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Identification of novel persistence genes in Pseudomonas aeruginosa in the combat against emerging antimicrobial resistance
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Introduction

Pseudomonas aeruginosa is an opportunistic pathogen that causes severe infections in immunocompromised patients, especially in individuals with cystic fibrosis (Lyczak et al., 2002). The presence of specialised persister cells in biofilms and planktonic stationary phase cultures makes it virtually impossible to completely eradicate the bacterial population. These persister cells represent a small fraction of phenotypic variants within the population that remain viable even after prolonged treatment with high doses of antibiotics. Since the overall antibiotic susceptibility of their offspring remains the same as that of the original population, these cells are not considered to be mutants 
 ADDIN EN.CITE 
(for reviews on persistence see Levin & Rozen, 2006; Lewis, 2008)
. Although persister cells were discovered as early as 1944 by Bigger (1944), they were ignored for a long time. Even though efforts were undertaken for large-scale screenings in the search for persistence genes, they have so far been performed only in E. coli and mostly with limited success 
 ADDIN EN.CITE 
(Hu & Coates, 2005; Spoering et al., 2006; Hansen et al., 2008)
.

Here, we describe the first large-scale screening of a P. aeruginosa mutant library to identify genes that contribute to the persistence phenomenon in this pathogen. Several mutants with either an increased or decreased number of surviving persister cells were identified and subjected to sequence analysis.

Results 

Screening of a PA14 mutant library for mutants with altered persistence

A library of 5000 P. aeruginosa PA14 mutants was constructed and screened. The selection procedure for persistence mutants was based on differential survival of stationary phase cells after a 5 hours treatment with ofloxacin (5 µg mL-1) compared to the wild type. The fluoroquinolone ofloxacin was chosen because of its lethality to non-dividing cells. After treatment, the cells were diluted and incubated in an automated optical density (OD) plate reader to generate growth curves of the surviving cells. The selection for persistence mutants was based on a significant difference in lag phase compared to the wild-type cells. After an initial round of screening, 126 mutants were selected and their phenotype was confirmed by independently repeating the persistence assay using plate counts. MIC50 values were determined and no resistant mutants were found among the selected mutants. Finally, nine mutants consistently displaying an altered persister fraction were retained (illustrated in figure 1). 
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Fig. 1.  Mean relative persister fraction of the nine selected P. aeruginosa mutants. The persister fraction is defined as the number of surviving cells after treatment with ofloxacin, divided by the number of cells of the control condition. The relative persister fraction for each mutant is the persister fraction of the mutant divided by that of the wild type (value of 1 in the Y-axis). Each data point in the graph is calculated as the inverse logarithm of the mean of the logarithmic values of these relative persister fractions of separate experiments (each experiment was independently repeated at least 4 times). The bars represent the 25th and 75th percentiles of the data series. Each number in the X-axis represents the corresponding CMPG mutant strain. 

Identification of the selected mutants
Sequence analysis revealed the plasposon insertion site in the selected mutants to be located in genes of diverse functional classes, such as enzymes and regulators involved in various cellular processes (summarized in table 1). A selection of persistence genes will be discussed in more detail below.

CMPG13400 has a persister fraction 16 times lower than that of the wild type. The plasposon is inserted in a putative Rad3-related DNA-helicase, similar to E. coli dinG 
 ADDIN EN.CITE 
(Voloshin et al., 2003)
. In E. coli, DinG is involved in stress-induced DNA-repair and P. aeruginosa PAO1 dinG is one of the genes activated upon ciprofloxacin treatment in a LexA-dependent manner 
 ADDIN EN.CITE 
(Cirz et al., 2006)
. Debbia and colleagues 
 ADDIN EN.CITE 
(Debbia et al., 2001)
 suggested that persister cells are in a dormant state as a result of repairing spontaneous errors of DNA synthesis, a mechanism that is known to block cell division. They showed that the persistence of an E. coli lexA knock-out mutant (defective in DNA repair mechanisms) against several antibiotics was significantly decreased. This corroborates the phenotype of CMPG13400 as plasposon insertion in dinG indeed lowers the persister fraction. Analysis of the expression profile of isolated persisters (Keren et al., 2004) also revealed elevated expression of genes involved in the SOS response. 
In CMPG13402 the persister fraction is lowered 4.4-fold compared to that of the wild type. The plasposon is inserted in spuC, encoding a putrescine aminotransferase. It is involved in putrescine and spermidine utilisation. Both putrescine and spermidine are natural polyamines that play a regulatory role in many cellular processes, such as protecting the cell from external toxic conditions. Exogenous addition of these polyamines decreases the antibiotic susceptibility against quinolones in P. aeruginosa PAO1 
 ADDIN EN.CITE 
(Kwon & Lu, 2006)
, supporting the low persistence phenotype of our mutant CMPG13402. 
In CMPG13405, the plasposon is inserted in the response regulator gene algR, resulting in a higher persister fraction than the wild type. AlgR is the response regulator of a two-component regulatory system and plays a role in a variety of processes (Gooderham & Hancock, 2009). Because of the broad regulatory spectrum of AlgR, it is difficult to speculate which mechanism(s) might be involved in persistence. A second two-component response regulator, pilH, was selected from the mutant library. This mutant CMPG13407 also develops more persisters than the wild type. Like AlgR, PilH is a global regulator in P. aeruginosa and is involved in twitching motility by controlling the synthesis of type IV pili 
 ADDIN EN.CITE 
(Barken et al., 2008)
. Previous screenings for persistence mutants in E. coli also revealed the involvement of global regulators such as DksA, SsrS-YgfA, DnaKJ, HupAB, and IhfAB 
 ADDIN EN.CITE 
(Hansen et al., 2008)
. 
Table 1. Mutants with an altered persistence phenotype and their plasposon insertion location

	Mutant ID
	PA14 locus1
	Gene
	Predicted function of gene product
	Relative persister fraction2

	Low persistence 
	
	
	

	CMPG13400
	PA14_50840
	dinG
	Putative DNA-helicase
	0.06

	CMPG13401
	PA14_66140
	
	Conserved hypothetical protein
	0.13

	CMPG13402
	PA14_03900
	spuC
	Putrescin aminotransferase
	0.23

	CMPG13403
	PA14_17880
	
	Acetyl-CoA acetyltransferase
	0.36

	High persistence 
	
	
	

	CMPG13404
	PA14_13680
	
	Putative short-chain dehydrogenase
	2.60

	CMPG13405
	PA14_69470
	algR
	Alginate biosynthesis regulatory protein
	3.32

	CMPG13406
	PA14_04150
	ycgM 
	Putative fumarylacylacetoacetate hydrolase family protein
	9.05

	CMPG13407
	PA14_05330
	pilH
	Type IV pilus response regulator
	17.16

	CMPG13408
	PA14_23280
	pheA
	Fused chorismate mutase-prephenate dehydratase
	18.39


1 www.pseudomonas.com
2 The persister fraction is defined as the number of surviving cells after treatment with ofloxacin, divided by the number of cells of the control condition. The relative persister fraction for each mutant is the persister fraction of the mutant divided by that of the wild type. Each value in the table is calculated as the inverse logarithm of the mean of the logarithmic values of these relative persister fractions of separate experiments (each experiment was independently repeated at least 4 times).
Conclusions

Despite the presence of persister cells in biofilm populations formed by some of the most health threatening pathogens, such as P. aeruginosa, little is known about their nature. Notwithstanding the limited success of previous screenings, we performed a high-throughput screening of a newly constructed mutant library of P. aeruginosa PA14 in order to broaden knowledge on persistence in this pathogen. Out of 5000 candidates, nine new persistence mutants were identified; four with a lower and five with an increased persister fraction compared to that of the wild type. These mutants were affected in genes belonging to diverse functional classes, including global regulators (CMPG13405, CMPG13407), and enzymes involved in different cellular processes such as amino acid synthesis and metabolism (CMPG13408), DNA-repair (CMPG13400), nutrient uptake (CMPG13402) or phospholipid metabolism (CMPG13403). Further analysis of these newly discovered persistence genes may in the future lead to new candidate targets for improved drug development.
Materials and methods
Bacterial strains, media and growth conditions. Pseudomonas aeruginosa strain PA14 was used for the library construction and was cultured in Trypticase Soy Broth (TSB) or solidified medium (1.5 % agar) at 37 °C. Following antibiotics were used: gentamycin (Gm, 45 µg mL-1), ofloxacin (Ofl, 5 µg mL-1) and tetracycline (Tc, 200 µg mL-1). Escherichia coli strains were grown in Luria-Bertani (LB) broth or solidified medium (1.5 % agar) at 37 °C. Following antibiotics were used: gentamycin (Gm, 30 µg mL-1) and kanamycin (Km, 50 µg mL-1). 
Construction of a PA14 mutant library. A mutant library of P. aeruginosa PA14 was constructed by random insertional mutagenesis using a pTnMod-OGm plasposon (Dennis & Zylstra, 1998). The plasposon was transferred to PA14 by conjugation as described by D’Hooghe et al. 
 ADDIN EN.CITE 
(1995)
. 
Persistence assay. The mutants were inoculated in microtiter plates with 200 µL TSB at 37 °C, shaking at 200 rpm. After overnight growth, 90 µL of the culture was mixed with 10 µL of ofloxacin (5 µg mL-1). As a control, 90 µL of the overnight culture was treated with sterile water. For the confirmation of the persistence phenotype the PA14 mutants were grown to stationary phase in test tubes with 5 mL TSB at 37 °C shaking at 200 rpm. The treatment was performed in test tubes with 1 mL culture and 10 µL of an ofloxacin (5 µg mL-1). The control treatment with water was also performed in a test tube with 1 mL culture and 10 µL water. All the ofloxacin and control treatments were performed at 37 °C, shaking at 200 rpm, during 5 hours.
Selection of persistence mutants. After ofloxacin treatment, the cultures were diluted 100-fold and incubated in an automated OD plate reader (Bioscreen C, Oy Growth Curves Ab Ltd). The linear relationship between the number of cells incubated and the lag phase of the growth curve was confirmed in the context of this research. Based on the lag phase of the growth curves generated by the plate reader, mutants with an altered number of persister cells were selected. This selection comprises the 5 % most extreme values of lag phases when analysing all the growth curves of the complete mutant library. 
MIC50 determination. The MIC50 was defined as the minimal antibiotic concentration needed to inhibit growth by 50 % and was determined with a standard macro dilution procedure. Ofloxacin concentrations ranged from 10 µg mL-1 to 0.02 µg mL-1 in a 2-fold dilution series and the test was carried out in TSB broth at 37 °C, shaking at 200 rpm.
Identification of the plasposon insertion location. To determine the genomic region of the plasposon insertion, the general procedure of sub-cloning and subsequent sequencing was carried out as described by Moris et al. 
 ADDIN EN.CITE 
(2005)
. In some cases, sub-cloning was ineffective and genomic sequencing was performed instead.
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