyaA during growth 
in 200 mM acetate. CyaA (adenylate cyclase) produces cAMP, 
which, in concert with the transcriptional regulator CRP, controls 
expression of hundreds of genes required for growth in the absence 
of sugars. The high percentages of beneficial edits in these genes 
suggest that the regulatory system of E. coli does not function 
optimally in unusual and toxic conditions like 200 mM acetate 
and, consequently, fitness can be improved by synonymous muta-
tions that alter expression of key regulatory proteins.

The effects of synonymous edits are much smaller during 
growth in glucose than in acetate. The median c for all 30 genes 
was close to 0, so choosing data for a single control gene to approx-
imate the impact of unintended mutations does not seem justified. 
Consequently, we have focused upon edits with c in the bottom 
and top 1% of all c values (c ≤ −0.052 and c ≥ 0.043, respectively). 

Fig. 4. Competition coefficients for 1,687 sets of immunizing mutations in 30 E. coli genes involved in central carbon metabolism.

Fig. 5. The impact of synonymous edits depends upon growth conditions. (A) c values for 46,759 edits in 200 mM acetate. (B) c values for 47,393 edits in 11 mM 
glucose. (c values for edits with low read counts were removed from the data set in both cases.) Dashed lines in (A) encompass 98% of c values for the control 
gene glpX and in (B) encompass 98% of c values for the entire set of genes.D
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Although the number of high-impact edits is small (by definition 
2%, or 946), we again observe that the numbers of beneficial and 
detrimental edits vary between genes (SI Appendix, Table S6). fbaB 
and cyaA have a relatively high number of beneficial edits (5% 
and 3%, respectively), whereas acs, crr, and fbaA have a relatively 
high number of detrimental edits (3%). Further, we observe clus-
ters of high-impact edits in specific regions of genes (Fig. 5B). We 
assessed the effects of eight edits in reconstructed clones lacking 
unintended mutations. The effects of two of the four high-impact 
edits (defined as those for which |c| was outside of the range of 
98% of c values in the entire set) were validated (50%) (SI Appendix, 
Table S7). One of the four low-impact edits was also validated; s 
was similar to c, although the effect on growth rate was not 

significant (adj. P value = 0.67). Although we tested only a small 
number of reconstructed strains, these data suggest that as many 
as 1% of the synonymous edits may have bona fide effects on 
growth in glucose.

Synonymous Edits in ptsI that Decrease the Level of PtsI Impact 
the Global Transcriptome. We investigated the mechanistic basis 
of the fitness effects caused by three beneficial edits at the 5′ end 
of ptsI (Fig. 7B). We measured the effects of these edits on levels 
of protein and mRNA using fluorescent reporter assays. Edits 1, 2, 
and 3 decreased GFP fluorescence when a PtsI-GFP fusion protein 
was expressed from a plasmid by 96, 37, and 9%, respectively 
(Fig. 7C), likely due to impacts on translation initiation. Codon 
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choice at the 5′ end of mRNAs is known to influence the efficiency 
of translation initiation by altering secondary structure around 
the Shine-Dalgarno sequence and start codon (16, 19, 49–52). 
Apparently lower levels of PtsI are advantageous during growth 
in acetate, possibly due to decreased phosphorylation of the 
downstream proteins PtsH and Crr, which are important for 
regulation of central carbon metabolism in the absence of glucose. 
Edit 1 also decreased GFP expression from an operon in which 
gfp was cloned after an 800 bp fragment of ptsI (Fig. 7D). We 
attribute the decreased GFP expression to a decrease in mRNA 
stability. This effect may be due to decreased ribosome occupancy 
due to impaired translation of ptsI, which may leave the mRNA 
more exposed to nucleases (18).

We examined the global effects of edit 1 on the transcriptome 
of cells grown in 50 mM acetate (Fig. 7E). Edit 1 caused significant 
changes (FDR ≤ 0.05, log2FC ≥ ±1.5) in expression of 382 genes 
(Dataset S2). The large number of transcriptional changes suggests 
that the beneficial effects of decreased PtsI expression could result 
from alteration of multiple cellular processes. The 8- to 12-fold 
increase in expression of genes encoding colanic acid synthesis 
proteins stands out. Colanic acid is associated with protection 
against a variety of stresses (54, 55) and may protect cells from 
toxicity caused by high concentrations of acetate and/or carbeni-
cillin in the medium. The impact of Edit 1 on colanic acid biosyn-
thesis is likely indirect. Transcription of colanic acid biosynthesis 
genes is activated by RcsA in conjunction with the response regu-
lator RcsB of the two-component system RcsCB. Transcription of 
rcsA is activated by GadE, and transcription of gadE in turn is 
controlled by a host of negative and positive regulators, among 
them cAMP-CRP. Here lies the connection to PtsI. cAMP levels 
are impacted by the level of phosphorylated Crr. If the decreased 
level of PtsI caused by edit 1 decreases the level of phosphorylated 
Crr, then activation of adenylate cyclase will be reduced and cAMP 
levels will fall. The resulting decrease in cAMP-CRP should lead 
to derepression of gadE, increased expression of rcsA, and increased 
expression of colanic acid synthesis genes.

Discussion

Thousands of synonymous edits in 30 E. coli genes have substan-
tial effects on growth in 50 mM acetate, a sub-optimal carbon 
source. Given the experimental noise in the data and the inevi-
tability of unintended mutations in approximately 7% of the 
cells, it was imperative for us to validate the high-throughput 
selection data by reconstructing individual clones. The fitness 
effects of 11 out 16 high-impact edits (69%) were validated by 
measuring the growth rate of reconstructed strains with no unin-
tended mutations.

The effects of synonymous edits during growth in 50 mM ace-
tate are primarily detrimental. Several genes encoding enzymes 
involved in glycolysis, gluconeogenesis and the pentose phosphate 
pathway had surprisingly high percentages of high-impact detri-
mental edits, up to 26% in the case of fbaA. Genes encoding 
proteins that play important roles in regulating central carbon 
metabolism (crr and ptsH) also had high percentages of high-impact 
detrimental edits (10.4 and 14.2%, respectively). These findings 
suggest that perturbations of protein levels due to synonymous 
edits tend to affect fluxes in central carbon metabolism during 
growth on acetate in ways that slow growth. This finding is con-
sistent with the general expectation that codon choice is fairly well 
optimized in E. coli. However, E. coli does not typically encounter 
50 mM acetate as a sole carbon source, so codon choice has not 
evolved to be optimal at every position under these conditions. 
Indeed, we observed 484 high-impact beneficial edits for which 

one or more synonymous mutations may tune protein expression 
to a more appropriate level during growth in 50 mM acetate.

The impact of synonymous edits depended strongly upon the 
growth conditions. In contrast to the relatively few beneficial edits 
in 50 mM acetate, 5% of all edits were beneficial in 200 mM 
acetate (Fig. 4A). The effect of the more stressful high concentra-
tion of acetate was particularly marked for ptsH, in which 39% 
of edits had high-impact beneficial effects. In addition, nearly 
19% of edits in cyaA, which encodes adenylate cyclase, had 
high-impact beneficial effects. Changes in the levels of regulatory 
proteins such as PtsH and adenylate cyclase due to synonymous 
mutations may be particularly important under stressful condi-
tions. We also observed an increase in the percentage of high-impact 
beneficial edits for several genes that encode enzymes in glycolysis 
and gluconeogenesis. The most dramatic effect was observed for 
pck, which encodes pyruvate carboxykinase; 29% of edits had 
high-impact beneficial effects in 200 mM acetate, compared to 
only 1% in 50 mM acetate. These data suggest that synonymous 
mutations may play a particularly important role when organisms 
are exposed to highly stressful conditions.

In contrast to the impact of synonymous edits in acetate, rela-
tively few edits had fitness impacts in glucose. The effects of syn-
onymous mutations on mRNA structure and function are 
presumably similar in acetate and glucose, with the exception of 
mutations that affect binding of sRNAs whose abundance is 
condition-specific. Beneficial effects of synonymous edits may be 
uncommon in glucose because codon usage is well-optimized for 
this growth condition. Detrimental effects may also be uncommon 
because well-evolved regulatory mechanisms can compensate for 
codon changes that alter mRNA stability or translation efficiency 
by adjusting transcription to restore normal protein levels. These 
regulatory mechanisms may be less effective under conditions that 
E. coli does not normally encounter, such as growth on high con-
centrations of acetate.

The observation that high-impact edits occur at various posi-
tions in genes is consistent with the expectation that multiple 
mechanisms mediate their effects. Thus, our data provide a wealth 
of opportunities to probe the impact of sequence on mRNA struc-
ture and function. Fitness effects due to synonymous mutations 
near the 5′ end of coding sequences are expected; it is well- 
established that secondary structure in this region affects the effi-
ciency of translation initiation (19, 50–52). However, the mech-
anisms responsible for the fitness effects of most of the thousands 
of high-impact edits are not obvious.

The impacts of synonymous edits can extend beyond just effects 
on the structure and function of the mRNA encoded by the edited 
gene. A beneficial edit at the 5′ end of ptsI altered transcription of 
hundreds of genes, suggesting that synonymous edits in genes encod-
ing regulatory proteins may have particularly widespread effects.

From a practical point of view, our demonstration that synon-
ymous edits can have substantial fitness effects suggests that 
researchers should carefully consider the potential effects of syn-
onymous immunizing mutations introduced by CRISPR-based 
genome editing. An alternative, although more labor-intensive, 
approach to genome editing involves a two-step procedure in 
which an HRT in the first step introduces a target mutation along 
with immunizing mutations. In the second step, a gRNA directed 
at the introduced sequence cleaves the modified genome and pro-
motes incorporation of a second HRT containing only the 
intended mutation. This procedure is not applicable to generation 
of massively parallel edited libraries, however. The recently devel-
oped prime editing procedure (56, 57), which has been adapted 
for use in E. coli (58), also avoids the introduction of immunizing 
edits. In this procedure, a prime editing gRNA (pegRNA) includes D
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a sequence encoding the desired mutation appended to a gRNA 
that directs a Cas9 nickase fused to reverse transcriptase to a target 
site. Following nicking of the genome, the 3′ end of the nicked 
strand binds to a primer binding site on the pegRNA that is used 
by reverse transcriptase to extend the 3′ end using the mutant 
sequence as a template. The resulting 3′ flap can displace the 
sequence on the other side of the nick, leading to the incorporation 
of the mutation after DNA repair. The risk of fitness effects due 
to immunizing mutations suggests that prime editing is preferable 
to classical CRISPR-Cas editing for the construction of a small 
number of edited strains. However, prime editing has not yet been 
adapted for the preparation of massively parallel edited libraries.

Selection and screening of large libraries are powerful approaches 
for identifying high-impact mutations that increase or decrease fit-
ness. The OnyxTM technology enables the construction of massively 
parallel libraries and thus examination of enormous numbers of 
variants in the proper genomic context in a single experiment. Our 
results showed that a high percentage of high-impact edits in a 
library containing over 50,000 variants could be validated by the 
characterization of individual reconstructed clones. However, the 
fact that edits consisting of only synonymous mutations can have 
substantial fitness effects suggests that care must be taken in design-
ing and interpreting the results of libraries generated using 
CRISPR-Cas genome editing. The uncertainty introduced by 
immunizing mutations might be ameliorated by restricting immu-
nizing mutations to positions that are least likely to impact fitness. 
For example, synonymous mutations near the 5′ ends of genes, 
internal promoters, or sRNA binding sites should be avoided. 
Clusters of rare codons that may be required for proper protein 
folding (59) should also be avoided. Minimizing the number of 
immunizing mutations and using multiple sets of immunizing 
mutations may also be helpful. Finally, fitness effects should be con-
firmed by reconstructing and evaluating strains containing muta-
tions of interest in the absence of synonymous immunizing 
mutations and unintended mutations elsewhere in the genome.

Materials and Methods

Detailed Materials and Methods are found in SI Appendix.
We used Inscripta’s Designer software (development version) to design editing 

cassettes to introduce all possible synonymous mutations into 30 genes involved 
in central carbon metabolism (50,102 designs in total) in E. coli MG1655*. Each 
design consisted of a MAD7 gRNA, a homology repair template (HRT) encoding 
one of the possible synonymous codons at each target position (including the 
wild-type codon), and a unique DNA barcode. Each HRT also included one to five 
synonymous immunizing mutations to prevent recutting of the genome by MAD7 

after editing. Oligonucleotides consisting of gRNA, HRT and barcode sequences 
were cloned into a vector backbone conferring carbenicillin resistance. Genome 
editing was accomplished by a modification of the method of Garst et al. (2) with 
Inscripta’s developmental proprietary protocols and reagents. After editing, the 
libraries were cured of the temperature-sensitive engine plasmid.

Selection experiments were carried out in triplicate 50 mL cultures containing 
approximately 2 × 109 cells in M9 medium supplemented with carbenicillin (100 
μg/mL) and either 50 mM sodium acetate, 200 mM sodium acetate, or 0.2% 
glucose (~11 mM). Cells were passaged at mid-log phase 5 to 7 times. Barcode 
plasmids were isolated at the beginning of each selection and at each passage. 
Barcodes were amplified, sequenced, and quantified.

Competition coefficients were calculated from barcode sequencing counts 
using Enrich2, a statistical framework for analysis of deep mutational scanning 
data (60). The Enrich2 competition coefficients, which are based on log ratios and 
determined from a plot of log (edit/total) against t/tmax, were converted to com-
petition coefficients based upon ln ratios (rather than log10 ratios) and number 
of population doublings (rather than t/tmax) (Eq. 1) to be consistent with existing 
evolutionary biology literature.

We reconstructed 28 edited clones as described in SI Appendix and sequenced 
their genomes to ensure that unintended mutations had not occurred during 
genome editing. We measured the growth rates of 3 to 6 replicate cultures of 
each reconstructed strain and 16 replicated cultures of the parental MG1655* 
strain in individual vials of a 16-vial FynchBio turbidostat. Each vial contained  
20 mL of M9 containing 100 µg/mL carbenicillin and either 50 mM sodium 
acetate or 0.2% glucose. The cultures were grown with stirring at 37 °C with 
additional aeration provided by bubbling air into the medium. The turbidostat 
was set to maintain the cultures within an OD of 0.16 to 0.18 for a minimum of 
20 generations or 100 cycles. The change in OD600 during each cycle was used 
to calculate µ. Once the growth rate stabilized, µ values from multiple cycles 
(typically 40 to 60, but as many as 100 in some cases) were used to calculate the 
median and SD of µ for each vial.

We cloned wild-type and edited versions of ptsI fused with gfp into a low-copy 
plasmid to generate translational reporter strains in which changes in fluores-
cence reflect the impact of edits on the level of PtsI (Fig. 7C). We created additional 
reporter strains by expressing gfp downstream of a truncated version of ptsI to gfp 
(Fig. 7D) to assess the impacts of edits on the stability of the mRNA. Effects of one 
edit at the 5′ end of ptsI on the global transcriptome were assessed by RNA Seq.

Data, Materials, and Software Availability. All study data are included in the 
article and/or supporting information.
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