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ABSTRACT: Genome recoding enables incorporating new
functions into the DNA of microorganisms. By reassigning codons
to noncanonical amino acids, the generation of new-to-nature
proteins offers countless opportunities for bioproduction and
biocontainment in industrial chassis. A key bottleneck in genome
recoding efforts, however, is the low efficiency of recombineering,
which hinders large-scale applications at acceptable speed and cost.
To relieve this bottleneck, we developed ReScribe, a highly
optimized recombineering tool enhanced by CRISPR-Cas9-
mediated counterselection built upon the minimal PAM 5′-
NNG-3′ of the Streptococcus canis Cas9 (ScCas9). As a proof of
concept, we used ReScribe to generate a minimally recoded strain
of the industrial chassis Pseudomonas putida by replacing TAG stop
codons (functioning as PAMs) of essential metabolic genes with
the synonymous TAA. We showed that ReScribe enables nearly 100% engineering efficiency of multiple loci in P. putida, opening
promising avenues for genome editing and applications thereof in this bacterium and beyond.
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Due to its physiological robustness, stress resistance,
metabolic versatility, and fast growth, Pseudomonas

putida KT2440 has become a platform for metabolic
engineering aimed at industrial and environmental applica-
tions.1−3 On top of its intrinsic features, the toolbox for genetic
programming of this bacterium has significantly improved over
the past years, propelling it to the front ranks of the synthetic
biology platforms.4 However, its full potential is still held back
by limitations on genome-scale editing that hinder ambitious
bioengineering projects such as genome recoding. The ability
to rewrite genomes provides the opportunity to incorporate
new properties to the DNA of industrially relevant micro-
organisms, thereby increasing their value as biotechnological
platforms.5 By reassigning natural codons to noncanonical
amino acids, this approach allows the synthesis of new-to-
function proteins and peptides, leading to a significantly
expanded space for bespoke biocatalysis.6,7 Moreover,
alterations in the translation machinery derived from the
repurposing of codons can also be part of their biosafety
assurance by impairing the ability of recoded microbes to
express foreign DNA or by producing proteins that cannot be
functionally expressed in other organisms.8,9 This impact on
horizontal gene transfer and viral infection enhances the

biosafety and stability of the engineered strains constituting a
powerful biocontainment strategy.10

Over the past decade, a few recoding efforts have been
published using different approaches.5,8,11−15 The first strategy
used recombineering-based multiplex automated genome
engineering (MAGE) to create a genome-wide recoded
Escherichia coli.8 In that pioneering approach, all TAG stop
codons were replaced with synonymous TAA codons, allowing
the deletion of release factor 1 and the reassignment of UAG
translation function to non-canonical amino acids (ncAA).16

This alteration allowed the incorporation of the recoded codon
in essential genes conferring metabolic dependence on the
ncAA for cell viability10,17 and hampering the dispersal of
functional DNA from the synthetic chassis cell to natural
microbes.15 Other strategies have been based on chemical
synthesis of recoded DNA and its incorporation into the target
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microbe either by substituting genome segments of different
sizes5,13,14,18 or by substituting the entire genome.19 Despite
their potential, these strategies keep requiring a costly DNA
synthesis investment and a very laborious assembly process.
Hence, there is a need for an efficient site-directed editing
genome engineering tool to enable recoding.
Recombineering is a powerful genome editing technique

based on a recombinase protein that promotes the
incorporation of single-stranded DNA (ssDNA) molecules
mimicking Okazaki fragments in the replication fork during
DNA replication producing the intended mutation.20,21 Over
the past years, different recombinases have been tested in
P. putida including the Red β-recombinase and the RecET
system from the E. coli Lambda phage and Rac prophage, the
activity of which is relatively low in Pseudomonas species in
absence of selection.4 Other P. putida-borne recombinases
identified through genus-specific bioinformatic mining, Ssr and
Rec2, have been experimentally validated with promising
results.22,23 Recently, Rec2-mediated ssDNA recombineering
has been merged with transitional inhibition of the native
mismatch machinery repair (MMR) system24 by coexpressing
a dominant-negative allele of mutL, and further improved by
iterating the recombineering protocol. Yet, efficiencies dropped
dramatically when multiplexing,25 which prevents pursuing a
full genome recoding and other high-throughput enterprises of
mutations at genome-scale. The authors pointed to the core
recombinase as the key limitation suggesting that a different or
an optimized protein may work better in the proposed
pipeline. Alternatives have already arisen in the way of (i) new
recombinases like PapRecT, which has enabled efficient
recombineering in the related species Pseudomonas aeruginosa;
and (ii) optimization methods, such as RBS strengthening.26

In addition, CRISPR-Cas9 can be used as counterselection
in recombineering by eliminating non-edited cells. To such
end, the endonuclease Cas9, guided by the spacer, induces
double-stranded DNA breaks (DSB) in the target site when
the cell has not been mutated. In most bacteria, DSB can be
prevented only via homology-directed repair (HDR) if a
dsDNA template is provided. Therefore, in the absence of such
template, cells will die as they typically lack a functional non-
homologous end joining (NHEJ) repair system.27 The
targeting and cleavage specificity of Cas9 proteins requires
two RNA elements, the precursor CRISPR RNA (crRNA), and
the trans-activating RNA (tracrRNA). Each mature crRNA:-
tracrRNA:Cas9 ribonucleoprotein complex comprises a single
transcribed spacer, a part of the neighboring repeat sequence,
the tracrRNA and the Cas9. The design of the spacer allows
directing the Cas9 protein to the desired protospacer
(complementary spacer sequence present in the genome).
The only requirement of the target site is the presence of a
protospacer adjacent motif (PAM), a short (3−8 nucleotides)
sequence, commonly found at the 3′ end of the protospacer
that varies among Cas proteins.
CRISPR-Cas9-mediated counterselection has already been

used for increasing the efficiency of recombineering in
P. putida28 employing the paradigm Streptococcus pyogenes
Cas9 (SpCas9), which needs the PAM sequence 5′-NGG-3′.
This general version of the method presents limitations for
high-throughput applications like bacterial genome recoding,
in which the difference between the wild type and mutated
genotypes can be a single nucleotide. First, this single change
might be insufficient for preventing the Cas9 targeting when
positioned in the protospacer sequence, since single mis-

matches across the spacer sequence can be tolerated29 and
recombinant cells would not be properly discriminated by the
Cas9 cleavage. Furthermore, although short and abundant in
high-GC content genomes such as the one of P. putida, the 5′-
NGG-3′ PAM is not available in every desired target site
required for genome recoding. In this scenario, the deployment
of SpCas9 as counterselection method becomes a serious
challenge, if not an impossible enterprise.
Here, we develop ReScribe (Recombineering + ScCas9-

mediated counterselection), a highly efficient tool for genome
recoding P. putida making use of the TAG stop codon itself as
PAM for high on-target efficiencies. We boosted recombineer-
ing efficiencies by using the Streptococcus canis Cas9 ortholog,
ScCas9. Previous in silico analysis showed a ScCas9 PAM
specificity of 5′-NNGTT-3′, which was later refined to 5′-
NNG-3′ in in vivo studies.30 Additionally, an engineered
version of the ScCas9 in which the loop D367−376 had been
removed showed a concomitant change in the specificity of the
PAM from 5′-NNG-3′ to 5′-NAG-3′.30 Both PAM sequences
would allow to edit all possible TAG stop codons of the
genome of P. putida KT2440, permitting an efficient
counterselection after their recoding to TAA.
We thus propose ReScribe as a key solution to other

multiple approaches that failed to surpass the reference
recombineering efficiencies in P. putida KT2440 encompass-
ing: (i) oligonucleotide design, (ii) RBS strengthening, and
(iii) the alternative PapRecT recombinase. By using ReScribe,
we showed near to 100% cleavage efficiencies with both
ScCas9 and ScCas9Δloop using a wide range of spacers in
different P. putida and E. coli strains, revealing their virtually
unrestrained applicability in these two different bacteria.
Moreover, ReScribe reached allelic replacement efficiencies
higher than 90% after a single round of recombineering in
single and multiple loci simultaneously. Ultimately, such
impressive efficiencies allowed us to build a minimally recoded
P. putida KT2440 strain, in which the TAG stop codons of
essential metabolic genes were replaced by the synonymous
TAA in a highly efficient manner. This first milestone
evidences the power of our technology, not only as a mean
for whole genome recoding, but also as an unprecedented tool
for precise and specific targets, removing the PAM boundaries
of other recombineering and CRISPR-Cas9-mediated counter-
selection methods.

■ RESULTS
Analysis of the P. putida Genome for Recoding. The

6.18 Mb genome of P. putida KT2440 contains a total of 5671
open reading frames31 (NCBI accession number
NC_002947.4). On the basis of this annotation and the
aforementioned UAG recoding strategy (2011),16 654 genes
that contain the least frequent TAG stop codon were
computationally identified (Supplementary Table S6), repre-
senting ∼11.5% of the total, which is significantly higher than
that of E. coli, probably related to the high GC-content of
P. putida’s genome.32,33 A comprehensive analysis of these
genes displayed features such as genomic coordinates,
orientation, and size. Moreover, other characteristics that
might complicate codon conversion were considered, namely,
overlapping reading frames and essentiality (Supplementary
Table S6). The list included 67 genes in which the TAG stop
codon overlaps a different reading frame. Out of these 67, in 35
instances the recoding of TAG to TAA would result in a non-
synonymous amino acid change in the product of the second
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reading frame, which could have an impact in the ultimate
recoded phenotype and thus is not desired. Essentiality is a
conditional feature subjected to the physiological context as a
function of several factors. In absence of studies providing a
comprehensive record of all essential genes of P. putida (e.g.,
high-density TnSeq34,35 or CRISPRi-based screening libraries),
we defined the essential metabolic genes based on the
predictions made through an experimentally validated
genome-scale, constraint-based metabolic model.36−38 In
order to identify the essential genes containing a TAG stop
codon, a list of 270 conditionally essential genes in glucose
minimal media was predicted using flux balance analysis (FBA)
and the P. putida genome scale metabolic model iJP962.36 Of
these, 12 were terminated by a TAG stop codon (Figure 1 and
Supplementary Table S7).
Due to either poor efficiency or unsuitability of their

selection methods, current genome editing tools did not seem
suitable for conducting 654 mutations in P. putida. Therefore,
for a task of this magnitude, it became imperative to develop a
powerful new technique that relied on efficient multiplex
recombineering.
RBS Optimization Strategy Does Not Increase ssDNA

Recombineering Efficiency in P. putida. With an efficiency
in the range of 10% of single target replacements after 10
iterative cycles, the recombineering protocol with recombinase
Rec225 served as the baseline for the optimization study of our
method. According to the results of our oligonucleotide
optimization study (Figure 2), replacement efficiency was

highest when mediated by 60-mer oligonucleotides. As a
consequence, the oligos used in subsequent experiments were
designed of 60 nucleotides in length, with the desired
mutations included in the middle of the sequence. In addition,

Figure 1. P. putida KT2440 genome’s representation illustrating with lines the coordinates and orientation of all 654 genes terminated by TAG stop
codons. TAG stop codons that are clockwise transcribed on the + DNA strand are depicted in the outer ring while those counterclockwise
transcribed on the − DNA strand are represented in the inner ring. Essential genes terminated by TAG stop codons are indicated by the thick red
lines. Genes finished in TAG stop codons whose mutation would result in a synonymous or non-synonymous amino acidic change on an
overlapping gene are shown in blue or green, respectively. Genomic coordinates are represented around the circle, whereas origin of replication
(ORI), terminus (TER), and replichores 1 and 2 are plotted in the inner circle.

Figure 2. Assessment of oligonucleotide length and phosphorothioate
modifications as oligonucleotide features that affect the allelic
replacement frequency in P. putida KT2440. Evaluation is performed
by screening of streptomycin resistant CFUs after mutation K43T of
the rpsL gene during 5 iterations of the recombineering cycle using
Rec2. Recombineering efficiency was calculated in appropriate
dilutions as the ratio between streptomycin resistant CFUs growing
in LB-sm plates and total CFUs growing in LB plates. Replacement
efficiency as a function of oligonucleotide length is depicted by colors,
purple for 90-mer and green for 60-mer oligos, respectively. The effect
in replacement efficiency of terminal phosphorothioate bonds
positioned at both the 3′ and 5′ termini can be distinguished by
dashed or full-colored bars, representing presence or absence of such
backbone modifications, respectively. (Mean ± s.d., n = 4 biological).

ACS Synthetic Biology pubs.acs.org/synthbio Research Article

https://doi.org/10.1021/acssynbio.1c00297
ACS Synth. Biol. XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/suppl/10.1021/acssynbio.1c00297/suppl_file/sb1c00297_si_002.pdf
https://pubs.acs.org/doi/10.1021/acssynbio.1c00297?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.1c00297?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.1c00297?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.1c00297?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.1c00297?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.1c00297?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.1c00297?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.1c00297?fig=fig2&ref=pdf
pubs.acs.org/synthbio?ref=pdf
https://doi.org/10.1021/acssynbio.1c00297?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


while phosphorothioate bonds located at the terminal bases of
recombineering oligonucleotides had been reported to increase
the replacement efficiency in E. coli by evading nuclease
degradation,39,40 our findings depicted in Figure 2 indicated
that oligonucleotides with phosphorothioate bonds do not
result in higher recombineering efficiency in P. putida.
Therefore, phosphorothioate bonds were not included in the
oligos used in this study.
In an attempt to enhance the editing efficiency of the

reference plasmid pSEVA2514-rec2-mutLE36K
PP by increasing

the gene expression of its elements, the strongest predicted
ribosomal binding sites (RBS) were designed and cloned
upstream of both rec2 and mutLE36K

PP gene sequences. To
evaluate the effect of the optimized variants, we used two
different readouts to test the frequencies of mutant
appearance: streptomycin resistance conferred by the K43T
mutation in the rpsL gene in a WT P. putida KT2440 strain,
and green fluorescence granted by the restoration of the
genomic gfp gene in P. putida Tn7GFPstop.
The results of applying 10 iterative recombineering cycles

with oligonucleotides RO rpsL 60 and RO gfp stop,
respectively, are depicted in Figure 3A and 3B. The percentage
of mutated cells increased from 2.40% (Cycle 1) to 11.87%
(Cycle 10) for rpsL, and from 0.13% (Cycle 1) to 5.05%
(Cycle 10) for gf p, when using the pSEVA2514-rec2-
mutLE36K

PP, which is in line with previously reported results.25

Yet, the RBS optimized variants (Figure 3C) carrying
pSEVA2514-rec2RBSopt-mutLE36K

PP
RBSopt did not render signifi-

cant increases of editing efficiency nor did they seem to result
in a burden for the cells. In this case, results indicated
percentages in the range of 3.10% (Cycle 1) and 9.82% (Cycle
10) for rpsL, and 2.26% (Cycle 1) and 6.82% (Cycle 10) for
gfp. Even though RBS optimization via RBS strengthening has
been reported to increase recombineering levels with other
recombinases,26 our results are in consistency with those
previously obtained with Rec2 in the related species
P. aeruginosa,26 concluding that most likely Rec2 activity is
not limited by the levels of expression of the recombinase gene
but by different intrinsic factors.

PapRecT as an Alternative to Rec2 for ssDNA
Recombineering in P. putida. Next, our efforts focused
on the replacement of Rec2. The nature of the core
recombinase and its source have been shown to play an
important role in the efficiency of recombineering42 suggesting
that promising alternatives might be found among Pseudomo-
nas species genomes and phages. Given its reported activity in
other bacterial species, especially in the related P. aeruginosa,
we selected PapRecT (originating from a P. aeruginosa
phage)26 for our setup in P. putida KT2440 (Figure 3C).
The PapRecT recombinase resulted in recombineering
efficiencies in the same range as those obtained with Rec2:
0.19% (Cycle 1) and 9.77% (Cycle 10) for the rpsL readout;

Figure 3. Comparison of allelic replacement efficiency of Rec2 with its RBS optimized version and with the alternative recombinase PapRecT.
Recombineering was applied during 10 iterative cycles and samples were monitored after recovery steps of cycles 1, 4, 7, and 10. Graphs depict
recombineering efficiency of Rec2, RBS optimized Rec2 and PapRecT mediating: (A) rpsL K43T mutation and (B) gfp stop66Y restoration
mutation. Recombineering efficiency was calculated: (i) for the rpsL K43T mutation readout as the ratio between streptomycin resistant CFUs
growing in LB-sm plates and total CFUs growing in LB plates; and (ii) for the gfp stop66Y restoration mutation as the ratio between fluorescent
(mutated) and total CFUs. Noninduced recombinase samples were included as controls and were subtracted from the absolute values. (Mean ±
s.d., n = 4 biological). (C) The pSEVA2514-rec2-mutLE36K

PP plasmid, harboring the thermolabile cI857 repressor (green), the rec2 recombinase
gene (purple) and mutLE36K

PP (orange). The pSEVA2514-rec2-mutLE36K
PP

RBSopt plasmid, harboring the thermolabile cI857 repressor (green), the
RBS optimized rec2 recombinase gene (purple squared pattern) and the RBS optimized mutLE36K

PP (orange squared pattern). The pSEVA2514-
paprecT-mutLE36K

PP plasmid, harboring the thermolabile cI857 repressor (green), the paprecT recombinase gene (turquoise), and mutLE36K
PP

(orange).
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and 0.87% (Cycle 1) and 8.85% (Cycle 10) for gfp (Figure 3A
and 3B). Although no significant differences could be seen
between the results from both recombinases, PapRecT can be
used as an equally valid alternative choice to the reference
Rec2 in P. putida KT2440 due to their similar efficiency levels.
In contrast to Rec2, the PapRecT RBS optimized version failed
to provide any form of allelic replacement (data not shown).
ScCas9 Efficiently Cleaves E. coli and P. putida

Genome. Unable to boost the recombineering efficiency by
optimizing or replacing the core recombinase, we therefore
aimed at developing a recombineering tool enhanced by
CRISPR-Cas9-mediated counterselection that would reach the

efficacy level required for multiscale engineering purposes. To
this end, we needed a Cas protein with PAM specifications
compatible with the TAG stop codon, which we found in the
ScCas9 having 5′-NNG-3′ as PAM.
First, we codon optimized the ScCas9 gene for P. putida

KT2440 and analyzed its functionality by performing
fluorescent loss assays (Supplementary Figure S1). We
targeted different regions of a sfgf p gene placed on a
pSEVAb44 plasmid by using different spacers that were
located next to a variety of 5′-NNG-3′ PAMs. These
preliminary results provided initial evidence that the codon
optimized ScCas9 was functional in P. putida KT2440 and

Figure 4. Cleavage assays with different ScCas9-based systems in P. putida and E. coli strains. (A) The two plasmids system is based on the
pSEVAb23-crRNA and the pSEVAb62-ScCas9 plasmids. The pSEVAb23-crRNA plasmid harbors the crRNA comprised by the spacer (dark
purple) interspersed by two direct repeats (black). The crRNA is expressed constitutively from the leader sequence. The pSEVAb23-crRNA
plasmid is transformed into bacterial cells already harboring the pSEVAb62-ScCas9 plasmid. The pSEVAb62-ScCas9 plasmid expresses the ScCas9
(pink) and the tracrRNA (light brown) constitutively. The ScCas9:crRNA:tracrRNA complexes, directed by the spacer sequence, bind and unwind
the target DNA, inducing a double strand break (DSB), causing bacterial cell death. The targeting efficiency is reported with different spacers
targeting the genome of P. putida KT2440 (recA+) (B), P. putida EM383 (recA−) (C), E. coli BL21 (recA+) (D), and E. coli DH5 α (recA−) (E),
expressing the ScCas9 (purple bars) or the ScCas9Δloop (green bars). (F) The one plasmid system is based on the pSEVAb62-ScCas-crRNA_sp
plasmid, which harbors the crRNA (light purple), the tracrRNA (light brown), and the ScCas9 (pink). All elements are expressed constitutively.
After transformation the pSEVAb62-ScCas-crRNA_sp plasmid into bacterial cells, ScCas9:crRNA:tracrRNA complexes are formed, eliciting
bacterial cell death. The targeting efficiency is reported with different spacers cleaving the genome of P. putida KT2440 (recA+) (G) and P. putida
EM383 (recA−) (H). The average targeting efficiency (%) was calculated by normalizing the CFU numbers obtained with targeting spacers, with
the CFU numbers obtained with nontargeting spacer (control) (mean ± s.d., n = 3 biological). Targeting spacers 1.1 have a PAM specificity of 5′-
NBGTT-3′, 1.2 of 5′-NBGVV-3′, 2.1 of 5′-NAGTT-3′ PAM, and 2.2 of 5′-NAGVV-3′.
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could target sequences adjacent to this minimal PAM. The
spacer located next to a 5′-GAG-3′ resulted in the most
pronounced fluorescence loss, whereas the rest of the spacers
showed different degrees of fluorescence depletion. While this
preliminary experiment did not include a comprehensive
number of spacers including all types of possible 5′-NNG-3′
PAMs, it laid the groundwork for a more exhaustive analysis
that included variations of a large array of factors such as
characteristics of the minimal PAM, target genes, ScCas9
versions and bacterial systems. As very little was known about
the use of this Cas9 variant with minimal PAM in bacteria,30

we included the bacterial model E. coli BL21 in our
experiments. In addition, we also included P. putida EM383
and E. coli DH5α, both lacking the recA gene, as a certain
tolerance for weak spacers has been found in E. coli when the

HDR system is activated,43−45 with recA being the main
element of the HDR pathway.
We transformed a total of 12 pSEVAb23-crRNA_sp

plasmids with different targeting spacers in P. putida
KT2440, P. putida EM383, E. coli BL21 and E. coli DH5α,
harboring the pSEVAb62-ScCas9 plasmid (Figure 4A) or the
pSEVAb62-ScCas9Δloop plasmid, in which the loop D367−
376 from the ScCas9 had been removed. We included both
ScCas9 and ScCas9Δloop in our study since both their
putative corresponding PAMs suit our purpose of using the
TAG stop codon as PAM (5′-NNG-3′ and 5′-NAG-3′,
respectively).
The 12 different spacers targeted 3 non-essential genes,

aceEF, rpsL, and speA to avoid that the absence of colonies was
due to the interference of Cas9 instead of its cleavage

Figure 5. Enhanced genome-scale editing in P. putida with ReScribe. (A) The ssDNA oligonucleotide carrying TTA mutation and the pSEVA2514-
rec2-mutLE36K

PP plasmid, harboring the thermolabile cI857 repressor (green), the rec2 recombinase gene (light red), and mutLE36K
PP (light orange)

are transformed to P. putida. The expression of both rec2 and mutLE36K
PP is controlled by the thermoinducible cI857/PL system. With the increase

of temperature from 30 to 42 °C, the cI857 repressor is degraded and rec2 and mutLE36K
PP are expressed.41 The expression of these two elements

contributes to the incorporation of single nucleotide mutations in the genome of P. putida mediated via oligonucleotides that have been
transformed. Consequently, a mix population of wild type and edited cells is generated. (B) The pSEVAb62-ScCas9-crRNA_sp plasmid,
constitutively expressing all the CRISPR components (crRNA in light purple, tracrRNA in light brown and ScCas9 in pink), is transformed to the
mixed population of P. putida wild type cells (genome with the TAG stop codon) and edited cells (genome with the TAA stop codon). The
ScCas9:crRNA:tracrRNA ribonucleoprotein complex with a PAM specificity of 5′-NNG-3′, recognizes the TAG as PAM and ScCas9 cleaves both
strands. The double strand break (DSB) is lethal for P. putida wild type (cell with the light red background). In contrast, the edited cells have no
PAM to be recognized in the site complementary to the spacer and escape ScCas9 activity (cell with light green background).
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activity.46,47 Additionally, the latter two loci had previously
been targeted by SpCas9 in E. coli with high efficiency.43 For
each locus, we designed 4 spacers with different PAMs that
target different positions. The different PAMs: 5′-NBGTT-3′,
5′-NBGVV-3′, 5′NAGTT-3′, and 5′NAGVV-3′, were selected
to analyze the PAM specificity of the ScCas9 and
ScCas9Δloop and more specifically whether the nucleotides
at positions 4 and 5 had higher specificity for T rather than A,
G, and C.30 We showed targeting efficiencies near to 100%
with all the spacers in P. putida KT2440 (Figure 4B) and
P. putida EM383 (Figure 4C) with both the ScCas9 and the
ScCas9Δloop. Additionally, we also proved that these codon-
optimized ScCas9 variants are highly efficient in E. coli BL21

(Figure 4D) and E. coli DH5α (Figure 4E). In contrast to
P. putida strains, in which all the spacers led to cell death at
near 100% efficiency, E. coli strains survived with some spacers
which were less efficient or had efficiencies similar to the
nontargeting spacer.
In contrast to previous results in which the removal of the

loop resulted in a concomitant change in the specificity of the
PAM from the minimal 5′-NNG-3′ to 5′-NAG-3′,30 here we
show that ScCas9Δloop is equally able to cleave targets
positioned next to the 5′-NNG-3′ PAMs as efficiently as the
intact ScCas9 variant, both in P. putida and E. coli strains.
Therefore, we decided to proceed with only the ScCas9
variant. With the perspective of combining both technologies:

Figure 6. Allelic replacement efficiency for single and multiple targets with ReScribe in P. putida KT2440. (A) Recombineering efficiency of
ReScribe for single targets. Recombineering was applied during 1 iterative cycle, after which the pSEVAb62-ScCas-crRNA_sp plasmid harboring
different targeting spacers was electroporated for counterselection of wild type genotypes. The plasmid harboring a non-targeting spacer was used
as control. Samples were monitored after recovery steps of cycle 1 and efficiency was calculated for samples with the non-targeting spacer (gray
bars) and targeting spacer (turquoise bars) as the ratio between edited and nonedited colonies (mean ± s.d., n = 3 biological). (B) Recombineering
efficiency of ReScribe for multiple targets. Recombineering was applied during 1, 2, and 3 iterative cycles, after which the pSEVAb62-ScCas-
crRNA_sp plasmid harboring duplex and triplex arrays was electroporated for counterselection of wild type genotypes. The plasmid harboring a
non-targeting spacer was used as control. Samples were monitored after recovery steps of cycle 1, 2, and 3 and efficiency was calculated for samples
with the non-targeting spacer (gray bars), mraY-pvdJ duplex array (dark red bars), and mraY-pvdJ-bioD triplex array (dark purple bars) as the ratio
between edited and nonedited colonies (mean ± s.d., n ≥ 2 biological). (C) Single-nucleotide polymorphism TAG → TAA assessment by HRM.
Interrogation by HRM analysis of the genotypes of a series of test colonies after mutation of mraY. HRM analysis is performed on PCR amplicons
supplemented with a fluorescent dye by monitoring the separation of the two strands of DNA in real-time. Single-nucleotide mutations are
observed as two different melt curves, wild type control curve (dark red) and test curve (gray), due to the high resolution of the process. (D)
Single-nucleotide polymorphism TAG → TAA assessment by MASC-PCR. Comparison of MASC-PCR binary results between a wild type and a
test colony with three targeted loci (mraY, pvdJ, bioD). Screening of each mutation is performed in two reactions: one with a FWWT and RV pair of
primers (wt) and another one with a FWmut and RV pair (mut). FWWT and FWmut primers are identical differing only in the 3′-terminal base which
can be either a G or an A, consequently annealing to the WT or the mutant genotype, respectively. The wild type control colony showed stronger
bands in the PCR reactions with the wt set of primers than in the PCR reactions with the mut set of primers, indicating that the genotype is wild
type for mraY, pvdJ, and bioD genes. The test colony showed stronger bands in the PCR reactions with the mut set of primers than in the PCR
reactions with the wt set of primers, indicating that the TAG stop codon of mraY, pvdJ, and bioD genes has been mutated to TAA.
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CRISPR (ScCas9) and recombineering (Rec2), we aimed at
simplifying the CRISPR-ScCas9 design by combining the 2
plasmids, the pSEVAb23-crRNA_sp and the pSEVAb62-
ScCas9, into one: the pSEVAb62-ScCas9-crRNA_sp plasmid.
We cloned the same 12 spacers used in the 2-plasmid system
into the pSEVAb62-ScCas9-crRNA_sp plasmid and trans-
formed those plasmids in P. putida KT2440 and P. putida
EM383 (Figure 4F). We showed efficiencies between 76% and
100% in P. putida KT2440 (Figure 4G) and 90−100% in
P. putida EM383 (Figure 4H).
ScCas9 Counterselection Boosts the Efficiency of

ssDNA Recombineering in P. putida. By converging
recombineering and ScCas9-mediated counterselection we
developed ReScribe, a method applying the unique features
of ScCas9 that held the potential to enhance effectively the net
efficiency of recombineering. In this study, Rec2 was
maintained as core recombinase given its reported efficiency
in a larger variety of loci. After one complete cycle of Rec2
recombineering (including recovery and segregation of the
mutation), the heterogeneous cell population was subsequently

transformed with a pSEVAb62-ScCas9-crRNA_sp targeting
the wild type population, and therefore sifting for the
engineered cells (Figure 5). To verify our hypothesis and in
line with our initial recoding objective, we tested the unified
ReScribe protocol with three essential genes of the genome of
P. putida KT2440 that ended in TAG: mraY, pvdJ, and bioD.
Individually, these three genes, were effectively mutated with
efficiencies higher than 94% after only one recombineering
iteration as demonstrated by MASC-PCR16,40 and HRM48,49

(Figure 6A, C, and D).
The high efficiency of the system for achieving individual

single point mutations prompted us to test if ReScribe would
enable the simultaneous mutagenesis of multiple loci, which in
P. putida typically results in very low frequencies when relying
on recombineering alone.25 Two or three oligonucleotides
were cotransformed during the recombineering protocol and a
single plasmid containing the ScCas9, tracrRNA, and a
CRISPR array with the respective two or three spacers was
used for selection. To increase our chances of generating a
significant population of cells containing all combined

Figure 7.Minimally recoded P. putida KT2440Rc12 strain. (A) Timeline of the sequential mutation of the TAG stop codons in metabolic essential
genes. Required time for performing each mutation is represented in days in the X axis while recombineering efficiency is depicted in percentage
according to the gray scale. (B) Illustration of P. putida KT2440Rc12 genome portraying metabolic essential genes in glucose minimal medium
terminated by TAG stop codons (dxs, pvdT, vdh, bioA, cobK, murA, ubiB, wbpL, ompQ, bioD, mraY, and pvdJ). (C) Fitness comparison between
KT2440 (WT-LB) and KT2440Rc12 (Rc12-LB) in LB and M9-glucose media (WT-M9 and Rc12-M9). Data represent OD600 over 12 h (mean ±
s.d., n ≥ 3 biological replicates). (D) Comparison of MASC-PCR binary results between a wild type KT2440 control colony and a test colony
KT2440Rc12. The wild type control colony showed stronger bands in the PCR reactions with the wt set of primers than in the PCR reactions with
the mut set of primers, indicating that the genotype is wild type for all 12 genes. The test colony showed stronger bands in the PCR reactions with
the mut set of primers than in the PCR reactions with the wt set of primers, indicating that the TAG stop codons of all 12 genes have been mutated
to TAA.
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mutations, counterselection was applied to different samples
that had experienced 1, 2, and 3 cycles of recombineering. As a
result of ScCas9′s cleavage and the modest efficiencies of Rec2,
wild type cells were wiped out from the population leading to
plates with a significantly reduced number of colonies
(Supplementary Table S8). This deficit was nonetheless
outweighed by the high ratios of edited cells granted by
ReScribe. After one single iteration, our selection system was
already able to easily single out colonies containing two and
three simultaneous mutations. Moreover, virtually every colony
(97.6% and 95.2% for two and three simultaneous mutations,
respectively) presented all the intended alterations after three
recombineering cycles (Figure 6B).
Though most cells without the desired mutations died from

the DSB in the chromosome caused by the pSEVAb62-
ScCas9_crRNA_sp targeting plasmid, a small percentage was
able to escape this lethal cleavage (Figure 5B). In addition,
smaller colonies often appeared on selection plates upon
prolonged incubation longer than the standard 24 h, which
turned-out to be false positives. These colonies are easily
differentiated by visual inspection from the edited ones given
their small size and late apparition.
To get a full understanding of these results, we further

analyzed the aforementioned escapers by reculturing them on
selection plates and sequencing all the CRISPR elements of the
pSEVAb62-ScCas9_crRNA_ mraY-pvdJ-(bioD) targeting plas-
mids. From the reculturing experiments, only few colonies
were able to fully grow again in selection plates. Those were
subsequently grown in liquid cultures and their plasmids were
isolated and sequenced. Sequencing results showed miscella-
neous cases of mutations and reorganizations, including
recombination between the direct repeats of the CRISPR
array or complete deletion of CRISPR-Cas9 machinery
elements such as the tracrRNA, that would inactivate the
pressure of the counterselection plasmid.
Recombineering vs ReScribe to Construct a Mini-

mally Recoded P. putida Strain. Given the efficient and
multisite recombineering possibilities granted by ReScribe, our
next goal was to compare the standard Rec2-mediated
recombineering and ReScribe in terms of efficiency and time,
and to construct a minimally recoded P. putida strain. For such
end, we used the informatic analysis previously described in
this study and we aimed at recoding all predicted TAG codons
(12 in total) that reside in conditionally essential genes in
glucose minimal media.
As a proof of concept, we completed the recoding of all

TAG codons by editing them to the synonymous TAA codon,
generating the minimally recoded P. putida KT2440Rc12 strain
by using both standard Rec2-mediated recombineering and
ReScribe. Thereby, we highlighted the benefits of ReScribe in
speed and efficiency when compared to the previous standard
technique. The first six mutations of P. putida KT2440Rc12
(dxs, pvdT, vdh, bioA, cobK, murA) were introduced
individually and consecutively via standard Rec2-mediated
recombineering. This typically required 6 working days per
mutation with an average efficiency of 8.3 ± 2.8%. Next, three
mutations (ubiB, wbpL, ompQ) were performed making use of
single-targeting ReScribe resulting in a decrease in working
time from 6 to 3 days per mutation and a considerable increase
of average efficiency to 90.5 ± 9.9%. Possibly due to a high
plasmid burden imposed by the different targeting pSEVAb62-
ScCas9_crRNA_ (spacer) plasmids, easy isolation of plasmid-
cured colonies with an efficiency of 100% within 24 h was

possible after two rounds of antibiotic-pressure-free media
passaging. Finally, multiplex ReScribe was utilized for the
simultaneous recoding of the three remaining genes (bioD,
mraY, pvdJ) which was achieved in 3 days with an efficiency of
77.8 ± 38.5% (Figure 7A). In comparison, ReScribe reduced
the working time of standard Rec2-mediated recombineering
to the half in its single-targeting version, and 6-fold when
multiplexing, while it increased ∼10-fold the efficiency levels.
Once completed (Figure 7B), the minimally recoded strain

showed an unaffected fitness with equal doubling time to its
ancestor, both in LB and M9-glucose (Figure 7C). Beyond the
rapid screening performed with MASC-PCR (Figure 7D) and
HRM, whole-genome sequencing confirmed the presence of all
12 mutations in the final KT2440Rc12 strain (Supplementary
Table S9). This analysis revealed as well the presence of 40 off-
target mutations when compared with the reference P. putida
KT2440 genome (accession no GCF_000007565.2) and the
sequenced genome of an in-house reference strain from our
laboratory (Supplementary Table S9). Considering that
KT2440Rc12 had undergone at least 34 recombineering cycles
(6 mutations with 5 cycles of standard ssDNA recombineering
+ 3 mutations with 1 cycle of single ReScribe + 3 mutations
with 1 cycles of multiplex ReScribe; Figure 7A), the average
number of off-target mutations would be 1.17 per recombin-
eering cycle.

■ DISCUSSION
We developed ReScribe as a highly efficient method for
multiplex recombineering of P. putida. The key element of
ReScribe is the deployment of the minimal-PAM CRISPR-
ScCas9 system, which provides single base-pair resolution and
therefore permits the counterselection against wild type
genotypes after introducing single-nucleotide polymorphisms.
Taking advantage of the here validated minimal PAM 5′-NNG-
3′, very precise and specific loci can be targeted in a highly
efficient manner, which is otherwise impossible with CRISPR
systems with more restricting PAMs. By applying ReScribe, we
edited the genome of P. putida by substituting native TAG stop
codons with the synonymous TAA stop codon with
unprecedented efficiencies, 90−100%, for both single and
multiplex genome engineering. As a result, we built a minimally
recoded P. putida KT2440 strain of essential metabolic genes,
establishing the first step toward a whole-genome recoding
process. The need for ReScribe was the result of failed
attempts to increase the recombineering efficiency of the
current reference Rec2 recombinase in P. putida (10%
efficiency for single targets and 2 × 10−4 % and 6 × 10−6 %
efficiency for four and five targets, after 10 recombineering
cycles).25 In this study, different factors were tested: (i)
strandedness, structure, length, and backbone modifications of
the recombineering oligonucleotides (Figure 2), (ii) expression
of the Rec2 recombinase with strong synthetic RBSs (Figure
3), and (iii) PapRecT as an alternative recombinase to the
baseline Rec2 (Figure 3). However, none of those changes led
to significantly increased recombineering efficiencies, which are
imperative for genome-scale applications such as our intended
genome recoding.
The power of recombineering relies on the ability to rapidly

edit the genome of organisms with high accuracy on a scale
that is not feasible with previous traditional tools. For such an
end, exceptionally high editing levels are crucial.50 Our findings
demonstrate the great utility of the codon optimized ScCas9
variant to boost recombineering efficiencies in our system,
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which could be potentially reproduced in bacteria beyond
P. putida. What makes ScCas9 and ReScribe especial, as
compared to other CRISPR-Cas9-mediated counterselection
systems, is the minimal PAM 5′-NNG-3′. It is worth
mentioning that the ScCas9Δloop variant tested in this study
was equally able to cleave targets adjacent to 5′-NNG-3′ PAMs
despite previous in silico predictions that assigned it the more
restricted 5′-NAG-3′ PAM specificity.30 However, these results
align with the in vitro assessment of the authors in human cells
in which ScCas9Δloop was able to efficiently cleave at 5′-
NGG-3′, 5′-NNGA-3′ and 5′-NNGN-3′ targets.30 While in
this study the two variants were tested due to the suitability of
both 5′-NAG-3′ and 5′-NNG-3′ PAMs for the aimed
objective, the latter PAM represents the most convenient
choice for a broader applicability of the tool. This less
restrained requirement expands dramatically the number of
targetable sites and becomes critical when there is no flexibility
in selecting protospacer sequences (which must be followed by
the PAM sequence). ReScribe therefore represents an
auspicious opportunity for those bacteria that, like P. putida,
show limited recombineering activity with the currently
available recombinases.51−55 Moreover, the potential niches
of application of ReScribe go even further: given the high
efficiency of the ScCas9 cleavage, the tool could be deployed
for recalcitrant targets56,57 or for facilitating the process in
bacteria with fully established recombineering systems such as
E. coli. On top of that, ReScribe has demonstrated the
feasibility of efficient multisite genome editing, which, in turn,
enables further genome-scale engineering applications.
The major drawbacks of ReScribe are intrinsically connected

to those of the parental techniques: Rec2-mediated recombin-
eering and CRISPR-Cas9 technologies. In the first place, the
efficiency of recombineering varies with the relative location of
the gene. In this context, cold and hotspots for recombineering
have been identified in other studies.64 Additionally, the
position of the target loci with respect to the two replichores
may have an effect too. Thus, genes closer to the origin of
replication will be edited at higher levels than those located
farther away.58,59 Moreover, the recombineering efficiency can
also be affected by the nucleotide composition of the
mutagenic oligonucleotide. Besides, in our particular case,
the specific efficacy of Rec2 might be an extra limitation for the
recombineering part of the workflow, especially for multi-
plexing experiments. Nonetheless, if any better alternative
should exist, the core recombinase could easily be replaced,
either for a better performance in P. putida or for the
application of the pipeline in other organisms. The rapid
emergence of high-throughput methods for surveying complex
libraries of recombinases26 holds the potential of finding more
suitable candidates, especially among Pseudomonas-borne
counterparts for this particular case. At this point, account
has to be taken of the intrinsic limitations of P. putida KT2440
as a receptor of exogenous DNA. While a better recombinase
could improve the overall efficiency of the protocol, the poor
ability of this bacterium to capture synthetic ssDNA could be
an even greater constraint for recombineering in this species.25

Besides recombinase expression levels, recent studies high-
lighted additional interactions with single-stranded DNA-
binding proteins (SSBs) within the replication fork as a way
to improve recombineering efficiency in a given host.60,61 On
the basis of results reported in other Pseudomonas species,
coexpression of these SSBs together with recombinases might

be an option for enhancing the allelic replacement efficiencies
even further.62

Ultimately, increasing the efficiency of recombineering
would be desired, not only as a way for eliminating the need
of counterselection, but also for exploring higher-order
selections than those showed in this work. Considering the
number of required mutations, these orders of multiplexing
(i.e., penta- to decaplex) would become useful for genome-
scale editing applications. While coexpression of a high number
of crRNAs might be a challenge, it would not be impossible
from multiple expression units. However, the generation of a
cell population containing all the mutations, high enough to be
set apart after the counterselection step, remains the most
important obstacle, given the reported number of colonies that
were obtained in our experiments with triplex selection.
Furthermore, ReScribe still has some of the limitations of

the CRISPR technology, including (i) the need for
constructing CRISPR plasmids directed at each modification
locus; (ii) variations in the efficiency of the spacer, probably
caused by differences in the secondary structure of the crRNA,
which depends on the nucleotide composition of the spacer;63

and (iii) the loss of functionality of the CRISPR plasmid
caused by homologous recombination between the direct
repeats or by mutating one of the CRISPR elements.28,29,64

Regarding possible substitutions in the CRISPR-Cas9 counter-
part, the recently engineered Sc2+ and HiFi-Sc2+ optimized
ScCas9 variants could enhance the performance and robust-
ness of ReScribe.65

Lastly, the significant number of 40 off-target mutations was
found in the genome sequence of KT2440Rc12. While the
overall count could be considered high, it is important to have
into account the elevated number of recombineering cycles to
which this strain was subjected. If we would consider off-
targets per cycle, the average number of instances would be
1.17, which is only slightly higher than recent reports about
E. coli cells expressing a Redβ-recombineering system (1.0 ±
0.7 off-targets per recombineering cycle), and significantly
lower than E. coli cells expressing the recombinase PapRecT
(3.3 ± 0.6).26 While the accumulation of off-target mutations
remains one of the main limitations of highly efficient
recombineering systems,16,66 the number of off-targets
observed in this study aligns with those obtained by other
systems with considered low off-target mutagenesis, such as
pORTMAGE2, 3, or 4.24,66 Nevertheless, this negative effect
deserves further investigation and needs to be dealt with
special prudence when applying ReScribe to large-scale
applications such as genome recoding.
In the context of recoding, the aforementioned limitations

could be eventually overcome by following a strategy of high-
fidelity, total genomic synthesis. Contemporary DNA synthesis
and assembly methods have enabled the generation of entire or
largely synthetic genomes of Mycoplasma genitalium and
Mycoplasma mycoides,67,68 Saccharomyces cerevisiae,12,69 and
E. coli.14 Although those works provide a blueprint for future
efforts, costs of whole-genome synthesis remain prohibitively
expensive, accuracy of such lengthy sequences keep not being
guaranteed, and assembly methods are still limited or
insufficient in some particular organisms, thus hindering such
approaches in most recoding undertakings.15

The tolerated stop codon changes already performed in the
strain for essential genes support the feasibility of a whole-
genome recoded project in P. putida. With ReScribe, this
herculean enterprise could be carried out in separate strains in
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order to accelerate the process. Each strain can be used to
recode a section of the genome (e.g., 100 kb) which can then
be assembled together in a single chromosome. For this
convergence, the large edited genomic fragments can be
captured in BAC (or YAC) plasmids and transformed into the
recipient cell to replace the corresponding nonedited fragment
using a CRISPR/Cas9-based strategy14 or a recombinase-
mediated cassette exchange.70

Overall, fully recoding P. putida would be a major step
toward a new chemical landscape by enabling it to maximize
and expand its attractive metabolic possibilities for biopro-
duction. The ability of reprogramming codons to encode
alternative amino acids will allow the exploration of neo-
transmetabolisms, with the incorporation of elements and
biochemistries beyond the cell’s customary repertoire, e.g.,
silicon or halogens such as fluorine.7,71 These ncAA confer at
the same time the opportunity of implementing a powerful
genetic safeguard addressing both (i) biological isolation in
defined environments with a supply of the ncAA, and (ii)
genetic isolation by preventing horizontal gene transfer (HGT)
of the neo-transgenes between organisms and across species.
Such biosafety credentials would contribute to expand the
possibilities for risk management of the strain and therefore
could serve as a prelude for a more suitable and realistic
consideration of P. putida for noncontained environmental
applications.72

While this work was conceived as a means of developing an
efficient tool for recoding P. putida, we just had a glimpse of
the capabilities of ReScribe. Our results support the hypothesis
that counterselection can enhance the efficiencies of
recombineering to nearly absolute levels in a multiplex manner
and in an increased targetable space. ReScribe is therefore not
limited by the size of the edit, the necessity of targeting gene
by gene, or the location of a complex PAM. In addition, the
proposed pipeline is neither restricted to P. putida nor
hampered by the native mismatch repair machinery, which
makes it a conveniently unrestrained tool for highly efficient
engineering of arduous targets and endeavors.

■ METHODS
Bacterial Strains and Media. All bacterial strains with

their respective characteristics used in the present study are
listed in Supplementary Table S1. E. coli DH5α and BL21 cells
were made chemically competent as previously described.73

While the first were used for cloning purposes, fluorescence
loss assays, and cleavage assays, the latter were only utilized for
cleavage assays. Subsequently, electrocompetent P. putida
strains were prepared as previously described74 and used for
cleavage assays and recombineering experiments. Unless
otherwise stated, P. putida and E. coli were cultured on LB
(10 g/L NaCl, 10 g/L tryptone, and 5 g/L yeast extract)
medium at 30 and 37 °C, respectively. Antibiotics were added
when required, at the following concentrations: kanamycin, 50
mg/L; gentamicin, 10 mg/L; chloramphenicol, 20 mg/L;
streptomycin, 50 mg/L and 100 mg/L for E. coli and P. putida,
respectively. Fluorescence loss assays were performed on M9
minimal medium (1.63 g/L NaH2PO4, 3.88 g/L K2HPO4, 2 g/
L(NH4)2SO4, 10 mg/L EDTA, 100 mg/L MgCl2·6H2O, 2 mg/
L ZnSO4·7H2O, 1 mg/L CaCl2·2H2O, 5 mg/L FeSO4·7H2O,
0.2 mg/L Na2MoO4·2H2O, 0.2 mg/L CuSO4·5H2O, 0.4 mg/L
CoCl2·6H2O, and 1 mg/L MnCl2·2H2O) supplemented with
70 mM of glucose. Recombineering experiments were
performed on TB medium (12 g/L tryptone, 24 g/L yeast

extract, 0.4% (v/v) glycerol, and 10% (v/v) phosphate buffer
(23.12 g/L KH2PO4 and 125.4 g/L K2HPO4)).

Construction of P. putida Tn7GFPstop Strain. To
assess the efficiency levels of allelic replacement, easily
selectable mutations had to be selected for our protocol.
These mutations should have a visual phenotypic readout for
easy screening, e.g., antibiotic resistance, change of color, or
fluorescence emission. With this objective in mind, we
generated P. putida Tn7GFPstop. This strain was created by
introducing a gfp gene cassette with a gfp ORF disrupted by a
TAG stop codon replacing Tyr66 (Supplementary Table S5),
in the attTn7 landing site of the P. putida KT2440 genome. By
mutating back the introduced TAG stop codon into the
original sequence, the gfp coding sequence would be restored
and thus the strain would become fluorescent. The cassette
was integrated following a previously described protocol for I-
SceI-mediated homologous recombination.75 In brief, the
cassette was first amplified with primers M46 and M47
(Supplementary Table S3) from pSB1C3 disrupted gfp and
cloned into the pGNW suicide vector (amplified with M40 and
M41) between 500-bp upstream and downstream regions
(amplified with M42-M43 and M44-M45, respectively) of the
attTn7 landing site. P. putida KT2440 cells were transformed
with pGNW via electroporation and resultant fluorescent
colonies (cointegrates) were grown for pSEVA628 I-SceI
vector transformation. Expression of I-SceI meganuclease was
induced with 3-methylbenzoate mediating the excision of
pGNW from the genome, leading to nonfluorescent colonies.
Final clones were tested for revertant (i.e., wild type) or mutant
(i.e., knock in) genotype.

Plasmids. Plasmids used in the present study are fully
described in Supplementary Table S2. All PCR reactions for
cloning purposes were performed with the NEB Q5 High-
Fidelity DNA polymerase, according to manufacturer’s
instructions (M0491). PCR fragments were subjected to 1%
w/v agarose gel electrophoresis, and isolated using Nucleospin
Gel and PCR Clean-up (BIOKÉ) kit. Plasmids were built using
the SevaBrick Assembly method,76 unless otherwise stated, and
introduced by heat-shock in chemically competent E. coli
DH5α cells. Plasmids were isolated using the GeneJET
Plasmid Miniprep Kit (Thermo Scientific) and colony PCR
was performed to verify the right assembly of the different
fragments. Plasmid sequence was confirmed by Sanger
sequencing from Macrogen (MACROGEN Inc. DNA
Sequencing Service; Amsterdam, The Netherlands).
Recombineering experiments were performed using

pSEVA2514-rec2-mutLE36K
PP, pSEVA2514-rec2RBSopt-mut-

LE36K
PP

RBSop t , pSEVA2514-paprecT-mutLE36K
PP, and

pSEVA2514-paprecTRBSopt-mutLE36K
PP

RBSopt. The pSEVA2514-
rec2-mutLE36K

PP plasmid was a kind gift from the Molecular
Environmental Microbiology Laboratory (CNB-CSIC) of
Madrid (GenBank #MN180222) and was used as reference
vector. The pSEVA2514-paprecT-mutLE36K

PP plasmid was built
via Gibson Assembly using NEBuilder HiFi DNA Assembly
Master Mix by substituting rec2 with paprecT. The backbone
was amplified with M70−M71 primers from the reference
vector, and paprecT was amplified with M72−M73 primers
from pORTMAGEE502B, which was purchased from Addgene
(#128971). Strengthening of RBSs for rec2, paprecT, and
mutLE36K

PP genes was done by predicting the strongest RBS
upstream of the ORFs with the automated design tool De
Novo DNA77 and can be found in Supplementary Table S5.
Putatively optimal RBSs were incorporated in primers M76,
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M78, and M80, which were used together with M77, M79, and
M81, to amplify rec2, paprecT, and mutLE36K

PP, respectively.
RBSopt amplicons were cloned in a three-part ligation
(recombinase + mutLE36K

PP) into the linear backbone amplified
with M74-M75 primers from the reference vector, for the
construction of pSEVA2514-rec2RBSopt-mutLE36K

PP
RBSopt and

pSEVA2514-paprecTRBSopt-mutLE36K
PP

RBSopt.
Fluorescence loss assays were performed using pSEVAb62-

ScCas9, pSEVAb23-RhaBAD-crRNA_sp and pSEVAb44-
sfGFP. The gene encoding the ScCas9 was codon optimized
for P. putida using the Jcat codon optimization tool (www.jcat.
de) (Supplementary Table S5). A pCCI-4k plasmid with the
optimized ScCas9 gene was synthesized and delivered by
GenScript. The pSEVAb62-ScCas9 plasmid was built by PCR
amplifying the ScCas9 gene, tracrRNA and their respective
promoters (cargo of the pCCI-4K plasmid) with Ep-Pp
primers and cloning the fragment into a linearized pSEVAb62
backbone with Ev-Pv primers. The pSEVAb23-RhaBAD-
crRNA_eforRed was built by using the pSB1C3-RhaBAD
and pSEVAb23-crRNA_eforRed in-house plasmids. The
pSB1C3-RhaBAD plasmid was used to amplify the rhamnose
inducible promoter together with the activators rhaS and rhaR
(rhaSR-PrhaBAD) with Ep-Sp primers. The pSEVAb23-
crRNA_eforRed plasmid was used to amplify the leader
sequence and crRNA array with Xp-Pp primers. The crRNA is
composed of two directed repeats interspaced by the
transcriptional unit PJ23100-RBSBBa_B0034-eforRedBBa_K592012,
which, in turn, is flanked by two BsaI sites.78 The two PCR
amplified fragments were cloned into a linearized pSEVAb23
backbone with Ev-Pv primers using the previously mentioned
SevaBrick Assembly method with some modifications. The
customary enzyme deactivation step at 80 °C was replaced by a
process halting at 16 °C. The desired spacers were introduced
in pSEVAb23-RhaBAD-crRNA_eforRed using the previously
described protocol called One-step Golden Gate-based cloning
for the assembly of single and multiple spacers into the crRNA
cassette,78 by replacing the eforRed chromoprotein (pSE-
VAb23-RhaBAD-crRNA_ sp). The pSEVAb44-sfGFP plasmid
was built by cloning the transcriptional unit, PJ23106-RBS-sfGFP
(amplified from pSB1C3-sfGFP in-house plasmid with Ep-Pp
primers) into pSEVAb44 backbone (amplified with Ev-Pv
primers).
Cleavage assays were performed using (i) two plasmid

system: pSEVAb62-ScCas9/pSEVAb62-ScCas9Δloop and
pSEVAb23-crRNA_sp and (ii) one plasmid system: pSE-
VAb62-ScCas9-crRNA_sp. The pSEVAb62-ScCas9Δloop
plasmid was built by removing the loop D367−376 from the
ScCas9 using the pSEVAb62-ScCas9 plasmid as template. Two
PCR fragments were created using 597-M160 and 594-M161
primers and ligated via SevaBrick Assembly.
The pSEVAb23-crRNA_amilCP plasmid was built using

pSEVA231-CRISPR as template.28 The leader sequence and
crRNA array were amplified with crRNA-F-crRNA-R primers.
The translational unit, comprised by the BBa_J23100
Anderson promoter (PJ23100), the BBa_B0034 RBS
(RBSBBa_B003) and the amilCP, blue chromoprotein
(BBa_K592009), was amplified with 804−940-primers from
pSB1C3-amilCP in-house plasmid. The two PCR amplified
fragments were cloned into a linearized pSEVAb23 backbone
with 475−476 primers using the previously mentioned
SevaBrick Assembly method with some modifications. The
customary enzyme deactivation step at 80 °C was replaced by a
process halting at 16 °C. As result, the crRNA array is

comprised by two directed repeats interspaced by the
transcriptional unit PJ23100-RBSBBa_B0034-amilCPBBa_K592009,
which, in turn, is flanked by two BsaI sites.78 The
pSEVAb62-ScCas9-crRNA_eforRed plasmid was built using
the NEBuilder HiFi DNA Assembly Master Mix. A constitutive
version of the pGCRi-R78 was used to amplify the crRNA array
(PJ23100-RBSBBa_B0034-eforRedBBa_K592012) with M94−M95 pri-
mers. The PCR amplified crRNA array was cloned into
pSEVAb62-ScCas9, linearized with M92−M93 primers. The
desired spacers are introduced in pSEVAb23-crRNA_amilCP
and pSEVAb62-ScCas9-crRNA_eforRed as previously de-
scribed for the pSEVAb23-RhaBAD-crRNA_eforRed plasmid.
All the spacers used in the present study can be found in
Supplementary Table S4.

Oligonucleotides. Single-stranded (ss) DNA oligonucleo-
tides employed in this study (Supplementary Table S3) were
ordered from Integrated DNA technologies (IDT) as salt-free
without further purification, resuspended in milli-Q at 100 μM
and long-term stored at −20 °C.
Recombineering oligos (Supplementary Table S3) were

designed to be complementary to the lagging strand of
replicating DNA and according to the optimized design criteria
shown in the Supporting Information and Supplementary
Figure S1. In sum, they were 60 nt long and carried mutation
changes at the middle positions of their DNA sequence;
predicted folding energies were higher than ≥16 kcal/mol,22

and no phosphorothioate bonds were included in the
sequences.

Design of Optimized Recombineering Oligonucleo-
tides. In order to optimize the design of recombineering
oligonucleotides, different parameters were considered.
(i) Strandedness: Recombineering oligos were designed to

anneal to the lagging strand of the replication fork since
hybridization of ssDNA is supposed to occur there according
to the principles of recombineering.21

(ii) Structure: ssDNA with higher predicted ΔG score is
suggested to recombine at higher frequencies.39 While the
optimal folding energy for E. coli has been reported to be
∼12.5 kcal/mol,40 the higher GC content and lower optimal
growth temperature (30 °C) suggest that the optimal range
could be different for P. putida.22 According to the DNA
folding predictor tool mfold-UNAFold,79 all the recombineer-
ing oligos used in this study had a folding energy ≥16 kcal/
mol.
(iii) Length: Oligonucleotides of 90, 60, and 40 nt were

tested by using recombineering with the K43T mutation in the
rpsL gene that confers resistance to streptomycin. After the
optimization study, the oligos were designed of 60 bp in
length, with the desired mutations included in the middle of
the sequence.
(iv) Backbone modifications: For the oligonucleotide

optimization study, oligos both with and without phosphor-
othioate bonds were tested with the K43T mutation in the
rpsL gene. Accordingly, subsequent oligonucleotides did not
include phosphorothioate bonds.

Recombineering Cycling Protocol. Recombineering
experiments were performed according to the previously
described standard protocol80 based on the coexpression of a
recombinase and a mismatch repair machinery disruptor, both
under the control of the thermoinducible cI857/PL expression
system. An overnight culture of P. putida KT2440 harboring
pSEVA2514-recombinase*-mutLE36K

PP (* indicates any of the
recombinases used in this work: Rec2, PapRecT and their
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respective RBS variations) was grown in 20 mL of LB
supplemented with kanamycin. The next day, bacterial cultures
were diluted to an OD600 of 0.1 in LB-kan and incubated at 30
°C, 200 rpm until an OD600 of 0.5−0.7 (mid log phase). Once
the appropriate OD600 was reached, recombinase and
mutLE36K

PP transcription was thermoinduced by 10 min
incubation at 42 °C in a shaking water bath. P. putida cultures
were chilled on ice for 5 min and harvested by centrifugation at
room temperature and 4700 g for 10 min. Subsequently, cells
were made electrocompetent by consecutive washing steps of
10, 2, and 1 mL of sucrose 300 mM. The washed cultures were
finally resuspended in 200 μL of sucrose 300 mM. 100 μL of
electrocompetent cells were transformed with 1 μL of
recombineering oligo (100 μM). Samples in which CRISPR-
ScCas9 counterselection was applied were transformed addi-
tionally with 100 ng of pSEVAb62-ScCas9-crRNA_sp carrying
the appropriate spacer, in addition to the corresponding
recombineering oligonucleotide. Electroporation was per-
formed in 2 mm gap Bio-Rad electroporation cuvettes. A
single exponential decay pulse was applied using a Gene Pulser
X-Cell (Bio-Rad) set at 2.5 kV, 200 Ω and 25 μF. Cells were
first resuspended in 5 mL of terrific broth (TB) with
kanamycin and recovered for 1 h. Afterward, 15 mL of LB-
kan was added to the transformed cells. Cultures were grown
to an OD600 of ∼0.4, and stored at 4 °C until the next day. In
consecutive cycles, cultures stored at 4 °C were reactivated by
∼30 min incubation at 30 °C and 200 rpm until an OD600 of
0.5−0.7 before continuing with subsequent recombinase and
mutLE36K

PP induction.
Before storing the cultures at 4 °C, 1 mL of the bacterial

cells with OD600 of ∼0.4 from cycles 1, 4, 7, and 10 was
inoculated into 2 mL LB-kan and grown at 30 °C and 200 rpm,
overnight. Appropriate dilutions from the overnight cultures
were plated for screening and subsequent efficiency calculation.
Cultures without thermoinduction were included as negative
controls. Editing efficiencies of non-thermoinduced controls
were subtracted from those of the thermoinduced samples to
calculate final recombineering efficiencies as it is assumed that
such background levels are not directly derived from the action
of the tested recombinases.25

Screening of Cells Edited with Recombineering. On
the basis of the phenotypic outcome of the introduced
mutations, three different readouts and screening methods
were analyzed in this study.
First, P. putida KT2440 clones edited in the rpsL gene

(PP_0449) were engineered with oligo RO rpsL 60 for the
change of the AAA codon (Lys43) by ACA (Thr43) and were
screened by the resistant to streptomycin conferred by this
change. Recombineering efficiency was calculated as the ratio
between streptomycin resistant and total CFUs. Screening was
performed using both LB and LB-sm plates.23

Second, P. putida Tn7GFPstop clones edited in a
heterologous and disrupted gfp gene were engineered with
oligo RO gfp stop in order to revert the functional expression
of the green fluorescence reporter (Stop66Tyr). Recombineer-
ing efficiency was calculated as the ratio between fluorescent
(mutated) and total CFUs. Screening was performed in LB-
kan agar plates after ∼48 h, allowing GFP maturation.
Lastly, efficiencies of recombinant cells without screenable

or selectable phenotypes (TAG → TAA mutants) were
determined by multiplex allele-specific colony PCR (MASC-
PCR)16,40 or high-resolution melt analysis (HRM).48,49 For
MASC-PCR, three primers were designed for each targeted

locus: (i) FW primer specific to the wild type genotype, (ii)
FW primers specific for the mutant genotype, and (iii) RV
primer common to both. The two FW primers only differed at
their 3′-terminal bases allowing discrimination of single
nucleotide changes. Two MASC-PCR reactions were required
to screen each colony: one to test the wild type genotype and
one to test the mutant genotype. Colony genotype was
therefore revealed by the binary result yielded by the two
reactions. When possible, several loci were interrogated in a
single reaction by designing different primer sets with the same
melting temperature but different amplicon length. In this case,
primer pools were used for the PCR reactions. For HRM,
specific primers for 100 bp amplicons were used for colony
PCR supplemented with LCGreen Plus+ Melting Dye. Since
exact melting temperatures of DNA molecules are determined
by their nucleic acid sequence, differences between amplicon
samples even with only one single nucleotide variation result in
melting profiles that are unique to these particular genotypes,
allowing for differentiation between amplicons containing the
TAG WT and the TAA mutant genotypes. After amplification,
samples were transferred to a LightScanner Instrument
(BIOKÉ) for melting and acquisition of melt curves, and
subsequent data analysis was performed by the LightScanner
software. Both types, MASC and HRM colony PCRs, were
performed with Phire Hot start II DNA Polymerase (Thermo
Fisher Scientific) according to manufacturer’s guidelines.
Recombineering efficiency was ultimately calculated as the
ratio between mutants and total CFUs.

Fluorescence Loss Assays. P. putida KT2440 (recA+),
harboring pSEVAb62-ScCas9, pSEVAb23-RhaBAD-crRNA_sp
with the desired spacer and pSEVAb44-sfGFP, were grown at
30 °C and 200 rpm, overnight in 10 mL LB media
supplemented with kanamycin, gentamycin, and streptomycin.
Overnight cells were harvested at 4700g for 10 min and washed
with minimal M9 medium in order to eliminate LB traces.
Cells were resuspended to an OD600 of 0.3 and grown
aerobically at 30 °C in fresh minimal M9 medium
supplemented with 70 mM of glucose and the appropriated
antibiotics (kanamycin and gentamicin at 50 and 10 μg/mL,
respectively) on 96-well black wall and transparent round-
bottom plate in a total volume of 200 μL per well. Additionally,
5 mM of L-rhamnose was added to the media under induced
conditions. Optical density (OD600) and green fluorescence
(excitation 467 nm, emission 508 nm) readings were
monitored in a BioTek Synergy Mx Multi-Mode Microplate
reader over 24 h. Fluorescence values were normalized to
OD600 values. Biological and technical triplicates were
included.

Cleavage Assays. Strains P. putida KT2440 (recA+),
P. putida EM383 (recA−), E. coli BL21 (recA+) and E. coli
DH5 α (recA−), harboring pSEVAb62-ScCas9 or pSEVAb62-
ScCas9Δloop were used in the cleavage assays based on two-
plasmid system. Electrocompetent P. putida and chemical-
competent E. coli cells were transformed with 100 ng of
pSEVAb23-crRNA_sp (with different targeting spacers) and
plated in LB-Kan-Gen solid agar media. The pSEVAb23-
crRNA_nt plasmid harbors a non-targeting spacer that does
not target any region in the genome and was used as control.
Strains P. putida KT2440 (recA+) and P. putida EM383 (recA−)
were used in the cleavage assays based on one-plasmid system.
pSEVAb62-ScCas9-crRNA_sp with non-targeting spacer (con-
trol) and targeting spacers were transformed in electro-
competent P. putida strains. Targeting efficiency for both
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strategies was calculated by as the percentage of surviving
CFUs present in plates transformed with targeting spacers
divided by the number of CFUs present in plates transformed
with the non-targeting spacer. All transformations were
repeated at least two times.
Fitness and Toxicity Assays. To measure the fitness of

the strains and the toxicity of ScCas9 for P. putida, growth
assays were conducted in LB and M9-glucose media in an
Elx808 Absorbance Microplate Reader (BioTek Instruments,
Inc., VT, U.S.). Optical density at 600 nm was monitored for
24 h after seeding with 200 μL cultures at OD600 = 0.1.
Whole-Genome Sequencing. In order to confirm the

mutated loci of P. putida KT2440Rc12 and to measure off-
target mutagenesis, gDNA of the strain was isolated by using
the GenElute Bacterial Genomic DNA kit (Sigma-Aldrich).
Extracted gDNA was sent for sequencing to Novogene Co.
Ltd. (Beijing, China) for Illumina sequencing. Raw lllumina
reads were trimmed for low quality and adapters with fastp
(v0.20.0). Mutations were found using breseq (v0.35.5) using
the reference genome and annotation of Pseudomonas putida
KT2440 (GCF_000007565.2). To calculate the number of off-
target mutations, the total number of nonintended mutations
was divided by the number of recombineering cycles
performed in the KT2440Rc12 strain, after removing all
those mutations also present in the sequence of an in-house
reference strain that was subjected to the same whole-genome
sequencing and analysis.
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