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Abstract

Intestinal microbiota members of the Bifidobacterium genus are increasingly

recognized as probiotic potential and therapeutics applications to improve human health.

However, the paucity of genetic tools and the prevalence of restriction modification (RM)

systems limit the genetic manipulation in Bifidobacterium. In this study, we established

a series of CRISPR/Cas9 cytosine base editor systems (cBESTs) with fine tuning base

editor and sgRNA expression that are portable across multiple Bifidobacteria. We showed

that bypassing RM systems by either eliminating restriction endonucleases or matching

DNA methylation patterns in B. longum NCIMB 8809 and B. adolescentis DSM 20083

significantly improved both transformation (up to 300,000-fold) and editing efficiencies

(up to 100%). Furthermore, we successfully manipulated methionine cycle pathway to

elucidate the correlation between DNA methylation and 5’-methylthioadenosine

regulation through MetK-deficient and RM-disrupted strains. Finally, we achieved the

genetic knockout of the conserved bile salt hydrolase (bsh) gene in B. longum NCIMB

8809, B. longum DSM 20219 and B. infantis DSM 20088, effectively deactivating bile

acids deconjugation. In summary, the ability to efficiently engineer Bifidobacterium

genomes will definitely open new avenues for research and applications towards

improving human health.
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This thesis is a collaboration project with Professor Mingzi M. Zhang from Institute of
Molecular and Genomic Medicine, National Health Research Institutes. The manuscript,
entitled Highly Efficient DSB-Free CRISPR-Cas9 Base Editing in Bifidobacterium with

Bypass of Restriction Modification Systems, is currently being under review at ACS

Synthetic Biology, and the thesis author is the primary author of the manuscript.

Chapter 1. Introduction

1-1. Bifidobacterium

Advances in multi-omics analyses and bioinformatics have shed light on the crucial
roles of human gut microbes in shaping human physiology and diseases.!' > Maintaining
the composition of gut microbiota, such as probiotics, is important for improving human
health. A particular genus known as Bifidobacterium stands out as probiotics with
numerous beneficial effects on human health, including the regulation of immune
response, maintenance of gut barrier function, metabolic homeostasis, and shaping of gut

microbiota composition at different life stages.*>*®

Through analyzing the metabolomic profiles of gut microbes by mass spectrometry
(MS), we are starting to appreciate the role of gut microbial metabolism in relation to
human health and diseases and discover novel bioactive compounds with therapeutic
potential.>> 7 Our previous work indicated that Bifidobacterium longum NCIMB 8809 can
protect against metabolic disorders through its metabolite 5’-methylthioadenosine (MTA)

derived from methionine,® which was identified by LC-MS/MS analysis.
1

doi:10.6342/NTU202404344



Understanding the intricate cross-talk across Bifidobacteria, the host and other
members of the gut microbiota require precise genetic modifications of individual genes,
metabolic pathways and microbial strains. Conducting research with these engineered
strains to validate hypotheses generated from clinical data could unlock the potential of
Bifidobacteria as probiotics and therapeutics in both food and pharmaceutical industries.>
 However, the limited accessibility to genetic tools in Bifidobacteria poses a huge

challenge in conducting such mechanistic studies.'® !!

1-2. CRISPR-Based Genome Editing Methods for Bacteria

The adaptation of the clustered regularly interspaced short palindromic repeat
(CRISPR) and CRISPR-associated (Cas) proteins stands out as revolutionary milestone
in biotechnology by accomplishing precise genome editing with remarkable accessibility
across viruses, prokaryotic and eukaryotic organisms.!> 1 It requires only a single guide
RNA (sgRNA) to target specific gene locus and a programmable Cas protein, allowing
deletions, insertions and precise point mutations.'* A well-established method employing
cytidine deaminase (APOBEC-1) fused with Cas9 (D10A) nickase from Streptococcus

pyogenes enables cytosine (C) to thymine (T) mutagenesis without inducing double-

doi:10.6342/NTU202404344



strand DNA breaks (DSBs) (Figure 1.1).!> ¢ Augmenting this fusion protein with uracil
DNA glycosylase inhibitor (UGI) has shown the enhancement of C-to-T editing

efficiency.!”

While CRISPR-based genome editing has been successfully developed and applied
to specific genus of gut microbiota such as Clostridium, Bacillus, Lactobacilli and

Bacteroides, 2!

only few genomic engineering methods have been reported for
Bifidobacteria.'® One reported genome editing method involves in utilizing the
characterized endogenous CRISPR-Cas system in Bifidobacterium animalis subsp. lactis
DSM 10140.2 Although the applicability of endogenous CRISPR-Cas system is more
suitable for bacteria, some Bifidobacteria genome do not contain CRISPR-Cas system,
and its diversity may lead to unpredictable editing outcomes. An alternative solution is
the delivery of the well-established CRISPR-Cas9 cytosine base editing systems into
Bifidobacterium for precise genetic manipulation without DSBs. Despite the potential
advantages, challenges arising from thick peptidoglycan layers and active restriction-
modification (RM) systems result in extremely low transformation efficiency, which

creates obstacles in accessing synthetic biology tools for Bifidobacteria.****
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Figure 1.1. Molecular mechanism of cytosine base editor introducing C-to-T mutagenesis.

Figure reprinted from Anzalone et al (2020).'*

1-3. Restriction Modification Systems

Restriction-modification (RM) systems differentiate foreign DNA from endogenous

genomic DNA through two main enzymatic components: modification methyltransferase

(MTase) and restriction endonuclease (REase). The MTase protects DNA by adding a

methyl group to cytosine or adenine through S-adenosyl-L-methionine (SAM) (Figure

1.2A), whereas the REase cleaves the specific sequences lack of methylation. RM systems

are categorized based on the protein composition, recognition sequences and other factors.

Type I RM systems are complex, comprising three distinct proteins—restriction,

modification and specificity subunits—with relatively long and bipartite recognition

sequences. Type II RM systems are the most prevalent and well-studied, constituting

about 90% of all RM systems. They are simple and characterize by two separate proteins
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responsible for restriction and modification, with typically shorter and palindromic
recognition sequences. Type III RM systems comprise multiple restriction and
modification subunits, with short and non-palindromic recognition site in the MTase.
(Figure 1.2B).2> 2% Single molecule real time (SMRT) sequencing has revealed a diverse
methylome across Bifidobacterium breve strains, highlighting variations in RM
systems.?” Taken together, the highly variable REases cleave the foreign non-methylated
DNA, reducing the transformation efficiency and making it challenging to develop
genetic tools in Bifidobacteria. Hence, we would need some strategies to bypass the

native RM systems.
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D g
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0 Modification subunit 6 Specificity subunit subunit

Adenine

Figure 1.2. DNA methylation and types of RM systems in bacteria. Figure reprinted from

Beaulaurier et al (2019).26
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1-4. Research Objectives

CRISPR-based genome editing enables precise manipulation of biosynthetic

pathways through activation, interference, knockout or knock-in strategies. If we can

overcome the issue of low transformation efficiency caused by RM systems, we will have

greater confidence in developing CRISPR-based gene editing tools in Bifidobacteria.

Furthermore, the synergistic use of LC-MS/MS and CRISPR-based technologies will

undoubtedly advance natural product discovery and metabolic regulation, leading to the

development of new therapeutics and a deeper understanding of microbial biochemistry

as well as gut microbes-host interaction.

In this thesis, we address the challenge of gene editing in Bifidobacteria by

establishing CRISPR-Cas9 cytosine base editor systems (cBEST). For strains with low

transformation efficiencies, we sought to bypass their RM systems through disrupting

REases or matching DNA methylation patterns. Furthermore, we showcased the utility of

our cBEST by using the identical construct to knockout a conserved bile salt hydrolase

(bsh) gene and achieve bile acids perturbation in different Bifidobacterium strains. Our

CRISPR-Cas9 base editing tools provide a novel solution for tuning metabolic pathways

in Bifidobacteria.
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Chapter 2. Materials and Methods

2-1. Chemicals and Reagents

All chemicals and reagents used in this study are listed in Supplementary Table 6.2.

2-2. Bacterial Strains and Culturing

Bacterial strains used in this study are listed in Supplementary Table 6.3.

Bifidobacterium strains and Clostridium scindens DSM 5676 were propagated in BCRC

and cultured in NEOGEN Lactobacilli MRS broth containing 0.05% wt/vol L-cysteine

(MRSC) at 37 °C under anaerobic conditions (80% N2, 10% CO», 10% H») using Whitley

DG250 anaerobic workstation. Bacterial growth curves were carried out in 20 mL MRSC

broth inoculated with 400 pL overnight seed cultures over 24 hours. Aliquots were

removed at indicated time points for ODgoo measurements using a Metertech Model6".

2-3. Protospacer Design for Gene Knockout

The protospacer design followed the previous work.'® Briefly, we identified GIn

codons (CAA and CAG) on the forward strand or Trp (AGG) codons on the reverse strand
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within the theoretical editing window, situated 11 to 17 nucleotides upstream from PAM
(NGG). Next, a BLAST search of 12nt+NGG was conducted to check a single perfect
match in whole genome to minimize potential off-target effects. A minimum of 2-3
protospacers were selected per targeted gene to ensure successful gene editing. List of

protospacers used in this study are listed in Supplementary Table 6.4.

2-4. Electroporation of Bifidobacterium Strains

Culture media was first optimized for B. longum NCIMB 8809 to improve
transformation efficiency (Figure 2.1). Cysteine and sucrose are essential for
Bifidobacterium cultures and sodium chloride can be used as cell wall weakening agent

to improve transformation efficiency,’® but the bacterial growth may slightly slow down.

Overnight seed cultures in MRSC broth were diluted 30-fold in MRSC broth
supplemented with 0.2 M sucrose and 0.2 M NaCl and incubated anaerobically until
ODsoo reached 0.3~0.4. Other Bifidobacterium species were cultured in MRSC broth
supplemented with 0.2 M sucrose. After bacterial culturing, bacteria were chilled on ice
for 15 min, washed with cold 10% glycerol twice and resuspended in 1/75 of the original

culture volume of 10% glycerol. 0.1 mL bacteria were mixed with plasmids (1.5 pg

doi:10.6342/NTU202404344



cBEST plasmids, 500 ng non-methylated pMGC-mCherry and pMGC-Cas9n plasmids,

or 250 ng host-methylated plasmids) and chilled on ice for 15 min. For direct

transformation of Golden Gate assembly reaction, 5 pL of the Golden Gate assembly

mixture was added to 0.1 mL of bacteria. Upon transfer to a pre-chilled 0.1 cm-cuvette,

cells were electroporated at 1.5 kV/cm, 5 ms using MicroPulser Electroporator (Bio-Rad)

and recovered immediately with 0.9 mL MRSC broth for 2.5 hours at 37 °C anaerobically.

The bacteria were plated on MRSC agar containing 10 pg/mL of chloramphenicol and

incubated at 37 °C anaerobically for 2-3 days.
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Figure 2.1. Medium optimization for competent cell preparation via pMGC-mCherry.

(n=4, four biological replicates; **P < 0.01, ****P <(.0001)
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2-5. Determination of Transformation Efficiencies

Transformation efficiencies were determined by independent electroporation
experiments with consistent plasmid quantities. Colony forming units (CFU) were
counted on chloramphenicol resistance plates following appropriate dilution to obtain
between 20 and 1000 CFUs per plate. Transformation efficiencies were finally calculated

as CFU per pg of plasmids.

2-6. Validation of Genome Editing and Determination of Genome Editing

Efficiencies as well as Gene Editing Windows

All gene editing plasmids were transformed into Bifidobacterium and plated on 10
ug/mL chloramphenicol selection MRSC agar plates. For editing of wild type strains, all
transformants were screened by PCR and Sanger sequencing, with two independent
experiments. For editing in REase knockout strains, B. infantis DSM 20088 or using
methylated editing plasmids, five colonies from each plate were randomly picked for PCR
and sequencing due to their high transformation efficiencies (>10° CFU/ug plasmid).
Editing efficiencies were calculated as [number of edited colonies / number of sequenced
colonies]. “0” means no transformant obtained. For editing windows, sequences of

10
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protospacers with position numbering are displayed with PAM at positions 0 to -2. C-to-

T conversion rate for each shaded nucleotide was calculated as [number of C-to-T edits /

number of sequenced colonies]. Plasmids used in this study are listed in Supplementary

Table 6.5. Primers used in this study for PCR and sequencing are listed in

Supplementary Table 6.6.

2-7. Plasmid Curing from Bifidobacterium Transformants

To cure cBEST editing plasmids from Bifidobacterium transformants,

chloramphenicol-resistant colonies were streaked onto non-selective MRSC agar plates.

Every two days, single colonies were re-streaked onto new non-selective MRSC plates.

Typically, after 5 passages on non-selective MRSC plate, all of colonies were cured of

their plasmids and available for functional studies.

2-8. mCherry Reporter Assay for Promoter Screening and Characterization

To screen and characterize promoter strength, we conducted experiments in

biological triplicates over three separate days. Each triplicate was averaged and plotted

as three value to represent. Chloramphenicol-resistant Bifidobacterium transformants

11
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containing plasmids driving mCherry expression from indicated promoters were
inoculated into MRSC broth supplemented with 10 pg/mL chloramphenicol. Overnight
cultures were diluted 1:50 into 1 mL MRSC broth with 10 pg/mL chloramphenicol and
grown anaerobically at 37 °C for 5 or 24 h to obtain exponential or stationary phase
cultures, respectively. Cells were harvested, washed with PBS twice, and resuspended in
400 puL PBS. Both mCherry fluorescence (Ex: 554 nm; Em: 610 nm) and culture
absorbance (600 nm) were measured using a Synergy H1 Microplate Reader from BioTek.

Relative fluorescence unit (RFU) was defined as the ratio of fluorescence to absorbance.

2-9. Bacterial Plate Cultures for Monitoring Methionine Cycle Pathway

For the analysis of methionine cycle pathway, 100 puL of overnight cultures were
plated on MRSC agar plate. After 18 h incubation, bacteria were scraped and extracted
with 0.6 mL 80% LC-grade methanol. Samples were homogenized by ultrasonication (25
W, 20 kHz, 1 min) and then centrifuged for 13000 rpm 15 min. For untargeted LC-QE
analysis, supernatants were directly transferred to autosampler vials for LC-MS/MS
analysis. For targeted LC-QqQ analysis, 50 pL supernatants were mixed with 50 pL

internal standards (100 ppb methionine-'*C, d3 and 100 ppb 5’-methylthioadenosine-d3)

12
doi:10.6342/NTU202404344



and transferred to autosampler vials for LC-MS/MS analysis.

2-10. Metabolomics Using LC-QE Analysis for Bacterial Plate Cultures

For metabolomics data, LC-MS/MS analysis was performed by a Dionex U3000

UPLC system coupled with a Thermo Scientific Q Exactive Plus equipped with heated

electrospray ionization (HESI). 3 puL of sample was injected and separated using Acquity

HSS T3 column (2.1x100 mm, 1.7 um) at 40 °C. Mobile phase A was 0.1% formic acid

in deionized water while mobile phase B was 0.1% formic acid in acetonitrile. The elution

separation gradient was as follows: 5% B for 1 min, linear increase to 95% B at 8 min,

held at 95% B for 3 min, decreased linearly to 5% B at 12 min and held for another 3 min.

Mass spectrometer parameters were also as follows: ionization voltage 3.5 kV (positive

mode), capillary temperature 250 °C and sheath gas flow rate of 25 pL/min. The scan

method was operated in Top10 data-dependent acquisition (ddMS2) with a normalized

collision energy of 30.

13
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2-11. Targeted Methionine Derived Metabolites Using LC-QqQ Analysis

For targeted five methionine-dericed metabolites, LC-QqQ analysis was performed

by an ExionLC AC system coupled with a SCIEX Triple Quad 5500. 3 puL of sample was

injected and separated using Acquity UPLC BSH C18 column (2.1x100 mm, 1.7 um) at

40 °C. Mobile phase A was 0.1% formic acid in deionized water while mobile phase B

was 0.1% formic acid in acetonitrile. The elution gradient for separation was as follows:

5% B for 1 min, increased linearly to 95% B at 5 min, held at 95% B for 3 min, decreased

linearly to 5% B at 9 min and held for another 3 min.

The multiple reaction monitoring method for individual compounds is shown in

Figure 2.2. Peak areas for methionine (MET) and homocysteine (homoCys) were

normalized to the peak area of methionine-'>C, d3, while peak areas for S-adenosyl-L-

methionine (SAM), S-adenosyl-L-homocysteine (SAH) and 5’-methylthioadenosine

(MTA) were normalized to the peak area of 5’-methylthioadenosine-d3. We chose

bacterial plate cultures for LC-QqQ analysis to minimize noise and improve

comparability, as the presence of these metabolites in MRSC broth may introduce

interference (Figure 2.3).

14
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compound a1l Q3 time DP EP CE CXP

(ba) (pa) (ms) (V) (V) (V) (V)

56 21 7

MET 150 104 50 50 14 12 7

133 13 9

e 108 16 9

e 154 55 50 61 15 22 7

137 14 10

136 25 11

MTA 298 119 50 48 6 70 8

61 67 9

136 25 11

LS 301 119 50 50 6 67 9
(d3)

64 51 8

250 19 9

SAM 399 298 50 70 10 17 12

136 33 9

136 23 12

SAH 385 88 50 80 10 67 5

250 19 10

90 17 6

homoCys 136 56 50 50 14 22 8

118 11 8

Figure 2.2. QqQ multiple reaction monitoring (MRM) method for methionine-derived

metabolites. (A) MRM tuning parameters containing parent ion (Q1), daughter ion (Q3),

ion dwell time, declustering potential (DP), entrance potential (EP), collision energy (CE)

and cell exit potential (CXP).
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Figure 2.3. Evaluation of interference in MRSC broth. (A) Bacterial broth cultures. B.
longum NCIMB 8809 was incubated for 60 h. (B) Fold change compared to the MRSC
broth only. (C-G) Comparison of normalized peak area for each compound between
MRSC broth and bacterial cultures. (n=4; error bars, s.e.m.; ns, not significant, ****P <

0.0001)
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2-12. Bacterial Cultures and Quantification Methods for Bile Acids Production

10 uL of overnight Bifidobacterium cultures were inoculated into 490 uLL MRSC

broth supplemented with 100 uM taurocholic acid (TCA). For bacterial co-cultures

experiments, overnight three Bifidobacterium strains and Clostridium scindens DSM

5676 cultures were mixed at the ratio of 1:1:1:3 and inoculated into TCA-supplemented

MRSC broth. After 24 h incubation, 600 pL of ice-cold 100% LC-grade methanol spiked-

in 2 ppm cholic acid-d4 was mixed with 150 pL cultures thoroughly. Samples were

homogenized by ultrasonication (25 W, 20 kHz) for 1 min and then centrifuged for 13000

rpm 10 min at 4 °C. Supernatants were diluted another five times into 80% LC-grade

methanol and transferred to autosampler vials for quantitative LC-QqQ analysis. Standard

mixtures with a concentration range from 1 to 200 uM were prepared following the same

protocol.

Quantitative LC-QqQ was performed by an ExionLC AC system coupled to a

SCIEX Triple Quad 5500. 3 pL of sample was injected and separated using Acquity

UPLC BSH C18 column (2.1x100 mm, 1.7 um) at 40 °C. Mobile phase A was 1 mM

ammonium acetate in deionized water while mobile phase B was 95% acetonitrile with

5% A. The elution gradient for separation was as follows: 30% B for 1 min, increased

linearly to 100% B at 8 min, held at 100% B for 3 min, decreased linearly to 30% B at 12

17
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min and held for another 3 min. The multiple reaction monitoring method for individual

compounds and the calibration curves are showed in Figure 2.4. The function of DCA

production by C. scindens DSM 5676 was tested in 100 uM cholic acid-supplemented

MRSC broth cultures (Figure 2.5).

A

com d RT Ql Q3 time DP EP CE CXP
POUNT (min) (Da) (Pa) (ms) (V) (V) (V) (V)

462 33 18

TCA 3.4 533 516 50 62 10 17 22

498 19 21

355 29 14

CA 4.18 426 373 50 75 9 21 15

91 98 10

CA-d4 4.16 430 i 50 87 9 8 14
377 21 15

357 18 14

DCA 5.53 410 375 50 68 11 15 15

339 23 15

B D

R?=0.9958
Y = 0.01773*X + 0.004293

Area ratio

T T T T T T 1
0 25 50 75 100 125 150
[TCA] (uM)

Area ratio

R?=0.9930
Y = 0.03515°X + 0.09498

T
25 50

T
75

[CA] (uM)

T 1
125 150

R?=0.9960
Y =0.03146*X + 0.07553

T T T 1
25 50 75 100 125 150
[DCA] (uM)

Figure 2.4. QqQ multiple reaction monitoring (MRM) method and the calibration curves.

(A) MRM tuning parameters containing Q1, Q3, ion dwell time, DP, EP, CE and CXP.

Calibration curves and their equation as well as R? value for (B) TCA, (C) CA and (D)

DCA. Arearatio were defined by the peak area normalized by peak area of CA-d4 internal

standard.
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Figure 2.5. Evaluation for DCA production of C. scindens DSM 5676. (A) Experimental
design for stimulating DCA production: C. scindens DSM 5676 was cultured in MRSC
broth supplemented with 100 uM CA for 24 h. (B and C) Quantification of CA and DCA

metabolites using LC-QqQ analysis (n=4; error bars, standard deviation).
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2-13. Statistical Analysis

All statistical analyses were performed in GraphPad Prism 9. For the analysis of

mCherry expression levels, unpaired two-tailed Student’s T-test was conducted for

comparison between exponential and stationary cultures. For the analysis of

transformation efficiencies, one-way ANOVA followed by Tukey’s post hoc test was

employed for multiple comparisons or unpaired two-tailed Student’s T-test was used for

comparison between two group. For analysis of metabolic data, one-way ANOVA

followed by Tukey’s post hoc test was employed for multiple comparisons. Asterisks

represent significant differences in P-values (*P < 0.05, **P <0.01, ***P <0.001, ****pP

< 0.0001) and ns means no statistical significance.
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All plasmids and promoters used in this thesis were provided by Professor Mingzi M.
Zhang and her group member, Wan-Chi Hsiao. Their kind collaboration is essential to

the success of this study.

Chapter 3. Results

3-1. Promoter Characterization in Bifidobacteria

Precise gene expression is crucial for effective microbial bioengineering. However,
only few promoters were characterized and used for heterologous gene expression in
Bifidobacteria."> "' Establishing promoters of varied strengths and minimally-sized
synthetic promoters will be crucial to building synthetic tools or genome editing toolkit

for Bifidobacterium spp..

To identify promoters for the construction of genome editing systems, we first
characterized the relative strengths of selected native and synthetic promoters in B.
longum NCIMB 8809 (Figure 3.1A). All constructs were derived from the pMGC-
mCherry plasmid (Figure 3.1B), which uses the established promoter in Bifidobacterium
bifidum S17 (Pgp) to drive mCherry expression.?’ Constitutive promoters from
Streptomyces griseus such as P3 and P6°° yielded detectable mCherry expression in B.
longum NCIMB 8809, albeit at significantly lower levels compared to Pgap. Among the

synthetic promoters, the tetracycline-inducible tcp830 promoter (Pips30)’! demonstrated

21
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the highest expression level. The synthetic kasO* promoter (Praso+)*? and its variant with
shorter spacer between the -10 and -35 regions (Piso+7)*’ (Figure 3.1C) displayed
relatively moderate expression levels, similar to Pg,p. With the exception of Pgap and Picps3o,
the other promoters yielded consistent mCherry expression during exponential and
stationary growth. Taken together, we successfully identified promoters of varied
strengths over a 26-fold range in B. longum NCIMB 8809, which will be useful for

controlling the expression of heterologous genes in Bifidobacteria.

To examine the portability of these promoters, we transformed these mCherry
reporter plasmids into B. adolescentis DSM 20083. While the overall mCherry
fluorescence was higher, the general trend of weak and strong promoters was similar to
that observed in B. longum NCIMB 8809 (Supplementary Figure 6.1A). We also
observed variable Pgap strengths using the identical pMGC-mCherry plasmid across

Bifidobacterium spp. (Supplementary Figure 6.1B).
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Figure 3.1. Evaluation of promoter strength in B. longum NCIMB 8809. (A) Relative
expression levels of various promoters in exponential and stationary phase cultures (n=3;
error bars, s.e.m.; *P < 0.05, **P <0.01). (B) Genetic map of pMGC-mCherry plasmid
with different promoters used in this study. (C) Sequence alignment of Piu0+ and its
variants, Prus0+17 and Praso*17tss. The blue dashed boxes indicated the -10, -35 regions and

transcription start site (TSS). Praso*17tss 1 truncated at the TSS site for sgRNA expression.
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3-2. Cytosine Base Editor Systems (cBESTs) in B. longum NCIMB 8809

Based on the promoters we characterized above, we designed and constructed four
sets of base editor constructs to be tested in B. longum NCIMB 8809. To precisely locate
the genomic locus for base editing, strong and moderate promoters (Picps3o0 and Praso*17tss)
were chosen to drive the sgRNA expression. Considering the influence of Cas9
expression levels on toxicity and genome editing efficiency in other organisms,’* 3°
relatively moderate and weak promoters (Paso*17, Praso* and P3) were tested to drive the
expression of the base editor (spCas9 (D10A) fused with APOBECI1 and UGI (Figure
3.2A)). These cytosine Base Editor Systems (cBESTs) are compatible with Golden Gate
assembly, which enabled easy cloning of sgRNA sequences in a single step. To edit the
SpeE gene, a candidate gene involved in the production of 5’-methylthioadenosine
(MTA), which has shown potential protection against obesity in our previous study,® we

designed four different protospacers for each cBEST construct to test, yielding a total of

sixteen constructs (Figure 3.2B).

cBEST constructs targeting the SpeE gene loci were transformed into B. longum
NCIMB 8809 and gene editing efficiencies were determined as the proportion of base-
edited transformants to the total sequenced transformants in each agar plate (Figure 3.2B).
Sanger sequencing confirmed the desired C-to-T edits within the predicted editing
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window of 11-17 nucleotides distal of the PAM sequence (Figure 3.2C, Supplementary

Figure 6.2). Among the cBEST constructs, cBEST4 exhibited the highest editing

efficiencies (up to 100% in each experiment) compared to cBEST2 and ¢cBEST3, while

cBEST1 did not make gene mutation. Notably, editing efficiency may also depend on the

protospacers used. In the case of SpeE-PS2, cBEST2 (25%) outperformed cBEST4 (0%).

These highlighted the crucial role of fine-tuning base editor as well as sgRNA expression

levels and the usage of promoters to achieve efficient gene editing.

Next, we conducted LC-MS/MS metabolic analysis to evaluate the impact of the

ASpeE (Q198%*) strain on MTA production (Figure 3.3). Methionine, S-adenosyl-L-

methionine (SAM) and MTA were successfully detected, with confident MS/MS

fragmentation (Figure 3.3 E and F). Surprisingly, no regulation of MTA levels was

observed in the ASpeE (Q198*) strain (Figure 3.3D). The intermediate product dcSAM,

the substrate for SpeE to produce MTA, was not detected. Additionally, we did not find

a gene responsible for converting SAM to dcSAM in the publicly available whole genome

sequence of B. longum NCIMB 8809. This evidence suggests the existence of alternative,

unreported enzymes that may be involved in MTA production through different pathways.
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Figure 3.2. Construction and validation of four cBEST constructs for B. longum NCIMB
8809. (A) Genetic map of cBEST construct containing both sgRNA and the base editor.
(B) Editing efficiencies of cBEST1 to cBEST4 targeting the SpeE gene with indicated
promoters driving sgRNA and the base editor expression, along with different
protospacers (PS) and their corresponding PAM sequences in each row. (C) Sequencing
results for precise introduction of a stop codon (black line) due to C-to-T edit (red frame)

using the cBEST2-SpeE-PS2 plasmid.
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Figure 3.3. Evaluation of MTA regulation in the ASpeE (Q198%*) strain. (A) Biosynthetic
pathway of MTA with the indicated genes searched from KEGG database. LC-MS/MS
analysis depicting peak areas for (B) L-methionine, (C) S-adenosyl-L-methionine and (D)
5’-methylthioadenosine in both wild-type and the ASpeE (Q198%*) strain. dcSAM was not
detected. (n=3, biological triplicates; error bars, standard deviation; ns, not significant)

(E and F) Annotation of MS/MS fragmentation patterns for SAM and MTA.
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3-3. Enhanced Transformation and Gene Editing Efficiencies in RM-Disrupted

Strains Derived from B. longum NCIMB 8809 and B. adolescentis DSM 20088

Although we successfully established cBEST editing tools for B. longum NCIMB

8809, we noticed the extremely low transformation efficiencies (< 10 CFU/pg plasmids)

obtained with cBEST plasmids and hypothesized that RM systems may constitute a

significant barrier to the DNA delivery into Bifidobacteria other than Cas-associated

toxicity.

To determine if the contribution of RM systems towards transformation and gene

editing efficiencies, we sought to disrupt its native RM systems. Previous studies had

assigned the existing RM systems and their predicted recognition motifs in B. longum

NCIMB 8809.2* We targeted three predicted REase genes including HsdR, EcoRII 0606

and EcoRII 0983 in B. longum NCIMB 8809 using cBEST2 constructs. Consequently,

we obtained five REase knockout strains, comprising three individual genes knockout, a

REase double knockout (the AO606A0983 strain) and a REase triple knockout (Figure

3.4 A-C).

We next evaluated whether disrupting REases affects bacterial growth and

antibiotics resistance. No significant differences were observed in bacterial growth curves
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across all the REase knockout strains (Figure 3.4D, Supplementary Figure 6.3A). In

the chloramphenicol sensitivity test, there was no inhibition in bacterial growth at 0.5

pug/mL chloramphenicol, while 2.5 pg/mL chloramphenicol completely inhibited

bacterial growth, which were all consistent with the wild type (Figure 3.4E,

Supplementary Figure 6.3B). This indicated the successful loss of editing plasmids in

all the REase knockout strains, showing the potential to knockout other interest genes and

conduct further functional studies.

Subsequently, we compared transformation efficiencies across all the REase

knockout strains using pMGC-mCherry (Figure 3.5A) and pMGC-Cas9n plasmids

(Figure 3.5B). With pMGC-mCherry, we found that, except for the AHsdR strain,

transformation efficiency dramatically increased two to three orders of magnitude

(Figure 3.5C). The lack of transformation efficiency improvement in the AHsdR strain

might be attributed to the absence of HsdR recognition sequence (5’-GATNsTGCC-3”)

in pMGC-mCherry (Supplementary Table 6.7). With pMGC-Cas9n, each knockout

strain exhibited varying extent of transformation efficiency improvement. The

A0606A0983AHsdR strain showed the most significant enhancement, reaching 300,000-

fold compared to the wild type (Figure 3.5D). These results revealed the major role of

the RM systems in restricting foreign DNA, especially large plasmids such as pMGC-
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Cas9n, in B. longum NCIMB 8809.

Additionally, we evaluated gene editing efficiencies by employing the ¢cBEST2-

SpeE-PS1 plasmid across these REase knockout strains. With the exception again of the

AHsdR strain, nearly all REase knockout strains exhibited 100% gene editing efficiency

(Figure 3.6). Furthermore, we assessed gene editing efficiency in the

A0606A0983AHsdR strain using four cBEST-SpeE-PS1 plasmids. The use of cBEST2,

cBEST3 and cBEST4 constructs all achieved 100% gene editing efficiency (Figure 3.6).

Consistent editing sites were observed at positions 16 and 17 within the SpeE-PS1

protospacer (Figure 3.6, Supplementary Figure 6.4). These data highlight the profound

impact of restriction endonucleases on both transformation and gene editing processes.

The case of the AHsdR strain might suggest potential decoupling of plasmid

transformation and genome editing or indicate that its transformation efficiency is not

high enough to maintain plasmids integrity.

To determine if disruption of REases could enhance both transformation and gene
editing efficiencies in other Bifidobacterium sp., we compared wild type Bifidobacterium
adolescentis DSM 20083 to a REase-disrupted ASau3A1I (Q260%*) strain (Supplementary
Figure 6.5A). As expected, we observed significant improvements in transformation
efficiency, with 86-fold enhancement using pMGC-mCherry and 565-fold enhancement
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using pMGC-Cas9n in the ASau3Al (Q260%*) strain (Figure 3.7A). Additionally, the

ASau3AI (Q260%*) strain exhibited 100% gene editing efficiency in cBEST3 and cBEST4

constructs targeting Sau3AI-PS1 (Figure 3.7B) and consistent editing sites at position 13

within the Sau3A4I-PS1 protospacer (Figure 3.7C, Supplementary Figure 6.5 B-E),

similar to the REase knockout strains observed in B. longum NCIMB 8809. Notably, we

failed to obtain any edited transformants with cBEST1 and cBEST2, suggesting that base

editor expression levels may be too high for B. adolescentis DSM 20083

(Supplementary Figure 6.1A).

In conclusion, native RM systems constitute a major barrier to transformation and

genome editing in Bifidobacterium, and that disruption or bypass of RM systems can

significantly enhance genome editing of these genetically recalcitrant bacteria.
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Figure 3.4. Obtaining five REase knockout strains derived from B. longum NCIMB 8809

with their chloramphenicol sensitivity test and bacterial growth curves. (A to C)

Sequencing results confirmed precise introduction of stop codon (black line) due to

successful C-to-T edits (red frame). (D) Bacterial growth in MRSC broth over 24 h.

Bacterial log phase cultures were monitored hourly. (n=3, biological triplicates) (E)

Antibiotics sensitivity test conducted at the indicated chloramphenicol concentrations for

24 h. (n=3, biological triplicates)
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Figure 3.6. Assessment of all REase knockout strains derived from B. longum NCIMB

8809 through editing efficiencies and their editing windows. The cBEST2-SpeE-PS1

plasmid was transformed into all REase knockout strains to compare editing efficiencies,

while four cBEST-SpeE-PS1 plasmids were transformed into the AO606A0983AHsdR

strain.

34

doi:10.6342/NTU202404344



106+ ®  pMGC-mCherry
LC>; *% O pMGC-Cas9n
Q0 10° -
4 4
g _‘_m" 10
o Q—
= 103_
s X
£ > 102
o
G— L
2 o 101_
o
'_
10° T T T T
R R
XN XN
& ’\z‘°0 & ’13’0
RN & W&
3 a)?‘ 30 a)?*
Q).o ‘-)0\) <2y() (_)00
> >
Host Jareet CBEST1 | CBEST2 | CcBEST3 | cBEST4
Gene locus
B. adolescentis 0,0/1 0/1,0 0/1,0 3/23,1/16
Sau3Al-PS1
ASau3Al(Q260%) 0/5 0/5 3/3 5/5

@]

Editing window within the Sau3A/-PS1 protospacer
20 19 18 17 16 15 14 13 12 11 10 9 8 7 6 S5 4 3 2 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 100

g CBEST1 C [¢ C [¢ &
o cBEST2 4 60
§ cBEST3 1 40
o
8
<

(%) uoisiaAuod 1-01-D

CBEST4 4
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3-4. Monitoring Methionine Cycle Pathway in RM-Disrupted Strains

Although we failed to regulate MTA abundance in the ASpeE strains, untargeted

LC-MS/MS analysis revealed significant upregulation of MTA in the A0606 (Q64%*)

strain (Supplementary Figure 6.6). Therefore, RM systems might involve in MTA

regulation. DNA methyltransferase (DNMT or MTase) utilizes SAM as a methyl donor

to methylate genomic DNA, generating S-adenosyl-L-homocysteine (SAH) as a

byproduct (Figure 3.8 A and B). Conversely, REases cleave non-methylated DNA. The

MetK gene is essential for RM systems because it ensures sufficient supply of SAM,

which is crucial for DNA methylation. Without functional MetK, bacteria may fail to

methylate their DNA correctly, leading to self-restriction and cell death. However, in

REase-deficient strains, the requirement for DNA methylation diminishes.

We postulated that as REase activity decreases, DNMT activity may also decline,

prompting a shift in metabolic pathway toward MTA synthesis as a compensatory

mechanism to balance SAM abundance. To verify this hypothesis, we evaluated the

REase knockout strains and further targeted the MetK gene to engineer the methionine

cycle. Using the cBEST4 construct, we attempted to knockout the MetK gene across all

REase knockout strains. As expected, the A0606A0983AHsdR strain, which has

completely inactivated REases, successfully edited the MetK gene. Surprisingly, we also
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achieved MetK knockouts in the AO606A0983, A0606 and A0983 strains (Figure 3.8C).

Sequencing results confirmed the precise introduction of a stop codon in the MetK gene

(Figure 3.8D, Supplementary Figure 6.7).

We subsequently monitored the regulations of methionine cycle pathway in all these

engineered strains, including ASpeE, MetK-deficient and RM-disrupted strains, using

targeted LC-QqQ analysis (Figure 3.9). In the ASpeF strain (grey bar), compared to wild

type B. longum NCIMB 8809, all metabolite levels remained unchanged, confirming

again that the SpeE gene does not contribute to MTA production (Figure 3.9,

Supplementary Figure 6.8C). In MetK-deficient strains (pink bar), SAM, MTA and

SAH were significantly downregulated due to SAM depletion (Figure 3.9 B-D). In

contrast, all RM-disrupted strains (blue bar) significantly increase MTA abundance,

supporting our hypothesis that decreased DNA methylation leads to compensatory MTA

production from SAM (Figure 3.9C).

Successful MetK knockout in RM-disrupted strains could be attributed to several

factors. One possible reason is the activation of alternative pathways or metabolic

compensation mechanisms that utilize other methyl donors to maintain DNA methylation,

allowing these bacteria to survive without SAM. Additionally, selective pressure may

induce genetic changes, causing MTases or residual REases to be turned-off in SAM-
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deficient strains to avoid self-restriction. These compensatory mechanisms could allow

the bacteria to persist despite the loss of MetK gene and SAM metabolite. The inability

to edit the MetK gene in the AHsdR strain might be its fully functional Type II RM system,

which strongly requires SAM to methylate specific DNA sequences (5’-CCWGG-3”)

(Supplementary Table 6.7). Further investigation into the genetic regulation of these

strains could provide deeper insights into their survival strategies under SAM-deficient

conditions.

Through engineering multiple strains to precisely manipulate methionine cycle

pathway, we elucidated the role of DNA methylation in native RM systems. This study

also identified strains with upregulated and downregulated MTA, which may serve as

valuable models strains for functional studies related to MTA metabolism and host-

microbial interactions.
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Figure 3.8. Successful MetK knockouts in RM-disrupted strains. (A) Methionine cycle
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of four successful MetK knockout strains.
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Figure 3.9. Targeted LC-MS/MS analysis for the regulations of methionine cycle

pathway. Normalized peak areas for each indicated metabolite across multiple engineered

B. longum NCIMB 8809 strains. (n=4, biological replicates; error bars, standard deviation;

ns, not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < (0.0001; BLK, blank

control)
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3-5. Unique RM Systems across Bifidobacterium Strains

The RM-disrupted strains demonstrated extremely high transformation efficiency

and retained the machinery necessary for DNA methylation. By passaging pMGC-Cas9n

plasmids through the AO606A0983AHsdR strain of B. longum NCIMB 8809 and the

ASau3AIl (Q260*) strain of B. adolecentis DSM 20083, we should match their DNA

methylation patterns to circumvent the native RM systems in the parent strains (Figure

3.10A). As expected, plasmids methylated by the AO606A0983AHsdR strain improved

the transformation efficiency of B. longum NCIMB 8809 by 1700-fold, while those

methylated by the ASau3AI (Q260%*) strain improved the transformation efficiency of B.

adolescentis DSM 20083 by 400-fold, indicating successful evasion of the native RM

systems (Figure 3.10B).

However, these methylated plasmids reduced transformation efficiency in other

Bifidobacterium species (Figure 3.10B). These outcomes might be attributed to undesired

methylation patterns. Even within the same species, the pMGC-Cas9n plasmid

methylated by the B. longum NCIMB 8809 A0606A0983AHsdR strain failed to improve

transformation efficiency in B. longum DSM 20219, suggesting the strain-specific RM

systems across the Bifidobacterium genus.
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Figure 3.10. Comparison of transformation efficiency using non-methylated or

methylated pMGC-Cas9n plasmids.

(A) Experimental workflow: pMGC-Cas9n

methylated by the A0606A0983AHsdR strain or the ASau3Al (Q260%*) strain were

considered to match the methylation patterns of B. longum NCIMB 8809 or B.

adolescentis DSM 20083, providing the ability to escape from RM systems. (B)

Comparison of transformation efficiency using non-methylated or host-methylated

pMGC-Cas9n plasmids across B. longum NCIMB 8809, B. adolescentis DSM 20083, B.

infantis DSM 20088 and B. longum DSM 20219. (n=3, biological triplicates; error bars,

s.e.m., ns, not significant, *P < 0.05, ****P <(0.0001)
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3-6. Highly Efficient and Streamlined Genome Editing in RM-Disrupted Strains

Based on 100% gene editing efficiency in REase knockout strains and the significant

improvement of transformation efficiency using methylated plasmids, we hypothesized

that host-methylated plasmids with ability of evading RM systems may facilitate genome

editing. To evaluate this hypothesis, we targeted the bile salt hydrolase (bsh) gene for

validation.

Bile acids serve as key metabolites that govern host fat emulsification, glucose and
lipid homeostasis, cholesterol metabolism and the composition of gut microbiota.>® 37
Imbalances in the bile acids pool have been implicated in several diseases, including
Clostridioides difficile infection (CDI), inflammatory bowel disease (IBD) and metabolic
syndrome.*® % Bile salt hydrolase, only found in few bacteria such as Bifidobacterium,
Lactobacillus and Bacteroides, is involved in catalyzing the deconjugation of glycine- or
taurine-conjugated bile acids, which initiates the production of secondary bile acids and
balances the bile acids pool in the gut (Figure 3.11). Recent studies have identified that
bile salt hydrolase produces amino acid-conjugated bile acids from primary bile acids.*®
40.41 In our preliminary data, we also detected glutamic acid-conjugated cholic acid and
other biotransformations, such as the addition of an ethyl group to deoxycholic acid,
produced by B. longum NCIMB 8809 (Supplementary Figure 6.9). Given the critical
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role of this multifunctional enzyme, we believe that obtaining bsh mutant strains can help

related studies for further understanding of how gut microbiota and bile acids regulation

impact on human physiology.
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Figure 3.11. Bile acids circulation in humans. Primary bile acids are initially synthesized
in the liver and then metabolized by gut microbiota. This process begins with the
deconjugation of primary bile acids, mediated by bile salt hydrolases, and proceeds
through several steps, ultimately leading to the production of secondary bile acids. Figure

reprinted from Collins et al (2023)*.
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Therefore, we compared three strategies involving different competent cells and the

use of non-methylated/methylated plasmids to edit the bsh gene using the cBEST2

construct with three distinct protospacers (Figure 3.12). As expected, non-methylated

plasmids yielded few transformants and gene mutations in the wild type strain, whereas

the cBEST2-bsh-PS1 plasmid achieved 100% editing efficiency in the

A0606A0983AHsdR strain (Figure 3.12B). Notably, the use of methylated plasmids

significantly increased transformation efficiency (data not shown), with all constructs

achieving 100% gene editing efficiency in the wild type, regardless of the protospacers

used (Figure 3.12B). Detailed editing patterns and their corresponding editing windows

are shown in Supplementary Figure 6.10.

Given the high transformation efficiency and intact DNA methylation machinery in

the RM-disrupted B. longum NCIMB 8809 A0606A0983AHsdR strain, we sought to

streamline the cloning and genome editing process (Figure 3.13). For constructing the

cBEST4-bsh-PS1 editing plasmid, direct transformation of the all-on-one Golden-Gate

assembly mixture into the AO606A0983AHsdR strain resulted in 100% editing efficiency

(Figure 3.13; Supplementary Figure 6.11A), demonstrating simultaneous amplification

and methylation without the use of E. coli, saving three days in plasmids preparation.

Host-methylated cBEST editing plasmids extracted from the AO606A0983AHsdR strain
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were consistently edited the target gene locus in the wild type B. longum NCIMB 8809

strain (Figure 3.13; Supplementary Figure 6.11B). No transformants were obtained

with this workflow using the parent B. longum NCIMB 8809 strain (Figure 3.13). Overall,

we demonstrated a streamlined genome editing approach using RM-disrupted

Bifidobacterium strains.

00 ¢
-

Transforminto

Wild type

Plasmids from Transforminto Methylated plasmids

E.coliJM110 from REase-KO strain
B Strategy bsh-PS1 | bsh-PS2 | bsh-PS3
NCIMBBBO9 | 4 /1 | 0/2,0 | 1/3,3/3

non-methylated

A0606A0983AHsdR

non-methylated 5/5 0/5 35
NCIMB 8809
methylated 5/5 515 5/5

Figure 3.12. Comparison of gene editing efficiencies across three strategies for RM

systems evasion. (A) Plasmids were methylated by REase knockout strains to match the

methylation patterns of the parent host. The methylated plasmids were transformed into

the wild type. (B) Comparison of editing efficiencies using the cBEST2 editing plasmids

through the three strategies.
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3-7. Identical cBEST Constructs for Metabolic Regulations in Bifidobacterium spp.

To determine if the cBEST constructs work in multiple Bifidobacterium species and

strains other than B. longum NCIMB 8809 and B. adolescentis DSM 20083, we leveraged

on the highly conserved bsh gene in Bifidobacteria, particularly 100% sequence identity

at the bsh-PS1 genomic locus in strains B. longum NCIMB 8809, B. infantis DSM 20088

and B. longum DSM 20219. We were able to target bsh-PS1 using the identical cBEST

editing plasmids. We cloned bsh-PS1 into cBEST2, cBEST3 and cBEST4 backbones and

assessed gene editing efficiency in these strains. With the cBEST2-bsh-PS1 plasmid, only

B. longum DSM 20219 successfully made C-to-T edits (Figure 3.14A, Supplementary

Figure 6.13). Conversely, the cBEST3-bsh-PS1 and the ¢BEST4-bsh-PS1 plasmid

yielded 100% gene editing efficiency with successful introduction of a stop codon in B.

infantis DSM 20088 and B. longum DSM 20219 (Figure 3.14 A, Supplementary Figure

6.13). For the differences in editing windows across different strains (Figure 3.14B), it is

possibly due to the variations in the base editor expression levels.

Next, we quantified taurocholic acid (TCA), cholic acid (CA) and deoxycholic acid

(DCA) using LC-MS/MS analysis to evaluate if the BSH function is deactivated in those

Absh strains during individual strain cultures. As expected, only the wild type NCIMB

8809 and the AO606A0983AHsdR strain consumed TCA and produced CA when cultured
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in  TCA-supplemented MRSC broth. In contrast, the Absh and the

AO606A0983AHsdRAbsh strains were unable to metabolize TCA and CA was

undetectable (Figure 3.15C). We observed the same bile acids regulations in bsh

knockouts of B. infantis DSM 20088 and B. longum DSM 20219 (Figure 3.15C).

Additionally, we tried to simulate the process in the human gut where primary bile

acids are metabolized by bile salt hydrolase and then converted into secondary bile acids

by the bai operon (Figure 3.11 and Figure 3.15A). Certain Clostridium species, such as

Clostridium scindens DSM 5676, possess 7a-dihydroxylation activity, enabling the

conversion of CA to DCA via the bile acids-inducible (bai) operon (Figure 3.15A).

Therefore, we further co-cultured Bifidobacterium with C. scindens DSM 5676 (Figure

3.15D). In C. scindens DSM 5676 co-cultured with wild type Bifidobacteria, DCA

production from TCA was successfully observed. In contrast, no DCA was detected upon

co-culture of the bsh-deficient strains. (Figure 3.15E)
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Figure 3.14. Application of cBEST constructs to edit the bsh gene in Bifidobacterium sp..
(A) Comparison of editing efficiencies using three ¢cBEST-bsh-PS1 editing plasmids
across Bifidobacterium strains. (B) Editing windows for indicated conditions. (C)
Sequencing results of three successful Absh strains using the identical cBEST4-bsh-PS1

editing plasmid.
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Figure 3.15. Quantitative LC-MS/MS analysis for bile acids regulations. (A)
Biosynthesis pathway from TCA to DCA by gut microbiota. Bile salt hydrolase (bsh)
deconjugates TCA into CA, and bile acid-inducible operon (bai) convert CA into DCA.
(B) Individual wild type or Absh strains cultures in TCA-supplemented MRSC broth for
24 h. (C) Quantification of TCA and CA metabolites in indicated Bifidobacterium wild
type and Absh strains. (D) Three Bifidobacterium wild type or Absh strains with
Clostridium scindens DSM 5676 (Clos.) co-cultures in TCA-supplemented MRSC broth
for 24 h. (E) Quantification of TCA, CA and DCA metabolites in two co-cultures. (n=4,

biological replicates; error bars, s.e.m.)
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Chapter 4. Discussion & Conclusion

We successfully developed a set of cBEST constructs for efficient genome editing
in Bifidobacteria spp.. Our findings underscore the importance of fine tuning sgRNA and
the base editor expression to strike a balance between efficient genetic modifications and
cell toxicity. Notably, cBEST4 produced fewer transformants than cBEST2 (8 colonies
vs 20 colonies by four individual SpeE protospacers), which potentially attributed to the
strong tcp830 promoter driving sgRNA. Furthermore, the varying expression levels
observed in pMGC-mCherry across various Bifidobacterium species indicated the
diversity in promoter strength (Supplementary Figure 6.1B). This indicates the
necessity of optimizing promoter combinations or characterizing new synthetic promoters,

especially if our cBEST constructs fail to produce the desired mutant strains.

Bioengineering tools based on homologous recombination systems were developed
before the advent of CRISPR-based methods. However, these required high
transformation efficiency and extensive screening for successful recombinants.*>* With
the precision of CRISPR/Cas in inducing DSBs, the homologous arms can readily
facilitate genome repair by introducing the insertion/deletion to achieve the gene
mutation.?? Several CRISPR loci of Bifidobacterium strains have been characterized,?” **
45 and the successful use of the endogenous CRISPR-Cas system to edit genome in B.
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animalis subsp. lactis DSM 10140, B. animalis AR688 and B. breve strains holds promise
for the utility of CRISPR-based genome editing techniques.?> > 46 Although the use of
endogenous CRISPR system might be more compatible with bacteria and solve the
transformation efficiency issue, the diversity of CRISPR systems might lead to undesired
mutations and the DSBs cause cell toxicity. Therefore, we established the programmable
cBEST systems to avoid DSBs and allow precise C-to-T mutagenesis. The approach may
be theoretically compatible with the entire genus of Bifidobacterium if the expression
level of both sgRNA and the base editor can be well-controlled and the transformation

efficiency is high enough.

Inaccessibility of developing genetic tools for Bifidobacteria is due to that the
tenacious and highly diverse RM systems cause extremely low transformation efficiency.
Several strategies have been explored to escape RM barriers and promote bioengineering
accessibility. Techniques such as plasmid artificial modification method,*” introduction
of the MTases into E. coli to match the methylation patterns, and the Artificial
SyngenicDNA approach,*® 4 mutating the RM systems recognition sequences in the
plasmids, have shown significant improvement in transformation efficiency. The
successful demonstration of our tools enables the precise gene knockout of restriction

endonucleases in B. longum NCIMB 8809 and B. adolescentis DSM 20083, providing a
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significant enhancement in both transformation and gene editing efficiencies. Likewise,
methylated plasmids derived from the AO606A0983AHsdR strain or the ASau3AI (Q260%*)
strain for matching methylation patterns demonstrated the same effects, which is
consistent in previous work about RM-silent CRISPR/Cas9 toolkit for Staphylococcus
aureus.** Evasion of RM systems for higher transformation efficiency allows more
sophisticated genome editing techniques, such as multiplex editing.’® The approach with
a single plasmid targeting several interested genes could facilitate the study of entire

metabolic pathways or biosynthetic gene clusters (BGCs).”!

Finally, the successful generation of bsh knockout strains in B. longum NCIMB 8809,
B. longum DSM 20219 and B. infantis DSM 20088 demonstrates the effectiveness and
applicability of our base editing tools to the entire genus of Bifidobacterium. Utilizing
these metabolically engineered strains in appropriate animal models will enable more
comprehensive investigations into the complex interplay between host-microbiota
interactions.'® % These will hold promise for a better understanding of the impact on gut

health and its potential effects on hosts.

In conclusion, our CRISPR/Cas9 genome editing tools have been established and
held promise to apply to the entire genus of Bifidobacterium. Looking ahead, the ability
to precisely manipulate Bifidobacterium genomes opens up numerous avenues for
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research and therapeutic development. Future studies could focus on elucidating other

metabolic pathways influenced by gut microbiota, developing engineered strains with

enhanced probiotic properties or higher yield of natural products, creating animal models

for diseases linked to gut microbiota imbalances. These advancements pave the way for

innovative approaches in both fundamental research and clinical applications, offering

significant potential for improving human health.
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Chapter 6. Supporting Information

Supplementary Table 6.1. Abbreviations in this study.

Abbreviation Full name

bsh bile salt hydrolase

C cytosine

CA cholic acid

Cas CRISPR-associated protein

cBEST cytosine base editor system

CDI Clostridioides difficile infection

CE collision energy

CFU colony forming units

CRISPR clustered regularly interspaced short palindromic repeats
CXP cell exit potential

DCA deoxycholic acid

dcSAM S-adenosyl-L-methioninamine (decarboxylated SAM)
DP declustering potential

DSB double strand break

EP entrance potential

HESI heated electrospray ionization
homoCys L-homocysteine

IBD inflmmatory bowel disease

MET L-methionine

MetK S-adenosylmethionine synthase

MRS de Man, Rogosa, Sharpe

MRSC MRS broth with 0.05% wt/vol L-cysteine
MS mass spectrometry

MTA 5'-S-methyl-5'-thioadenosine

MTase, DNMT  DNA methyltransferase

ORF open reading frame

PAM protospacer adjacent motif

PBS phosphate buffered saline

PCR polymerase chain reaction

PS protospacer

Q1 parent ion

Q3 daughter ion

QgqQ triple quadrupole mass spectrometer (SCIEX 5500)
REase restriction endonuclease

RFU relative fluorescence unit

RM restriction modification

RT retention time

SAH S-adenosyl-L-homocysteine

SAM S-adenosyl-L-methionine

SMRT single-molecule real-time

SpeE spermine/spermidine synthase

i thymine

TCA taurocholic acid

UGl uracil glycosylase inhibitor

UPLC ultraperformance liquid chromatography
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Supplementary Table 6.2. Chemicals used in this study.

Chemicals Manufacturer Cas/LOT No.
5'-methylthioadenosine Chem Scene 2457-80-9
5'-Deoxy-5'-(methylthio)adenosine-d3 Toronto Research Chemicals D242602
Acetonitile JT Baker 75-05-8
AGAR, Bacteriological Acumedia 111750A
Ammonium acetate Sigma Aldrich 631618
Chloramphenicol Sigma Aldrich 56-75-7
Cholic acid Sigma Aldrich 81-25-4
Cholic acid-d4 Cambridge Isotope Laboratories 116380-66-6
Deoxycholic acid Tokyo Chemical Industry 302-95-4
Difco Agar Noble BD 6271644
Ethanol Honeywell 64-17-5
Formic acid ACROS 64-18-6
Glycerol BioShop 3A81066
L-Cysteine Bioshop 52-90-4
L-homocysteine Sigma Aldrich 6027-13-0
L-methionine Tokyo Chemical Industry 63-68-3
L-methionine-BC,da Cambridge Isotope Laboratories 73488-65-0
Lactobacilli MRS broth NEOGEN US113980G
Methanol DUKSAN 67-56-1
PBS Buffer 10X BIOMAN PBS101000
S-adenosyl-L-homocysteine Sigma Aldrich 979-92-0
S-adenosyl-L-methionine Sigma Aldrich 86867-01-8
Sodium chloride Cyrusbioscience 1140111
Sucrose JT Baker 57-50-1
TAE Buffer 50X BIOMAN TAE501000
Sigma Aldrich 345909-26-4

Taurocholic acid
YEATaq Il DNA polymerase

Yeastern Biotech

FYT601-500U

64

doi:10.6342/NTU202404344



Supplementary Table 6.3. Strains used in this study.

Strains Description source
E.coli
DH10B For routine plasmids maintenance and cloning NEB
JM110 For unmethylated (Dam- Dcm-) plasmid expression ATCC
B. longum subsp. longum
NCIMB 8809 isolate from Nursling stools BCRC
ASpeE (Q117%) NCIMB 8809 mutant in SpeE (Q117*) using cBEST2-SpeE -PS1 plasmid This study
ASpeE (Q198%*) NCIMB 8809 mutant in SpeE (Q198*) using cBEST2-SpeE -PS2 plasmid This study
AHsdR NCIMB 8809 mutant in HsdR (W29%*) using methylated cBEST2-HsdR -PS1 plasmid This study
A0983 NCIMB 8809 mutant in EcoRIl_0983 (W138*) using cBEST2-0983 -PS1 plasmid This study
A0983 AMetK AEcoRIl_0983 mutant in MetK (Q134*) using cBEST4-MetK -PS plasmid This study
N0606 NCIMB 8809 mutant in EcoRll_0606 (Q64*) using cBEST2-0606 -PS2 plasmid This study
00606 AMetK AEcoRIl_0606 mutant in MetK(Q134*) using cBEST4-MetK -PS plasmid This study
A0606 N0983 AEcoRII_0606 mutant in EcoRIl_0983 (W138*) using cBEST2-0983 -PS1 plasmid This study
A0606 A0983 AMetK The A0606 A0983 strain mutant in MetK (Q134*) using cBEST4-MetK -PS plasmid This study
A0606 N0983 AHsdR The A0606 A0983 strain mutant in HsdR (W29*) using cBEST2-HsdR -PS1 plasmid This study
A0606 N0983 AHsdR Absh ~ The A0606 A0983 AHsdR strain mutant in bsh (W22%*) using cBEST2-bsh-PS1 plasmid This study
A0606 N0983 AHsdR AMetK The A0606 AO983AHsdR strain mutant in MetK (Q134%*) using cBEST4-MetK -PS plasmid  This study
Absh NCIMB 8809 mutant in bsh (W22*) using methylated cBEST2-bsh -PS1 plasmid This study
DSM 20219 type strain, isolate from adult intestine BCRC
Absh DSM 20219 mutant in bsh (W22*) using cBEST4-bsh -PS1 plasmid This study
B. adolescentis
DSM 20083 type strain, isolate from adult intestine BCRC
ASau3Al (Q260%*) spontaneous mutant in Sau3A/ (Q260*) This study
B. longum subsp. infantis
DSM 20088 type strain, isolate from infant intestine BCRC
Absh DSM 20088 mutant in bsh (W22*) using cBEST4-bsh -PS1 plasmid This study
Clostridium scindens
DSM 5676 type strain, isolate from human faeces BCRC
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Supplementary Table 6.4. Protospacers used in this study.

Bacterial Target Genbank PS Sequence (5-3) PAM
strain gene code code (NGG)
PS1 TGACCAGAAGATCACCGATC TGG
PS2  CGGCCAAGGTTCGATCAACG  AGG
PS3 GGTTTCCCAGAACGCGAAGC CGG
PS4 TGGACTCGCCCTCATAGGCC AGG
EcoRIl_0606 ALO72279.1 PS2 GACTTTCAGATGCAGCCTCA GGG
EcoRIl_0983 ALO72654.1 PS1 GTACCATGTGGTTTCAAGGT CGG
HsdR ALO73026.1 PS1 TCGTACCATTCCTCGTTCAG TGG
MetK ALO73020.1 PS GGCGATCAGGGCGTGATGTT  CGG
PS1 AGAAACTCCAGTCGAGATTA  CGG
bsh ALO72466.1 PS2 GCTCGTCTCCCAGATTGTGC CGG
PS3 CTCGTCTCCCAGATTGTGCC GGG

SpeE ALO72771.1

B. longum
NCIMB 8809

B.adolescentis ¢ 5Al BAF40013.1 PS1  TGCAAATCAGCTTTCGGAAT  CGG

DSM 20083

B. infantis

DSM 20088 bsh ACJ52536.1  PS1 AGAAACTCCAGTCGAGATTA  CGG
B. longum

DSM 20219 bsh - PS1 AGAAACTCCAGTCGAGATTA CGG

Note. Fwd: Forward strand of target gene; Rev: Reverse strand of target gene.
The sequence of bsh-PS1 is 100% conserved in B. longum NCIMB 8809, B. infantis DSM

20088, B. breve DSM 20213 and B. longum DSM 20219.
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Supplementary Table 6.5. Plasmids used in this study.

Construct Description Source

pMGC-mCherry (29)
P3-mCherry This study
P6-mCherry ) N ) This study
Prsso-MCherry To examine the portability of various promoters This study
Pasor-mCherry This study
Pyasor17-mCherry This study
pMGC-Cas9n To evaluate the transformation efficiency This study
cBEST1-SpeE-PS1 This study
CBEST1-SpeE-PS2 This study
cBEST1-SpeE-PS3 This study
CcBEST1-SpeE-PS4 This study
CcBEST2-SpeE-PS1 This study
cBEST2-SpeE-PS2 This study
cBEST2-SpeE-PS3 This study
cBEST2-SpeE-PS4 To evaluate the promoters combination for cBEST This study
cBEST3-SpeE-PS1 and to engineer the SpeE gene in NCIMB 8809 This study
CBEST3-SpeE-PS2 This study
CBEST3-SpeE-PS3 This study
cBEST3-SpeE-PS4 This study
cBEST4-SpeE-PS1 This study
CBEST4-SpeE-PS2 This study
CBEST4-SpeE-PS3 This study
CcBEST4-SpeE-PS4 This study
cBEST2-0983-PS1 This study
cBEST2-0606-PS2 To construct the RM-disrupted strains in NCIMB 8809 This study
CBEST2-HsdR-PS1 This study
cBEST4-MetK-PS To construct the MetK-deficient strains in NCIMB 8809 This study
CcBEST2-bsh-PS1 This study
CBEST2-bsh-PS2 This study
CBEST2-bsh-PS3 To construct the bsh-deficient strains in Bifidobacterium spp.  This study
CBEST3-bsh-PS1 This study
cBEST4-bsh-PS1 This study
cBEST1-Sau3Al-PS1 This study
cBEST2-Sau3Al-PS1 . " This study

To construct the RM-disrupted strains in DSM 20083 .

cBEST3-Sau3Al-PS1 This study
cBEST4-Sau3Al-PS1 This study

Note. All the plasmids used in this study were kindly made by Wan-Chi Hsiao and

provided us to test.
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Supplementary Table 6.6. Primers used for PCR and sequencing in this study.

Primer names

Sequence(5’-3’)

SpeE -PCR-F CATGTCCGCTGATCTACTTCATCTCG
SpeE -PCR-R TTGTCGTCGGTGAGAATAGTCGACG
SpeE -seq TCTTGGCGAACAGTTCACGGT
MetK-PCR-F GTTCCTGGTCTTCGGCGAAGTCAC
MetK-PCR-R CGTAGGTGTCCACGATGATCTTGCGG
MetK-seq ATATTGCGACGTGCAGTCCAAGGTC
bsh-PCR-F GTGCAAGCCAACCAAAGCGATGG
bsh-PCR-R CGTTGCTGACGCACATGTAGTTGC
bsh-seq GCACATCGACGTCATCATGATGCAC
HsdR -PCR-F ATGGCTGTTTCCAAAGTCGAATCTCG
HsdR-PCR-R GCCGTCAATCATGGTGCTCCAT
HsdR -seq CACGAACATGCTCGGTATCTGCTTC
0606 -PCR-F TGCCAGACTCAACACTCCTGTAG
0606 -PCR-R ATAGCTGCGCTTGTCACCATCC
0606 -Seq AACAATCTCCCGGTACGGCA
0983 -PCR-F ATGCAGGCGGATGGAGAAGA
0983 -PCR-R CAGGAAATCGGGTTTCTTCCCG
0983 -Seq GTATTCGATCACCACGTCGTC
Sau3Al-PCR-F CATGGTGTACTACTACGATGACCGC
Sau3Al-PCR-R CCAGGAAGTAAATTGGTTCCTCGTCC
Sau3Al-seq CCTCCAACAAGACGGTCATTACCG
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Supplementary Table 6.7. List of RM systems searched from REBASE®.

Strain REase MTase RM Predicted Sites on Sites on
type recognition motif pMGC-mCherry pMGC-Cas9n

HsdR HsdM | 5'-GATNsTGCC-3' 0 3

B. longum
NCIMB 8809 Mval, EcoRIl 606 I 5'-CCWGG-3' 10 34
- 958 1] 5'-TCGGCCGA-3' 0 0
. 1229, Sau3Al 1233 I 5'-GATC-3' 15 56

B. adolescentis 1281, ' '

DSM 20083 Rkpn2KI 1283 1] 5'-CCNGG-3 18 55
0091 0092 I 5'-GGCGCC-3' 2 7
289R 289M I 5'-CTGCAG-3' 2 3
B. infantis 1146 1145 I 5'-GTCGAC-3' 1 7
DSM 20088 - 1196 I 5'-GAATTC-3' 1 1
- 1215, 1346 I 5'-AAGCTT-3' 1 0
1324 1324 Il 5'-GAGGAC-3' 6 8

Note. B. longum DSM 20219 is not listed since there is no whole genome data uploaded

to any database.
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Relative expression levels of indicated promoters in B. adolescentis DSM 20083 during
exponential and stationary phase cultures. (B) Relative mcherry fluorescence levels in
exponential and stationary phase cultures of Bifidobacterium sp. transformed with

pMGC-mCherry. (n=3; error bars, s.e.m.; *P < (.05, ***P <0.001)
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Supplementary Figure 6.2. Successful gene editing within four protospacers of the SpeE
gene in B. longum NCIMB 8809. Sequencing results confirmed precise introduction of
stop codon (black line) due to successful C-to-T edits (red frame) in four indicated
protospacers. Protospacers 1 and 2 targeted the forward strand, while protospacers 3 and

4 targeted the reverse strand. The top row displays the wild type sequences for reference.
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Supplementary Figure 6.4. Evaluation of gene editing patterns for REase knockout
strains derived from B. longum NCIMB 8809 using cBEST-SpeE-PS1 plasmids.
Sequencing results confirmed precise introduction of stop codon (black line) due to
successful C-to-T edits (red frame) in the SpeE-PS1 protospacer. The orange frames
represent mixed edited sites and the grey frames represent undesired point mutation or
deletion. The top row displays the wild type sequences for reference. (A to E) Sequencing
details for transforming cBEST2-SpeE-PS1 plasmid across REase knockout strains. (E to
H) Sequencing details for transforming four cBEST-SpeE-PS1 plasmids into the

A0606A0983AHsdR strain.
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Supplementary Figure 6.5. Gene editing patterns using four ¢cBEST-Sau3A4/-PS1
plasmids in the ASau3Al (Q260*) strain. (A) Sequencing result for the spontaneous
mutant ASau3AI (Q260*) strain. (B-E) Sequencing results confirmed precise introduction
of stop codon (black line) due to successful C-to-T edits (red frame) in the Sau3A47-PS1
protospacer. The orange frames represent mixed edited sites. The top row displays the
wild type sequences for reference. For (D), only three transformants were obtained on the

agar plate for sequencing.
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Supplementary Figure 6.6. Metabolomic analysis for engineered B. longum NCIMB
8809 strains. (A) Volcano plot analysis of bacterial metabolites from the A0606 (Q64%*)
strain and B. longum NCIMB 8809. Data points are colored by fold change: red, up-
regulated; green, down-regulated in the A0606 (Q64*) strain. (B) LC-MS/MS analysis
depicting peak areas for MTA in wild-type NCIMB 8809, the ASpeE (Q117%*) strain and
the A0606 (Q64*) strain. (n=3, biological triplicates; error bars, standard deviation.; ns,

not significant, *P < (.05)
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Supplementary Figure 6.7. Gene editing patterns using the cBEST4-MetK-PS plasmid
in the multiple RM-disrupted strains. Sequencing results confirmed precise introduction
of a stop codon (black line) due to successful C-to-T edits (red frame) in the MetK-PS

protospacer.
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Supplementary Figure 6.8. Summary for methionine cycle pathway using targeted LC-

MS/MS analysis. (A) Biosynthesis pathway of methionine cycle pathways. (B) Bacterial

dry weight scraped from each plate after 18 h incubation. (C) Heat map for relative

abundance of each metabolite across multiple engineered B. longum NCIMB 8809 strains.

(n=4, biological replicates; ns, not significant, *P <0.05, **P <0.01, ***P <0.001, ****p

<0.0001)
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Supplementary Figure 6.9. Exploring microbiome-producing natural products using

LC-MS/MS and GNPS*.

(A) Annotation of MS/MS fragmentation patterns for

glutamate-cholic acid. B. longum NCIMB 8809 was cultured on MRSC agar plate

supplemented with 100 uM CA and then followed the metabolomic analysis (2-10.

Metabolomics Using LC-QE Analysis for Bacterial Plate Cultures). (B) Using molecular

network (GNPS) to explore DCA-modified metabolites. B. longum NCIMB 8809 was

cultured on MRSC agar plate supplemented with 100 uM DCA and then followed the

metabolomic analysis (2-10. Metabolomics Using LC-QE Analysis for Bacterial Plate

Cultures).
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Supplementary Figure 6.10. Gene editing patterns using various non-
methylated/methylated cBEST2-bsh-PS plasmids in wild type B. longum NCIMB 8809
and the A0606A0983AHsdR strain. (A) Gene editing patterns for non-methylated
cBEST2-bsh-PS plasmids into NCIMB 8809 or the AO606A0983AHsdR strain. (B) Gene
editing patterns for methylated cBEST2-bsh-PS plasmids into NCIMB 8809. Sequencing
results confirmed introduction of stop codon (black line) due to successful C-to-T edits
(red frame) in three indicated protospacers. The orange frames represent mixed edited
sites and the grey frames represent undesired point mutation or deletion. (C) Editing

windows for indicated conditions.

83
doi:10.6342/NTU202404344



Golden Gate Golden Gate Golden Gate Golden Gate Golden Gate
cBEST4-

CBEST4-

(@)

cBEST4

CBEST4-

cBEST4-

direct transformants of
Golden Gate assembly mixture for
CBEST4-bsh-PS1

A0606A0983AHsdR strain
20 25

methylated cBEST4-bsh-PS1
extracted from
A0606A0983AHsdR strain

NCIMB 8809 strain
20 25

Gly Al;g Asn Leu Aép Trp Ser Phe Ser
GGCCGTAATCTCGACTGGAGTTTCTCA

Giy A:'g A‘sn Leu A‘sp TI"p Sér PI‘1e Ser
GGCCGTAATQTCGACTGGA(ISTTTCTCA

CCGGCATTAGAGCTGACCTCAAAGAGT

CCGGCATTAGAGCTGACCTCAAAGAGT

2 6ecceTAATCTCGACTARA[fAITTTCTCA B 2 6GGCCGTAATCTCGACTGGAGTTTCTCA
& Stop codpr] Ef_'a'
4 f /”\ " ﬂ\ I _E“gn. I
< AN/ A A [ N §8< \
£ Al AR 3% 5 Al
~w 66CCGTAATCTCGACTAAAAT TTCTCA 5  GBCCGETAATCTCGACTGAAATTTCTCA
E Stop codpr a3 ;'; : Stop codon
§ Aol ldan 59 2 A sAnat WA
\ A\ \ \ < | \ \
g MW WA WV g3 VATARTA'A /\/\/\/\,;[\‘\./\ WA
@ 66CCGTAATCTCGACTGRARITTTCTCA B QGGCCGTAATCTCGACE:A Tl 16 TGk
7 Stop codp s S‘ Stop cadpn
3 Aasaadranat iy 58 £ A \ IATIIWIR
“ \ \ I\ /\ | | |
< AW /\/\ /MS__M w /\ g “g/\ AN V\/ \A/\ /\/\,_ A /A
§GGCCGTAJCTCGACTG:A_TTTCTC; ] ;rGGCCGT.—\%TCTCG,»\CE:A TTCTCA
o Stop codpr] o = Stop codp
g ol /"\\ [ "‘\ﬂ“‘ [ 24 < /\/\A Ar /‘\ /ﬁ\ \ "W’\ N
K YA NNV, 2 2 5 AWMV AAAAAATIAAY
3GGCCGTA;TCTCG-\CE_A_TTTCTCa T P BGCCGTAATCTCGACTGGAGTTTCTCA
b Stop codp EF_"A
 Aaflamlal whw E4% \y/ il
2 Al ! I 35500 A
z VWA AAAAAATIWANAA % % § An/laAMAN AW
Editing window within the bsh-PS1 protospacer
20 19 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1
i e W e M S-SR TR S U S 6
D060600983AHsdR c c w2
L
NCIMB 8809 0 ¥
0

Supplementary Figure 6.11. Gene editing patterns using the two methods in Figure 3.13.
Sequencing results confirmed introduction of stop codon (black line) due to successful
C-to-T edits (red frame) in three indicated protospacers. The orange frames represent
mixed edited. (A) Gene editing patterns of Golden Gate assembly mixture for
constructing cBEST4-bsh-PS1 plasmid through the AO606A0983AHsdR strain. (B) Gene
editing patterns for methylated cBEST4-bsh-PS1 plasmid transforming into B. longum

NCIMB 8809. (C) Editing window for the two methods.
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Supplementary Figure 6.12. Bacterial growth curves and chloramphenicol sensitivity

test for multiple Bifidobacterium species and strains. (n=3, error bars, standard deviation)
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Supplementary Figure 6.13. Gene editing patterns for various Bifidobacterium strains
using three cBEST-bsh-PS1 plasmids in Figure 3.14B. Sequencing results confirmed
precise introduction of stop codon (black line) due to successful C-to-T edits (red frame).
The orange frames represent mixed edited sites. Gene editing patterns for (A) cBEST2-
bsh-PS1 plasmid transforming into DSM 20219, (B to D) ¢cBEST3-bsh-PS1 plasmid
transforming into three strains and (E to G) cBEST4-bsh-PS1 plasmid transforming into
three strains. Strains using scarlet letters were used for functional studies after plasmid

curing.
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