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Summary
The probiotic strain Escherichia coli Nissle 1917
(EcN) is a common bacterial chassis in synthetic
biology developments for therapeutic applications
given its long track record of safe administration in
humans. Chromosomal integration of the genes of
interest (GOIs) in the engineered bacterium offers
signiﬁcant advantages in genetic stability and to
control gene dose, but common methodologies relying on the transformation of EcN are inefﬁcient. In
this work, we implement in EcN the use of bacterial
conjugation in combination with markerless genome
engineering to efﬁciently insert multiple GOIs at different loci of EcN chromosome, leaving no antibiotic
resistance genes, vector sequences or scars in the
modiﬁed bacterium. The resolution of cointegrants
that leads to markerless insertion of the GOIs
requires expression of I-SceI endonuclease and its
efﬁciency is enhanced by k Red proteins. We show
the potential of this strategy by integrating different
genes encoding ﬂuorescent and bioluminescent
reporters (i.e. GFP, mKate2, luxCDABE) both individually and sequentially. We also demonstrate its
application for gene deletions in EcN (DﬂhDC) and to
replace the endogenous regulation of chromosomal
locus (i.e. ﬂhDC) by heterologous regulatory elements (e.g. tetR-Ptet) in order to have an ectopic
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control of gene expression in EcN with an external
inducer to alter bacterial behaviour (e.g. ﬂagellar
motility). Whole-genome sequencing conﬁrmed the
introduction of the designed modiﬁcations without
off-target alterations in the genome. This straightforward approach accelerates the generation of multiple
modiﬁcations in EcN chromosome for the generation
of living bacterial therapeutics.

Introduction
The probiotic bacterium Escherichia coli Nissle 1917
(EcN) was isolated from the faeces of a healthy German
soldier during a severe Shigella epidemic in World War
I, being originally reported as having antagonistic activity
against pathogenic enterobacteria (Sonnenborn and
Schulze, 2009; Sonnenborn, 2016). Since then, the ability of EcN to colonize and outcompete other bacteria in
the gastrointestinal (GI) tract has been extensively
demonstrated (Altenhoefer et al., 2004; Hancock and
Dahl, 2010; Rund et al., 2013), which is partially due to
the production of two microcins (Patzer et al., 2003) and
the expression of different iron acquisition systems
(Deriu et al., 2013). EcN is nowadays commercialized
under the trade name Mutaﬂor (Sonnenborn, 2016) and
has been administered in adults and infants as probiotic
therapy to treat enteric infections and various inﬂammatory disorders in the gut (Henker et al., 2007, 2008;
Schultz, 2008; Losurdo et al., 2015; Kotłowski, 2016).
Given its long and safe record of human administration,
EcN has become one of the ‘chassis’ of choice in synthetic biology applications for engineering therapeutic
bacteria against infections, metabolic diseases, GI
~ero-Lambea
inﬂammatory disorders and cancer (Pin
et al., 2015a; Ozdemir et al., 2018; Charbonneau et al.,
2020; Kelly and Liang, 2020; Yu et al., 2020).
Plasmids are the most common vectors in synthetic
biology given its simple manipulation and high modularity
(Martinez-Garcia et al., 2015). In EcN different plasmids
have been successfully used in vivo for expression of
gene(s) of interest (GOI) in the GI, including some common E. coli vectors (Rao et al., 2005; Loessner et al.,
2009), derivatives of cryptic plasmids found in EcN (Ou
et al., 2016; Kan et al., 2021) and vectors ensuring killing of bacteria losing the recombinant plasmid (Fedorec
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et al., 2019). Nonetheless, gene integration in the chromosome of bacteria offers signiﬁcant advantages over
the use of plasmids, increasing genetic stability without
the need of toxin–antitoxin systems (Gerdes and
Thisted, 1990; Fedorec et al., 2019), antibiotic resistance
genes (which cannot be deployed in natural or industrial
environments) (Kroll et al., 2010; Theriot et al., 2014) or
other selection markers (e.g. metabolic genes complementing auxotrophies) (Kang et al., 2018). In addition,
chromosomal integration improves control of gene dose
(copy number), expression levels, and reduces the risk
of horizontal gene transfer (HGT) to other bacteria in the
microbiome and the environment (Aminov, 2011; Brito,
2021). Hence, chromosomal integration of GOIs minimizes many common concerns associated with live bacterial biotherapeutic products (Wright and Stan, 2013;
Wegmann et al., 2017; Rouanet et al., 2020).
Insertions and deletions of GOIs in the chromosome
of EcN have been done using the well-characterized
one-step integration of linear PCR products using the
bacteriophage k Red recombineering system (Datsenko
and Wanner, 2000; Sawitzke et al., 2007). EcN strains
modiﬁed with this technology have been administered in
both preclinical mouse models and clinical assays (Duan
and March, 2010; Isabella et al., 2018; Kurtz et al.,
2019; Charbonneau et al., 2020; Leventhal et al., 2020).
In k Red recombineering, the GOI is ampliﬁed by PCR
and fused to an antibiotic resistance (AbR) gene and
ﬂanking DNA homology regions (HRs) for recombination
with the chromosomal site of choice. The AbR gene is
ﬂanked by short FRT-sequences recognized by the ﬂipase (FLP), a site-speciﬁc recombinase enabling subsequent deletion (curing) of the AbR gene, but leaving the
recombined FRT-sequences ("scars" of ca. 80 bp) in the
chromosome (Datsenko and Wanner, 2000; Sawitzke
et al., 2007). When multiple GOIs are inserted and/or
deleted at different locations of the chromosome, FLPmediated recombination between distant scars may elicit
unwanted chromosomal deletion and rearrangements. In
addition, given the low transformation efﬁciency of EcN
compared to common laboratory E. coli strains, performing multiple insertions/deletions become a timeconsuming and labour-intensive process requiring the
preparation of electrocompetent cells for every modiﬁcation step. Hence, the insertion of multiple GOIs in the
chromosome of EcN for synthetic biology applications
continues to be challenging.
In this work, we report the implementation in EcN of
the markerless and scarless genome engineering
approach (Posfai et al., 1999; Feher et al., 2008) in comn et al., 2015)
bination with bacterial conjugation (Cabezo
to efﬁciently transfer GOIs on designed mobilizable suicide vectors carrying I-SceI recognition sites that are
integrated at selected loci in EcN chromosome by

1375

homologous recombination. Vector sequences in the
cointegrants are deleted from EcN chromosome after
repair of double-strand breaks (DSBs) generated in vivo
by expression of I-SceI meganuclease, which has no
cleavage sites in the bacterial genome except the integrated vector. We also show that DSBs in EcN chromosome are repaired more efﬁciently in the presence of k
Red proteins. This process leaves no AbR genes, vector
sequences or DNA scars in the chromosome. Multiple
rounds of deletion and/or integration of GOIs can be performed in EcN following this methodology. We demonstrate the potential of this approach by integrating at
different sites of EcN chromosome genes encoding ﬂuorescent protein reporters (GFP, mKate2), a bioluminescence operon (luxCDABE) and the tetracycline promoter
region (tetR-Ptet) to control the expression of chromosomal ﬂhDC regulators of EcN ﬂagella. The accuracy of
the genetic manipulations was conﬁrmed by wholegenome sequencing.
Results
Exploring the conjugation efﬁciency of oriT-RP4
plasmids in EcN
We ﬁrst evaluated the efﬁciency of conjugation as an
alternative method to transformation for introducing foreign DNA into EcN. Although bacterial conjugation has
been widely used to transfer DNA from a donor strain to
diverse bacteria (de Lorenzo et al., 1990; Martinezn et al., 2015), EcN
Garcia and Lorenzo, 2012; Cabezo
was reported to be a poor recipient of foreign DNA with
conjugative plasmids from multiple incompatibility (Inc)
groups (Sonnenborn and Schulze, 2009). This former
study did not use donor E. coli K-12 strains with the
genes encoding the conjugative machinery of the broadhost-range IncPa plasmid RP4 integrated in the chromosome (Pansegrau et al., 1994; Grahn et al., 2000). We
decided to evaluate conjugation to EcN using an E. coli
K-12 Mu-free donor strain, named MFDpir, which
encodes the RP4 conjugation machinery and was engineered to avoid the undesirable transfer of parts of the
donor genome via Mu bacteriophage mobilization or
high-frequency recombination (hfr) origin of transfer of
res et al., 2010).
the integrated RP4 (oriTchrRP4) (Ferrie
E. coli MFDpir has a mutation in the oriTchrRP4 (Dnic), is
also deleted of the Mu bacteriophage (DMu) and is
recombination-deﬁcient (DrecA). In addition, it contains a
chromosomal dapA::pir fusion, which encodes the
p-protein supporting the replication of plasmids with
R6K-ori, and makes this strain an auxotroph for diaminopimelic acid (DAPA), facilitating its elimination in media
lacking DAPA. To test the conjugation frequency to EcN,
we used two mobilizable plasmids with RP4 oriT and a
kanamycin resistance (KmR) gene, pSEVA237R and
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pSEVA241, containing pBBR1 and pRO1600/ColE1
replication origins respectively (Fig. 1A). Conjugation
assays were performed by spotting a small sample
(~20 ll) of overnight liquid cultures of both strains (in 1:1
proportion by OD600) on LB-agar plates containing DAPA
(for the correct growth of the auxotrophic donor; Experimental procedures). After 3.5 h incubation at 37 °C,
transconjugants were selected on LB+Km agar plates
lacking DAPA to ensure donor removal. The conjugation
frequency was measured as the number of transconjugants (T) per recipient (R) EcN cell in four independent
assays, showing a mean of 3.87 9 10 2 and
2.67 9 10 2 for pSEVA237R and pSEVA241 respectively (Fig. 1B). These data indicated that a signiﬁcant
proportion of EcN bacteria were taking these conjugative
plasmids from MFDpir donor under the conditions tested.
Chromosomal integration upon conjugation in EcN
The high conjugation frequency observed in EcN with
MFDpir donor prompted us to explore chromosomal integration after conjugation of mobilizable suicide plasmids
carrying homology regions (HRs) with the chromosome
of EcN (Fig. 2A). We had previously constructed a suicide plasmid vector carrying I-SceI recognition sites,
called pGE, for integration of different GOIs in the chromosome of E. coli K-12 MG1655 by homologous recom~ero-Lambea et al., 2015b; Ruano-Gallego
bination (Pin

and Alvarez,
2015) using the markerless gene

replacement strategy (Posfai et al., 1999; Feher et al.,
2008). To test this strategy in combination with conjugation in EcN, we constructed a mobilizable pGE-derivative
having the oriT of RP4, named pGEC (Table S1). As its
parental pGE, the mobilizable pGEC vector has a pdependent R6K-ori, a KmR cassette and a multiple cloning site (MCS) ﬂanked with I-SceI recognition sites for
cloning of the GOI and homology regions (HRs) of the
targeted chromosomal locus (Fig. 2B and Fig. S1). To
investigate the frequency of cointegrants in EcN after
conjugation, we constructed pGEC derivatives, called
pGECﬂuEcN_ gfp and pGECﬁmEcN_ gfp (Table S1;
Figs S2 and S3). These suicide plasmids carry a fusion
between the Ptac promoter (Brunner and Bujard, 1987)
and a synthetic gfp gene (Corcoran and Cameron,
2010), having ﬂanking HRs of ~500 bp for recombination
in two different loci of EcN chromosome, the ﬂu gene
encoding Ag43 adhesin (van der Woude and Henderson,
2008) and ﬁmAICDFGH operon encoding type 1 ﬁmbriae
(Connell et al., 1996) respectively. Schemes of the targeted loci of EcN are shown in Figs S2 and S3. We
chose integration in these adhesin genes because their
deletion was not expected to affect the growth or viability
of EcN, similar to the situation in E. coli K-12 MG1655
~ero-Lambea et al., 2015a).
(Pin
MFDpir bacteria carrying pGECﬂuEcN_gfp or pGECﬁmEcN_gfp, were used as donors in conjugation assays
with EcN recipients, carrying the chloramphenicol resistant (CmR) helper plasmid pACBSR (Table S1, Fig. 2C)

Fig. 1. Conjugation frequency to EcN of replicative plasmids with oriTRP4 transferred from E. coli MFDpir donor.
A. Replicative mobilizable plasmids pSEVA237R and pSEVA241 (Martinez-Garcia et al., 2015), both carrying the origin of transfer oriT of RP4.
Other genetic elements of these plasmids shown are as follows: the kanamycin resistance gene (KmR), the replication origins (ori-pBBR1 or oriColE1), mCherry, multiple cloning site (MCS) and transcriptional terminators (T1, T0).
B. Conjugation frequency of plasmids pSEVA237R and pSEVA241 indicated as the ratio of EcN transconjugants (T) versus EcN recipients (R).
Horizontal lines indicate the mean of four independent experiments (individual dots, n = 4). Vertical bars indicate standard deviation.
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Fig. 2. Markerless integration of suicide pGEC-derivatives in EcN chromosome.
A. Scheme of both donor (MFDpir with pGEC-derivative) and recipient (EcN with pACBSR) bacteria used for conjugation. The donor strain has
integrated in its chromosome the genes encoding the RP4 conjugative machinery (ChRP4) and the p-protein for R6K-ori replication (DdapA::
res et al., 2010) is also recombination deﬁcient (DrecA), Mu-free (DMu) and auxotroph for diaminopimelic acid
pir). The MFDpir strain (Ferrie
(DAPA; DdapA).
B. Scheme of suicide plasmid pGEC indicating R6K-ori, oriT, KmR gene and multiple cloning site (MCS) with ﬂanking I-SceI sites.
C. Scheme of plasmid pACBSR (Herring et al., 2003) for resolution of cointegrants, indicating the p15A-ori, the regulatory region araC-PBAD
responding to L-ara inducer, the genes encoding I-SceI enzyme, k Red functions (gam, beta, exo) and the CmR gene.
D. Scheme of the procedure for conjugative transfer of pGEC-derivatives and isolation of EcN cointegrants.
E. Integration frequency of the pGECﬂuEcN_gfp and pGECﬁmEcN_gfp indicated as the ratio of cointegrants (C) versus recipients (R). Horizontal lines indicate the mean of six independent experiments (individual dots, n = 6). Vertical bars indicate standard deviation.
F. Scheme of the procedure for resolution of cointegrants and isolation of EcN with the markerless chromosomal insertion.

ª 2021 The Authors. Microbial Biotechnology published by Society for Applied Microbiology and John Wiley & Sons Ltd., Microbial
Biotechnology, 15, 1374–1391

17517915, 2022, 5, Downloaded from https://sfamjournals.onlinelibrary.wiley.com/doi/10.1111/1751-7915.13967 by Cochrane France, Wiley Online Library on [17/10/2022]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

Markerless genome engineering in probiotic E. coli

 Ferna
ndez
E. M. Seco and L. A.

(Herring and Glasner, 2003). This helper plasmid is later
used for the resolution of the cointegrants (see below)
by inducing the expression of I-SceI endonuclease and
k Red proteins from the PBAD promoter with L-arabinose
(L-ara). Upon conjugation, cointegrants were selected on
LB-agar plates containing Km and Cm (without DAPA) to
eliminate both donor and recipient bacteria (Fig. 2D, see
Experimental procedures for details). Integration frequency in EcN was calculated as the ratio of cointegrants versus recipient cells in six independent assays,
with mean values of 1.4 9 10 7 and 1.3 9 10 6 for
pGECﬂuEcN_gfp and pGECﬁmEcN_gfp respectively
(Fig. 2E). As expected, integration frequencies were
much lower than conjugation frequencies (~4 orders of
magnitude), due to the double molecular event of conjugation and integration of the transferred plasmid.
Nonetheless, cointegrants were obtained in sufﬁcient
numbers in both loci in every conjugation assay, from 35
and 105 colonies when ﬂu was used for integration, and
between 235 and 510 colonies when the target was the
ﬁm operon. Plasmids could be integrated by either HR1
or HR2, giving rise to two alternative cointegrants
(Figs S2A and S3A). PCR analysis with primer pairs that
hybridize at the DNA insert (e.g. gfp) and at the chromosome, external to the HRs used for recombination, conﬁrmed that the corresponding pGEC derivative was
integrated in either ﬂu (Fig. S2B and C) or ﬁm (Fig. S3B
and C) locus of EcN chromosome. Of note, PCR products from cointegrants often result in DNA bands compatible with integration in both HR1 and HR2 (see
Fig. S3B and C). However, this is not a reﬂection of a
double recombination event, rather a consequence of
the duplication of both HR1 and HR2 in the chromosome
of the cointegrant that enables in vitro assembly of
extended ssDNA products hybridizing through the HR.
Resolution of cointegrants in EcN
Next, we evaluated the resolution of cointegrants in EcN.
To this end, one cointegrant clone from each integration
site (ﬂu and ﬁm) was grown in liquid LB+Cm cultures and
expression of I-SceI endonuclease and k Red proteins
from pACBSR was induced with 0.4% (w/v) L-ara for 5 h.
Then, individual colonies were isolated by streaking on
LB+Cm agar plates (Fig. 2F). During resolution, DSBs
generated by I-SceI digestion of the integrated pGEC are
repaired by homologous recombination assisted by the k
Red proteins and leads to the markerless integration of
the GOI or the reversion to the wild-type allele with equal
probabilities (Fig. S1) (Posfai et al., 1999; Feher et al.,
2008). Forty colonies grown on LB+Cm plates after L-ara
induction were randomly picked and checked for loss of
KmR resistance by replica plating on LB+Cm plates with
and without Km, which indicated that all 40 colonies from

the resolution in the ﬂu site were Km-sensitive (Fig. S4A).
Similarly, all 40 colonies randomly picked from the resolution in the ﬁm site were Km-sensitive (Fig. S5A). This
indicates a very effective resolution of cointegrants in EcN
after expression of I-SceI and k Red proteins. These Kmsensitive colonies may have resolved to the wild-type
allele or to the insertion mutant. Colony PCR of 10 Kmsensitive colonies from each resolution event, with primers pairs hybridizing in the EcN chromosome outside
the HRs, showed that four colonies of ﬂu (Fig. S4B–D)
and three colonies of ﬁm (Fig. S5B–D) were insertion
mutants whereas the rest had reverted to the wild-type
allele. Flow cytometry analysis of EcN bacteria with Ptacgfp fusions inserted in ﬁm (EcNDﬁm_gfp) and ﬂu (EcNDﬂu_gfp) conﬁrmed expression of GFP in both strains
(Fig. S6).
k Red proteins increase the resolution frequency of
cointegrants
The k Red system consists of three genes, namely,
gam, bet and exo (Caldwell and Bell, 2019). The k Gam
inhibits nuclease activities, preserving linear doublestranded DNA (dsDNA). The k Exo is a 5’-3’exonuclease
that requires a dsDNA end to bind and remains bound to
one strand while degrading the other in a 5’-3’ direction
leading to dsDNA with a 3’ ssDNA overhang, which is
the substrate for the k Beta protein binding. To determine whether k Red proteins are involved in the recombination process leading to the resolution of cointegrants
in the EcN chromosome, we constructed a new helper
plasmid, named pACBS, encoding I-SceI but lacking all
k Red genes (Table S1). EcN strains carrying pACBS,
or its parental pACBSR, were tested for integration and
resolution of cointegrants. As expected, similar integration frequencies of pGECﬁmEcN_gfp were obtained in
the recipient EcN strains carrying pACBS or pACBSR
(Fig. S7), likely because k Red proteins are not induced
nor needed in this initial recombination step that generates the cointegrants. Cointegrants carrying pACBS or
pACBSR were then tested for resolution after induction
with L-ara for 5 h (Experimental Procedures). The resolution was calculated in ﬁve independent assays as the
fraction of CFU sensitive to Km (i.e. losing integrated
vector) compared to the total CFU of the induced culture.
We found that the average percentage for resolution of
cointegrants was ~ 31% in the absence of k Red proteins (pACBS) compared to ~ 99% with pACBSR
(Fig. 3A). These data indicate that k Red proteins are
not essential for the resolution of cointegrants but they
enhance the efﬁciency of the process by ~threefold.
Since the k Gam protein inhibits nuclease activities in
the bacterium and protects linear DNA (Sawitzke et al.,
2007), we wondered whether the k Red proteins could
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Fig. 3. Role of k Red proteins in the efﬁcient resolution of cointegrants.
A. Percentage of cointegrant resolution (EcN-pGECﬁmEcN_gfp) after 5 h induction with L-ara of bacteria carrying helper plasmids pACBSR,
pACBS or pACBSG, as indicated. These helper plasmids express I-SceI, whereas the presence of gam and beta/exo genes is indicated under
each plasmid (+).
B. Viable bacteria after 5 h induction with L-ara of EcN-pGECﬁmEcN_gfp cointegrants carrying pACBSR, pACBS or pACBSG, as indicated.
Viability was calculated as CFU per unit of OD600 of the cultures.
A and B. Horizontal lines indicate the mean of ﬁve independent experiments (individual dots, n = 5) and vertical bars indicate standard deviation.

only participate in the protection of linear DSBs generated after I-SceI digestion or could have additional roles
in the recombination step leading to resolution. For this
purpose, we constructed a new helper plasmid encoding
I-SceI and only Gam, named pACBSG (Table S1). EcN
bacteria carrying pACBSG were tested for cointegrants
resolution after initial pGECﬁmEcN_gfp integration, as
above, which revealed a lower average percentage of
resolution of ~60%, compared to ~99% of pACBSR, and
a much higher variability between independent experiments (Fig. 3A). This variability was associated to a
decrease in CFU of the cultures of this strain after I-SceI
expression. We compared bacterial viability after L-ara
induction from pACBSR, pACBS and pACBSG (Fig. 3B),
revealing that the number of viable EcN bacteria moderately decreases ~twofold in the absence of k Red proteins (pACBS) but is dramatically reduced about two
orders of magnitude in the strain carrying pACBSG,
expressing only the Gam protein. Hence, both higher
resolution frequencies and bacterial viabilities are found
in EcN carrying pACBSR helper plasmid, indicating that
the expression of all three k Red proteins have an overall positive effect on the resolution of cointegrants after ISceI digestion.
Chromosomal integration of genes encoding ﬂuorescent
and bioluminescence protein reporters in EcN
Since ﬂuorescent proteins (FPs) and bioluminescent
reporters are extremely useful to tag live biotherapeutic

bacterial strains during in vivo preclinical assays (Cronin
et al., 2012; Gahan, 2012; Tiwari and Tiwari, 2020), in
addition to GFP-expressing EcN, we constructed EcN
strains expressing a monomeric far-red FP (mKATE2)
(Shcherbo et al., 2009; Chudakov et al., 2010) and the
bioluminescence luxCDABE operon from Photorhabdus
luminescens (Winson et al., 1998; Gahan, 2012). We followed the conjugation, integration and resolution strategy
described previously with Ptac-gfp fusions.
Ptac-mKATE2 gene fusion was inserted in the EcN
chromosome replacing the ﬁm operon using pGECﬁmEcN_mKATE2 (Fig. 4A), similar to the integration of
pGECﬂuEcN_gfp replacing ﬂu (Fig. 4B). Expression of
FPs GFP and mKATE2 was analysed in EcNDﬂu_gfp
and EcNDﬁm_mKATE2 strains. Bright green or red ﬂuorescence was clearly visible under a blue light transilluminator in bacterial pellets obtained after centrifugation
of overnight cultures from these strains grown in LB with
0.1 mM IPTG, but not in similar cultures from the parental EcN (Fig. 4C). The expression of FPS in the modiﬁed
EcN strains was conﬁrmed by ﬂow cytometry showing a
high-level expression for both GFP (Fig. 4D) and
mKATE2 (Fig. 4E). A ~threefold increase in the mean
ﬂuorescence intensity (MFI) values of these EcN strains
was observed in the presence of IPTG, but a strong
expression of these FPs is also seen in the absence of
the inducer due to the leaky expression of Ptac promoter. These data indicate the expression of the chromosomal lacI gene in EcN is not sufﬁcient to effectively
repress leaky expression of the strong Ptac promoter
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(de Boer and Comstock, 1983). We also showed that ﬂuorescent EcN bacteria with the chromosomal expression
of GFP and mKATE2 can be visualized by ﬂuorescence
microscopy (Fig. 4F and G).
Lastly, a genetic fusion between a constitutive P2 pro~ero-Lambea et al., 2015a) was
moter and luxCDABE (Pin
integrated in EcN using pGECmatEcN_lux (Fig. 5A;
Table S1), replacing the ecpA gene of EcN, which
encodes the major ﬁmbrial subunit MatB of E. coli common pili (ecp/mat) (Rendon et al., 2007). The resulting
strain, EcNDmat_lux, was checked for light emission
showing a clear bioluminescence of individual colonies
compared to the parental EcN (Fig. 5B).
Replacement of the endogenous promoter of ﬂhDC to
control ﬂagellar expression in EcN
We wanted to show the applicability of the conjugation
and markerless gene replacement strategy to engineer a
heterologous control over a biological function in EcN.
Flagellar motility and chemotaxis allow bacteria to reach
environments with optimal nutrients for growth and run
away from harmful chemicals (Sourjik, 2004; Erhardt and
Namba, 2010). In EcN, ﬂagella have been reported to
act also as a major adhesin binding intestinal mucins
(Troge et al., 2012). Flagella are complex nanomachines
encoded by more than 50 genes, and its synthesis is
highly regulated in a hierarchical transcriptional network
(Soutourina and Bertin, 2003; Anderson and Smith,
2010). In E. coli and other enterobacteria, the ﬂhDC
operon encodes the master transcriptional regulator
FlhDC that activates, either directly or indirectly, the
expression of all structural and regulatory components of
the ﬂaglellar apparatus (Wang et al., 2006; Fitzgerald
and Bonocora, 2014). Expression of ﬂhDC operon is
controlled by multiple environmental and metabolic signals that are integrated in the promoter and 5’ untranslated region (UTR) of this operon (Fig. 6A), which is the
target for several regulatory proteins and small regulatory RNAs (sRNAs) (Soutourina et al., 1999; Sperandio
and Torres, 2002; Soutourina and Bertin, 2003; De Lay
and Gottesman, 2012). We decided to replace the native
promoter and 5’UTR of the ﬂhDC operon in EcN chromosome with the tetracycline repressor and promoter
region (tetR-Ptet), which can be induced by anhydrotetracycline (aTc) (Bertram and Hillen, 2008). To this end, we
constructed pGEC_tetR-Ptet-ﬂhDC’ (Table S1, Fig. 6A),
carrying the upstream chromosomal region to the promoter and UTR of ﬂhDC, followed by tetR-Ptet-ﬂhD and
5’ of ﬂhC (ﬂhC’). This plasmid was integrated in the chromosome of EcN resulting in EcN_Ptet-ﬂhDC strain. In
addition, we followed the same strategy to generate an
ﬂhDC deletion strain (EcNDﬂhDC) using pGECDﬂhDC
plasmid (Table S1). The secretion of the main ﬂagellar

subunit (FliC; ~51 kDa) was analysed in EcN_Ptet-ﬂhDC
strain along with the parental EcN and the EcNDﬂhDC
strains, as controls. Proteins from culture supernatants
of liquid LB cultures of these strains, either uninduced or
induced with aTc, were precipitated with trichloroacetic
(TCA) acid and analysed by SDS-PAGE and Coomassie
staining (Fig. 6B). The results demonstrated the expression of ﬂagellin (FliC) in the EcN_Ptet-ﬂhDC strain in the
presence of aTc (lane 3), with higher levels than those
found in wild-type EcN (lane 1). FliC protein was not
detected in the culture supernatants of the deletion
mutant EcNDﬂhDC and of the EcN_Ptet-ﬂhDC strain in
the absence of aTc (lanes 2 and 4 respectively). Next,
we conducted bacterial motility assays by growing these
strains in LB soft-agar plates (Experimental procedures).
Motility of EcN_Ptet-ﬂhDC was found to be higher than
that of wild-type EcN in media containing aTc (Fig. 6C).
However, in the absence of aTc the motility of EcN_PtetﬂhDC bacteria was similar to EcN wild-type strain, and
not to DﬂhDC strain (Fig. 6C), indicating a leaky expression of ﬂhDC from tetR-Ptet promoter under these conditions, which was not noticeable in the FliC levels in
liquid cultures (Fig. 6B).
Sequential chromosomal integrations in EcN
An advantage of markerless gene replacement is that
sequential integrations can be made with the same
approach, enabling the construction of bacterial strains
with multiple insertions in different loci of their genomes.
To demonstrate multiple markerless insertions in EcN,
we constructed an EcN strain with chromosomal integrations expressing mKATE2, Lux and aTc-inducible FlhDC
by sequential conjugation, integration and resolution of
the corresponding pGEC-derivatives. The acceptor EcN
strains maintain pACBSR helper plasmid throughout the
process, and this plasmid is only cured at the end of all
integrations (by growth in the absence of Cm) to make
the modiﬁed bacteria free of any antibiotic resistance
gene. The resulting strain, named EcNDﬁm_mKATE2
Dmat_lux Ptet-ﬂhDC (Table S1), showed red ﬂuorescence, bioluminescence and enhanced motility in aTc
like the strains with individual integrations (Fig. 7).
Lastly, we performed whole-genome sequencing of
the parental wild-type EcN and the ﬁnal strain EcNDﬁm_mKATE2 Dmat_lux Ptet-ﬂhDC to conﬁrm the
expected deletions and integrations and rule out the
existence of other mutations in the EcN genome that
potentially could have been introduced during conjugation and/or recombination steps. Next-generation
sequencing (NGS) reads from both strains were compared with the reference EcN genome CP007799.1 of
5 441 200 bp (Experimental procedures). This analysis
revealed that the genome of the modiﬁed strain shared
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Fig. 4. Chromosomal integration of ﬂuorescent gene reporters in EcN.
A and B. Chromosomal integration strategy for Ptac_mKATE2 and Ptac_gfp in the EcN ﬁm or ﬂu locus respectively.
C. Bacterial pellets observed with a blue light transilluminator (Safe Imager 2.0, ThermoFisher) after centrifugation of liquid o/n cultures of the
indicated strains (EcN, EcNDﬂu_gfp and EcNDﬁm_mKATE2) grown in LB cultures with 0.1 mM IPTG.
D and E. Flow cytometry analysis (Cytoﬂex, Beckman Coulter) to detect GFP (D) and mKATE2 (E) ﬂuorescence of parental EcN and modiﬁed
EcNDﬂu_gfp or EcNDﬁm_mKATE2 strains, grown in LB in the presence of inducer (+IPTG) or not (-IPTG), as indicated.
F and G. Fluorescence microscopy images of parental EcN and modiﬁed EcNDﬂu_gfp (F) or EcNDﬁm_mKATE2 (G) bacteria to visualize GFP
(green) or mKATE2 (red) expression. Bacterial DNA stained with DAPI is also shown. Microscopy images were obtained in a Leica TCS SP8
multispectral confocal microscope.
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Fig. 5. Chromosomal integration of bioluminescent gene reporter operon in EcN.
A. Scheme showing the strategy for chromosomal integration of luxCDABE operon from Photorhabdus luminescens with suicide conjugative
plasmid pGECmatEcN_lux in the EcN ecpA gene.
B. Bioluminescence from EcNDmat-lux bacterial colonies streaked on LB agar plates. White light and light emission images from the plates
were acquired showing a clear bioluminescence of individual colonies of EcNDmat_lux compared to the parental EcN strain. Bacterial light
emission from LB plates was captured using a Chemidoc XRS system (Bio-Rad).

the same genome sequence of the parental EcN strain,
except for the designed gene replacements. In both
strains, we found variations with respect to the reference
EcN genome CP007799.1, mostly single nucleotide polymorphisms (SNPs) and small insertions and/or deletions
(indels) scattered in the genome (Data S1). These variations were shared by the modiﬁed strain, except two
deletions of 1 bp in the promoter region of the ﬁm
operon (positions 4982169 and 4982544), which are
deleted by the Dﬁm_mKATE2 insertion of this strain. No
exclusive variants were detected in the genome of the
modiﬁed strain, except the designed deletions and insertions. Comparison of NGS data with the expected
sequences of the DNA insertions did not reveal any variation of the inserts, except for a SNP in the starting
codon of luxC gene. Sanger sequencing of the plasmid
preparation of pGECmatEcN_lux used for construction of
the modiﬁed EcN strain showed the existence of the

same SNP (Fig. S8), indicating that this mutation was
generated during plasmid propagation in E. coli
BW25141 and not through the conjugation and insertion
process (see Discussion). In conclusion, analysis of
whole-genome sequencing data demonstrates that the
reported conjugation and markerless insertion methodology is accurate and does not introduce off-target mutations in EcN genome nor in the DNA insertions.
Discussion
Escherichia coli Nissle 1917 is one of the preferred probiotic chassis for engineering living therapeutics given its
extensive record of safe administration in humans
(Behnsen et al., 2013; Ozdemir et al., 2018; Charbonneau et al., 2020; Kelly et al., 2020). Nonetheless, the
lower efﬁciency of transformation of EcN compared to
conventional E. coli K-12 strains has made difﬁcult its
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Fig. 6. Replacement of the endogenous promoter of ﬂhDC for heterologous control of ﬂagellar expression in EcN.
A. Scheme of the strategy for chromosomal integration using plasmid pGEC_TetR_Ptet-ﬂhDC’ for replacement of the endogenous native promoter and UTR of ﬂhDC by the inducible tetR-Ptet.
B. Coomassie staining of 10% SDS-PAGE loaded with TCA-precipitated protein samples from culture supernatants of the indicated strains
(EcN, EcN_Ptet-ﬂhDC, EcNDﬂhDC) grown in LB induced (+) or not ( ) with anhydrotetracycline (aTc). The protein band of ﬂagellin (FliC) is
labelled with an arrow on the right. Mass of molecular markers (M) are on the left (in kDa).
C. Flagellar motility assay of EcN strains as in B, as indicated, grown in LB-soft agar plates in the absence ( aTc) or presence (+aTc) of
inducer.

Fig. 7. Sequential chromosomal integrations in EcN. Images of a motility assay plate in LB-soft agar with aTc inoculated with EcN wild type
(wt) and modiﬁed EcN strains carrying sequential insertions of mKATE2, lux (luxCDABE) and tetR-Ptet-ﬂhDC, as indicated. The same plate was
imaged under different conditions to observe the expression of ﬂuorescence and bioluminescence gene reporters and the swimming behaviour
of the bacteria.
A. Image under while light (ChemiDoc XRS, Bio-Rad).
B. Image under blue light transilluminator (Safe Imager 2.0, ThermoFisher).
C. Bacterial light emission (ChemiDoc XRS, Bio-Rad).
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genetic manipulation without the use of replicative plasmids or leaving no scars or antibiotic resistance genes in
the chromosome (Ou et al., 2016). In this work, we have
reported a simple and efﬁcient methodology to transfer
suicide plasmids to EcN by bacterial conjugation in order
to obtain the stable integration of multiple GOIs at targeted loci of choice using a markerless and scarless
gene replacement strategy (Posfai et al., 1999; Feher
et al., 2008). In our study, we used gene reporters
encoding ﬂuorescent and bioluminescent proteins that
are extremely useful to visualize bacteria in microscopy
or using in vivo imaging systems. The same approach
can be used to make gene deletions in EcN (e.g.
DﬂhDC). We have also demonstrated that this methodology can be applied to precisely replace the endogenous
regulatory promoter region of a GOI (e.g. ﬂhDC) for an
exogenous regulatory element (e.g. tetR-Ptet) in order to
have an ectopic control of gene expression in EcN (e.g.
ﬂagella expression) with an external inducer (e.g. aTc).
Bacterial conjugation and markerless genome engineering had been used to generate multiple gene deletions
in Pseudomonas putida (Martınez-Garcıa and Lorenzo,
2011), but it has never been adapted for its use in EcN
or other probiotic bacteria, maybe because of earlier
reports indicating that bacterial conjugation of different
Inc groups is not efﬁcient in EcN (Sonnenborn and
Schulze, 2009). However, we have found that the interes
grated RP4 system in the E. coli MFDpir strain (Ferrie
et al., 2010) used as donor in this study has very high
efﬁciency in transferring exogenous plasmid DNA into
EcN. This enables integration frequencies of suicide
plasmids sufﬁciently high to readily obtain multiple cointegrant clones in EcN by simply mixing small samples
(~ 20 ll) of unconcentrated cultures of the donor
(MFDpir) and recipient (EcN) strains. Besides high conjugation frequencies, E. coli MFDpir strain has other
important characteristics that make it a suitable donor,
like its deﬁciency for recombination (DrecA), its mutated
transfer chromosomal oriTchrRP4 (Dnic) that avoids transfer of chromosomal genes, and its lack of k and Mu bacres et al., 2010). Another important
teriophages (Ferrie
feature of E. coli MFDpir strain is the dapA::pir genetic
fusion in its chromosome encoding the p-protein for replication of plasmids with R6K-ori, like pGEC. This fusion
also makes E. coli MFDpir an auxotroph for DAPA,
which allows its simple elimination from conjugation mixtures in media lacking this essential component of the
peptidoglycan (Egan and Errington, 2020). In EcN, deletion of the dapA gene has been used for biocontainment
and to prevent bacterial replication in vivo (Isabella
et al., 2018). If an EcN dapA mutant would be used as
receptor in conjugations with E. coli MFDpir donor, all
media should contain DAPA and cointegrants can be still
selected by their double antibiotic resistance (KmR due

insertion of pGEC and CmR due to the pACBSR helper
plasmid). The Km resistance gene is later lost with the
resolution of the cointegrants. The helper plasmid can
be maintained in the strain while making sequential
genetic insertions/deletions and is cured in the ﬁnal EcN
strain carrying all designed modiﬁcations by 2–3 serial
passages in liquid media lacking Cm followed by streaking on LB plates lacking Cm. Colonies that grow after
these passages are tested for sensitivity to Cm by
replica plating, thus generating modiﬁed EcN strain-free
of any antibiotic resistance gene. Although we have not
experienced any difﬁculties in curing pACBSR in EcN
strains, alternative helper plasmids expressing I-SceI
and having a thermosensitive origin of replication have
been reported (de Moraes and Teplitski, 2015), which
could accelerate this process.
One interesting observation of our work is that the k
Red proteins co-expressed with I-SceI from the helper
plasmid pACBSR (Herring et al., 2003) are not essential
for the resolution of the initial EcN cointegrants, although
they enhance the efﬁciency of this process by at least
threefold. RecA, the native protein for homologous
recombination in E. coli (Bell and Kowalczykowski,
2016), is likely the major actor in the recombination
events taking place for resolution of cointegrants after ISceI digestion. However, the improved efﬁciency of resolution elicited by k Red suggests that these proteins
assist RecA-dependent homologous recombination to
repair the DSBs. In this sense, it has been described
that the presence of RecA improves k Red recombineering (Wang et al., 2006), which also suggests that both
systems can cooperate in vivo. Interestingly, we
observed a high instability of cointegrants when only the
k Red Gam protein is expressed, with a major decrease
in bacterial viability (ca. 100-fold) after I-SceI expression.
These data indicate that cointegrants of EcN bacteria
expressing only Gam have an impaired ability to repair
DSBs, causing bacterial cell death and reducing viability.
This result is consistent with a Gam inhibition of the
RecBCD nuclease and helicase complex (Wilkinson
et al., 2016), which is reported to be involved in DSBs
repair by recruiting RecA in E. coli (Churchill and Anderson, 1999; Dillingham and Kowalczykowski, 2008).
Importantly, the enhancement of cointegrants resolution elicited by the k Red proteins is not associated with
the generation of SNPs or indels in the genome, as we
have demonstrated by whole-genome sequencing of the
parental and modiﬁed EcN strains. k Red recombineering has been associated with offtarget mutations in the
genome (Sharan et al., 2009; Pines et al., 2015). However, most mutations can be traced down to mismatches
and errors in the oligonucleotides and PCR products
used. Also, the expression of the ﬂipase to excise AbR
genes with ﬂanking FRT-sites may lead to unexpected
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recombination events between distant FRT sites (Datsenko and Wanner, 2000). None of these elements concurred in our system, which avoids the use of PCR
products in the recombination step and does not require
ﬂipase nor FRT-sites to remove AbR genes from the
EcN genome. However, mutations during propagation of
multicopy suicide plasmids may still occur and become
inadvertently inserted in the genome of the modiﬁed
strain, as it happened in our case in pGECmatEcN_lux
with a SNP mutation in the starting codon of luxC. This
mutation detected after whole-genome sequencing does
not abolish the bioluminescence in our strain but
reduces its activity compared to that obtained by integra~ero-Lambea
tion of the lux construct in E. coli K-12 (Pin
et al., 2015a). The metabolic burden due to the overexpression of Lux proteins from the suicide plasmid in
E. coli BW25141 may have been the cause for the
selection of this mutation. In this sense, it is important to
note that the expression of gene constructs, including
P2-lux, is very stable upon integration in the E. coli chro~ero-Lambea et al., 2015a), but mutations
mosome (Pin
are more frequent when cloned in multicopy plasmids. It
is also interesting to highlight that, apart from the
designed modiﬁcations, genome-sequencing analysis did
not detect any exogenous DNA in the genome of the
modiﬁed EcN strain. This indicates that bacterial conjugation with the donor strain MFDpir did not transfer parts
of its genome to the modiﬁed EcN strain, which is in
agreement with the engineered properties of MDFpir
strain (DMu-bacteriophage, DrecA and Dnic oriTchrRP4) to
avoid chromosomal DNA transfer from the donor to
res et al., 2010).
recipient strains (Ferrie
Another important aspect of the reported system is
that multiple integration sites in EcN chromosome can
be selected by the ﬁnal user to harbour multiple GOIs.
Besides obvious considerations for the selection of the
integration sites, like avoiding essential genes, it is
important to conveniently select the homologous regions
(HR1 and HR2) cloned in the suicide pGEC vector. Both
non-essential genes and intergenic regions can be targets of insertions. Distant HRs can be selected to produce a gene replacement (deletion) along with the
insertion, as we have shown, but this is not a requirement of the system, as HRs can be selected without any
intervening DNA, avoiding deletion of any bp in the chromosome along with the insertion. It is also important that
the selected HRs are unique in EcN chromosome, lacking repetitive sequences or any other genetic duplication.
For instance for the integration sites used in this work,
three different ﬂu genes and four ﬁmAICDFGH operons
exist on EcN chromosome (GeneBank CP007799.1).
We have selected the gene ﬂu located in the positions
3399340-3402462 from CP007799.1 and the ﬁmAICDFGH
operon located between 4981488 and 4989160 in
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CP007799.1. The 500 bp DNA regions upstream and
downstream used as HRs from the ﬁm operon were
unique. However, in the case of ﬂu, repetitions of the
DNA regions upstream and downstream were detected
in other sites of the EcN genome, which led us to the
selection of HRs located within the 5’ and 3’ ends of ﬂu
ORF. With this type of simple analysis, unique HRs were
selected and gene insertions were found always at the
targeted site and not in other loci of EcN genome. Also
importantly, we found that all KmR and CmR EcN colonies growing in LB media (lacking DAPA) after conjugation are bona-ﬁde cointegrants at the expected site,
making unnecessary the PCR test of the cointegrants
prior to their resolution. In our constructs, we have used
a standard length of the HRs of ca. 500 bp for insertions
in EcN. However, it is likely that this length could be
reduced if necessary to avoid any repetitive element in
the genome. Our previous experience with suicide
~ero-Lambea
integrative vectors in E. coli K-12 (Pin
et al., 2015a; Ruano-Gallego et al., 2015) and enteropathogenic E. coli (Cepeda-Molero et al., 2017),
indicates that the length of the HRs can be reduced to
ca. 300 bp without an apparent decline in the insertion
frequency.
In conclusion, the straightforward genetic approach
described in this work can accelerate the generation of
multiple markerless insertions/deletions in EcN chromosome needed for the generation of living bacterial therapeutics like, for instance the expression of large
nanomachines for protein delivery (Ruano-Gallego et al.,
2015) or complex genetic regulatory circuits responding
to environmental cues (Riglar et al., 2017). Given the
n et al.,
broad host range of RP4 conjugation (Cabezo
2015; Silbert and Lorenzo, 2021), this approach could
be also applicable for different commensal and probiotic
E. coli strains (Wassenaar, 2016) and adapted to other
Gram-negative bacteria of interest as biotherapeutic
chassis (Chua et al., 2017; Wegmann et al., 2017; Taketani et al., 2020).
Experimental procedures
Bacterial strains and growth conditions
Escherichia coli strains used in the work are detailed in
Table S1. Details of the generation of the recombinant
EcN strains are described in the Supporting Information.
EcN strains were grown at 37 °C in Lysogeny broth (LB)
agar plates (1.5% w/v) or in liquid LB medium unless
otherwise indicated. Antibiotics or inductors were added
at the following concentrations: chloramphenicol (Cm) at
30 lg ml 1; kanamycin (Km) at 50 lg ml 1; anhydrotetracycline (aTc) at 200 ng ml 1; and, isopropyl-ß-Dthiogalactopyranoside (IPTG) at 0.1 mM; L-arabinose (Lara) at 0.4% (w/v). When indicated, diaminopimelic acid
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(DAPA) was added at 0.3 mM to LB media for complementation of dapA mutants.
Plasmids, primers and cloning procedures
Plasmids used in this study are listed in Table S1.
Oligonucleotides (MilliporeSigma, Merck, Darmstadt,
Germany) used as primers are listed in Table S2. Cloning procedures were performed following standard protocols of DNA digestion with restriction enzymes and
ligation (Sambrook and Russel, 2001). Details of DNA
constructs are described in the Supporting Information.
All DNA constructs were sequenced by the chaintermination Sanger method (Macrogen Inc., Seoul, South
Korea).
Conjugation assay
Escherichia coli MFDpir strain (RP4, p-expressing, Mures et al., 2010) was transformed
deﬁcient, DdapA) (Ferrie
with the pGEC-derivative (KmR, p-dependent R6K-ori and
oriTRP4) previously constructed and replicated in the pexpressing E. coli strain BW25141 (Datsenko and Wanner, 2000). MFDpir carrying the pGEC-derivative served
as donor and EcN as recipient strain during conjugation.
Both strains were grown overnight at 37 °C in LB with
agitation 250 rpm, in the presence of DAPA and Km for
the donor strain. In case of conjugation with integrative
plasmids, the recipient EcN strain was previously transformed with pACBSR (CmR; I-SceI endonuclease and k
Red genes) (Herring et al., 2003) for the resolution of the
cointegrants. Drops between 18 and 25 ll of overnight
cultures corresponding to an Optical Density at 600 nm
(OD600) of 0.1 were used of both donor and recipient
strain. At ﬁrst, the drop containing the donor strain was
deposited on a LB-agar medium containing DAPA for the
correct growth of the auxotrophic donor strain. Once the
drop of the donor strain dried, a second drop of the recipient strain was added on top. Drops of each strain were
also deposited on the plate at a different site to check the
correct growth of donor and recipient strains. After 3.5 h
of incubation at 37 °C (plate face up), bacteria on the
conjugation spot were harvested with a sterile loop and
resuspended in 1 ml of LB. Serial dilutions were plated
on LB-Km (without DAPA) for selection of transconjugants
and colony-forming units (CFU) counting. In the case of
integrative plasmids, bacteria were plated on LB+Km+Cm
for the correct selection of cointegrants with pACBSR.
Drops with only the donor or the recipient bacteria were
also harvested and counted by serial dilutions on plates
with appropriated media for donor (LB+Km+DAPA) or
recipient (LB+Cm). The conjugation frequency was calculated as the ratio of EcN transconjugants versus EcN
recipients.

Resolution of cointegrants
A colony of a cointegrant containing plasmid pACBSR
(CmR) expressing the I-SceI endonuclease and the k
Red protein under the control of PBAD promoter (inducible with L-ara) was overnight grown in a ﬂask with
10 ml of liquid LB with Cm and Km for the selection of
pACBSR plasmid and gene of interest integration
respectively. Next day, this culture was used to inoculate
5 ml LB with Cm at OD600 0.01 in agitation (250 rpm).
When the culture reached an OD600 ~ 0.5, L-ara 0.4%
(w/v) was added with agitation to induce the expression
of k Red genes and I-SceI endonuclease for the corresponding cleavage in the I-SceI recognition sites ﬂanking
the integrated gene of interest. After 5 h of incubation, a
sample of this culture was streaked on LB-Cm plates
using an inoculating loop and incubated overnight to isolate individual colonies, which were replicated in LB-Cm
and LB-Cm-Km to identify Km-sensitive colonies. Using
speciﬁc primers for each locus, see Supporting Experimental procedures, the resolution to the wild type or to
the insertion mutant could be conﬁrmed by PCR.
The percentage of cointegrants resolution was calculated from the indicated cultures, grown in LB-Cm and
induced 5 h with L-ara, by plating serial dilutions in LBagar plates containing Cm (total CFU) or Cm and Km
(cointegrants CFU). Cointegrants resolution was calculated as the percentage of Km-sensitive colonies with
respect to the total Cm-resistant colonies.
Flow cytometry analysis
EcN bacteria corresponding to an OD600 of 1.0 were harvested for overnight LB cultures by centrifugation
(4000 g, 3 min). When indicated, cultures were induced
with IPTG 0.1 mM. Bacteria were washed twice with
1 ml of PBS and resuspended in 1 ml of PBS for analysis in a ﬂow cytometer Cytoﬂex S (Beckman Coulter
Inc., Brea, CA, USA). GFP was measured with a blue
laser in the detection channel FITC (525/40) and
mKATE2 with a yellow laser in the channel ECD (610/
20).
Immunoﬂuorescence microscopy
Pellets of 1 ml of EcN grown to OD600 ~ 0.5 were
washed with 1 ml of cold PBS and resuspended in
100 ll of 3% (w/v) paraformaldehyde (PFA) and incubated 10 min at room temperature (RT) for bacteria ﬁxation. PBS was added to dilute the PFA to 1%. Seventy
microlitres of 0.01% (w/v) poly-L-lysine was added to the
round coverslip and stayed for 10 min. Poly-L-Lysine
drop was discarded and coverslip was dried for 5–
10 min at RT. Then, 5 ll of ﬁxed bacteria was added to
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the coverslip. After 10 min of incubation, the excess liquid was taken out and coverslip was washed three times
with 50 ll of PBS. Finally, coverslips were mounted on
glass slides with 2.5 ll of Prolong (Invitrogen) containing
0.5 lg l 1 DAPI solution (previously diluted from the
stock). Samples were examined by confocal microscopy
(Leica TCS SP8 multispectral confocal system, Leica
Microsystems GmbH, Wetzlar, Germany).
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Information. Results of this analysis are shown in the
Data S1 (.xlsx ﬁle, Microsoft). Whole-genome sequencing data have been deposited in the National Center for
Biotechnology Information under Sequence Read
Archive (SRA) accession SRP341149 (BioProject
PRJNA770875, https://www.ncbi.nlm.nih.gov/bioproject/
PRJNA770875).
Statistics

Supernatant proteins preparation and SDS-PAGE

The mean and standard deviation of experimental values
were calculated using PRISM 8.0 (GraphPad software Inc.,
San Diego, CA, USA). Data from independent experiments are shown as individual dots.

EcN bacteria were grown in 10 ml of LB up to an OD600
~ 2. Cells were harvested by centrifugation (4000 g,
10 min at 4 °C). One millilitre of the supernatant, after
centrifugation at the maximal velocity (20 000 g, 10 min
at 4 °C), was incubated for 60 min at 4 °C in the presence of trichloroacetic acid (TCA 20% w/v; Merck) for
precipitation. After centrifugation (20 000 g, 15 min at
4C), TCA-precipitated protein pellets were rinsed with
cold acetone ( 20 °C), air-dried and resuspended in
25 ll of SDS-PAGE sample buffer. Proteins separated
by SDS-PAGE were stained with Coomassie Blue R-250
(Biorad, Hercules, CA, USA).
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Genome sequencing and analysis
Genomic DNA samples from parental EcN wild type and
modiﬁed EcNDﬁm_mKATE2 Dmat_lux Ptet-ﬂhDC strains
were isolated using the Gnome DNA kit (MP Biomedicals, Santa Ana, CA, USA). Next-generation sequencing
(NGS) was performed by whole-genome libraries prepared following the Illumina TruSeq DNA PCR Free kit
(Illumina, San Diego, CA, USA). Libraries from both
DNA samples (numbered 118 and 185 respectively)
were sequenced on an Illumina NovaSeq600 as 150-bp
paired-ends reads (Macrogen Inc). Illumina genomic
paired-ends FASTQ ﬁles for both samples were provided
by Macrogen Inc. Analysis of these sequencing ﬁles
and their comparison with the reference genome
CP007799.1 of E coli Nissle 1917, as well as with fasta
sequence ﬁles of the inserts, was performed by the
BioinfoGP service of CNB-CSIC (https://bioinfogp.cnb.
csic). Bioinformatic tools and procedures used in the
analysis of genomic sequencing data to identify variations in the genome of the modiﬁed strain and in the
inserted DNA are described in detail in the Supporting
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Fig. S1. Site-speciﬁc markerless integration in EcN chromosome. Scheme showing the integration of a gene of interest
(GOI) under the control of a promoter (P) in the EcN chromosome using a suicide conjugative plasmid pGEC derivative containing the origin of transfer (oriT), the replication
origin R6K, the KmR gene, and the GOI ﬂanked by two
homologous regions (HR1 and HR2) corresponding to
regions located upstream and downstream of the target
gene. The cassette formed by the GOI and the HRs is
ﬂanked by two I-SceI restriction sites. The ﬁrst recombination event (Recombination I) leads to the cointegrants
obtaining which are further resolved by the expression of
the I-SceI endonuclease and the k Red protein from the
helper plasmid pACBSR. Double strand breaks generated
by the I-SceI endonuclease are repaired a second homologous recombination event (Recombination II) assisted by
the k Red protein that may produce either the wild type
allele (i) or the insertion mutant (ii).
Fig. S2. PCR analysis of ﬂu_Ptac-gfp cointegrants. A.
Scheme showing that cointegrants can be generated after
homologous recombination using HR1-ﬂu (i) or HR2-ﬂu (ii).
B-C. Colony PCR of ﬁve cointegrants using primer oligonucleotides 1 and 2 to check homologous recombination with
HR1-ﬂu (B) or with oligonucleotides 3 and 4 to check homologous recombination with HR2-ﬂu (C). PCR of EcN wt colony was used as negative control in both panels B and C.
Fig. S3. PCR analysis of ﬁm_Ptac-gfp cointegrants. A.
Scheme showing that cointegrants can be generated after
homologous recombination using HR1-ﬁm (i) or HR2-ﬁm (ii).
B-C. Colony PCR of ﬁve cointegrants using primer oligonucleotides 5 and 2 to check homologous recombination with
HR1-ﬁm (B) or with oligonucleotides 3 and 6 to check homologous recombination with HR2-ﬁm (C). PCR of EcN wt colony
was used as negative control in both panels B and C.
Fig. S4. PCR analysis of the resolution of ﬂu_Ptac-gfp cointegrants. A. Replica plating of 40 colonies randomly picked
after resolution of EcN ﬂu_Ptac-gfp cointegrants using LB
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Cm plates, with and without Km, to check the loss of Km
resistance. B. Scheme of the cointegrants resolved to the
Ptac-gfp insertion. C-D. Colony PCR of 10 colonies sensitive to Km with oligonucleotides 1 and 2 to check the insertion Ptac-gfp using the upstream region of ﬂu locus (C) or
with oligonucleotides 3 and 4 to check the insertion using
the downstream region of ﬂu locus (D). PCR of EcN wt colony was used as negative control in both panels C and D.
Fig. S5. PCR analysis of the resolution of ﬁm_Ptac-gfp
cointegrants. A. Replica plating of 40 colonies randomly
picked after resolution of EcN ﬁm_Ptac-gfp cointegrants
using LB Cm plates, with and without Km, to check the loss
of Km resistance. B. Scheme of the cointegrants resolved to
the Ptac-gfp insertion. C-D. Colony PCR of 10 colonies sensitive to Km with oligonucleotides 5 and 2 to check the
insertion Ptac-gfp using the upstream region of ﬁm locus
(C) or with oligonucleotides 3 and 6 to check the insertion
using the downstream region of ﬁm locus (D). PCR of EcN
wt colony was used as negative control in both panels C
and D.
Fig. S6. Expression of GFP in EcNDﬂu_Ptac-gfp and
EcNDﬁm_Ptac-gfp cointegrants. Flow cytometry analysis of
EcN wild type bacteria (EcN) and derivative strains EcNDﬂu_gfp and EcNDﬁm_gfp carrying insertion of Ptac-gfp
replacing ﬂu or ﬁm locus. Bacteria were harvested from cultures of the corresponding strain in LB with IPTG 0.1 mM.
Fig. S7. Integration frequency of pGECﬁmEcN_gfp in EcN
carrying pACBSR or pACBS. Frequencies are calculated as
the ratio of cointegrants (C) vs. recipients (R). Horizontal
lines indicate means of four independent assays (n=4). Vertical bars indicated standard deviation. Plasmid pACBS
lacks the kRed genes found in pACBSR.
Fig. S8. DNA Sanger sequencing of the plasmid preparation
of pGEC_matEcN-lux used for integration of lux operon in
EcN. The mutated nucleotide (G to A) in the start codon of
luxC gene is labelled with an arrow.
Data S1.
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