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Abstract

Pseudomonas putida is a promising bacterial host for producing natural products, such as polyketides and nonribosomal
peptides. In these types of projects, researchers need a genetic toolbox consisting of plasmids, characterized promoters,
and techniques for rapidly editing the genome. Past reports described constitutive promoter libraries, a suite of broad host
range plasmids that replicate in P. putida, and genome-editing methods. To augment those tools, we have characterized a
set of inducible promoters and discovered that IPTG-inducible promoter systems have poor dynamic range due to over-
expression of the Lacl repressor. By replacing the promoter driving lacl expression with weaker promoters, we increased
the fold induction of an IPTG-inducible promoter in P. putida KT2440 to 80-fold. Upon discovering that gene expression
from a plasmid was unpredictable when using a high-copy mutant of the BBR1 origin, we determined the copy numbers of
several broad host range origins and found that plasmid copy numbers are significantly higher in P. putida KT2440 than in
the synthetic biology workhorse, Escherichia coli. Lastly, we developed a ARed/Cas9 recombineering method in P. putida
KT?2440 using the genetic tools that we characterized. This method enabled the creation of scarless mutations without the
need for performing classic two-step integration and marker removal protocols that depend on selection and counterselection
genes. With the method, we generated four scarless deletions, three of which we were unable to create using a previously
established genome-editing technique.
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Introduction

Pseudomonas putida is being developed into a prominent
metabolic engineering chassis for industrial biotechnology
applications [53]. P. putida naturally has a relatively high
guanine—cytosine (GC) content and is capable of expressing
complex biosynthetic clusters, such as polyketide synthases
and nonribosomal peptide synthetases, making it an ideal
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host for the production of secondary metabolites derived
from GC-rich bacteria [42, 54]. In addition to its produc-
tion capabilities, P. putida is generally recognized as safe
(GRAS)-certified with a relatively high tolerance toward
industrial solvents. It has a completely sequenced genome,
allowing it to be genetically tractable [52]. For P. putida to
reach its potential as a major chassis for industrial chemi-
cal production, it requires a robust set of synthetic biology
tools to allow for genetic manipulations and modulations of
protein expression.

The main synthetic biology tools needed to engineer P.
putida include a reliable set of promoters, both constitutive
and inducible, a set of origin of replications that can allow
for stable plasmid maintenance, and robust and efficient
genome-editing techniques [15]. A few constitutive promoter
libraries have been characterized in P. putida for chromo-
somal expression, with one study reporting a dynamic range
around three orders of magnitude [69] and a second study
finding a 72-fold range of expression [18], demonstrating
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that a wide range of expression on the chromosome can be
achieved.

A variety of inducible promoters natively found in Pseu-
domonas species have demonstrated in P. putida relatively
high levels of expression upon induction, including P,,
induced with 3-methylbenzoate [11, 43], P, induced with
salicylate [11, 43], and P induced with dicyclopropylk-
etone [11, 56]. Other heterologous inducible systems have
been tested in P. putida with varying success. Induction sys-
tems using rhamnose (P,;,,5; [11, 30]), arabinose (P, z; [11,
19]), methyl ethyl ketone (P,,.4; [11, 19]), and mannitol
(P,,u5; [25]) demonstrated induction levels comparable to the
native systems, though basal level expression varied, with
P, . exhibiting higher levels of basal expression and P,z
acting as a tightly regulated system. The more commonly
used Escherichia coli induction systems (P,,, and P, vari-
ants) have also been tested in P. putida, but with varying
degrees of success. One study demonstrated 38-fold induc-
tion with the P,,, system using four times the reported maxi-
mum necessary anhydrotetracycline (aTc) concentration for
E. coli [19, 38], and a second study reported using P,,, with
tetracycline as the inducer for tubulysin production but did
not report quantitative protein expression levels, making
it hard to judge the efficacy of P,,, in P. putida [12]. The
dynamic range was generally low for systems involving the
lac operon, with P, having only a fourfold change in expres-
sion upon induction [40]. P,,.;ys was seen to have induced
fluorescence levels within the error for the uninduced sam-
ples; however, they did report that altering the ribosome
binding site (RBS) and 5’ untranslated region (5’ UTR) for
P,,.uvs caused a 26-fold increase in expression [11].

Many of the standard plasmid origins commonly used
in E. coli are narrow host range origins incapable of repli-
cation in P. putida; so a variety of broad host range (BHR)
origins have been developed [28, 34, 35]. The RK2 ori-
gin is a member of the IncP incompatibility group and
requires an origin of replication sequence and a replica-
tion initiation protein encoded by #rfA to function [41].
It has been shown to be stably maintained in P. putida
and has been measured to be a low-copy plasmid in E.
coli [9]. RSF1010 is a high-copy BHR origin routinely
used for plasmid maintenance in P. putida [5, 51]. It is
part of the IncQ incompatibility group, though it requires
three genes to successfully replicate (repA, repB, repC),
making it a larger origin than RK2 [28, 35]. pBBR1 is an
interesting BHR origin that does not seem to belong to any
of the standard incompatibility groups and only requires
a single gene (rep) for replication, allowing it to be one
of the smaller BHR origins [2, 65]. Even with its small
size, pPBBR1 has been shown to replicate in P. putida and
is generally considered a low- to medium-copy plasmid,
though the copy number can be altered by mutations in the
rep gene [58, 60, 67]. There are also origins that have been
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isolated from Pseudomonas-specific plasmids (pR01600,
pVS1, pNI10), but they must be used in conjunction with
other host-specific origins to generate shuttle vectors for
P. putida [15, 26].

There are a multitude of techniques for editing the
genome of P. putida. Early methods for gene deletions
retained the selection marker on the chromosome, limiting
the overall number of genomic mutations possible in one
strain [63]. To combat this issue, site-specific recombinases
such as Cre-loxP have been developed for use in Gram-neg-
ative bacteria to allow for efficient removal of the selectable
marker [24, 47]. Cre-loxP has been used to efficiently create
gene deletions in P. putida KT2440 when paired with the
ARed recombinases from the A bacteriophage, but deletions
generated with the Cre-loxP system leaves a loxP scar that
can affect future recombination events, also limiting the total
number of gene deletions [44].

Markerless and scarless gene-editing methods remove any
selectable markers or genomic scars, but they require the use
of a counterselection system. In many Gram-negative bac-
teria, sucrose sensitivity can be conferred by the sacB gene
thereby allowing it to be used as a counterselection marker;
however, sacB is known to have a high mutation rate that
can cause an increase in the false positive rate of mutants
[23, 62]. A counterselection for scarless gene deletions
based on the antimetabolite 5-fluorouracil was developed,
but this technique requires a strain containing the seemingly
innocuous deletion of upp, the gene-encoding uracil phos-
phoribosyltransferase, for functionality [20]. Additionally,
most of these methods involve the integration of a suicide
plasmid into the chromosome through a single-crossover
recombination. This co-integrate can either resolve back to
the wild-type sequence or to the desired knockout, resulting
in a theoretical efficiency of 50%.

A counterselection based on endonuclease I-Scel allows
the use of wild-type P. putida for scarless modifications, but
this method also selects for the resolution of an integrated
suicide plasmid [46]. Another recently published method
found a way to improve the transformation efficiency of
sequences integrated into the genome using a serine recom-
binase system, but this requires the presence of the bacterio-
phage integrase on the genome and limits its overall utility
in genome editing [18].

CRISPR/Cas systems have revolutionized genome editing
by providing a fully programmable system, the most com-
mon examples using DNA cleavage by the Cas9 nuclease
from Streptococcus pyogenes as the counterselection [45].
Cas9 uses a single guide RNA (sgRNA) to target virtually
any DNA sequence [32] and has been used successfully for
genome editing in both Gram-negative and Gram-positive
bacteria [14, 31, 55]. CRISPR/Cas9 cleavage has recently
been demonstrated for enhancing the efficiency of single-
stranded DNA recombineering in P. putida [4].
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Here, we report our characterization of some of the com-
mon synthetic biology tools in P. putida. We have tested
commonly used E. coli induction systems (P,,., P01 Prer
and P,,p) in P. putida to determine induction curves and
maximum fold induction possible. For the P,,. and P;;,.,.;
promoter systems, we adjusted the expression of lacl in an
attempt to improve the fold induction for those systems. We
also quantified the plasmid copy number of the BHR origins
RK2, pBBR1, and RSF1010 and highlighted the differences
in copy number between E. coli and P. putida. Finally, we
are reporting a Cas9-assisted recombineering system for P.
putida with genome-editing efficiencies approaching 100%.

Materials and methods
Plasmids, bacterial strains, and growth conditions

The plasmids and bacterial strains used in this study are
shown in Table S1. E. coli MG1655 and P. putida KT2440
were grown in LB medium at 37 and 30 °C, respectively.
LB medium was supplemented with kanamycin (50 ug/mL,
Kan50), gentamicin (35 pg/mL, Gent35), tetracyline (10 pg/
mL, Tetl0 for E. coli; 25 pg/mL, Tet25 for P. putida), or
5-FU (20 pg/mL). 5-FU was purchased from Sigma-Aldrich
(F6627-1G).

Induction curves in P. putida

Pseudomonas putida KT2440 strains containing GFPuv
expression plasmids were grown overnight in LB Kan50.
These overnight strains were inoculated in 5 mL LB Kan50
supplemented with varying amounts of inducer: IPTG
(0-2.5 mM), anhydrotetracycline (0—400 ng/mL), and
L-arabinose (0-2% w/v). The optical density at 600 nm and
fluorescence (excitation: 400 nm, emission: 510 nm) of sam-
ples diluted 1:10 in fresh LB media were measured using a
Tecan Infinite M 1000 plate reader. Analytical flow cytome-
try was used to measure the fluorescence of cells induced for
GFPuv expression. Samples were washed with TBS buffer
and diluted 1:10 in fresh TBS buffer before analysis in a BD
FACSCalibur. Fluorescence intensities were quantified using
the Flowing Software package.

Quantifying plasmid copy number

The copy numbers of five different broad host range origins
were quantified in E. coli MG1655 and P. putida KT2440
using quantitative PCR. Individual colonies of P. putida
KT2440 strains containing a plasmid were inoculated in LB
Kan50 and grown overnight in biological triplicate. Once
the cultures reached stationary phase, their genomic and
total DNA was extracted using phenol:chloroform:isoamyl

alcohol as reported previously, with a few modifications [36,
38]. 1 mL of culture was resuspended in 400 uL. 50 mM
Tris/50 mM EDTA, pH 8. Cells were lysed by the addi-
tion of 8 pL. 50 mg/mL lysozyme, followed by incubation at
37 °C for 30 min. Lysis was continued by adding 4 uL 10%
SDS and 8 pL. 20 mg/mL proteinase K solution, mixing the
samples with a 22-gauge needle, and incubating at 50 °C for
30 min. Proteinase K was then heat inactivated by incubating
the sample at 75 °C for 10 min, and RNA was digested by
adding 2 pL of 10 mg/mL RNase A solution and incubating
at 37 °C for 30 min. The DNA was extracted by mixing the
samples with 425 puL of 25:24:1 phenol:chloroform:isoamyl
alcohol, vortexing vigorously for 1 min, and letting the sam-
ples sit at room temperature for a few minutes. The samples
were centrifuged at 14,000g for 5 min at 4 °C. The upper
aqueous phase was transferred to a new tube with a wide-
opening pipet tip. DNA extraction was continued by adding
400 pL of chloroform and vortexing and centrifuging the
samples as before. The upper aqueous phase was transferred
to a new tube. The DNA was further purified by precipitation
with 1 volume isopropanol, centrifugation of the samples at
maximum speed for 30 min at 4 °C, washing with 500 yL
of 70% ethanol, and rehydrating the DNA by incubating the
samples in 200 pL of nuclease-free water at 65 °C for 1 h.
For determining plasmid copy numbers per cell, indi-
vidual colonies of E. coli MG1655 and P. putida KT2440
strains containing a plasmid were inoculated in LB Kan50
and grown overnight in biological triplicate. Once the cul-
tures reached the stationary phase, they were diluted in dis-
tilled/deionized water to a concentration of 1000 cells/uL
(using a conversion factor OD 0.4 = 10° cells/uL).
Quantitative PCR was performed in a 10 uL mixture
containing 1X SYBR Green PCR Master Mix (Bio-Rad),
150 nM forward primer, 150 nM reverse primer, and 1 pL
of sample. Primers used to determine template concentra-
tion were specific to rrsA (for E. coli), lvaC (for P. putida),
and gfpuv (for plasmid DNA). Each sample was prepared
in technical duplicate. The standard curve for chromosome
concentration was made with a dilution series of a P. putida
KT2440 genomic DNA extraction from 10° to 1 chromo-
somes/puL, the standard curve for cell concentration was
made with a dilution series of wild-type cells from 10* to
1 cell/uL, and the standard curve for plasmid concentration
was made with a dilution series of purified plasmid DNA
from 2 x 10° to 20 plasmids/uL. Plasmid and genomic DNA
concentrations were measured using the Qubit 3.0 Fluo-
rometer. The reactions were prepared on an AriaMx skirted
96-well plate (Agilent Technologies) and the plate was
sealed with an adhesive cover (Bio-Rad). Reactions were run
on an AriaMx Real-Time PCR System (Agilent Technolo-
gies) using the following cycling conditions: 3 min at 95 °C,
followed by 35 cycles of 15 s at 95 °C, 30 s at 55 °C, and
1 min at 72 °C. Melt curves were generated by increasing the
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temperature from 55 to 95 °C using increments of 5 °C every
5 s. After each run, Cq values were exported to Excel. Tech-
nical duplicates with a standard deviation in Cq value greater
than 0.3 were not used for analysis. Standard curves were
constructed by plotting Cq values vs. the log of chromo-
some/cell/plasmid concentration. Each standard curve used
four to five data points and had an R? value of at least 0.99.
The plasmid copy number was calculated by determining
the chromosome/cell/plasmid concentration in each sample
using the standard curves and then dividing the plasmid con-
centration by the chromosome/cell concentration.

Genome editing in P. putida

For the two-step ARed/Cas9 recombineering protocol,
P. putida KT2440 containing pRK2-Cas9Red was trans-
formed with pJOE by electroporation and selected on LB
Gent, Kan. One of the transformants was inoculated in LB
Gent35, Kan50 and grown overnight at 30 °C. Once the cells
reached stationary phase, the ARed genes were induced with
0.5% r-arabinose for 15 min. These cultures were used to
prepare electrocompetent cells by washing twice with 10%
glycerol and resuspending in 100 pL. 10% glycerol for every
1 mL of culture. These cells were transformed with ~ 100 ng
pgRNA by electroporation and allowed to recover in 1 mL
LB for 2 h at 30 °C. The recovered cells were selected on LB
Gent35, Tet25. For the one-step protocol, P. putida KT2440
containing pCas9 was used to prepare electrocompetent cells
in the same way as the two-step protocol. These cells were
transformed with ~ 100 ng pgRNA and ~ 500 ng pJOE by
electroporation and recovered cells were selected on LB
Gent35, Tet25. Genome editing with the 5-FU counterse-
lection was completed as described in Graf and Altenbu-
chner (2011). Transformants from all three methods were
screened for the desired knockout using colony PCR with
primers flanking the gene of interest. All positive hits were
later screened after re-streaking for isolated colonies with
a secondary colony PCR to check for the presence of wild
type. Plasmids were cured from P. putida by growing the
cells overnight in LB media without antibiotics and plat-
ing on LB agar. Single colonies were screened for loss of
antibiotic resistance.

Results
Inducible gene expression in P. putida

The Py, P,,, and P, , promoter systems have been used
extensively in E. coli and other bacteria [38], but they are
not well characterized for gene expression in P. putida.
We investigated gene expression from the following pro-

moter systems from the BglBrick vector database: two P,

@ Springer

promoters (1k and 6k), one P,,, promoter (2k), and one P, 5
promoter (8k). The P,,. promoter systems use the P, (1k)
and the P, ., ; (6k) promoters. The 1k promoter system
also differs from the 6k system, in that lacl is expressed
in the same direction as the gene of interest (Fig. 1a). The
P,,. promoter is also a stronger promoter than P;;,.,_; [38].
We identified which promoter systems had high expression
levels at maximum induction in P. putida and characterized
them by collecting induction curves. We collected the data
for these promoter systems after 24 h of growth using the
wild-type BBR1 origin and the gfpuv gene as a fluorescent
reporter. The BglBrick vector database uses a high-copy
mutant of the BBR1 origin, referred to here as BBR1-UP,
but our previous work demonstrated that gene expression
from plasmids with this origin in P. putida was unreliable,
especially when using strong promoters (Figure S1). P.
putida cells replicating plasmids with BBR1-UP also had a
growth defect (Figure S2).

Of the P,,. promoters, the 1k system had the highest
expression levels at maximum induction, but at high inducer
concentrations, gene expression began to decrease (Fig. 2a).

(@) lacl t
/ g promoter 3¢ operator
lacl \ i

gip
1k — — [ | p—
trc promoter /
/ lac operators

lacl
6k (a1

laclq promoter/ \LlacO-1 promoter

(b)

Relative
laclq Activity*
GTGCAAAACCTTTCGCGGTATGGCATGATAGCGCC | N/A

J23101
TTTACAGCTAGCTCAGTCCTAGGTATTATGCTAGC | 0.70
J23107
TTTACGGCTAGCTCAGCCCTAGGTATTATGCTAGC | 0.36
J23109
TTTACAGCTAGCTCAGTCCTAGGGACTGTGCTAGC 0.04

L (I

-35 -10

Fig. 1 IPTG-inducible promoter systems from the BglBrick vec-
tor database. a Genetic structure of the 1k and 6k promoter systems,
highlighting the promoters used and the direction of lacl expres-
sion. b Sequences of P, and the three Anderson promoters used to
modify the 1k and 6k promoter systems. The — 10 and — 35 motifs
are highlighted in red. (Asterisk) Relative activity is the promoter
strength in E. coli with respect to the reference promoter in the
Anderson promoter library, J23100 (color figure online)
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Fig. 2 Induction curves for BglBrick promoter systems in P. putida. a
Induction curves for 1k promoter system with Py, and J23107 pro-
moters expressing lacl. b Induction curve for 8k system. Error bars
represent one standard deviation. Fluorescence values are adjusted so
that the empty vector control has a value of 0

The 6k promoter system had extremely poor induction, but
P;.c0-1 Produces an easily detectable amount of GFPuv in
the absence of lacl expression (Fig. 3b). We hypothesized
that lacI expression is too high in P. putida for the 6k system
and typical levels of inducer cannot de-repress the promoter.
We confirmed that the promoter driving lacl expression,
P4e1q> 1s much stronger than a sample of promoters from
the Anderson promoter library [1] (Figure S3), and we then
modified the 1k and 6k systems by switching P, with
these weaker constitutive promoters (Fig. 1b). Gene expres-
sion at maximum induction for the modified 1k system was
almost double that of the original system and had an 80-fold
induction (Figs. 2a, 3a). Gene expression also maintained
a steady plateau at high inducer concentrations (Fig. 2a).
Increasing expression levels at maximum induction for the
6k system required one of the weakest promoters in the
Anderson library, but basal expression increased because
lacl expression was too low (Fig. 3b).
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Fig.3 Improving expression at maximum induction for 1k and 6k
promoter systems. a Fluorescence for modified 1k promoter systems.
b Fluorescence for modified 6k promoter systems. The samples are
listed in order of decreasing lacl expression, from left to right. Sam-
ples 1k-con and 6k-con are constitutive versions of the 1k and 6k sys-
tems, respectively. Error bars represent one standard deviation. Fluo-
rescence values are adjusted so that the empty vector control has a
value of 0

Of the remaining promoter systems, the P,,, system did
not appear to be functional and induction was detected
from the P, system (Fig. 2b, Figure S5). The P,z pro-
moter system provided titratable gene expression over a
wide range of L-arabinose concentrations and had a 120-
fold induction. However, maximum induction for this pro-
moter system required up to 2% w/v L-arabinose instead of
the 0.2% w/v required in E. coli. P. putida does not have
an annotated transporter for L-arabinose [49], so we tested
the effect of an arabinose transporter, AraE, on protein
expression in P. putida cells expressing a fluorescent pro-
tein under P,z with or without expression of araE from
a weak promoter (Figure S4a). When araE was constitu-
tively expressed, maximum induction of the P,z promoter
was possible with lower inducer concentrations. Further-
more, P. putida demonstrated homogeneous expression of
fluorescent protein as judged by flow cytometry (Figure
S4b).
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Copy number of broad host range origins

During our previous work using the BBR1-UP origin, we
found that it had poor gene expression and plasmid stabil-
ity in P. putida. This work also resulted in the discovery
of BBR1-B5, a mutant of BBR1-UP with an early stop
codon in the rep gene, and we found that gene expression
was more consistent when using the BBR1-B5 mutant and
other BHR origins (Figure S1). We hypothesized that this
mutation lowered the copy number of BBR1-UP, resulting
in improved reliability in gene expression. We determined
the copy number of five BHR origins in E. coli MG1655
and P. putida KT2440 using quantitative PCR (Table 1 and
Table S2). Three of the origins were variants of BBR1: wild-
type BBR1, BBR1-UP, and BBR1-B5. We also included the
origins RK2 and RSF1010 for comparison. For determin-
ing plasmid concentration in quantitative PCR, primers tar-
geted the gene gfpuv. LvaC, which is located approximately
3,180,000 bp from the chromosome’s replication origin, was
the target for determining chromosome concentration. For
all origins, the copy numbers were one order of magnitude
higher in P. putida than in E. coli [17, 38, 57]. Both the
BBR1 and RK2 origins, which are considered low-copy
origins in E. coli, have around 30 copies per chromosomal
equivalent in P. putida. The relative copy numbers of the
origins are similar between E. coli and P. putida, except for
RSF1010, which has a copy number similar to that of BBR1-
UP in P. putida. We confirmed that the BBR1-B5 variant has
a reduced copy number, which may explain the improved
reliability in gene expression when using this origin.

ARed/Cas9 recombineering in P. putida

Our laboratory has had varying success generating knockouts
in P. putida using existing methods for genomic deletions.
Several knockouts were never constructed due to extremely
low editing efficiency (Table S3). To remedy this issue, we
developed a ARed/Cas9 recombineering protocol for gener-
ating genomic deletions in P. putida. This recombineering
method uses an RK2-based plasmid that expresses cas9 from

Table1 Copy numbers per chromosomal equivalent of broad host
range plasmids in E. coli and P. putida KT2440 in stationary phase

Origin E. coli copy number P. putida
copy number
BBRI1 3-4(38) 30+7
BBRI1-UP 17-20 (38) 120 + 20
BBRI1-B5 N/A 70 + 20
RK2 4-7(17) 30+ 10
RSF1010 7-10 (57) 130 + 40

Values were calculated on a per-chromosome basis
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a constitutive, weak promoter (pCas9). The ARed recombi-
nases increase the efficiency of homologous recombination in
P. putida [44], so we also included the afly operon expressed
by the inducible P,z promoter. While optimizing this sys-
tem, we attempted Cas9 recombineering without expression
of the affy operon, but these experiments did not yield any
colonies (data not shown). The sgRNA is expressed consti-
tutively from a second plasmid (pgRNAtet), which uses the
high-copy BBR1-UP origin. The sgRNA is designed to target
the sequence of the chromosome that will be removed upon
successful generation of the knockout. To reduce the chances
of off-target effects from Cas9/sgRNA expression, we used the
CasOT off-target searching tool to identify any off-target sites
for potential sgRNAs [68]. The repair template that integrates
into the chromosome to generate the knockout is located on a
suicide vector (pJOE) [20]. We designed the repair templates
for each knockout so that there is 500-1000 bp of homology
on either end of the gene of interest and so that the majority of
the gene is removed except the start codon and the last 10-20
codons.

To generate each knockout, we first integrated pJOE into
the P. putida KT2440 chromosome via electroporation into a
strain replicating pCas9 (Fig. 4a). We used the resulting trans-
formants to prepare electrocompetent cells, during which we
induced ARed expression with L-arabinose. Upon introduc-
tion of the corresponding pgRNAtet via electroporation, the
Cas9/sgRNA complex creates a double-stranded break in the
chromosome and the ARed proteins repair the chromosome
via homologous recombination. We used this two-step pro-
cedure to generate four knockouts in P. putida KT2440 with
efficiencies around 85-100% (Table 2). After confirming each
knockout, we cured out pCas9 and pgRNAtet by growing lig-
uid cultures overnight in LB media with no antibiotics and
plating the cells on LB agar. We screened individual colonies
for loss of antibiotic resistance and found that pgRNAtet was
easily cured out, but the majority of cells maintained pCas9.

To streamline this method, we attempted to generate
knockouts with a one-step protocol that involved a co-trans-
formation of pJOE and pgRNAtet (Fig. 4b). Unsurpris-
ingly, the number of transformants and the overall editing
efficiency decreased for all four knockouts (Table 2). The
rate of detection for the knockout in the initial colony PCR
screen was similar to that of the two-step protocol, but after
streaking the transformants on selective media for single
colonies, we found that most samples lost the designed dele-
tion as well as the wild-type sequence (Figure S7).

Discussion

The inducible promoter systems that we tested are native to
E. coli [7, 48, 61], so it is not surprising that they behave
differently in P. putida, an organism that does not catabolize
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involves a chromosomal integration of pJOE, which carries the repair
template for the desired knockout, followed by transformation of the

corresponding pgRNA. b The one-step protocol involves a co-trans-
formation of pJOE and pgRNA, where pJOE is used to repair the

double-stranded break created by Cas9/sgRNA

Table2 Summary of knockouts in P. putida KT2440 generated from ARed/Cas recombineering

Gene Function Location on Length of One-step Cas9 Two-step Cas9
chromosome deletion (bp) - -
CFU/mL Fraction correct CFU/mL Fraction correct
IvaA Phosphotransferase 3,001,201 1032 260 0/30 4300 27/30
pvdJ Nonribosomal peptide synthetase 1,394,561 7848 570 1/30 4400 30/30
JpvA Siderophore receptor 1,414,088 2391 70 3/30 3100 30/31
gevP-I - Glycine dehydrogenase 5,052,324 2844 N/A 1/4 3000 27/31

L-arabinose or lactose [22, 49]. Expression from P, in E.
coli results in a mixed population at low inducer concen-
trations because of an “autocatalytic” induction mechanism

involving AraE [64]. Constitutive expression of araE in
E. coli enables homogeneous expression from P,z [33].
Adapting this strategy to P. putida allowed maximum
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induction at L-arabinose concentrations lower than 2% (Fig-
ure S4a). That said, the concentrations needed for maximum
induction were less than 0.01% w/v in the presence of araE
expression, making it more difficult to titrate gene expres-
sion from P,z and suggesting that araE expression is too
high.. Optimizing araE expression may require lowering the
gene copy via chromosomal integration or using an alterna-
tive transporter with a lower affinity to L-arabinose [50].
IPTG transport is not inhibitory to inducing P,,. promot-
ers in P. putida because maximum induction can be easily
achieved using concentrations around 1 mM. For the 1k and
6k promoter systems, high expression levels of lacl from the
Py4c14 Promoter reduced gene expression at maximum induc-
tion compared to the modified systems. The steady decrease
in expression in the induction curve for the 1k system at high
inducer concentrations suggests that the reduced expression
was due to overproduction of protein, which is similar to the
low gene expression observed from strong promoters on a
high-copy plasmid (Fig. 2a, Figure Sla). Increasing gene
expression from the 6k system required lower lacl expres-
sion, but lacl expression for the 6k system must be further
optimized so that basal (a.k.a. “leaky”) expression is lower.
We did not detect any induction from the P,,/aTc inducible
promoter system (Figure S5). Reducing expression of the
TetR repressor could be a successful strategy for improv-
ing induction from this promoter system in P. putida. Other
reports have shown considerable induction from the P,,,
promoter [19, 38], so this system requires further investiga-
tion to determine its utility in P. putida. RBS and 5’ UTR
sequences also appear to be important for gene expression
in P. putida, and differences in these sequences may explain
the variability of P,,, in different reports [53, 54].

It is important to consider gene copy number when
expressing heterologous genes in bacteria. Gene copy
number in E. coli can range from one on bacterial artifi-
cial chromosomes (BACs) to 500 on high-copy pUC vec-
tors [29, 37]. Protein production from high-copy plasmids
can lead to a metabolic burden and reduce cell growth
rate [8], so a complete genetic toolbox for any organism
should have low-copy options available. Our quantitative
PCR results show that none of the origins tested can be
considered low-copy. The inducible promoter systems
encoded on BBR1-based plasmids had poor induction due
to overexpression of the transcription factors. Lowering
the copy number for these promoter systems may improve
gene expression by reducing the intracellular concentra-
tion of the transcription factors. The copy number of RK2
is dependent on intracellular concentrations of its repli-
cation protein, TrfA, at low concentrations, so generat-
ing low-copy BHR origins in P. putida may be possible
by lowering expression of the replication proteins [16].
Pseudomonas-specific origins that have been shown to be
low-copy in other pseudomonads may also have similar

@ Springer

properties in P. putida [27]. A guaranteed option for low-
copy heterologous gene expression in P. putida is through
chromosomal integrations. Either the transcription factor
or the entire promoter system could be encoded on the
chromosome, depending on the promoter strength. The
BBR1 and RK2 origins offer the lowest plasmid copy
number of BHR origins commonly used in P. putida, so
the probability of overproducing proteins could be limited
by using these origins with weak promoters and a single
gene or small operon. Even though BBRI1-UP leads to
unreliable protein production, the efficacy of Cas9/sgRNA
activity in our ARed/Cas9 recombineering protocol shows
that this origin can be used to reliably express sgRNAs and
potentially other non-protein gene products.

The near-100% editing efficiency of Cas9-assisted recom-
bineering in P. putida relies on the counterselection pro-
vided by the Cas9/sgRNA complex and the presence of the
ARed proteins to facilitate homologous recombination. The
most efficient techniques for editing the genome of P. putida
involve a single-crossover recombination event between the
chromosome and a suicide vector [20, 46]. The counterselec-
tions for these methods do not select against the removal of
the wild-type sequence, but rather the removal of the suicide
vector that can recombine back to the wild-type sequence,
resulting in a theoretical editing efficiency of 50%. In prac-
tice, deletions may have efficiencies well below 10% and are
not reliably identified in a low-throughput genetic screen
(Table S3). Existing methods rely on native recombination
pathways in P. putida, and therefore they require overnight
incubations to resolve the suicide vector. If a knockout
causes a growth defect, then any cells that maintain the wild-
type sequence will take up a larger percentage of the popu-
lation as cells replicate, further decreasing the editing effi-
ciency. Designing a sgRNA to target the wild-type sequence
for a double-stranded break prevents wild-type cells from
outgrowing knockout mutants, providing a theoretical edit-
ing efficiency of 100%. The ARed genes can also mediate
homologous recombination more rapidly than P. putida’s
native recombination pathways, so the cells can resolve
the suicide vector from the chromosome within a short 2-h
recovery rather than an overnight incubation. That said, the
lower editing efficiencies of the one-step protocol suggest
that the ARed proteins can facilitate other recombination
events in absence of the repair template. These events persist
because P. putida is polyploid, and a correctly edited copy
of the chromosome can coexist with other incorrect copies
until they segregate toward a common DNA sequence. If
the repair template was only incorporated into a fraction of
the copies of the chromosome, then it is unlikely to survive
segregation. This problem does not occur for the two-step
protocol because the repair template is already incorporated
into every copy of the chromosome after transformation of
the pJOE suicide plasmid.
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Due to the versatility of Cas9 and BHR origins, this
recombineering method could be used to generate deletions
in other pseudomonads. The genome-editing technique
based on the I-Scel endonuclease developed by de Lorenzo
and colleagues originally for P. putida was also used suc-
cessfully to generate deletions in P. syringae and P. fluore-
scens [46]. Homologous recombination with the ARed pro-
teins and other related recombination systems has also been
demonstrated in multiple pseudomonads [3, 39, 66]. There
are several Cas9-assisted recombineering systems available
for E. coli that could be adapted for editing the genomes of
other Gram-negative bacteria by replacing the E. coli plas-
mid origins with BHR origins [6, 59].

We demonstrated this technique’s utility in generat-
ing knockouts, but it could easily be adapted for integrat-
ing heterologous DNA onto the chromosome by including
the sequence of interest in the repair template between the
regions of homology. Altenbuchner and colleagues inte-
grated a pathway for vanillin production onto the chromo-
some of P. putida using the 5-FU counterselection devel-
oped originally for gene deletions [20, 21]. There are several
efficient chromosomal integration systems developed for P.
putida [18, 69]. However, these methods are site specific,
so they cannot be used to integrate pathways onto multiple
loci or modify endogenous pathways. The latter feature is
especially necessary for activating cryptic gene clusters in
pseudomonads by modifying regulatory elements directly
on the chromosome [10, 13].

The results described here establish a common set of
genetic tools for use in P. putida. The P,,. family of pro-
moters and the P,z promoter are commonly used in E.
coli, but they behave considerably differently in P. putida.
Gene expression from the P, ; promoter is the most similar
between E. coli and P. putida, but maximum induction in P.
putida requires an order of magnitude higher concentration
of inducer than in E. coli. Reducing the level of expression of
the Lacl repressor improved induction from IPTG-inducible
promoters, and this strategy could be used to improve other
promoter systems with a poor fold induction, such as the P,
promoter. However, other factors effecting gene expression,
such as RBS and 5’ UTR sequence, should also be consid-
ered when optimizing gene expression in P. putida. The copy
numbers of BHR origins are significantly higher in P. putida,
which leads to plasmid instability and unreliable protein pro-
duction from constitutive and inducible promoters. This fact
limits the availability of plasmid-based genetic tools for P.
putida; therefore, chromosomal integration should be con-
sidered when expressing heterologous genes for its relatively
high stability and lower copy number. Taking advantage of
CRISPR/Cas9 for editing the genome allows for much more
efficient strain development over alternative methods. Shown
here as a tool for generating knockouts, ARed/Cas9 recom-
bineering can also be adapted for introducing heterologous

genes virtually anywhere on the chromosome or modifying
endogenous pathways, providing an alternative platform for
metabolic engineering when plasmid-based gene expression
may not be optimal.
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