
Random and cyclical deletion of large DNA
segments in the genome of Pseudomonas putida.

Item Type Article

Authors Leprince, Audrey; de Lorenzo, Víctor; Völler, Petra; van Passel,
Mark W J; Martins dos Santos, Vitor A P

Citation Random and cyclical deletion of large DNA segments in the
genome of Pseudomonas putida. 2012, 14 (6):1444-53 Environ.
Microbiol.

DOI 10.1111/j.1462-2920.2012.02730.x

Journal Environmental microbiology

Rights Archived with thanks to Environmental microbiology

Download date 22/05/2023 21:19:18

Link to Item http://hdl.handle.net/10033/240051

http://dx.doi.org/10.1111/j.1462-2920.2012.02730.x
http://hdl.handle.net/10033/240051


This is a pre- or post-print of an article published in
Leprince, A., de Lorenzo, V., Völler, P., van Passel, 

M.W.J., Martins dos Santos, V.A.P.
Random and cyclical deletion of large DNA segments in the 

genome of Pseudomonas putida
(2012) Environmental Microbiology, 14 (6), pp. 1444-1453.



 - 1 - 

Random and cyclical deletion of large DNA segments in the genome of 1 

Pseudomonas putida 2 

 3 

Audrey Leprince1,3, Víctor de Lorenzo2, Petra Völler1, Mark WJ van Passel3, and Vitor AP 4 

Martins dos Santos1,3 5 

1Systems and Synthetic Biology Group, Helmholtz-Centre for Infection Research, 38124 6 

Braunschweig, Germany 7 

2Centro Nacional de Biotecnologia, Campus de Cantoblanco, 28049 Madrid, Spain 8 

3Laboratory of Systems and Synthetic Biology, Wageningen University, 6703HB 9 

Wageningen, The Netherlands 10 

 11 

Corresponding author 12 

Prof. Dr. Dipl-Ing Vitor AP Martins dos Santos 13 

Wageningen University 14 

Laboratory of Systems and Synthetic Biology 15 

Dreijenplein 10, 6703HB Wageningen 16 

The Netherlands 17 

Tel: +31 (0) 317 482865 18 

Email: vitor.martinsdossantos@wur.nl 19 

 20 

Running title 21 

Random genomic deletions in Pseudomonas putida 22 

 23 



 - 2 - 

SUMMARY 24 

Cumulative site-directed mutagenesis is of limited suitability for the global analysis of the 25 

gene functions in the microbe’s cellular network. In order to simplify and stabilize the 26 

genome of the soil bacterium Pseudomonas putida, we developed a recyclable three-step 27 

excision method based on the combination of customized mini-transposons and the FLP-FRT 28 

site-specific recombination system. To demonstrate the powerful potential of these tools, we 29 

first established insertion mutant libraries that allow users to study gene functions with 30 

respect either to phenotypic characteristics (single-insertions) or to their involvement in 31 

predicted networks (double-insertions). Based on these libraries, we generated as a proof-of-32 

principle, single-deletion mutants lacking ~4.1% of the genome (~3.7% of the gene 33 

repertoire). A cyclical application of the method generated four double-deletion mutants of 34 

which a maximum of ~7.4% of the chromosome (~6.9% of the gene count) was excised. This 35 

procedure demonstrates a new strategy for rapid genome streamlining and gain of new 36 

insights into the molecular interactions and regulations. 37 

 38 
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INTRODUCTION 43 

The engineering of microbes at genome-scale holds the promise of both providing a thorough 44 

understanding of molecular interactions and quickly translating this knowledge into tailored 45 

applications of environmental, medical and industrial relevance (Warner et al., 2010; 46 

Woodruff and Gill, 2011). Extensive genetic modifications of microbes result in the 47 

alteration, insertion or elimination of, in most cases, one or a small number of genes at a time 48 

in a given strain (Wang et al., 2009). Although the pace at which this can be done is 49 

increasing rapidly, a fundamental hurdle for rational genome engineering remains the lack of 50 

knowledge of the microbial interactome. 51 

Here we developed a multi-transposon mutagenesis method to rapidly eliminate large blocks 52 

of genes from a sizable microbial genome as a basis for genome streamlining. The tested 53 

bacterium, Pseudomonas putida, is a fast growing, ubiquitous and metabolically versatile soil 54 

microbe with an outstanding capacity to degrade a broad range of compounds, in particular 55 

aromatics, and of remarkable potential for biocatalysis (Jimenez et al., 2002; Dos Santos et 56 

al., 2004; Pieper et al., 2004; de Lorenzo, 2008). P. putida KT2440 is a certified biosafety 57 

strain that was the first of the species to be sequenced (Nelson et al., 2002) and, by far, the 58 

most thoroughly and widely studied. It is an ideal host for heterologous gene expression 59 

(Gilbert et al., 2003; Dammeyer et al., 2011). The large gene pool and the entangled nature of 60 

the interactions, mostly unknown, between the various layers of regulation and metabolism, 61 

provide this bacterium with its remarkable resilience and versatility to thrive in harsh and 62 

different environments. Numerous data on the genetic, physiologic and metabolic properties 63 

of the strain have been generated, including a genome-wide mutant library (Molina-Henares 64 

et al., 2009), transcriptomic, proteomic and metabolic data sets under a range of conditions 65 

(Kurbatov et al., 2006; Hervas et al., 2008), as well as experimentally validated genome-scale 66 

constraint-based models of metabolism and transport (Nogales et al., 2008; Puchalka et al., 67 
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2008). Global analyses of the genome, such as the G+C and the oligonucleotide contents, 68 

identified 105 genomic islands that may carry auxiliary functions (Weinel et al., 2002), as 69 

well as 184 proteins related to mobile elements, including among others 82 transposases, 8 70 

group II introns, 3 bacteriophages (Nelson et al., 2002; Dos Santos et al., 2004). However, 71 

despite of the wealth of information and knowledge acquired thus far, about 30 % of the 72 

genes encode unknown function and hypothetical proteins. Therefore, it is desirable to initiate 73 

the rational reprogramming of the organism, its tailoring for à la carte biocatalysis, and 74 

control and steering of the conceived functions, based on a genome whose products and 75 

interactions thereof are as simplified as possible to minimize the interferences with the 76 

metabolism and regulation of the cell. Therefore, we aimed to streamline the genome of P. 77 

putida by eliminating parts of the genetic machinery whose functions are dispensable under 78 

specific conditions. 79 

Escherichia coli, a workhorse of molecular biology, has been widely studied for targeted 80 

gene deletions, often based on the expression of site-specific recombinases (Yu et al., 2002; 81 

Goryshin et al., 2003; Yu et al., 2008). Also in Pseudomonas species, such as P. aeruginosa 82 

(Quénée et al., 2005) and P. fluorescens (Giddens et al., 2007), the commonly used Cre/loxP 83 

recombination system from phage P1 was applied. However, a homologous system, the FLP-84 

FRT from Saccharomyces cerevisiae, was previously tested for the removal of previously 85 

inserted genetic elements in the strain KT2440 (De las Heras et al., 2008), and therefore 86 

chosen for the present work. In order to quickly remove a set of conditionally non-essential 87 

genes, we improved the deletion system. The method here described is a combinatorial 88 

method for streamlining P. putida based on the generation and use of customized mini-Tn5 89 

transposons combined with the FLP-FRT recombination system (Fig. 1) (Schweizer, 2003). 90 

The FLP recombinase is able to recognize two identical FRT sites (FLP Recognition Target) 91 

and, consequently, to excise the framed DNA fragment, when both sites are in the same 92 
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orientation. Therefore, we employed the FLP as genetic scissors to delete various genomic 93 

fragments, of which the nature and size vary with the insertion and distance between both 94 

FRT sites. This method offers the possibility to gain unprecedented insights into the function 95 

of the genes and the metabolic pathways with the construction of insertion mutant libraries, 96 

as well as an improved way towards the categorization of conditionally essential and non-97 

essential genes. As a proof-of-principle we generated a large library, from which we obtained 98 

four double-deletion mutants, deleting over two cycles up to 7.4% of a single genome. 99 

 100 

RESULTS AND DISCUSSION 101 

Mini-transposon libraries for P. putida strain TEC1 102 

In order to randomly endow the strain with the genetic scissors, we customized two mini-103 

transposons, mini-Tn5 KpF and mini-Tn5 TF, each carrying a single selectable marker 104 

(kanamycin resistance cassette (Km) and potassium tellurite degradation cassette (Tel), 105 

respectively) and one FRT site (Fig. S1). The sequence of each mini-transposon can be 106 

retrieved from GenBank under the following accession numbers: JQ406586 (mini-Tn5 KpF) 107 

and JQ406587 (mini-Tn5 TF). These mini-transposons are key elements for strain 108 

streamlining and are specifically engineered for an efficient isolation of the insertion mutants 109 

and a rapid generation of genomic deletions. The pyrF gene was used in mini-Tn5 KpF both 110 

as selectable and counter-selectable marker due to the lack of pyrF in TEC1 (uracil auxotroph 111 

and 5’-Fluoroorotic acid (FOA) resistant) (Galvao and de Lorenzo, 2005). Cloning of the 48-112 

bp (base pairs) FRT sequence, into the mini-transposon derivatives, prepared the resulting 113 

insertion mutants for the recombination and deletion step. 114 

After transposition of mini-Tn5 KpF to TEC1, 61 Single Mini-Transposon (SMT) mutants 115 

(93% of the tested colonies) were isolated on minimal medium (Fig. 2A). Mapping the mini-116 
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Tn5 KpF for each mutant by Arbitrary Primed-Polymerase Chain Reaction (AP-PCR) 117 

revealed a different location in ~90% of the cases (Fig. 2B and S2A). Fifty one genes were 118 

disrupted, covering 15 of the 20 cellular role categories found in TEC1, and three insertions 119 

occurred in distinct intergenic regions (data not shown). We next chose randomly nine SMT 120 

mutants (Table 1) for insertion of mini-Tn5 TF and generation of a Two Mini-Transposons 121 

(TMT) mutant library. We selected 573 KmR, TelR, FOAS and Piperacillin (Pip)S TMT 122 

mutants, corresponding to 93.5% of the tested colonies, (Fig. 2C) and submitted half of this 123 

library to AP-PCR to determine the location of each pair of mini-Tn5 derivatives. In 90% of 124 

the cases, a different gene or intergenic region was disrupted by a mini-Tn5 TF, which 125 

represented 255 independent hits spread over the chromosome (Fig. S2B). 126 

The mini-transposon insertions in the SMT and TMT mutants highlighted the non-essentiality 127 

of the genes that were disrupted individually or in combinations, when grown in minimal 128 

medium supplemented with citrate and uracil. We also compared this list of genes with the 129 

list of persistent genes established in P. putida F1 (personal communication), highly similar 130 

to strain KT2440. A persistent gene was described as being present in a majority of 131 

organisms. The persistence does not necessary imply the conditional essentiality of a gene 132 

while a non-essential gene does not automatically induce its non-persistence (Fang et al., 133 

2005; Danchin, 2009). In our study we found six genes considered as persistent which were 134 

hit by a mini-Tn5 derivative: PP_0245, encoding a S1 RNA-binding domain-containing 135 

protein; PP_0483, encoding an excinuclease ABC subunit A; PP_0806, encoding a seed 136 

colonization adhesion protein LapF; PP_1896, encoding an ABC transporter; PP_4111, 137 

encoding an elongation factor G and PP_4185, encoding a succinyl-CoA synthetase subunit 138 

alpha. These six genes illustrate properly the case of a persistent gene coding for non-139 

essential function for the survival of the cell under experimental conditions. 140 
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First round of deletions 141 

The double insertion mutants library representatively provide TEC1 with a range of targets 142 

for the FLP recombinase. As a proof-of-principle we pre-selected, in silico, potential 143 

candidates for deletion. We first screened the TMT mutants to choose the ones in which both 144 

FRT sites were inserted in the same orientation (Schweizer, 2003). Additionally, we 145 

considered the relative order of both mini-Tn5 derivatives within the chromosome leading to 146 

the simultaneous loss of the resistance cassettes and the framed genomic fragment. The 147 

corresponding single-deletion mutants (∆1) would retrieve the wild-type phenotype and 148 

would further be used for the next round of deletion. Following this approach, we determined 149 

63 mapped TMT candidates (24.8%) leading to the expected KmS, TelS, FOAR phenotype. 150 

We analyzed them in greater details and selected the candidates that would generate a broad-151 

ranged size of deletion (i.e. between 41 and ~1,000 kb (kilobase pairs)). We kept apart the 152 

candidates in which the origin of replication as well as predicted conditional essential genes 153 

might be lost after deletion in order to maintain a certain fitness of the cells (Nogales et al., 154 

2008; Puchalka et al., 2008; Molina-Henares et al., 2010).  155 

In total seven TMT mutants were selected, issued from four independent SMT mutants 156 

(Table 1), for the conjugative introduction and expression of the recombinase (Fig. 2D). After 157 

selection on sucrose LB medium, two independent KmS, TelS, FOAR and tetracycline (Tc)R 158 

single-deletion mutants (29% of the tested TMT mutants) were generated: P. putida TEC1 159 

91-Δ1 and 407-Δ1, issued from 91-TMT and 407-TMT, respectively. The size of the lost 160 

fragments corresponded to 0.67% (41.5 kb) and 4.1% (253.9 kb) of the chromosome length, 161 

respectively, which we predicted in silico based on the position of the mini-Tn5 derivatives in 162 

the TMT mutants and we validated by PCR experiments with the ∆1 mutants. The full list of 163 

deleted genes is provided in Table S1 and S2. Sequencing the scar (S1) confirmed the 164 

rearrangement between both FRT sites as well as the absence of mutations. Its sequence 165 
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revealed segments from the mini-Tn5 derivatives and the recombined FRT site, and was 166 

flanked by distant genomic DNA sequences (Fig. 2D and Fig. S3). It was interesting to notice 167 

the proximity between the excisions in the two independent single-deletion mutants. Only 168 

four genes exist between the end of the deletion in 91-Δ1 (PP_3529) and the beginning of the 169 

one in 407-Δ1 (PP_3534). We did not find any persistent gene predicted in silico to be 170 

transcribed in these areas. We further streaked the mutant strains on M9 plates supplemented 171 

with uracil and citrate in order to assess the conditional essentiality of the group of deleted 172 

genes. TEC1 407-Δ1 grew in both LB and M9 media, supplemented with citrate and uracil. 173 

Mutant 91-Δ1, however, was able to grow only in LB medium. Comparison with the list of 174 

genes predicted essential for growth in M9 medium, with glucose as carbon source, revealed 175 

the potential responsibility of the branched-chain amino acid (BCAA) aminotransferase 176 

(IlvE), encoded by PP_3511 (ilvE) (Nogales et al., 2008). Supplementation of the minimal 177 

medium with the three BCAA (valine, leucine and isoleucine) was enough to restore growth 178 

of the mutant. Complementation of the 91-Δ1 mutant with the ilvE gene and assessment of its 179 

growth profile (data not shown) finally confirmed the essential role of the aminotransferase 180 

for growth in minimal medium, also when supplemented with citrate as carbon source. 181 

Second and successive genomic deletions 182 

As a result of the first genomic excision, S1 retains a single FRT site. Considering that a 183 

minimum of two sites is necessary for deleting a genomic fragment we inserted both mini-184 

Tn5s into 91-Δ1 and 407-Δ1 mutants, multiplying the targets for recombination (Fig. 1). 185 

Mutants Δ1 SMT and further Δ1 TMT were pooled after each triparental mating, omitting the 186 

intermediary mapping of the mini-transposons, and were directly used for the insertion and 187 

expression of the recombinase, therefore increasing the amount of candidates for a second 188 

deletion. The recombinase carrying vector was finally transferred to a pool of Δ1 TMT 189 

mutants featured with three integrated FRT sites. After the recombination and deletion step, 190 
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putative double-deletion mutants (91-Δ2 and 407-Δ2) were tested for resistance to Tel, Km, 191 

Pip and FOA on LB plates. We found 26% of the putative 91-Δ2 mutants to be PipS and KmS 192 

but TelR. For putative 407-Δ2 mutants we found 62% that were PipS and KmS, an equal share 193 

was either TelR or TelS. The loss of at least one resistance feature implied a genomic 194 

rearrangement leading to a second deletion in both 91-∆2 and 407-∆2. We isolated therefore 195 

colonies with either phenotype. We drew in silico an overview of the possible genomic 196 

rearrangements and subsequent scars present in the Δ1 TMT and resulting Δ2 mutants (Fig. 197 

3). Considering the phenotypes observed (KmS and TelR or KmS and TelS) and the orientation 198 

and position taken by the mini-Tn5 TF and KpF, we distinguished two configurations for the 199 

new scar (S2) in terms of sequence in the Δ2 mutants and four possible scenarios. 200 

Double-deletion Δ2 mutants 201 

The potential remaining presence of S1 in the Δ2 mutants was verified by PCR. We selected 202 

five (KmS, TelR) 91-Δ2, five (KmS, TelR) 407-Δ2 and five (KmS, TelS) 407-Δ2 mutants to test 203 

this approach. Experiments with the latest indicated the remaining presence of the FRT site 204 

from S1 and, therefore, the recombination between the newly inserted mini-transposons (Fig. 205 

3A, presence of S1 and S2 in the chromosome). The rearrangement between the FRT sites 206 

was verified by genome de novo sequencing (BaseClear, Leiden, The Netherlands) that 207 

revealed the lack of 19 additional consecutive genes for mutant 407.1-Δ2 (Table S3), located 208 

more than 600 kb downstream of the first deletion (Fig. 4A). Combined, this corresponded to 209 

a reduction of 4.4% of the genome size (219 lost genes). In the case of (KmS, TelR) 91-Δ2 and 210 

407-Δ2 mutants, FRT sites present in S1 and in mini-Tn5 KpF seemed to have recombined 211 

and hence deleted a fragment adjacent to the first deletion (Fig. 3B and 4B). By direct 212 

genome sequencing (BaseClear), we found that the second deletion in the chromosome of 213 

407.3-Δ2 (KmS, TelR) excised 174 additional genes (Table S4), extending the whole deletion 214 

to 7.4% of the chromosome, which is a technical advance in rapid large-scale deletions. In 215 
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total the mutant lacked 372 consecutive protein-coding ORFs (6.9 % of the total gene count) 216 

including among others 117 hypothetical protein coding genes and seven transposase genes 217 

(~8% of the set), covering four of the eight paralogous families present in P. putida. The 218 

deletion of the latest may contribute to genetically stabilize the strain, as it was shown in the 219 

past with the generation of mutants from E. coli in which the insertion sequences were 220 

deleted increasing the genetic stability (Pósfai et al., 2006). The two Δ2 mutants generated in 221 

the present study revealed the diversity in the size range of mutation combinations that one 222 

can obtain by applying this procedure. We were able to expand the size of the first large 223 

deletion from 407-Δ1 to obtain 407.3-Δ2 mutant but also to create a second deletion much 224 

smaller at a different site in the chromosome of 407.1-Δ2 mutant. Both second deletions were 225 

located in areas in which persistent genes were predicted to be absent and only four genes 226 

were predicted as essential when grown in M9 medium (Nogales et al., 2008) supplemented 227 

with glucose as carbon source. Time-dependent cell density was measured for the single and 228 

double-deletion mutants in LB medium; all showed a similar or better growth than the wild-229 

type, with final cell densities up to 1.4 times higher than TEC1. Double-deletion mutants 230 

obtained from 91-Δ1 mutants were deprived of ilvE gene and were not able to grow in 231 

minimal medium without the supplement of BCAA. This predicted essential gene was the 232 

only one verified in the case of growth with citrate. The three other predicted essential genes 233 

for growth in glucose within these areas (PP_3363, PP_3633 and PP_3721) did not seem to 234 

play any essential role in the growth with citrate when simultaneously deleted, (PP_3633 and 235 

PP_3721) in 407-Δ1 and (PP_3363, PP_3633 and PP_3721) in 407.3-Δ2. Observing the 236 

preference of the strain to delete these parts of the genome, it is interesting to correlate the 237 

possible random deletion with certain favourite genomic islands. 238 
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Finally, full genome sequencing of both Δ2 mutants gathered precious information for future 239 

analyses, however it would be possible to further enhance the detection of the second deletion 240 

by applying appropriate modifications to the mini-Tn5 transposons. 241 

 242 

CONCLUSIONS 243 

The work herein described reports the first random large-scale deletion in a Pseudomonas 244 

species, and one for which no prior knowledge of potential dispensable genes is required, and 245 

a new step in genome streamlining. This method differs substantially from previous genome 246 

reduction approaches in E. coli (Pósfai et al., 2006; Yu et al., 2008) and P. putida (Martinez-247 

Garcia and de Lorenzo, 2011), due to our rapid generation of insertion libraries from which 248 

numerous genomic regions can be deleted over successive rounds of reduction. The possible 249 

multiplexing and automation of part of the streamlining process could greatly accelerate and 250 

facilitate the workflow. 251 

The repetition of the procedure on the double-deletion mutants as well as the establishment of 252 

further multiple-deletion (∆x) SMT mutants could allow further increases in the genome 253 

reduction beyond the 7.4% already obtained, leading towards determining a functional 254 

essential core of the genome under the specified conditions. Through detailed “omics”, 255 

genetic and biochemical analyses, this would give invaluable insights into the metabolic and 256 

regulatory pathways of this fascinating bacterium, it would increase our knowledge about 257 

gene essentiality and, more importantly, of the interactions among genes, which cannot be 258 

predicted on the basis of annotated functions. 259 

Once adapted, validated and applied to other relevant bacteria, this method could open new 260 

avenues for the streamlining of the genomes of Gram-negative bacteria, due to the use of the 261 

broad host range vectors pBAM1 and pBBFLP. This could provide precious tools to unravel 262 

metabolic and regulatory networks, the function and nature of the interactions of the genes 263 
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and to, subsequently engineer genomes for enhanced à la carte biocatalysis in industrial 264 

contexts and in the bioremediation process of contaminated sites. 265 

266 
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METHODS 267 

Bacterial strains and media 268 

E. coli and P. putida strains were grown at 37°C and 30°C, respectively, in Lysogeny-Broth 269 

(LB) medium supplied with the following antibiotics and mineral compound when described: 270 

chloramphenicol (Cm) 15 µg.ml-1, gentamycin (Gm) 30 µg.ml-1, kanamycin (Km) 50 µg.ml-1, 271 

piperacillin (Pip) 40 µg.ml-1, potassium tellurite (Tel) 40 µg.ml-1 and tetracycline (Tc) 15 272 

µg.ml-1. 5-Fluoroorotic acid (FOA, Zymo Research) was added to the media at 350 µg.ml-1. 273 

For the counter-selection of E. coli strains, nalidixic acid (8 µg.ml-1) was added to LB. 274 

Additionally, P. putida TEC1 was grown in M9 minimal medium supplemented with citrate 275 

(2 g.l-1) as the carbon source and uracil (20 µg.ml-1) (Galvao and de Lorenzo, 2005). We 276 

carried out the restriction and ligation (T4 DNA Ligase) procedures following the provider’s 277 

instructions (New England Biolabs, Fermentas and Roche). For chemical transformations we 278 

transferred ~400 ng of plasmids to 100 µl of E. coli competent strains following the standard 279 

method (O'Toole et al., 1999). We isolated and purified genomic DNA of the mutant strains 280 

using the Wizard Genomic DNA Purification Kit (Promega). Primers for the different PCR 281 

and AP-PCR experiments were synthesized by Eurofins MWG Operon and Eurogentec. We 282 

purified all PCR products with the QIAquick PCR Purification Kit (QIAGEN). 283 

Construction of mini-Tn5 derivatives 284 

We generated mini-Tn5 KpF and mini-Tn5 TF based on pBAM1 (Martinez-Garcia et al., 285 

2011) and pJMT6 (Sanchez-Romero et al., 1998), respectively (Leprince et al., 2012). 286 

Briefly, the pyrF operon was amplified from the genomic DNA of P. putida KT2440 and 287 

flanked with BamHI and HindIII sites using the pyrF1F and pyrF2R primers. The fragment 288 

was further cloned into BamHI/HindIII sites of pattFRT vector (De las Heras et al., 2008) 289 

downstream of the FRT site. We then amplified the whole fragment FRT::pyrF with the 290 
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primers Fp 1F and Fp 2R which added NotI restriction site at both ends and inserted in 291 

pBAM1 at the corresponding sites. In order to construct mini-Tn5 TF, we amplified the FRT 292 

fragment with the primers F 10F and F 11R and cloned it into the pGEM-T Easy vector 293 

(Promega, Madison). We further extracted the FRT fragment by restriction with NotI and 294 

cloned it into pJMT6. The primers sequences can be found in Table S5. The generated 295 

delivery vectors were named pBAM1-KpF (mini-Tn5 KpF) and pJMT6-TF (mini-Tn5 TF). 296 

Chromosomal insertion of mini-Tn5 KpF and mini-Tn5 TF 297 

We first transferred both suicide mini-Tn5 derivative carrying plasmids to competent E. coli 298 

strain CC118λpir by chemical transformation. We inserted then pBAM KpF into P. putida 299 

TEC1 cells by triparental mating (De Lorenzo and Timmis, 1994). Exconjugants were 300 

selected on M9 medium supplemented with citrate and Km. In order to confirm the loss of 301 

the delivery plasmids and therefore, to avoid new transposition events; we confirmed the true 302 

transposition for each colony by verifying their sensitivity to Pip and FOA. We used a pool of 303 

nine SMT mutants as acceptor strains for the insertion of mini-Tn5 TF by triparental mating 304 

using E. coli CC118λpir pJMT6 TF as donor. We selected exconjugants on M9 medium 305 

supplemented with citrate, Km and Tel and verified the true transposition events by screening 306 

for a PipS phenotype. 307 

Presence and uniqueness of the mini-Tn5 insertion 308 

We first verified the uniqueness of the mini-Tn5 insertion by Southern blot analyses. We 309 

digested 4 µg of genomic DNA with EcoRV and separated the restriction mixture on a 0,8 % 310 

(wt/vol) agarose gel. We further transferred the embedded fragmented gDNA overnight to a 311 

positively charged Nylon Membrane (Hyperbond N+, Amersham). In the mean time we 312 

amplified by PCR the kanamycin and tellurite probes from the Km resistance gene (mini-Tn5 313 

KpF) and from the Tel cassette (telA gene from mini-Tn5 TF), respectively, with the 314 
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following sets of primers: Km-pBAM-F / Km-pBAM-R and Tel-F / Tel-R. The primers 315 

sequences are found in Table S6. The probes were labeled, following the provider’s 316 

instructions (Amersham) and mixed with the buffer containing the membrane for overnight 317 

hybridization at 42 °C. After washing the membrane and applying the detection reagents, 318 

homologous sequences inside the restricted fragments were revealed by chemiluminescence. 319 

Identification of the chromosomal mini-Tn5 insertions 320 

We then mapped the position of the inserted mini-Tn5s by Arbitrary Primed-PCR using the 321 

genomic DNA of the SMT and TMT mutants (Fig. 2B). The detailed method is described 322 

elsewhere (Leprince et al., 2012). Briefly, two pairs of primers were used in two separated 323 

rounds of amplification with different sequences depending on the targeted mini-Tn5 324 

transposons (Table S7). We applied some modifications to the method. The P2 primer used 325 

for analyzing mini-Tn5 TF was replaced by F 10F. The volume reactions corresponded to 326 

half of the described volumes and the annealing step for the 30 cycles was 50 °C for 30 s, for 327 

the first round, and 56 °C for 30 s, for the second round. Purified PCR products were sent for 328 

sequencing (Eurofins MWG Operon) with the external primer P2. The results were analyzed 329 

with the Sequence Scanner v1.0 software (Applied Biosystems) and compared with the 330 

genome of P. putida KT2440 using the BLASTn program (NCBI). 331 

Deletion of the first genomic fragments 332 

We transferred the pBBFLP vector via triparental mating to each TMT candidate. The 333 

exconjugants were selected on M9 medium supplemented with cit and Tc. Inoculation of the 334 

TcR exconjugants in LB supplemented with cit, ura and Tc, allowed expression of the FLP 335 

and consequent recombination between the two FRT sites present in the genome. Further 336 

selection on 5% (wt/vol) sucrose medium allowed the elimination of pBBFLP from the cells 337 

after recombination. Successful deletion events were determined by streaking up to several 338 
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hundred colonies onto basic citrate and uracil media and Km, Tel or FOA supplemented 339 

media. PCR experiments were carried out with the TelS, KmS and FOAR colonies. Knowing 340 

the original position of the two mini-transposons for each TMT candidate we designed 341 

specific primers to amplify a 400-800 bp product in each successful corresponding ∆1 mutant 342 

with Primer3-web (v. 0.4.0) interface of the Primer3 software (Rozen and Skaletsky, 2000). 343 

The different PCR products were sequenced at Eurofins MWG Operon with both primers. 344 

The sequencing results were blasted against the genome of P. putida KT2440 (Fig. S3). 345 

Second random genomic deletion 346 

The mini-Tn5 TF was inserted by conjugation in the genome of the ∆1 mutants and the 347 

exconjugants were selected on LB plates containing citrate, uracil, Tel and Na. Putative Δ1 348 

SMT mutants were directly resuspended from the plates with LB containing citrate and Tel 349 

and used as acceptor strain for the insertion of mini-Tn5 KpF. We selected the putative Δ1 350 

TMT mutants on LB agar supplemented with citrate, Tel, Km and Na. We resuspended 351 

directly the exconjugants with the corresponding LB broth. After overnight incubation, the 352 

culture was involved as acceptor strain in the conjugation with E. coli HB101 and E. coli 353 

CC118λpir pBBFLP. We allowed the FLP carrying plasmid to replicate and express the 354 

recombinase overnight on medium containing citrate, uracil, Na and Tc. We further gathered 355 

colonies together and inoculated them in LB supplemented with uracil, citrate, Na and Tc. 356 

After a short incubation the culture was spread on 5% sucrose medium. An average of two to 357 

three days at 30°C was necessary to isolate colonies which were tested on LB supplemented 358 

with citrate and uracil and containing either Km, Tel, FOA or Pip. Verification of the deleted 359 

fragments were carried either with genome de novo or direct genome sequencing 360 

experiments. In any case bacterial material (single colonies on LB plates) was sent for 361 

genomic DNA isolation (BaseClear, Leiden, The Netherlands). Genome de novo sequencing 362 

was further processed by the company as a paired-end sequencing on an Illumina platform 363 
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over 50 runs delivering reads of 75 bps. Sequencing data were analyzed with the Tablet 364 

graphical viewer (Milne et al., 2010). Direct sequencing was carried out using the primer 365 

PP_3733 rv (5’-AGGGCCAGGCTTCGTACTAT), designed from the genomic DNA 366 

fragment located downstream of the scar S1 and orientated towards the Oend of S1. 367 

Sequencing results were blasted against the genome of P. putida KT2440. 368 

369 
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Table 484 

Table 1 — Description of the disrupted genes in the selected SMT and further TMT 485 

mutants 486 

Mutant ID Gene Function of the disrupted gene 

SMT   

1 PP_5025 (mdoH) glucosyltransferase MdoH 

2 PP_1695 integral membrane sensor hybrid histidine kinase 

3 PP_3490 cupredoxin domain protein 

5 PP_1490 methyltransferase, CheR-like 

6 PP_1869 extradiol dioxygenase 

7 PP_3534 LysR family transcriptional regulator 

8 PP_4828 (cobH) precorrin-8X methylmutase 

9 PP_0077 (betC) choline sulfatase 

10 PP_0072 (qor-1) quinone oxidoreductase 

TMT   

21 (9) PP_0168 (lapA) large adhesion, surface associated 

69 (10) PP_0179 RND efflux transporter 

91 (3) PP_3529 Ssud-like monooxygenase 

113 (9) PP_0971 conserved hypothetical protein 

253 (3) PP_4011 (icd) isocitrate dehydrogenase, NADP-dependent 

407 (7) PP_3733 ABC transporter lipoprotein, putative 

475 (10) IR_5275-5276 - 

IR, Intergenic Region 487 

 488 
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FIGURE LEGENDS 489 

Figure 1| Cyclical random large-scale deletion method 490 

The cyclical decrease in size of the white circles (not to scale) schematizes the reduction of 491 

the wild-type (WT) genome. Removal of random segments framed by recombinase 492 

recognition targets (black rectangles) successively generates the single-deletion (∆1) and 493 

double-deletion (∆2) mutants. Repetition of the method n times would produce a mutant 494 

reduced by n genomic fragments. 495 

Figure 2| First random deletion in P. putida 496 

(A) Insertion of the mini-Tn5 KpF and generation of a library of KmR, TelS single mini-497 

transposon (SMT) mutants. (B) Mapping of the mini-Tn5 by AP-PCR for each SMT mutant, 498 

following two rounds (rxn) of amplification and using two pairs of primer (P1/ARB1 and 499 

P2/ARB2). Sequencing of the PCR products, using P2. The results were blasted against the P. 500 

putida KT2440 genome. (C) Insertion of the mini-Tn5 TF into selected SMT candidates and 501 

generation of a library of KmR, TelR two mini-transposon (TMT) mutants. Mapping of mini-502 

Tn5s by applying AP-PCR as in B. (D) Insertion of pBBFLP vector and expression of the 503 

FLP recombinase in the selected TMT candidates. Selection of the KmS, TelS single-deletion 504 

(∆1) mutant. 505 

Figure 3| Possible configurations for the scar S2 506 

(A) Left: observed phenotype for 407.1-∆2 double-insertion mutant. Possible orientation (red 507 

arrow) and position of the newly inserted mini-Tn5s and the scar S1 in the KmS, TelS single-508 

deletion mutant. Two cases only are reported to symbolize the nine possible different 509 

situations, depending on the orientation and position of the passive FRT site. Right: 510 

visualization of the resulting scar S2 in the double-deletion mutant, either as a single scar or 511 
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in the presence of S1 (both identical in sequence). (B) Left: observed phenotype for 407.3-∆2 512 

mutant. Possible orientation and position of the newly inserted mini-Tn5s and S1 in the KmS, 513 

TelR single-deletion mutant (five different cases in total). Right: visualization of the resulting 514 

S2 in the double-deletion mutant, either in presence of mini-Tn5 TF or as a single scar. FRT 515 

sites (red arrow), Km resistance cassette (beige), Tel degradation cassette (blue), ends of 516 

mini-Tn5s (black), respectively, Oend/Iend and ME-O/ME-I. 517 

Figure 4| Genomic deletions in the double-deletion mutants of P. putida 518 

The oranges boxes represent the 4.1% loss in the genome of the 407-∆1 single-deletion 519 

mutant. The green boxes highlight the different second genomic deletions in the 407.1-∆2 520 

(A), corresponding to distant loss of 0.3% and 407.3-∆2 (B) mutants, corresponding to an 521 

adjacent loss of 3.3% of the genome size. The origin (oriC) and terminus of replication are 522 

indicated in red. The maps were generated using the CGView genome viewer (Posfai et al., 523 

1999). 524 
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