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ABSTRACT: Engineering of bacterial genomes is a fundamental craft in contemporary biotechnology. The ability to precisely edit
chromosomes allows for the development of cells with specific phenotypes for metabolic engineering and for the creation of
minimized genomes. Genetic tools are needed to select for cells that underwent editing, and dual-selection markers that enable both
positive and negative selection are highly useful. Here, we present an optimized and easy-to-use version of the tetA dual-selection
marker and demonstrate how this tetAOPT can be used efficiently to engineer at different stages of the central dogma of molecular
biology. On the DNA level, tetAOPT can be used to create scarless knockouts across the Escherichia coli genome with efficiency above
90%, whereas recombinant gene integrations can be achieved with approximately 50% efficiency. On the RNA and protein level, we
show that tetAOPT enables advanced genome engineering of both gene translation and transcription by introducing sequence
variation in the translation initiation region or by exchanging promoters. Finally, we demonstrate the use of tetAOPT for genome
engineering in the industrially relevant probiotic strain E. coli Nissle.
KEYWORDS: genome engineering, Escherichia coli, tetA, dual-selection marker, recombineering, Escherichia coli Nissle

■ INTRODUCTION
Simple genome editing tools are in high demand to facilitate
the Design−Build−Test−Learn cycle of bioengineering. The
entire flow of information through the central dogma of
molecular biology needs to be considered: for example, on the
genome level, we need tools to make knockouts and edit on a
large scale to create organisms with minimized genomes. In
Escherichia coli, such strains have been constructed using
several genetic selection markers to obtain scarless dele-
tions.1−6 The manipulation of gene transcription is commonly
achieved by exchanging or mutating promoter sequences,7−9

and translation can be modulated by introducing mutations in
the 5′UTR of the mRNA, as this region is a major determinant
of the rate of translation initiation.10−14

Numerous genetic tools for the model bacterium E. coli have
been developed to speed up strain development.15−23

Commonly, chromosomal integration is achieved by using
homologous recombination systems such as λ-Red recombin-
eering or Rec/ET.16,20,23 These systems are based on phage
proteins that enable the integration of double-stranded DNA

(dsDNA) or single-stranded DNA (ssDNA, typically provided
in the form of synthetic oligonucleotides).24 Due to the low
efficiency of these systems, elaborate PCR screening or genetic
markers are needed to select for the recombinant strains.
Antibiotic resistance markers are commonly used, but they
have inherent disadvantages such as the risk of environmental
spreading25 and the metabolic burden they can pose when
expressed.26 For this reason, selection markers are usually
removed from the final construct.
Different approaches have been developed to remove

selection markers after integration. The Flp/FRT system relies
on the expression of a site-specific recombinase called flippase
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(Flp), which promotes recombination at two flippase
recognition target (FRT) sites.27,28 FRT sites, in combination
with a kanamycin resistance cassette, were successfully used for
generating a collection of almost 4000 E. coli single-gene
knockout mutants.18 Similar to the Flp/FRT system, the Cre/
loxP system uses a recombinase (Cre) that promotes
recombination between loxP sites, leaving one loxP site on
the genome.29 However, both Flp/FRT and Cre/loxP leave
DNA sequence “scars” in the genome, which might lead to
genetic instability due to homologous recombination when
multiple sites of the genome are edited. Recently, advances in
CRISPR/Cas9 genome editing allow for scarless integration of
dsDNA fragments by utilizing CRISPR/Cas9 counterselection
instead of co-integration of a selection marker.19,21,22,30

Selection markers can also be combined with counter-
selectable traits that facilitate their elimination. Genes such as
galK, tolC, and tetA are particularly attractive as the single
genes can be selected both for and against (dual
selection).31−37 However, in contrast to galK and tolC, tetA
does not require a knockout of the native gene on the genome
of E. coli. tetA encodes for a transmembrane protein that
confers resistance to tetracycline, but its expression also leads
to sensitivity toward lipophilic chelating agents, such as fusaric
or quinaldic acid, as well as cadmium and nickel cations.36,37

Nevertheless, tetA is often combined with an additional
counterselection marker such as sacB,38 indicating that it
performs poorly as a counterselection marker.
Here, we describe multiple workflows for genome engineer-

ing in E. coli using an optimized tetA dual-selection marker. We
introduced mutations in the translation initiation region (TIR)
of tetA to reach different expression levels and demonstrate
that an optimized tetAOPT enables efficient engineering
throughout the central dogma: at the DNA level by creating

multiple gene knockouts, at the transcriptional level by
exchanging promoters on the genome, and on the translation
level by modulating gene translation initiation.

■ RESULTS
Optimization of a tetA Expression Cassette for Dual

Selection in E. coli. Our early observations on tetA suggested
that it performed poorly because of its very narrow dynamic
range of action: for example, high tetracycline concentrations
were not tolerated when the resistance gene was used in a
translational coupling device,13 and initial attempts to increase
expression by exchanging promoters failed likely due to toxic
overexpression of the tetA membrane transporter protein.39,40

We hypothesized that it would be beneficial to tune the
translation of tetA so that expression levels are high enough to
confer NiCl2 sensitivity but low enough to avoid a significant
burden to the cell. To this end, we created a DNA sequence
library of the tetA TIR.12 The TIR spans from the Shine−
Dalgarno sequence to the fifth codon of the gene of interest41

and has a major impact on the overall production level of a
protein.12,42−46 Randomization of the TIR has previously been
successfully used to optimize the expression of different
genes.12,44 For optimizing the tetA TIR, using PCR, we
randomized the six nucleotides upstream of the start codon as
well as the first two codons downstream of the ATG to all
synonymous codons12 (Figure 1a). Additionally, we included
the P3 promoter into the tetA cassette because it previously
enabled genomic tetA expression.34

For genomic integration, tetA was amplified by PCR from a
SEVA plasmid (pSEVA51148) using a degenerated oligonu-
cleotide pool that theoretically contained 32786 different
nucleotide sequences and integrated with λ-Red recombineer-
ing. The bacterial cells were plated on LB agar with different

Figure 1. Optimization of tetA for dual selection. (a)Workflow for tetA TIR randomization and screening of DNA sequence library variants. (b)
Growth of the selected tetAOPT TIR variant (red lines) in M9 medium supplemented with tetracycline and NiCl2. The parental strain SIJ19 (E. coli
K12 MG1655)47 (-tetA, gray lines) was included as a control. Data represent the mean of biological triplicates or duplicates with standard
deviations, for -tetA and tetAOPT, respectively. See Figure S1 for growth analysis of the initial TIR library variants.
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concentrations of tetracycline for selection of the best
performing TIR variants. The number of colonies decreased
with increasing tetracycline, and the highest concentration
where colonies were still observed was 50 μg/mL. From this
agar plate, 96 colonies were picked and transferred to M9 agar
with different concentrations of NiCl2. The colonies that
showed the highest sensitivity toward NiCl2 were then selected
and further characterized (Figure S1). All tetA sequence
variants selected this way exhibited resistance up to 100 μg/
mL tetracycline and were sensitive to 50 μM NiCl2 and above.
Since the control strain without tetA was severely impaired in
growth at 100 μM NiCl2, 50 μM was selected as the
concentration for counterselection. One of the library variants
was selected for further studies, and a terminator (L3S3P2249)
was introduced upstream of tetA to avoid polar effects on tetA

expression from adjacent genes when used for further
engineering (Figure 1b). As upstream terminator sequences
can influence expression levels,7 this final construct, tetAOPT,
was re-analyzed for its resistance toward tetracycline and
sensitivity toward NiCl2 (Figure 1b).
While working with tetAOPT, we made different observations

that helped ensure its functionality. In M9 medium, the
concentration of NiCl2 that is necessary to ensure counter-
selection is 50 μM, whereas the required concentrations to
inhibit growth in LB were as high as 2 mM. Differences in
osmolarity might be responsible for the varying sensitivity of
tetAOPT harboring cells toward NiCl250. Since the LB medium
composition can vary between batches, we recommend using
M9 medium for more reproducible results. Further, for
counterselection, it is important to wash the cells in sterile

Figure 2. Gene knockout and insertion strategies using tetAOPT. The functionality of tetAOPT was tested by performing knockouts in different
genomic locations in E. coli K12 MG1655. (a) Illustration of integrating tetAOPT while deleting lacZ. (b) Efficiency of tetAOPT integration was
estimated by blue-white screening on LB agar supplemented with X-Gal. White colonies were counted as positive and blue as negative. (c)
Illustration of tetA counterselection: tetAOPT can be removed using either a single-stranded oligonucleotide (ssDNA), which results in a clean
deletion, or a double-stranded DNA (dsDNA) to integrate, for example, another gene of interest (here gfp). (d) The efficiency of tetAOPT removal
was estimated using colony PCR on 50 colonies from selection plates in triplicates. (e) tetAOPT was used to knock out different genes across the
genome of E. coli. Efficiencies of tetracycline (f) and NiCl2 selection (g) were estimated for each locus using colony PCR. (h + i) Since no positive
colony could be found for the removal of tetAOPT in the atoB locus, a new approach removed tetAOPT while leaving the tetAOPT rrnC terminator on
the genome. In panels b and d, the bars represent the mean of three biological replicates and the data points are shown. In f, g, and i, bars represent
efficiencies of genome editing measured by PCR of 23 different colonies. In a + c, gray triangles depict recombination sites.
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water before they are plated on NiCl2 to remove traces of LB
medium. Before plating, cells are recovered overnight before
they are plated on NiCl2�likely to allow for a cell population
without the membrane protein TetA to establish. A shorter 4 h
recovery is possible, but the efficiencies decrease. Last, plates
should not be incubated for longer than 3 days since
background colonies that still contain tetAOPT appear on the
plates. This might be due to efflux pumps in E. coli that are
active after a prolonged incubation.51 Nonetheless, even if
background colonies appear, correct colonies are easily
distinguishable based on their larger size.

Characterization of the tetAOPT Cassette Performance
for Gene Deletions in E. coli. To further test the optimized
tetAOPT variant, we chose to perform knockouts of different
genes across the genome of E. coli K12 MG1655. We started
with lacZ, enabling simple estimation of the efficiency of
editing by blue-white screening with the beta-galactosidase
substrate X-Gal. First, we amplified tetAOPT with 50 bp
homology to two areas flanking the lacZ gene and transformed
the PCR product into E. coli hosting the λ-Red recombineering
system and incubated the cells on LB agar supplemented with
tetracycline and X-Gal (Figure 2a). No blue colonies were
observed, demonstrating a 100% efficiency of the procedure
(Figures 2b andS2a). For tetAOPT removal in the second step,
λ-Red proteins were re-expressed, and the cells transformed
with either a single-stranded oligonucleotide (ssDNA) or a
double-stranded PCR product (dsDNA), both harboring 50 bp
homology to the regions up- and downstream of tetAOPT. This
creates either a scarless gene deletion (with the ssDNA) or
integration of a new gene (here gfp with the dsDNA) (Figure
2c), and we observed that using ssDNA was 93% efficient
(Figure 2d), whereas using dsDNA was 49% efficient (Figures
2d and S2b).
Since gene expression levels vary across the genome of E. coli

and we have learned that tetA expression levels are critical for
selection, we next tested the knockout of eight different genes
in different locations previously shown to affect expres-
sion.52−55 tetAOPT integration efficiencies for all loci were
above 95%, while nickel counterselection efficiencies in most
cases were above 90%. A notable exception to the latter was
the atoB locus where removal of tetAOPT completely failed. We

speculated that this could be due to genetic interactions at the
new sequence boundary generated after tetAOPT removal. To
circumvent this effect, we created a new ssDNA with homology
to the downstream terminator (rrnC) of the tetAOPT construct,
thereby leaving the terminator behind, which solved the
problem and increased the efficiency to 100%. In addition to
deleting these eight genes, using tetAOPT, we were also able to
delete the 40.7 kb f li locus in K12 MG1655 in a single step,
showing that large deletions are possible with tetAOPT (Figure
S3).

Tuning of Native Gene Expression Facilitated by
Dual Selection with tetAOPT. Introducing subtle DNA
sequence changes, for example, in the TIR of heterologous
genes is a simple and efficient way to tune protein production
levels.12,13,52 Such sequence libraries do not only enable the
selection of highly expressing variants but also the selection of
expression levels that minimize the expression burden in the
cell - our optimization of tetA being a good example of this. We
wondered if a generalized tetAOPT workflow could be an
efficient way to change the expression or regulation of native E.
coli genes. In such a workflow, we first integrate tetAOPT directly
upstream of the gene of interest and then introduce new
regulatory DNA sequences, such as a TIR library, by removing
tetAOPT with NiCl2 counterselection in combination with
transforming a degenerated oligonucleotide or a PCR product
(Figure 3a). This general approach allows first to screen for the
consequence of interrupting gene expression and second to
screen DNA libraries for changing the expression or regulation
of the gene (Figure 3a).
As a first simple demonstration, we integrated the tetAOPT

cassette in front of lacZ, followed by introducing a TIR library
with a short degenerate oligonucleotide. After recombineering,
the cells were plated on agar plates with X-Gal and nickel and
incubated overnight. The resulting colonies showed highly
variable blue coloring (Figure S4), and sequencing of eight
clones confirmed that a sequence library was created. Ninety
four random colonies were picked and assayed for beta-
galactosidase activity in liquid culture, and they similarly
showed highly different activity levels (Figure 3c). Interest-
ingly, with this approach, the native TIR seemed to provide the
highest expression of beta-galactosidase. This demonstrates a

Figure 3. Engineering of translation using tetAOPT. (a) Illustration of the workflow for modulating translation initiation rates by using tetAOPT. In
the first step, tetAOPT is integrated upstream of the start codon of the gene of interest (goi) by selection on tetracycline. In the next step, tetAOPT is
removed using a degenerated oligonucleotide harboring homology (gray triangles; recombination sites) to the flanking regions of tetAOPT and
selection on NiCl2. The degenerated oligonucleotide introduces a random sequence in the TIR. (b) Illustration of the TIR randomization of the
native E. coli gene lacZ. (c) Relative beta-galactosidase activity of the TIR library variants (gray) normalized to the native TIR (dark blue). A
negative control was included (tetAOPT inserted upstream of lacZ; red). In c, bar graphs of the libraries shown are based on single data points.
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highly simplistic and efficient workflow for manipulating gene
expression levels directly on the E. coli genome.
Next, we tested a workflow for integration of new promoters.

Since, in our experience, a larger genetic perturbation such as
introduction of new genes or gene regulatory elements often
compromises the TIR, we decided to introduce new promoters
together with randomizing the TIR region. In this workflow,
short constitutive promoters, such as the Anderson promoters,
can still be integrated with single-stranded degenerate
oligonucleotides (Figure 4a). We chose to exchange the native
lac promoter for an Anderson collection constitutive promoter
(J23100) while also introducing a TIR library. Sequencing of
eight clones confirmed that a sequence library was created
(Figure S5). This promoter exchange alleviated carbon
catabolite repression of lacZ as observed by the absence of a
diauxic shift during growth in medium supplemented with
both glucose and lactose (Figure 4b). Further, the strain with
the constitutive promoter and the native TIR entered the
exponential growth phase earlier. Thus, by introducing a new
promoter with a TIR library, strains with different growth
behavior were created.

To demonstrate a workflow using more complex promoters
that need to be amplified via PCR or ordered as a synthetic
DNA fragment (dsDNA) prior to integration by tetAOPT NiCl2
counterselection, we decided to address a well-known issue
with leaky expression of the T7 RNA polymerase (RNAP)
from its lacUV5 promoter. Leaky expression causes problems
when handling toxic proteins,52,56 and we addressed this by
exchanging PlacUV5 with the rhamnose-tunable rhaBAD
promoter. First, PlacUV5 was removed through tetAOPT

integration. Next, a pET28 vector expressing the toxic YidC-
GFP57 was introduced followed by the re-expression of the λ-
Red proteins and electroporation with a PCR product
encoding PrhaBAD and a TIR library (Figure 4d). Sequencing
of eight clones confirmed that a sequence library was created
(Figure S5). The resulting clones were screened for YidC
expression based on GFP fluorescence. Expression levels of
YidC-GFP in cells with the rhaBAD promoter varied greatly,
and some exceeded the levels of expression from the original
T7 strain with the lacUV5 promoter (Figure 4e). With
increasing concentrations of rhamnose, fluorescence levels
increased (Figure S6). Similarly, we constructed a PrhaBAD-
T7 RNAP TIR library for cells expressing only GFP (Figure

Figure 4. Engineering of transcription using tetAOPT. (a) Illustration of how a short constitutive promoter (J23100) and a TIR sequence library
were introduced in front of the native E. coli gene lacZ. (b) Growth in M9 medium supplemented with 0.05% glucose and 0.5% lactose. (c)
Illustration of YidC-GFP expression using the T7 system. The T7 RNA polymerase (T7 RNAP) is part of the DE3 element on the E. coli
chromosome. T7 RNAP is expressed from the lacUV5 promoter, regulated by LacI and therefore inducible by IPTG. T7 RNAP drives expression
of YidC-GFP from a T7 promoter on a pET vector. Cells that successfully express YidC will be green fluorescent. (d) Illustration of the exchange of
the lacUV5 promoter with the tunable promoter PrhaBAD with a randomized TIR. (e) Absolute production of YidC-GFP (nmol FITC) and
growth of associated strains (OD600) were measured for 20 h. In b + e, growth of the control strains with the native promoter (blue), the new
promoter and the native TIR (dark blue), and the negative control (red) was measured in triplicates. Measurements of the TIR library variants
(gray) are based on single measurements. The fluorescein standard curve used for fluorescence normalization can be found in Figure S6. In a + d,
gray triangles depict recombination sites.
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S7). In this case, we were able to reach comparable expression
levels of the new PrhaBAD constructs to the original T7 strain,
and GFP expression was titratable by varying rhamnose
concentrations (Figure S7). This demonstrates that the tetAOPT

workflow facilitates advanced genome engineering, for
example, to prevent gene expression toxicity.

Performance of tetAOPT in a Probiotic E. coli Strain.
While E. coli K12 MG1655 is a classical model bacte-
rium,21,47,52 E. coli Nissle is primarily used as a model
probiotic strain. When it comes to engineering probiotics,
removal of antibiotic resistance markers is particularly crucial
to avoid spreading resistance genes to the human gut
microbiota.58 For this reason, we decided to investigate if
tetAOPT can be used for engineering of E. coli Nissle, as it offers
the possibility to scarlessly engineer genomes.
Again, we chose to replace the native lacZ locus of E. coli

Nissle with tetAOPT, using the approach described above for E.
coli K12 MG1655, to calculate the efficiencies by simple blue-
white screening. Counterselection efficiencies were estimated
by removing tetAOPT and simultaneously creating a knockout
with ssDNA or by integrating a gene, in this case, gfp, with
dsDNA. The integration efficiencies were 99.7 and 96.5% for
positive selection with tetracycline (50 μg/mL) and ssDNA
counterselection with 50 μM NiCl2, respectively (Figures 5b,e
andS8), whereas for dsDNA counterselection, a high back-
ground growth made it difficult to count colonies and therefore
to calculate efficiencies. The sensitivity of E. coli Nissle,
harboring tetAOPT, toward NiCl2 was further assessed in liquid

medium (Figure 5c) using three colonies (tetA 1−3) from the
tetracycline selection plates that were randomly selected.
Indeed, the strains seemed to be insensitive toward the
previously used 50 μM NiCl2, whereas increasing the
concentration to 100 μM prevented the growth of tetAOPT

harboring strains but not the strain without tetAOPT. Increasing
the NiCl2 concentration to 100 μM on solid medium did not
lead to any growth; however, with 80 μM NiCl2, we were able
to reduce the background and select positive colonies, but
efficiency could still not be calculated (Figure 5f). Overall, the
three randomly selected strains resulting from the tetracycline
selection showed a very different sensitivity profile, which was
reflected in the background growth.

■ DISCUSSION
Previously, we developed the tetA dual-selection marker for its
use in the Standardized Genome Architecture (SEGA).52 In
this setup, tetAOPT is part of a standardized landing pad and
allows for the integration of a gene of interest following a
simple protocol. Because the optimized marker proved to work
very efficiently for this purpose, we here explored more broadly
using it to engineer different stages of the central dogma in
molecular biology.
On the DNA level, tetAOPT facilitates efficient gene deletions

and insertions, and different loci generally did not significantly
affect the performance. One exception was in the atoB locus,
where tetAOPT could not be removed scarlessly by counter-
selection. Instead, we observed that NiCl2 treatment caused

Figure 5. Gene knockout strategy in E. coli Nissle. (a) Illustration of integrating tetAOPT and replacing lacZ in E. coli Nissle. (b) Efficiency of
tetAOPT integration was estimated by blue-white screening on LB agar supplemented with X-Gal. White colonies were counted as positive and blue
as negative. (c) Growth of E. coli Nissle, harboring tetAOPT in the lacZ locus in M9 medium supplemented with NiCl2. Three colonies of the lacZ
knockout were selected (tetA 1−3; red), and the E. coli Nissle wild-type strain (WT, gray) was included as a control. Measurements represent single
replicates. (d) Illustration of tetA counterselection. tetAOPT can be removed by either a single-stranded oligonucleotide (ssDNA), which results in a
clean knockout or a double-stranded DNA (dsDNA) to integrate another gene of interest (in this case, gfp). Selection is performed on M9 agar
supplemented with 50 μMNiCl2. (e) The efficiency of tetAOPT removal was estimated using colony PCRs of 50 colonies from the selection plates in
triplicates. (f) dsDNA-mediated counterselection on M9 agar supplemented with 80 μM NiCl2. gfp was integrated into the lacZ:tetAOPT strain (tetA
1−3), and green fluorescence was visualized under blue light. The three plates represent integrations into strains tetA 1−3. In a + d, gray triangles
depict recombination sites.
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mutations in tetAOPT. These mutations likely occurred because
the sequence that would have been created through the
removal of tetAOPT, two converging genes, posed a burden to
the cell. We could show that leaving behind one of the
terminators from tetAOPT resulted in 100% efficient removal of
the rest of tetAOPT. This is an interesting learning lesson for, for
example, the design of minimal genomes created by top-down
approaches: it is important to consider not only the essentiality
of the genes that are removed but also the new sequence
context created by the deletions. With this lesson in mind, and
with the successful deletion of the 40.7 kb f li locus, tetAOPT

shows great promise as a tool for large-scale genomic
rearrangements.
The observed efficiencies for dsDNA-mediated selection

against tetAOPT are lower than for ssDNA. This has previously
been shown and may be related to the observation that
ssDNA-mediated recombineering only requires the beta
protein.34,52,59 tetAOPT can also be used to tune the expression
of native genes on the chromosome on the transcriptional and
translational level. Our experimental setup of changing both
translation and transcription allows us to screen the phenotype
of a gene, as its expression is first interrupted by tetAOPT

integration. This can give initial valuable information that a
gene influences a specific phenotype, and the approach can
easily be expanded to screen many genes for those that show
the biggest effect. However, this approach also comes with the
drawback that essential genes or operons with downstream
essential genes cannot be targeted.
By introducing a TIR library in front of lacZ, we could create

strains with different beta-galactosidase levels in the cell.
Interestingly, the native TIR still seemed to provide the highest
expression level. This opens the question whether the TIR of
native genes always evolved toward the highest possible
translation level based on the given level of transcription from
its promoter. We did a simple in silico analysis of predicted
translation levels from similar Shine-Dalgarno sequence
libraries49 that suggest that this might be the case at least for
genes involved in carbohydrate utilization.
On the transcriptional level, we used tetAOPT to exchange the

promoters driving the expression of lacZ and the gene
encoding T7 RNA polymerase. For lacZ, the exchange
alleviated the diauxic shift, thereby demonstrating a potential
of tetAOPT for highly specific decoupling of carbon catabolite
repression, enabling better utilization of mixed carbon sources.
When exchanging the lacUV5 promoter of the T7 RNAP to
the rhaBAD promoter, we achieved higher production levels of
the toxic YidC protein for the PrhaBAD constructs.
Most tetAOPT applications were demonstrated in E. coli K12

MG1655-a model strain for chromosomal engineering.52 E. coli
Nissle is commonly used as a probiotic strain, and its
engineering is interesting for the development of microbiome
therapeutics.60−63 In Nissle, tetAOPT-mediated selection and
counterselection were as efficient as for K12 MG1655 with
oligonucleotides. However, counterselection using dsDNA
suffers from a high background growth in the presence of
nickel. This demonstrates a need for further optimization of
tetA for use in this strain background and, more generally, that
ideally such genetic tools should be optimized for every
individual organism.
Overall, the simple protocols as well as the high efficiencies

have made tetAOPT our current preferred method for E. coli
chromosomal engineering. tetAOPT is simple to make, either by
PCR amplifying it from common plasmid backbones with the

promoter and terminators being part of oligonucleotide
overhangs or by ordering a SEGA strain and amplifying it
from the chromosome. SEGA strains can be ordered from the
Belgian Co-ordinated Collections of Microorganisms
(bccm.belspo.be/genecorner-hosts/SEGA), and the DNA
sequence of the optimized tetA can be found in the Supporting
Information, on sega-genomes.com or in sbol format as part of
the SEGA collection on synbiohub.org.

■ METHODS
Strains, Cultivation, and Media Composition. Strains

used in this study are listed in Table S1. E. coli K12 MG1655
or E. coli Nissle were used for all genome modifications. For
initial TIR optimization of tetA and integration into the
genome, the strain SIJ1947 was used. All strains were cultivated
in lysogeny broth (LB) at 37 °C or 30 °C in case cells
harbored pSIM19. If required, media were supplemented with
antibiotics. Unless otherwise stated, antibiotics were used in
the following concentrations: spectinomycin (50 μg/mL) and
tetracycline (50 μg/mL). For recombineering purposes, all
strains were made electrocompetent by washing the cells twice
in ice-cold sterile water and centrifugation at 11000 rpm for 30
s. M9 agar plates were used for NiCl2 counterselection and
contained 2 g/L glucose, 1x M9 salts, 2 mM MgSO4, 100 μM
CaCl2, 1X trace elements, and 0.5 μg/mL thiamine. 10X M9
salts consist of 68 g/L Na2PO4, 30 g/L KH2PO4, 5 g/L NaCl,
and 10 g/L NH4Cl. 1000X trace elements consist of 10 g/L
FeCl3 x6H2O, 2 g/L ZnSO4 x7H2O, 0.4 g/L CuCl2 x2H2O, 1
g/L MnSO4 xH2O, 0.6 g/L CoCl2 x6H2O, 3.2 mL/L 0.5 M
Na2EDTA, and pH8. For screening beta-galactosidase
expression, X-gal (0.02 mg/mL) was added to the M9 plates.
IPTG (1 mM) or L-rhamnose (5 mM) was added for
induction, if necessary.

Genetic Manipulation of E. coli. Genetic manipulations
were performed as previously described.50 Detailed protocols
about tetA dual selection in E. coli K12 MG1655 and Nissle can
be found at protocols.io (dx.doi.org/10.17504/protocols.io.5-
jyl892y7v2w/v1). PCRs were performed using Phusion Hot
Start II Polymerase (Thermo Fisher Scientific, Waltham, MA,
USA) or Neq2X7 polymerase.64 All oligonucleotides were
ordered from Integrated DNA Technologies (IDT, Coralville,
IA, USA) and are listed in Table S3. PCR products were
visualized on 1% agarose gels using the iBright Imaging System
(Thermo Fisher Scientific, Waltman, MA, USA), running the
iBright gel imager software (v1.6.0). PCR purifications and
plasmid isolations were performed using the NucleoSpin Gel
and PCR Clean-up Kit and the NucleoSpin Plasmid
Purification Kit (Macherey-Nagel, Düren, Germany), respec-
tively. For the creation of gene knockouts, tetAOPT was
amplified via PCR from strain K12 MG1655-TetAopt with
oligonucleotides that each contains 50 bp homology to the
integration site (#106-#163). Cells were plated on LB agar
supplemented with 50 μg/mL tetracycline, 0.02 mg/mL X-Gal,
and 1 mM IPTG. Blue-white screening was performed to
identify correct colonies. The ssDNA targets the lagging strand
and was designed using MODEST65 (modest.biosustain.d-
tu.dk). Removal of tetAOPT was achieved by electroporation of
an oligonucleotide (ssDNA) or a PCR-amplified J23100-BCD-
gfp construct (dsDNA) with 50 bp homology to the up- and
downstream regions (#108-#161). Cells were plated on M9
agar supplemented with 50 μM NiCl2 for selection. For
ssDNA-mediated counterselection, colony PCR of 23 colonies
and a negative control for each locus was performed to
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estimate the efficiencies (oligonucleotides #106-#163). Colony
PCRs were visualized using the LabChip GX Touch Nucleic
Acid Analyzer (PerkinElmer, Waltham, MA, USA) and a DNA
5 KK Assay LabChip (PerkinElmer, Waltham, MA, USA). For
dsDNA-mediated counterselection, efficiencies were estimated
by calculating the ratio of fluorescent to non-fluorescent cells.

Library Design and Construction. All libraries of the
TIR were constructed using degenerated oligonucleotides. The
six nucleotides upstream of the start codon were changed to all
possible nucleotides, and the six nucleotides downstream of
the start were changed to all possible synonymous codon
combinations.12 For tetA TIR libraries, tetA was amplified from
the plasmid backbone of pSEVA55148 via PCR with
oligonucleotides #101 and #102. The oligonucleotide binding
upstream (#101) was degenerated and contained 50 bp
homology to the integration site as well as the P3 promoter
and the 5′ UTR (see Figure 1). The downstream
oligonucleotide (#102) contained 50 bp homology to the
integration site. For selection of the correct tetA variant, tetA
was integrated into strain SIJ1947 downstream of gfp in the
intergenic region of glmS and pstS. Cells were plated on LB
agar with different concentrations of tetracycline (10, 25, 50,
75, and 100 μg/mL (Figure S1). Cells that grew on 50 μg/mL
were then transferred to M9 agar supplemented with different
NiCl2 concentrations (10, 25, 50, 75, and 100 μM) (Figure
S1). Colonies that exhibited the highest sensitivity toward
NiCl2 were selected for growth analysis in liquid M9 medium
supplemented with either different tetracycline or NiCl2
concentrations. Sequencing of the TIR region of these colonies
was conducted with oligonucleotide #172 to confirm a
successful library generation (Figure S1). To insulate the
tetA cassette from surrounding genes, the synthetic terminator
L3S3P2249 was integrated upstream of tetA with oligonucleo-
tide #103, resulting in tetAOPT. TIR libraries of genes in E. coli
were performed by first integrating tetAOPT upstream of the
start codon in the opposite orientation of the coding sequence
(oligonucleotides #164-#171). tetAOPT was removed with a
degenerated oligonucleotide, corresponding to the lagging
strand, harboring 50 bp homology to up- and downstream of
the TIR randomization region (oligonucleotide #166) (see
Figure 3a). When the native promoter was exchanged, short
constitutive promoters were integrated as part of this
degenerated oligonucleotide with oligonucleotide #167. For
the integration of larger inducible promoters, a PCR of the
promoter construct was performed with oligonucleotides #170
and #171 each harboring 50 bp homology to the flanking
regions of tetAOPT.

Beta-galactosidase Assay. To measure the beta-galacto-
sidase activity, the assay developed by Schaefer et al. (2017)66

was adapted. A culture was set up in LB medium in a 96-
deepwell plate and incubated overnight at 37 °C. The
preculture was used for inoculation of a new culture in a
1:100 dilution and grown for 2 h at 37 °C. Then, the cultures
were induced with 1 mM IPTG and grown until an OD600 of
approximately 1.3 was reached. For the assay, 80 μL of the
culture was mixed with 120 μL of a custom beta-galactosidase
mix (60 mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, 1 mM
MgSO4, 36 mM b-mercaptoethanol, a pinch of Lysozyme, 1x
cellytic B, and 1.1 mg/mL ONPG). OD420 was measured every
60 s in a Synergy H1 Plate reader (BioTej, Winooski VT,
USA) using the BioTek Gen5 software (v3.08). The slope of
the substrate conversion was calculated using GraphPad
Prism9 (version 9.0.0). The slope of the control E. coli sample

(original TIR) was set to 100%, and the library samples were
normalized to it.

Growth and Fluorescence Analysis. Growth in liquid
medium was analyzed in 96-well plates using the plate reader
ELx808 (BioTek, Winooski, VT, USA) for OD630 measure-
ments only or Synergy H1 (BioTek, Winooski, VT, USA) for
combined OD630 and fluorescent measurements using the
BioTek Gen5 software (v3.08). Overnight cultures were
diluted 1:100 in LB medium and incubated at 37 °C with
continuous shaking. Growth was measured every 15 m for at
least 20 h. Cultures were induced with 1 mM IPTG or 5 mM
L-rhamnose after 2 h, if necessary. For diauxic growth
experiments, cells were grown in LB medium supplemented
with 0.05% glucose and 0.5% lactose. For YidC-GFP
production, the cells were grown in LB medium and induced
after 2 h with 1 mM IPTG and 5 mM L-rhamnose, unless
otherwise stated. A Breathe-Easy film (Sigma-Aldrich, St.
Louis, MO, USA) was used to minimize evaporation during
continuous growth analysis. Library variants were grown as
single clones, while control strains were grown in triplicates, if
not stated otherwise. GFP fluorescence was measured from the
bottom with excitation set to 485 nm and emission set to 528
nm. Growth and fluorescence curves were analyzed using
GraphPad Prism version 9.1.0 (GraphPad Software, Inc., San
Diego, CA, USA). GFP fluorescence values were normalized
using a standard curve generated with sodium fluorescein
dilutions ranging from 10 nM to 500 nM (see Figure S6).
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