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Abstract
Microbiome research is revealing a growing number of bacterial genes that impact our health.
While CRISPR-derived tools have shown great success in editing disease-driving genes in
human cells, we currently lack the tools to achieve comparable success for bacterial targets.
Here we engineer a phage-derived particle to deliver a base editor and modify E. coli colonizing
the mouse gut. This was achieved using a non-replicative DNA payload, preventing
maintenance and dissemination of the payload, while allowing for an editing efficiency of up to
99.7% of the target bacterial population. The editing of a β-lactamase gene resulted in the
stable maintenance of edited bacteria in the mouse gut at least 42 days after treatment. By
enabling the in situ modification of bacteria directly in the gut, our approach offers a novel
avenue to investigate the function of bacterial genes and provides an opportunity to develop
novel microbiome-targeted therapies.
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Introduction
In recent years, microbiome research has unraveled an increasing number of mechanisms by
which the expression of genes from commensal bacteria can impact our health. Bacteria can
affect the success of immunotherapies1–5, bacterial antigens are involved as peptide mimics in
autoimmune diseases6,7, bacterial toxins can drive a range of acute and chronic diseases
including cancer8,9, bacteria can modify or sequester drugs impacting the effectiveness of
therapies10,11. This growing list is driving interest in manipulating the microbiome, both to better
understand it and to develop novel therapies.

Current strategies attempt to modify the gene repertoire by changing the microbiome
composition through the use of broad or narrow antimicrobials, the addition of new strains, or
through dietary changes12. These methods are confronted with the complexity of reliably and
stably modifying microbial ecosystems of which we have a poor understanding. Here we
propose a strategy to perform in situ, precise and stable genetic modifications of target bacterial
populations rather than modifying the microbiome composition.

Achieving this goal in the complex environment of the gut requires an efficient DNA delivery
strategy. Two main methods have been proposed so far to introduce DNA in bacteria of the gut
microbiome: transduction by a bacteriophage capsid13,14, or conjugation from a donor
bacterium13,15,16. Conjugation is attractive in that it can enable DNA delivery to a broad range of
strains and species from a single donor strain. Transfer rates are however low for most
recipients, and most conjugative systems work poorly in the gut environment17. High transfer
efficiencies can be achieved in the animal gut, but rely on the stabilization of the mating pair
through specific interactions between donor pili and receptors on the recipient surface18.
Efficient conjugative delivery to different strains and species will thus likely require different
specialized systems. Strategies relying on conjugation also suffer from the need to administer
live genetically modified bacteria that will spread an engineered genetic circuit.

Bacteriophages have also been explored as delivery vehicles. Previous works on DNA delivery
to E. coli in the mouse gut have relied either on M13 cosmids14, or on genetically modified
bacteriophage λ19,20. M13 uses the F pilus as a receptor which limits its range, and M13 virions
were shown to be unstable during passage through the mouse GI tract. In a recent study, a
maximum of 0.1% of the target population in the gut could be transduced14. Other studies have
relied on bacteriophage λ, taking advantage of its temperate lifestyle. When infecting an E. coli
cell, λ will either enter its lytic cycle and produce more virions, or enter lysogeny and integrate
into the chromosome, thereby enabling the maintenance of transgenes such as a whole type I
CRISPR-Cas system20 or dCas919. Despite its ability to reproduce in the gut environment,
previous work showed how λ fails to lysogenize the whole target population unless additional
selection pressures are used20. Here we explore the use of engineered λ particles that employ
receptors on the E. coli surface that are consistently expressed in the gut environment, enabling
high delivery efficiencies.
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The introduction of genetic modifications in situ further requires an efficient editing strategy.
Cleavage of the bacterial chromosome by Cas9 leads to the death of most cells21. When
combined with an efficient delivery strategy, this can be used in the development of sequence
specific antimicrobials13,22,23. In recent work employing M13 as a delivery vector, antibiotics were
used to kill target bacteria that did not receive the DNA payload and select those that survived
Cas9 cleavage14. These bacteria will typically carry large uncontrolled deletions at the target
position. While this strategy enables to perform in situ genetic modifications, it does so with very
poor control and at the cost of imposing strong perturbations on the ecosystem. To achieve
efficient editing without killing the target bacteria we turned to base editors. Base editors convert
one base pair to another at a target locus without introducing a double-strand DNA break24 and
have successfully been used in a broad range of bacterial species25–32.

Another desired feature of an in situ targeted mutagenesis strategy is that it should not spread
transgenes. To achieve this we developed a DNA payload that harnesses the replication
machinery of a phage-inducible chromosomal island (PICI)33. Our design ensures that the
delivered DNA will not be replicated in recipient bacteria, while still allowing sufficient expression
of the base editor to achieve efficient editing. This strategy enables the introduction of stable
genetic perturbations to the majority of an E. coli population colonizing the mouse gut, without
the need for a selection pressure or the maintenance of a transgene.

Results

Engineering of an efficient and selective DNA delivery vector for E. coli
colonizing the mouse gut
The adsorption of phage Ur-λ to E. coli cells is determined by two main components of the
capsid. First, the side tail fiber (stf) gene encodes for long appendages anchored at the base
plate promoting reversible adsorption of the phage to target bacteria through interaction with the
OmpC outer membrane porin34,35 (Fig. 1A). Second, the tail tip protein gpJ recognizes the LamB
outer membrane porin and results in an irreversible binding of the phage to the cell surface36,37.

The adaptation of E. coli K-12 to the mouse gut selects for mutants that downregulate the
expression of the maltose operon, which includes lamB, and such mutants being resistant to
bacteriophage λ38,39. To circumvent this issue and ensure high and consistent delivery
efficiencies, we engineered a variant of the Ur-λ capsid that uses a different receptor, the outer
membrane porin OmpC. The expression of OmpC is upregulated in high-osmotic conditions
typical of the gut and is known to be important for growth in the gut environment40,41. OmpC is
also commonly used as a primary receptor by phages, including T4 and some lambdoids42,43.

3

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 30, 2022. ; https://doi.org/10.1101/2022.09.30.509847doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?iRFZhR
https://www.zotero.org/google-docs/?c2yJPV
https://www.zotero.org/google-docs/?6SwLw8
https://www.zotero.org/google-docs/?LPSRrc
https://www.zotero.org/google-docs/?DBwpn7
https://www.zotero.org/google-docs/?UGRY5Y
https://www.zotero.org/google-docs/?x9p7tq
https://www.zotero.org/google-docs/?lsIIU7
https://www.zotero.org/google-docs/?qY7jLf
https://www.zotero.org/google-docs/?rqQuHb
https://www.zotero.org/google-docs/?WO9rzj
https://doi.org/10.1101/2022.09.30.509847
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1: Engineering of an efficient and selective DNA delivery vector for E. coli colonizing the
mouse gut. A) Schematic of the Ur-λ phage injection mechanism. Left panel: The adsorption of phage
Ur-λ to E. coli cells is determined by three main components of the capsid. The side tail fiber (stf) gene
encodes for long appendages anchored at the base plate, which promote adsorption of the phage to
target bacteria through interaction with the OmpC outer membrane porin. The tail tip protein gpJ
recognizes the LamB outer membrane porin. After binding of gpJ to its receptor, the gpH protein forms a
tube through the periplasm and DNA is injected into the cytoplasm of the bacteria. Right panel:
Engineered λ-derived particles with λ-P2 STF chimeras recognizing the LPS and with gpJ chimeras
recognizing OmpC. B) Delivery efficiency of gpJ cosmid variants (1A2, orange line; A8, blue line) with a
payload encoding sfGFP (plasmid p513) into E. coli s14269, measured by flow cytometry (excitation: 488
nm, emission: 530/30 BP). X axis: Multiplicity of injection (MOI; ratio of packaged cosmids to bacteria). Y
axis: Percentage of GFP+ population after a 45-minute incubation. The graph shows the average and
standard deviation of an experiment performed in triplicate. C) MOI-dependent adenine (ABE, p1396) and
cytosine base editing (CBE, p2327) of β-lactamase on the strain MG1655-bla. Y axis: Colony-forming
units (cfu) per µl on carbenicillin plates.

We constructed different gpJ chimeras by fusing the C-terminal portion of naturally occurring
gpJ variants found in E. coli phages to the λ gpJ gene. Additionally, to avoid competition
between the new gpJ variants and the natural Ur-λ STF for binding to the same receptor,
OmpC, we further constructed a chimera between the N-terminal part of Ur-λ STF and the
C-terminal part of the phage P2 tail fiber, known to recognize the lipopolysaccharides of E. coli
K-12 strains44. Chimeric gpJ variants were integrated in the Ur-λ prophage genome while the stf
gene was removed and complemented by the P2-STF chimera encoded on a plasmid (p938).
The Ur-λ prophage further carries the CI857 mutation making it heat inducible, and has its cos
site inactivated, enabling the packaging of cosmids present in the cell while no phage DNA is
being packaged45.

To evaluate capsid variants we packaged cosmids designed to express a sfGFP gene (plasmid
p513), and measured delivery efficiency in different strains by flow cytometry after
transduction45. A strain deleted for the lamB gene was used as recipient to identify gpJ variants
unable to bind to LamB. In addition, to easily screen gpJ chimeras against two natural OmpC
variants (from E. coli MG1655 or E. coli EDL933), we deleted ompC and expressed it from a
plasmid (p1471 and p1472, respectively). One of the gpJ chimeras, A8, recognizes the OmpC
receptor present in both the wild-type MG1655 and EDL933 strains; another one, 1A2,
recognizes the OmpC receptor of E. coli EDL933 only (Fig. S1A-C). The functionality of the
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chimeric λ-P2 STF was further confirmed by showing markedly improved delivery efficiencies
compared to capsids lacking an STF (Fig. S1D). Both gpJ variants enabled to transduce more
than 90% of a target bacterial population at a multiplicity of injection (MOI) of ~20 (Fig. 1B).

Subsequently, we constructed cosmids carrying either an adenine base editor (ABE = ABE8e)46

or a cytosine base editor (CBE = evoAPOBEC1-nCas9-UGI)47. We first established that after the
transformation of MG1655, these cosmids could efficiently edit two different targets. The first
target was the active site triad of mCherry (M71, Y72, G73)48. Plasmid p2325 (ABE) was
programmed to introduce the mutations M71T and Y72H while plasmid p2326 (CBE) was
programmed to introduce the mutations G73N or G73D. For the second target, the β-lactamase
(bla) gene was inserted in the wbbL locus of MG1655 (MG1655-bla); plasmid p1396 (ABE) was
programmed to introduce the active site mutation K71E or K71R49,50 and plasmid p2327 (CBE)
was programmed to introduce a premature stop codon (Q37*), resulting in the strain’s
re-sensitization to carbenicillin. Both adenine and cytosine edits were obtained for both targets
with >99% efficiency (Fig. S2).

We then investigated the feasibility of delivering the base editors encoded in plasmids p1396
(ABE) and p2327 (CBE) with our engineered λ particles to efficiently edit the target bla gene in
MG1655-bla without selecting for the transduction of the cosmid (Fig. 1C). The λ-derived
particles were produced and incubated with MG1655-bla for 2 hours at different MOIs. Base
editing efficiency was measured by colony counting after overnight incubation on carbenicillin
plates. ABE or CBE resulted in a ~104 fold and ~103 fold reduction of cell growth on carbenicillin
plates at high MOI, respectively, showing that up to 99.99% of the bacterial population was
edited and the β-lactamase gene inactivated. The reduction in plating efficiency at increasing
MOIs is consistent with transduction rates observed in this experiment, with plating efficiency
starting to drop as the majority of cells receive the cosmid (Fig. S3). Sanger sequencing of six
colonies showed a base edit at position 7A in the editing window for all ABE samples, as well as
bystander mutations at position 1A and 8A. Six sequenced CBE clones showed a single base
pair change at position 4C in the editing window. Collectively, these experiments demonstrate
the successful re-sensitization of a bacterial population to antibiotics by the use of base editors
in vitro.

Engineering of a non-replicative DNA cosmid
When considering the delivery of a DNA payload to edit a bacterial population in patients, it is
highly desirable to avoid the dissemination of transgenes. To this end, we developed a cosmid
that only replicates in the production strain and not in recipient bacteria, therefore preventing
transfer of the DNA payload to any progeny cells. We modified our cosmid by replacing the
p15A origin of replication with that of a phage-inducible chromosomal island (PICI) which
requires a specific primase gene for replication51. We constructed a production strain expressing
the primase gene on an additional plasmid under the control of the 2,4-diacetylphloroglucinol
(DAPG)-inducible PhlF promoter52 (plasmid p1321) (Fig. 2A).
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Figure 2: A non-replicative DNA payload can efficiently edit a target bacterial population. A)
Schematics for the conditional replication of a cosmid in an E. coli production strain. Plasmid replication
requires both the primase protein and the primase origin of replication. Upon delivery to recipient cells the
cosmid cannot replicate in the absence of the primase. B) Plasmid stability was investigated in vitro with a
time-course assay. Bacteria carrying an inducible primase plasmid without inducer (blue line), or a
primase plasmid with 100 µM DAPG inducer (black line) were delivered with a cosmid harboring a sfGFP
gene at MOI ~40. Dashed line: Background fluorescence of cells before transduction. The red arrow
depicts the time at which the λ cosmid was added to the cells. Samples were taken at different time points
and analyzed in a flow cytometer (excitation: 488 nm, emission: 530/30 BP; Attune NxT Thermo
Scientific). The graph shows the average and standard deviation of an experiment performed in triplicate.
C) Serially diluted cells carrying an induced (+) or uninduced (-) primase plasmid were plated 5 hours
after transduction with a payload carrying the conditional origin of replication on LB-agar (1), LB-agar
supplemented with chloramphenicol; CmR 25 µg ml-1 (2), or LB-agar supplemented with kanamycin;
KanR 50 µg ml-1, chloramphenicol 25 µg ml-1, and DAPG 100 µM (3). D) Adenine base editing of
β-lactamase on the E. coli genome after cosmid transduction in vitro using the non-replicative primase
payload. A MG1655 strain encoding the β-lactamase gene was transduced in the presence (blue line) or
absence (orange line) of the primase protein expressed inside the cell. Transduced cells were plated on
LB with or without carbenicillin 2 hours post transduction at different MOIs and base editing efficiency was
analyzed via colony counting the following day.
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A time-course experiment was performed to investigate the plasmid stability in the presence or
absence of the primase protein (Fig. 2B). The stability was measured by flow cytometry over
time after transduction in E. coli MG1655 + p1321 using packaged Ur-λ cosmids encoding a
sfGFP reporter gene in presence or absence of the inducer DAPG. After transduction, the
fluorescence signal increased over time and reached a maximum within 1-2 hours in both
conditions; after this time point, the GFP signal started decreasing for the bacteria without
primase, while it remained constant for the induced cells. After 5 hours of incubation, only ~1%
of the cells were positive for GFP in the absence of primase, compared to ~75% of the induced
cells. These results demonstrate that the payload does not replicate in the absence of a primase
protein. The absence of replication was further confirmed by plating on LB agar supplemented
with chloramphenicol five hours after transduction. No colonies appeared with the
uninduced-primase sample in the absence of DAPG. In contrast, the primase-induced sample
grew on chloramphenicol-supplemented plates (Fig. 2C).

Our next focus was on determining whether the transient expression of a base editor by a
non-replicative DNA payload would be sufficient to edit a whole target bacterial population. We
constructed a conditionally replicative cosmid carrying the ABE programmed to target the bla
gene (p2328), and packaged it in the engineered λ capsid with 1A2 gpJ and λ-P2 STF chimera.
The packaged cosmid was used to transduce E. coli MG1655 carrying the EDL933 OmpC
receptor and the bla gene in the presence or absence of the expressed primase protein
(s14269-bla). Cells were then plated with or without carbenicillin and base editing efficiency was
analyzed via colony counting the following day (Fig. 2D). While editing efficiency was slightly
reduced in the absence of plasmid replication, the ABE still resulted in a ~104 fold reduction of
cell growth on carbenicillin at MOIs >100 using the non-replicative payload. This result
demonstrates that up to 99.99% of the bacterial population was edited and that the β-lactamase
gene was successfully inactivated.

Targeted base editing of E. coli in the mouse gut using a non-replicative
cosmid
We generated a streptomycin-resistant variant (rpsLK42R) of the s14269-bla strain (s21052)
that could be used in an in vivo mouse colonization model. BALB/c mice were treated with
streptomycin to allow for the intestinal engraftment of orally administered E. coli s21052. Five
days after colonization, mice were orally gavaged with purified packaged cosmids equipped with
gpJ 1A2 and the λ-P2 STF chimera, and an ABE targeting the bla gene (p2328) (Fig. 3A). To
quantitatively monitor the base editing efficiency in mouse stool samples, we established a
digital droplet PCR (ddPCR) assay based on two competing probes with Locked Nucleic Acid
bases and labeled with either HEX or FAM dyes. The two probes were designed to target either
the wild-type or the base-edited sequence, enabling the relative quantification of both genotypes
from mouse stools (Fig. S4 and methods).
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Figure 3: Targeted adenine base editing on the E. coli genome in gut of BALB/c mice after
packaged λ cosmid treatment using a non-replicative payload. A) Summary of the experimental
setup. In one arm we investigate the dose-response and in the other the impact of multiple doses on the
treatment efficacy. B) Editing efficiency at different time points for a single dose with increasing
concentrations. Points show individual mice, bars indicate the median, and error bars the standard
deviation (**** p<0.0001 by ANOVA with Tukey’s multiple comparison test). C) Editing efficiency after
multiple treatments (**** p<0.0001 by RM-ANOVA, with t-test for linear trend; treatments are indicated
with black arrows on the x-axis). D) Number of copies of payload recovered in the stool and quantified by
ddPCR. Bars represent the group median, with 95% confidence interval where applicable.

Larger doses of packaged cosmids yielded increased base editing efficacy of the total E. coli
population present in the mouse gut, with a maximum median efficacy of 93% at the highest
dose (4 x 1010 particles), as soon as 8 hours after treatment (Fig. 3B). This editing efficacy was
calculated from direct quantification of target DNA molecules in stool samples frozen at the
indicated collection time, rather than by repatching on agar plates, which would require
overnight incubation. This ensured that the reported numbers were a measure of the editing
efficacy at sampling time. The median editing efficacy was reduced to 32% and 3% with doses
of 4 x 109 and 4 x 108 particles, respectively. Additionally, repatching colonies onto a selective
medium was performed to corroborate ddPCR data (Fig. S5). Importantly, we observed that
edited populations remained stable for at least six days after treatment, suggesting no obvious
fitness cost of the targeted genetic modification. This demonstrates that our base editing
approach is capable of inducing stable modification of bacterial genes in the gut microbiome.

We then assessed whether administering several treatments would increase the relative
abundance of the edited population. We selected an intermediate dose (1 x 1010 particles), and
administered 1 dose per day, for 3 consecutive days to the mice. Each dose successfully
increased the median editing efficacy from 65% to 76%, and finally 88% of the target bacterial
population. While the total E. coli s21052 colonization levels decreased over the 6-week
experiment, the average proportion of edited bacteria remained stable until the end, showing the
absence of fitness cost as well as the stability of the genetic modification (Fig. 3C and S6).
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Over-time, the proportion of edited versus non-edited bacteria was seen to slightly fluctuate in
feces pellets recovered from individual mice. The highest ratio was measured at the 3-week
time point in a mouse, where 99.7% of the bacterial population carried the desired modification
as measured by ddPCR. We did not detect any excreted payload in the stool of treated animals
11 days after the last treatment, and only detected the payload in 1 out of 10 animals 4 days
after the last treatment (Fig. 3D). This showed that the non-replicative payload was not
maintained in the target bacteria, while still allowing for efficient editing of the bacterial
population.

Discussion
In this study, we demonstrate the efficient and durable genetic modification of a bacterial
population in the gut environment after the administration of non-replicative phage-based
delivery particles equipped with base editors. While previous studies have demonstrated DNA
delivery of a transgene to bacteria colonizing the mouse gut, it remains a challenge to ensure
that the majority of the target population receives a DNA payload. Selection pressures such as
the administration of antibiotics14 or lytic phages have thus been used to kill bacteria that did not
receive the payload20. Here we show that by carefully designing a phage vector to effectively
target E. coli in the gut environment, it is possible to deliver DNA to the vast majority of the
bacterial population without resorting to selection.

Our engineering efforts focused on the construction of λ particles with chimeric side tail fibers
(STF) and tail tip (gpJ) proteins. The specificity of STF was changed from OmpC to the LPS,
while that of GpJ was changed from LamB to OmpC. These modifications ensure that our vector
can recognize surface determinants consistently expressed by a specific E. coli target strain in
the gut environment. We anticipate that the modular swapping of receptor binding domains
demonstrated here will allow targeting various strains of E. coli as well as other species with
engineered λ particles.

Future therapeutic applications of in situ base editing will be greatly facilitated if the
dissemination of the payload is limited as much as possible. For this reason, we explored the
possibility of delivering DNA payloads that do not replicate in recipient bacteria. To obtain a
conditionally replicating cosmid, we addressed several requirements during our design process.
The replication of our cosmid should be conditional in the presence of a protein that can be
expressed in the donor bacteria, but is absent or rare in recipient cells. This origin of replication
should further enable the efficient replication of the cosmid DNA in concatemeric form, which is
required for efficient packaging into the capsid of bacteriophage λ54,55. Natural parasites of
Siphovirus bacteriophages, known as PICIs, package themselves into a helper phage capsid51

and were used in the design. The origin of replication from PICIs requires a primase protein,
whose gene is found in 1,632 out of 25,759 (6.3%) E. coli genome assemblies from RefSeq (as
of Nov 25th 2021). This sequence is also rare in other Enterobacteriales (708 of 64,071
genomes - 1.1%). The primase gene is not constitutively expressed in bacteria as it is present
as part of a PICI; hence, its expression is dependent on induction of the PICI. Therefore,
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replication of the payload is unlikely, even in strains that contain a primase gene. This approach
also ensures that the edited strain has no reduced fitness due to payload maintenance, which
could lead to the loss of the edited strain in complex communities of the gut microbiome. While
efficient base editing was previously demonstrated in bacteria56,57, this was performed under the
prolonged expression of the base editor from a replicative plasmid maintained in the bacteria
with antibiotic pressure. Here we could show that the transient expression of a base editor from
a non-replicative plasmid without the need for antibiotic selection is sufficient to edit target
bacteria.

We have shown that the inactivation of a β-lactamase gene incurred no fitness cost in the gut
environment of mice, as the proportion of edited cells remained stable for at least 6 weeks.
Measuring how the relative abundance of bacteria edited with this approach changes over time
is an exciting avenue to investigate the genetic determinants of bacterial fitness in the native gut
environment.

For therapeutic applications, the effect of the edits on the bacteria’s fitness will be a critical
consideration. In the absence of selection pressure to eliminate non-edited bacteria, or when a
delivery vector does not achieve full penetrance, a small fraction of unedited bacteria will
remain. If the edit is costly, unedited strains will take over the population. Restoration of the
wild-type bacteria would for multiple diseases result in return of the disease phenotype.
However, one disease area where this problem might be mitigated is when bacterial antigens
mimic human antigens and drive disease. Recent research has highlighted the importance of
bacterial peptide mimics in autoimmune and inflammatory diseases6,7, cancers8, as well as
immunotherapies1. The properties of the peptide mimic are typically independent of the function
carried out by the bacterial protein. It should therefore be possible to eliminate or create peptide
mimics, while preserving functionality of the bacterial protein. Absence of fitness cost may
facilitate the durability of the responses, which is of particular importance in chronic disease.

While some modification of interest might be out of reach of base editors, we envision that the
platform can be easily adapted to other gene editors such as prime editors58, or RNA-guided
transposons59–62, and more. Payload size limitations as reported for mammalian delivery
systems such as adeno-associated viruses are not a concern here as λ virions naturally
package 48.5kb63. Future work will focus on the engineering of both the delivery vectors for
bacterial species of interest, and the appropriate gene editing strategy. Our strategy provides
novel opportunities to investigate bacteria of the microbiome, while opening up a wide array of
therapeutic options for altering disease-driving genes of resident or pathogenic bacteria not
easily targeted by conventional methods.
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Methods

Strains and media
The E. coli and λ prophage genomes were engineered using a strategy relying on λ red
homologous recombination coupled to Cas9 targeting64,65. Packaged cosmids were produced
using an engineered E. coli K-12 strain carrying the thermosensitive cI857 λ prophage with its
cos site deleted. When needed, a constitutively expressed SrpR repressor52 was inserted in the
lacZ locus, in order to repress the expression of genes in the production strain. The chimeric
λ-P2 stf gene was expressed in a plasmid in trans (p938), with the stf gene deleted from the
prophage. All experiments were performed with cells grown in LB plus 5 mM CaCl2,
supplemented with antibiotics when necessary unless stated otherwise (chloramphenicol (12.5
to 25 µg ml-1), kanamycin (25 to 50 µg ml-1), trimethoprim (5 to 10 µg ml-1), streptomycin (50 to
100 µg ml-1), ampicillin (50 to 100 µg ml-1), and carbenicillin (50 to 100 µg ml-1)).
2,4-Diacetylphloroglucinol (DAPG; 100 µM, Santa Cruz Biotechnology) was added to the media
or plates in order to induce the pPhlF promoter66.

All titration assays were carried out with an E. coli MG1655 strain (NCBI no. NC_000913)
modified to encode the EDL933 OmpC variant, if necessary (s14269), and carrying a plasmid
expressing the primase gene (p1321) if needed. mCherry (GenBank no. QQM12952) and
β-lactamase (GenBank no. ANG10794) were used as reporter proteins encoded on the E. coli
MG1655 genome (MG1655-mCherry and MG1655-bla). For the chimeric gpJ/receptor analysis,
the plasmid stability assays, and the delivery efficiency assays, superfolder Green Fluorescent
Protein (sfGFP; GenBank no. AYN72676) was used as a reporter. E. coli MG1655 strains
carrying the OmpC EDL933 receptor and the bla gene were used for the primase experiments
(s14269 and MG1655-bla). Streptomycin-resistant mutants of E. coli s14269 were used for in
vivo experiments (s21052). Strain genotypes are listed in Table S1.

Cloning and plasmid construction
Standard DNA cloning was performed with chemically competent DH10B cells (Thermo
Scientific) or a modified K-12 strain carrying the SrpR repressor52. Molecular cloning was carried
out using Gibson Assembly67. Base editors ABE8e46 and evoAPOBEC1-nCas9-UGI47 were
codon-optimized for E. coli and synthesized (Twist Bioscience). The obtained DNA fragments
were assembled and cloned downstream of the pSrpR promoter for all constructs. Base editor
expression levels were tuned using DNA libraries of ribosomal binding sites68. Sequences for
the λ-P2 STF chimera were amplified from phage P2 and phage λ genomic DNA and cloned
downstream of the inducible pPhlF promoter. The primase gene from the E. coli CFT073 strain
(NCBI no. AAN79964, locus AE016759_238) was amplified from the CFT073 genome and
cloned into plasmids p2076 or p1321 (constitutive or DAPG-inducible promoters, respectively).
The cohesive end site (cos) of the λ genome was cloned onto the p15A payload to enable
packaging into λ cosmid particles. All plasmids were purified using a Plasmid DNA Miniprep Kit
(Omega Bio-Tek) and sequence-verified by Sanger sequencing (Eurofins Genomics). Guide
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RNAs and oligonucleotide sequences are listed in Tables S2-S4. A plasmid map of the
non-replicative cosmid encoding the adenine base editor and a guide RNA is depicted in
Fig. S7.

Packaged cosmid production
Packaged cosmid production was performed with an engineered E. coli K-12 strain derived from
CY212045 carrying a modified λ prophage (CY-1A2, CY-A8, or CY-Ur-λ, Table S1). For the
packaged cosmids in Fig. 1B, the production strains contained the plasmids p513 and p938;
and for the packaged cosmids in Fig. 1C and Fig. S3, the production strains carried the
plasmids p1396 and p938, or p2327 and p938. For the packaged cosmids in Fig. 2B and 2C,
the production strains contained the plasmids p1324 and p1321; for the packaged cosmids in
Fig. 2D and Fig. 3, the production strains carried the plasmids p2328, p938 and p2076; and for
the packaged cosmids in Fig. S1, the production strains contained the plasmid p513, as well as
the plasmid p938 (λ-P2 STF chimera) when indicated.

Cultures were performed in LB medium supplemented with 5 mM CaCl2 with the appropriate
antibiotics and 100 µM DAPG if necessary in order to induce λ-P2 STF expression or primase
expression. Production strains were grown overnight at 30ºC in liquid media in an orbital shaker,
diluted 1:6 the next day in fresh media supplemented with antibiotics and DAPG when needed,
and grown for 30 minutes at 30ºC. Packaged cosmid production was heat-induced at 42°C for
45 minutes. After that, cell cultures were shifted to 37ºC for 3 to 6 hours in an orbital shaker at
180 rpm (New Brunswick Innova 44). Samples were centrifuged for 10 min at 4,500g and cell
pellets were resuspended and lysed with B-PER reagent (Thermo Scientific) (1/10 of the initial
volume of cosmid production for in vitro assays and 1/50 of the initial volume of production for in
vivo assays) and lysozyme (100 µg ml-1; Applichem Lifescience). DENARASE (10,000x;
c-Lecta) was added to the reaction to degrade residual DNA and RNA at a dilution of 1:10,000.
Bio-Beads (SM-2 resin; Bio-Rad) were added to the lysis reaction and samples were incubated
for 1 hour in a mini-shaker (PS-3D, Grant-Bio) at room temperature. Samples were centrifuged
for 5 min at 16,000g, and supernatants were sterile filtered (0.22 µm pore size; Sartorius
Minisart). For in vivo administration, cosmids were concentrated and buffer-exchanged against
Phosphate Buffered Saline (PBS) by tangential flow filtration (MWCO 100 kDA; Sartorius
Vivaflow 200). Packaged cosmid concentration was analyzed by E. coli transduction with diluted
cosmid stocks (1:10 dilutions) and consecutive colony counting on chloramphenicol plates after
overnight incubation at 37°C.

Packaged cosmid delivery efficiency
Delivery efficiency was analyzed using cosmid particles equipped with λ-P2 STF chimera and
gpJ 1A2 or A8 into the strain s14269. The cosmid encodes a sfGFP gene under a constitutive
promoter. The cells were grown in LB supplemented with 5 mM of CaCl2 to an OD600 of 0.2 to
0.6. Cell density was adjusted to OD600 = 0.025 in fresh LB supplemented with 5 mM CaCl2, and
90 µl of cell culture was mixed with 10 µl of each cosmid serially diluted in LB plus 5 mM CaCl2
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(1:3 dilutions) to reach different MOIs. The samples were incubated for 45 min at 37ºC and 8 µl
was added to 250 µl ice-cold PBS plus 1 mg ml-1 kanamycin prior to analysis by flow cytometry
(excitation: 488 nm, emission: 530/30 BP; Attune NxT Thermo Scientific).

Plasmid stability assay
Plasmid stability was investigated in vitro with a time-course assay. E. coli MG1655 carrying a
DAPG-inducible primase plasmid (p1321) with or without 100 µM DAPG were grown to an OD600

of 0.2 to 0.6 in LB plus 5 mM CaCl2 and 50 µg ml-1 kanamycin. Samples were then diluted to an
OD600 of 0.01 in fresh LB plus 5 mM CaCl2 and 50 µg ml-1 kanamycin plus/minus 100 µM DAPG,
treated with a packaged cosmid harboring the sfGFP gene and the conditional primase origin of
replication (p1324) at an MOI ~40, and subsequently incubated in an orbital shaker at 37ºC.
1-5 µl samples were taken at different time points, mixed with 250 µl ice-cold PBS
supplemented with 1 mg ml-1 kanamycin, and analyzed in a flow cytometer (excitation: 488 nm,
emission: 530/30 BP; Attune NxT Thermo Scientific). To maintain the cells in the exponential
growth phase, the samples were diluted 1:5 into fresh LB media supplemented with 50 µg ml-1

kanamycin plus/minus 100 µM DAPG every 2 hours.

Base editing in vitro
The E. coli MG1655-mCherry strain was transformed with the base editor payloads p2316 or
p2326, grown for 2 hours in SOC medium (30°C, 180 rpm), and selected on chloramphenicol
plates overnight at 30°C. Forty-eight individual colonies were resuspended in 250 µl Phosphate
Buffered Saline supplemented with 1 mg ml-1 kanamycin in a 96-well plate and mCherry
fluorescence was measured by flow cytometry (excitation: 561 nm, emission: 620/15 BP; Attune
NxT Thermo Scientific). As a control, base editors were transformed in the absence of a guide
RNA and the mCherry fluorescence of 2 colonies was analyzed.
The E. coli strain MG1655-bla transformed with the base editor payloads (p1396 and p2327)
was grown for 2 hours in SOC medium (30°C, 180 rpm) prior to spotting of 10 µl of individual
cell dilutions on chloramphenicol/carbenicillin plates, as well as on chloramphenicol plates. As a
control, base editors were transformed in the absence of a guide RNA on the payload. Editing
efficiency was analyzed by colony counting on plates after overnight incubation at 30°C.

Base editing of transduced packaged cosmids in E. coli strain MG1655-bla was performed
similarly to transformation assays. The target strain was cultured to mid-log phase, diluted to an
OD600 of 0.025 (Fig. 1C) or 0.005 (Fig. 2D), and transduced with serial dilutions (1:3) of the
produced packaged cosmid in a 96-well plate. Cells were grown for 2 hours in LB medium
supplemented with 5 mM CaCl2 (30°C, 180 rpm) prior to spotting of individual dilutions on
carbenicillin plates. As a control, cells were treated with LB media instead of packaged cosmid
solution. For all experiments, the target gene was amplified via PCR from the genome of
individual colonies and base editing was confirmed by Sanger sequencing.
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Mouse experiments with E. coli colonization and packaged cosmid
treatment
Specific pathogen-free 5 to 9 week old female BALB/cYJ mice were supplied by Charles River
Laboratories and housed in an animal facility in accordance with Institut Pasteur guidelines and
European recommendations. Animal procedures were approved by the Institut Pasteur
(approval ID: 20040) and the French Research Ministry (APAFIS ID: 28717) and animal
experiments were performed in compliance with applicable ethical regulations. Water and food
were provided ad libitum, unless stated otherwise.

Animals were acclimated for 5 days before streptomycin sulfate (5 mg ml-1; Sigma-Aldrich
S9137) was added to the autoclaved drinking water to decrease the number of facultative
aerobic/anaerobic resident bacteria69. Drinking water containing streptomycin was prepared
fresh weekly. Three days later (D0), mice were orally gavaged with approximately 1 x 108 cfu of
strain s21052, grown overnight in LB and resuspended in 200 µl of sterile gavage buffer (20%
sucrose, 2.6% sodium bicarbonate, pH 8). Starting at D5, mice were orally administered (200 µl
per mouse) with either gavage buffer or with packaged cosmids diluted 1:1 in buffer. The
appropriate dose was achieved by diluting the packaged cosmid suspension in PBS, prior to
formulation in buffer, and checked by E. coli transduction.

Evaluation of edited E. coli from mouse feces by direct plating
Fresh fecal samples were collected at D0 and subsequent relevant time points as a proxy to
assess intestinal colonization levels of s21052. Briefly, fecal samples were weighed on an
analytical balance and 1 ml of PBS was added. Samples were incubated for 2 min at room
temperature and suspended by manual mixing and vortexing. Serial dilutions were performed in
PBS, and 5 μl of each dilution was spotted onto Drigalski agar plates (Bio-Rad) supplemented
with 100 µg ml-1 of streptomycin, and plates were incubated overnight at 37°C. Estimation of
editing efficacy was performed the following day by repatching individual colonies (up to
12 colonies per mouse and per time point) onto agar plates, with or without 50 µg ml-1

carbenicillin to investigate the loss of resistance to β-lactams subsequent to editing of the bla
gene. Additionally, separate fecal samples were collected and frozen at -80°C within one hour of
collection to assess the editing efficacy by ddPCR.

Base editing quantification by droplet digital PCR
Primers F3 (5’-GGATCTCAACAGCGGTAAG-3’) and R3 (5’-GGCATCAACACGGGATAATA-3’),
both with a melting temperature of 61°C, were designed to amplify a 112-bp region of the bla
gene in E. coli s21052 spanning the target site for base editing. Two Taqman probes were
designed to bind this amplicon with the target site towards the middle of the probes, before or
after successful editing (A to G): P1 (5’-FAM-CT+TT+T+A+AA+GTT+C+T+GC-3’) and P2
(5’-HEX-CT+TT+T+G+AAGTT+CT+GC-3’). Each probe contained a different fluorophore (FAM
or HEX), as well as carefully positioned Locked Nucleic Acid bases (LNA; symbolized by the
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base A, T, C, or G preceded by a “+” sign in the sequences above). LNA nucleotides allow for a
greater Tm difference between matching and mismatching probes while retaining a small probe
size, further improving discrimination70. Tm for either probe matching their specific sequence
was predicted to be 66°C, compared to 55°C in case of binding to the non-matching sequence
(OligoAnalyzer Tool, IDT).

Reactions were conducted in a 8-µl final volume, with PerfeCTa Multiplex qPCR Toughmix,
100 nM fluorescein, 250 nM of each primer and 250 nM of each probe, using a Naica ddPCR
system (Stilla Technologies). The following 2-step cycling program was applied: initial
denaturation for 3 minutes at 95°C, followed by 50 cycles of 95°C for 10 sec and 57°C for 30
seconds. This Taqman assay was validated for specificity using purified genomic DNA from
overnight bacterial cultures of either wild-type s21052 or in vitro-edited s21052 (Fig. S4), and
fluorescence spillover compensation was carried out using the appropriate control reactions
following the manufacturer’s recommendations.

Stool samples collected from mice were weighed, resuspended at 100 mg ml-1 in ultrapure
water, homogenized and heat-treated at 98°C for 10 minutes. After brief vortexing and a
one-minute cooldown at room temperature, supernatant was pipetted from the top of the
suspension to avoid major debris, diluted at least 10 times in ultrapure water, and analyzed
immediately by ddPCR without further processing.
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