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Abstract

The occurrence of random mutations can increase the diversity of the genome and promote the evolutionary process of organisms.

High efficiency mutagenesis techniques significantly accelerate the evolutionary process. In this work, we describe a targeted in

vivo mutagenesis system to significantly increase mutation frequency and generate mutations across all four nucleotides. We

constructed different DNA-modifying enzyme-PmCDA1-T7 RNA polymerase fusion proteins, achieved targeted mutagenesis by

flanking the target gene with T7 promoters, and tuned the mutation spectra by introducing different DNA-modifying enzymes.

With the mutagenesis fusion proteins, the mutation frequency of the target gene could reach 5.13x10-3, and the proportion of

non-C-T mutations is 10˜11-fold higher than the cytidine-based evolutionary tools. We also demonstrated that our mutagenesis

tools could be used to evolve the essential enzyme in the β-carotene biosynthesis process and generate mutations with different

types.
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Abstract

The occurrence of random mutations can increase the diversity of the genome and promote the evolution-
ary process of organisms. High efficiency mutagenesis techniques significantly accelerate the evolutionary
process. In this work, we describe a targeted in vivo mutagenesis system to significantly increase muta-
tion frequency and generate mutations across all four nucleotides. We constructed different DNA-modifying
enzyme-PmCDA1-T7 RNA polymerase fusion proteins, achieved targeted mutagenesis by flanking the target
gene with T7 promoters, and tuned the mutation spectra by introducing different DNA-modifying enzymes.
With the mutagenesis fusion proteins, the mutation frequency of the target gene could reach 5.13x10-3, and
the proportion of non-C-T mutations is 10˜11-fold higher than the cytidine-based evolutionary tools. We
also demonstrated that our mutagenesis tools could be used to evolve the CrtE , CrtI , and CrtYB genes in
yeast to increase β-carotene yields.
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Introduction

Mutations can increase genome diversity and drive the evolution of organisms. Random mutagenesis plays a
crucial role in industrial strain breeding, new drug research and development, protein engineering and many
other aspects.[1-6] However, under natural conditions, the genomic error rate is as low as 10-8˜10-9, which
makes natural evolution a very slow process. Therefore, how to increase the mutation rate of target genes,
expand the mutation spectrum, and obtain the mutants with desired phenotypes efficiently are the essential
problems that researchers have to consider.

There has been a lot of research into accelerating the evolution over the last few decades. Several strate-
gies have been employed by researchers to accelerate the evolution of target genes, resulting in impressive
progress. Radiation or chemically-induced mutagenesis is a conventional and commonly-used strategy to
generate random mutations.[7-9] This method effectively increases the mutation rate of the target gene and
is relatively straightforward to implement. As CRISPR/Cas techniques continue to advance, a multitude of
CRISPR-based targeted mutagenesis systems have emerged, including CHAnGE, MAGESTIC, and many
others.[10-13] In these systems, Cas9 variants are capable of precisely identifying the targeted gene, while
gRNAs facilitate accurate and traceable editing of the gene. This leads to the production of numerous
mutants with varying genotypes. By using CRISPR-based targeting systems, mutations in non-targeted
regions are avoided. Additionally, traceable editing via barcoded gRNAs could provide valuable insights
into the molecular mechanisms of evolution. To overcome the constraints of limited DNA library size and
low DNA library-transformation efficiencies, some researchers have fused the Cas9-variants with error-prone
polymerases or deaminases such as AID to create random mutations in the target regions.[14-20] Mutations
are commonly located in an area adjacent to the target site spanning around 40 to 80 base pairs. In recent
years, there has been a rise in the use of targeted in vivo mutagenesis tools such as cytidine/adenosine deami-
nase, TRACE,[21] eMutaT7,[22] and TRIDENT,[23] which are based on T7 RNA polymerase-deaminase fusion
proteins.[24-27]Deaminases greatly increase the mutation rate of the target region and speed up evolution,
while the use of T7 RNA polymerase (T7 RNAP) instead of Cas9-variants broadens the editing window,
allowing us to mutate longer regions. Generation of genetic diversity is the foundation of accelerating evolu-
tion, and developing mutagenesis tools with different mutation types is of great importance in this process.
However, there are still some drawbacks in the above-mentioned techniques, such as low mutation rate and
mutation bias, which make them unable to fully meet the needs of users for targeted mutagenesis.

In this work, we developed the targeted in vivo mutagenesis system by fusing different DNA-modifying
enzymes, cytidine deaminase and T7 RNAP. We obtained three fusion proteins, MAG1/EXO1/REV3-
PmCDA1-T7 RNAP, which could significantly increase the mutation rate and expand the mutation spectrum.
Our mutagenesis tools can complement the above-mentioned platforms and accelerate the evolution of target
genes.

Materials and Methods

Strain construction and cultivation

Escherichia coli -Trans1 T1 was used as the cloning and amplification host. For plasmid construction, the
heterologous gene sequences were cloned from the previously published plasmids in Addgene. The DNA-
modifying enzymes were PCR amplified from the BY4741 genome. The PCR products were connected to
the pRS415 vector. Cloning was performed by SE assembly and BM assembly followed by transformation
into E. coli- Trans1 T1. E. coli strains were cultivated at 37 in liquid LB media (LB, 1% (w/v) tryptone,
0.5% (w/v) yeast extract, 1% (w/v) NaCl) with appropriate antibiotics and selected on LB agar plates with
100μg/mL ampicillin.

BY4741 was used as the chassis strain in this work. The plasmids carrying the mutagenesis cassettes were
transformed into yeasts through yeast transformation. The T7-CAN1 cassette was PCR amplified and
integrated into the genome using HIS3 as the selectable marker.Strains were grown at 30 in liquid YPD
media (1% yeast extract, 2% peptone, 2% glucose) and selected on SC agar plates lacking leucine, leucine
and uracil, or leucine and histidine.
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2.2 Canavanine plates selecting for CAN1 mutant colonies

The mutation rate of CAN1 (with PT7 targeting sequence) was determined to characterize the efficiency of
our mutagenesis system in this work. Cells were grown to saturation for 24 h in liquid SC medium lacking
appropriate amino acids depending on the autotrophic markers to maintain plasmids. Cultures were then
diluted and adjusted to OD600=1 and added into inducing media. Inducing media contains 0.2% galactose
and 1 uM β-estradiol. After incubation at 30 for 8˜24 h, 30˜50 μL of the cultures were plated onto SC-Leu-
His-Arg plates with 60mg/L canavanine, and the same volume of culture was gradient diluted and plated
onto YPD plates. Colonies on canavanine and YPD plates were counted after 2˜3 days to determine the
mutation rate.

Mutation rate analysis

The SC-Leu-His-Arg with 60mg/L canavanine plates were incubated at 30 for 2˜3 days and the colonies were
counted. The sample size was based on the number of countable colonies on a single plate (up to 500), and
the number of colonies on the YPD plates was used as a control. Statistical analysis was performed using
Graphpad Prism.

Mutation diversity analysis

For mutation diversity analysis, the average-sized colonies were randomly selected and the target locus was
PCR amplified. The PCR products were analyzed by Sanger sequencing and compared with the reference
sequence.

Results

PmCDA1 increased the mutation rate of the target gene

Cytidine deaminase PmCDA1 can catalyze the deamination of cytosines, mutating cytosine (C) to uracil (U),
while uracil pairs with adenine (A) in the subsequent DNA repair and replication process to complete the C-T
conversion.[28, 29] Uracil glycosylase inhibitor (UGI) is usually used to block the activity of uracil glycosylase
(UNG) and inhibit the removal of mismatched uracil, thereby reducing other types of mutations such as C-G
and C-A.[30, 31] We hypothesized that in the absence of UGI, the types of base substitutions generated by
PmCDA1 might be more diverse.[32] We constructed the mutagenesis plasmids carrying the pGAL-PmCDA1-
T7 RNAP expression cassette. Meanwhile, we inserted the T7 promoter sequence upstream of the target
CAN1 gene so that PmCDA1-T7 RNAP could be specifically recruited to the target site defined by the
T7 promoter (Fig. 1A). The mutation rate was characterized by the frequency ofCAN1 gene inactivation.
We performed the assay on yeast strains with and without the mutagenesis plasmids. After induction with
galactose for 8˜24 h, we plated cells on canavanine plates capable of inhibiting CAN1 + cell growth, and
counted colonies on canavanine plates to assess the mutation rates. Compared with the control strain,
the mutation frequency of theCAN1 gene in the strain expressing PmCDA1-T7 RNAP was significantly
increased (Fig. 1C), indicating that PmCDA1-T7 RNAP can effectively increase the mutation rate of the
target gene in S. cerevisiae .

Appropriate extension of the linker length can sometimes expand the targeting scope.[30, 33] Based on this,
we further investigated the influence of different linker lengths on the mutation effect of PmCDA1-T7 RNAP.
Two linker lengths (32a.a. and 84a.a.) were selected (Fig. 1B), and the mutation rate of CAN1 gene was
determined. We observed that the length of linker between PmCDA1 and T7 RNAP had no significant effect
on the mutagenic activity of the fusion protein. After 24 h of induction, both PmCDA1-32a.a.-T7 RNAP
and PmCDA1-84a.a.-T7 RNAP could increase the mutation frequency up to 1.0x10-3˜1.2x10-3(Fig. 1D).
We analyzed the mutations generated by PmCDA1-32a.a.-T7 RNAP and PmCDA1-84a.a.-T7 RNAP by
sequencing the PT7CAN1 locus. The data demonstrated that the mutation types generated by PmCDA1-32
a.a.-T7 RNAP and PmCDA1-84 a.a.-T7 RNAP were basically the same, with C-T mutations accounting for
more than 97% and the remaining 3% being other types of mutations (Fig. 1E), which was also consistent
with the mutation characteristics of PmCDA1.[16] The distribution of the mutations in the CAN1 gene was
also similar (Fig.1F).Therefore, the length of linker between PmCDA1 and T7 RNAP has no significant
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effect on the mutation effect. Meanwhile, even without UGI, the mutation types generated by PmCDA1
were really simple, and most of them were C-T mutations.

DNA-modifying enzymes improved mutation effect

When using PmCDA1-T7 RNAP as the mutator, the strong bias towards C-T mutations would reduce the
diversity of mutants. In cells, the mismatched U resulting from the deamination of C is excised by DNA-
modifying enzymes to form abasic sites. In the subsequent DNA repair process, different bases could be
randomly inserted into the abasic sites, resulting in different types of mutations.[34, 35] Thus, we hypothesized
that fusing different DNA-modifying enzymes to PmCDA1 would improve the mutation outcome.

We first chose MAG1 as the DNA-modifying enzyme to link to PmCDA1. MAG1 can remove mismatched
bases and initiate base excision repair (BER).[36, 37] Overexpression of MAG1 in cells leads to an elevated
genomic mutation rate.[38] We assumed that the addition of MAG1 would enhance the excision of mismatched
U and create more abasic sites, thereby generating diverse mutation types during the subsequent DNA repair
process. Since the relative positions of PmCDA1, T7 RNAP and the DNA-modifying enzymes may influence
the mutation outcome, we designed five expression cassettes with different constructions and linkers (Fig.
2A). We compared the mutagenic activity of these fusions with PmCDA1-T7 RNAP and the control strain
without mutagenesis fusions. We found that the construction of the fusion proteins significantly affects the
mutation outcome. The data indicated that Cons. 3 could raise the mutation frequency up to 1.9x10-3,
which was 1.6 to 2 times higher than that of PmCDA1-T7 RNAP and was the highest among these five
fusions. The mutation frequencies of the other four constructions were about 3x10-4, which was significantly
reduced compared with PmCDA1-T7 RNAP (Fig. 2B). When analyzing the types of mutations, we found
that C-T mutations accounted for 64.5% of the mutations produced by Cons. 3, followed by G-A mutations
(19.2%), C-G mutations (12.5%), and G-C mutations (3.8%). The proportion of non-C-T mutations is 11-
fold higher than that of PmCDA1-T7 RNAP (Fig. 2C). We suspect that the increase in non-C-T mutations
may be due to the enhancement of the excision of mismatched bases, thus forming more abasic sites-which
are important for BER-and increasing the diversity of mutations. Although the mutation frequencies of the
other four candidates were low, the mutation types were diverse and most of them were non-C-T mutations.
We speculated that the presence of DNA-modifying enzymes in these constructions affected the activity of
PmCDA1, resulting in the mutation effect that was apparently different from that of PmCDA1. Considering
the mutation frequency and diversity, we selected the Cons. 3 for further work.

Based on this, we chose 6 other DNA-modifying enzymes and analyzed their mutagenic activity (Fig.
3A).[39-44] Among these candidates, EXO1-PmCDA1-T7 RNAP produced the highest mutation frequency of
2.2x10-3, which was twice that of PmCDA1-T7 RNAP (Fig. 3B). When analyzing the mutations generated
by EXO1-PmCDA1-T7 RNAP, we found a strong bias towards C-T mutations, similar to PmCDA1. In 48
randomly selected colonies, C-T mutations accounted for 80.0%, followed by C-G mutations (11.0%) and
other types of mutations (8.0%) (Fig. 3C). EXO1 is a key enzyme in DNA double-strand break repair,
mismatch repair, and other repair pathways,[43, 45] and we speculated that EXO1 may act synergistically
with PmCDA1 to further increase the mutation frequency. In laboratory evolution, a high mutation rate
can greatly accelerate the evolution process. The mutation frequency generated by REV3-PmCDA1-T7
RNAP was about 1.26x10-3, which was slightly lower than that of MAG1-PmCDA1-T7 RNAP and EXO1-
PmCDA1-T7 RNAP (Fig. 3B), but the mutation types were diverse, of which C-T mutations accounted for
70.4%, followed by C-G mutations (14.1%), G-A mutations (9.86%) and other mutations (5.64%)(Fig. 3C).
REV3 involves in DNA translesion synthesis repair, double-strand break repair, and DNA damage-induced
mutagenesis.[44] Therefore, we hypothesized that, similar to MAG1, REV3 strengthens the DNA translesion
synthesis repair, in which different bases are inserted into abasic sites, resulting in multiple types of mu-
tations. In the process of laboratory evolution, the occurrence of different types of mutations enlarges the
mutant spectrum, and allows us to screen a wider range of desired strains. Different from cytidine-bearing
mutators,[21, 22, 24] after altering the mutation spectrum by DNA-modifying enzymes, mutations could occur
across all four nucleotides, with G-A or C-G mutations being the main mutation types, except for C-T
mutations, meaning that our system is able to play a complementary role to the cytidine-based evolutionary
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tools.

Dual T7 promoters increased mutation frequency

After changing the constrution of the fusion proteins and adding DNA-modifying enzymes to improve the mu-
tation effect, the mutagenic activity of mutators have been improved significantly compared with PmCDA1-
T7 RNAP. Based on this, we inserted two reverse T7 promoters on both sides of the CAN1 gene and analyzed
the mutation effect of MAG1/EXO1/REV3-PmCDA1-T7 RNAP under this condition (Fig. 4A).[22, 24] We
observed that the addition of the second T7 promoter significantly increased the mutation frequency. In the
dual T7 promoter system, the mutation rate generated by EXO1-PmCDA1-T7 RNAP could reach 5.13x10-3

after 24 h of induction, which was 1.57-fold higher than that of the single T7 promoter system (Fig. 4B).
With dual T7 promoters, the mutation frequencies generated by MAG1-PmCDA1-T7 RNAP and REV3-
PmCDA1-T7 RNAP were also significantly increased. After induction for 24 h, the mutation rates of strains
expressing MAG1-PmCDA1-T7 RNAP and REV3-PmCDA1-T7 RNAP were 3.72x10-3 and 3.26x10-3, re-
spectively, which were 2˜2.5-fold higher than that of the single T7 promoter system (Fig. 4B). We speculated
that the dual T7 promoters may increase the probability of T7 RNAP binding to the T7 promoter, so that
DNA-modifying enzymes-PmCDA1 have a greater chance of acting on the target gene, leading to higher
mutation rates.

When analyzing the mutations produced in the dual T7 promoter system, we found that the introduction of
the reverse T7 promoter had no strong effect on the mutation types. In the dual T7 promoter system, C-T
mutations generated by MAG1-PmCDA1-T7 RNAP comprised 65.7%, followed by G-A mutations (13.6%),
C-G mutations (11.9%), and other types of mutations (8.8%). Although the proportion of G-A mutations
was slightly lower than that in the single T7 promoter system, other types of mutations increased, such
as some transversion mutations like G-T. The mutation types of EXO1-PmCDA1-T7 RNAP in the dual
T7 promoter system were barely changed, among which C-T mutations comprised 82.4%, followed by C-G
mutations (8.33%), G-A mutations (5.1%) and other mutations (4.17%). In REV3-PmCDA1-T7 RNAP,
C-T mutations comprised 73.6%, followed by C-G mutations (12.2%), G-A mutations (12.12%) and other
mutations (2.8%) (Fig. 4C). It can be seen that the dual T7 promoter system had little effect on the mutation
characteristics of our mutagenesis tools, but slightly increased the frequency of some transversion mutations
(such as G-T, G-C, etc.) and made the mutation types more diverse. Existing deaminase-based evolutionary
techniques are difficult to achieve transversion mutations, and most of them are biased towards generating
specific types of mutations.[22, 24, 25] Therefore, our mutagenesis tools with dual T7 promoters can further
enlarge the mutation libraries, thus promoting the process of evolution.

3.4 Εvολυτιον οφ κεψ ενζψμες ιν τηε β-ςαροτενε μεταβολις πατηωαψ υσινγ μυταγενεσις

τοολς

To explore the potential of our mutagenesis tools in different evolutionary scenarios, such as enhancing the
production of valuable compounds, we utilized them in the evolution of the CrtE ,CrtI and CrtYB genes in
the β-carotene biosynthetic pathway. We selected the β-carotene-producing yeast strain as the chassis strain
and added reverse T7 promoter sequences to CrtE ,CrtI , and CrtYB gene expression cassettes (Fig. 5).
After the introduction of mutagenesis plasmids into the chassis strain and induction, we found that there
were a few colonies of the strains exhibited different colors. We selected four colonies with distinct color
changes and sequenced the target loci. The data suggested that diverse mutations occurred in the CrtE ,
CrtI , andCrtYB expression cassettes, including transition and transversion mutations. We analyzed these
base conversions and found that most of them were C and G mutations, which was also consistent with the
mutation characteristics of our mutagenesis tools mentioned above.

We then respectively introduced these single point mutations into the original β-carotene-producing strain
and verified whether these strains could still show different colors. We observed that even without the
mutagenic fusion proteins, the strains with point mutations still exhibited obvious color changes, indicating
that these mutations can effectively alter colony colors and β-carotene yields.

We proved that our mutagenesis tools can generate random mutations in the key enzymes in the β-carotene
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biosynthetic pathway, resulting in increased β-carotene yields. These results demonstrated that our mutage-
nesis tools can be applied to the evolution of non-growth-limiting genes. Even in the absence of the growth
pressure or selection, the mutagenesis fusion proteins were able to function robustly.

Discussion

The occurrence of random mutations can improve genetic diversity and play an important role in many
fields.[1-4, 6, 9]To date, researchers have developed a handful of mutagenesis techniques to increase the mu-
tation rate and mutation diversity[6]. These tools have produced achievable effects in various chassis cells
such as E. coli , S. cerevisiae , and mammalian cells. In this work, we developed a targetedin vivo muta-
genesis tool that can significantly improve the mutation rate and broaden the mutation spectrum by fusing
DNA-modifying enzymes, cytidine deaminase and T7 RNAP.

We constructed different mutagenesis proteins that could accelerate the evolution of the target gene. We
first constructed the plasmid containing the cytidine deaminase PmCDA1-T7 RNAP expression cassette and
inserted T7 promoter sequence upstream of the target gene. PmCDA1-T7 RNAP fusions could raise the
mutation frequency to about 1.0˜1.2x10-3, and exhibited a strong bias toward C-T mutations, which is con-
sistent with the mutation characteristic of PmCDA1.[21, 22] We hypothesized that enhancing the removal of
mismatched U as well as the subsequent DNA repair processes would lead to diverse mutation types.[34, 35, 46]

Therefore, we fused different DNA-modifying enzymes with PmCDA1 to improve the mutation effect. The
results indicated that the introduction of DNA-modifying enzymes could indeed improve the mutation effect.
Among these candidates, MAG1 and REV3 could significantly increase the diversity of mutations. In the
mutations generated by MAG1-PmCDA1-T7 RNAP, C-T mutations accounted for 64.5%, followed by G-A
mutations (19.2%), C-G mutations (12.5%), and G-C mutations (3.8%). The ratio of non-C-T mutations was
36.5%, which was 11-fold higher than that of PmCDA1-T7 RNAP. REV3-PmCDA1-T7 RNAP could also
generate more diverse mutations, of which C-T mutations comprised about 29.6%, nearly 10-fold higher than
that of PmCDA1-T7 RNAP. The mutation diversity is crucial to the evolutionary process and the wider mu-
tation spectrum would help us to obtain desired strains more efficiently. Smolke et al. developed TRIDENT
system and increased the ratio of non-C-T mutations to about 20%,[23]while Shoulders et al. fused evolved
adenosine deaminase to T7 RNAP and developed MutaT7A-G and eMuataT7A-G, which could generate all
transition mutations when being employed with cytidine-bearing mutators.[25] As our mutagenesis fusions
could generate higher proportion of C-G and G-A mutations, they could play a complementary role with
the above-mentioned tools. Except for the change on the mutation spectra, the addition of DNA-modifying
enzymes could also raise the mutation frequency. EXO1-PmCDA1-T7 RNAP could increase the mutation
rate up to 2.2x10-3, which is twice as high as PmCDA1-T7 RNAP.

We then added a reverse T7 promoter at the end of the target gene and compared the mutation effects
with that of the single T7 promoter system. The introduction of the second T7 promoter could significantly
increase the mutation frequency of the target gene. The mutation frequencies of strains with dual T7
promoters were about 1.5˜2.5-fold higher than that in the single T7 promoter system. We hypothesized that
the dual T7 promoters might increase the possibility of T7 RNAP binding to the T7 promoter, thus increasing
the mutation rate. The proportions of different mutations generated in the dual T7 promoter system were
basically the same as the single promoter system. Both Kim et al. and Shoulders et al. have found that
the introduction of the second T7 promoter increased the ratios of G-A mutations.[22, 24] However, we did
not observe apparent change of the frequency of G-A mutations in the dual T7 promoter system. Instead,
we found that the ratios of some transversion mutations (G-T, G-C etc.) increased than that in the single
promoter system. We suspect that this difference might be due to the different DNA repair mechanisms
in the hosts (S. cerevisiae vs. E. coli ). Our mutators still showed bias toward C-T mutations, and we
hypothesized that the introduction of other DNA-modifying enzymes and their combinations might further
broaden the mutation spectra.

Finally, we applied our mutagenesis tools to the evolution of the key enzymes in the β-carotene biosynthetic
pathway. After induction, we observed apparent color changes compared with the original strain. Most
of the mutations were C and G mutations, which was consistent with the mutation characteristic of our
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mutators. These results demonstrated that our mutagenesis tools could evolve the non-growth-limiting
genes and generate diverse genotypes even without the growth pressure or selection.

Our mutagenesis tools are inducible, so the mutation rate could be flexibly tuned by changing the inducer
concentration and induction time. The expression level of our mutagenesis fusion proteins may also influence
the mutagenic activity and needs further investigation. In addition, using more DNA-modifying enzymes
or their combinations may further alter the mutation effect of the mutagenesis proteins, thus developing
evolutionary tools with diverse mutation characteristics to meet different needs of the evolutionary pro-
cess. Our mutagenesis tools are compatible with continuous evolution, with the help of biosensors or other
screening techniques, researchers can efficiently obtain desired mutants. In addition, our mutagenesis tools
can also work complementary to the single deaminase-bearing mutators that are biased toward generating
transition mutations, effectively creating both transition and transversion mutations, and can be applied to
many aspects, such as industrial strain breeding, protein engineering, and so on.

Conclusion

In this work, we established a targeted in vivo mutagenesis system by fusing different DNA-modifying en-
zymes, cytidine deaminase and T7 RNA polymerase. With the introduction of the DNA-modifying enzymes
and the dual T7 promoters, our mutagenesis tools could raise the mutation frequency up to 5.13x10-3 and
significantly expand the mutation spectrum. Besides transition mutations, our system could also efficiently
generate transversion mutations, which are difficult to access by cytidine/adenosine-bearing evolutionary
tools. Although our system still showed a slight bias toward generating C-T mutations, we hypothesized
that this problem would be solved by employing more DNA-modifying enzymes and their combinations. Our
mutagenesis tools are effective, flexible, and compatible with multiple evolutionary scenarios. Even with-
out the selection pressure, our system functioned robustly and generated diverse mutations. In conclusion,
our mutagenesis system could significantly increase the mutation frequency of target genes and generate
mutations of different types, including transversion mutations, providing a powerful tool to accelerate the
evolutionary process.
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Figure legends

Fig. 1 PmCDA1-T7 RNAP fusion increased the mutation frequency of the target gene. (A) Schematic view
of the design of the yeast mutagenesis tool. PmCDA1-T7 RNAP could be recruited to the target gene by the
T7 promoter. T7 RNAP would move along the target gene and PmCDA1 could generate random mutations
on the target gene. The target gene in this work is the CAN1 gene, and the T7 promoter is upstream of
CAN1 . (B) Construction of PmCDA1-T7 RNAP with different linker lengths and the mutation effects (C
) after 24 h of induction. (D) The mutation rates at CAN1 in strains expressing PmCDA1-T7 RNAP with
different linkers and without PmCDA1-T7 RNAP (null). (E) The proportions of different types of mutations
at CAN1 . (F) Distribution of mutations atCAN1 generated by PmCDA1-T7 RNAP fusions with different
linker lengths. Values represent the mean and standard deviation of three biologically independent replicates.

Fig. 2 The introduction of DNA-modifying enzymes improved the mutation effect. (A) Fusion proteins were
designed in five constructions, where Cons. represents the construction. (B) The mutation rates at CAN1
in yeasts with different mutagenesis fusions. Null denotes strains without mutagenesis fusions. (C)Fraction
of different base substitutions occurring in strains with different mutagenesis fusions. Values represent the
mean and standard deviation of three biologically independent replicates.

Fig. 3 Screening of DNA-modifying enzymes to tune the mutation spectra. (A) Six other candidates were
selected for their involvement in the DNA repair process. DNA-modifying enzymes could significantly alter
the mutation rate (B ) and base conversion types (C ).

Fig. 4 Dual T7 promoters increased the mutation frequencies.(A) The structure of the dual T7 promoter
system. The two T7 promoters flanking the CAN1 gene were in the reverse direction.(B) The mutation
rates in the dual T7 promoter system were obviously higher than in the single promoter system after 24 h of
induction. (C) The addition of the second T7 promoter barely changed the proportions of different mutation
types. MAG1, EXO1 and REV3 represent strains expressing these fusions with single T7 promoter, while
MAG1*, EXO1* and REV3* represent strains with dual T7 promoters. Values represent the mean and
standard deviation of three biologically independent replicates. (Student’ s t-test, **P<0.01).
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Fig. 5 Application of mutagenesis tools to the evolution of key enzymes in the β-carotene biosynthetic
pathway. The transcription units of the essential genes in the β-carotene biosynthetic process were flanked
by dual T7 promoters. After introducing mutagenesis plasmids and induction, some of the colonies showed
apparent color changes. TU denotes transcription unit, including promoter, coding region and terminator.
Original strain denotes the β-carotene-producing strain containing T7 promoters and mutagenesis proteins,
but without induction.

Fig.1

Fig. 2
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Fig. 3
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Fig. 4

Fig. 5
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