APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Aug. 2011, p. 5549-5552

0099-2240/11/$12.00  doi:10.1128/AEM.05055-11

Vol. 77, No. 15

Copyright © 2011, American Society for Microbiology. All Rights Reserved.

Development of a Method for Markerless Gene Deletion
in Pseudomonas putida’+

Nadja Graf and Josef Altenbuchner*
Institut fiir Industrielle Genetik, Universitit Stuttgart, Allmandring 31, 70569 Stuttgart, Germany

Received 8 April 2011/Accepted 2 June 2011

We developed a negative counterselection system for Pseudomonas putida based on uracil phosphoribosyl-
transferase (UPRTase) and sensitivity against the antimetabolite 5-fluorouracil (5-FU). We constructed a P.
putida strain that is resistant to 5-FU and constructed vectors for the deletion of the surface adhesion protein
gene, the flagellum biosynthesis operon, and two endonuclease genes. The genes were efficiently disrupted and

left a markerless chromosomal in-frame deletion.

Since the genome of the rod-shaped Gram-negative bacte-
rium Pseudomonas putida KT2440 has been completely se-
quenced (GenBank accession number AE015451) (10), the
study of gene functions is more and more focused. Usually
genes are simply replaced by antibiotic resistance markers (15)
to see what phenotypic effects result. The generation of a strain
with multiple deletions, however, cannot be achieved with this
method, because the availability of resistance markers is lim-
ited. Therefore, other gene disruption methods based on ho-
mologous recombination have been developed. By flanking the
resistance cassette with recognition sites for site-specific re-
combinases, such as Flp/Flp recombination target (FRT) and
Cre/loxP (5, 8), the cassette can precisely be removed and used
again for the next deletion step. However, scars are left in the
chromosome after each deletion step in the form of FRT or
loxP sites, respectively. This may cause severe problems be-
cause the recognition sites in the chromosome can become
recombined, which would then lead to large chromosomal de-
letions or inversions. Another disadvantage is the elaborate
selection for positive clones that have dropped out the resis-
tance cassette. To solve this problem, counterselectable
marker systems have been developed. The most powerful are
the fusaric acid (tetAR), streptomycin (rpsL), and sucrose
(sacB) sensitivity systems (13). Recently, a novel counterselec-
tion system has been approved first for Bacillus subtilis (3) and
subsequently for several other microorganisms (4, 6, 7). This
system is based on upp, encoding the uracil phosphoribosyl-
transferase (UPRTase). This enzyme (EC 2.4.2.9) belongs to
the pyrimidine salvage pathway and creates UMP from uracil
and phosphoribosylpyrophosphate (11). The toxic antimetab-
olite 5-fluorouracil (5-FU) also becomes converted by UPR-
Tase into 5-fluoro-UMP. After metabolization into 5-fluoro-
dUMP, it acts as a suicide inhibitor of the thymidylate
synthase, subsequently resulting in cell death. Therefore, mi-
croorganisms with UPRTase activities are sensitive to 5-FU. In
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P. putida KT2440, an upp gene (PP_0746) has been identified
as well (10).

In this study, we describe a gene deletion procedure based
on the upp gene as a new counterselectable marker in P. putida.
We deleted the upp gene to get a 5-FU-resistant strain. With
that strain, we were able to delete further genes efficiently with
regard to creating a strain applicable in industrial production.

Plasmids, bacterial strains, and growth conditions. The bac-
terial strains and plasmids used in this study are shown in Table
1. P. putida strains and Escherichia coli IM109 (16) were grown
at 30°C in LB medium (2), supplemented with kanamycin
(Kan; 50 wg ml™!) (LBg,,) or 5-FU (20 pg ml—"). 5-FU was
purchased from Sigma-Aldrich Corporation (Taufkrichen,
Germany) and prepared as a stock solution of 100 mg ml~* in
dimethyl sulfoxide (DMSO). P. putida strains were also grown
in M9 minimal medium (48 mM Na,HPO, - 7TH,0, 22 mM
KH,PO,, 8.6 mM NacCl, 18.7 mM NH,CIl), supplemented with
0.2% glucose, 1 mM MgSO,, 0.1 mM CaCl,, and 6 uM thia-
mine hydrochloride.

Plasmid and strain construction for upp-based counterse-
lection. Standard recombinant DNA techniques and transfor-
mation methods were used as described by Sambrook et al.
(14). The oligonucleotide primers used in this study are shown
in Table S1 in the supplemental material. The usage of the upp
counterselection system (Fig. 1) for P. putida requires a strain
resistant to 5-FU. The MIC was determined as 10 pg ml~!
5-FU for P. putida KT2440, but 20 wg ml~' was chosen for
selection. That reduced the appearance of false-positive clones
without affecting the growth rate. The plasmid used to delete
the upp gene in P. putida KT2440 was constructed by starting
with plasmid pIC20HE (1). That vector was cut with BamHI/
Clal, and the kanamycin resistance gene (neo), which was cut
out from the plasmid pNEO (GenBank accession no. U13862),
was inserted by ligation, resulting in pJOE6186.1.

For chromosomal deletion of upp, the up- and downstream
regions were PCR amplified, using oligonucleotides s5380/
$5381 and s5382/s5383, respectively. Chromosomal DNA from
P. putida KT2440 was used as a template. The fragments,
which included homologous regions of 792 bp and 883 bp,
respectively, were cut with BamHI and HindIII. Integration
occurred via 3-fragment ligation into BamHI-cut pJOE6168.1,
creating pJOE6227.1.
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid

Genotype or relevant characteristics

Reference or source

Strains

E. coli IM109 recAl supE44 endAl hsdR17 gyrA96 relAl thi A(lac-proAB) F' [traD36 proAB™ lacI® lacZAM15] 16

P. putida
KT2440 Wild type ATCC 47054
AUPP4 Aupp This study
GN24 Aupp APP_0168 This study
GN109 Aupp APP_0168 APP_2451 This study
GN112 Aupp APP_0168 A PP_4333-4396 This study
GN125 Aupp APP_0168 APP_2451 APP_3375 This study

Plasmids
pIC20HE Cloning vector for blue-white screening 1
pNEO Cloning vector with kanamycin resistance gene GenBank accession
no. U13862

pJOE6186.1 pIC20HE with a kanamycin resistance gene cloned into BamHI/Clal sites This study

pJOE6227.1 pJOEG6186.1 with the up- and downstream regions of upp cloned into BamHI site This study

pJOE6261.2 pJOEG6186.1 with a copy of upp from P. putida KT2440 cloned into Ndel/Nhel sites This study

pJOE6348.1 pJOE6261.2 with the up- and downstream regions of PP_0168 cloned into BamHI site This study

pNG90.7 pJOE6261.2 with the upstream region of PP_4333 and the downstream region of PP_4396 This study

cloned into BamHI site
pNG100.1 pJOE6261.2 with the up- and downstream regions of PP_3375 cloned into BamHI site This study
pNG105.2 pJOE6261.2 with the up- and downstream regions of PP_2451 cloned into Sall site This study

P. putida KT2440 was transformed with pJOE6227.1 by elec-
troporation. Since the plasmid cannot be autonomously repli-
cated, it has to integrate via single crossover into the chromo-
some. Selection occurred on LBy,,. Positive clones should be
Kan' and 5-FU?. Therefore, clones were checked on M9 min-
imal plates containing 20 pg ml~' 5-FU and 0.2% glucose
(M9c + s.ru)- One of the Kan® 5-FU® clones was incubated in
LB for 24 h at 30°C. During this time the plasmid should have

upstream

been excised again through homologous recombination and
been lost. By this means, either the original genotype would be
reestablished or the upp gene would be lost. Afterwards, dif-
ferent dilutions (10~ * and 10~°) were plated on M9, , s.ru-
After incubation for 48 h at 30°C, up to 250 CFU was gained.
Fifty clones thereof were checked on LBy, and on M9, , s.ru-
Of the clones, which were 5-FU" and Kan®, 3 were checked by
colony PCR: cells were picked from M9 minimal plates and

deletion region downstream

Aupp ————

M [5-FUR KanS]

step 1

neoo or
bla
upp 1

homologous recombination

%
|

AuppAm?m; M-IL:DD?D— Auppwnin:m?mv M_Jum?mf [5-FUS KanR]

\ step 2 /
Aupp ————— I [56-FUR Kan®]
or
Aupp I [5-FUR KanS]

FIG. 1. Schematic presentation of the upp counterselection system for P. putida. The integration vectors for deletion of a chromosomal region
(white box) contain the up- and downstream regions (each about 1 kb; shaded boxes), kanamycin and ampicillin resistance genes (neo and bla),
and the upp gene. In the first step, integration occurs via a single-crossover recombination event in either the up- or the downstream region. The
resulting strain is sensitive to 5-FU and resistant to kanamycin. In the second step, another recombination event takes place, in which either the
original state is restored or the region of interest is deleted. These strains are now resistant to 5-FU and sensitive to kanamycin. When other genes
are inserted between the up- and downstream regions of the integration vectors, this method can also be used for gene integration or gene

replacement in the P. putida chromosome.
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TABLE 2. Overview of the strain constructions

Deleted gene/region

Parameter
PP_0168 (lapA)

PP_4333-4396
(flagellum biosynthesis)

PP_2451 (endA-1) PP_3375 (endA-2)

Region length (bp)

Upstream primers (length of
homology, bp)

Downstream primers (length of
homology, bp)

26,049
$5278/s5279 (976)

64,722

$5280/s5281 (1,031)

$5840/s5841 (944)

$5842/s5843 (1,047)

693 966
$5943/s5944 (864) $5947/55948 (950)

$5945/s5946 (1,051) $5949/s5950 (1,052)

Restriction sites by which cloned BamHI/HindIII BamHI/EcoRI Sall/HindIII BamHI/HindIII
Integration vector pJOEG6348.1 pPNGY0.7 pNG105.2 pNG100.1

Target strain AUPP4 GN24 GN24 GN109

Colony PCR primers §5761/s5762, s5764/s5762  $6257/s6258, s6368/s6258  $6261/s6262, s6370/s6262  $6263/56264, s6371/56264
Deletion ratio (%) 40 20 10 30

Resulting strain GN24 GN112 GN109 GNI125

resuspended in 100 pl of double-distilled water. After treat-
ment for 10 min at 99°C, cells were pelletized (5 min, 16.1 g,
room temperature). From the supernatant, 10 wl was used as
template for the PCR, using s5381/s5383 as primers. The re-
sulting positive strain was designated AUPP4. The counterse-
lection system can be used only in P. putida, if 5-FU sensitivity
can be restored by reintroducing the upp gene. Therefore, upp
was PCR amplified using oligonucleotides s5378/s5379 and
chromosomal DNA from P. putida KT2440 as template. The
fragment was integrated between the restriction sites Ndel and
Nhel of vector pJOE6168.1, creating pJOE6261.2. In the
BamHI restriction site of that vector, the flanking regions of
target genes can now be easily integrated.

Deletion of selected chromosomal genes. To demonstrate
the potential of the new developed upp counterselection sys-
tem for P. putida (Fig. 1) and with regard to constructing an
eligible production strain, different genes were selected and
deleted: PP_0168 (lapA), coding for the surface adhesion pro-
tein, which is an important stress response element and re-
sponsible for the formation of biofilms (12); PP_4333-4396,
coding for flagellum biosynthesis; and PP_2451 and PP_3375,
coding for endonucleases. Table 2 summarizes the construc-
tions of the different strains. Generally, construction began
with PCR amplification of the up- and downstream regions
(each about 1 kb), including the start and stop codons of the
target gene. The PCR fragments were cut and cloned into
pJOE6261.2 according to the data shown in Table 2. Then, P.
putida with deleted upp was transformed with the constructed
integration vectors by electroporation. Selection steps oc-
curred as described above. The transformation efficiencies
were about 25 CFU pg ™' DNA using 5 X 10° electroporated
cells. In each case, 10 putative positive clones were checked by
colony PCR, whereas the reverse primers were located in the
downstream region and the forward primers once in the up-
stream region (positive control) and once in the region to be
deleted (negative control). As further controls, the initial strain
and the strain with the integrated vector were used. Theoret-
ically, half of the clones should have lost the gene, while the
other half should have restored the original sequence. For
reasons already discussed by Fabret et al. (3), the maximum
ratio of 50% could not be achieved (Table 2). Deletion of
PP_0168 resulted in strains no longer capable of forming
biofilms, which was verified by a modified version of a bio-

film assay described by Merritt et al. (9) as detailed in the
supplemental material. Deletion of the flagellum biosynthe-
sis operon led to strains with a lack of motility, which was
observed microscopically and on motility agar plates (see
Fig. S2 in the supplemental material). Deletion of the en-
donucleases, however, had no significant effect on transfor-
mation efficiencies.

Conclusion. The upp gene has been approved for B. subtilis,
Enterococcus faecalis, Lactobacillus acidophilus, and Desulfo-
vibrio vulgaris already as an efficient negative selection marker
for gene deletion, integration, and replacement (3, 4, 6, 7).
Here we demonstrate that it can also be an efficient genetic
tool for P. putida.

We thank the Federal Ministry of Science and Education (BMBF),
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