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Abstract

Pseudomonas aeruginosa is a key opportunistic human pathogen. An established procedure to replace a target gene is two-
step allelic exchange, i.e. selection of single crossover at homologous sequences and subsequent counter selection to induce 
double crossover for excision of the suicide vector. In this study, we found that certain strains of P. aeruginosa display a high 
rate of instant double crossover upon introduction of a suicide vector containing an antibiotic resistance cassette flanked by 
adjacent sequences for gene replacement, making the counter selection step to achieve the second crossover superfluous. 
Assessment of a limited panel of target genes commonly showed negligible double crossover with a frequency <20 % in the 
genetic reference strain PAO1, whereas a high double crossover frequency of >70 % was observed for PA14 and clone C strains. 
Consequently, for certain P. aeruginosa strains replacement of an ORF by a antibiotic resistance cassette can be shortened by 
directly selecting for double crossover recombination.

Pseudomonas aeruginosa is ubiquitous in nature. As a facul-
tative human pathogen P. aeruginosa causes a wide variety 
of infections such as wound, ear, lung, eye and urinary 
tract infections [1]. For example, P. aeruginosa is a promi-
nent pathogen in chronic lung infections in cystic fibrosis 
patients [2]. Besides, P. aeruginosa is commonly distributed 
in various environmental niches including the aquatic habitat 
covering natural and man-made environments [3–6]. The 
importance of P. aeruginosa as a key human pathogen has 
earlier triggered extensive studies first with PAO1 [7] and, 
more recently, PA14 [8] as reference strains to understand 
P. aeruginosa physiology and virulence. We have recently 
extended genetic manipulation of P. aeruginosa to clone C 
strains [9, 10], which are a dominant group of P. aeruginosa 
strains in acute and chronic infections as well as environ-
mental settings [9, 11]. In this study, we report the frequency 
of double crossover recombination at a target gene to differ 
dramatically between PAO1 compared to PA14 and the three 
clone C strains SG17M, SG31M and 8277, which facilitates 
allelic exchange by homologous recombination in the latter 
strains.

Allelic exchange, alteration of genetic elements based on 
homologous recombination, has been and is broadly used to 
manipulate bacterial genomes [12–14]. This approach, which 
has been applied to P. aeruginosa since the 1980s uses, e.g. 
suicide vectors to produce scarless mutations or replacement 
of an ORF by an antibiotic resistance cassette. Subsequent 
removal of the antibiotic resistance cassette flanked by recom-
bination target sites can be achieved by temporal expression 
of heterologous site-specific recombinases such as Flp flip-
pase and Cre topoisomerase [13, 15, 16]. A frequently used 
approach to manipulate genes in P. aeruginosa is two-step 
allelic exchange using, e.g a pEX18-based vector system 
(Fig. 1) [9, 13]. Thereby, the plasmid harbouring an antibiotic 
resistance marker and an origin of replication, ColE1, which 
enables replication in the cloning host Escherichia coli, but 
not in the target bacterium P. aeruginosa is used as a scaf-
fold for the replacement cassette. The replacement cassette 
consists of a distinct antibiotic resistance marker flanked by 
sequences homologous to the regions up- and down-stream 
of the target gene cloned into the plasmid (Fig. 1). Besides, a 
selectable marker such as sacB encoding levansucrase, which 
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enables counterselection on sucrose containing medium in 
Gram-negative and Gram-positive bacteria is encoded on 
the suicide vector. SacB hydrolyses sucrose and synthesizes 
levan polysaccharides, but the molecular mechanism of 
toxicity is not well established [17]. The plasmid containing 
the replacement cassette is subsequently transferred from E. 
coli to P. aeruginosa by triparental conjugation. A site-specific 
low-frequency genomic integration occurs by homologous 
recombination, conventionally by a single crossover event 
(Fig. 1). As a consequence of single crossover, the plasmid is 
integrated into the chromosome via one of the two regions 
for homologous recombination. Subsequently, the plasmid 
backbone can be excised by a second homologous recombina-
tion event leading to double crossover on sucrose containing 
counter selection medium. The ultimate outcome is the 

replacement of the target gene by an antibiotic resistance 
marker. Subsequently, the antibiotic marker can be removed 
by Flp-catalysed excision if flanked by FLP-sites (Fig. 1). A 
Flp-mediated recombination will leave the 34 bp long FLP 
recombinase target (FRT) scar sequence.

Upon gene replacement, we previously observed double 
crossover events in P. aeruginosa SG17M [9]. To investigate 
whether such an event occurs only in this particular strain or 
with a particular gene, we used the reference strains PAO1 and 
PA14 and clone C strains SG17M, SG31M and 8277 to delete 
a panel of target genes, namely clpB, clpG, ibpA and exsA. 
We used the modified pEX18Tc vector pSG001 containing 
a gentamicin (Gm)-resistant cassette flanked by Flp sites in 
the multiple cloning site (Fig. 1) [9]. Approximately 1 kbp of 

Fig. 1. Schematic view of homologous recombination events in P. aeruginosa. In strain PAO1, the first homologous recombination, a single 
crossover event, occurs between one of the regions homologous on the genome and the replacement cassette on the suicide plasmid, 
for example the pEX18Tc-derived vector pSG001 [9]. By selecting for Gm-resistant colonies, merodiploid colonies are selected. The 
merodiploid colonies with plasmid-encoded SacB levansucrase are subsequently subject to counter selection on sucrose-containing 
medium forcing the second homologous recombination event [15]. As a consequence, the plasmid backbone is excised from the 
chromosome accompanied by a loss of the tetracycline resistant marker (Tc) and sacB. Subsequently, the antibiotic resistance marker 
Gm that replaced the gene can be removed by expression of a heterologous recombinase, such as the tyrosine family site-specific 
recombinase Flp [13]. Flp recombinase acts at the engineered FRT sites to excise the antibiotic resistance marker. In conclusion, a 
double crossover event occurs with high frequency in P. aeruginosa PA14 and clone C strains without the requirement of a counter 
selection procedure (red arrow; *).
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the flanking regions up- and down-stream of the target gene 
were cloned into the vector as sequences to be targeted by 
homologous recombination (Fig. 1) [10]. The vector with the 
gene replacement cassette was subsequently transferred from 
E. coli to recipient P. aeruginosa strains by triparental mating 
and recombinants were selected on Vogel-Bonner minimal 
medium (VBMM) containing Gm, which allows growth of 
P. aeruginosa upon genomic integration of the vector and 
replacement cassette by single or double crossover, respec-
tively, but not E. coli [18]. Subsequently, we distinguished 
between single and instant double crossover recombination 
by screening colonies for resistance towards tetracycline (Tc) 
(Fig.  1). The recombination event was further selectively 

assessed by PCR using primers that allow discrimination 
between single and double crossover (Fig. 2). To this end, 
we used two primer combinations with one primer to bind 
in the Gm cassette and the other primer up- or down-stream 
of the region of homologous recombination, respectively. As 
the major results, double crossover was generally observed 
with a frequency of >70 % in PA14 and clone C strains 
(Table 1). In the case of PAO1, double crossover occurred 
with a frequency not higher than 20 % using the same gene 
replacement cassettes. Of note, ibpA could not be deleted 
in PA14. Thus, the conventional gene replacement protocol 
expects a single crossover event to occur upon selection for 
suicide plasmid integration into the chromosome, however, 

Fig. 2. Confirmation of single and double crossover by PCR and antibiotic resistance test. (a) The recombinant strain is verified by 
assessment of antibiotic resistance and subsequent testing of the recombination event by PCR. Two primer pairs to amplify up- and 
down-stream homologous recombination regions, named as F1 and F2, respectively, were used. Depending on the side of homologous 
recombination, either the F1 or F2 primer set amplifies a short fragment in the single crossover strain with the chosen extension time. 
However, two fragments are amplified in the double crossover strain. As an example, single and double crossover events to replace the 
ibpA gene in strain SG17M are shown (b). Consistent with PCR verification, assessment of antibiotic resistance is shown accordingly (c).

Table 1. Frequency of double crossover events

Target gene/strain SG17M* PA14* PAO1* SG31M* 8277*

clpB 97/97, 100 % 62/62, 100 % 1/100, 1 % 45/54, 83 % 48/52, 92 %

clpG 18/24, 75 % 13/18, 72 % 0/24, 0 % not tested not tested

ibpA 57/60, 95 % no colonies 0/62, 0 % 67/68, 99 % 35/35, 100 %

exsA 67/72, 93 % 63/76, 83 % 14/69, 20 % 48/72, 67 % 76/78, 97 %

Number of strains with a double crossover event/total number of examined strains with percentage calculated (* positive/tested, % positive). The 
strains, which are not double crossover are single crossover strains. Gm was used as the selection marker for the integration event. Colonies 
were subsequently streaked on Gm and Tc containing LB medium. Selected colonies with single or double crossover were tested by PCR. Primers 
and protocols used to isolate and confirm single or double crossover strains are described (Table S1, available in the online version of this article 
[9, 10]). The targeted homologous recombination regions were amplified from genomic DNA of SG17M and cloned into the pSG001 plasmid [9], 
except for the target regions flanking the clpG gene, which were cloned into pMQ150 [10]. IbpA could not be deleted in PA14. The target regions in 
PA14 and PAO1 were more than 97.91 % identical (Supplemental data).
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when selecting for the antibiotic resistance cassette for gene 
replacement double crossover events were observed with high 
frequency in particular strains.

The recombination fragments were derived up- and down-
stream of target genes in SG17M. PAO1 and PA14 have 
>97.91 % sequence identity for clpB, clpG, ibpA and exsA 
(Supplemental Material, available with the online version 
of this article). The degree of nucleotide sequence identity, 
though, was not directly correlated with double crossover 
frequency.

To date, genetic engineering of P. aeruginosa is readily 
performed. Nevertheless, a manipulation strategy including a 
two-step allelic exchange is more time consuming than a one-
step allelic exchange. Here, we describe the double crossover 
event to spontaneously and efficiently occur in PA14 and clone 
C strains at such high frequency that a subsequent counter 
selection step can be omitted. This ‘short-cut’ procedure 
facilitates allelic replacement of a target gene by an antibiotic 
resistance cassette. In addition, 5–7 days of handling can be 
saved compared to the two-step procedure, which includes 
counter selection to induce the second crossover. Therefore, it 
takes less than 6 days to generate a mutant strain. This method 
is also 2–3 days faster than allelic exchange using a suicide 
plasmid without selective marker to create a scareless mutant 
[19]. However, efficient double crossover does not apply for 
all P. aeruginosa strains as double crossover events have only 
infrequently been observed for PAO1, if at all. While PA14 
and clone C isolates belong to major clonal groups, PAO1 
constitutes a minor clonal group of P. aeruginosa [11]. In 
this context, it is important to note that genes involved in 
DNA replication, recombination, modification and repair 
are highly variable in PA14 and clone C strains [20]. This 
observation suggests that the ability to facilitate recombina-
tion might contribute to the survival and transmission of 
abundant clonal strains.
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