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ABSTRACT: Clustered regularly interspaced short palindromic repeats (CRISPR)-Cas9
technology, with its ability to target a specific DNA locus using guide RNAs (gRNAs), is
particularly suited for targeted mutagenesis. The targeted diversification of nucleotides in
Saccharomyces cerevisiae using a CRISPR-guided error-prone DNA polymerase�called
yEvolvR�was recently reported. Here, we investigate the effect of multiplexed expression
of gRNAs flanking a short stretch of DNA on reversion and mutation frequencies using
yEvolvR. Phenotypic assays demonstrate that higher reversion frequencies are observed
when expressing multiple gRNAs simultaneously. Next generation sequencing reveals a
synergistic effect of multiple gRNAs on mutation frequencies, which is more pronounced in
a mutant with a partially defective DNA mismatch repair system. Additionally, we
characterize a galactose-inducible yEvolvR, which enables temporal control of mutagenesis.
This study demonstrates that multiplex expression of gRNAs and induction of mutagenesis
greatly improves the capabilities of yEvolvR for generation of genetic libraries in vivo.
KEYWORDS: in vivo mutagenesis, targeted mutagenesis, CRISPR, multiplexing, directed evolution, yeast

■ INTRODUCTION
Directed evolution is a powerful method to optimize
genetically encoded molecules toward a user-defined goal
through iterative rounds of diversification, selection, and
amplification. Targeted in vivo mutagenesis enables continuous
diversification of a genetically encoded molecule in a cellular
host. Several targeted mutagenesis methods that use the yeast
Saccharomyces cerevisiae as a cellular host have been reported,
using base editors guided by Cas9 variants or T7 RNA
polymerase, orthogonal DNA replication systems, or retro-
transposons.1−4

Recently, a method using an error-prone version of DNA
Polymerase I guided by a Cas9 nickase, called yEvolvR, has
been described.5 A Cas9 nickase contains inactivating
mutations in either of its two endonuclease domains, resulting
in the introduction of single-strand nicks instead of double-
strand breaks into the target DNA sequence. After dissociation
of the nickase, DNA Polymerase I binds and initiates strand
displacement synthesis, followed by flap cleavage of the
displaced original strand. This leaves a ligatable nick, which
is repaired by endogenous DNA ligases. The error-prone
nature of DNA synthesis performed by the here used DNA
Polymerase I low-fidelity variant results in the introduction of
mismatched base pairs. Mismatches that escape repair by
endogenous DNA repair mechanisms, such as the Mismatch

Mediated Repair (MMR) system, are ultimately converted to
mutations.
The direction of yEvolvR activity is dependent on the Cas9

nickase variant, and on which strand the target sequence is
located. Cas9 nickase D10A contains an inactivated RuvC
endonuclease domain, resulting in nicking of the strand
complementary to the gRNA. Cas9 nickase H840A contains
an inactivated HNH endonuclease domain, resulting in nicking
of the strand noncomplementary to the gRNA6 (Figure 1A).
DNA Polymerase I then starts DNA synthesis from the
resulting nick in the 5′−3′ direction. Mutation frequencies are
increased in a ∼40 bp window in the expected direction of
yEvolvR activity. Interestingly, in S. cerevisiae, an increase in
mutation frequencies is also observed within a ∼15-bp window
in the opposite direction of expected yEvolvR activity. The
comparatively small mutational window of yEvolvR requires
multiple gRNAs to enable mutagenesis of an open reading
frame (ORF), with gRNAs spread out over the entirety of the
sequence.7 Multiple gRNAs can also be used to target two
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ORFs simultaneously.5 Large and diverse genetic libraries are
critical for successful directed evolution of a gene of interest.
Increased mutation rates when using yEvolvR would facilitate
generation of improved genetic libraries in vivo. We wanted to
investigate if we could further improve mutation frequencies
and expand the targeted window with yEvolvR by multiplexed
gRNA expression, with all gRNAs flanking a small stretch of
DNA.

■ RESULTS AND DISCUSSION
Design of Mutagenesis System. The yEvolvR constructs

used in this study consist of a fusion of either the D10A or
H840A nickase variant of enhanced Cas9 (eCas9 v1.1)
originating from Streptococcus pyogenes, and the DNA polymer-
ase I quintuple mutant PolI5M originating from Escherichia
coli, as described previously.5,8,9 We also investigated the role
of MSH6, a component of the MMR system, whose gene
product is involved in repair of single base pair mis-
matches.10,11 Additionally, we created a galactose-inducible
yEvolvR system under control of a GAL1p promoter to enable
temporal control of mutagenesis. Multiplexed gRNAs were
generated from a single transcript by processing with the
bacterial endonuclease Csy4 from Pseudomonas aeruginosa.12

yEvolvR and csy4 were expressed from a centromeric plasmid
under control of the TEF1p and PGK1p promoter, respectively.
gRNAs were expressed under control of the RNA polymerase
III promoter SNR52p and a SUP4t terminator from a 2 μ
plasmid. High expression levels of gRNAs have been

demonstrated to be beneficial for genome editing efficiency
with Cas9.13 Plasmids expressing multiple gRNAs were
designed and constructed using a recently published method.14

Multiplexed Expression of gRNAs Increases trp1
Reversion Rates. We introduced a premature stop codon
into the TRP1 gene (GAG → tAG, trp1 E23*), a gene
involved in biosynthesis of tryptophan, whose inactivation
renders cells auxotrophic for tryptophan. The frequency of
reversion to tryptophan prototrophy (Trp+) served as a
readout of mutagenesis by yEvolvR. The trp1 E23* locus
was targeted by four gRNAs which flank the premature stop
codon (Figure 1B). All gRNAs bind within a ∼100 bp long
stretch of DNA, defining the targeted window. The gRNAs
have a comparable GC content (45−55%), and comparable
on-target and off-target scores when evaluated using a
previously published model15 (Supplementary Table S5). We
evaluated the on-target trp1 reversion frequency using
individual gRNAs (TRP1 gRNA1, gRNA2, gRNA3, gRNA4),
two combinations of two gRNAs (TRP1 gRNA1 + 4 and
gRNA2 + 3), and a combination of all four gRNAs (TRP1
gRNA1 + 2 + 3 + 4) for both the yEvolvR(D10A) and the
yEvolvR(H840A) variant. A gRNA targeting CAN1 (CAN1
gRNA7) served as an off-target control (Figure 1C). The
functionality of individual gRNAs was confirmed by perform-
ing TRP1 and CAN1 knockouts, respectively, using Cas9 (data
not shown). For the trp1 reversion assay, yeast was
transformed with plasmids encoding TEF1p-yEvolvR, csy4,
and gRNA(s). After 72 h of growth, the amount of Trp+ cells
was quantified, and the fraction of Trp+ cells per total cells was

Figure 1.Multiplexed gRNA expression increases trp1 reversion frequency with yEvolvR. (A) The direction of yEvolvR activity is dependent on the
enCas9 nickase variant, and on which strand the target DNA sequence is located. (B) The introduced premature stop codon of trp1 E23* is flanked
by four gRNA target sequences, all within a ∼100 bp stretch of DNA. Numbers indicate the base pair number of the open reading frame. (C) Yeast
cells were transformed with plasmids encoding yEvolvR, csy4, and gRNA(s), and liquid minimal medium containing tryptophan was directly
inoculated with the transformants. After 72 h, trp1 reversion frequencies were determined. (D) Yeast cells with a partially defective MMR system
were transformed with plasmids encoding yEvolvR, csy4, and gRNA(s), and liquid minimal medium containing tryptophan was directly inoculated
with the transformants. After 72 h, trp1 reversion frequencies were determined. (E) Yeast cells with a genomically integrated copy of
yEvolvR(H840A) under control of the galactose-inducible GAL1p promoter, which were previously transformed with plasmids encoding csy4 and
gRNA(s), were cultivated in liquid minimal medium containing tryptophan and the indicated carbon source (Glc, glucose; Gal, galactose). After
the indicated amount of time (24, 48, or 72 h), trp1 reversion frequencies were determined. Data points are biological triplicates. The bar indicates
the median trp1 reversion frequency.
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calculated (trp1 reversion frequency). In addition to reversion,
Trp+ cells can also arise when the stop codon is suppressed by
tRNA mutations, similar to the SUP4-o mutant.16 We cannot
distinguish between these two effects (reversion and
suppression) with this assay; however, we assume that
suppression frequencies are constant and independent of the
used gRNA, enabling a comparison between mutation
frequencies with different gRNAs.
Individually expressed, gRNAs TRP1 gRNA1 and TRP1

gRNA3 led to low reversion frequencies, while TRP1 gRNA2
and TRP1 gRNA4 yielded high reversion frequencies.
Expression of the off-target gRNA CAN1 gRNA7 resulted in
the lowest observed trp1 reversion frequency. Reversion
frequencies for the pairs of gRNAs, TRP1 gRNA1 + 4 and
TRP1 gRNA2 + 3, were comparable to the reversion
frequencies of the individually expressed gRNAs TRP1
gRNA4 and TRP1 gRNA2, respectively. When expressing all
four gRNAs simultaneously (TRP1 gRNA1 + 2 + 3 + 4), a
further increase in reversion frequency was observed for
yEvolvR(H840A), but not for yEvolvR(D10A). We also
evaluated on-target and off-target reversion frequencies in a
strain with a partially defective DNA mismatch repair MMR,
generated by deletion of MSH6 (Figure 1D). While the off-
target reversion frequency was increased 1 order of magnitude
in the msh6Δ background, we observed no significant increase
for the on-target reversion frequency when expressing all four
gRNAs simultaneously (TRP1 gRNA1 + 2 + 3 + 4).

To enable temporal control of mutagenesis, we constructed
an inducible yEvolvR variant. A copy of yEvolvR(H840A)
under control of the GAL1p promoter was genomically
integrated into integration site X-4.17 The setup for expression
of csy4 and gRNAs remained as described previously. A time-
course experiment of trp1 reversion was performed (Figure
1E). No increase in reversion frequency was observed when
cells were incubated for 72 h on glucose under noninducing
conditions. When cells were incubated on galactose under
inducing conditions, cells expressing the gRNAs TRP1 gRNA1
+ 2 + 3 + 4 showed an increased trp1 reversion frequency after
24 h, which plateaued after 48 h. No increase was observed for
cells expressing gRNA7 targeting CAN1. Compared to results
obtained from the centromeric TEF1p-EvolvR plasmid, the
observed on-target mutation frequency was slightly lower,
while the observed off-target frequency was comparable.
Amplicon Sequencing Reveals a Synergistic Effect of

Multiple gRNAs on Mutagenesis. Since the phenotypic
assay for trp1 reversion selects only for functional mutations
that result in tryptophan prototrophy, we performed amplicon
sequencing of the targeted window within trp1 E23* to get a
complete picture of the occurring mutations. Yeast cells were
transformed with plasmids encoding TEF1p-yEvolvR, csy4, and
gRNA(s). Liquid minimal medium containing tryptophan was
directly inoculated with the transformants. After 72 h of
growth, cells were harvested, genomic DNA was isolated, and
the trp1 E23* locus was amplified. Untransformed cells served

Figure 2. Synergistic effect of expression of multiple gRNAs on mutagenesis with yEvolvR. (A) Mutation frequency as a function of position in the
gene. Yeast cells were transformed with plasmids encoding yEvolvR, csy4, and gRNA(s). Liquid minimal medium containing tryptophan was
directly inoculated with the transformants. After 72 h of growth, cells were harvested, genomic DNA was isolated, and the trp1 locus was amplified.
Untransformed cells served as a control. Gray box: Target sequence, purple box: protospacer adjacent motif, red line: nick site, red arrow: direction
of yEvolvR activity. (B) Hamming distance of unique reads (number of occurrence ≥5 reads) normalized by mean read depth. (C) Unique variants
(number of occurrence ≥5 reads) found in indicated samples. Samples had an average read depth of 96322.
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as an additional control. Compared to the off-target gRNA
control, an elevated frequency of mutagenesis around the
target DNA sequence was observed for on-target gRNAs
(Figure 2A and Supplementary Figure S1). This increase was
most obvious for gRNAs that resulted in high trp1 reversion
frequencies. As expected, mutation frequencies were highest
for bases close to the nick introduced by the nickase. The first
base in direction of yEvolvR activity adjacent to the nick is
most likely to be mutated by PolI5M.8 The frequency of
mutagenesis was strongly increased in samples with multi-
plexed gRNA expression of all four gRNAs, both for
yEvolvR(D10A) and yEvolvR(H840A), with up to 18% of
the reads containing mutations. The mutation frequency in
samples with multiplexed gRNA expression of all four gRNAs
was greater than the sum of mutation frequencies in samples
with individual gRNA expression, pointing toward a synergistic
effect (Figure 2, Supplementary Figure S1).
This effect was even more pronounced in the msh6Δ

background, with up to 27% reads containing mutations. The
direction of yEvolvR activity was clearly visible in these
samples, with mutations occurring primarily 3′ of the
introduced nick. However, increased mutation frequencies in
the opposite direction were also observed, consistent with
earlier reports.5 We removed indels from our data set and
calculated the Hamming distance of remaining unique reads
with an occurrence of ≥5 reads in our samples, normalized by
median read depth, to describe the generated genetic diversity
(Figure 2B). The Hamming distance is a metric for similarity
between pairs of sequences. The distance describes the
minimum number of base substitutions required to transform
a mutated sequence to the reference sequence. We observed an
increased abundance of unique reads with a Hamming distance
of >1 in multiplexed samples. The average Hamming distance
is increased in multiplexed samples. This is more clearly
observed in a msh6Δ background. In multiplexed samples of
yEvolvR(H840A), the average distance is further increased. We
found that all four nucleotides were mutated, and we observed
all possible 12 transitions and transversions (Figure 2C).
Multiplex Expression of gRNAs and Induction of

Mutagenesis Improve the Capabilities of yEvolvR.
Building on previous work with yEvolvR in S. cerevisiae as
eukaryotic cellular host, we have shown that multiplexed
expression of gRNAs can improve mutation frequencies in a
targeted window. We have demonstrated that deletion of the
MMR component MSH6 further improves mutation frequen-
cies. Finally, we have characterized an inducible yEvolvR
system, which enables temporal control of mutagenesis.
The efficiency of mutagenesis when expressing individual

gRNAs is highly dependent on the gRNA. While gRNAs TRP1
gRNA1 and TRP1 gRNA3 yielded low reversion frequencies,
TRP1 gRNA2 and TRP1 gRNA4 yielded high reversion
frequencies. The same trend was observed when analyzing
mutation frequencies by amplicon sequencing. The criteria that
determine efficiency are unclear, as we observe no clear
correlation between mutation frequencies and the gRNAs’
distance to the premature stop codon, GC content, strand
localization, on-target score, Gibbs free energy of guide
sequence secondary structure formation, or capability for
extended stem-loop formation.15,18−20 The efficiency of
mutagenesis might be more dependent on the DNA sequence
around the gRNA binding site, as has been observed for the
repair profiles of Cas9-generated indels.21 Predictions for the
repair outcomes of Cas9-induced double-strand breaks are

improving,22 and similar efforts are required to accurately
predict mutation outcomes for yEvolvR with different gRNAs.
Multiplexed expression of gRNAs increased the rate of

mutagenesis. This synergistic effect is likely due to changes in
the involved DNA repair mechanisms. TRP1 gRNA2 and
TRP1 gRNA4 are localized on opposite strands. While
expression of individual gRNAs results in nicking of a single
DNA strand, expression of both gRNAs simultaneously results
in nicking of both DNA strands, creating a DNA double-strand
break. The repair of DNA single-strand breaks and DNA
double-strand breaks involves different DNA repair mecha-
nisms with different fidelities. A similar double nicking strategy
has been described previously for improving Cas9 editing
specificity in mammalian cells.23,24 While multiplexing
increased mutation frequencies for both yEvolvR variants,
the increase was more pronounced for the H840A variant. For
this variant, when expressing TRP1 gRNA2 and TRP1 gRNA4,
the directions of yEvolvR activity are directed toward each
other, which might result in a synergistic effect on mutation
rates. This notion is supported by the increased average
Hamming distance in these samples. Increasing the number of
expressed gRNAs could further increase efficiency. While this
study multiplexed up to 4 gRNAs, multiplexing of up to 12
gRNAs has been reported.25

While deletion of MSH6 greatly increased on-target
mutation frequency, it also increased off-target mutation
frequency by more than 1 order of magnitude. This undesired
increase might be circumvented by downregulation, rather
than deletion, of MSH6. Mismatch recognition can also be
disrupted by overexpression of the dominant-negative mutant
msh6 F337A.26 Similarly, the MMR component MLH1 has
been inactivated by overexpression of a dominant-negative
mutant in mammalian cells, and by overexpression of the wild-
type in yeast.27,28 We demonstrated that yEvolvR under
control of the GAL1p promoter enables temporal control of
mutagenesis by induction of expression through addition of
galactose. The observed off-target frequency for GAL1p-
controlled inducible expression is comparable to constitutive,
TEF1p-controlled expression of yEvolvR.
While multiplexing of gRNA expression and the associated

increase in mutation frequencies represents an improvement of
yEvolvR, there are remaining challenges. In the current model
for yEvolvR activity, the Cas9 nickase must dissociate from the
target DNA sequence after DNA cleavage before DNA
Polymerase I can bind and perform strand displacement
synthesis. However, Cas9-gRNA complexes from S. pyogenes
remain tightly bound to the target DNA sequence after DNA
cleavage, effectively preventing mutagenesis of the target
sequence by PolI5M.29,30 Interestingly, Cas9-gRNA complexes
from Staphylococcus aureus partially release the target DNA
sequence after DNA cleave, abolishing the strong interaction.31

A nickase derived from this Cas9 variant dissociates faster from
the target DNA sequence, which could enable more frequent
binding of the DNA Polymerase I, and thereby potentially
improving mutagenesis frequencies when using yEvolvR. After
selecting a targeted window for mutation (e.g., a regulatory
site, substrate binding site), multiplexed expression of gRNAs
and yEvolvR can create a diverse library in vivo. gRNAs should
be chosen with the yEvolvR variant and the associated
direction of yEvolvR activity in mind.
While other in vivo mutagenesis methods appear more

practical for diversification of longer stretches of DNA, the
improved method presented here is particularly suited for
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generating high mutation frequencies in a short stretch of
DNA. Our multiplexed yEvolvR approach achieves mutation
frequencies of up to 5 × 10−2 mutations per bp.

■ METHODS
Plasmid and Strain Construction. Plasmids were

constructed via Golden Gate assembly (using parts created
in this study and from the MoClo collection), by Gibson
assembly, or by site-directed mutagenesis of previously
constructed plasmids.17,32,33 E. coli and S. cerevisiae cells were
transformed using standard molecular biology techniques.
Genome modifications of yeast were performed in a Cas9-
dependent manner. The strain YEY1 was generated by
introducing a premature stop codon into TRP1, generating
trp1 E23*. YEY2 was generated by deleting MSH6 in YEY1.
Due to toxicity issues when attempting to construct a plasmid
encoding GAL1p-yEvolvR(H840A) in E. coli, the correspond-
ing Golden Gate assembly was used as a template to amplify
GAL1p-yEvolvR(H840A) with overlap for integration site X-
434 and was then integrated into YEY1, generating YEY3.
Plasmids are listed in Supplementary Table S1, strains are
listed in Supplementary Table S2, oligonucleotides are listed in
Supplementary Table S3, and dsDNA fragments are listed in
Supplementary Table S4. After reevaluation of Sanger
sequencing data for the plasmid encoding pTEF1-yEvolvR-
(H840A) (pMG356), we noticed that during construction of
the yeast expression plasmid, we had picked up an additional
mutation, G752S, in the enCas9 part. To ensure that this
additional mutation did not affect the function of enCas9, the
H840A mutant was reconstructed and was shown to behave
comparably to the G752S H840A mutant in a trp1 reversion
assay (Supplementary Figure S2).
trp1 Reversion Assay. For determination of trp1 reversion

frequency using constitutive expression of yEvolvR, YEY1 and
YEY2 were transformed with 500 ng of either pMG355 or
pMG356, together with 500 ng of gRNA plasmid. Cells were
resuspended in 50 μL sterile water, and 10 μL of cells were
used to inoculate 2.5 mL synthetic medium containing 2%
glucose, in triplicate, in a 24-deep well plate. The synthetic
medium consisted of 7.5 g/L (NH4)2SO4, 14.4 g/L KH2PO4,
0.5 g/L MgSO4·7H2O, 1 mL/L vitamin mix, 2 mL/L trace
metal solution, pH adjusted to 6.5. Trace metal solution
contained 3.0 g/L FeSO4·7H2O, 4.5 g/L ZnSO4·7H2O, 4.5 g/
L CaCl2·2H2O, 1.0 g/L MnCl2·4H2O, 0.3 g/L CoCl2·6H2O,
0.3 g/L CuSO4·5H2O, 0.4 g/L Na2MoO4·2H2O, 1.0 g/L
H3BO3, 0.1 g/L KI, and 19.0 g/L EDTA disodium salt
dihydrate. Vitamin solution contained 0.05 g/L biotin, 1.0 g/L
D-pantothenic acid hemicalcium salt, 1.0 g/L thiamine-HCl,
1.0 g/L pyridoxine-HCl, 1.0 g/L nicotinic acid, 0.2 g/L 4-
aminobenzoic acid, and 25 g/L myo-inositol. The medium was
supplied with 75 mg/L L-tryptophan. Cells were then
cultivated for 72 h before plating cells on SD-Ura-His and
SD-Trp agar plates to determine colony forming units (CFU).
The trp1 reversion frequency was calculated as Trp+ CFUs
divided by total CFUs.
For determination of trp1 reversion frequency using

inducible expression of yEvolvR, YEY3 was transformed with
100 ng of TRP1 gRNA1 + 2 + 3 + 4 and 100 ng of pMG382.
Transformants were first incubated overnight in synthetic
medium containing 2% glucose, and then overnight in
synthetic medium containing 2% raffinose. The raffinose
preculture was then used to inoculate 2.5 mL synthetic
medium containing 2% galactose to a starting OD600 = 0.1, in

triplicate, in a 24-deep well plate. All medium was supplied
with 75 mg/L L-tryptophan.35 Cells were then cultivated for 72
h and the trp1 reversion frequency was calculated as Trp+
CFUs divided by total CFUs.
Next Generation Sequencing (NGS). Cells were

cultivated as described before. Two milliliters of cells were
harvested after 72 h, washed once with water, and the cell
pellets were stored at −20 °C. Additionally, two mL of cells
from the preculture used for transformation were harvested,
which served as an additional control. Genomic DNA was
isolated using a LiOAc method (Lõoke et al., 2011).36 DNA
concentration was determined using Qubit and the Qubit
dsDNA HS assay kit. 40 ng of genomic DNA served as
template for the first PCR (20 cycles). The second PCR was
performed using a Nextera Indexing Kit V2 Set A (15 cycles).
The PCRs were purified using Ampure XP beads, diluted to 10
nM, pooled, and quality was controlled by analyzing the
pooled library on a Bioanalyzer High Sensitivity DNA analysis
kit. MiSeq 2 × 150 bp sequencing was performed at
SciLifeLab, Stockholm.
NGS Data Analysis. The sequenced region on the TRP1

locus was short enough to allow complete overlap of
complementary paired-end reads. Using NGmerge,37 paired-
end reads in FASTQ format with perfectly overlapping
complementary regions were merged using the following
parameters: mismatches to allow in the overlapping region = 0,
FASTQ quality offset = 33, and maximum input quality score =
40. Merged reads were subsequently aligned to the TRP1 locus
using the burrows-wheeler aligner38 and the resulting align-
ment files in BAM format were then sorted using SAMtools
sort.39 Next, sorted BAM files were piled up into the tabular
VCF format, containing counts of all detected genetic variants
across samples, using BCFtools mpileup3 with the parameter
maximum depth = 600000. The entire pipeline for producing
VCF files from raw FASTQ files was implemented using the
Snakemake workflow engine40 and package versions were
managed using Conda.
Processing of the resulting VCF file was performed in the R

software package (version 4.1.2) along with the Tidyverse suite
of packages.41 The resulting VCF file was parsed into a tidy
format containing allele counts for each position on the TRP1
gene across all samples. Regions containing a read depth of less
than 40000 were discarded from the analysis. This resulted in
one sample (replicate #3 of the strain containing the CAN1
targeting gRNA in the msh6Δ background) being removed
from subsequent analyses. End regions of the TRP1 gene were
also removed due to reduced quality of base calling from NGS.
Counts of nonreference bases at each position were then
normalized for sequencing depth in order to calculate the
proportion of mutated bases at each position across samples.
These values were then subtracted by the proportion of
mutated bases in the parental WT samples in order to highlight
regions enriched for mutations, values with a proportion of
alternative bases less than 10−4 were set to zero. The depth
normalized and background subtracted values for each position
were then plotted along the positions on TRP1. The fraction of
nonreference reads is defined as the mutation frequency.
In order to gain read-level information, e.g., number and

type of SNPs within individual reads, sample BAM files
obtained from the alignment step were merged into one file
using SAMtools merge. The merged BAM file was then
trimmed in order to obtain 160 bp from the left, and 170 bp
from the right using trimBam from the BamUtil suite (https://
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github.com/statgen/bamUtil). The trimmed bam file was
subsequently converted into FASTA format and tab characters
in the sample names introduced by trimBam were removed
using the following sed command: sed -i.bak -E $’s/\t//
all_trimmed_noTab.fasta. This processed FASTA file was then
split into 100 smaller files (in order to conserve RAM) using
splitfasta (https://pypi.org/project/split-fasta/), with all files
being subsequently imported into R one-by-one using the
Biostrings package.42 Only unique reads were tallied up kept
for subsequent analyses. Hamming/edit distances between the
reference and the unique reads were calculated and used to
remove reads containing indels based on mismatches between
each reads hamming and edit distance. The number of unique
reads in each sample were then normalized their corresponding
read-depth and reads with occurrences ≥5 in the parental WT
strains were removed from daughter strains. Normalized
unique reads were then plotted for all samples against the
reads corresponding hamming distance to the reference
sequence. The number of SNPs obtained from the unique
reads were grouped by transition/transversion type and plotted
for all samples. All computational analyses were performed on
a 2020 MacBook Pro with 4 cores [Intel Core 10th generation
CPU @4.1 GHz] and 16 GB RAM running MacOS Monterey
version 12.5.1.
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