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A B S T R A C T

Targeted in vivo hypermutation mediated by base deaminase-T7 RNA polymerase (T7 RNAP) fusions promotes 
genetic diversification and accelerates continuous directed evolution. Due to the lack of a T7RNAP expression 
regulation system and functionally compatible linker for fusion protein expression, T7RNAP-guided continuous 
evolution has not been established in Bacillus subtilis, which limited long gene fragment continuous evolution 
targeted on genome. Here, we developed BS-MutaT7 system, which introduced mutations into specific genomic 
regions by leveraging chimeric fusions of base deaminases with T7RNAP in B. subtilis. We selected seven different 
sources of adenosine and cytosine deaminases, 14 fusion protein linkers to be fused with T7RNAP, constructing 
four libraries with the size of 5000, where deaminases were fused at either the N- or C-terminus of T7RNAP. 
Based on the efficiency of binding to T7 promoter and high mutagenesis activity, two optimal chimeric mutators, 
BS-MutaT7A (TadA8e-Linker0-T7RNAP) and BS-MutaT7C (PmCDA1-(GGGGS)3-T7RNAP co-expressed with UGI) 
were identified. The target mutation rates reached 1.2 × 10− 5 per base per generation (s.p.b.) and 5.8 × 10− 5 s.p. 
b., representing 7000-fold and 37,000-fold increases over the genomic mutation rate, respectively. Both 
exhibited high processivity, maintaining mutation rates of 5.8 × 10− 6 s.p.b. and 2.9 × 10− 5 s.p.b. within a 5 kb 
DNA region. Notably, BS-MutaT7C exhibited superior mutagenic activity, making it well-suited for applications 
requiring intensive and sustained genomic diversification. Application of BS-MutaT7 enabled a 16-fold increase 
in tigecycline resistance and enhanced β-lactoglobulin (β-Lg) expression by evolving the global transcriptional 
regulator codY, achieving a β-Lg titer of 3.92 g/L. These results highlight BS-MutaT7 as a powerful and versatile 
tool for genome-scale continuous evolution in B. subtilis.

1. Introduction

Directed evolution offers a rational and versatile strategy for 
enhancing protein function by emulating natural selection in the labo
ratory. Through iterative cycles of mutation and screening, it has driven 
significant progress in enzyme engineering, therapeutics, and synthetic 
biology [1–3]. However, traditional in vitro protein evolution strategies 
are constrained by low transformation efficiency, prolonged evolution 
time, poor mutant adaptability, and discontinuous workflows [4,5]. 
These challenges have recently been overcome by continuous directed 

evolution (CDE), which utilizes in vivo hypermutation to enable 
continuous mutagenesis under natural physiological conditions. This 
approach allows the direct selection of functional mutants, significantly 
accelerating in situ protein evolution [6–8]. Moreover, in vivo hyper
mutation approach can specifically introduce mutations into the target 
gene, minimizing harm to host cells.

Based on distinct mechanisms and mutation-targeted regions, 
various methods for targeted in vivo protein evolution have been 
developed. For instance, virus-based phage-assisted continuous evolu
tion (PACE) can induce mutations across the entire genome [9], while 
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the orthogonal DNA polymerase-based evolution systems introduce 
mutations specifically on plasmids using an orthogonal error-prone DNA 
polymerase [10–12]. CRISPR-based targeted evolution systems, such as 
EvolvR [13], base editors (BE) [13–20], and prime editors [21,22], 
generate mutations have been developed. The EvolvR system fused 
nCas9 with a nick-translating and error-prone DNA polymerase to create 
nicks on double-stranded DNA and introduces mismatches [13]. The 
base editors were created by fusing cytosine deaminase or adenine 
deaminase to the dCas9 or nCas9 to introduce mutations in the genomic 
target. The prime editing system consisted of a catalytically impaired 
Cas9 fused to an engineered reverse transcriptase and a prime editing 
guide RNA (pegRNA), which identified the target site and encoded the 
target DNA nucleotides [21,22]. However, these systems introduced the 
mutations in a small region of the gene. To expand this window, 
orthogonal T7 RNA polymerase (T7RNAP)-based evolution systems 
have been developed by fusing base deaminases (BD) with T7RNAP. The 
cytosine deaminases (CD) introduce C > T and G > A substitutions and 
engineered adenosine deaminases (AD) introduce A > G and T > C 
substitutions. The BD-T7RNAP exploits the specificity of T7RNAP for the 
T7 promoter (PT7) to precisely locate the target DNA region, where 
deaminase introduces mutations [23]. To broaden mutation spectrum, a 
dual gene-specific mutator system combining CD and AD with T7RNAP 
has been constructed, enabling more variations [24]. Additionally, by 
positioning PT7 appropriately, mutations can be introduced on the 
coding strand, the non-coding strand, or both simultaneously [25,26]. 
This system has been effectively applied across various organisms, 
including Escherichia coli (eMutaT7) [24–29], yeast (TRIDENT) [30], 
Corynebacterium glutamicum (CgMutaT7) [31], plants [32], and 
mammalian cells (TRACE) [33]. In E. coli, the eMutaT7PmCDA1 system 
achieved a mutation rate of 9.4 × 10− 5 per base per generation within a 
~1 kb target region [26], while the later-developed eMutaT7TadA− 8e 

system showed 2.4-fold lower efficiency [24]. Similarly, Cravens et al. 
demonstrated the broad applicability of CD-T7RNAP and AD-T7RNAP 
systems in S. cerevisiae [30]. These findings underscore the 
BD-T7RNAP system as a versatile and powerful tool for in vivo protein 
evolution via in situ mutagenesis.

Currently, continuous evolution strategies are focused on the 
CRISPR-based targeted system and the T7RNAP-guided evolution sys
tem has not yet been established in B. subtilis. The CRISPR-based tar
geted systems were developed by fusing cytosine deaminase, adenosine 
deaminase with nCas9, Cas12b, and dCas12a, which operate in a 
discontinuous manner and are constrained to narrow genomic windows 
[18–20,34]. It is necessary to design multiple gRNAs or crRNAs when 
mutating long gene fragment and operons. The BD-T7RNAP system with 
high processivity circumvents these limitations by enabling continuous 
mutagenesis in target regions under the control of T7 promoter. How
ever, the application of T7RNAP in B. subtilis remains constrained by the 
absence of a well-defined regulatory system, which is essential for 
mutagenesis-driven evolution, as unregulated expression may cause 
cellular toxicity and impair growth. In addition, the fusion protein linker 
critically influences protein expression and screening for functionally 
compatible linker is essential for achieving high-level expression.

In this study, we developed a deaminase-T7RNAP-based evolution 
system in B. subtilis (BS-MutaT7) for targeted in situ mutagenesis. First of 
all, seven different sources of adenosine and cytosine deaminases, along 
with 14 fusion protein linkers were selected, and constructed four li
braries with deaminases fused at either the N- or C-terminus of T7RNAP. 
Based on the efficiency of binding to T7 promoter and high mutagenesis 
activity, two optimal single-base editor systems: BS-MutaT7A (TadA8e- 
Linker0-T7RNAP) and BS-MutaT7C (PmCDA1-Linker5-T7RNAP co- 
expressed with UGI) were identified. Subsequently, we verified the 
sustained mutagenic activity of BS-MutaT7 system within a 5 kb DNA 
region. Finally, the BS-MutaT7 system was applied to the continuous 
evolution of the tetracycline efflux transporter TetK, enhancing the 
tigecycline tolerance in B. subtilis. These findings demonstrate the po
tential of BS-MutaT7 as a powerful platform for high-efficiency, 

processive evolution, broadening the scope of continuous directed 
evolution in prokaryotic cell.

2. Materials and methods

2.1. Chemicals and reagents

Unless specified otherwise, all chemicals and reagents were pur
chased from Sangon Biotech (Shanghai, China). Tigecycline standard 
was purchased from Sigma-Aldrich (Shanghai, China). DNA gel purifi
cation kit was obtained from Thermo Scientific (Waltham, USA). Pri
meSTAR® Max DNA polymerase and Rapid Taq Master Mix were 
purchased from Takara Biomedical Technology (Beijing, China) and 
Vazyme Biotech Co., Ltd. (Nanjing, China), respectively. The Seamless 
Cloning Kit for plasmid and library construction was supplied by 
Vazyme Biotech Co., Ltd. (Nanjing, China). Oligonucleotides were syn
thesized by GENEWIZ (Suzhou, China).

2.2. Strains, medium and cultivation conditions

All strains used in this study are listed in Table 1. The E. coli JM110 
was used for plasmid construction and B. subtilis 168 served as the initial 
host strain. Genome editing in B. subtilis was conducted using the Cre/ 
lox system and PCR-based genome engineering approach [35]. B. subtilis 
were transformed into super-competent cells using a previously 
described protocol [36]. Both E. coli and B. subtilis strains were cultured 
in Luria-Bertani (LB) medium (10 g/L tryptone, 5 g/L yeast extract, and 
10 g/L NaCl) or on LB agar plates. Terrific Broth (TB) medium (5 g/L 
glycerol, 12 g/L tryptone, 24 g/L yeast extract, 2.3 g/L KH2PO4 and 
12.54 g/L K2HPO4) was used for shake flask fermentation. Antibiotics 
were used for selections: kanamycin, 50 μg/mL; chloramphenicol, 5 
μg/mL; zeocin, 100 μg/mL; spectinomycin, 100 μg/mL; erythromycin, 
0.75 μg/mL; rifampicin, 50 μg/mL.

Shake flask fermentation: For β-lactoglobulin (β-Lg) expression, a 
single colony was inoculated into LB medium and cultured for 12 h to 
obtain the seed culture. Subsequently, 1 % (v/v) of the seed was trans
ferred into 35 mL of TB medium in a 500-mL shake flask and incubated 
at 30 ◦C and 220 rpm. The β-Lg titer was measured after 32 h of 
fermentation.

Fed-batch fermentation in 5-L fermenter: The fermentation medium 
consists of 50 g/L yeast extract, 4.2 g/L NaH2PO4, 11.4 g/L 
K2HPO4⋅3H2O, 10 g/L (NH4)2SO4, 5 g/L MgSO4⋅7H2O, 0.0675 g/L 
vitamin B1 and 40 g/L initial glucose. A single colony was inoculated 
into a 250 mL shake flask containing 10 mL of LB medium and cultured 
at 37 ◦C for 10 h to obtain the primary seed culture. Subsequently, 1 % 
(v/v) of the seed culture was transferred into a 500 mL shake flask 
containing 25 mL of fermentation medium and incubated under the 
same conditions until the OD600 reached 15, yielding the secondary seed 
culture. The cells were harvested by centrifugation, resuspended in 100 
mL of fermentation medium, and inoculated into a 5-L bioreactor con
taining 1.9 L of fermentation medium. Keep pH at 6.7 using ammonia 
solution and 8 M HCl and maintain glucose concentration within 10–20 
g/L by feeding with 750 g/L glucose throughout the fermentation period 
The fermentation temperature was set to 33 ◦C, with an aeration rate of 
1.5 vvm. Dissolved oxygen (DO) was maintained at approximately 35 % 
by adjusting the agitation speed.

2.3. Library construction and screening

All plasmids used in this study are listed in Table 2. The Seamless 
Cloning Kit was used for library construction. Two adenosine de
aminases (TadA8e, TadA9), five cytosine deaminases (CDAN6, hAID*Δ, 
hAPOBEC3A, rAPOBEC1, PmCDA1), and 14 fusion protein linkers were 
employed to construct four libraries: ALib1, ALib2, CLib1, and CLib2 
[20]. Base deaminases were selected based on previously reported 
high-efficiency candidates used in CRISPR-based evolution systems in 

B. Wang et al.                                                                                                                                                                                                                                   Synthetic and Systems Biotechnology 10 (2025) 876–886 

877 



B. subtilis. The sequences of the seven deaminases were listed in Sup
plementary Sequence S2 and S3. The 14 protein linker candidates used 
in this study were selected based on their diverse structural character
istics and common applications in fusion protein engineering. These 
linkers differ in amino acid composition, length, and biophysical prop
erties such as flexible, rigid. The sequences and characteristics of protein 
linkers are listed in Supplementary Table S4. The temperature-sensitive 
plasmid pWL-Ptet served as the initial plasmid vector and the 
anhydrotetracycline-inducible promoter Ptet was employed to express 
the fusion proteins. The plasmid pWL-T7RNAP was used as the backbone 
for library construction. The sequence of pWL-T7RNAP plasmid was 
listed in Supplementary Sequence S1.

For ALib1 and CLib1, linkers were added to the C-terminus of each 
deaminase using primers, ensuring that the sequence at the 3′ end of 
each linker matched the first 25 bp of the N-terminal sequence of 
T7RNAP (aacacgattaacatcgctaagaacg). Similarly, primers were designed 
to add the 25 bp sequence (gacaaccccaaaggaggtgggatcc) required for 
insertion into the backbone to the N-terminus of deaminase. Equimolar 
mixtures of the resulting deaminase-linker fragments were mixed and 
seamlessly inserted into pWL-T7RNAP, followed by transformation into 
E. coli to obtain sufficient transformants. The colonies were then washed 
and mixed plasmids were extracted. Finally, the mixed plasmids were 
separately transformed into B. subtilis E43G and E58G to generate ALib1 
and CLib1. For ALib2 and CLib2, linkers were added to the N-terminus of 
the deaminases, with the sequence at the 5′ end of each linker matching 
the 25 bp of the C-terminal sequence of T7RNAP (ctta
gagtcggacttcgcgttcgcg). Additionally, primers were used to add the 25 
bp DNA sequence (taactgcagtataatcagaaacagc) required for insertion 
into the backbone to the C-terminus of deaminase. The remaining steps 
were the same as for ALib1 and CLib1, yielding ALib2 and CLib2 

Table 1 
Strains used in this study.

Names Characteristics Source or 
Reference

E. coli JM110 E. coli JM110 Lab stock
BS168 B. subtilis 168 trpC2 Lab stock
BSXC BS168 derivate, overexpression of comK gene 

under the control of xylose-inducible promoter 
PxylA

Lab stock

T7G BSXC derivate, lctP::PT7-gfp This work
KOT7G BSXC derivate, lctP::KOPT7-gfp This work
E43 BSXC derivate, amyE::PEry-EryR_L43*(TAA), with 

a T7 promoter downstream of EryR_L43*
This work

E43G E43 derivate, lctP::PT7-gfp This work
E43G-T7RP E43G derivate harboring plasmid pWL-T7RNAP This work
KOE43 BSXC derivate, amyE::PEry-EryR_L43*(TAA), with 

inactivated T7 promoter downstream of 
EryR_L43*

This work

E58 BSXC derivate, amyE::PEry-EryR_E58G(GGA), with 
a T7 promoter downstream of EryR_E58G

This work

E58G E58 derivate, lctP::PT7-gfp This work
E58G-T7RP E58G derivate harboring plasmid pWL-T7RNAP This work
KOE58 BSXC derivate, amyE::PEry-EryR_E58G(GGA), with 

inactivated T7 promoter downstream of 
EryR_E58G

This work

BST7RP BSXC derivate harboring plasmid pWL-T7RNAP This work
E43-T7RP E43 derivate harboring plasmid pWL-T7RNAP This work
EA1-A9 E43 derivate harboring plasmid A1-A9 This work
EA1-C10 E43 derivate harboring plasmid A1-C10 This work
EA1-D6 E43 derivate harboring plasmid A1-D6 This work
EA2-C2 E43 derivate harboring plasmid A2-C2 This work
EA3-A8 E43 derivate harboring plasmid A3-A8 This work
E58-T7RP E58 derivate harboring plasmid pWL-T7RNAP This work
EC1-E9 E58 derivate harboring plasmid C1-E9 This work
EC1-G5 E58 derivate harboring plasmid C1-G5 This work
EC2-E5 E58 derivate harboring plasmid C2-E5 This work
EC3-F8 E58 derivate harboring plasmid C3-F8 This work
EC3-G4 E58 derivate harboring plasmid C3-G4 This work
EC5-A2 E58 derivate harboring plasmid C5-A2 This work
EC5-D9 E58 derivate harboring plasmid C5-D9 This work
EC6-C11 E58 derivate harboring plasmid C6-C11 This work
EC6-E6 E58 derivate harboring plasmid C6-E6 This work
EC6-F8 E58 derivate harboring plasmid C6-F8 This work
EC6-H10 E58 derivate harboring plasmid C6-H10 This work
EC8-D12 E58 derivate harboring plasmid C8-D12 This work
E58G-Pugi E58G derivate harboring plasmid C6-F8-Pugi This work
E58G-Rugi E58G derivate harboring plasmid C6-F8-Rugi This work
E58-T7RP- 

Ptet-ugi
E58 derivate harboring plasmid pWL-T7RNAP- 
Ptet-ugi

This work

Pugi E58 derivate harboring plasmid C6-F8-Pugi This work
Rugi E58 derivate harboring plasmid C6-F8-Rugi This work
BS-MutaT7A- 

X
BSXC derivate, amyE::PEry-EryR_L43*(TAA), with 
X bp between the transcription start site of PT7 

and “TAA”, X = 900, 1200, 1500, 1800, 2100, 
3000, 4000, and 5000

This work

BS-MutaT7C- 
X

BSXC derivate, amyE::PEry-EryR_L43*(TAA), with 
X bp between the transcription start site of PT7 
and “GGA”, X = 855, 1155, 1455, 1755, 2055, 
2955, 3955, and 4955

This work

BS-tetK BSXC derivate, amyE::P43-tetK, with the T7 
promoter downstream of tetK

This work

A-tetK BS-TetK derivate harboring plasmid A1-C10 This work
C-tetK BS-TetK derivate harboring plasmid C6-F8-Pugi This work
BSF01 BSC01 derivate, Δbpr, Δepr, Δmpr, ΔaprE, ΔnprB, 

ΔnprE, Δvpr, ΔwprA
[37]

BS-P566-Lg BSF01derivate harboring plasmid pHT01-P566- 
lgb-gfp

This work

BS-codY BSF01 derivate, amyE::P43-codY, with the T7 
promoter downstream of codY

This work

A-codY BS-codY derivate harboring plasmid A1-C10 This work
C-codY BS-codY derivate harboring plasmid C6-F8-Pugi This work
A-CodY-Lg- 

gfp
A-codY derivate harboring plasmid pHT01-P566- 
lgb-gfp

This work

C-CodY-Lg- 
gfp

C-codY derivate harboring plasmid pHT01-P566- 
lgb-gfp

This work

A10-codY BS-codY derivate, amyE::codY(L245P) This work
C4-codY BS-codY derivate, amyE::codY(V171I, D208N) This work

Table 1 (continued )

Names Characteristics Source or 
Reference

A-codY-Lg A10-codY derivate harboring plasmid pHT01- 
P566-lgb

This work

C-codY-Lg C4-codY derivate harboring plasmid pHT01-P566- 
lgb

This work

Table 2 
Plasmids used in this study.

Names Characteristics Source or 
Reference

pWL KanR, E. coli-B. subtilis shuttle vector Lab stock
pHT01 Ampr, Cmr, E. coli-B. subtilis shuttle vector Lab stock
pWL-T7RNAP pWL derivate with T7RNAP cloned under the 

control of Ptet promoter
This work

A1-C10 pWL derivate with Ptet-TadA8e-Linker0- 
T7RNAP cloned

This work

A2-C2 pWL derivate with Ptet-TadA8e-Linker1- 
T7RNAP cloned

This work

C1-E9 pWL derivate with Ptet-PmCDA1-Linker0- 
T7RNAP cloned

This work

C1-G5 pWL derivate with Ptet-PmCDA1-Linker0- 
T7RNAP cloned

This work

C6-E6 pWL derivate with Ptet-PmCDA1-Linker2- 
T7RNAP cloned

This work

C6-F8 pWL derivate with Ptet-PmCDA1-Linker5- 
T7RNAP cloned

This work

pWL-T7RNAP- 
Ptet-ugi

pWL-T7RNAP derivate with ugi gene cloned 
under the control of Ptet promoter

This work

C6-F8-Pugi C6-F8 derivate with ugi gene cloned under the 
control of Ptet promoter

This work

C6-F8-Rugi C6-F8 derivate with RBS-ugi gene cloned This work
pHT01-P566- 

lgb-gfp
pHT01 derivate with lgb-gfp gene cloned under 
the control of P566 promoter

This work

pHT01-P566-lgb pHT01 derivate with lgb gene cloned under the 
control of P566 promoter

This work
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libraries.
Preliminary screening method: Colonies from ALib1, ALib2, and 

CLib2 were inoculated into a 96-well plate for pre-culturing about 12 h. 
Cultures were transferred to LB medium at a 0.5 % inoculation ratio with 
0.5 μM anhydrotetracycline (aTC) to induce fusion protein expression, 
incubating at 30 ◦C, 750 rpm for 12 h and fluorescence intensity (FI) was 
measured. Cultures were subsequently diluted 1:1000 into LB medium 
containing 0.75 μg/mL erythromycin and incubated for 10 h before 
measuring cell densities (absorbance at 600 nm, OD600). Finally, trans
formants were selected for re-screening based on relative fluorescence 
intensity (RFI) and OD600. For CLib1, mixed plasmids were directly 
transformed into E58G and plated onto LB agar plates containing 0.5 μM 
aTC, and fluorescence expression was observed.

Re-screening method: Selected colonies were inoculated in triplicate 
into a 96-well plate with LB medium. After pre-culturing for 12 h, cul
tures were diluted 1:1000 into LB medium containing 0.5 μM aTC and 
incubated at 30 ◦C, 750 rpm for 20 h. FI was measured. Cultures were 
then plated onto both selective (0.75 μg/mL erythromycin) and non- 
selective LB agar plates after appropriate dilution. After 20 h incuba
tion, viable cells under each condition were counted and the mutation 
rates were calculated.

2.4. SDS-PAGE analysis

For intracellular expression of β-Lg, harvested cells were resus
pended in PBS buffer and then lysed using an ultrasonic cell disruptor 
under ice-bath conditions. After centrifugation, the soluble intracellular 
fraction and the lysed cell debris were separated. The cell debris was 
subsequently resuspended in an equal volume of PBS. For SDS-PAGE 
analysis, protein samples were mixed with 4 × loading buffer, boiled, 
and centrifuged. The samples were separated on a 10 % SDS-PAGE gel 
and electrophoresed using MES SDS running buffer (Thermo Scientific, 
USA). After electrophoresis, the gel was stained with Coomassie Brilliant 
Blue R-250 staining solution (Beyotime Biotechnology, Shanghai, 
China) for visualization. The titer of bovine β-Lg was quantified by the 
Bradford method (Beyotime Biotech, Shanghai, China).

2.5. Assay of fluorescence intensity

The GFP fluorescence intensity (excitation wavelength-488nm; 
emission wavelength-523nm) and OD600 were measured using a 
microplate Multi-Mode Reader (BIOTEK, Cytation 3). The background 
OD600 from LB medium and fluorescence intensity from strain without 
GFP expression were subtracted. The RFI was represented with 
normalization at OD600.

2.6. Flow cytometry analysis

Flow cytometry was performed using a BD FACSArica III equipped 
with BD FACSDiva software (BD Biosciences). Briefly, 0.5 mL of cultured 
cells was harvested and washed three times with PBS, then resuspended 
in filtered PBS to an OD600 of 0.5. Samples were analyzed with excitation 
at 488 nm and emission was detected using a 523/21 nm bandpass filter. 
For each sample, at least 10,000 events were collected. Forward scatter 
(FSC) and side scatter (SSC) signals were logarithmically amplified, and 
appropriate gating was applied to exclude background noise. Data were 
analyzed and visualized using FlowJo software.

2.7. Mutation rate calculation

Luria–Delbrück fluctuation analysis was performed to determine the 
mutation rate of BS-MutaT7 [38]. The target 
pWT-deaminase-linker-T7RNAP plasmids were reconstructed and 
transformed into E43 and E58. Three single colonies were picked, 
inoculated into a 96-well plate and cultured for 12 h. Cultures were then 
diluted 1:1000 into LB medium containing the inducer and incubated at 

30 ◦C, 750 rpm for 20 h until saturation. The cultures were subsequently 
plated onto selective and non-selective LB agar plates and viable cells 
under each condition were counted to calculate the target and untar
geted mutation rates. Mutation rates were estimated using FluCalc and 
analyzed using the Maximum Synonymous Substitution (MSS) 
maximum likelihood method. Mutation rates per generation per base μ 
(s.p.b.) were further calculated using the formula: μ (s.p.b.) = m/(R ×
G), where m is the mutation rate estimated by FluCalc [39]; R is the 
number of distinct mutational events that make the resistance gene 
effective and R = 1 in this study; G represents the generations number of 
mutations accumulated and one passage counts as 10 generations.

2.8. Continuous evolution of tigecycline resistance

For the evolution of tetK, encoding the tetracycline efflux transporter 
TetK, which confers tigecycline resistance in cells. The experiments were 
conducted in LB medium supplemented with 50 μg/mL kanamycin and 
0.5 μM aTC at 30 ◦C. The initial tigecycline concentration was set at 
0.25 μg/mL. Once noticeable growth was observed at the given tigecy
cline concentration, a 2 % inoculum was transferred into LB medium 
with a higher tigecycline concentration to continue the evolutionary 
process. After evolution, the resulting mutants were streaked onto plates 
for isolation and seven single colonies were analyzed by sanger 
sequencing. The sequence of tetK gene was listed in Supplementary 
Sequence S4.

2.9. Continuous evolution of the global transcriptional regulator CodY

For the evolution of global transcriptional regulator CodY, experi
ments were carried out in LB medium at 30 ◦C. Transformants co- 
harboring the P43-codY expression cassette, the mutagenesis plasmid 
and the pHT01-P566-lgb-gfp plasmid were cultured in LB medium. The T7 
promoter was placed downstream of the codY gene in reverse orienta
tion to its coding sequence. Seed cultures were inoculated at a 1 % (v/v) 
into LB medium supplemented with 50 μg/mL kanamycin, 5 μg/mL 
chloramphenicol, and 0.5 μM aTC for evolution. After 20 h of induction, 
cultures were passaged with a 1 % (v/v) inoculum into the same medium 
for the next round of mutagenesis. Following two rounds of mutagenesis, 
clones with high fluorescence were isolated by flow cytometry. The 
sorted population underwent an additional two rounds of mutagenesis 
and flow cytometric screening. High-fluorescence cells obtained from 
the final round were plated on LB agar plates containing 5 μg/mL 
chloramphenicol. Ten single colonies from each system were selected for 
re-screening, and the transformants with the highest fluorescence in
tensity were chosen for sequencing analysis.

3. Results and discussions

3.1. Design of the BS-MutaT7 system for genome mutagenesis in 
B. subtilis

The schematic illustration of the T7 RNA polymerase-guided base 
editor system in this study is shown in Fig. 1a. To test its mutagenic 
activity, two inactive erythromycin resistance genes (EryR) were 
designed as model target genes (Fig. 1b). The sequence of active 
erythromycin resistance gene EryR was listed in Supplementary 
Sequence S5. The promoter PEry was used to express erythromycin 
resistance gene, while the T7 promoter was placed downstream of EryR, 
in reverse orientation to its coding sequence. To enable plasmid loss 
after mutagenesis, temperature-sensitive plasmids were constructed to 
express the fusion proteins.

To specifically test the mutagenic activity of BS-MutaT7A, a stop 
codon reversion assay was performed by introducing “TAA” at the po
sition 43 (L43*) of the EryR gene. When adenosine deaminase induces an 
A:T > G:C transition in template strand, mutating “TAA” to the sense 
codon “CAA”, cell regain erythromycin resistant. For BS-MutaT7C, an 
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inactive mutation was introduced at position 58 (E58G) in EryR gene by 
replacing “GAA” with “GGA” triplets (Fig. 1c). Only when cytosine 
deaminase induces an C:G > T:A transition in template strand, mutating 
“GGA” back to the original codon “GAA”, erythromycin resistance can 
be restored. To terminate mutagenesis, the T7 terminator array was 
added the downstream of the target gene. We integrated the two inactive 
expression cassettes into the B. subtilis genome to generate E43 and E58. 
Restoration of erythromycin resistance in cells represents the mutagenic 
activity of the BS-MutaT7 system. Additionally, to assess both mutagenic 
and transcriptional activity, the PT7-gfp expression cassette was inte
grated into the genome of E43 and E58, generating E43G and E58G 
(Fig. 1b). The expression of gfp was under the control of PT7 and the RFI 
was used to evaluate the transcriptional activity of BS-MutaT7 system.

3.2. Construction and screening of the adenosine deaminase-T7RNAP 
mutagenesis library

To develop a high activity BS-MutaT7A, TadA8e, TadA9 and 14 
fusion protein linkers were selected to construct two libraries (ALib1 and 
ALib2), with E43G as the initial strain (Fig. 2a). The primary difference 
between ALib1 and ALib2 is the position of deaminase, which is fused 
either to the N-terminus or C-terminus of T7RNAP. A total of 280 single 
colonies were randomly selected from each library for preliminary 

screening. Following inducing the expression of the fusion proteins, FL 
was measured. Cultures were then transferred to selective medium and 
incubated for 12 h for measuring OD600. Only colonies with high 
mutagenic and transcriptional activity were able to grow on the selec
tive medium and exhibited detectable fluorescence. The results revealed 
that almost all colonies from ALib2 showed no fluorescence and failed to 
grow on the selective medium, while most colonies from ALib1 dis
played detectable fluorescence (Supplementary Tables S1 and S2). This 
indicated that ALib2 lost both transcriptional and mutagenic activity. 
Since the C-terminal of T7RNAP is the polymerization domain, we hy
pothesize that the fusion of deaminase to the C-terminus of T7RNAP may 
affect its polymerization activity in B. subtilis. Subsequently, 30 single 
clones from ALib1 were selected for re-screening, with three replicates 
per clone, and both FI and target mutation rates were measured. Re- 
screening results demonstrated that most adenosine deaminase- 
T7RNAP fusion proteins retained some T7RNAP transcriptional activ
ity, although the fusion negatively impacted its activity. Among the 
tested clones, A1-A9, A1-C10, A1-D6, A2-C2, and A3-A8 showed rela
tively high mutation rates (Fig. 2b). Notably, A2-B8 exhibited the 
highest mutation rate but lacked the transcriptional activity.

To more accurately assess the target mutation rates of A1-A9, A1- 
C10, A1-D6, A2-C2 and A3-A8, fusion protein plasmids were individu
ally transformed into E43, which contains only the EryR_L43* without 

Fig. 1. Graphic summary of the BS-MutaT7 system in B. subtilis. (a) Schematic of the T7 RNA polymerase-guided base editor system. Temperature-sensitive plasmids 
were constructed to express the fusion protein comprising the base deaminase and T7RNAP. The fusion protein specifically binds to the T7 promoter inserted 
downstream of the target gene on the genome. As the T7 RNAP transcribes along the target gene, the deaminase introduces point mutations. Upon encountering the 
T7 terminator array, the fusion protein detaches from the DNA, terminating transcription and mutagenesis. The mutagenesis plasmid is lost by increasing the 
cultivation temperature. BD-T7RNAP: chimeric fusion of base deaminase with T7RNAP. (b) Representation of the reporter EryR expression cassettes and PT7-gfp 
expression cassette. The expression cassettes were integrated into the genome to assess mutagenic and transcriptional activities of the BS-MutaT7 system. In BS- 
MutaT7A, the distance from the T7 transcription start site (TSS) to the “TAA” codon was 616 bp, while in BS-MutaT7C, the distance to “GGA” codon was 571 bp. The 
green circle represented the ugi gene. The bold bases represented the target sites for mutagenesis. The RFI was used to assess the transcriptional activity. (c) 
Verification of EryR gene mutation inactivation. The B. subtilis strains carrying EryR_L43* (“TAA” stop codon) or EryR_E58G (inactive mutation) cassettes were 
erythromycin sensitive and unable to grow on selective LB agar plates containing 0.75 μg/mL erythromycin.
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the PT7-gfp expression cassette. Compared to the control strain E43-T7RP 
carrying the pWL-T7RNAP plasmid, the five fusions exhibited significant 
mutagenic activities. Fluctuation analysis revealed that EA1-C10 had 
the highest mutation efficiency, reaching 1.2 × 10− 5 per generation per 
base (s.p.b.), which was 7000-fold higher than the host genomic muta
tion rate (1.5 × 10− 9 s.p.b.). For other fusions, the target mutation rates 
were 5.7 × 10− 6 s.p.b. for EA1-A9 and EA1-D6, 8.5 × 10− 6 s.p.b. for 
EA2-C2, and 8.7 × 10− 6 s.p.b. for EA3-A8. To assess untargeted muta
tion rates and confirm overall targeting efficiency, the PT7 in the C-ter
minus of EryR_L43* expression cassette was replaced with KOT7, an 
inactive variant of PT7. The T7 promoter was inactivated by an insertion 
to create KOT7 (Supplementary Fig. S1). GFP was expressed under the 
control of KOT7 on the genome and RFI analysis confirmed that KOT7 
was non-functional (Fig. 2c). Fluctuation analysis showed that the 
untargeted mutation rate for EA1-C10 was 3.1 × 10− 9 s.p.b., while EA2- 
C2 exhibited the lowest untargeted mutation rate at 2.9 × 10− 9 s.p.b., 
both values comparable to the control E43-T7RP. host genomic muta
tion rate (Fig. 2d). Remarkably, the target mutation rate of EA1-C10 was 
3800-fold higher than that of the KOT7. To assess leakage, we tested the 
target mutation rate of EA1-C10 without inducer was 2.8 × 10− 7 s.p.b. 
and the ratio between induced (+aTc) and non-induced (− aTc) condi
tions was 41:1 (Supplementary Fig. S2). This confirmed that the 
observed mutations were dependent on the presence of PT7 and not 
caused by off-target events. Among all candidates, EA1-C10 was iden
tified as the optimal BS-MutaT7A through library screening in B. subtilis. 
Sequencing analysis revealed that EA1-C10 was a chimeric mutator, 

where TadA8e was directly fused to the N-terminus of T7RANP without 
a linker (L0), whereas in EA2-C2, TadA8e and T7RNAP were fused via 
linker1 (L1).

During in vivo mutagenesis, genomic off-target mutations can impair 
cell growth if essential genes are mutated. In B. subtilis, rifampicin 
resistance (RifR) arises from mutations in the rpoB gene, which encodes 
the β-subunit of RNA polymerase [40]. Thus, the rifampicin resistance 
assay employed to assess the off-target mutation rate of BS-MutaT7A. 
Fluctuation analysis showed that the rifampicin resistance mutation rate 
of EA1-C10 was 4.5 × 10− 8 s.p.b., approximately 16-fold higher than the 
control strain, likely due to the high activity of TadA8e (Fig. 2e). 
Nevertheless, the off-target mutation rate was three orders of magnitude 
lower than the target mutation rate, indicating that while BS-MutaT7A 

caused some off-target mutations, their impact was minimal.

3.3. Construction and screening of the cytosine deaminase-T7RNAP 
mutagenesis library

To construct and screen high-activity BS-MutaT7C, five cytosine de
aminases (CDAN6, hAID*Δ, hAPOBEC3A, rAPOBEC1, PmCDA1) with 
consistent fusion protein linkers were used to create two libraries, CLib1 
and CLib2 (Fig. 2a). The main difference between CLib1 and CLib2 was 
the position of cytosine deaminase, either at the N-terminus (CLib1) or 
C-terminus (CLib2) of T7RNAP. From CLib1, 844 single colonies were 
randomly selected for preliminary screening. Based on the results from 
ALib2, the screening method for CLib2 was adjusted. After 

Fig. 2. Construction and screening of BS-MutaT7A with transcriptional and mutagenic activity in B. subtilis. (a) Schematic of the BD-T7RNAP mutagenesis library 
construction. The plasmid vector pWL-Ptet was used to express BD-T7RNAP fusion proteins, induced by 0.5 μM aTC. (b) Transcriptional and mutagenic activity 
analysis of 30 single colonies from ALib1 during preliminary screening. The host strain E43G contained two cassettes: the reporter EryR_L43* expression cassette and 
the PT7-gfp expression cassette. An asterisk indicated strains with relatively high mutation rates selected for rescreening. (c) Validation of the inactivated promoter 
KOT7. The FI assay was used to assess the KOT7 activity and the KOT7G strain exhibited no measurable fluorescence. (d) Analysis of the target mutation rate and 
untargeted mutation rate of the screened strains. Plasmids were transformed into E43 to evaluate the mutation rates, identifying EA1-C10 as the optimal BS-MutaT7A 

with the highest target mutation efficiency. The T7 promoters in the C-terminus of EryR_L43* expression cassette of the strains were replaced with KOT7 to assess the 
untargeted mutation rates. The numbers indicated the fold increase in target mutation rates compared to the genomic spontaneous mutation rate. (e) Evaluation of 
the genomic off-target mutations in BS-MutaT7A. The rifampicin resistance assay was used to test the off-target mutation rate. Induced cultures were plated on LB 
agar plates containing 50 μg/mL rifampicin for colony counting and fluctuation analysis. Error bar represents data from biological triplicate.
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transformation of the library plasmids into E58G, the cultures were 
plated on LB inducer plates and incubated for 20 h, followed by direct 
visual inspection of colony fluorescence. CLib2 colonies exhibited no 
green fluorescence, indicating a lack of transcriptional activity, and 
were excluded from further analysis. In contrast, numerous CLib1 col
onies displayed fluorescence, confirming transcriptional activity 
(Supplementary Fig. S3). The FI and OD600 in the selective medium of 
CLib1 were measured (Supplementary Table S3). From CLib1, 40 col
onies were selected for detailed screening with three replicates per 
clone. All cytosine deaminase-T7RNAP fusions retained transcriptional 
activity and 12 strains exhibited relatively high mutation rates (Fig. 3a). 
To assess the target and untargeted mutation rates, the 12 plasmids of 
fusion proteins were transformed into E58 and KOE58 (lacking the PT7- 
gfp expression cassette). Among them, EC6-F8 achieved the highest 
mutation rate of 1.6 × 10− 6 s.p.b., approximately 1000-fold higher than 
the host genomic mutation rate (Fig. 3b). Other chimeric mutators, 
including EC6-E6 (8.4 × 10− 7 s.p.b.), EC1-E9 (7.3 × 10− 7 s.p.b.), and 
EC1-G5 (7.0 × 10− 7 s.p.b.), also demonstrated significant mutation 
rates. Fluctuation analysis revealed that the untargeted mutation rate of 
EC6-F8 was 7.4 × 10− 9 s.p.b., five-fold higher than the control E58- 
T7RP (Fig. 3b). Leakage testing of EC6-F8 showed that the target mu
tation rate without inducer was 1.6 × 10− 7 s.p.b. and the ratio between 
induced (+aTc) and non-induced (− aTc) conditions was 10:1 
(Supplementary Fig. S4). Sequencing revealed that all high-activity 
plasmids carried the same cytosine deaminase, PmCDA1. In EC6-F8, 
PmCDA1 was fused to the N-terminus of T7RANP using a (GGGGS)3 
linker, designated as L5. whereas EC6-E6 employed linker 2 (L2). In 
EC1-E9 and EC1-G5, PmCDA1 were fused without linker (L0).

To enhance the mutation rate of EC6-F8, UGI, an inhibitor of uracil- 
DNA glycosylase (UNG), was introduced to prevent the removal of uracil 
residues. Two strategies were employed to co-express the ugi gene in C6- 

F8 plasmid (Fig. 3c). The first strategy involved placing the ugi gene 
under the control of Ptet promoter to construct plasmid C6-F8-Pugi and 
the second strategy involved fusing the RBS-ugi sequence to the C-ter
minal of T7RNAP to construct plasmid C6-F8-Rugi. To test whether the 
expression of ugi affected the transcriptional activity of T7RNAP, two 
constructs were transformed into E58G to measure the RFI and found 
that it had minimal impact on transcriptional activity (Supplementary 
Fig. S5). Both constructs were then transformed into E58 to test the 
genome editing efficiency. As shown in Fig. 3c, both significantly 
increased the target mutation rate. Pugi achieved a target mutation rate 
of 5.8 × 10− 5 s.p.b., a 36-fold increase over EC6-F8 and 37,000-fold 
higher than the genomic mutation rate, with a slightly elevated untar
geted mutation rate of 1.7 × 10− 8 s.p.b. compared to EC6-F8. The target: 
untargeted mutation ratio for Pugi was 3400:1 and its target mutation 
rate under induction (+aTc) was 126 times higher than without induc
tion (− aTc) (Fig. 3c and Supplementary Fig. S4). Rugi reached a target 
mutation rate of 4.3 × 10− 5 s.p.b., a 28,000-fold increase over the 
genomic mutation rate, but exhibited a higher untargeted mutation rate 
than Pugi. Through library screening and optimization, Pugi was iden
tified as the optimal BS-MutaT7C in B. subtilis.

The rifampicin resistance assay was employed to evaluate the off- 
target mutation rate of BS-MutaT7C. The E58 harboring the plasmid 
pWL-T7RNAP-Ptet-ugi, where ugi was expressed under the control of Ptet 
promoter, showed no significant increase in the off-target mutation rate 
compared to the strain expressing only T7RNAP (Fig. 3d). With BS- 
MutaT7C expression, the off-target mutation rate increased slightly to 
2.3 × 10− 8 s.p.b. compared to the negative control. In conclusion, the 
BS-MutaT7C system achieved the high on-target mutation rates while 
maintaining minimal off-target mutagenesis.

The expression level of the fusion protein directly influences muta
tion efficiency. To optimize target mutagenesis, aTC was tested at 

Fig. 3. Construction and optimization of BS-MutaT7C with transcriptional and mutagenic activity in B. subtilis. (a) Transcriptional and mutagenic activity of 40 single 
colonies from CLib1 during preliminary screening. The host strain E58G contained two cassettes: the reporter EryR_E58G expression cassette and PT7-gfp expression 
cassette. An asterisk indicated strains with relatively high mutation rates selected for rescreening. (b) Analysis of the target mutation rate and untargeted mutation 
rate of the screened strains. Plasmids were transformed into E58 to evaluate the mutation rates, with EC6-F8 achieving the highest target mutation efficiency. The 
numbers indicated the fold increase in target mutation rates compared to the genomic spontaneous mutation rate. (c) Engineering the ugi expression to enhance the 
target mutation efficiency. (d) Evaluation of the genomic off-target mutations in BS-MutaT7C. The plasmid pWL-T7RNAP-Ptet-ugi was transformed into E58 to 
evaluate the effect of ugi expression on off-target mutation rate. Error bar represents data from biological triplicate.
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induction concentrations of 0.25 μM, 0.5 μM, and 0.75 μM. The initially 
applied 0.5 μM concentration yielded the highest mutation rates 
(Supplementary Fig. S6). At a concentration of 0.25 μM, the mutation 
rates of both systems significantly decreased, with reductions of 32.14 % 
in the BS-MutaT7A system and 51.42 % in the BS-MutaT7C system, likely 
due to insufficient induction of both the fusion protein and UGI. Higher 
induction at 0.75 μM also led to reduced mutation rates by 20.80 % and 
25.95 % in the BS-MutaT7A and BS-MutaT7C systems, respectively. 
These results indicated that 0.5 μM aTC achieved optimal induction for 
efficient fusion protein expression and maximal target mutagenesis.

3.4. Testing the sustained mutagenic activity of BS-MutaT7

To enable continuous evolution of long genes and operons on the 
genome, the sustained mutagenic activity of BS-MutaT7 is critical. To 
test this, the distance between the mutated base and the PT7 transcrip
tion start site were adjusted to 900 bp, 1200 bp, 1500 bp, 1800 bp, 2100 
bp, 3000 bp, 4000 bp and 5000 bp by repositioning PT7 in BS-MutaT7A 

(Fig. 4a). Similarly, for BS-MutaT7C, the distances were set to 855 bp, 
1155 bp, 1455 bp, 1755 bp, 2055 bp, 2955 bp, 3955 bp, and 4955 bp 
(Fig. 4a). The results showed that BS-MutaT7 maintained relatively high 
mutagenic activity even with an extended editing window of 5000 bp 
(Fig. 4b and c). As shown in Fig. 4b, the mutation rate of BS-MutaT7A at 
5000 bp was 5.8 × 10− 6 s.p.b., representing a 55.3 % reduction 
compared to its initial rate at 616 bp. Notably, the mutation rate 
remained stable when the editing window was within 2 kb. Similarly, for 
BS-MutaT7C, mutagenic activity gradually decreased with increasing 
editing window, reaching 2.9 × 10− 5 s.p.b. at 4955 bp, which repre
sented a 49.0 % reduction compared to its initial rate at 571 bp (Fig. 4c). 
Despite this decrease, the mutation rate was still 18,000-fold higher than 
the genomic mutation rate. These findings confirmed the effectiveness 
and stability of BS-MutaT7 system for in situ evolution of longer genomic 
target regions.

Compared with existing in vivo continuous evolution platforms, BS- 
MutaT7 enables target, high-frequency mutagenesis in B. subtilis with 
the guidance of T7RNAP. This system exhibits strong target specificity, 
high processivity, and the low off-target mutation rate, allowing for 
stable and efficient editing of large genomic regions. Furthermore, BS- 
MutaT7 operates independently of viral replication machinery, 
thereby offering a simple and effective alternative for genome-scale 
continuous evolution. Importantly, it also addresses the key limita
tions of CRISPR-based systems, such as narrow editing windows and the 
requirement for multiple gRNAs.

3.5. Accelerated continuous evolution of tigecycline resistance

As a proof of concept, the BS-MutaT7 system was applied to evolve 
the gene tetK, encoding the tetracycline efflux transporter, which confers 
tigecycline resistance in cells. The tetK gene was under the control of 
constitutive promoter P43, while the T7 promoter was placed the 
downstream of tetK gene in the reverse orientation to its coding 

sequence (Fig. 5a). The expression cassette was integrated into the 
genome, generating BS-tetK. Two plasmids, A1-C10 and C6-F8-Pugi, 
were transformed into BS-tetK to create A-tetK and C-tetK for contin
uous hypermutation. Three independent transformants were cultured 
separately and passaged continuously in centrifuge tubes with 
increasing tigecycline concentration (Fig. 5a). If two transformants 
failed to grow at a specific tigecycline concentration, the surviving one 
was inoculated three replicates for the next round. The tigecycline 
concentration of 0.25 μg/mL served as the initial concentration. For 
comparison, cells containing the P43-tetK expression cassette without 
mutagenesis plasmid were able to grow on agar plates with 0.25 μg/mL 
tigecycline but not at 0.5 μg/mL (Fig. 5b). By progressively increasing 
tigecycline concentrations during multiple rounds of in vivo hyper
mutation, the evolved tetK gene conferred tigecycline resistance up to 8 
μg/mL within 10 days, representing a 16-fold increase in BS-MutaT7A 

(Fig. 5b). Similarly, it conferred resistance up to 6 μg/mL, representing a 
12-fold increase in BS-MutaT7C (Fig. 5c).

The synonymous and nonsynonymous mutations were identified on 
the tetK gene in BS-MutaT7 system. In BS-MutaT7A, V128A, F233L, 
Y282H, W350R, and Y425H mutations were enriched, alongside 
numerous mutations in the P43 promoter were identified (Fig. 5b and d). 
The editable window spanned 1737 bp, with the most distal mutation 
located in the P43 promoter region, 1526 bp downstream of the T7 
transcription start site. Meanwhile, a small number of A to G transitions 
were detected on the coding strand of tetK gene, corresponding to the 
template strand for the AD-T7RNAP fusion. However, A to G transitions 
on the non-template strand of the AD-T7RNAP fusion remained pre
dominant. In BS-MutaT7C, sanger sequencing identified the enriched 
mutations D75N, A120T, D201N, D319N, and C214Y (Fig. 5c and d). 
The most distal mutation introduced was located in the P43 promoter 
region, 1685 bp downstream of the T7 transcription start site. In 
conclusion, tetK variants with increased resistance to tigecycline were 
obtained using the BS-MutaT7 system.

3.6. Accelerated continuous evolution of the global transcriptional 
regulator CodY

β-lactoglobulin, the most abundant whey protein in bovine milk, has 
been successfully synthesized in microbial cell factory such as E. coli [41,
42], S. cerevisiae [43] and Pichia pastoris [44]. Owing to its safety and 
suitability for protein expression, B. subtilis has been engineered for the 
efficient production of various proteins, including αs2-casein [45], 
α-lactalbumin [46,37], and human interleukin-3 [47]. Therefore, 
B. subtilis represents a promising host for the heterologous production of 
bovine β-Lg. The codon-optimized β-Lg sequence is provided in Sup
plementary Sequence S6. Using the pHT01 vector as the backbone, the 
constitutive promoter P566 was employed to express β-Lg. SDS-PAGE 
analysis of the intracellular insoluble fraction revealed a distinct band 
with a molecular mass of about 18.4 kDa, consistent with the deduced 
molecular weight of β-Lg (Fig. 6a). This band was detected in the total 
intracellular protein but was absent from the soluble fraction, indicating 

Fig. 4. Testing the sustained mutagenic activity of BS-MutaT7A and BS-MutaT7C in B. subtilis. (a) Schematic of the expanded editing window. By repositioning the T7 
promoter on the genomes of E43 and E58, the editing window was extended to 5000 bp for BS-MutaT7A and 4955 bp for BS-MutaT7C. The values in the box 
represented the corresponding editing window lengths for BS-MutaT7C. (b) The sustained mutagenic activity of BS-MutaT7A. (c) The sustained mutagenic activity of 
BS-MutaT7C. Error bar represents data from biological triplicate.
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Fig. 5. Continuous evolution of tigecycline resistance using the BS-MutaT7 system. (a) Schematic of the continuous evolution process for the tetK gene. Using the BS- 
MutaT7A and BS-MutaT7C systems, three transformants were cultured separately in centrifuge tubes. (b) Validation of the evolved tetK gene using the BS-MutaT7A 

system. Sanger sequencing of the key mutations introduced by BS-MutaT7A revealed T to C transitions on the coding strand of tetK gene and the P43 promoter. Several 
mutants also exhibited additional A to G transitions. The evolved tetK gene conferred a 16-fold increase in tigecycline resistance. (c) Validation of the evolved tetK 
gene using the BS-MutaT7C system. Sanger sequencing analysis of the key mutations introduced by BS-MutaT7C identified G to A transitions on the coding strand of 
tetK gene and the P43 promoter. The evolved tetK gene conferred a 12-fold increase in tigecycline resistance. (d) Most enriched tetK mutants identified through 
continuous evolution with BS-MutaT7 system.

Fig. 6. Continuous evolution of global transcriptional regulator CodY using the BS-MutaT7 system. (a) Expression of β-Lg in the B. subtilis chassis cells visualized by 
SDS-PAGE analysis. Lane 1, the total intracellular protein of BS-P566-Lg. Lane 2, the intracellular soluble supernatant fraction. Lane 3, the intracellular insoluble 
fraction. Lane M represents the molecular weights of pre-stained protein marker. (b) Flow cytometric analysis and rescreening of high fluorescence intensity mutants. 
The left panel represents the screening results in BS-MutaT7A system, while the right panel represents the screening results in BS-MutaT7C system. (c) β-Lg titers of 
codY mutants. in shake flask fermentation. (d) Fermentation of C-codY-Lg in a 5-L fermenter.
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that β-Lg was predominantly expressed in an insoluble form. The titer of 
β-Lg was 0.37 g/L in shake flask fermentation.

Compared with modifying protein expression elements, engineering 
global transcriptional regulators enables dynamic reprogramming of 
gene networks to improve cellular metabolism and boost target protein 
synthesis [48–50]. To further boost the intracellular expression of β-Lg, 
the BS-MutaT7 system was employed to evolve the global transcrip
tional regulator CodY. Cao et al. constructed a codY random mutagenesis 
library in B. subtilis and identified a mutant exhibiting a 52 % increase in 
β-galactosidase activity, which was subsequently used to enhance GFP 
expression [50,51]. In this study, codY was placed under the control of 
constitutive P43 promoter, with a reverse-oriented T7 promoter inserted 
downstream of its coding sequence. This expression cassette was inte
grated into the genome of BSF01 to obtain BS-codY. Subsequently, two 
mutagenesis plasmids, A1-C10 and C6-F8-Pugi, were introduced into 
BS-codY to obtain the evolved strains A-codY and C-codY, respectively. 
Previous studies have shown that fluorescence remained detectable even 
when the target protein-GFP fusion was expressed in the insoluble 
fraction [52,53]. To facilitate high-throughput screening, gfp was fused 
to the 3′ end of lgb to construct the plasmid pHT01-P566-lgb-gfp. This 
plasmid was transformed into the evolved strains to generate the re
combinant strains A-CodY-Lg-gfp and C-CodY-Lg-gfp. After two rounds 
of mutagenesis and flow cytometric screening, the fluorescence distri
bution of the cell populations shifted toward higher intensity in the 
second round, indicating enrichment of high-expression variants 
(Fig. 6b). Upon re-screening, the A10 mutant derived from the BS-Mu
taT7A system exhibited a 42.9 % increase in RFI, while the C4 mutant 
from the BS-MutaT7C system showed a 57.5 % increase (Fig. 6b). 
Sequencing analysis revealed that the codY gene in A10 carried an 
L245P mutation, along with mutations in the P43 promoter. The editable 
window spanned 1137 bp, with the most distal mutation introduced was 
located in the P43 promoter region, approximately 940 bp downstream 
of the T7 transcription start site. The C4 harbored V171I and D208N 
substitutions in CodY.

To validate the effect of codY mutations on β-Lg synthesis, the cor
responding codY mutant expression cassettes were integrated into the 
genome of BSF01 to generate the recombinant strains A10-codY and C4- 
codY. These strains were then transformed with the pHT01-P566-lgb-gfp 
plasmid to generate A-codY-Lg and C-codY-Lg. Shake flask fermentation 
showed that the titers of β-Lg in A-codY-Lg and C-codY-Lg reached 0.43 
g/L and 0.51 g/L, representing 16.2 % and 37.8 % increases over the 
strain BS-P566-Lg (Fig. 6c). These results demonstrate that the contin
uous evolution of the global transcriptional regulator CodY via the BS- 
MutaT7 system significantly enhances β-Lg expression in B. subtilis. To 
further evaluate production performance, fed-batch fermentation of 
strain C-codY-Lg was conducted in a 5-L fermenter (Fig. 6d). The culture 
reached a maximum OD600 of approximately 170 at 48 h, and the β-Lg 
titer reached 3.92 g/L, with the productivity of 0.082 g/L/h.

4. Conclusion

In this study, we developed a T7 RNA polymerase-guided continuous 
evolution system in B. subtilis (BS-MutaT7). As a well-characterized 
model organism and industrial workhorse, B. subtilis plays a central 
role in advancing research in protein expression and metabolic regula
tion. By constructing libraries containing different fusion protein 
linkers, we screened and identified optimal fusion configurations 
compatible with B. subtilis, enabling efficient and sustained mutagenesis. 
The optimal BS-MutaT7A, featuring TadA8e fused to T7RNAP without 
linker, achieved a target mutation rate of 1.2 × 10− 5 s.p.b., representing 
a 7000-fold higher than the host genomic mutation rate. The optimal BS- 
MutaT7C, featuring PmCDA1 fused to T7RNAP via the (GGGGS)3 linker 
and co-expressed with UGI, exhibited a mutation rate of 5.8 × 10− 5 s.p. 
b., corresponding to a 37,000-fold increase. Both systems demonstrated 
high processivity, maintaining mutation rates of 5.8 × 10− 6 s.p.b. and 
2.9 × 10− 5 s.p.b. within a 5 kb DNA region. Comparative analysis 

showed that BS-MutaT7C achieved a higher mutation rate than BS- 
MutaT7A, indicating superior genome editing efficiency in B. subtilis. 
Functionally, BS-MutaT7A and BS-MutaT7C enhanced tigecycline resis
tance in B. subtilis by 16- and 12-fold, respectively. Moreover, the BS- 
MutaT7 system was applied to evolve the global transcriptional regu
lator CodY, leading to a β-Lg titer of up to 3.92 g/L. These outcomes 
underscored the effectiveness and stability of BS-MutaT7 as a platform 
for accelerated continuous directed evolution. To expand the mutational 
spectrum, we explored the fusion of dual deaminases to T7RNAP and the 
co-expression of TadA8e-T7RNAP and PmCDA1-T7RNAP on a single 
plasmid. However, both strategies resulted in suboptimal editing effi
ciency. Therefore, future research will focus on engineering multi- 
enzyme complex to enable the simultaneous introduction of an 
expanded mutation spectrum on the genome. In summary, by expanding 
the applicability of T7-guided mutagenesis systems to Gram-positive 
bacteria, BS-MutaT7 provides a robust and versatile platform for 
genome-scale evolution, accelerating the development of high- 
performance chassis cell and functional genetic elements.
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