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Editorial on the Research Topic
 Pseudomonas and Acinetobacter: From Drug Resistance to Pathogenesis



The serious implications of Pseudomonas and Acinetobacter in healthcare setting outbreaks, along with their antimicrobial-resistant propensities, make it clear that these genera pose an imminent threat to public health. Both Pseudomonas and Acinetobacter employ numerous virulence factors that enhance their success as pathogens: biofilm formation, surface lipopolysaccharide, outer membrane proteins, secretion systems, etc. With respect to resistance, both microorganisms are intrinsically resistant to several classes of antibiotics. Furthermore, they can additionally acquire mobile genetic elements that confer further antimicrobial resistance; thus, pan-drug resistant isolates can be identified. Therefore, better understandings of the epidemiology, virulence, pathogenesis, and resistance patterns of and possible therapeutic options for these microorganisms are in constant demand.

When surveying Acinetobacter, Dahdouh et al. characterized 90 clinical isolates of Acinetobacter baumannii for their clonality, growth rates, antimicrobial susceptibility profiles, virulence factors, and mechanisms of carbapenem resistance. They discovered that most of their isolates belonged to international clone (IC) II, and had a high rate of carbapenem resistance; blaOXA−23−like was the most common resistance gene. Despite these common features, there was no specific pattern of virulence, antimicrobial susceptibility profile, or growth rate associated with a clone. However, an association was found between surface motility, biofilm formation, and siderophore production. Taken together, these results imply that each Acinetobacter infection should be dealt with as a unique case, despite the presence of possible common clonality or antimicrobial resistance patterns. Additionally, a retrospective observational study by Ballouz et al. analyzed clinical outcomes and risk factors to predict mortality of patients with Acinetobacter bacteremia. It was observed that 91.1% of A. baumannii isolates causing bacteremia were extensively drug resistant (XDR). 75.3% of patients with A. baumannii bacteremia showed an Eastern Cooperative Oncology Group (ECOG) performance status of 4. Moreover, 70.37% of enrolled patient deaths were directly related to that bacteremia. No statistically significant differences in demographic, XDR profile, or source of bacteremia between survivors and non-survivors were identified; however, risk factors independently associated with mortality due to A. baumannii bacteremia included high-dose steroids and septic shock

In terms of virulence factors, the review by Moradali et al. highlighted the clinical importance of Pseudomonas aeruginosa infections in cystic fibrosis (CF) patients and as a causative agent of hospital-acquired infections. Furthermore, the review described the most recent findings on adaption mechanisms employed by P. aeruginosa for survival; discussed topics included the quorum sensing (QS) system, biofilm formation, antimicrobial resistance mechanisms, adaptive radiation, stringent responses, and resistance to foreign DNA. In addition, a review by Hotterbeekx et al. discussed the interaction between P. aeruginosa and Staphylococcus spp. in vitro and in vivo. The presence of Gram-positive bacteria increases the production of extracellular virulence molecules by P. aeruginosa, which presumably serves as a defense mechanism. However, these molecules also damage host tissue, especially in the case of CF patients. On the other hand, Staphylococcus aureus adapts to P. aeruginosa by switching to the small colony variant (SCV) phenotype. This switch results in slowed cellular growth and cellular functions that result in increased survival in unfavorable conditions. In a multi-species biofilm, S. aureus can resist antibiotics by benefitting from the P. aeruginosa biofilm. As a result, the co-presence of Staphylococcus spp. and P. aeruginosa can worsen disease outcome.

On the other hand, the review by Lee et al. extensively characterized multiple biological aspects of A. baumannii, including virulence factors, antimicrobial resistance mechanisms, and possible treatment options. Pathogenic characteristics covered included porins, capsular and lipopolysaccharides, phospholipases, outer membrane vesicles, metal acquisition, biofilm formation, and protein secretion systems. Antimicrobial resistance mechanisms included efflux pump upregulation, β-lactamases of several classes, membrane permeability defects, and aminoglycoside-modifying enzymes. Possible treatment options encompassed carbapenems with β-lactamase inhibitors, tetracyclines, polymyxins, and phage therapy. Furthermore, Rumbo-Feal et al. analyzed the products of the gene cluster A1S_0112-A1S_0119 of A. baumannii ATCC 17978. They were able to verify that A1S_0112-A1S_0119 represents a polycistronic operon consisting of eight genes. Additionally, they determined that the A1S_0114 gene is associated with acetin 505 (Ac-505), which is needed for cell adherence. Three animal model studies showed that A. baumannii with an A1S_0114 gene deletion experienced significantly reduced virulence and cell adherence; thus, it was concluded that the A1S_0114 gene is involved in A. baumannii pathobiology.

When studying pathogenic behavior, López et al. investigated the effect of bile salts on the growth, virulence, and gene expression of A. baumannii clinical isolates and isogenic mutant strains that lack the AdeABC efflux pump. They reported that bile salts activated the A. baumannii QS system and modulated surface motility, biofilm formation, and the bacterial Type VI secretion system. In addition, bile salts also increased A. baumanniii invasiveness. As for P. aeruginosa, Bielen et al. made use of the chronic pneumonia agar bead model to examine innate immunity in relation to biofilm-like structures. They demonstrated that such a model in rats can activate the same anti-inflammatory type 2 (Th2) cytokines and innate immune cells that are also documented in CF patients; thus, these authors concluded that these cytokines can be used as biomarkers for infections in CF patients.

When studying resistance patterns, Hua et al. employed a multi-omics approach to examine colistin resistance mechanisms. Specifically, colistin resistance was induced in an A. baumannii clinical isolate and then whole genome sequencing (WGS), transcriptome and real-time quantitative PCR analysis, proteomics analysis, and growth rate studies were performed on the isolate. It was found that the growth rate of the mutant isolate was slower than that of the original strain. In addition, WGS showed the presence of ISAba1 upstream of lpxC in the mutant strain but not in the original isolate. Transcriptome and real-time quantitative PCR analysis revealed that 137 genes showed significant differential expression following induced resistance. Finally, proteomic analysis showed that while the expression of the AdeABC efflux pump was upregulated, certain biochemical pathways were downregulated in the mutant strain as compared to the original isolate.

Lu et al. explored the implications on conjugation of the interaction between the QS system of P. aeruginosa and the regulatory protein SdiA of Escherichia coli. They concluded that QS-SdiA interplay exerts an inhibitory effect on conjugation; the loss of lasI and rhlI genes in P. aeruginosa and the sdiA gene in E. coli, promoted the conjugation process. In addition, the authors concluded that repressed relaxase gene expression in donor cells might be the mechanism behind AHL inhibition of conjugation.

When identifying therapeutic options, Soudeiha et al. employed the checkerboard, time-kill curve, and perpendicular E-test assays to assess the effect of colistin and carbapenem combinations against MDR A. baumannii isolates that harbor several OXA-type carbapenemases. They found that while the checkerboard and perpendicular E-test assays show an additive effect for colistin and carbapenems, the time-kill curve assay showed a significant bactericidal effect for colistin and imipenem as compared to colistin and meropenem. In a different light, Du et al. demonstrated the bactericidal activity of the human salivary protein Histatin 5 (Hst 5) against ESKAPE pathogens, especially P. aeruginosa and A. baumannii. They concluded that Hst 5 exerts its bactericidal effect on Enterococcus faecium and Enterobacter cloacae upon internalization into the cell and on P. aeruginosa and A. baumannii through membrane disruption. The effect was delayed, but non-lytic, against S. aureus. Furthermore, Hst 5 was ineffective in killing Klebsiella pneumoniae. Their findings suggest the possibility of using Hst 5 as prophylactic topical antimicrobial therapy to prevent surgical, burn, and wound infections.

En masse, the articles included in this research topic help to shed light on the growing problems of drug resistance and pathogenesis of Pseudomonas and Acinetobacter.
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Introduction: Acinetobacter baumannii is a nosocomial pathogen that usually affects critically ill patients. High mortality rates have been associated with MDR A. baumannii infections. Carbapenem resistance among these isolates is increasing worldwide and is associated with certain International Clones (ICs) and oxacillinases (OXAs). Moreover, this organism possesses a wide range of virulence factors, whose expression is not yet fully understood. In this study, clinical A. baumannii isolates are characterized in terms of antibiotic resistance, mechanisms of carbapenem resistance, clonality, and virulence.

Materials and Methods: A. baumannii clinical isolates (n = 90) where obtained from a tertiary care center in Beirut, Lebanon. API 20NE strips in addition to the amplification of blaOXA−51−like were used for identification. Antibiotic susceptibility testing by disk diffusion was then performed in addition to PCRs for the detection of the most commonly disseminated carbapenemases. Clonality was determined by tri-locus PCR typing and doubling times were determined for isolates with varying susceptibility profiles. Biofilm formation, hemolysis, siderophore production, proteolytic activity, and surface motility was then determined for all the isolates. Statistical analysis was then performed for the determination of associations.

Results and Discussion: 81 (90%) of the isolates were resistant to carbapenems. These high rates are similar to other multi-center studies in the country suggesting the need of intervention on a national level. 74 (91.3%) of the carbapenem resistant isolates harbored blaOXA−23−like including two that also harbored blaOXA−24−like. 88.9% of the A. baumannii isolates pertained to ICII and three other international clones were detected, showing the wide dissemination of clones into geographically distinct locations. Virulence profiles were highly diverse and no specific pattern was observed. Nevertheless, an association between motility, siderophore production, and biofilm formation was detected (p < 0.05).

Conclusions: A very high rate of carbapenem resistance was detected, showing the need for immediate intervention. IC II and OXA-23-like were the most disseminated, reflecting their international dissemination. No specific associations were made between virulence and resistance, but instead associations among certain virulence factors were found. Investigating a more clonally diverse pool of isolates could help in the determination of associations between virulence and resistance.

Keywords: Acinetobacter baumannii, carbapenem resistance, virulence, clonality, oxacillinases

INTRODUCTION

Acinetobacter baumannii is a nosocomial pathogen that could cause severe secondary infections among critically ill patients (Gordon and Wareham, 2010). This organism has a wide range of intrinsic resistance mechanisms and a heightened ability to acquire resistance to a broad range of antimicrobial agents (Peleg et al., 2012). Mortality rates among critically ill patients infected with Multi-Drug Resistant (MDR) A. baumannii are high, especially when improper empirical treatments are given (Ñamendys-Silva et al., 2015).

Carbapenems have been the treatment of choice for treating critically ill patients with MDR A. baumannii infections (Breilh et al., 2013). However, the increasing rates of Carbapenem Resistant A. baumannii (CRAB) isolates (Tärnberg et al., 2016) have limited their efficacy and increased mortality rates among infected patients (Lemos et al., 2014). Oxacillinases (OXAs) are the most commonly identified mechanism of carbapenem resistance among A. baumannii isolates. These OXAs include OXA-23-like, OXA-24-like, and OXA-58-like (Nowak and Paluchowska, 2016). A. baumannii also harbors the intrinsic blaOXA−51−like in its genome. This OXA is highly conserved among A. baumannii strains (Turton et al., 2006a), but does not convey resistance to carbapenems unless associated with insertion sequences (Turton et al., 2006b). A few globally disseminated International Clones (ICs) have been found to cause most CRAB infections worldwide and have been associated with the presence of these OXAs (Karah et al., 2012).

A global surveillance program showed that Europe and the Mediterranean regions harbored the highest rate of MDR A. baumannii isolates (Flamm et al., 2016). Moreover, IC II was found to be widely disseminated among these countries (Di Popolo et al., 2011). This clone was also found to be largely disseminated in Lebanon (Rafei et al., 2014). Moreover, CRAB isolates were found to increase in prevalence in this country throughout the past decade (Hamouche and Sarkis, 2012). In 2012, 88% of 724 A. baumannii isolates recovered from various Lebanese hospitals were found to be resistant to imipenem (Hammoudi et al., 2015a). Although OXA-24-like (Hammoudi et al., 2015b) and OXA-58-like (Zarrilli et al., 2008) have been detected in this country, OXA-23-like seems to be the most prevalent among CRAB isolates (Rafei et al., 2015).

In addition to the various mechanisms of resistance detected among A. baumannii isolates, this organism can deferentially express various virulence factors. These factors include biofilm formation, surface motility, hemolysis on blood agars, siderophore production, and exoprotease activity; among others (Antunes et al., 2011). Whole genome sequencing and insertional mutagenesis led to the identifying of 28 genetic islands coding for genes predicted to be involved in virulence in this organism. Disruption of 6 of these islands did indeed result in avirulent isolates, as shown by infection models using Caenorhabditis elegans and Dictyostelium discoideum (Smith et al., 2007). Among the genes within these islands, genes coding for type IV secretion systems, which are associated with surface motility (Eijkelkamp et al., 2011a), are also found. Of note, A. baumannii was shown to produce different patterns of motility, depending on the choice (Difco Bacto or Eiken) or concentration of the agar (Clemmer et al., 2011). Also among the genes involved in virulence detected in A. baumannii, are genes coding for hemolysins/hemagglutinins (Smith et al., 2007). The expression of these genes was reported on blood agar plates and in liquid assays (Antunes et al., 2011). Exoprotease activity was also reported for A. baumannii strains in the previous study, after prediction of the presence of exoprotease genes in the A. baumannii genome (Antunes et al., 2011).

Siderophore production, mainly through the biosynthesis of acinetobactin, was also identified as a virulence determinant in A. baumannii. Successful biosynthesis of this siderophore was shown to be needed for the induction of apoptosis of epithelial cells. Moreover, impairment of siderophore production was shown to reduce the ability of A. baumannii to persist in and kill the host, as shown through infection models using Galleria mellonella larvae (Gaddy et al., 2012). Biofilm formation, though at different rates and patterns, has also been reported among A. baumannii clinical isolates (Dahdouh et al., 2016). Several loci in the A. baumannii genome have been implicated with the production of biofilms. One such locus is that coding poly-β-(1-6)-N-acetylglucosamine, an important component of biofilms, and a virulence factor that is involved in cell to cell adherence and protection from host defenses (Bentancor et al., 2012). Impairment of biofilm production, in addition to pili synthesis and motility, was shown to attenuate virulence in mammalian septicemia models (Cerqueira et al., 2014).

The relationship between virulence and antimicrobial resistance seems to be a highly complex one that is still not completely understood (Peleg et al., 2012). Importantly, the effect of harboring OXAs on virulence in A. baumannii is not well defined (Beceiro et al., 2013). The aim of this study is to characterize A. baumannii isolates obtained from a Lebanese hospital in terms of antibiotic susceptibility, carbapenemases harbored, clonality, and virulence determinants. Moreover, the relationship between virulence and carbapenem resistance will be explored. This would help in providing clinicians and infection control specialists with crucial data that would allow for the development of successful empirical treatments and infection control measures. Moreover, our findings could open the way for the exploitation of the interplay between virulence and resistance in the clinical setting.

MATERIALS AND METHODS

Bacterial Strains

Ninety five non-repetitive A. baumannii clinical isolates were obtained from Saint George University—University Medical Center (SGH-UMC) over a period extending from June 2013 until August 2014. The isolates were obtained from various patient specimens that include sputum, pus, urine, and blood. The strains were identified using 20NE API strips (BioMérieux, France). The isolates that were not identified as Acinetobacter calcoaceticus—A. baumannii by the biochemical tests were not selected for further investigation. Amplification of the intrinsic blaOXA−51−like gene by PCR was then performed in order to verify that the isolate is A. baumannii (Turton et al., 2006a). The isolates were then stored at −20°C in Luria-Bertani (LB) Broth supplemented with 20% glycerol until used.

Antimicrobial Susceptibility Testing

The Kirby Bauer disk diffusion method was performed according to the CLSI guidelines (2014) in order to determine the Antibiotic Susceptibility Profiles (ASTs) of the isolates. The results were interpreted according to the cutoff values of the CLSI document M100-S24 (Clinical and Laboratory Standards Institute, 2014). Antimicrobial agents tested for were cefotaxime (30 μg), ceftazidime (30 μg), cefepime (30 μg), piperacillin/tazobactam (100/10 μg), meropenem (10 μg), imipenem (10 μg), trimethoprim/sulfamethoxazole (1.25/23.75 μg), ciprofloxacin (5 μg), gentamycin (10 μg), and colistin (10 μg). In order to verify resistance to colistin, E-tests (BioMérieux Mercy l'Etoile, France) and minimum inhibitory concentrations by broth microdilution were performed for isolates that showed narrow inhibition zones around the colistin disks.

Polymerase Chain Reactions

PCRs for the detection of blaOXA−51−like (Turton et al., 2006a); blaOXA−23−like, blaOXA−24−like, and blaOXA−58−like (Mostachio et al., 2009); and blaOXA−48, blaNDM, and blaKPC (Poirel et al., 2011) as previously described by the respective authors were performed. International lineage was determined using tri-locus PCR typing as described by Turton et al. (2007). The table summarized by Karah et al. (2012) was used in order to assign the international clonality of the tested isolates. For all PCR reactions, a commercial master mix was used (Qiagen, USA) and the primers, in addition to their respective annealing temperatures, are shown in Table 1. The PCR conditions were an initial elongation at 94°C for 3 min; followed by 30 cycles of 94°C for 45 s, the respective annealing temperature (Table 1) for 45 s, and 72°C for 1 min; and a final extension step at 72°C for 5 min. For the blaOXA−48, blaNDM, and blaKPC genes, the number of cycles was increased to 36, and the annealing time was increased to 50 s (Poirel et al., 2011). Positive controls for the respective genes were used from previous studies (Moubareck et al., 2009; Hammoudi et al., 2015b).


Table 1. Primers used in this study with their respective annealing temperatures.
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Growth Curves

In order to calculate the doubling time for selected isolates with varying antibiotic susceptibility profiles, 1:100 dilutions from overnight cultures liquid cultures in fresh LB broth were performed. The fresh suspensions were then incubated at 37°C with shaking at 200 rpm for 8 h. Each hour, the OD600 was measured and the doubling times were calculated from the resulting curve as previously described (Hall et al., 2014). The growth curves and all the following experiments were performed in triplicates.

Biofilm Formation

Biofilm formation was detected in polystyrene tubes after staining with crystal violet as previously described (Tomaras et al., 2003). Briefly, 1 mL of inoculated LB broth was incubated overnight at 37°C and then washed and stained with 1% crystal violet for 10 min. The dye was then rinsed away and biofilms were visualized and graded as “++” if heavy stains were observed and as “+” if faint stains were observed.

Hemolytic Activity

Hemolytic activity on blood agar plates were tested for by inoculating 10 μL of a bacterial suspension adjusted to 106 CFU/mL in the center of these plates. The plates were then incubated for 6 days at 37°C and observed daily (Taybali et al., 2012).

Siderophore Production

Siderophore production in a liquid medium using the Chrome Azurol Solution (CAS) was performed as previously described (Louden et al., 2011). 5 mL of the PMS7-Ca medium was inoculated and incubated for 72 h. The suspension was then centrifuged at 4000 × g for 10 min and 1 mL of the filter-sterilized supernatant was incubated 1:1 with the CAS. The OD630 was then measured and a 10% difference between the sample and un-inoculated PMS7-Ca with CAS was considered as positive (Machuca and Milagres, 2003).

Surface Motility

For the detection of surface motility, a single colony was grown in LB broth overnight at 37°C. The visual turbidity of the suspension was then adjusted to be equivalent to the 0.5McFarland standard, in order to contain around 108 CFU/mL. 1 μL (105 CFU/mL) of the bacterial suspension was then inoculated on freshly prepared 0.3% LB-Agar (Difco, BD, USA) plates. The plates were then incubated at 37°C for 14 h and the diameter of the circular diffusion pattern was measured (Clemmer et al., 2011).

Proteolytic Activity

Proteolytic activity was determined by inoculating 5 mL of Trypticase Soy Broth Dyalisate with one colony and incubating it overnight at 37°C with shaking at 200 rpm. The following day, the suspension was centrifuged at 4000 × g for 10 min and 500 μL of the filter-sterilized supernatant was incubated with 500 μL of 1 mg/mL Azoalbumin dissolved in 50 mM Tris-HCl (pH = 7.7). This preparation was incubated at 37°C for 24 h and 13% trichloroacetic acid was then added. The tubes were incubated at −20°C for 20 min and centrifuged at 15,000 × g for 10 min. The OD440 of the supernatant was then measured and U/L values were calculated where one U was the amount of enzyme needed to degrade one micromole of Azoalbumin (Ronca-Testoni, 1983; Antunes et al., 2011)

Statistical Analysis

Normality of the data, when applicable, was tested for using the Shapiro-Wilk test. One-way ANOVA and student t-tests were performed for normally distributed data while the Kruskal-Wallis and Mann-Whitney tests were performed non-normally distributed data. Qualitative data was analyzed using the chi squared and the two-sided Fisher's exact tests. P-values of less than 0.05 were considered as statistically significant and all tests were performed using the SPSS program, version 17.0 (SPSS 111 Inc., Chicago, USA).

RESULTS

Bacterial Isolates

In total, 95 Acinetobacter spp. isolates were collected. Of these isolates, three were Acinetobacter haemolyticus, one was Acinetobacter junii/johnsonii, and one was Acinetobacter radioresistens/lwoffii as identified by the API strips. The rest of the isolates (n = 90) were A. baumannii as identified by API and the subsequent amplification of blaOXA−51−like (Turton et al., 2006a). Thirty five (38.9%) A. baumannii isolates were collected in 2013 while fifty five (61.1%) were collected in 2014. Fifty eight (64.5%) of the A. baumannii isolates were collected from sputum, 17 (18.9%) from pus, 9 (10%) from urine, and 4 (4.4%) from blood samples. Two (2.2%) isolates were collected from catheters. Thirty six (40%) of the isolates were obtained from the ICU, 33 (36.7%) from general medicine, 10 (11.1%) from the surgical unit, 9 (10%) from the geriatric unit, 1 (1.1%) from the psychiatric unit, and 1 (1.1%) from the pediatric unit.

Antibiotic Susceptibility

Antibiotic susceptibility profiles were obtained after testing by the Kirby Bauer disk diffusion method according to CLSI guidelines (2014). Eighty one (90%) of the A. baumannii isolates were resistant to both meropenem and imipenem. Only one isolate was resistant to colistin. Susceptibility to other antimicrobial agents tested for was very low and did not exceed 14.4% (Table 2). Antibiotic susceptibility profiles are found in Supplementary Table 1.


Table 2. Antibiotic susceptibility profiles for 90 A. baumannii isolates collected over a 1-year period.
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Dissemination of Carbapenemases and International Clones

PCRs for the detection of the most common carbapenemases among A. baumannii were performed in addition to tri-locus PCR typing which determines international clonality. Of the 81 A. baumannii isolates that showed resistance to carbapenems, 74 (91.3%) harbored blaOXA−23−like. Two of these isolates additionally harbored blaOXA−24−like. These are isolates 42 and 49. None of the other carbapenemases tested for were detected. Seven isolates were resistant to carbapenems but did not harbor any of the tested carbapenemases (Isolates 54, 59, 68, 72, 83, 84, and 85). Two isolates were sensitive to carbapenems but harbored blaOXA−23−like (Isolates 17 and 87).

Eighty A. baumannii isolates (88.9%) pertained to IC II, whereas six (6.7%) pertained to group 4 (Isolates 11, 25, 39, 62, 82, and 91), one (1.1%) to group 10 (Isolate 56), and two (2.2%) to group 14 (Isolates 42 and 72), as summarized by Karah et al. (2012) (Table 3). One A. baumannii isolate showed a pattern that did not pertain to any IC where CsuE and blaOXA−66 were amplified from the first multiplex, and the other allele of CsuE was also amplified from the second multiplex.


Table 3. Virulence determinants of 90 A. baumannii isolates in addition to international clonality and carbapenem resistance.
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Virulence Determinants in Relation with Clonality and Carbapenem Susceptibility

The result of the various virulence determinants, in addition to international clonality and carbapenem resistance, are shown in Table 3. Seventy seven (85.6%) of the A. baumannii isolates showed strong biofilm formations while 10 (11.1%) showed weak formations and 3 (3.3%) showed no biofilm formation. Forty two (46.7%) of the A. baumannii isolates showed α-hemolysis on blood agar plates while one isolate showed β-hemolysis. Seventy two (80%) A. baumannii isolates showed a diffusion pattern indicating surface motility on 0.3% LB-Agar while 52 (57.8%) isolates were positive for siderophore production. Proteolytic activity ranged from 4.4 ± 1.63 U/L to 61.97 ± 12.65 U/L and the doubling times for selected isolates ranged from 0.262 ± 0.021 to 0.653 ± 0.049 h.

No general pattern was observed between the doubling times and antibiotic susceptibility profiles. The slowest doubling time was determined for isolate 28 which was carbapenem-resistant, α-hemolytic, produced strong biofilms, showed a motility pattern, harbored blaOXA−23−like, and pertained to IC II. Nevertheless, other isolates with similar profiles showed faster doubling times (Table 3). One such example is isolate 78 which incidentally had the fastest doubling time. The colistin-resistant isolate 75 showed a similar antibiotic susceptibility pattern and virulence profile to the aforementioned two isolates and had a relatively fast doubling time of 0.328 ± 0.076 h.

Figure 1 shows representative isolates for non-motile, moderately motile, and highly motile isolates. Isolate 94 showed the highest motility diffusion diameter (144.5 ± 7.7 mm on a 15 cm square petri dish), produced strong biofilms, showed hemolysis on blood agars, and had a relatively high proteolytic activity (26.37 ± 4.42 U/L). This isolate was susceptible to carbapenems and pertained to IC II. Isolate 5 was the only isolate that showed β-hemolysis and it had the highest proteolytic activity. It also showed a motility diffusion pattern, produced strong biofilms and siderophores, pertained to IC II, and harbored blaOXA−23−like. Isolates 2, 3, 4, 11, 12, and 82 showed very modest to no motility diffusion patterns and were negative for hemolysis. Isolate 4 also had a slow doubling time (0.594 ± 0.036 h). However, not all isolates that had similar motility diffusion diameters shared the rest of the virulence profile with these isolates.


[image: image]

FIGURE 1. Representative isolates showing (from left to right) no motility, moderate motility, and high motility.



Two of the isolates that pertained to group 4 were susceptible to carbapenems and four out of six isolates of this group were negative for siderophore production. Moreover, another two isolates of this group were negative for biofilm formation. Four of the six isolates pertaining to this group harbored blaOXA−23−like and were resistant to carbapenems. The isolate pertaining to group ten was susceptible to carbapenems and showed elevated levels of virulence determinants. Both isolates pertaining to Group 14 had similar profiles but one was negative for blaOXA−23−like but positive for hemolysis whereas the other harbored blaOXA−23−like and blaOXA−24−like but was negative for hemolysis. Isolate 18, which did not pertain to any of the international clones by tri-locus sequence typing was susceptible to carbapenems and had similar virulence profiles as isolates pertaining to IC II. Both isolates that harbored blaOXA−24−like in addition to blaOXA−23−like were negative for hemolysis and had similar virulence profiles.

Associations between Virulence and Resistance

IC II was positively associated with both carbapenem resistance and harboring blaOXA−23−like (p < 0.01). All the isolates that did not produce biofilms were also negative for siderophore production. The isolates that showed moderate motility diffusion patterns were associated with strong biofilm formation (p < 0.01) while those that were either highly motile or non-motile showed a positive association with siderophore production (p < 0.05). No other statistical association were made.

DISCUSSION

In this study, A. baumannii isolates obtained from a major tertiary care center in Beirut, Lebanon were characterized in terms of antibiotic susceptibility, clonality, and virulence determinants. An extremely high rate of carbapenem resistance (90%) was detected among the A. baumannii isolates. This rate, however, is very similar to that reported from a nation-wide study (Hammoudi et al., 2015a) where the prevalence of CRAB isolates was 88%. These findings suggest an immediate need for the implementation of effective infection control measures and antibiotic stewardship programs in Lebanese hospitals. This need is even more urgent due to the high resistance rates of these isolates to other antimicrobial agents that were tested for in this study (Table 2). The low rate of resistance to colistin among these isolates hold a viable alternative for treatment. Nevertheless, its nephrotoxic effects (Bergen et al., 2012) and the ability of A. baumannii to develop resistance toward this antimicrobial agent during therapy (Valencia et al., 2009) limits its effectiveness.

In accordance with other studies performed in Lebanon, IC II was by far the most prevalent clone among the A. baumannii isolates (Rafei et al., 2014) and OXA-23-like is the most disseminated (Rafei et al., 2015). These findings are also similar to those reported from other Mediterranean countries (Di Popolo et al., 2011). Interestingly, although an outbreak caused by blaOXA−58−like harboring CRAB isolates was reported from SGH-UMC a few years ago (Zarrilli et al., 2008), this carbapenemase was not detected among our isolates. This could be an indication of the successful eradication of the clone that caused the outbreak at the time of that study.

The presence of blaOXA−23−like in two carbapenem-sensitive isolates suggest that either the expression of this gene in these isolates is very modest or that it harbors a mutation that renders it ineffective. Further characterization of these isolates by sequencing the genetic environment of blaOXA−23−like and preforming RT-PCRs could help in better understanding why no carbapenem resistance was detected in these isolates. The seven CRAB isolates in which no carbapenemase was detected could be expressing resistance through carbapenemases that were not tested for in this study and/or through alteration of membrane permeability and efflux pump over-expression (Peleg et al., 2008).

Ten CRAB isolates pertaining to PCR group 4 were first identified in a study investigating A. baumannii isolates from several European countries (Towner et al., 2008). In our study, two out of the six isolates pertaining to this group were susceptible to carbapenems. Similarly, the isolate pertaining to group 10 was sensitive to carbapenems as opposed to the detection of carbapenem resistance among isolates pertaining to this group in a study in Portugal (Grosso et al., 2011). The two isolates pertaining to group 14 were both resistant to carbapenems. One of them did not harbor any of the tested carbapenemases while the other had both OXA-23-like and OXA-24-like. This group was first identified in a study from Romanian hospitals and the isolate pertaining to this group harbored blaOXA−58−like (Bonnin et al., 2011). The diversity of profiles between the isolates pertaining to these groups, in addition to the diversity seen among isolates pertaining to IC II, reflect the plasticity of the A. baumannii genome (Antunes et al., 2014). Moreover, the presence of these clones, in addition to the presence of the globally disseminated IC II (Karah et al., 2012), show the global expansion of A. baumannii clones that are able to expand to wide geographical areas.

A study by Antunes et al. (2011) showed that different A. baumannii clinical isolates are able to display different virulence profiles. This was indeed shown to be the case in our study where no specific pattern of virulence was associated with a specific clone (Table 3). The A. baumannii isolates investigated had a high degree of variability in terms of virulence profiles. Moreover, no associations between antibiotic susceptibility profiles and doubling times were detected. These findings suggest that each isolate should be treated as a unique case and no general assumptions could be made based on clonality and AST. This also shows that the relationship between virulence and antibiotic resistance is indeed a complex one and warrants further investigation (Peleg et al., 2012). Nevertheless, the low diversity of clones among the tested isolates could be obscuring associations between clonality and virulence, since some isolates pertaining to group 4 and those pertaining to group 14 had similar virulence profiles. Further investigating these associations using larger and more clonally diversified pools could shed further light on the matter. Interestingly, the motility diffusion patterns that were obtained in our study using Difco agar were circular, as opposed to the linear patterns reported while using this kind of agar by Clemmer et al. (2011). The patterns obtained in our study are rather similar to those obtained using Eiken agar. The reason for this difference is still not clear at this point, but could possibly be due to an experimental factor that is independent from the agar brand, or is a property pertaining to the particular strains that were tested for in the different studies. This, however, requires further investigation before verification.

Finally, while comparing virulence factors one to another, an association between motility on one hand, and biofilm formation and siderophore production on the other, was determined. The relationship between motility and strong biofilm formation has been previously reported among MDR A. baumannii isolates (Eijkelkamp et al., 2011b). Moreover, the association detected between motility and siderophore production is not surprising since the former factor was associated with biofilm production while the latter allows for iron acquisition that is crucial for biofilm formation (Gentile et al., 2014). These associations reveal a highly complex interplay between the different virulence determinants in A. baumannii, especially those that are multi-factorial.

CONCLUSIONS

In conclusion, a very high rate of carbapenem resistance was detected among clinical A. baumannii isolates obtained from a Lebanese tertiary care center. IC II was the most prevalent clone and OXA-23-like was the most prevalent carbapenemase. The isolates showed highly varied virulence profiles that were not associated with any specific clone or oxacillinase gene. However, associations between motility, biofilm formation, and siderophore production have been found. Increasing the diversity of the pool of isolates could reveal associations between clonality and virulence that could allow for the prediction of pathogenicity of a clinical A. baumannii isolate.
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Infections caused by Acinetobacter baumannii (AB), an increasingly prevalent nosocomial pathogen, have been associated with high morbidity and mortality. We conducted this study to analyze the clinical features, outcomes, and factors influencing the survival of patients with AB bacteremia. We retrospectively examined the medical records of all patients developing AB bacteremia during their hospital stay at a tertiary care hospital in Beirut between 2010 and 2015. Ninety episodes of AB bacteremia were documented in eighty-five patients. Univariate analysis showed that prior exposure to high dose steroids, diabetes mellitus, mechanical ventilation, prior use of colistin and tigecycline, presence of septic shock, and critical care unit stay were associated with a poor outcome. High dose steroids and presence of septic shock were significant on multivariate analysis. Crude mortality rate was 63.5%. 70.3% of the deaths were attributed to the bacteremia. On acquisition, 39 patients had septicemia. Despite high index of suspicion and initiation of colistin and/or tigecycline in 18/39 patients, a grim outcome could not be averted and 37 patients died within 2.16 days. Seven patients had transient benign bacteremia; three of which were treated with removal of the line. The remaining four did not receive any antibiotics due to withdrawal of care and died within 26.25 days of acquiring the bacteremia, with no signs of persistent infection on follow up. A prolonged hospital stay is frequently associated with loss of functionality, and steroid and antibiotic exposure. These factors seem to impact the mortality of AB bacteremia, a disease with high mortality rate and limited therapeutic options.

Keywords: Acinetobacter baumannii, extensive drug resistance, bacteremia, sepsis, risk factors, outcome

INTRODUCTION

Acinetobacter baumannii (AB) is an aerobic non-fermenting gram-negative Coccobacillus, emerging as a prominent nosocomial pathogen with enhanced environmental resilience and propensity to develop resistance to commonly prescribed antimicrobials. Infections caused by AB include blood stream infections, ventilator associated pneumonias, urinary tract infections, meningitis, and wound infections (Munoz-Price and Weinstein, 2008). These infections are associated with high morbidity and mortality and contribute to a prolonged hospital stay and high hospital costs (Lee et al., 2007; Sunenshine et al., 2007; Jang et al., 2009; Asim et al., 2016).

Of particular importance is the ability of Acinetobacter to cause blood stream infections, especially in critically ill patients, the clinical course of which may range from a benign transient bacteremia to fulminant septic shock (Seifert et al., 1995).

Previous studies have demonstrated that crude mortality rates in patients with AB bacteremia varied between 30 and 76%, and factors associated with worse prognosis include immunosuppression (Gulen et al., 2015; Townsend et al., 2015; Gu et al., 2016), drug resistance (Lee et al., 2007; Sunenshine et al., 2007; Fu et al., 2015; Guo et al., 2016), severity of underlying illness (Seifert et al., 1995; Chopra et al., 2013, 2014; Nutman et al., 2014), inappropriate antimicrobial therapy (Esterly et al., 2011; Huang et al., 2012; Shorr et al., 2014; Freire et al., 2016), septicemia (Huang et al., 2012; Ñamendys-Silva et al., 2015; Freire et al., 2016), and prior antibiotic exposure (Chopra et al., 2013, 2014; Gu et al., 2016; Liu et al., 2016).

The epidemic of AB at our institution began in 2010 as an outbreak in the intensive care unit (ICU), rapidly evolving into an endemic with high level resistance, most likely secondary to selective pressure caused by heavy carbapanem usage. Despite implementation of infection control practices and antibiotic restriction, the incidence of AB bacteremias continued to increase (Figure 1). So we conducted this study to analyze the clinical outcomes and risk factors predicting mortality in patients with Acinetobacter bacteremia.
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FIGURE 1. The annual incidence of Acinetobacter baumannii bacteremia from June 2010 to March 2015.



MATERIALS AND METHODS

Study Design

For this purpose, we designed and conducted a retrospective observational study at Saint George Hospital University Medical Center (SGHUMC), a 400 bed tertiary medical center in Beirut, Lebanon. We reviewed the medical records of patients who were admitted between June 2010 and March 2015 and developed Acinetobacter baumannii (AB) bacteremia.

Data Collection

An extensive data collection sheet was designed and looked at demographic factors such as age, gender, dates of admission and discharge, admission diagnosis, functional status at admission, and at acquisition of AB. We also gathered data on medical comorbidities, critical care unit stay, invasive procedures prior to acquisition (PTA) of bacteremia, antibiotic and steroid exposure, prior AB infection, sources and clinical manifestation of bacteremia, antimicrobial susceptibility, treatment (time of initiation, doses, routes), and outcome.

Organism Identification and Resistance Profile Classification

At patient bedside, the blood samples were collected directly into BACTEC® culture vials (Becton Dickinson, Heidelberg, Germany). Antimicrobial susceptibility was performed by disc diffusion test and results were interpreted according to Clinical Laboratory Standards Institute Criteria. Extensive drug resistance (XDR) was defined as non-susceptibility to at least one agent in all but two or fewer antimicrobial classes.

Definitions

Functionality of the patients was obtained according to the Eastern Cooperative Oncology Group (ECOG) performance status: (0) Fully active, able to carry on all pre-disease performance without restriction, (1) Restricted in physically strenuous activity but ambulatory and able to carry out work of a light or sedentary nature, e.g., light house work, office work, (2) Ambulatory and capable of all self-care but unable to carry out any work activities; up and about more than 50% of waking hours (3) Capable of only limited self-care; confined to bed or chair more than 50% of waking hours (4) Completely disabled; cannot carry on any self-care; totally confined to bed or chair, (5) Dead.

High dose steroid was noted to be any dose of steroid of ≥1 mg/kg/day equivalent of prednisone. Previous antibiotic therapy was defined as receiving any systemic antibiotic prior to the positive blood culture for more than 48 h. A critical care stay was noted when a patient had a stay at the Intensive Care Unit (ICU), the Cardiac Care Unit (CCU), or the Cardiothoracic Surgery Unit (CSU) for more than 24 h. Neutropenia was defined as an absolute neutrophil count <1,500 cells/mm3. Antimicrobial treatment was defined as “active” if the antibiotics which were administered within 24 h of bacteremia onset, included at least one antibiotic that was active in vitro. Bacteremias were classified as primary and secondary. A bacteremia was considered to be secondary when the source is known (pulmonary, gastrointestinal, urinary, wound). A primary bacteremia was either line related or when no apparent source was evident and it was assumed that the patient acquired AB bloodstream infection through colonization of their skin. Septic shock was defined as persistent hypotension despite fluid replacement, requiring vasopressors. We chose in-hospital mortality as the primary outcome measure. A panel of two infectious diseases physicians, two clinical fellows, and a research fellow reviewed the patients' medical records and causes of death were divided into unrelated and related. Unrelated was defined as death that was completely separate from the bacteremia event, related death was defined as death directly due to the AB bacteremia event.

Statistical Analyses

Continuous variables were presented by mean values ± standard deviation and interquartile ranges while categorical ones were presented by percentages. Categorical variables were analyzed using Pearson's chi-square test and continuous variables were analyzed using Student's t-test or Mann–Whitney test. To determine independent risk factors for mortality, a multiple logistic regression analysis was used to control for the effect of confounding variables. The results of this regression analyses were reported as adjusted odds ratio (OR) with 95% confidence interval (CI). Time to mortality defined as length of stay post acquisition of bacteremia, in related and unrelated death was analyzed using Kaplan Meier survival analysis, and the log rank test was used for comparison between the two groups. A p < 0.05 was considered statistically significant. All statistical analyses were performed using SPSS software version 20.0.

RESULTS

From June 2010 to March 2015, a total of 90 episodes of AB bacteremias were documented with an increasing incidence from 0.1 per 1,000 patient days in 2010 to 0.47 in 2015 (Figure 1). This was associated with an increase in the resistance profile of AB, where in 2010 all isolates were susceptible, but by 2015 all isolates became XDR (Figure 2).
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FIGURE 2. The annual trend of the extensively drug resistant rate of Acinetobacter baumannii isolates from June 2010 to March 2015.



Antimicrobial Susceptibility

We found that the majority of our isolates were carbapenem resistant (82/90). Seventy-nine isolates (87.7%) were deemed to be XDR, as defined in the Methods Section. Tigecycline had the highest level of in-vitro sensitivity at 83.3%. The isolates were highly resistant to piperacillin/tazobactam (87/90), ciprofloxacin (86/90), ceftazidime (85/90), cefepime (83/90), trimethoprim/sulfamethoxazole (82/90), and amikacin (81/90). All isolates were sensitive to colistin by disc diffusion. Moreover, colistin susceptibility by broth microdilution was done in five isolates and all were found to be susceptible.

Patient Characteristics

Demographics and baseline characteristics of the study population are shown in Table 1. Mean age of the patients was 67.14 ± 20.34 years (range 8 days–92 years). The bacteremia was mostly prevalent (54.5%) in the 70–90 years age group. 62.3% of the study population was male.


Table 1. Demographics, clinical characteristics, and exposure prior to Acinetobacter baumannii bacteremia eventa.
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On admission, 24 patients (28.2%) had an ECOG of 3, being confined to bed or chair for more than half of the day. Thirty-seven patients (43.5%) had an ECOG of 4, with inability to carry any daily life activities. On acquisition of the bacteremia, 75% of the patients had an ECOG of 4.

Seventy-one patients (83.5%) had at least one comorbidity, hypertension being the most prevalent (67%). Thirty-eight patients (44.6%) had a malignancy, half of which were hematological.

Patients spent a mean duration of 18.97± 16.79 days in the hospital before developing AB bacteremia.

Seventy-seven (90.5%) patients had at least one invasive procedure PTA, most commonly foley and central catheters.

67.7% of the episodes in 58 patients were preceded by a critical care (CC) unit stay. Mean time interval from CC unit admission to developing bacteremia was 9.94 ± 8.32 days.

Twenty-five patients had antibiotic exposure prior to their admission to the hospital and 93.3% of the events were preceded by exposure to at least one antimicrobial (Table 2). Prior exposure to colistin and/or tigecycline was documented in 25 events; 15 of which were for a prior AB infection. Otherwise, they were given empirically.


Table 2. Antibiotic exposure prior to Acinetobacter baumannii bacteremia event (N = 90).
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Fifty patients received high dose steroids, most commonly for sepsis, for a mean duration of 8.4 ± 11.21 days. The indications for steroids are listed in Table 3.


Table 3. Indications for high dose steroid exposure (N = 53).
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Event Characteristics and Outcome

Clinical characteristics of bacteremia events are listed in Table 4.


Table 4. Clinical characteristics of the Acinetobacter baumannii bacteremia events (N = 90).
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Fifty-seven (63.3%) bacteremia events were considered primary, and thirty-three (36.7%) were secondary to a source of infections, lungs being the most common. Septic shock was present at the time of acquisition in 41 events (45.5%).

Overall, 54 patients (63.5%) died during their hospitalization with a mean duration of infection to death of 16.03 ±20.31 days. Thirty-eight patients died from causes directly related to the bacteremia, while 16 died from unrelated causes. Figure 3 shows the duration of survival which was significantly shorter in patients who died from related causes (2.16 ± 3.36 vs. 25.25 ± 15.25, p < 0.001).
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FIGURE 3. Kaplan-Meier survival curve in deceased patients with Acinetobacter baumannii bacteremia, showing a significantly shorter time to mortality in patients who died due to the bacteremia vs. those who died from unrelated causes (log-rank test, p < 0.001).



We described three outcomes after acquisition of the bacteremia. The first was where patients recovered without administration of antibiotics (seven patients); three of them were effectively treated by removal of the offending line. The remaining four patients had documented bacteremia and did not receive any treatment; they died after a mean duration of 26.25 days after withdrawal of their care as by the family's wishes. All seven patients had no evidence of persistent signs of infection as by their daily follow up. The second group included 39 patients, with fulminant sepsis on acquisition. Thirty-seven or Thirty-nine died and the time to death was as short as 2.1 days even in those who received active treatment (17/37). The remaining 41 patients recovered from the bacteremia after receiving appropriate antibiotics. Of those, 13 patients died from unrelated causes within a mean of 24.9 days from the onset of bacteremia.

Five patients had two episodes of bacteremia during their hospital stay; of those three died, two of which were from causes related to the bacteremia.

Active treatment description is shown in Table 5. Active antibiotics were administered in 32 episodes in thirty patients within 24 h of positive culture results. Of those patients 24 died. Eight patients died prior to initiation of appropriate treatment.


Table 5. Active antibiotics used in the treatment of Acinetobacter baumannii bacteremia.
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Risk Factors for Mortality

Characteristics of patients stratified by mortality are shown in Table 6.


Table 6. Demographic and clinical characteristics of patients with Acinetobacter baumannii bacteremia stratified by all cause in hospital mortality (N = 90).
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No significant difference in demographic characteristics, XDR profile and sources of bacteremia between survivors and non-survivors was found. Patients who did not survive had a longer pre-acquisition median hospital LOS than patients who survived (22.41 vs. 12.3 days, p = 0.002). Deceased patients were also more likely to have diabetes mellitus, prior exposure to high dose steroids, received colistin and/or tigecycline PTA, have septic shock at time of bacteremia, and to have stayed longer in a CC unit, with a higher rate of mechanical ventilator use.

In the multivariate analysis, the risk factors independently associated with mortality in patients with AB bacteremia were high dose steroids and septic shock (Table 7).


Table 7. Logistic regression analysis of predictors on all-cause in-hospital mortality among patients with Acinetobacter baumannii bacteremia.
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The appropriateness of antimicrobial therapy was not associated with a better outcome since 80% of the patients who had received appropriate antimicrobial therapy within 24 h of positive culture results died compared to 46.8% of those who did not (p = 0.003).

DISCUSSION

In our study, we aimed to identify the clinical characteristics and prognostic factors in patients with AB bacteremia.

In concordance with previous reports (Esterly et al., 2011; Chopra et al., 2013, 2014; Nutman et al., 2014; Fu et al., 2015; Gulen et al., 2015; Gu et al., 2016; Guo et al., 2016; Liu et al., 2016), we found that patients with compromised baseline mobility who are barely capable of carrying any life activities as by their ECOG, with longer hospital stay especially in the critical care units, with ≥1 mg/kg/day of steroids and antimicrobial exposure are at risk for AB bacteremia with poor outcome.

The crude mortality rate in our series was 63.5%, comparable to the range of 30–76% reported in literature (Gulen et al., 2015; Leão et al., 2016). However, it has been difficult to distinguish between attributable mortality and that attributed to the underlying illnesses and comorbid conditions of patients. In a previous case control study, Jang et al. reported that the underlying illnesses seemed to play a more pivotal role than the infection itself as a cause of death (Jang et al., 2009). Attributable mortality in our study was 70.3%, showing that there is significant impact of the bacteremia on the outcome.

In our study, all but two patients with septic shock on acquisition of the bacteremia died, within a mean of 2.16 days. It is well-known that the presence of severe sepsis or septic shock in bacterial infections is associated with worse outcomes. However, there has been limited data describing the outcomes of sepsis in AB infections. Lahmer et al. reported six cases of severe sepsis caused by AB, with a 100% mortality rate (Lahmer et al., 2014). Similarly, Leão et al. associated AB infections with lower survival rates in septic ICU patients, when compared to other pathogens (Leão et al., 2016). Contrary to that, a recent cohort of septic ICU patients with AB bacteremia had a mortality rate of 49.6% (Shorr et al., 2014).

On the other end, we observed that a subset of patients had recovered from the bacteremia, despite little or no intervention. This has been previously described by Seifert et al. as “benign transient bacteremia” (Seifert et al., 1995). Though all cases of this transient bacteremia in our study were line related and removal of the line may had averted the sepsis cascade, the virulence factors of the bacteria and immune status of the host may have also played a significant role.

Previous studies have highlighted on the importance of a patient's immune status on the outcome, with prolonged LOS and mortality rates, particularly when a hematological malignancy is present (Nazer et al., 2015; Gu et al., 2016). Though we did not find any significant association between malignancies and mortality, exposure to high dose steroids increased the risk of dying by 7.4-folds. Townsend et al. (2015) in a recent publication similarly associated steroids with increased mortality.

Patients with prior exposure to colistin and/or tigecycline had appeared to have a worse outcome. One potential explanation is that previous antibiotic therapy might have an effect on selecting and expressing more virulent bacteria (Gordon and Wareham, 2010). However, this was not shown to be an independent risk factor on multivariate analysis, most likely due to the small sample size.

A rapid rise of resistance was noted over the study period, with an overall XDR rate of AB isolates of 87.7%. Yet, we could not correlate between drug resistance and mortality, which could be due to the small number of patients with non XDR AB. In literature, the effect of antibiotic resistance on survival is still a subject of debate. While some authors have argued against any attributed mortality due to resistance (Gu et al., 2016), others have suggested that resistant AB may lower survival either directly by enhanced virulence, or indirectly by delaying the onset of active antimicrobial treatment (Esterly et al., 2011; Huang et al., 2012; Lee et al., 2012; Liu et al., 2015).

In our cohort, administration of appropriate treatment within 24 h of bacteremia was associated with worse outcome. Even when XDR AB was highly suspected, the initiation of active antibiotics did not affect the outcome as much as the critical septic condition of the patient, due to limited time. On the other hand, a subset of non-septic patients who grew AB in blood cultures taken as part of the workup of fever in a hospitalized patient and did not receive active treatment against XDR AB, remained in relatively good clinical conditions. These two extremes of clinical outcome made the analysis of the effect of appropriate antibiotics complicated and may be the reason for opposing results in literature. Lee et al. postulated that inappropriate antimicrobial therapy may be less detrimental in patients who are not severely ill and in the most severely ill with short life expectancies (Lee et al., 2012). Similar results were reported by Lim et al that suggested that host factors and severity of infections reflected by APACHE are the main determinants of the outcome rather than the use of active therapy (Lim et al., 2011). Contrary to that, others have suggested that inactive microbial therapy in patients with AB bacteremia is associated with mortality, and that early initiation of appropriate antimicrobial therapy would lead to a better outcome (Nutman et al., 2014; Shorr et al., 2014).

The present study has several limitations that must be acknowledged, mainly due to its retrospective nature and small sample size. However, to eliminate potential biases, we gathered all the data needed from computerized records through a standardized data collection sheet and performed multivariate analysis to discover independent risk factors. The presence of malignancies in 44.6% of our study population might be an overrepresentation of our hospitalized patients, in the absence of a control group. Also, as a single center study, there is lack of generalizability and may not reflect on other different institutions.

In conclusion, a prolonged hospital stay is frequently associated with loss of functionality, and steroid and antibiotic exposure. These factors seem to impact the mortality of AB bacteremia, a disease with high mortality rate and limited therapeutic options. We believe that improving outcome seems to lie more in the prevention of acquisition of AB bacteremia rather than in treating the consequences.
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Pseudomonas aeruginosa is an opportunistic pathogen affecting immunocompromised patients. It is known as the leading cause of morbidity and mortality in cystic fibrosis (CF) patients and as one of the leading causes of nosocomial infections. Due to a range of mechanisms for adaptation, survival and resistance to multiple classes of antibiotics, infections by P. aeruginosa strains can be life-threatening and it is emerging worldwide as public health threat. This review highlights the diversity of mechanisms by which P. aeruginosa promotes its survival and persistence in various environments and particularly at different stages of pathogenesis. We will review the importance and complexity of regulatory networks and genotypic-phenotypic variations known as adaptive radiation by which P. aeruginosa adjusts physiological processes for adaptation and survival in response to environmental cues and stresses. Accordingly, we will review the central regulatory role of quorum sensing and signaling systems by nucleotide-based second messengers resulting in different lifestyles of P. aeruginosa. Furthermore, various regulatory proteins will be discussed which form a plethora of controlling systems acting at transcriptional level for timely expression of genes enabling rapid responses to external stimuli and unfavorable conditions. Antibiotic resistance is a natural trait for P. aeruginosa and multiple mechanisms underlying different forms of antibiotic resistance will be discussed here. The importance of each mechanism in conferring resistance to various antipseudomonal antibiotics and their prevalence in clinical strains will be described. The underlying principles for acquiring resistance leading pan-drug resistant strains will be summarized. A future outlook emphasizes the need for collaborative international multidisciplinary efforts to translate current knowledge into strategies to prevent and treat P. aeruginosa infections while reducing the rate of antibiotic resistance and avoiding the spreading of resistant strains.
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INTRODUCTION

Pseudomonas aeruginosa is a Gram-negative and ubiquitous environmental bacterium. It is an opportunistic human pathogen capable of causing a wide array of life-threatening acute and chronic infections, particularly in patients with compromised immune defense. It has been of particular importance since it is the main cause of morbidity and mortality in cystic fibrosis (CF) patients and one of the leading nosocomial pathogens affecting hospitalized patients while being intrinsically resistant to a wide range of antibiotics.

P. aeruginosa strains possess large genomes (~5–7 Mbp). Their metabolic capacity is extensive as exemplified by their ability to produce multiple secondary metabolites and polymers as well as their ability to use various carbon sources and electron acceptors. The repertoire of P. aeruginosa genes which are substantially conserved suggest the highest proportion of regulatory genes and networks observed in known bacterial genomes and is foundational to respond and adapt to diverse environments (Stover et al., 2000; Mathee et al., 2008; Frimmersdorf et al., 2010). The ubiquitous presence of P. aeruginosa as well as its prevalence and persistence in clinical settings including intrinsic resistance to therapeutics are attributed to its extraordinary capability of survival by recruiting an arsenal of responsive mechanisms.

In the present review, we have attempted to summarize the diversity of these mechanisms causing the versatility of P. aeruginosa to adapt and thrive in unfavorable conditions particularly during pathogenesis. To this end, we will describe the clinical importance of P. aeruginosa followed by the well-characterized and most recent findings about key strategic adaptation mechanisms including quorum sensing (QS), motility-sessility switch, biofilm formation, antibiotic resistance mechanisms, adaptive radiation for persistence, stringent response and persisters, and the CRISPR-Cas systems. Recent findings on adaptive mechanisms will be set into context of the overall physiology of P. aeruginosa by also depicting on future research needs.

CLINICAL IMPORTANCE

The CF patients suffer from a multisystem disease due to inheritable genetic defects in the CF transmembrane conductance regulator (CFTR) gene. However, the recurrence of bacterial infections in the abnormal mucus layers is the main cause of morbidity and mortality of CF patients (Khan et al., 1995; Rosenfeld et al., 2001). The CFTR regulator is responsible for regulating the transport of electrolytes and chloride across epithelial cell membranes to maintain normal mucus properties and homeostasis. Therefore, the loss of function of the CFTR protein results in abnormally thick, dehydrated and sticky mucus layers in the lung (Flume and Van Devanter, 2012). Hence, the CF patients are largely susceptible to respiratory infections by P. aeruginosa from infancy. When they are under a year old, almost 30% of CF infants can acquire initial P. aeruginosa strains from the environment leading to acute infections. This rate increases to about 50% by the age of 3 years while mucoid phenotypes causing chronic infections have been reported emerging at the age of 3 to16 years (median of 13 years) (Rehm et al., 1994; da Silva et al., 2013; Jones et al., 2016). P. aeruginosa will adapt to CF airways and persist as overwhelming, predominant and ineradicable infections to the end of patients' life in almost 70% of adults (Döring et al., 2000).

Furthermore, P. aeruginosa is also largely associated with hospital acquired infections including ventilator-associated pneumonia, central line-associated bloodstream infection, urinary catheter-related infection, and surgical/transplantation infections (Cardo et al., 2004; Nathwani et al., 2014; Trubiano and Padiglione, 2015). The International Nosocomial Infection Control Consortium reported that P. aeruginosa nosocomial infections have become a worldwide healthcare issue (Rosenthal et al., 2016). A cohort study reported that P. aeruginosa had the highest burden of healthcare-acquired infections in European intensive care units (Lambert et al., 2011). In the United States healthcare-associated P. aeruginosa infections were estimated to contribute to 51,000 cases each year (Eurosurveillance Editorial Team, 2013). P. aeruginosa is prevalent in healthcare settings because it is a common companion of patients under medical care and also it can survive on abiotic and biotic surfaces such as medical equipment resisting disinfection methods while being transmissible from patient-to-patient (Russotto et al., 2015).

P. aeruginosa infections are becoming more difficult to treat because this bacterium is naturally resistant to many antibiotics and the number of multidrug- and pan-drug-resistant strains is increasing worldwide. Strains have been reported which are resistant to almost all class of commonly used antibiotics including aminoglycosides, cephalosporins, fluoroquinolones, and carbapenems (Hancock and Speert, 2000; Poole, 2011; Eurosurveillance Editorial Team, 2013). In the United States about 13% of P. aeruginosa infections are caused by multidrug resistant strains (Eurosurveillance Editorial Team, 2013).

P. aeruginosa utilizes sophisticated genotypic events to support various phenotypes and molecular mechanisms required for survival during pathogenesis and antibiotic treatment.

Therefore, at initial stages of CF lung colonization, a large number of virulence and intrinsic antibiotic resistance mechanisms mediate survival. After infection, bacteria are exposed to inflammatory responses including oxidative stress followed by treatment with antibiotics (Furukawa et al., 2006; Turner et al., 2014). These environmental stress factors induce the expression of different sets of genes enabling P. aeruginosa to adapt and switch to persisting and resistant phenotypes, while becoming less virulent, such as upon formation of mucoid biofilms (MacDougall et al., 2005; Poole, 2012; Gellatly and Hancock, 2013). Due to the existence of an arsenal of molecular mechanisms conferring resistance to multiple classes of antibiotics, therapeutic options are increasingly limited for treatment of infections, while the number of infection incidences and multi-drug resistance strains are increasing.

CENTRAL REGULATORY ROLE OF QUORUM SENSING (QS) FOR VIRULENCE AND ADAPTATION

Communication between individual cells using specific chemical signals is a well-known capability of bacteria and is called quorum sensing. Indeed, QS controls social behavior of bacteria by multiple interconnected signaling pathways (LaSarre and Federle, 2013). It allows bacterial communities to regulate a variety of biological processes important for bacterial adaptation and survival. Basically, this phenomenon relies on regulating the expression of specific sets of genes in response to a critical threshold of signaling molecules known as autoinducers (AIs). QS will mediate population density dependent collective responses and is therefore beneficial for community survival. A study showed that cells' responses to QS signals and the corresponding gene expression profile is heterogeneous within a given community leading to increasing fitness and chance of survival (Grote et al., 2015).

During pathogenesis P. aeruginosa QS plays a critical role for survival and colonization by coordinating phenotypic alterations at early stages of infection i.e., after attachment (González and Keshavan, 2006). The progress of acute to chronic infection is critically influenced by QS-dependent gene expression. More than 10% of P. aeruginosa genes are regulated by QS. These genes are mainly involved in virulence factor production, motility, motility-sessility switch and biofilm development, antibiotic resistance mechanisms and the adjustment of metabolic pathways for stress responses (Venturi, 2006; Williams and Camara, 2009; Barr et al., 2015). The role of QS in each physiological adaptation will be discussed below.

Molecular Mechanisms Underlying QS

As shown in Figure 1, four main pathways of QS dependent signaling exist in P. aeruginosa. These constitute a hierarchal network mediating integration of multiple signals via cross-talk between the QS signaling pathways. The most recently discovered IQS signaling pathway is less understood and its integration and impact on gene expression still needs to be unraveled. It was previously proposed that the IQS molecule (an aeruginaldehyde) is the product of enzymatic activity of proteins encoded by ambBCDE genes (Lee et al., 2013), while new findings showed the IQS molecule is a byproduct of the pyochelin biosynthesis pathway and AmbBCDE proteins are responsible for the biosynthesis of the toxin L-2-amino-4-methoxy-trans-3-butenoic acid (AMB) (Ye et al., 2014; Rojas Murcia et al., 2015; Sun et al., 2016).
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FIGURE 1. Hierarchical QS network in P. aeruginosa and regulation of virulence factors. (A) So far, four pathways including Las, Rhl, Pqs, and IQS have been understood as mediating QS responses in P. aeruginosa while LasR resides at the top of the cascade. In response to specific stimuli/stress, each pathway synthesizes cognate autoinducers (AIs) [HSL(3-oxo-C12-homoserine lactone)], BHL (N-butyrylhomoserine lactone or C4-HSL), PQS (2-heptyl-3-hydroxy-4-quinolone) and IQS [2-(2-hydroxyphenyl)-thiazole-4-carbaldehyde (aeruginaldehyde)]. Export and import of HSL, BHL, and PQS is mediated by the efflux pumps MexAB-OprM/MexEF-OprN, free diffusion and membrane vesicles, respectively. Question mark indicates unknown pathway of IQS transportation. As fine-tuned individual circuits, but interconnected (dashed lines), transcriptional factors (i.e., LasR, RhlR, and PqsR) are activated by AIs for upregulating expression of cognate AI synthases (respectively, LasI, RhlI, PqsABCDH) as well as others such as virulence factor genes. The IQS pathway remains unraveled and the IQS receptor is still unknown. Various secretion systems mainly type 1 and 2 secretion systems (T1SS/T2SS) and also PvdRT-OpmQ efflux pump mediate the secretion of virulence factors. (B) QS initiates upon cumulative production of AIs (small colorful circles) by increasing cell density and results in collective responses. AprA, alkaline protease; Pyd, pyoverdine; PLC, phospholipase C; Tox, toxin A; LasA, LasA elastase; LasB, LasB elastase; HCN, hydrogen cyanide; Pyo, pyocyanin; Rhld, rhamnolipids; Lec A, lectin A; CM, cytoplasmic membrane; OM, outer membrane.



In regard to the other three QS pathways, each system consists of at least two major functional elements; the first category of proteins (i.e., LasR, RhlR, or PqsR, respectively) is activated upon sensing specific autoinducers (AIs) and acts as transcriptional activator for genes encoding the second tier proteins, the cognate AI synthases (i.e., LasI, RhlI, and PqsABCDH, respectively). These activation steps constitute a fine-tuned circuit by which the synthesized AIs are exported outside the cells followed by being imported again (Figure 1). Transportation of these signals is not well understood, but it is proposed as being mediated by free diffusion, membrane transporters such as specific efflux systems or membrane vesicles (Mashburn and Whiteley, 2005; Martinez et al., 2009; Alcalde-Rico et al., 2016). Beyond this regulatory circuit the activated AI-sensing proteins act as transcriptional factors for activating the expression of other set of genes such as virulence genes in response to environmental stimuli (Figure 1). Transcriptional activation occurs via binding to conserved las/rhl boxes acting as operators residing upstream of these genes (González-Valdez et al., 2014; Lee and Zhang, 2015; Banerjee and Ray, 2016; Papenfort and Bassler, 2016). In the hierarchy of this network, LasR resides at the top of the cascade and along with RhlR mediates QS signaling at early stages of exponential growth phase while the PQS signaling pathway is active at late exponential growth phase (Choi et al., 2011). As abovementioned, cumulative and cell density-dependent production of AIs is required for reaching a specific threshold triggering collective responses by individual cells.

QS-Controlled Virulence Factors and Stress Responses

Production of virulence factors is a survival strategy for pathogens to evade the host immune defense resulting in progression of pathogenesis particularly at early stage of colonization and acute infection. A large number of virulence factors including cell-associated or secreted compounds, both low and high molecular weight compounds have been reported as important in colonization and establishment of infections by P. aeruginosa. Although they play a critical role in promoting bacterial growth and survival, they can cause devastating injuries to the host tissues and impair the immune responses. QS deficient mutants cause considerably less tissue damage and pathological changes during infections due to a significant decrease in the virulence and cytotoxicity (Nelson et al., 2009; Feng et al., 2016).

Production of many virulence factors is metabolically costly and requires community involvement. Hence, they are mainly under the regulatory control of the QS systems (Figure 1, Table 1; Whiteley et al., 1999; Diggle et al., 2002; Wagner et al., 2003; García-Contreras, 2016).


Table 1. Key QS-dependent virulence factors produced by P. aeruginosa.
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Analysis of bronchial secretions of CF patients during different stages of pulmonary exacerbations showed that QS upregulates the expression of genes involved in the production of some destructive virulence factors such as proteases (elastase, alkaline protease), phenazines (pyocyanin), toxins (exotoxin A), rhamnolipids and hydrogen cyanide (Jaffar-Bandjee et al., 1995; Lee and Zhang, 2015). Production of these toxic compounds is destructive to the host cells/tissues by impairing permeability barrier and by inhibiting protein production promoting cell death.

Recent findings suggested a correlation between systemic concentrations of some QS signaling molecules with the clinical status of pulmonary exacerbation and at least some QS signaling molecules were elevated at the start of either pulmonary exacerbation or antibiotic treatment when assessing different biofluids (Barr et al., 2015). In conclusion, virulence factors assist bacteria in colonization and survival aligned with worsened clinical course of infections. Thus, QS can determine the degree of pathological damages and clinical stages of infections in response to environmental factors.

Pathogenesis encompasses various stresses such as host immune factors, bacterial interspecies competition, phosphate/iron depletion and starvation. QS systems and production of some virulence factors mediate appropriate responses to these stresses to promote survival and adaptation (García-Contreras et al., 2015). Here, we provide some examples of stress responses mediated by the QS systems.

Interferon-γ (IFN-γ) is a crucial cytokine of the human immune system during infection and it coordinates a wide array of immunological responses such as up-regulation of pathogen recognition and the activation of bactericidal effector functions (Schroder et al., 2004). IFN-γ produced by T-cells was shown to bind directly to P. aeruginosa OprF, an outer membrane protein. Upon formation of IFN-γ-OprF complexes the rhl QS system was activated and resulted in up-regulation of the expression of lecA (or PA-I lectin) and synthesis of pyocyanin. The lecA gene encodes the virulence determinant, galactophilic lectin (or LecA) (Wu et al., 2005) which is cytotoxic and acts as adhesion factor mediating initiation of host recognition by P. aeruginosa (Chemani et al., 2009). It induces an increased permeability of the intestinal and respiratory epithelial cells enabling cytotoxic exoproducts such as exotoxin A (Laughlin et al., 2000) to enter host cells (Bajolet-Laudinat et al., 1994). In addition it also contributes to biofilm development (Diggle et al., 2006). Furthermore, the QS system has been reported to mediate a response to the host antimicrobial factor LL-37 by increasing the production of pyocyanin, hydrogen cyanide, elastase and rhamnolipids (Strempel et al., 2013). The QS-dependent production of rhamnolipids has a crucial role in neutralizing the attack of neutrophils due to their necrotic property (Jensen et al., 2007; Van Gennip et al., 2009).

Recent findings indicated that the LasR and RhlR QS systems, but not the PQS system, play major roles in adaptation and response to environmental stresses such as oxidative, heat, heavy metal and salt stresses (García-Contreras et al., 2015).

The stress response of P. aeruginosa to the depletion of phosphate and iron was found to be linked (Slater et al., 2003). Different studies showed that acquisition of phosphate and iron are important for survival and pathogenesis of P. aeruginosa and the expression of cognate genes mediating acquisition of these elements are upregulated upon interaction with human respiratory epithelial cells (Frisk et al., 2004; Chugani and Greenberg, 2007). Various studies unraveled that phosphate- and iron-deficient conditions can trigger the activation of the QS system especially via the IQS- or PQS-dependent pathway leading to boosted activation of central QS and the production of virulence factors such as rhamnolipids, phenazines, cyanide, exotoxin A, LasA protease, elastase, and antimicrobials (Kim et al., 2003; Long et al., 2008; Zaborin et al., 2009; Bains et al., 2012; Lee et al., 2013; Nguyen et al., 2015). Production of such virulence factors can increase cytotoxic impact of bacteria on host tissue and promote pathogen survival.

The recently discovered IQS system which controls the expression of a large set of virulence factors was shown to be directly activated by phosphate limitation in P. aeruginosa (Lee et al., 2013; Lee and Zhang, 2015).

P. aeruginosa QS signaling molecules such as 2-heptyl-4-hydroxyquinoline (HHQ) and 2-heptyl-4-hydroxyquinoline-N-oxide (HQNO) can serve as antimicrobial agents against Staphylococcus aureus which is commonly present during early stages of pulmonary infections in CF patients. It is proposed that this antibacterial activity supports the dominance of P. aeruginosa during the course of infection. Interestingly, this inter-species competition is linked to the availability of iron as the depletion of iron potentiates the antistaphylococcal activity of these metabolites (Nguyen et al., 2016). Also, LasA is a staphylolytic protease produced by P. aeruginosa and it is under the regulation of the las QS system (Toder et al., 1991). Furthermore, when P. aeruginosa was grown together with the yeast Candida albicans in a mixed biofilm, the QS system upregulated the production of virulence factors such as pyoverdine, rhamnolipids and pyocyanin (Trejo-Hernández et al., 2014).

Oxygen depletion known as hypoxia is another stress factor for P. aeruginosa during pathogenesis. Hypoxia condition is influenced by various factors such as reduced ventilation through viscose layers, chronic inflammation, microbial population and biofilm formation (Hassett, 1996; Worlitzsch et al., 2002; Yoon et al., 2002; Alvarez-Ortega and Harwood, 2007; Hassett et al., 2009). However, P. aeruginosa can survive and grow under hypoxia to high cell densities. Under hypoxia stress P. aeruginosa retains the capability of microaerobic respiration, although occurrence of nitrate respiration was thought to be possible (Alvarez-Ortega and Harwood, 2007). The QS regulon expression occurs at low oxygen conditions. Hammond et al. (2015) unraveled that the 4-hydroxy-2-alkylquinolines (HAQ)-dependent QS pathway is active during hypoxia via the ANR protein as the master transcriptional regulator of anaerobic respiration while it is in the absence of LasR signaling (Hammond et al., 2015). Under low oxygen tension, the ANR protein positively regulated the production of the QS signaling molecule 4-hydroxy-2-alkylquinolines and in turn the regulation of virulence-related genes could continue via PQS system (Hammond et al., 2015). Furthermore, under hypoxia stress the ANR protein and the QS systems cooperatively regulate hydrogen cyanide biosynthesis (Castric, 1983, 1994; Pessi and Haas, 2000). This study provided further evidence that low oxygen-dependent QS inversely correlates with denitrification i.e., suppresses nitrate respiration (Hammond et al., 2015).

Overall, these examples have provided further insight into the versatility of P. aeruginosa to adapt to various environmental conditions by processing signals via integrated and cross-talking QS pathways resulting in enhanced survival i.e., in a medical context establishment of acute and chronic infections.

PERSISTENCE AND BIOFILM FORMATION

During acute infection the relationship between pathogen and host is reciprocally devastating as a variety of cytotoxic molecules produced by bacteria impair the host cellular processes while bacteria on the other hand encounter immune system responses such as production of antimicrobial compounds and reactive oxygen species, as well as enhanced phagocytosis. In this context, motile P. aeruginosa display a more virulent phenotype. Various modes of P. aeruginosa motility such as swimming and swarming involving flagella and twitching using type 4 pili are associated with virulent traits (Winstanley et al., 2016). A motile cell is readily detectable by the host immune system via flagellar and/or other motility components mediating recognition and induction of signaling pathways which trigger inflammatory responses and phagocytosis by murine or human macrophages (Amiel et al., 2010).

Switching to sessile lifestyle along with lower virulency is a survival advantage by which many pathogenic bacteria such as P. aeruginosa evade stresses and adverse conditions. They lose motility and attach to surfaces and form cellular aggregations or microcolonies which are embedded in extracellular polymeric substances (EPS) to protect bacteria from the surrounding environment. These structures are so called biofilms conferring an extreme capacity for persistence against phagocytosis, oxidative stresses, nutrient/oxygen restriction, metabolic waste accumulation, interspecies competitions, and conventional antimicrobial agents (Leid, 2009; Olsen, 2015).

Formation of mucoid biofilm by P. aeruginosa is the hallmark of chronic infections and indicative of disease progression and long-term persistence. As a consequence, P. aeruginosa dominates the microbial community of CF lungs in patients older than 24 years (McDaniel et al., 2015).

Other P. aeruginosa biofilm associated infections include chronic wound infection, chronic otitis media, chronic rhinosinusitis, catheter-associated urinary tract infection, and contact lens-related keratitis (Römling and Balsalobre, 2012).

Composition of the P. aeruginosa Biofilm

Formed on abiotic and biotic surfaces, the matrix of most biofilms embedding bacterial cells may account for over 90% of dry weight of whole biofilm mass. In fact, this matrix creates a niche rendering bacteria for intense cell-cell interaction and communication as well as a reservoir of metabolic substances, nutrients and energy for promoting growth while shielding cells from unfavorable conditions (Flemming and Wingender, 2010). The matrix is mainly formed by extracellular polymeric substances (EPS) which are mainly polysaccharides, proteins, extracellular DNA (eDNA) and lipids (Strempel et al., 2013). Major polymers and relevant characteristics are listed in Table 2.


Table 2. Key polymeric substances in P. aeruginosa biofilm formation and development.
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The exopolysaccharides Psl, Pel, and alginate are major constituents of the P. aeruginosa biofilm matrix involved in surface adhesion and together with eDNA determine the biofilm architecture. These EPS play an important role in resistance to immune responses and antibiotic treatments (Ghafoor et al., 2011; Gellatly and Hancock, 2013; Strempel et al., 2013). The differential role of each EPS has been analyzed at each stage of biofilm development. The various exopolysaccharides and eDNA were shown to interactively contribute to the biofilm architecture (Ghafoor et al., 2011). The presence of various EPS exhibiting different physiochemical properties confers a survival strategy for increasing the flexibility and stability of biofilms under various conditions (Jennings et al., 2015).

The Psl polysaccharide is a key element at early stage of biofilm formation when cells explore surfaces for adhesion (Overhage et al., 2005). It is anchored around cells in a helical arrangement initiating biofilm formation by enhancing cell migration, cell-cell interaction and cell-surface adhesion whereas in mature biofilms it is located to the periphery of mushroom shaped macrocolonies (Ma et al., 2009; Zhao et al., 2013). Psl can exist as a fiber-like matrix requiring type 4 pili-mediated migration of cells (Wang S. et al., 2013). It protects cells against phagocytosis and oxidative stress during infection (Mishra et al., 2012). Recent studies suggested that Psl can provide an instant protective role against anti-biofilm agents and a broad spectrum of antibiotics particularly at early stage of biofilm development (Zegans et al., 2012; Billings et al., 2013). Therefore, Psl provides a survival advantage during pathogenesis.

Similar to Psl, Pel is important for initiating and maintaining cell–cell interaction in biofilms (Colvin et al., 2011). Pel and/or Psl are the primary matrix structural polysaccharides in non-mucoid P. aeruginosa strains as a predominant environmental phenotype. However, contribution of Psl and Pel to the structure of mature biofilms is strain-dependent while both unique and functionally redundant roles have been reported for these exopolysaccharides (Colvin et al., 2012). Recent studies elucidating the chemical structure and biological function of Pel demonstrated that it is a major structural component of the biofilm stalk where it cross-links eDNA and structurally compensates for the absence of Psl in the periphery of mature biofilm (Jennings et al., 2015). Furthermore, Pel was shown to protect bacteria against certain aminoglycoside antibiotics (Colvin et al., 2011).

Overproduction of the exopolysaccharide, alginate, is characteristic for mucoid phenotype of most clinical isolates from CF patients. During adaptation to the CF lung environment, alginate is overproduced and predominantly constitutes the matrix of mature biofilms conferring a slimy or mucoid phenotype. Indeed, it is greatly important in biofilm maturation, structural stability and protection as well as persistence by shielding P. aeruginosa cells against opsonophagocytosis, free radicals released from immune cells, and antibiotics used for treatment (Hay et al., 2009a; Hay I. D. et al., 2013; Strempel et al., 2013). Some in vitro biofilm studies showed that the composition of the alginates can greatly influence biofilm characteristics such as viscoelastic property, bio-volume, cell density and architecture as well as cell-to-cell interaction, cell aggregation and surface attachment (Tielen et al., 2005; Moradali et al., 2015).

As abovementioned, eDNA is another important structural component for biofilm development and along with the Pel polysaccharide it can be detected within the stalks of mushroom-shaped macrocolonies. However, eDNA has multifaceted roles in biofilm formation such as contribution to forming cation gradients in the matrix via the chelating interaction of highly anionic DNA with cations such as Mg2+, Ca2+, Mn2+, and Zn2+, as a nutrient source during starvation, facilitating twitching motility and coordinating cell movements and conferring antibiotic resistance (Allesen-Holm et al., 2006; Mulcahy et al., 2008; Gloag et al., 2013).

Among the proteinaceous biofilm constituents, both flagella and the type 4 pili are important during maturation of the biofilm, however, these cell appendages are not commonly considered as classical matrix components of biofilms. Type 4 pili are important for adhesion and promote initial attachment of cells to surfaces at early stage of biofilm formation. Together with eDNA, flagella and the type 4 pili mediate migration required for the formation of the stalk and the cap in the mushroom-shaped microcolonies of the mature biofilm (Table 2; Barken et al., 2008; Mann and Wozniak, 2012).

Central Regulatory Network Governing the Motility-Sessility Switch

Transition from motility to sessility requires dynamic regulatory networks at transcriptional, post-transcriptional and post-translational levels resulting in coordinated timely expression of hundreds of genes. These events mainly arrest flagella based motility and the production of virulence factors such as exotoxins and proteases while positively regulating surface attachment, EPS production and biofilm maturation (Figure 2).
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FIGURE 2. Regulatory networks underlying biofilm formation by P. aeruginosa. (A) Elevation of the cyclic di-GMP molecule is a key determinant for the motility-sessility switch. Environmental cues are sensed by various proteins localized in the envelope of the cells where these proteins contribute to two-component systems (brown/green rectangles), chemoreceptor-like system (orange complex) and other receptor mediated signaling pathways (arranged in the left side of figure). Either triggered as phosphorylation cascades (small red circle) or protein-protein interactions, the signals induce diguanylate cyclases (containing GGDEF motif) (red rectangles) to synthesize cyclic di-GMP from two molecules of GTP (guanosine-5′-triphosphate). Consequently, cyclic di-GMP sensing proteins act as receptor/effector for specific outputs such as induction of alginate and Pel polymerization, inhibition of motility and derepression of psl/pel expression via FleQ, induction of attachment and biofilm formation/maturation triggered by two component systems. The two-component systems are interconnected and the LadS/RetS/GacS/GacA/RsmA regulatory network (green rectangles) plays a key role in the phenotypic switch from motility to sessility and downregulation of QS and virulence factor production. (B) Various stages of biofilm formation and development were represented. Plus and minus signs represent positive and negative effect of transcriptional regulators, respectively. CM, cytoplasmic membrane; OM, outer membrane.



The small molecule cyclic-3′5′-diguanylic acid (cyclic di-GMP) is a key signal in post-transcriptional regulation of biofilm formation. It is an almost ubiquitous second messenger present in a wide range of bacteria that principally controls motility-sessility switch. The major determinant for this substantial phenotypic change is the cellular level of cyclic di-GMP, so that its elevation triggers biofilm formation while inhibiting motility. The cyclic di-GMP signaling system is very complex and two groups of proteins have been identified as main actors. The first group comprises cyclic di-GMP metabolizing enzymes including diguanylate cyclases (DGC) (containing GGDEF motif) and phosphodiesterases (containing EAL or HD-GYP motif) that respectively synthesize and degrade cyclic di-GMP in cells (Römling et al., 2013; Valentini and Filloux, 2016). At least 40 such proteins directly synthesize and/or degrade cyclic di-GMP in P. aeruginosa which controls cellular level of this molecule in response to perceived stimuli (Ryan et al., 2006). The second group is represented by cyclic di-GMP sensing proteins which also act directly as effectors or via protein-protein interactions to mediate the output response (Römling et al., 2013). For example, cyclic di-GMP is essential for the activation of alginate polysaccharide polymerization (Remminghorst and Rehm, 2006). Experimental evidence indicated that a pool of cyclic di-GMP is synthesized by MucR (a hybrid GGDEF/EAL domain-containing protein) in the proximity of the alginate biosynthesis/secretion multi-protein complex of P. aeruginosa (Hay et al., 2009b; Wang et al., 2015). Cyclic di-GMP binds to PilZ domain of Alg44 protein and allosterically activates alginate polymerization via interaction with Alg8 glycosyltransferase (Hay et al., 2009b; Moradali et al., 2015; Wang et al., 2015). Also, cyclic di-GMP binding to FleQ, a transcriptional master regulator represses flagella biosynthesis while it concomitantly derepresses the expression of pel and psl genes (Baraquet et al., 2012; Figure 2). Likewise, there are many other receptor/effector proteins which enhance required pathways for biofilm formation upon cyclic di-GMP binding while they inhibit motility and other virulence factor synthesis pathways.

In addition, the Wsp chemosensory system in P. aeruginosa is homologous to chemotaxis signaling pathways which regulate cyclic di-GMP synthesis via signal transduction (Figure 2). A cascade of phosphorylations is triggered upon surface attachment and possibly sensing mechanical stress or other environmental stimuli which then activate the cyclic di-GMP synthesizing protein WspR promoting biofilm formation (Hickman et al., 2005; Porter et al., 2011).

Furthermore, transduction of phosphorylation events via two-component regulatory systems controls biofilm formation in a stage-specific manner (Figure 2). This network consists of BfiRS, BfmRS, and MifRS and GacS/GacA regulatory components (Petrova and Sauer, 2009). The GacS/GacA two-component system is part of the global regulatory pathway comprising LadS/RetS/GacS/GacA/RsmA proteins (Figure 2). This pathway controls many physiological responses at post-transcriptional level and is involved in both motility-sessility and acute-chronic infection transitions. Of this regulatory pathway, the RNA-binding protein RsmA negatively controls biofilm formation pathways while it induces production of T3SS, type 4 pili and other virulence factors. RsmA binds to psl mRNA and inhibits the translation of required proteins for Psl polysaccharide biosynthesis (Irie et al., 2010; Jimenez et al., 2012). It also represses production of GGDEF/EAL encoding proteins; hence, it inhibits elevation of cyclic di-GMP levels. In P. aeruginosa, under stress conditions, this pathway generates non-coding RNAs (ncRNAs) known as RsmY and RsmZ which counteract RsmA translational repression activity, consequently derepressing biofilm formation mainly via cyclic di-GMP level increase resulting in exopolysaccharides production (Jimenez et al., 2012).

There are other regulatory pathways known to be involved in cyclic di-GMP turnover in response to external stimuli, but the further precise function still remains to be elucidated (Figure 2).

The Role of QS in Biofilm Development and Maturation

In addition to abovementioned regulatory networks, biofilm residents utilize QS systems for cell-to-cell communication and spatio-temporal regulation of expression of specific genes. During chronic infection, a major proportion of the colonizing population was thought to lose QS due to hypermutation events and phenotypic alterations. However, further investigations have now revealed that genes involved in the progress of biofilm maturation and persistence are positively regulated by QS in P. aeruginosa. Indeed QS-deficient mutants of P. aeruginosa (i.e., ΔlasRΔrhlR and ΔlasIΔrhlI) formed thin and much less developed biofilms which were more sensitive to antibiotic treatments and eradication (Shih and Huang, 2002; Nelson et al., 2009). Furthermore, Bjarnsholt et al. (2010) demonstrated that at least a part of QS pathways i.e., rhl encoded system and the production of C4-HSL signals was retained in predominantly mucoid population at the end of chronic stages coinciding with overproduction of alginate and rhamnolipids (Bjarnsholt et al., 2010). The biosurfactants, rhamnolipids, have been suggested to play an active role in maintenance of the biofilm architecture by contributing to the formation of internal cavities within the mature biofilm, allowing proper flow of water and nutrients (Davey et al., 2003; Boles et al., 2005; Dusane et al., 2010; Chrzanowski et al., 2012). Additionally, the production of pel polysaccharide, eDNA and QS-controlled production of pyocyanin are critical for biofilm maturation. Pel cross-links eDNA in the biofilm stalk via ionic interactions and it serves as important structural components of the biofilm matrix of P. aeruginosa (Jennings et al., 2015). Furthermore, pyocyanin molecules can promote eDNA release by inducing bacterial cell lysis. Pyocyanin binds to eDNA increasing its solution viscosity which influences the physicochemical interactions of the biofilm matrix with environment as well as facilitates cellular aggregations (Das et al., 2013, 2015). Collectively, such molecular and cellular interactions in combination with other polymeric substances lead to establishment of a robust and mature biofilm.

ANTIBIOTIC RESISTANCE MECHANISMS

Indeed, the emergence of antibiotic resistant bacteria is a global health issue. Among identified notoriously multi-drug resistant (MDR) bacteria, P. aeruginosa has been introduced as a major concern with a growing threat to global health resulting in dramatically increasing prevalence of nosocomial and chronic infections. This is due to the extraordinary capacity of these bacteria to develop resistance against a wide range of antimicrobials through various molecular mechanisms which are often simultaneously present in clinical isolates. Although each resistance mechanism is related to a specific class of antibiotics, multiple mechanisms mediate variably resistance to each class of antibiotics (Potron et al., 2015). Furthermore, the contribution of each mechanism varies from country to country. Loss or reduced copy numbers of OprD and overproduction of active efflux pumps, AmpC β-lactamase and extended-spectrum β-lactamases have been mainly reported as main contributors to multi-drug resistance phenotypes of P. aeruginosa isolates.

Recent reviews have described the prevalence and contribution of each resistance mechanism to each class of antibiotics in detail (Lister et al., 2009; Strateva and Yordanov, 2009; Sun et al., 2014; Hong et al., 2015; Potron et al., 2015). Here, we reviewed the most frequent and well-understood findings which are classified into intrinsic, acquired and adaptive mechanisms, and we provide an update on our understanding of how P. aeruginosa can survive antibiotic treatments.

Intrinsic Resistance Mechanisms

Like many Gram-negative bacteria, P. aeruginosa can be intrinsically resistant to particular antibiotics. Such intrinsic resistance mechanisms stem from the existence of genes in bacterial genome encoding inherent properties of cell structures and composition providing protection against toxic molecules and antimicrobials. It can also be contributed by the lack of susceptible sites which naturally exist in antibiotic sensitive species (e.g., resistance to triclosan) (Lambert et al., 2011; Blair et al., 2015; Figure 3).
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FIGURE 3. Intrinsic, acquired and adaptive mechanisms confer antibiotic resistance in P. aeruginosa. For each mechanism, various molecular strategies, which confer resistance to specific class of antipseudomonal antibiotics (Car., Carbapenems; Ceph., Cephalosporins; Pen., Penicillins; Ami., Aminoglycosides; Flu., Fluoroquinolones; Mac., Macrolides and Pol., Polymyxins), were presented at the top of the figure (underlined) Intrinsic mechanisms such as structural barriers [e.g., EPS (extracellular polymeric substances)], OprD reduction and basal production of AmpC β-lactamase and MexAB/XY efflux pumps confer a basal resistance to some group of antibiotics. However, in acquired resistance, mutational changes in the oprD gene, transcriptional repressors causingupregulation of resistance genes and efflux pumps conferring resistance against a wider spectrum of antibiotics. Plasmid-mediated resistance is very potent as a variety of resistance genes can be exchanged among bacteria. Either mediated by mutational changes in the genome or in plasmids, resistance to polymyxins occurs via modification of LPS (lipopolysaccharide) components hindering binding of the antibiotic to this layer. Adaptive resistance occurs in the presence of antibiotics mainly via mutation in regulatory genes. This is a transient and reversible resistance, which will reverse upon removal of antibiotics. Stars represent antibiotics and dashed/wavy lines represent transcriptional levels of each gene product. CM, cytoplasmic membrane; OM, outer membrane.



However, hydrophilic antibiotics can enter cells by diffusing through membrane channels or porin proteins in a non-specific manner. As one of the intrinsic mechanisms, P. aeruginosa limits antibiotic entry by reducing the number of non-specific porin proteins and replacing them with specific or more-selective channels for taking up required nutrients resulting in lowered permeability to toxic chemicals (Tamber and Hancock, 2003; Figure 3). P. aeruginosa resistance to currently used broad-spectrum drugs such as carbapenems and cephalosporins is commonly caused by this adaptation (El Amin et al., 2005; Baumgart et al., 2010). Many of the clinical strains of P. aeruginosa displaying resistance to carbapenems such as imipenem are deficient in the OprD porin which specifically facilitates the diffusion of basic amino acids, small peptides as well as carbapenems into the cell (Trias and Nikaido, 1990; Strateva and Yordanov, 2009).

Active multidrug efflux pumps greatly contribute to antibiotic resistance observed in P. aeruginosa. The involved genes are ubiquitous in Gram-negative bacteria and they are located on the genome or plasmids. The multidrug efflux pumps are multi-protein complexes spanning the envelope of Gram-negative bacteria. They are responsible for expelling various toxic materials and a wide range of antimicrobials. Because of their broad substrate specificities they display resistance against different classes of antibiotics which are chemically unrelated (Blair et al., 2015; Venter et al., 2015).

P. aeruginosa possesses four well known active multidrug efflux pumps including MexAB-OprM, MexXY/OprM(OprA), MexCD-OprJ, and MexEF-OprN (Figure 3). The gene sets encoding these systems are under different regulatory factors; therefore, the expression levels of these systems significantly differ under various conditions. The MexAB-OprM and MexXY/OprM(OprA) are the most clinically important sets due to their large prevalence in clinical strains and significant contribution to a wide range of antibiotics (Avrain et al., 2013). The mexAB-oprM genes show a stable and constitutive expression in the cell guaranteeing a protective basal level production of the MexAB-OprM system to consistently expel a wide range of toxic molecules and antibiotics (Li et al., 2015). Hence it mainly contributes to natural resistance to antibiotics. The mexXY-(oprA) genes show lower basal expression levels and are mainly induced in response to protein synthesis inhibitors that target the ribosomal machinery (Matsuo et al., 2004; Hay T. et al., 2013). Both mexCD-oprJ and mexEF-oprN genes are not typically expressed in wild-type strains or their expression is very low and they have been proposed not to contribute significantly to natural antibiotic resistance (Llanes et al., 2011; Li et al., 2015).

There are other forms of multidrug efflux pumps such as MexJK, MexGHI-OpmD, MexVW, MexPQ-OpmE, MexMN, and TriABC. They are not expressed in wild-type strains but may contribute to adaptive resistance against antibiotic or biocide agents when expressed in resistant strains (Lister et al., 2009; Avrain et al., 2013).

On the other hand, they might play role in other physiological pathways as well. For example, The MexEF-OprN and MexGHI-OpmD sets can modulate QS systems by exporting the quinolone signaling molecule PQS reducing its cellular concentration resulting in the reduction of virulence factor production, which is presumably in favor of establishment of chronic infections (Köhler et al., 2001; Aendekerk et al., 2005; Lamarche and Déziel, 2011). However, many of these mechanisms remain still unclear with regard to their connection with other physiological pathways and their clinical relevance.

Another player of intrinsic resistance and basal lower level antibiotic susceptibility in P. aeruginosa is the gene encoding an inducible β-lactamase (AmpC) (Figure 3). Particularly, chromosomal expression and production of AmpC confers low level resistance to aminopenicillins and most cephalosporins because these antibiotics strongly induce the production of AmpC which consequently hydrolyzes these substrates (Oliver et al., 2015). However, through adaptive or acquired resistance mechanisms AmpC can be overproduced, consequently conferring resistance to a wider range of antibiotics such as aminoglycosides and fluoroquinolones (Umadevi et al., 2011). These mechanisms will be further discussed later.

Acquired Resistance Mechanisms

P. aeruginosa can acquire resistance to antibiotics through mutation of intrinsic genes or horizontal acquisition from other bacteria through transferring plasmids carrying genetic materials encoding for antibiotic resistance (Davies, 1997; Davies and Davies, 2010). Contrary to intrinsic mechanisms, acquired resistance is related to antibiotic selection and this selective advantage occurs in the presence of antibiotic compounds leading to irreversible resistant population (Lee et al., 2016). Therefore, similar to intrinsic resistance, acquired resistance is stable too and it can be transmitted to progeny.

However, due to over-expression of resistance genes and transmissibility by plasmids, acquired resistance is a potent mechanism which confers resistance to a wide spectrum of antibiotics as well as leads to increased prevalence among clinical and environmental strains.

Boosted Antibiotic Resistance via Mutations

Intrinsic resistance genes are negatively or positively regulated by one or more regulatory mechanisms which confer a basal lower susceptibility of P. aeruginosa to a narrow spectrum of antibiotics. However, mutation in regulatory pathway could increase promoter activities resulting in unleashing gene expression and overproduction of protein products such as AmpC and multi-drug efflux pumps systems. Consequently, it causes higher level of resistance to antibiotics (Blair et al., 2015; Figure 3).

As a common mutational feature of P. aeruginosa isolates, resistant clinical mutants display a constitutive high level of AmpC production even in the absence of antibiotic inducers. This is mainly due to mutational inactivation of ampD (repressor of ampC) and specific point mutations of ampR, both encoding two regulatory proteins important in induction of the ampC gene (Juan et al., 2005; Figure 3). Consequently, it turns into a major cause of greater resistance to a wide range of antibiotics such as most of the β-lactams (e.g., ticarcillin and piperacillin) as well as monobactams, third-generation and fourth-generation cephalosporins (Lister et al., 2009; Berrazeg et al., 2015). One study showed that 73% of tested clinical strains showed AmpC overproduction (Henrichfreise et al., 2007).

Several regulatory loci such as mexR, nalD, nalB, and nalC negatively control the expression of the mexAB-oprM operon in P. aeruginosa. On the other hand, various loss-of-function mutations in these loci derepress the expression of the mexAB-oprM operon leading to the overproduction of MexAB-OprM complex conferring a greater resistance to carbapenem antibiotics (Quale et al., 2006; Lister et al., 2009; Kao et al., 2016; Figure 3). Likewise, overproduction of other multidrug efflux pumps such as MexXY and MexCD-OprJ can occur via mutations in regulatory loci leading to unleashing gene expression and a greater resistance to a variety of antimicrobial agents (Lister et al., 2009; Figure 3).

Another clinically important and prevalent mutational alteration is attributed to OprD porin channel. This porin channel is localized in the outer membrane of P. aeruginosa and it is characterized as a carbapenem-specific porin (Figure 3). Therefore, loss or reduction of OprD can reduce permeability of the outer membrane to carbapenems (Epp et al., 2001; Gutiérrez et al., 2007; Kao et al., 2016). The emergence of resistance to imipenem and reduced susceptibility to meropenem has been reported upon the occurrence of oprD mutations. Genetic alteration in oprD can occur via nucleotide insertion or deletion and point mutations resulting in frameshift of the gene sequence, amino acid substitution, shortened putative loop L7 and premature stop codons (Kao et al., 2016). Furthermore, downregulation of oprD expression can be mediated by other regulatory factors such as MexT which itself concurrently upregulates mexEF-oprN expression (Köhler et al., 1997; Ochs et al., 1999).

Additionally, fluoroquinolone resistance among P. aeruginosa isolates can be mediated by either mutational changes within the fluoroquinolone targets i.e., DNA gyrase (gyrA and gyrB) and/or topoisomerase IV (parC and parE) or overproduction of active or inducible efflux pumps (Lee et al., 2005; Sun et al., 2014; Figure 3).

Plasmid-Mediated Resistance

Bacterial plasmids serve a central role as a potent vehicle for acquiring resistance genes and subsequent delivery to recipient host. This is so-called horizontal gene transfer whereby genetic elements can be transferred between bacterial cells particularly via conjugation. Some resistance plasmids are broad host range which can be transferred among various species via bacterial conjugation, while narrow host range plasmids are transferred among a small number of cells from similar bacterial species. For example, plasmid RP1 can transfer resistance genes to most Gram-negative bacteria (Kenward et al., 1978).

Plasmid-encoded antibiotic resistance confers resistance to different classes of antibiotics that are currently applied in frontline of clinical treatments such as β-lactams, fluoroquinolones and aminoglycosides (Bennett, 2008; Figure 3). So far, P. aeruginosa resistance via horizontal gene transfer has been reported for the genes encoding β-lactam-hydrolyzing enzymes known as the extended-spectrum β-lactamases and the carbapenemases, aminoglycoside-modifying enzymes, 16S rRNA methylases resulting in high-level pan-aminoglycoside resistance (Poole, 2011).

The genes encoding extended-spectrum β-lactamases and carbapenemase are clinically important not only due to their hydrolyzing activity on a wide range of β-lactams such as carbapenems and extended-spectrum cephalosporins, but also for their worldwide prevalence (Paterson and Bonomo, 2005; Blair et al., 2015; Sullivan et al., 2016). The global epidemiology of carbapenem-resistant P. aeruginosa was recently analyzed by Hong et al (Hong et al., 2015). They reported that the geographical prevalence of these genes differs from country to country, whereas the genes encoding carbapenemases such as IMP, VIM, and NDM type metallo-β-lactamases have been found in all continents (Johnson and Woodford, 2013; Meletis and Bagkeri, 2013; Hong et al., 2015). Almost all types of transferable carbapenemases, except SIM-1, have been detected in P. aeruginosa, and the prevalence of carbapenem-resistant isolates of P. aeruginosa is gradually increasing (Meletis and Bagkeri, 2013; Hong et al., 2015).

It is of concern that transferable plasmids carrying some of the resistance genes are mobile among a wide range of unrelated Gram-negative bacteria which increases the antimicrobial resistance transfer rate causing increasing treatment complications (Hong et al., 2015). Recent findings about antibiotic resistance have been even more concerning and warning. Liu et al. reported the first evidence of plasmid-mediated colistin resistance from China (Liu et al., 2016; Figure 3). Colistin (or polymyxin E) belongs to the family of polymyxins. The members of this class of antibiotics such as polymyxin B and colistin have been the last resort for antibiotic treatment of carbapenem-resistant bacteria such as P. aeruginosa isolates and Enterobacteriaceae (Falagas and Kasiakou, 2005). Resistance to polymyxins was previously reported to occur via chromosomal mutations (Moskowitz et al., 2012; Gutu et al., 2013), however, new evidence suggests plasmid-mediated resistance through the mobilization of the mcr-1 gene which consequently confers resistance to colistin (Figure 3). This gene was discovered in E. coli strain SHP45 collected from agricultural products. It is more concerning that the plasmid carrying mcr-1 was mobilized into K. pneumoniae and P. aeruginosa via conjugation (Liu et al., 2016). This finding has triggered serious concerns about the emergence of pan-drug-resistant Gram-negative bacteria leading to almost untreatable infections. Recent findings provided some evidence of the spreading high-risk of clone ST654 of P. aeruginosa containing the genomic blaNDM−1 resistance gene which also conferred resistance to colistin. It is likely that blaNDM−1 was acquired via genetic exchange between P. aeruginosa and K. pneumoniae isolate in the same patient (Mataseje et al., 2016).

Adaptive Resistance Mechanisms

Compared to other types of resistance mechanisms, adaptive mechanisms are not really well understood. Adaptive resistance is an unstable and transient form of resistance, which is induced in the presence of specific antibiotics and other environmental stresses. This type of resistance mainly relies on induced alterations in gene expression and protein production or alterations in antibiotic targets and it is reversal upon removal of external stimuli leading to re-gaining susceptibility (Barclay et al., 1992; Xiong et al., 1996; Fernández et al., 2011). This mechanism has been seen mediating the resistance of P. aeruginosa isolates to β-lactams, aminoglycosides, polymyxins and fluoroquinolones (Zhang et al., 2001; Poole, 2005; Fernández et al., 2010; Khaledi et al., 2016).

It has been seen that once strains encounters certain concentrations of antibiotics, they can tolerate higher concentrations in subsequent exposures, while cross-resistance to other antibiotics may occur as well (Mouneimné et al., 1999; Fujimura et al., 2009; Fernández et al., 2011; Pagedar et al., 2011). Furthermore, these alterations may link to other physiological events triggered by other stimuli and stresses as well as mutations in some specific genes (Xiong et al., 1996; Karlowsky et al., 1997; Fernández et al., 2011).

Using isolates from CF patients, it was shown that adaptive resistance of P. aeruginosa to fluoroquinolones such as ciprofloxacin is due to multiple mutations in the known-resistance genes including the gyrA, gyrB, nfxB, and orfN which were concomitant with mutations in the genes involved in cyclic di-GMP signaling (Figure 3). Mutations of nfxB were prevalent leading to loss of function of NfxB transcriptional repressor and consequently leading to the overproduction of MexCD-OprJ efflux pump (Wong et al., 2012; Figure 3). This efflux pump is an important determinant of resistance to fluoroquinolone antibiotics (Hirai et al., 1987). On the other hand, another study showed that expression of the mexCD-oprJ genes depends on the sigma factor AlgU and leads to resistance to the biocide chlorhexidine (Fraud et al., 2008). AlgU is well-known stress response sigma factor which positively regulates overproduction of alginate in mucoid isolates (Hershberger et al., 1995).

Another group showed that P. aeruginosa can acquire and lose resistance in the presence and absence of colistin, respectively. This occurred via adaptive multiple mutational mechanisms and genetic reversion (Lee et al., 2016). It was also demonstrated that resistance to certain polycationic antimicrobials such as aminoglycosides, polymyxins and cationic antimicrobial peptides can be mediated by altering the lipid A structure in LPS. This was caused by multiple mutations in cognate regulatory proteins such as the two-component systems PhoP-PhoQ, PmrA-PmrB, CprR-CprS, and ParR-ParS (Barrow and Kwon, 2009; Fernández et al., 2012; Figure 3). Other studies showed that further and complex genetic alterations affecting regulatory pathways including those causing amino acid substitutions in these cognate regulatory proteins such as PhoQ and PmrB are involved in polymyxin resistance. This is why the mechanism of resistance of P. aeruginosa to colistin was found to vary among isolates (Lee et al., 2016). Interestingly, this study showed that the acquisition of colistin resistance via many amino acid substitutions is reversible in colistin-susceptible revertants. However, even in the absence of colistin, resistance was preserved for some time and emergence of revertants may not occur so fast (Lee et al., 2016).

QS-Dependent Antibiotic Resistance

Some direct and indirect evidences have been found linking the QS systems with antibiotic resistance mechanisms in P. aeruginosa (Rasamiravaka and El Jaziri, 2016), but further exploration is needed for better understanding. Using clinical strains of P. aeruginosa, it was shown that the las system positively links to the expression of mexY gene encoding the inner-membrane drug/H+ antiporter protein MexY (Pourmand et al., 2015) which is a key subunit of the MexXY-oprM complex known as a major determinant of aminoglycoside resistance (Lau et al., 2014). On the other hand, some studies showed that CF-infecting strains with the common lasR loss-of-function mutations were more resistant to therapeutic antibiotics such as tobramycin, ciprofloxacin and ceftazidime. The reported antibiotic resistances in the lasR mutants were attributed to increased β-lactamase activity, bacterial metabolic adaptation or metabolic shifts (D'Argenio et al., 2007; Hoffman et al., 2010). However, the relationship of antibiotics susceptibility with the rhl encoded QS system and production of C4-HSL signals remains unclear (Bjarnsholt et al., 2010). Some supporting evidence was obtained by, treating P. aeruginosa biofilms with ciprofloxacin which upregulated the production and secretion of the virulent factor LasB, which is under the control of Rhl QS system (Oldak and Trafny, 2005; Figure 1).

Furthermore, two independent studies reported that the clinical strains of P. aeruginosa with QS-deficient phenotypes and negative for the production of QS-dependent virulence factors could cause infections and tend to be less susceptible to antimicrobial agents (Karatuna and Yagci, 2010; Wang H. et al., 2013). However, it was not shown how these mechanisms might link to each other while many of these clinical strains could also form biofilms with antibiotic resistance traits and many regulatory pathways for biofilm development are under the control of QS systems. Zhao et al. reported some supporting information showing the importance of QS systems in both biofilm formation and antimicrobials induced expression of ampC (Zhao et al., 2015). Earlier studies showed that by overexpressing the chromosomal type 1 β-lactamase, QS-dependent virulence factors were reduced and strains were less virulent (Ramisse et al., 2000). Also, Kong et al. analyzed the dual role of the AmpR transcriptional regulator where it positively regulated β-lactamases and negatively regulated the virulence factors through QS systems (Kong et al., 2005).

Balasubramanian et al. analyzed co-regulatory and transcriptional networks of three co-existing mechanisms involved in β-lactam resistance, alginate production and modulation of virulence factor expression. They showed that while AmpR positively and negatively regulates β-lactamases and QS-dependent proteases, respectively, there is an intimate crosstalk between the AmpR regulon and the master regulator AlgU which positively regulates alginate production (Balasubramanian et al., 2011). This gave more insight into the complexity of such co-existing networks. Recent findings also showed that high levels of cyclic di-GMP mediated by the SagS regulator contributes to elevated antibiotic resistance via BrlR regulon-dependent upregulation of cognate genes encoding MexAB-OprM and MexEF-OprN multidrug efflux pumps (Gupta et al., 2014).

The periplasmic TpbA tyrosine phosphatase was also reported as a regulatory candidate for linking QS signaling and biofilm formation. This protein was shown to be positively regulated by the las QS system at transcriptional level. Upon production of TpbA and its phosphatase activity in the periplasm, the cyclic di-GMP synthesizing protein TpbB is dephosphorylated at a tyrosine residue in periplasmic domain leading to inactivation of TpbB and a reduction in cyclic di-GMP levels and in turn Pel production, hence inhibiting biofilm development (Ueda and Wood, 2009). TpbA-dependent cyclic di-GMP reduction was also linked to increasing eDNA release by cell lysis (Ueda and Wood, 2010).

Overall, the reason for inconclusive information about the relation of the QS system and antibiotic resistance mechanisms is based on the fact that there are various layers of regulatory pathways associated with both QS systems and antibiotic resistance mechanisms in P. aeruginosa. Therefore, understanding the interplay between hierarchical QS systems and various antibiotic resistance mechanisms needs further exploration.

ADAPTIVE RADIATION FOR PERSISTENCE

Adaptation to the surrounding environments is an extraordinary capability of P. aeruginosa. It enables P. aeruginosa to inhabit diverse ecological niches such as colonization of various hosts as well as long term persisting infections. The adaptation process is designated as adaptive radiation by which initial clones would diversify into a variety of genotypes and phenotypes over time until the most favorable and adapted descendants are selected for long term persistence (Hogardt and Heesemann, 2010). A typical example is adaptation of P. aeruginosa isolates to the CF airways. Various studies have shown that initial colonization of CF lungs is caused by wild-type strains existing in the environment. For bacteria, the CF lungs encompass various stresses such as oxidative stresses and immune responses and inter-species competition followed by antibiotic treatment. Therefore, initial clones undergo substantial adaptation processes to survive such hostile environments.

Here, adaptive radiation is mainly due to intense genetic adaptations leading to the thousands of generations displaying diverse genotypes and phenotypes that emerge in vivo, while subjected to selection pressure imposed by the CF lung milieu (Figure 4). Therefore, selected variants display different genotypes when compared with initial wild-type colonizers and persist in the CF lungs leading to clonal expansion within patients and establishment of chronic infections (Mathee et al., 1999; Kong et al., 2005; Boles and Singh, 2008; Driffield et al., 2008; Workentine et al., 2013). By assessing a wide selection of phenotypes, Workentine et al. showed that the overall population structure in one chronically infected patient can be much more heterogeneous in phenotypes than what has been previously documented (Workentine et al., 2013). Furthermore, it has been reported that transmission of strains from patient to patient can result in the coexistence of highly divergent bacterial lineages (Winstanley et al., 2016).
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FIGURE 4. Remodeling of regulatory networks in P. aeruginosa during adaptive radiation and transition from acute to chronic infections. (A) During pathogenesis, adaptation to the CF lung environment occurs through “adaptive radiation” where intense genetic mutations lead to diverse genotypes and phenotypes (colorful ellipsoids) within bacterial populations followed by the selection of colonizers. Mutational adaptation and selection of generations drive bacterial transition from acute to chronic traits. (B) Remodeling of key regulatory networks between acute and chronic infections occurs mainly via mutational adaptation in cognate genes. Mutated lasR, ampR, and retS genes are key determinants in this process by which QS, virulence factor production and motility are downregulated, while synthesis of cyclic di-GMP, exopolysaccharides and various multidrug efflux pumps are upregulated. Mutation of mucA results in a defect in MucA (anti-sigma factor) releasing AlgU (positive regulator of alginate operon) that induces overproduction of alginate and the mucoid phenotype. Of important acute traits are flagellum, type 4 pili, T1SS, T2SS, T3SS (types 1 to 3 secretion systems), ExoT (exotoxins), Lip (lipases), AprA (alkaline proteases). The type 6 secretion system (biofilm-associated and toxin-delivering device to other bacteria) and efflux pumps and the production of EPS are part of chronic traits which confer antibiotic resistance and/or mediate biofilm formation. Plus and minus signs represent positive and negative effect of transcriptional regulators, respectively. Red cross indicates mutagenesis. CM, cytoplasmic membrane; OM, outer membrane.



Generally, phenotypic adaptation of these strains include slow growth, auxotrophy, virulence deficiency via downregulation of QS systems, loss of motility, biofilm formation, alginate overproduction and mucoid phenotype, antibiotic resistance, hypermutability, and lipopolysaccharide modifications. Downregulation of virulence factors such as flagella motility, T2SS/T3SS apparatus, and toxic components results in less inflammatory and phagocytic responses since the pathogen is less detectable for the immune system (Mahenthiralingam et al., 1994; Hogardt and Heesemann, 2010). Analysis of many clinical isolates showed these alterations represent convergent molecular evolution among many clinical isolates and mutation of 52 genes are mainly responsible for substantial phenotypic alterations associated with virulence traits and resistance (Diaz Caballero et al., 2015; Marvig et al., 2015). Of these genes, common adaptive mutations occur in regulatory genes including lasR, pvdS, rpoN, mucA, mexT, nfxB, mexR, nalD, retS, and ampR (Figure 4). Collectively, this leads to remodeling regulatory networks and developing a general adaptation pattern as explained below (Higgins et al., 2003; Hogardt and Heesemann, 2010; Rau et al., 2010; Winstanley et al., 2016).

Mutation of lasR, pvdS, and rpoN impairs central QS system signal processing leading to the deficiency in virulence traits. In wild-type strains, the LasR and PvdS regulators control the expression of a large number of genes including key virulence factors (Table 1, Figure 4) and pyoverdine for iron acquisition, respectively (Table 1; Hoffman et al., 2009; Imperi et al., 2010; Jiricny et al., 2014; LaFayette et al., 2015). The alternative sigma factor RpoN has been also found to regulate many cell functions such as motility and virulence factors production via QS system (Cai et al., 2015; Figure 4). Additionally, knocking out mutation of mucA locus encoding anti-sigma factor MucA results in releasing the RNA polymerase sigma factor σ22 (AlgU) which itself positively regulates expression of the alginate biosynthesis operon and stress response mechanisms while it negatively regulates several virulence factors such as flagella, pili, T3SS, and Rhl quorum sensing signals (Folkesson et al., 2012). Development of the mucoid phenotype mediated by alginate overproduction as well as the formation of highly structured biofilms is the hallmark of chronic infections (Schurr et al., 1996; Hay I. D. et al., 2013; Figure 4).

Another common mutation has been reported in the mexT locus resulting in activation of MexT, the positive regulator of MexEF-OprN efflux pump, which in turn led to antibiotic resistance. In addition, the induction of MexEF-oprN production is linked to extruding QS signaling molecules and reduction of virulence factor production (Tian et al., 2009; Figure 4). The MexEF-OprN production is undetectable in wild-type strains due to the non-functionality of the mexT gene (Maseda et al., 2000, 2010). Furthermore, mutations of repressor genes nfxB and mexR/nalD in clinical strains upregulated the production of the MexCD-OprJ and MexAB-OprM efflux pumps, respectively, conferring resistance to a wider range of antibiotics (Higgins et al., 2003; Sobel et al., 2005; Jeannot et al., 2008; Rau et al., 2010; Figure 4). Also, mutation of other genes such as gyrA/gyrB (DNA gyrase), mexZ (transcriptional regulator of the mexXY) and mexS (transcriptional regulator of the mexEF) are commonly attributed to antibiotic resistance during mutational adaptations (Marvig et al., 2015; Figure 4).

As part of RetS/GacS/GacA/RsmA regulatory pathway, the retS gene is important for phenotypic shifting from acute to chronic infections (Lapouge et al., 2008; Moscoso et al., 2011). The retS mutation repressed the production of virulence factors such as T3SS and swarming motility while it upregulated production of the T6SS (type 6 secretion system) and exopolysaccharides Pel/Psl required for biofilm formation (Moscoso et al., 2011; Figure 4). The T6SS is a puncturing device for delivery of proteins and toxins into the competing bacteria and the host cells and an important survival advantage for P. aeruginosa. It is also required for biofilm formation while being considered as a virulence factor (Chen et al., 2015). This transitional impact was shown to be mediated by high levels of cyclic di-GMP (Boehm et al., 2010; Paul et al., 2010; Moscoso et al., 2011).

Mutation of the ampR gene is another common mutational adaptation with a large impact on remodeling of physiological traits (Figure 4). The AmpR global regulator in P. aeruginosa regulates not only resistance to different classes of clinically relevant antibiotics, but also expression of hundreds of genes involved in diverse physiological processes such as virulence, QS systems and stress responses (Balasubramanian et al., 2015). It is understood that the ampR mutation induces adaptations leading to chronic infection including the downregulation of stress responses and virulence factors via downregulating QS systems, and boosting biofilm formation and alginate overproduction by causing elevation of cyclic di-GMP levels. Additionally, it induced AlgU activity, and resistance to fluoroquinolone through activation of MexT upregulating the MexEF-OprN efflux pump as well as increasing twitching motility and T6SS production (Balasubramanian et al., 2011, 2012, 2014, 2015; Figure 4).

Other adaptive mutations of CF isolates have been commonly reported in anti-mutator genes including mutS, mutT, mutL, mutY, mutM, and uvrD conferring a “hypermutability phenotype” with elevated mutation rates due to the lack of DNA repair mechanisms. This phenotype has been described as being caused by later mutational events as they are understood to occur after mutation of the lasR and mucA genes known as earlier mutations. However, other reports postulated that mutation of anti-mutator loci may increase the rate of other adaptive mutations (Oliver and Mena, 2010).

Hypermutators are very prevalent in CF isolates and they are shown to have correlation with higher antibiotic resistance particularly in the late stage of chronic infections. However, hypermutators also display other phenotypes such as mucoidity, lack of motility and LPS production (Oliver et al., 2000; Ciofu et al., 2010; Varga et al., 2015).

Other distinct phenotypes correlated with adaptation to CF airways are the small-colony variants (SCVs). They are associated with prolonged persistence and chronic infections in CF lungs and obstructive pulmonary diseases (Malone, 2015). They have been characterized as variants forming rugose small colonies on solid media (1–3 mm in diameter) with slow growing, autoaggregative and enhanced biofilm formation characteristics combined with enhanced surface attachment and hyperpiliation for twitching (Häussler et al., 1999, 2003; Kirisits et al., 2005). In vitro analyses showed that the SCVs display increased resistance to a wide range of antibiotics (Wei et al., 2011). Different studies have demonstrated that the presence of SCVs in the CF lung is associated with poorer lung function and clinical outcomes (Häussler et al., 1999, 2003; Schneider et al., 2008).

It has been understood that SCVs show high levels of cyclic di-GMP production aligned with increased production of Pel and Psl exopolysaccharides (Starkey et al., 2009). So far investigations regarding the molecular mechanisms underlying SCVs formation confirmed loss-of-function mutations in regulatory genes such as wspF, yfiR and rsmA and some other genes which alter regulatory networks in favor of enhanced cyclic di-GMP production (Irie et al., 2010; Malone et al., 2012; Blanka et al., 2015; Malone, 2015). On the other hand, an upregulating cyclic di-GMP synthesis pathway is a key determinant of exopolysaccharide production leading to highly developed biofilms. However, it still remains unclear how two distinct phenotypes i.e., cell within mucoid biofilm and SCV differ in regard to the cyclic di-GMP mediated signaling pathways.

SURVIVAL BY STRINGENT RESPONSE AND PERSISTER FORMATION

Stringent response to environmental stresses such as nutritional starvation and response to antibiotics and oxidative stresses share a similar outcome of adaptation i.e., all are leading to dormancy and persister formation. In both responses, bacteria slow down their metabolism through downregulating the expression of genes participating in the biosynthesis of proteins, ribosomes, cell wall, nucleic acid metabolism, and virulence factors. These dramatic metabolic alterations result in arresting cell growth and cell division in favor of bacterial survival (Eymann et al., 2002; Hesketh et al., 2007; Durfee et al., 2008).

Persisters are defined as subpopulations of cells, occurring at very low frequency, which stochastically emerge in the presence of stress. They show very slow growth enhancing survival under stress while viability of the majority of the population is severely impaired. Upon stress removal, persisters turn back to normal growth to propagate, which coincides with regained sensitivity to stress. Such persistence was suggested to be based on the heterogeneity of population by means of epigenetic mechanisms, not genetic mutations (Fasani and Savageau, 2015).

Various studies have provided evidences showing the link between stringent response and persistence, but mostly using E. coli as a model which can be informative for P. aeruginosa as it possesses homologous signaling pathways (Fung et al., 2010; Maisonneuve et al., 2013; Amato et al., 2014; Ramisetty et al., 2016). There are only a few studies aiming to explain such responses, but they provided inconclusive explanations. Therefore, we summarized the general findings in order to propose the underlying molecular mechanisms in P. aeruginosa.

Molecular Mechanisms Underlying Stringent Responses and Persisters

Notably, increased levels of (p)ppGpp (collectively designated for guanosine pentaphosphate and guanosine tetraphosphate) molecules in the cells is a central triggering alarmone for both persistence and stringent response (Potrykus and Cashel, 2008; Wu et al., 2010; Amato et al., 2014). The cellular levels of (p)ppGpp are mediated by the activity of the (p)ppGpp-synthesizing and degrading enzymes such as RelA and SpoT in response to external stimuli (Bremer and Dennis, 2008).

In stringent response when E. coli encounters amino acid deprivation, the ribosome-associated RelA synthesizes ppGpp molecules to an upper level. In association with the transcriptional regulator DksA (global regulator of metabolism), ppGpp interacts with RNA polymerase and inhibits the transcription of ribosomal RNA promoters. This inhibitory impact is concomitant with activation and upregulation of pathways for amino acid biosynthesis and the transcription of stress response genes (Potrykus and Cashel, 2008; Dalebroux and Swanson, 2012; Amato et al., 2014). Amato et al. (2013) found that stringent responses are linked to the emergence of persisters by involving ppGpp based regulatory events (Amato et al., 2013).

The persister state is typically based on the activity of genetically encoded toxin-antitoxin (TA) modules particularly in response to antibiotics, but proposed as being activated by the same acting elements i.e., RelA or SpoT and (p)ppGpp in E. coli (Maisonneuve et al., 2013). These TA system are widely distributed in genomes or plasmids of bacteria and archaea (Van Melderen, 2010). Basically, the toxin element is a stable protein while the cognate antitoxin element either is a protein or a small RNA molecule which are metabolically unstable under unfavorable conditions. A small RNA antitoxin directly inhibits the toxin translation by pairing with toxin mRNA or inactivate toxin by direct binding. A protein antitoxin on the other hand either degrades toxin mRNA or blocks the activity of cognate protein toxin via direct protein-protein interaction or protective interaction with toxin substrates. Impairment of antitoxin function under certain stresses such as antibiotics as well as nutritional stresses leads to the accumulation and activation of toxin proteins. Consequently, the toxin targets and interferes with key cellular processes such as DNA replication, and the synthesis of tRNA, membrane components, and ATP leading to the inhibition of cell growth and cell division to form a dormant or persister cell (Christensen-Dalsgaard et al., 2010; Wen et al., 2014). Presumably, bacteria switch off their active metabolism upon exposure to stress to evade starvation or antibiotic impact on their cellular targets. Christensen et al. demonstrated that E. coli encodes at least 10 TA loci and all of which could be induced by nutritional starvation and antibiotics (Christensen et al., 2001; Christensen-Dalsgaard et al., 2010).

So far, Maisonneuve et al. (2013) have proposed the best model presenting the hierarchical molecular mechanisms for E. coli persistence with the involvement of the key players including RelA/SpoT enzymes, (p)ppGpp signaling, Lon protease (ATP-dependent protease), inorganic polyphosphate (PolyP), and toxin-antitoxins systems (Maisonneuve et al., 2013; Figure 5). This model explains that (p)ppGpp synthesized by RelA/SpoT inhibits PolyP degradation, while PolyP accumulation stimulates Lon protease to degrade the antitoxin leading to the activation of toxin for arresting cellular processes and growth. Previously, it was shown in E. coli that in response to nutritional stress and antibiotics, transcriptional activation of TA loci depended on protease activity of Lon protease on antitoxin which itself repressed the TA promoter (Christensen-Dalsgaard et al., 2010). Furthermore, it was suggested that the complex of Lon protease with PolyP could promote ribosomal protein degradation for supplying required amino acids during starvation (Kuroda et al., 2001; Figure 5).


[image: image]

FIGURE 5. P. aeruginosa stringent response and persister formation. Stringent response is triggered by particular stresses such as amino acid and fatty acid starvation, iron/phosphor depletion and oxidative stress [e.g., reactive oxygen species (ROS)]. The (p)ppGpp alarmone is a key determinant for stringent response and it is elevated by RelA/SpoT enzymes. Generally, (p)ppGpp elevation and the PolyP (inorganic polyphosphate) and Lon protease complex interfere with normal biological processes in favor of bacterial survival via arresting metabolism, cell growth and cell division (dashed gray pathways are best understood for the E. coli model, but not or partially characterized in P. aeruginosa). In E.coli, (p)ppGpp signaling is linked to toxin (T)-antitoxin (A) system via activation of the Lon protease leading to the formation of persisters displaying dormant and antibiotic resistance phenotypes (dashed orange line). Generally, the TA complex is stable under normal conditions suppressing toxin activity and further expression of cognate genes. Upon antitoxin degradation, toxin becomes active to hinder biological processes. In the case of P. aeruginosa HigB/A, HicA/B, the toxin components perform endoribonuclease (RNase) activity on mRNA molecules. In P. aeruginosa, the (p)ppGpp alarmone is linked to the production of ROS scavengers probably via QS or RpoS regulators and Lon activity is required for biofilm formation, motility, virulence and antibiotic resistance. Furthermore, the TA system downregulates biofilm formation and virulence factor production while T3SS (type 3 secretion system) can be found upregulated. Although, the (p)ppGpp signaling, Lon protease activity and TA modules (i.e., HigB/A, HicA/B, and likely more complexes) are present in P. aeruginosa, their link to resistance to antibiotics and other stresses is poorly understood. AA, amino acids; QS, quorum sensing; RNAP, RNA polymerase. CM, cytoplasmic membrane; OM, outer membrane.



P. aeruginosa Stringent Response and Persisters

Required elements of stringent response and persistence including the ppGpp alarmone, SpoT, RelA, DksA, and the TA modules have been characterized in P. aeruginosa (Figure 5). Mutants deficient in relA and/or spoT genes showed increased sensitivity to heat shock, oxidative and osmotic stresses as well as antibiotics while becoming less virulent. Stringent response and RelA/SpoT activity for production of ppGpp were found to be crucial for regulation of virulence factor production (Erickson et al., 2004; Viducic et al., 2006; Boes et al., 2008; Nguyen et al., 2011; Vogt et al., 2011). Also, there is some experimental support that P. aeruginosa utilizes stringent response to protect cells from oxidative stresses generated by toxic reactive oxygen species (ROS) under aerobic conditions. The mutants deficient in relA and spoT genes were highly susceptible to multiple oxidants. This study showed that (p)ppGpp signaling is necessary for optimal expression of catalase and superoxide dismutase enzymes as major ROS scavengers, but it was assumed to be indirectly regulated through a complex regulatory network (Sampathkumar et al., 2016; Figure 5). Because, (p)ppGpp signaling is also required for full expression of other regulatory pathways controlling antioxidant response such as the stress response regulator RpoS as well as both Las and Rhl QS systems (van Delden et al., 2001; Kohanski et al., 2008; Schafhauser et al., 2014; Sampathkumar et al., 2016; Figure 5). The proposed E. coli model for the activation of the TA system via Lon protease has not been shown for P. aeruginosa, yet. However, different studies indicated that Lon protease activity was induced by aminoglycosides and lon mutants were highly susceptible to ciprofloxacin while lon was also required for biofilm formation, motility and virulence (Marr et al., 2007; Breidenstein et al., 2012). Molecular mechanism of these pathways have not been well characterized, but as proposed previously, interconnection of various regulatory and signaling pathways for appropriate responses leading to either as stringent/persistence, biofilm formation or virulence is anticipated (Kim et al., 1998).

To date five types (I-V) of TA systems have been described in bacteria based on the nature and mode of action of antitoxin (Wang et al., 2012). So far, HigB/HigA and HicA/HicB TA modules encoded by genomic loci have been experimentally demonstrated in P. aeruginosa, while other TA systems such as the relBE and parDE loci were predicted but they have not been characterized, yet (Pandey and Gerdes, 2005; Fernández-García et al., 2016; Figure 5). The HigB/HigA and HicA/HicB TA modules have been also widely reported for other bacteria (Pandey and Gerdes, 2005; Li G. et al., 2016; Wood and Wood, 2016).

These TA modules belong to the type II TA system where both toxin (i.e., HigB/HicA) and antitoxin (i.e., HigA/HicB) are proteins directly interacting with each other retaining the toxin inactivated, such as inhibiting the RNase activity of HigB or HicA (Christensen et al., 2001; Rocker and Meinhart, 2016; Figure 5). The HigB/HigA TA module was found to influence P. aeruginosa pathogenicity where toxin HigB was shown to reduce the production of the virulence factors pyochelin, pyocyanin, swarming, and impaired biofilm formation representing a novel function for a TA systems (Wood and Wood, 2016; Figure 5). Another study showed that the HigB/HigA TA module was necessary for the ciprofloxacin induced persister formation by P. aeruginosa. Concurrently, HigB overproduction upregulated the expression of T3SS genes leading to the accumulation of T3SS proteins in persisters as well as increasing bacterial cytotoxicity against host immune cells (Li M.et al., 2016; Figure 5).

Furthermore, these TA systems have been shown to be highly prevalent in the clinical strains (Pandey and Gerdes, 2005; Williams et al., 2011; Li G. et al., 2016). It is believed that persisters are one of the main reasons for recurring and chronic infections where persisters withstand antibiotic treatments and spawn new infecting population upon removal of antibiotic treatment (Lewis, 2007; Wang and Wood, 2011). They are abundant in P. aeruginosa biofilms which is the hallmark of long-term infections particularly in CF patients (Lewis, 2008; Mulcahy et al., 2010).

P. aeruginosa RESISTANCE TO FOREIGN DNA

Infection of bacteria with viruses or bacteriophages is a natural phenomenon which can lead to bacterial lysis. Bacteria harness various mechanisms to destroy such foreign DNAs leading to resistance. The CRISPR (clustered regularly interspaced short palindromic repeats)-Cas (CRISPR associated proteins) systems form the only adaptive immune system in prokaryotic cells which also mediates P. aeruginosa survival during viral invasions (Cady et al., 2012; Bondy-Denomy and Davidson, 2014). A CRISPR region is an array of multiple repeated sequences on the bacterial genome or a plasmid ranging from 21 to 48 bp in length and separated by 26 to 72 bp hypervariable spacers (Bhaya et al., 2011; Cady et al., 2012). The cas locus encoding Cas proteins is located in the vicinity of the CRISPR region (Bhaya et al., 2011). In principle, the molecular mechanism is based on acquisition and integration of small fragments of foreign DNAs such as derived from viruses into the spacer regions between two adjacent repeats within the CRISPR locus mediated by Cas proteins with nuclease activity. Subsequently, the CRISPR region is transcribed resulting in pre-CRISPR RNA (pre-crRNA) which undergoes hydrolysis by endoribonucleases forming small CRISPR RNAs (crRNAs). The mature crRNAs in association with a multiprotein complex known as CASCADE (CRISPR-associated complex for antiviral defense) recognizes invasive DNAs upon complementarity which results in the initiation of the cleavage of the crRNA–foreign DNA hybridization complex, mediating survival of bacteria after viral infections while protecting themselves from lysis (Brouns et al., 2008; Mojica et al., 2009; Deveau et al., 2010; Garneau et al., 2010; Bhaya et al., 2011). The CRISPR-Cas systems have been classified into three major types (I, II and III) and at least 11 subtypes (IA-F, IIA-C and IIIA-B) encoding distinct crRNA-guided surveillance complexes (Makarova et al., 2011).

A study showed that 36% of tested P. aeruginosa clinical isolates harbored CRISPR-Cas systems developing adaptive immunity against various mobile genetic elements such as temperate phages, prophages, pathogenicity island transposons which were integrated into the genome (Cady et al., 2011). Different studies demonstrated that the types I-F and I-E CRISPR-Cas systems are naturally active in P. aeruginosa isolates (Cady et al., 2012; Pawluk et al., 2014). A recent phylogenetic study revealed the existence of the type I-C CRISPR-Cas system in some isolates of P. aeruginosa (van Belkum et al., 2015).

On the other hand, the activity of CRISPR/Cas system can be inhibited by anti-CRISPR/Cas genes harbored by phages infecting P. aeruginosa which counteract the type I-F and I-E systems (Bondy-Denomy et al., 2015; Maxwell, 2016). Also it has been shown that phages producing anti-CRISPR activity are closely related to each other and with high sequence similarity to bacteriophage DMS3 (Bondy-Denomy et al., 2013). Bacteriophage DMS3 was isolated from clinical isolates of P. aeruginosa and it was shown to inhibit biofilm formation and swarming motility, and P. aeruginosa cannot develop immunity against it due to the lack of complementarity between crRNA and protospacers of DMS3 genome (Budzik et al., 2004; Zegans et al., 2009). Furthermore, the CRISPR-Cas systems show a strong correlation with antibiotic resistance/susceptibility (van Belkum et al., 2015). Additionally, the same study showed that the CRISPR-Cas systems play an important role in shaping the accessory genomes of globally distributed P. aeruginosa strains. Accessory genome is referred to highly variable regions of the genome versus a relatively invariable core genome. P. aeruginosa accessory genome varies from strain to strain, ranging from 6.9 to 18.0% of the total genome, and is mainly comprised of integrative and conjugative elements, replacement islands, prophages and phage-like elements, transposons, insertion sequences and integrons (Kung et al., 2010; Ozer et al., 2014). According to this finding the CRISPR typing with regard to the frequency of spacer integration and deletion between related strains can potentially be used for identifying the lineage of strains especially within outbreaks (van Belkum et al., 2015).

Overall, understanding of the CRISPR-Cas and anti-CRISPR-Cas systems is gradually becoming important in the context of pathogenesis and strain lineage identification. These links were highlighted by the discovery of the interaction of bacteriophage DMS3 and the type I-F CRISPR, and its impact on biofilms (Zegans et al., 2009; Palmer and Whiteley, 2011) as well as the role of different CRISPR/Cas systems on virulence and antibiotic resistance (Louwen et al., 2014). Overall, these findings suggest a more diverse function of CRISPR/Cas systems within the context of pathogenesis, requiring further in depth studies to elucidate the underlying molecular mechanisms.

CONCLUSIONS AND PERSPECTIVES

For many years, P. aeruginosa has been a model organism and received much attention from scientific community to study the bacterial lifestyle and pathogenesis. It always has been of particular importance due to causing persistent infections in CF and immunocompromised patients. Nowadays, this ubiquitous bacterial pathogen is accepted worldwide as a public health risk due to its increasing prevalence in healthcare acquired infections combined with its ability to develop resistances to multiple classes of antibiotics. Over the past decade, extensive research studies have focused on these growing concerns aiming at deciphering the nature of P. aeruginosa capability and underlying molecular mechanisms applying different modes of persistence and antibiotic resistance.

In this review, we summarized several of the well characterized molecular mechanisms which enable P. aeruginosa to survive various hostile conditions such as during pathogenesis and antibiotic treatment. These mechanisms form multiple layers of physiological adaptations correlating with social behavior and lifestyle of bacteria while responding environmental stimuli. Such extraordinary adaptive capability relies on extensive numbers of regulatory or controlling factors within integrated and complex signal processing pathways. These enable bacteria perceive and process environmental cues in order orchestrate physiological changes to promote adaptation to unfavorable conditions. Many of these regulatory pathways, their cognate player, their signals and how they are integrated with global regulatory networks still remain poorly understood.

Furthermore, we highlighted key molecular pathways driving P. aeruginosa survival and persistence at different stages of pathogenesis such as QS elements for virulence traits, cyclic di-GMP signaling in biofilm formation and development of chronic traits, (p)ppGpp signaling/TA system in persister formation and various strategic adaptations for developing resistance to divers classes of antibiotics.

Recent technological advances in genomic characterization of pathogens have provided invaluable information about the dynamics of P. aeruginosa populations and their heterogeneity at different stages of pathogenesis. These results which were explained under “adaptive radiation” term emphasized that this species shows a stunning capability to become resilient during pathogenesis to withstand antibacterial treatment.

Available information indicated that sole therapy which only relies on bacteriostatic/bactericidal compounds can readily be defeated by bacterial resiliency and a management program is still required to combat infections. This program should be able to predict and evaluate physiological adaptations at each stage of infection for exerting appropriate treatments which could interfere with adaptation rather than increasing the chance of bacterial survival. A good example is improper and frequent application of antibiotics which must be avoided. Instead a comprehensive hygiene program must be applied in healthcare settings and among personnel to stop the spread of nosocomial infections specifically caused by multidrug resistance strains. Also, further research on identification of new drugs and developing new alternative prevention and treatment strategies for interfering with key regulatory pathways is needed.

At the end we suggest all efforts should consider international coordinated multidisciplinary programs with results of laboratory outputs being deposited in centralized accessible databases to expedite advances in control of infections and its implementation into clinical settings. The steadily growing concern of emerging antibiotic resistance strains in the world, would justify the set-up of such databases which then allow developing world-wide guidelines for monitoring and recording antibiotic resistance cases around the world. This should provide healthcare experts with appropriate guidelines for well managing bacterial infections and preventing the rate and spread of resistance strains.
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The significance of polymicrobial infections is increasingly being recognized especially in a biofilm context wherein multiple bacterial species—including both potential pathogens and members of the commensal flora—communicate, cooperate, and compete with each other. Two important bacterial pathogens that have developed a complex network of evasion, counter-inhibition, and subjugation in their battle for space and nutrients are Pseudomonas aeruginosa and Staphylococcus aureus. Their strain- and environment-specific interactions, for instance in the cystic fibrosis lung or in wound infections, show severe competition that is generally linked to worse patient outcomes. For instance, the extracellular factors secreted by P. aeruginosa have been shown to subjugate S. aureus to persist as small colony variants (SCVs). On the other hand, data also exist where S. aureus inhibits biofilm formation by P. aeruginosa but also protects the pathogen by inhibiting its phagocytosis. Interestingly, such interspecies interactions differ between the planktonic and biofilm phenotype, with the extracellular matrix components of the latter likely being a key, and largely underexplored, influence. This review attempts to understand the complex relationship between P. aeruginosa and Staphylococcus spp., focusing on S. aureus, that not only is interesting from the bacterial evolution point of view, but also has important consequences for our understanding of the disease pathogenesis for better patient management.
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INTRODUCTION

Over the past decade there is a growing appreciation that the biofilm mode of growth is the most common lifestyle adopted by bacteria (Hall-Stoodley et al., 2004; Burmolle et al., 2014). Biofilms can be defined as surface-associated, structured bacterial communities embedded in an extracellular matrix (Hall-Stoodley et al., 2004). Living in a biofilm provides protection in a stressful environment where mechanical stress, desiccation, and biocides are common threats (Donlan and Costerton, 2002; Flemming and Wingender, 2010). Multiple species frequently exist together in a single biofilm, where they either improve the fitness of one another or compete for space and nutrients (Jefferson, 2004; Billings et al., 2013; Burmolle et al., 2014; DeLeon et al., 2014). Most bacteria have developed interaction strategies to communicate within and between species in a cell density-dependent manner, for example, by using small diffusible molecules in a process called quorum-sensing (Federle and Bassler, 2003; Li and Tian, 2012). Furthermore, many bacteria excrete antimicrobial components, also often regulated by quorum-sensing, to eliminate competitors (Federle and Bassler, 2003; Li and Tian, 2012). Indeed, these multispecies interactions within the biofilm are important for the inhabiting bacteria and, given the increasing evidence of the link between biofilm-associated pathogens and disease, also from a clinical point of view (Donlan and Costerton, 2002; Li and Tian, 2012).

S. aureus and P. aeruginosa are important pathogens causing a wide variety of infections, including pneumonia in cystic fibrosis (CF) patients, healthcare associated pneumonia and chronic wounds (Harrison, 2007; Fazli et al., 2009; Cystic Fibrosis Foundation Patient Registry, 2012). Initially, only an antagonistic relationship between both organisms was described as the presence of one is associated with the absence of the other in CF and both are rarely found in close association in chronic wounds. S. aureus mostly resides on the wound surface whereas P. aeruginosa is found in the deep layers (Kirketerp-Moller et al., 2008; Fazli et al., 2009). We also recently showed a negative correlation between presence of P. aeruginosa and the total species diversity in in vivo endotracheal tube biofilms and a low co-occurrence of P. aeruginosa with Staphylococcus epidermidis (Hotterbeekx et al., 2016). Nonetheless, recent studies have also co-isolated P. aeruginosa and Gram-positive bacteria, including S. aureus, from the same infection site where increased virulence and/or antibiotic resistance is described (Duan et al., 2003; Kirketerp-Moller et al., 2008; Fazli et al., 2009; Dalton et al., 2011; Korgaonkar et al., 2013). After describing first in vivo observations occurring in human diseases, we will discuss and summarize in vitro data from the current literature on potential mechanisms of interactions between P. aeruginosa and Staphylococcus spp., primarily S. aureus.

CO-OCCURRENCE OF P. AERUGINOSA AND S. AUREUS IN VIVO IS LINKED TO WORSE DISEASE OUTCOMES

CF is a typical example of a biofilm-related infection wherein P. aeruginosa and S. aureus are frequently isolated from the lungs of these patients (Harrison, 2007; Hauser et al., 2011; Cystic Fibrosis Foundation, 2014). While, S. aureus is mostly acquired during childhood, the presence of P. aeruginosa is associated with increasing age and worsening patient prognosis (Sagel et al., 2009; Hauser et al., 2011; Cystic Fibrosis Foundation, 2014). An increasing incidence of P. aeruginosa with age has been shown to coincide with a decreasing S. aureus incidence in CF patients (Harrison, 2007; Cystic Fibrosis Foundation, 2014), data that primarily indicates an antagonistic relationship between the two pathogens. However, in cases where P. aeruginosa and S. aureus have been co-isolated, both pathogens seem to contribute independently and additively to the disease severity (Sagel et al., 2009; Hauser et al., 2011), presenting as increased lung inflammation and consequently increased lung damage compared to infection with a single pathogen (Sagel et al., 2009). Furthermore, due to repeated antibiotic therapy, CF patients also carry higher levels of methicillin-resistant S. aureus (MRSA) that is associated with a worse lung function compared to methicillin- sensitive S. aureus (MSSA) but only in combination with P. aeruginosa (Hubert et al., 2013).

Chronic wounds are another example of biofilm-related infections wherein co-presence of P. aeruginosa and S. aureus has been shown to result in delayed wound healing compared to single species infections (Dalton et al., 2011; Seth et al., 2012; Pastar et al., 2013). In a pig wound model, infections initiated by in vitro preformed dual species biofilm caused a significant suppression of keratinocyte growth factor 1 (KGF1), which is responsible for re-epithelialization and wound closure (Pastar et al., 2013). In a rabbit ear-wound model, mixed species infection of S. aureus and P. aeruginosa caused an increased expression of the pro-inflammatory cytokines IL-1β and TNF-α, indicating a higher inflammatory response compared to single species infection (Seth et al., 2012). Moreover, S. aureus and P. aeruginosa reached an equilibrium after 12 days of infection, with P. aeruginosa being the dominant pathogen (Seth et al., 2012). In a mouse chronic wound model infected with in vitro preformed four-species biofilm and monitored up to 12 days, presence of multiple species was found to significantly delay wound healing only at 8 days post-infection (Dalton et al., 2011). However, polymicrobial infections showed increased antimicrobial tolerance compared to single species infection with P. aeruginosa in this study (Dalton et al., 2011). These studies suggest that, despite the constraints of different host backgrounds, multispecies infections can lead to delayed wound healing, increased inflammation and increased antibiotic tolerance, which all add to a worse patient outcome. P. aeruginosa is often the dominant pathogen due to its wide array of mechanisms to adapt to changing hostile environments, which allows colonization in a variety of niches. When P. aeruginosa encounters other bacteria like S. aureus, it can co-exist or take over the biofilm through production of various quorum-sensing regulated factors. Section Extracellular products of Staphylococcus spp. impact P. aeruginosa virulence in vivo discusses in vivo animal studies exploring production of P. aeruginosa virulence factors in the presence of S. aureus.

EXTRACELLULAR PRODUCTS OF STAPHYLOCOCCUS SPP. IMPACT P. AERUGINOSA VIRULENCE IN VIVO

P. aeruginosa possesses a wide range of extracellular factors to survive and invade human tissues, often by modulating the immune system. The complex interplay between biofilms and the host immune response are reviewed in detail by Watters et al. (2016). Here, we discuss four molecules in particular which are upregulated in the presence of Gram-positive bacteria: LasB elastase, rhamnolipids, exotoxins, and phenazines (Figure 1). LasB elastase is an extracellular protease capable of digesting the lung surfactant, the pulmonary antimicrobial enzyme lysozyme, and transferrin, as well as slowing down the ciliary movement (Hauser, 2009). In addition, LasB impairs uptake of P. aeruginosa by macrophages and its protease activity leads to lung tissue damage, thereby decreasing pulmonary function and facilitating dissemination into the bloodstream (Strateva and Mitov, 2011). Similar to LasB, rhamnolipids are glycolipidic biosurfactants that interfere with the lung surfactant activity by solubilizing the phospholipids and with airway immune response by disrupting the polymorphonuclear leucocyte chemotaxis and macrophage function, and also inhibit ciliary beating (Soberon-Chavez et al., 2005; Jensen et al., 2007). Furthermore, rhamnolipids increase inflammation by stimulating the release of the pro-inflammatory cytokines IL-6 and IL-8 by the airway epithelium (Soberon-Chavez et al., 2005). An excessive inflammatory response and associated tissue damage is also induced by the release of exotoxins ExoT, ExoS, and ExoY by the type III secretion system. The type III secretion system is a needle-like structure directly injecting exotoxins into other bacteria, macrophages and epithelial cells, thereby killing them (Hauser, 2009). The fourth type of molecules, phenazines, are pigments produced by a large number of Pseudomonas spp., and have been shown to be involved in mediating microbial interactions as well as in CF disease progression. Pyocyanin is the most important phenazine and its production in the CF lung was shown to lead to goblet cell hyperplasia, airway fibrosis and alveolar airspace destruction (Caldwell et al., 2009; Strateva and Mitov, 2011). Pyocyanin causes an imbalance between the T helper type 1 (Th1) and type 2 (Th2) cytokines, leading to overproduction of Th2 cytokines IL-4 and IL-13 and increased macrophage infiltration (Caldwell et al., 2009). Essentially, release of these extracellular molecules by P. aeruginosa, partly in response to the presence of S. aureus, leads to increased tissue damage due to their cytotoxic and immune-modulatory effects, which also helps P. aeruginosa survival. Interestingly, not only S. aureus but Gram-positive commensals (coagulase negative staphylococci and viridans streptococci) can also alter the virulence of P. aeruginosa in a similar fashion (Duan et al., 2003). Such immune modulation and evasion by collective bacterial species might underlie the worsened patient prognosis observed in multispecies infections (Figure 1). Sections AI-2 in the CF Lung Increases P. aeruginosa Virulence and Might Be an Important Therapeutic Target and N-Acetyl Glucosamine Sensing Enhances the Production of P. aeruginosa Extracellular Virulence Factors discuss the known mechanisms of how extracellular products of staphylococci modulate the four major virulence factors P. aeruginosa that were discussed above.
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FIGURE 1. Interactions in the cystic fibrosis lung. The complex interplay between microbial competition and the human immune system results in increased secretion of pro-inflammatory cytokines, microbial virulence factors and consequently tissue damage and bacterial invasion of the epithelial barrier. Mixed species infections lead to a stronger decrease in ciliary beating and increased goblet cell hyperplasia and tissue fibrosis, which are characteristic of cystic fibrosis disease progression. PQS, Pseudomonas quinolone signal; T3SS, type 3 secretion system; AI-2, autoinducer 2.



AI-2 in the CF Lung Increases P. aeruginosa Virulence and Might Be an Important Therapeutic Target

Autoinducer-2 (AI-2) is a small diffusible quorum-sensing molecule produced by several bacteria, including staphylococci, and has been shown to cause upregulation of several major virulence genes of P. aeruginosa discussed above, including extracellular protease (lasB), rhamnosyltransferase involved in rhamnolipid synthesis (rhlA), exotoxins (exoT, exoS, exoY) and phenazines (phzA1 and phzA2; Li et al., 2015). Induction of P. aeruginosa virulence by AI-2 was shown both in vitro after screening of a random lux reporter-based promotor library and in vivo in rat lung infection and Drosophila chronic infection models (Duan et al., 2003; Sibley et al., 2008; Li et al., 2015). AI-2 mediated quorum-sensing is now recognized as a universal language of interspecies communication regulating a wide variety of genes involved in virulence and biofilm formation in a cell-density dependent manner in a number of micro-organisms, including non-producers like P. aeruginosa (Rezzonico et al., 2012). Furthermore, AI-2 has been detected in substantial amounts in the sputum of CF patients and in infected rats (Duan et al., 2003), raising the possibility of interruption of AI-2 signaling to either slow down disease progression or hasten the healing process.

A promising approach is the use of AI-2 analogs like D-ribose that block the AI-2 pathway and inhibit P. aeruginosa virulence. Wang et al showed in a rat model of mechanical ventilation that co-inoculation of P. aeruginosa and Streptococcus mitis resulted in increased biomass, lung damage, and rat mortality compared to infection with only P. aeruginosa (Wang et al., 2016). Treatment with D-ribose of both the single and dual species infections showed a significant decrease in biomass and lowering of rat mortality in the latter group due to interference with AI-2 signaling (Wang et al., 2016). Inhibition of P. aeruginosa virulence is not only beneficial because the P. aeruginosa-mediated damage is reduced but also because the immune system is less stimulated (Figure 1). Further studies showing the benefits of non-toxic biofilm inhibitors such as D-ribose in patient populations are awaited.

N-Acetyl Glucosamine Sensing Enhances the Production of P. aeruginosa Extracellular Virulence Factors

Another molecule that increases the virulence of P. aeruginosa and is commonly found in the CF lung is N-acetyl glucosamine (GlcNAc). GlcNAc is part of the Gram-positive cell wall polymer peptidoglycan and induces the virulence of P. aeruginosa by enhancing the Pseudomonas quinolone signal (PQS), which controls the production of extracellular virulence factors like pyocyanin, elastase, rhamnolipids and HQNO (discussed in Section Pseudomonas Quinolone Signal Regulates the Production of Anti-Staphylococcal 4-Hydroxy-2-Heptylquinoline N-Oxide (HQNO); Deziel et al., 2004; Williams and Camara, 2009; Jimenez et al., 2012; Korgaonkar et al., 2013; Figures 1, 2). The PQS, with 2-heptyl-3-hydroxy-4-quilonone as the main effector molecule, is one of the three quorum-sensing systems present in P. aeruginosa. PQS is positively regulated by LasR and negatively regulated by RhlR, the two other quorum-sensing systems of P. aeruginosa with N-acylhomoserine lactone as main effector molecule (Jimenez et al., 2012). P. aeruginosa has the ability to sense the peptidoglycan shed by the Gram positive commensal flora and in response increase the production of antimicrobials. The enhanced virulence in the presence of GlcNAc from Gram-positive bacteria was demonstrated in vivo in a Drosophila and Galleria mellonella infection model (Korgaonkar et al., 2013; Whiley et al., 2014). Both GlcNAc and AI-2 sensing are examples where P. aeruginosa can sense its environment and generate the appropriate response to eliminate competitors by producing several virulence factors, which also has a negative impact on the host.
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FIGURE 2. Small molecules secreted by P. aeruginosa and S. aureus. Extracellular factors produced by P. aeruginosa affect biofilm formation, oxidative respiration, cell lysis and virulence of S. aureus. Lysis of S. aureus leads to increased extracellular iron and N-acetyl glucosamine (GlcNac), which are sensed by P. aeruginosa. AHL, N-acyl homoserine lactone; HQNO, 4-hydroxy-2-heptylquinoline N-oxide; PQS, Pseudomonas quinolone signal; GlcNac, N-acetyl glucosamine.



P. AERUGINOSA PRODUCES A WIDE VARIETY OF MOLECULES THAT INHIBIT S. AUREUS IN VITRO

P. aeruginosa produces many molecules to compete with other microorganisms for space and nutrients. The number of molecules, quantities produced and even the structure of these molecules vary between different strains of P. aeruginosa as well as between different growth conditions (planktonic vs. biofilm; the presence of host factors, antibiotics etc.). In order to achieve a better understanding of complex interplay of the different compounds in in vivo biofilm-related infections, it is necessary to dissect this complex system into individual subsystems and investigate each compound individually. In the following sections, we discuss the effect of different molecules produced by P. aeruginosa on S. aureus in vitro. An overview of the extracellular molecules produced by P. aeruginosa and their effect on S. aureus is shown in Figure 2.

Pseudomonas Quinolone Signal Regulates the Production of Anti-Staphylococcal 4-Hydroxy-2-Heptylquinoline N-Oxide (HQNO)

P. aeruginosa strongly reduces or completely outcompetes S. aureus during co-culture in many in vitro model systems, both planktonic and biofilm (Palmer et al., 2005; Baldan et al., 2014; DeLeon et al., 2014). This anti-staphylococcal activity of P. aeruginosa was first described by Lightbown and Jackson (1956), who identified 4-hydroxy-2-heptylquinoline N-oxide (HQNO) as a major compound produced by P. aeruginosa that inhibited the cytochrome systems of some bacteria, including S. aureus (Lightbown and Jackson, 1956). The same phenomenon was again described by Machan et al. in 1991 by testing the culture supernatant of fifty P. aeruginosa clinical isolates on 261 staphylococci (Machan et al., 1991). The growth of all staphylococci was reduced by each of the P. aeruginosa strains, although the extent of inhibition was strain-dependent. The factor responsible for this phenomenon was again identified as HQNO (Machan et al., 1992). HQNO is the major compound produced by the pqsABCDE operon, which is regulated by the quorum-sensing system PQS. Although HQNO is described as an antistaphylococcal compound, it has no lytic activity against S. aureus itself but rather slows down the growth by inhibiting oxidative respiration (Figure 2, right upper panel; Williams and Camara, 2009). Exposure to an HQNO source suppresses the growth of S. aureus, resulting in small colonies which are easily missed in diagnostic cultures (Hoffman et al., 2006). These so-called SCVs represent a different phenotype with specific characteristics and will be discussed later in this review. Furthermore, HQNO can be detected at active concentrations in the sputum of CF patients infected with P. aeruginosa, suggesting that HQNO has the same effect in the lungs of CF patients as it has in vitro (Hoffman et al., 2006). Although HQNO is one of the most important and well-studied antistaphylococcal compounds, it is not the only factor slowing down the growth and inhibiting oxidative respiration in staphylococci.

Pyocyanin Inhibits Oxidative Respiration in S. aureus

Pyocyanin is one of the numerous pigmented phenazines produced by P. aeruginosa and an important virulence factor. Pyocyanin is produced during Pseudomonas biofilm formation, has a role in acute and chronic airway infections, enables anaerobic survival and serves as a redox-active antimicrobial compound (Biswas et al., 2009; Caldwell et al., 2009). Furthermore, by its inter-and intracellular signaling, pyocyanin enables P. aeruginosa to successfully compete with other bacteria and even fungi (Gibson et al., 2009; Toyofuku et al., 2010; Tashiro et al., 2013). Like HQNO, pyocyanin also blocks the oxidative respiration and inhibits growth of S. aureus, also selecting for the SCV phenotype (Biswas et al., 2009; Figure 2, right upper panel). The production of pyocyanin can be observed after 8 h of culture, around the same time when a strong reduction of S. aureus cells occurs during co-culture (Biswas et al., 2009; Tashiro et al., 2013). Furthermore, the presence of Gram-positive organisms, including some Staphylococcus spp., can induce pyocyanin production in P. aeruginosa by stimulating the PQS system (Korgaonkar and Whiteley, 2011; Whiley et al., 2014; Figure 2, middle panel). In addition, exposure to pyocyanin in the airways leads to pulmonary damage and contributes to CF pathogenesis (Caldwell et al., 2009). Therefore, pyocyanin seems to be an antagonistic compound secreted to provide a competitive advantage to P. aeruginosa by harming S. aureus, other Gram-positive bacteria as well as the host.

LasA Protease or Staphylolysin Effectively Lyses S. aureus Cells

P. aeruginosa secretes a staphylolytic endopeptidase called LasA protease or staphylolysin, which degrading pentaglycine in the cell wall of S. aureus causing cell lysis (Kessler et al., 1993). P. aeruginosa might use LasA protease to compete with staphylococci but also to acquire iron from S. aureus (Mashburn et al., 2005; Figure 2, left lower panel). Because freely available iron is often limited, P. aeruginosa has developed several strategies to scavenge iron, like the synthesis of iron chelating siderophores, pyoverdin, and pyochelin (Diggle et al., 2007). Transcription patterns of iron-regulated genes of P. aeruginosa in the presence of S. aureus in vivo are the same as in high-iron conditions in vitro, suggesting that S. aureus might be an iron source for P. aeruginosa (Mashburn et al., 2005). This type of interaction is, however, only important when both species are located close together, like in multi-species biofilms (Mashburn et al., 2005). The specificity of the LasA protease for staphylococci makes it a potential therapeutic candidate against staphylococcal infections especially those cause by antibiotic resistant MRSA strains as shown in a rat model of endophthalmitis (Barequet et al., 2009). However, S. aureus can survive LasA by the emergence of L-form-like colonies, which lack a cell wall (Falcon et al., 1989), although the role of L-form like colonies in disease remains rather vague.

Cis-2-Decenoic Acid Induces Biofilm Dispersal in a Broad Range of Organisms Including P. aeruginosa

Interspecies competition in biofilms not only occurs by inhibiting or killing the other species but also by inducing its dispersal. Biofilm dispersal is mainly induced when the environment becomes less favorable, like in case of nutrient depletion, and is extensively reviewed by Petrova and Sauer (2016). The exact mechanisms that induce biofilm dispersal are currently unknown, although several factors have been investigated (Hall-Stoodley and Stoodley, 2005; Davies and Marques, 2009). Since most bacteria reside in a biofilm consisting of multiple species in vivo, the dispersal signal must be recognized by a wide range of species (Davies and Marques, 2009). One class of such molecules are the cis-monosaturated fatty acids, which are small extracellular messenger molecules with broad inter-phylum and even inter-kingdom activities (Davies and Marques, 2009). P. aeruginosa produces cis-2-decenoic acid, which induces a dispersion response in biofilms formed by a range of Gram-negative and Gram-positive bacteria, including S. aureus (Figure 2, left upper panel), yeast as well as in P. aeruginosa (Davies and Marques, 2009). Interestingly, Davies et al showed that dispersion was only induced when the microcolonies reached a minimum of 40 μm diameter and 10 μm of thickness, indicating that a certain threshold concentration is needed for cis-2-decenoic acid to become active (Davies and Marques, 2009). This molecule could possibly be employed to disrupt biofilms on surfaces, followed by disinfectants that can successfully clear planktonic bacteria.

Rhamnolipids Promote Biofilm Dispersal and Inhibit Adhesion

Most P. aeruginosa strains produce rhamnolipids, biosurfactants consisting of one or two rhamnose molecules linked to one or two fatty acids (Soberon-Chavez et al., 2005). While cis-2-decenoic acid is mainly used as a common signal for dispersion at the final biofilm stages, rhamnolipids are used to dislodge competing bacteria from the biofilm. Many different rhamnolipid homologs are produced, depending on the Pseudomonas strain and carbon source, and their synthesis is quorum-sensing regulated (Soberon-Chavez et al., 2005). Rhamnolipids were shown to reduce the surface tension and to have an anti-adhesive and antimicrobial effect on many micro-organisms (Haba et al., 2003; Rodrigues et al., 2006; Zezzi do Valle Gomes and Nitschke, 2012). The amphiphilic nature of rhamnolipids enables them to intercalate into the cell membranes of different microorganisms and form complexes, thereby permeabilizing the membranes and causing leakage of intracellular material (Sotirova et al., 2008). Gram-positive organisms seem more susceptible to rhamnolipid permeabilization than Gram-negative because the presence of lipopolysaccharides protects the cell membranes of the latter against the effect of surfactants (Soberon-Chavez et al., 2005). Furthermore, rhamnolipids were shown to promote biofilm dispersal in many different microorganisms, including P. aeruginosa itself, although this effect is strain dependent (Rodrigues et al., 2006). For S. aureus and S. epidermidis, rhamnolipids were shown to induce biofilm dispersal and to inhibit adhesion in a dose-dependent manner (Rodrigues et al., 2006; Zezzi do Valle Gomes and Nitschke, 2012; Pihl et al., 2013; Figure 2, left upper panel).

Long-Chain AHLs Reduce Growth and Virulence of S. aureus

The N-acylhomoserine lactone (AHL) system is the most important and most extensively studied quorum-sensing system in P. aeruginosa. Many diverse AHLs are produced by various Gram-negative bacteria, all consisting of a homoserine lactone ring that is N-acylated with a fatty acyl group (Jimenez et al., 2012). The length of the acyl chains may vary from 4 to 18 carbons and P. aeruginosa mainly produces a short-chain C4-HSL and a long-chain 3-oxo-C12-HSL, although other lengths might also occur (Jimenez et al., 2012). The production of many virulence factors is regulated by AHL, including that of pyocyanin and rhamnolipids (Jimenez et al., 2012). Although it is currently not described that Gram-positive bacteria produce AHLs, they might still be influenced by them (Qazi et al., 2006). For example, growth of S. aureus is inhibited by several long chain 3-oxo-AHLs (including C8, C10, C12, and C14 chains) in a concentration dependent manner, with C12 and C14 being the most effective (Qazi et al., 2006). At concentrations below growth inhibition, the function of staphylococcal accessory regulator sarA and accessory gene regulator agr are strongly reduced (see Section SCV Induction by P. aeruginosa is Sigma B Dependent), and consequently their dependent virulence factors like hemolysins, TSST-1, protein A, and fibronectin-binding proteins (Figure 2, right lower panel; Qazi et al., 2006). Moreover, inhibition of agr might lead to more biofilm formation in S. aureus due to reduced detachment, although this study only tested planktonic conditions and requires further research (Qazi et al., 2006). The short chain AHL produced by P. aeruginosa seems to have no effect on growth and agr expression of S. aureus (Qazi et al., 2006). Furthermore, long-chain AHLs produced by other Gram-negative bacteria are likely to have similar effects in S. aureus, although, again, more studies are required here.

P. aeruginosa Might also Cause Increased Expression of S. aureus Virulence Factors

As described before, wounds infected with both S. aureus and P. aeruginosa generally show delayed closure compared to the single species infected wounds (Dalton et al., 2011; Seth et al., 2012). In addition to host related factors, one of the reasons for this phenomenon might be the upregulation of S. aureus virulence factors during co-infection, as was demonstrated for the MRSA strain USA300 (Pastar et al., 2013). Interestingly, although the growth of USA300 was strongly inhibited by P. aeruginosa in vitro, this effect was much weaker in vivo (Pastar et al., 2013). Furthermore, co-infection of wounds in a pig model induced S. aureus virulence factors hla and pvl, encoding α-hemolysin and Panton-Valentine leucocidin (Figure 2, right lower panel; Pastar et al., 2013). Another example of increased virulence of S. aureus in the presence of P. aeruginosa is the induction of staphyloxanthin production observed in a white S. aureus variant isolated from a soft tissue wound (Antonic et al., 2013). This strain possessed an intact and functional crtOPQMN operon, which is essential for production of the staphyloxanthin pigment, but was unable to induce pigment production on its own. Interestingly, staphyloxanthin production was induced by a P. aeruginosa co-isolate (Antonic et al., 2013). Furthermore, the pigment production in a characteristically golden-yellow S. aureus strain, which was co-isolated with the Pseudomonas strain and the white S. aureus variant, remained unaffected. However, this contradicts other studies that report an inhibition of S. aureus pigment production by pyocyanin and pyoverdin produced by P. aeruginosa (Biswas et al., 2009). Another result of this study (Antonic et al., 2013) that is in contradiction with other studies is that there was an unchanged expression of sigB that encodes the alternative transcription factor sigma B and which is previously reported to be upregulated in the presence of P. aeruginosa (Mitchell et al., 2010). The discrepancies in results between different studies indicate the importance of co-evolution and adaptation of the different isolates to each other and their environment. Adaptation of S. aureus to P. aeruginosa might lead to an expression pattern that is similar to a stress-resistant phenotype.

S. AUREUS SURVIVES IN THE PRESENCE OF P. AERUGINOSA AS THE SMALL COLONY VARIANT PHENOTYPE

As a defense mechanism, S. aureus has also devised strategies to survive in the presence of P. aeruginosa. One of these is the switch to the SCV, a well-characterized phenotype detected in various diseases, including CF and device-related infections (Proctor et al., 2006). SCVs appear as small, smooth colonies on a culture plate and grow significantly slower compared to wild type colonies. The SCV phenotype might appear naturally and is caused by a defective or inhibited electron transport pathway that switches S. aureus to a fermentative growth state. In addition to a decreased growth rate, SCVs also demonstrate decreased ATP yield, decreased pigmentation and often hemin or menadione auxotrophy (Proctor et al., 2006; Biswas et al., 2009). Remarkably, the switch to a SCV phenotype increases survival of S. aureus in unfavorable conditions as it exhibits an increased aminoglycoside resistance, biofilm formation, and intracellular survival (Hoffman et al., 2006; Proctor et al., 2006; Biswas et al., 2009; Atalla et al., 2011). Prolonged co-culture with P. aeruginosa or exposure to pure HQNO leads to a high proportion of stable S. aureus SCVs, an effect that is increased by the presence of aminoglycosides (Hoffman et al., 2006). It has also been proposed that the reason why S. aureus and P. aeruginosa are not frequently detected together in diagnostic cultures of sputum of CF patients is because of the existence of S. aureus as SCVs that are more difficult to detect due to their small size and fastidious growth requirements (Proctor et al., 2006; Atalla et al., 2011).

SCV Induction by P. aeruginosa Is Sigma B Dependent

After the induction of the SCV phenotype during exposure to HQNO, the expression of three main regulatory mechanisms of virulence and biofilm formation is altered. First, the alternative transcription factor sigma B (SigB) is upregulated (Mitchell et al., 2010). SigB regulates the general stress response of Gram-positive bacteria, repressing the expression of most exoenzymes and toxins, stimulating the expression of adhesins and promoting the persistence of S. aureus in host cells (van Schaik and Abee, 2005; Atalla et al., 2011). Second, stimulation of SigB was shown to stimulate the expression of the Staphylococcal accessory regulator SarA, which modulates the expression of the pore-forming toxin α-hemolysin (hla) and increases biofilm formation (Valle et al., 2003; Oscarsson et al., 2006; Mitchell et al., 2010). In addition, SigB represses a third important regulator of S. aureus biofilm formation, the accessory gene regulator (agr) system, which induces biofilm dispersal thereby decreasing the total biomass and increases the expression of hla (Boles and Horswill, 2008; Mitchell et al., 2010; Atalla et al., 2011). In conclusion, HQNO reduces the production of the toxin hla by increasing the expression of SigB, leading to an increased expression of SarA and a decreased expression of agr. Reduced expression of toxins helps S. aureus to remain intracellular and thus increase its chances of survival in the human host. The stimulation of sarA by upregulation of SigB might be counteracted by long chain AHLs, which inhibit sarA (Figure 2, right lower panel). The net effect is probably dependent on the Pseudomonas strain involved since the production of both factors might be variable between isolates (Qazi et al., 2006; Fugère et al., 2014).

P. AERUGINOSA AND S. AUREUS IN DUAL SPECIES BIOFILMS

During dual species biofilm formation, the balance of attacking, evading and counter-attacking is even more important and the properties of each strain as well as some environmental factors will determine if a dual species biofilm will be formed. For example, the presence of environmental selection pressure, like antibiotics or the host immune system, stimulates a more synergistic relationship and biofilm formation as the tolerance of S. aureus to antibiotics is significantly higher during co-culture with P. aeruginosa (DeLeon et al., 2014; Kumar and Ting, 2015). In the following paragraphs we describe how certain extracellular factors influence the structure, characteristics and composition of the dual species biofilms (Figure 3).
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FIGURE 3. Interactions in mixed species biofilms. Differences in biofilm formation by S. aureus with a Psl- or Pel-dominant P. aeruginosa strain. IgG, immunoglobulin G.



P. aeruginosa Extracellular Polysaccharides Are Important in the Formation of Multi-Species Biofilms

P. aeruginosa produces three main exopolysaccharides (EPS): alginate, Pel, and Psl, which form the extracellular matrix in the biofilm and have a structural and protective function (Leid et al., 2005; Ryder et al., 2007; Colvin et al., 2011, 2012). Pel and Psl are the main EPS in non-mucoid strains (Colvin et al., 2012). The Psl polysaccharide is recently identified as repeating units of glucose-, mannose-, and rhamnose-sugars and is mainly produced during the attachment phase of the biofilm (Colvin et al., 2012). Psl-positive strains have an elastic matrix with highly effective cross-linking of the matrix components (Chew et al., 2014). Pel is glucose-rich and is mainly involved in pellicle formation and later stages of biofilm formation (Colvin et al., 2012). Contrary to Psl, Pel dominant strains form loose biofilm structures since Pel reduces the effective cross-linking in the matrix network (Figure 3; Chew et al., 2014). Consequently, Pel-mediated loosening of the P. aeruginosa biofilm allows S. aureus to infiltrate into the biofilm and form multi-species biofilms (Chew et al., 2014). In contrast, the role of Psl in multi-species biofilm formation is not very clear. Chew et al showed that co-culture of a Psl-positive strain (PAO1) and S. aureus resulted in separated microcolonies without much association between both species (Chew et al., 2014). Billings et al., on the other hand, showed that S. aureus was incorporated in the air-liquid interface of a Psl producing P. aeruginosa biofilm. Both studies use the same biofilm assay and the same P. aeruginosa strains, PAO1 and mutants derived from PAO1, but different S. aureus strains. Because the biofilm structure and dual species interactions are dependent on both P. aeruginosa and the Staphylococcus strains, this might explain the discrepancy between the studies. Nonetheless, both studies concluded that the EPS provides protection against antibiotics to all inhabitants of the biofilm, even the non-producers, although the biofilm as a whole is weakened (Billings et al., 2013). More specifically, Psl functions as a protective barrier against the antibiotics colistin and polymyxin B, whereas Pel offers a protective barrier against aminoglycosides (Figure 3; Colvin et al., 2011; Billings et al., 2013). These findings indicate that a minimum amount of EPS per cell present in the biofilm is needed for optimal protection against antibiotics (Billings et al., 2013). These data suggests, if S. aureus is able to survive killing by P. aeruginosa and to co-exist in a multi-species biofilm, it benefits from the antimicrobial barrier formed by the P. aeruginosa matrix components. However, the third EPS, alginate, was not shown to have an effect on S. aureus and S. epidermidis biofilm formation. Alginate is mainly associated with chronic infections as its overproduction leads to the mucoid phenotype that frequently arises during long-term CF lung infection (Ryder et al., 2007). The switch to a mucoid phenotype contributes to the establishment of chronic colonization since alginate offers structural protection against uptake by macrophages and antimicrobials by forming a barrier limiting the penetration of antimicrobials, macrophages and macrophage-derived products, such as the pro-phagocytic cytokine IFN-γ (Leid et al., 2005; Ryder et al., 2007). Moreover, Leid et al. suggest that alginate might cause the transition from acute to chronic infection by limiting IFN-mediated clearance by macrophages, which is the main mechanism of bacterial clearance during acute infection (Leid et al., 2005).

S. aureus Protein a Binds to Psl and Type IV Pili of P. aeruginosa

In addition to EPS, other extracellular factors are important in dual species biofilm formation. Yang et al showed that only P. aeruginosa strains producing type IV pili co-aggregate with S. aureus in microcolonies (Yang et al., 2011). Type IV pili probably facilitate biofilm formation by binding to extracellular DNA (eDNA), which is derived from dead bacteria and part of the biofilm matrix (Yang et al., 2011). P. aeruginosa strains defective for the production of type IV pili or even treating the biofilm with DNAse I was shown to reduce the growth of mixed-species microcolonies (Yang et al., 2011). Furthermore, using a single S. aureus laboratory strain, Armbruster et al. showed inhibition of surface attachment of some P. aeruginosa clinical isolates due to the secretion of protein A (SpA) by S. aureus. SpA is a cell-wall associated extracellular adhesive protein of S. aureus that mediates biofilm formation and disrupts phagocytosis (by binding to the Fc portion of IgG antibodies) and its secretion was shown to be increased in artificial sputum (Armbruster et al., 2016). Secreted SpA was shown to specifically bind both Psl and type IV pili of P. aeruginosa, stressing the importance of these two molecules in multispecies interactions (Figure 3; Armbruster et al., 2016). In a Psl producing P. aeruginosa, all SpA seem to bind to the Psl, leaving the type IV pili free to mediate biofilm formation. In absence of Psl, SpA binds to the PilA component of type IV pili and inhibits adhesion of P. aeruginosa (Armbruster et al., 2016). Furthermore, SpA seems to protect P. aeruginosa from phagocytosis, as the Psl-SpA complex is no longer recognized by anti-Psl IgG antibodies. SpA can also bind to the Fc domain of anti-Psl IgG antibodies and prevent recognition by neutrophils (Figure 3; Armbruster et al., 2016).

P. AERUGINOSA AND OTHER STAPHYLOCOCCI

P. aeruginosa Induces Biofilm Dispersal in S. epidermidis

The antistaphylococcal molecules produced by P. aeruginosa are also active against other staphylococci, including S. epidermidis, although some are more resistant to killing compared to S. aureus. P. aeruginosa was shown to effectively inhibit and disrupt established S. epidermidis biofilms and induce detachment without killing during dual species biofilm formation (Qin et al., 2009; Pihl et al., 2010a,b). After co-inoculation in equal proportions, P. aeruginosa and S. epidermidis could coexist for up to 18 h. After this time point, the S. epidermidis cells in the biofilm are lysed by P. aeruginosa (Pihl et al., 2010a). These data suggest that there are two stages in interactions between P. aeruginosa and S. epidermidis, the first includes the induction of detachment of viable S. epidermidis cells from the biofilm, while in the second stage cell lysis causes the total detachment (Pihl et al., 2010a). Similar to S. aureus, the effect of P. aeruginosa on S. epidermidis is strain dependent as some P. aeruginosa strains have a more pronounced effect on some S. epidermidis strains while others are more resistant to P. aeruginosa (Pihl et al., 2010b). Nevertheless, extracellular products that prevent initial attachment of some S. epidermidis strains to surfaces might be an interesting option for the development of coatings for indwelling medical devices, like peritoneal dialysis catheters (Pihl et al., 2013). Moreover, in this model, P. aeruginosa supernatant components replaced serum proteins on the catheter surface and reduced S. epidermidis attachment (Pihl et al., 2013). In addition, exposure of a S. epidermidis biofilm on a catheter to P. aeruginosa supernatant also caused dispersal of S. epidermidis (Pihl et al., 2013). The dispersed cells are, however, not killed making it less suitable as a treatment option and only interesting as a prevention strategy.

Yayurea A and B from the S. intermedius Group Are Quorum-Quenching Molecules Which Provide Protection against Gram Negative Bacteria

P. aeruginosa is originally an environmental bacterium and shares a niche with many other, non-pathogenic staphylococci like the Staphylococcus intermedius group consisting of S. delphini, S. intermedius, S. lutrae, S. pseudointermedius and S. schleiferi. All are common colonizers of various animals and rarely occur in humans (Simou et al., 2005; Ruscher et al., 2009). This group of staphylococci produces two low molecular weight compounds, yayurea A and B, that inhibit the production of quorum-sensing regulated products in Gram negative bacteria and provide protection against extracellular compounds produced by P. aeruginosa (Chu et al., 2013). For example, the growth of S. delphini is not suppressed by respiratory toxins during co-culture with P. aeruginosa. Moreover, S. delphini is able to completely inhibit the production of pyocyanin (Chu et al., 2013). The quorum-quenching effect of yayurea A and B covers a broad spectrum of Gram negative bacteria, including P. aeruginosa, Serratia marcescens, Vibrio harveyi, and Chromobacterium subtsugae (Chu et al., 2013). Quenching of the quorum-sensing system of these Gram negative bacteria does not kill them but rather maintains their physiological state as if the cell density is low, even though density is in fact high. This increases the chances of survival of the staphylococci since toxin production usually begins at high cell density (Chu et al., 2013). Surprisingly, other staphylococci seem to be resistant to both molecules, even though they are not producers (Chu et al., 2013). Interestingly, S. aureus is protected from killing by P. aeruginosa when yayurea A and B are added to the medium without the former having to undergo physiological changes (SCV formation), amd represent promising candidates for inhibition studies of P. aeruginosa virulence and biofilm formation.

Variations in CydAB from S. carnosus Provides Protection Against Killing by P. aeruginosa

In addition to the S. intermedius group, several other non-pathogenic staphylococci (S. carnosus, S. piscifermentans, and S. simulans) seem to be resistant to respiratory toxins secreted by P. aeruginosa due to alterations in the cydAB genes. These genes encode the two subunits of cytochrome bd quinol oxidase, of which homologs are also present in the genomes of S. aureus and S. epidermidis (Voggu et al., 2006). However, only the cytochrome bd quinol oxidase of the first group is resistant to the respiratory toxin, pyocyanin (Voggu et al., 2006). Furthermore, cloning of the S. carnosus cydAB cluster into S. aureus confers resistance to respiratory inhibitors produced by P. aeruginosa (Voggu et al., 2006). Further research showed that, whereas the CydA subunit is more conserved in staphylococci, CydB underwent a microevolution with relatively higher identity within than between the groups of pathogenic and non-pathogenic staphylococci (Voggu et al., 2006). This asymmetric evolution of CydB could be explained by the fact that the non-pathogenic staphylococci frequently inhabit the same environment as Pseudomonas spp. and were therefore selected for a higher resistance to respiratory toxins.

CONCLUDING REMARKS

Both P. aeruginosa and staphylococci are highly versatile organisms, which readily adapt to a wide variety of environments and stress factors. In the first glance, these bacteria seem to have an antagonistic relationship as P. aeruginosa produces a wide variety of molecules inhibiting staphylococci and frequently outcompetes S. aureus and S. epidermidis during co-culture. This antagonistic behavior is mainly shown during planktonic growth and under traditional culture conditions, where no host factors or antibiotics are present. However, under some in vitro and in vivo circumstances, both bacteria are able to co-exist and form dual species biofilms. These circumstances are dependent on a combination of strain-dependent properties of both species and the presence or absence of certain environmental factors like antibiotics or host factors, the sum of which might tip the balance toward either killing or co-existence. The presence of some sort of selection pressure or presence of a preformed matrix seems to favor dual species biofilm formation whereas planktonic co-culture without selection pressure leads to domination of P. aeruginosa. Interspecies competition often leads to an increased production of virulence factors in both P. aeruginosa and S. aureus, which are also harmful to the human host. In addition, escaping the antistaphylococcal compounds results in a more stress-resistant phenotype of S. aureus, which is more difficult to be cleared by the immune system, to be eradicated by antibiotics and to be detected in diagnostic cultures. Furthermore, the presence of an extracellular matrix was shown to be beneficial for all biofilm inhabitants, providing protection against classical antibiotics and the host immune system, although the exact composition might be variable depending on the species present and the environment. The role of these matrix components (exopolysaccharides, eDNA, matrix proteins, host-derived factors etc.) in interspecies interactions and their role in disease pathogenesis provides an exciting opportunity for future research toward better patient care. When strains are co-existing for a longer time, they might evolve to a phenotype that is better adapted to the presence of the other. For example, non-pathogenic staphylococci that are frequently encountering P. aeruginosa have developed strategies to continue growing in the presence of P. aeruginosa antistaphylcoccal compounds, indicating parallel evolution. Moreover, S. aureus and P. aeruginosa strains isolated from the same chronic CF lung infection are less sensitive to, and produce less, HQNO, respectively. This strain adaptation and the underestimation of the co-existence of P. aeruginosa and S. aureus might still have a large impact on the clinical outcome of a patient and therefore should be a subject of continuing investigation.
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Acinetobacter baumannii is undoubtedly one of the most successful pathogens responsible for hospital-acquired nosocomial infections in the modern healthcare system. Due to the prevalence of infections and outbreaks caused by multi-drug resistant A. baumannii, few antibiotics are effective for treating infections caused by this pathogen. To overcome this problem, knowledge of the pathogenesis and antibiotic resistance mechanisms of A. baumannii is important. In this review, we summarize current studies on the virulence factors that contribute to A. baumannii pathogenesis, including porins, capsular polysaccharides, lipopolysaccharides, phospholipases, outer membrane vesicles, metal acquisition systems, and protein secretion systems. Mechanisms of antibiotic resistance of this organism, including acquirement of β-lactamases, up-regulation of multidrug efflux pumps, modification of aminoglycosides, permeability defects, and alteration of target sites, are also discussed. Lastly, novel prospective treatment options for infections caused by multi-drug resistant A. baumannii are summarized.
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INTRODUCTION

Acinetobacter spp. are glucose-non-fermentative, non-motile, non-fastidious, catalase-positive, oxidative-negative, aerobic Gram-negative coccobacilli (Lin and Lan, 2014). Due to clusters of closely related species, it is difficult to distinguish Acinetobacter taxonomy using phenotypic traits and chemotaxonomic methods. Because antibiotic susceptibility and clinical relevance are significantly different between different genomic species, exact identification of Acinetobacter species are required (Bergogne-Berezin and Towner, 1996; Dijkshoorn et al., 1996; Houang et al., 2003; Lee et al., 2007). Many genomic fingerprinting methods have been developed, including repetitive extragenic palindromic sequence-based polymerase chain reaction (rep-PCR), pulsed-field gel electrophoresis (PFGE), matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spectrometry, ribotyping, amplified ribosomal DNA restriction analysis, random amplified polymorphic DNA analysis, multilocus sequence typing (MLST), RNA spacer fingerprinting, amplified fragment length polymorphism analysis, and sequence analysis of 16S-23S rRNA intergene spacer regions or the rpoB and gyrB genes (Koeleman et al., 1998; Chang et al., 2005; La Scola et al., 2006; Croxatto et al., 2012; Higgins et al., 2012; Lee C. R. et al., 2015; Li X. M. et al., 2016).

Among Acinetobacter species, Acinetobacter baumannii is the most important member associated with hospital-acquired infections worldwide (Lin and Lan, 2014). This aerobic Gram-negative coccobacillus had been regarded as a low-grade pathogen, but it is a successful pathogen responsible for opportunistic infections of the skin, bloodstream, urinary tract, and other soft tissues (Peleg et al., 2008). Because many A. baumannii infections have suddenly been reported among veterans and soldiers who served in Iraq and Afghanistan (Centers for Disease and Prevention, 2004), A. baumannii is referred to as “Iraqibacter.” Multidrug-resistant (MDR) A. baumannii has spread to civilian hospitals in part by cross-infection of injured military patients repatriated from war zones (Peleg et al., 2008). Most A. baumannii infections occur in critically ill patients in the intensive care unit (ICU) setting (Fournier and Richet, 2006) and account for up to 20% of infections in ICUs worldwide (Vincent et al., 2009). Furthermore, the frequency of community-acquired A. baumannii infections has been increasing gradually (Lin and Lan, 2014). Several virulence factors have been identified by genomic and phenotypic analyses, including outer membrane porins, phospholipases, proteases, lipopolysaccharides (LPS), capsular polysaccharides, protein secretion systems, and iron-chelating systems (Antunes et al., 2011; McConnell et al., 2013; Lin and Lan, 2014).

Many reports have shown that A. baumannii rapidly develops resistance to antimicrobials, and multidrug-resistant strains have been isolated (McConnell et al., 2013). The WHO declared that A. baumannii is one of the most serious ESKAPE organisms (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, A. baumannii, Pseudomonas aeruginosa, and Enterobacter species) that effectively escape the effects of antibacterial drugs (Boucher et al., 2009). A number of A. baumannii resistance mechanisms are known, including enzymatic degradation of drugs, target modifications, multidrug efflux pumps, and permeability defects (Gordon and Wareham, 2010; Kim et al., 2012; Lin and Lan, 2014). In this review, we summarize the virulence factors of A. baumannii, antibiotic resistance mechanisms, and the therapeutic options available for treating A. baumannii infections. Figure 1 depicts all the features described in this review.
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FIGURE 1. Biology of Acinetobacter baumannii. Studies of virulence factors, pathogenesis, antimicrobial resistance, treatment options of A. baumannii will provide an important aid for discovering new antibiotics and determining efficient combination therapy, which are essential strategies for combating multidrug-resistant A. baumannii infections.



ACINETOBACTER BAUMANNII VIRULENCE FACTORS AND PATHOGENESIS

Although recent genomic and phenotypic analyses of A. baumannii have identified several virulence factors responsible for its pathogenicity, relatively few virulence factors have been identified in A. baumannii, compared to those in other Gram-negative pathogens (McConnell et al., 2013). The proposed A. baumannii virulence factors are summarized in Table 1.


Table 1. Identified virulence factors of Acinetobacter baumannii..
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Porins

Porins are outer membrane proteins associated with modulating cellular permeability. OmpA is a β-barrel porin and one of the most abundant porins in the outer membrane. In A. baumannii, OmpA is the very well-characterized virulence factor with a variety of interesting biological properties identified in in vitro model systems (Smith et al., 2007; McConnell et al., 2013). A random mutagenesis screen showed that the A. baumannii ompA mutant is defective in inducing apoptosis in human epithelial cells (Choi et al., 2005). Purified OmpA binds host epithelial cells, targets mitochondria, and induces apoptosis by releasing proapoptotic molecules, such as cytochrome c and apoptosis-inducing factor (Choi et al., 2005; Lee et al., 2010). Another study showed that OmpA translocates to the nucleus by a novel monopartite nuclear localization signal and induces cell death (Choi et al., 2008a). OmpA also plays a major role in adherence and invasion of epithelial cells by interacting with fibronectin (Choi et al., 2008b; Gaddy et al., 2009; Smani et al., 2012), and binds to factor H in human serum (Kim et al., 2009), which may allow A. baumannii to avoid complement-mediated killing. The ompA gene is necessary for persistence of A. baumannii in the mouse lung (Wang et al., 2014).

Furthermore, OmpA is also involved in antimicrobial resistance of A. baumannii (Sugawara and Nikaido, 2012; Smani et al., 2014). The major A. baumannii porin is OmpA, which has 70-fold lower pore-forming activity than that of OmpF (Sugawara and Nikaido, 2012). Furthermore, disrupting the ompA gene significantly decreases the minimal inhibitory concentrations (MICs) of several antibiotics (chloramphenicol, aztreonam, and nalidixic acid), suggesting that OmpA participates in the extrusion of antibiotics from the periplasmic space through the outer membrane and couples with inner membrane efflux systems (Smani et al., 2014). OmpA enhances survival and persistence of A. baumannii by facilitating surface motility and biofilm formation (Gaddy et al., 2009; Clemmer et al., 2011; McConnell et al., 2013). OmpA also regulates biogenesis of outer membrane vesicles (Moon et al., 2012). These results suggest that the OmpA protein is an attractive target for developing novel antibiotics and prevention strategies. Two recent reports based on immuno-proteomics and reverse vaccinology suggested that OmpA is a potential vaccine candidate against A. baumannii (Fajardo Bonin et al., 2014; Hassan et al., 2016). Actually, the OmpA protein is immunogenic in healthy individuals and patients with A. baumannii invasive infections (Zhang et al., 2016). In a mouse model of A. baumannii infection, mice immunized with OmpA had a significantly higher survival rate than that of control mice (Luo et al., 2012; Lin L. et al., 2013; Zhang et al., 2016).

The 33- to 36-kDa Omp protein (Omp33-36), which acts as a water passage channel, is another outer membrane porin associated with A. baumannii cytotoxicity (Smani et al., 2013; Rumbo et al., 2014). The omp33-36 deletion strain significantly reduces adherence and invasion of human lung epithelial cells and cytotoxicity to these cells (Smani et al., 2013). Deletion of the omp33-36 gene in a murine sepsis model attenuates lethality and reduces bacterial concentrations in the spleen and lungs (Smani et al., 2013). One study showed that purified Omp33-36 induces apoptosis in several different cell types, including immune and connective tissue cells, by activating caspases and modulating autophagy (Rumbo et al., 2014). Omp33-36 is also involved in antibiotic resistance. A. baumannii strain JC10/01 resistant to carbapenem antibiotics (imipenem and meropenem) exhibits loss of Omp33-36 and episomal expression of Omp33-36 in this strain clearly reduces the MICs of imipenem and meropenem (del Mar Tomas et al., 2005).

Omp22 has also been identified as a novel, conserved, and safe antigen for developing effective vaccines to control A. baumannii infections (Huang et al., 2016), although the contribution of Omp22 to A. baumannii pathogenicity has not been determined. Both active and passive immunizations with Omp22 increase the survival rates of mice, suppress bacterial burdens in the organs and peripheral blood, and reduce serum levels of inflammatory cytokines and chemokines (Huang et al., 2016). Other porins, such as carbapenem-associated outer membrane protein (CarO) and OprD-like, are also virulence-related factors associated with attenuated virulence in a mouse model (Fernandez-Cuenca et al., 2011).

Capsular Polysaccharides and Lipopolysaccharides (LPS)

Beyond OmpA, the A. baumannii envelope is associated with many factors that contribute to pathogenicity. Among these, capsular exopolysaccharides and LPS are A. baumannii pathogenicity factors. Notably, many isolates from patients with A. baumannii infections express surface capsular polysaccharides and contain a conserved gene cluster, called the K locus, which may determine production of capsular polysaccharides (Koeleman et al., 2001; Hu et al., 2013; Kenyon and Hall, 2013; Geisinger and Isberg, 2015). A random transposon screening to identify genes essential for growth in an inflammatory exudative fluid lead to the identification of the ptk and epsA genes, which are predicted to be required for capsule polymerization and assembly (Russo et al., 2010). The ptk and epsA mutants are deficient in capsule production and have a growth defect in human serum, resulting in a highly significant decrease in survival in soft tissue infection sites (Russo et al., 2010). Mutation in the pglC or pglL gene, which is responsible for synthesis of the O-pentasaccharide found on glycoproteins and capsular polysaccharides, also attenuate lethality in a mouse septicemia model and form abnormal biofilm structures (Iwashkiw et al., 2012; Lees-Miller et al., 2013). Therefore, capsular polysaccharides have been proposed to be a target for protective antibody-based interventions (passive immunization; Russo et al., 2013).

One study showed that capsular polysaccharides are involved in antimicrobial resistance of A. baumannii (Geisinger and Isberg, 2015). Mutants deficient in capsular polysaccharides have lower intrinsic resistance to peptide antibiotics. In addition, the presence of antibiotics induces hyperproduction of capsular polysaccharides (Geisinger and Isberg, 2015). Antibiotic-induced production of capsular polysaccharides increases resistance to killing by host complement and increases virulence in a mouse model of systemic infection (Geisinger and Isberg, 2015). That study also demonstrated that increased capsule production after exposure to an antibiotic depends on transcriptional increases in K locus gene expression, and that expression of K locus genes is regulated by the bfmRS two-component regulatory system (Geisinger and Isberg, 2015). bfmR is a gene essential for growth in human ascites, which is an ex vivo medium that reflects the infection environment (Umland et al., 2012), and is important for persistence in the lung in a murine pneumonia model (Wang et al., 2014). BfmS is also a virulence factor that plays an important role in biofilm formation, adherence to eukaryotic cells, and resistance to human serum (Liou et al., 2014). On report showed BfmR-mediated resistance to complement-mediated bactericidal activity and resistance to the clinically important antimicrobials (meropenem and colistin; Russo et al., 2016). However, that study suggested that BfmR effects are independent of capsular polysaccharide production. Therefore, the relationship between BfmRS and capsular polysaccharides must be described in more detail.

LPS is the major component of the outer leaflet of the outer membrane in most Gram-negative bacteria and is an immunoreactive molecule that induces release of tumor necrosis factor and interleukin 8 from macrophages in a Toll-like receptor 4 (TLR4)-dependent manner (Erridge et al., 2007). LPS is composed of an endotoxic lipid A moiety, an oligosaccharide core, and a repetitive O-antigen (Lee et al., 2013b). In A. baumannii, LPS plays a major role in virulence and survival of A. baumannii (Luke et al., 2010; Lin et al., 2012; McQueary et al., 2012). Mutant cell lacking LpsB glycotransferase have a highly truncated LPS glycoform containing only two carbohydrate residues bound to lipid A, resulting in decreased resistance to human serum and decreased survival in a rat model of soft tissue infection (Luke et al., 2010; McConnell et al., 2013). Inhibiting LpxC, an enzyme involved in the lipid A biosynthesis, dose not inhibit growth of the bacterium, but suppresses A. baumannii LPS-mediated activation of TLR4 (Lin et al., 2012). Inhibition of LpxC in mouse model enhances clearance of A. baumannii by enhancing opsonophagocytic killing and reduces serum LPS concentration and inflammation, which completely protects mice from lethal infection (Lin et al., 2012; Lee et al., 2013b). These results indicate that blocking LPS synthesis is a powerful strategy for discovering novel antibiotics. Modification of LPS contributes to resistance to antimicrobials. Many studies have shown that modifications in LPS decrease the susceptibility of A. baumannii to many clinical important antibiotics, such as colistin (Moffatt et al., 2010; Arroyo et al., 2011; Beceiro et al., 2011; Pelletier et al., 2013; Boll et al., 2015; Chin et al., 2015).

Phospholipase

Phospholipase is a lipolytic enzyme essential for phospholipid metabolism and is a virulence factor in many bacteria, such as P. aeruginosa, Legionella monocytogenes, and Clostridium perfringens (Camarena et al., 2010; Flores-Diaz et al., 2016). Three classes of phospholipases, such as phospholipase A (PLA), phospholipase C (PLC), and phospholipase D (PLD) have been defined based on the cleavage site. PLA hydrolyzes fatty acids from the glycerol backbone, whereas PLC cleaves the phosphorylated head group from the phospholipid. PLD is a transphosphatidylase that only cleaves off the head group. Degradation of phospholipids affects the stability of host cell membranes, and the cleaved head group can interfere with cellular signaling, resulting in changes in the host immune response (Songer, 1997; Flores-Diaz et al., 2016). PLC and PLD have been identified as virulence factors in A. baumannii (Camarena et al., 2010; Jacobs et al., 2010; Stahl et al., 2015). Acinetobacter baumannii ATCC17978 has two PLCs (A1S_0043 and A1S_2055) and inactivation of the A1S_0043 gene leads to a modest reduction in the cytotoxic effect of A. baumannii on epithelial cells compared to that of the parental strain (Camarena et al., 2010; Fiester et al., 2016). Disrupting one (A1S_2989) of the two PLD genes present in A. baumannii strain 98-37-09 results in reduced resistance to human serum, decreased capacity for invading epithelial cells, and decreased virulence in a murine model of pneumonia (Jacobs et al., 2010). Another report showed that A. baumannii ATCC 19606 has three PLD genes and all three play important roles in virulence and host cell invasion in a concerted manner (Stahl et al., 2015). These results suggest that phospholipase enzymes are important virulence factors in A. baumannii pathogenesis.

Outer Membrane Vesicles (OMVs)

OMVs are spherical, 20–200 nm diameter vesicles secreted by the outer membranes of various Gram-negative pathogenic bacteria (Kulp and Kuehn, 2010). They are composed of LPS, outer membrane and periplasmic proteins, phospholipids, and DNA or RNA, and are recognized as delivery vehicles for bacterial effectors to host cells (Ellis and Kuehn, 2010). OMVs deliver diverse virulence factors to the interior of host cells simultaneously and allow the pathogens to interact with the host without close contact between bacteria and host cells (Jun et al., 2013). Many A. baumannii strains secrete OMVs containing various virulence factors, including OmpA (Kwon et al., 2009; Jin et al., 2011; Moon et al., 2012), proteases (Kwon et al., 2009), and phospholipases (Kwon et al., 2009). OMVs derived from A. baumannii interact with host cells and deliver bacterial effectors to host cells via lipid rafts, resulting in cytotoxicity (Jin et al., 2011). Purified OMVs of A. baumannii ATCC 19606 induce expression of pro-inflammatory cytokine genes in epithelial cells in a dose-dependent manner (Jun et al., 2013). Notably, OMVs treated with proteinase do not induce a significant increase in the expression of pro-inflammatory cytokine genes, suggesting that the membrane proteins in OMVs are responsible for eliciting a potent innate immune response (Jun et al., 2013). One study supports the role of OMVs in A. baumannii pathogenesis. An A. baumannii strain that produces abundant OMVs with more virulence factors induces a stronger innate immune response and is more cytotoxic compared with those of a strain producing fewer OMVs (Li Z. T. et al., 2015).

Due to the importance of OMVs in A. baumannii virulence, several reports have shown that A. baumannii OMVs could be used as an acellular vaccine to elevate protective immunity (McConnell et al., 2011; Huang et al., 2014). In a mouse model of disseminated sepsis, vaccination with A. baumannii ATCC 19606 strain OMVs protects mice from challenge with homologous bacteria and provides protection against other clinical isolates (McConnell et al., 2011). Similar results were obtained in a pneumonia mouse model. Bacterial burden, inflammatory cell infiltration, and inflammatory cytokine accumulation in the pneumonia model were significantly suppressed by both active and passive immunization with OMVs (Huang et al., 2014). These results indicate that A. baumannii OMVs can be used as an acellular vaccine to effectively control A. baumannii infections. Interestingly, A. baumannii OMVs are also related with the spread of antibiotic resistance and induce the horizontal transfer of the OXA-24 carbapenemase gene (Rumbo et al., 2011).

Metal Acquisition System

Although iron is one of the most abundant elements in environmental and biological systems, ferric iron is relatively unavailable to bacteria in the preferred state, because of its poor solubility (10−17 M solubility limit for ferric iron) under aerobic and neutral pH conditions as well as due to chelation by low-molecular-weight compounds, such as heme, or high-affinity iron-binding compounds, such as lactoferrin and transferrin (Rakin et al., 2012; Saha et al., 2013). To overcome this iron limitation, most aerobic bacteria produce a high-affinity iron chelator known as a siderophore (Saha et al., 2013). Siderophores are low molecular weight compounds (400–1,000 kDa) with high affinity for iron. The range of Fe3+-siderophore association constants is 1012–1052 (Saha et al., 2013). Siderophores have been classified into catecholates, hydroxymates, and a mixed type based on the moiety that donates oxygen ligands to coordinate Fe3+ (Saha et al., 2013). Acinetobacter baumannii also has iron siderophores and acinetobactin, the best-characterized A. baumannii siderophore, is a mixed type siderophore with an oxazoline ring derived from threonine (McConnell et al., 2013). Acinetobactin is an A. baumannii virulence factor (Gaddy et al., 2012; Penwell et al., 2012; Megeed et al., 2016). Impaired acinetobactin biosynthesis and transport functions significantly reduce the ability of A. baumannii ATCC 19606 cells to persist within epithelial cells and cause cell damage and animal death (Gaddy et al., 2012). Mutation in the entA gene, which is essential for biosynthesis of the acinetobactin precursor 2,3-dihydroxybenzoic acid, also significantly reduces the capacity of A. baumannii ATCC 19606 cells to persist within human alveolar epithelial cells and diminishes the ability to infect and kill Galleria mellonella larvae (Penwell et al., 2012). One study showed that acinetobactin production occurs significantly more frequently in MDR A. baumannii isolates than that in avirulent isolates (Megeed et al., 2016).

The A. baumannii NfuA Fe-S scaffold protein, that participates in the formation of Fe-S clusters and plays a role in cell responses to iron chelation and oxidative stress, has also been identified as a virulence factor (Zimbler et al., 2012). The nfuA mutant is more sensitive to reactive oxygen species (ROS), such as hydrogen peroxide and cumene hydroperoxide, and shows significantly reduced growth in human epithelial cells. In addition, a G. mellonella infection model showed that more than 50% of injected G. mellonella larvae die 6 days after infection with the parental strain, whereas less than 30% of the larvae die when infected with the nfuA mutant (Zimbler et al., 2012). One report showed that iron starvation increases production of PLCs, which increase hemolytic activity of A. baumannii (Fiester et al., 2016). These reports indicate that iron acquisition functions play a critical role in A. baumannii virulence.

The innate immune metal-chelating protein calprotectin inhibits bacterial growth by host-mediated chelation of metals, such as zinc (Zn2+ and Zn) and manganese (Mn2+ and Mn) (Corbin et al., 2008). However, A. baumannii can cause disease in the presence of this nutritional immune protein in vivo (Juttukonda et al., 2016). To combat the zinc limitation, A. baumannii uses a zinc acquisition system (ZnuABC), which is up-regulated under Zn-limiting conditions, and the znuB mutant strain experiences Zn starvation at higher Zn concentrations than that of the wild-type (Hood et al., 2012). ZnuB contributes to the pathogenesis of A. baumannii pulmonary infections. Notably, a zinc limitation reduces the imipenem MIC of MDR A. baumannii to below the clinical breakpoint for imipenem resistance in A. baumannii (Hood et al., 2012), possibly because many carbapenemases are metalloenzymes that require Zn for their hydrolyzing activity. Besides the ZnuABC system, the novel Zn metallochaperone ZigA has been characterized in A. baumannii (Nairn et al., 2016). ZigA tightly interacts with Zn, which is required for bacterial growth under Zn starvation conditions and for disseminated infection in mice (Nairn et al., 2016).

The mechanism employed by A. baumannii to overcome a Mn limitation has been identified. Calprotectin induces Mn starvation in A. baumannii, which increases transcription of an NRAMP (Natural Resistance-Associated Macrophage Proteins) family Mn transporter and a urea carboxylase to resist the antimicrobial activities of calprotectin (Juttukonda et al., 2016). A urea carboxylase enzyme (MumC) is important for growth of A. baumannii in the presence of calprotectin and an NRAMP family transporter (MumT) contributes to the fitness of A. baumannii in a murine pneumonia model (Juttukonda et al., 2016), suggesting that the two proteins are virulence factors. Acinetobacter baumannii can utilize urea as a sole nitrogen source, and this urea utilization is required for MumC (Juttukonda et al., 2016). Based on the contribution of MumC to A. baumannii resistance to calprotectin, the authors suggest a connection between metal starvation and metabolic stress, such as nitrogen starvation.

Protein Secretion Systems

Several protein secretion systems have been identified in A. baumannii (Weber et al., 2015a). The most recently described A. baumannii secretion system is a type II secretion system (T2SS) (Johnson et al., 2015). The T2SS is a multi-protein complex that is structurally very similar to type IV pili systems, which is an appendage that is commonly found in Gram-negative bacteria (Korotkov et al., 2012). T2SS translocates a wide range of proteins from the periplasmic space to the extracellular milieu out of the cell or the outer membrane surface. The T2SS is composed of 12–15 proteins comprised of four sub-assemblies: a pseudopilus, a cytoplasmic secretion ATPase, an inner-membrane platform assembly, and a dodecameric outer-membrane complex (Korotkov et al., 2012; Harding et al., 2016). Secretion by T2SS is a two-step process. The target proteins are first translocated to the periplasm by the general secretory (Sec) system or the twin arginine transport (Tat) system, where the target proteins are then secreted out of the cell through the T2SS (Korotkov et al., 2012). Deleting A. baumannii genes for the T2SS components, gspD or gspE, results in loss of LipA secretion, indicating that LipA is a T2SS substrate (Johnson et al., 2015). Because LipA is a lipase that breaks down long-chain fatty acids, lipA, gspD, and gspE mutant strains are incapable of growing on long-chain fatty acids as a sole carbon source and are defective in in vivo growth in a neutropenic murine model of bacteremia (Johnson et al., 2015). The role of a functional T2SS for full virulence of A. baumannii has been shown in G. mellonella and murine pulmonary infection models (Harding et al., 2016). Lipases (LipA, LipH, and LipAN) and the metallopeptidase CpaA have been identified as T2SS substrates (Elhosseiny et al., 2016; Harding et al., 2016). Notably, two proteins (LipA and CpaA) among these secreted proteins require specific chaperones for secretion. These chaperones are encoded adjacently to their cognate effector, and their inactivation abolishes secretion of LipA and CpaA (Harding et al., 2016).

Acinetobacter baumannii also has a type VI secretion system (T6SS). The T6SS was first identified in Vibrio cholera and P. aeruginosa (Mougous et al., 2006; Pukatzki et al., 2006). Many bacteria use the T6SS to inject effector proteins, providing a colonization advantage during infection of eukaryotic hosts (Mougous et al., 2006) or to kill competing bacteria (Basler et al., 2013). The T6SS leads to DNA release and horizontal gene transfer in V. cholera, which may contribute to spread of antibiotic resistance (Borgeaud et al., 2015). The T6SS is composed of many conserved structural proteins and accessory factors, and bears a contractile bacteriophage sheath-like structure forming a needle or spike structure used to penetrate the target cell (Shneider et al., 2013). Hcp is a structural protein forming a polymerized tubular structure that is secreted out of the cell, and VgrGs are involved in attaching effector domains to the spike, and a proline-alanine-alanine-arginine (PAAR) repeat protein forms the sharp tip of the distinctive needle-like structure (Shneider et al., 2013; Zoued et al., 2014).

The presence of T6SS in A. baumannii was initially predicted by bioinformatic analysis (Weber et al., 2013). Although the role of T6SS in A. baumannii ATCC 17978 has not been determined (Weber et al., 2013), research on A. baumannii strain M2 showed that this strain produces a functional T6SS and that the T6SS mediates killing of competing bacteria (Carruthers et al., 2013). Another study showed that the T6SS is active in six pathogenic strains of A. baumannii (Ruiz et al., 2015). However, the T6SS seems to play an important role in A. baumannii virulence in a strain-specific manner (Repizo et al., 2015). They compared T6SS functionality of several A. baumannii strains, including ATCC17978 (a type strain), various MDR strains implicated in hospital outbreaks (Ab242, Ab244, and Ab825), and DSM30011 (a non-clinical isolate). Although the T6SS genomic locus is present in all of these strains, only DSM30011 has a fully active T6SS that mediates E. coli killing (Repizo et al., 2015). In addition, the T6SS of DSM30011 is required for host colonization of the G. mellonella model organism (Repizo et al., 2015). Similar results were obtained from a comparative analysis of the genomes of MDR A. baumannii clinical strains (Wright et al., 2014; Jones et al., 2015). A. baumannii isolates of a particular clade exhibit complete loss of the T6SS genomic locus. Therefore, these results suggest that more extensive investigations are required to analyze the role of T6SS in A. baumannii virulence, even though this system seems to play an important role in A. baumannii virulence in some strains. Notably, one study showed that several MDR A. baumannii strains have a large, self-transmissible plasmid that carries negative regulators for T6SS (Weber et al., 2015b). The T6SS is silenced in plasmid-containing, antibiotic-resistant cells, whereas plasmid-losing cells have an active T6SS. Although plasmid-losing cells are capable of T6SS-mediated killing of competing bacteria, they become susceptible to antibiotics (Weber et al., 2015b). This result suggests a molecular switch between T6SS and antibiotic resistance.

The type V system autotransporter Ata has also been characterized in A. baumannii (Bentancor et al., 2012a). This is a trimeric membrane protein that mediates biofilm formation, adherence to extracellular matrix components such as collagen I, III, and IV, and virulence in a murine systemic model of Acinetobacter infection (Bentancor et al., 2012a). Another experiment using a pneumonia model of infection in immunocompetent and immunocompromised mice showed that Ata is a vaccine candidate against A. baumannii infections (Bentancor et al., 2012b). A type IV secretion system present in the plasmid was bioinformatically identified in A. baumannii (Liu C. C. et al., 2014), but no experimental evidence describing its function has been presented.

Penicillin-Binding Protein 7/8 (PBP7/8) and β-Lactamase PER-1

Although PBPs are commonly involved in resistance to β-lactam antibiotics, PBP7/8 encoded by the pbpG gene is a virulence factor in A. baumannii. The pbpG mutant strain grows similar to its wild-type strain in Luria-Bertani medium, but the mutant shows reduced growth in human serum and its survival significantly decreases in rat soft-tissue infection and pneumonia models (Russo et al., 2009). An investigation of bacterial morphology using electron microscopy suggested that loss of PBP7/8 may have affected peptidoglycan structure, which may affect susceptibility to host defense factors (Russo et al., 2009).

Interestingly, β-lactamase PER-1 has been suggested to be an A. baumannii virulence factor. PER-1 is an extended-spectrum-β-lactamase (ESBL), but this gene is associated with cell adhesion (Sechi et al., 2004). Nine PER-1-producing strains adhere to the Caco2 cell lines, whereas all PER-1-negative strains are negative for cell adhesion (Sechi et al., 2004). Notably, many β-lactamases are associated with virulence in various pathogenic bacteria, such as E. coli (Dubois et al., 2009), P. aeruginosa (Moya et al., 2008), and K. pneumoniae (Sahly et al., 2008). However, no general mechanisms have been proposed (Beceiro et al., 2013).

Others

Acinetobacter baumannii CipA is a novel plasminogen binding and complement inhibitory protein that mediates serum resistance (Koenigs et al., 2016). CipA-binding plasminogen is converted to active plasmin that degrades fibrinogen and complement C3b, which contributes to serum resistance of A. baumannii. Therefore, the cipA mutant strain is efficiently killed by human serum and also shows a defect in the penetration of endothelial monolayers (Koenigs et al., 2016). Similar to CipA, the A. baumannii translation elongation factor Tuf is also a plasminogen-binding protein. Tuf-binding plasminogen can be converted to active plasmin, which proteolytically degrades fibrinogen as well as component C3b (Koenigs et al., 2015). RecA, which is involved in homologous recombination and the SOS response, has been identified as an A. baumannii virulence factor. The recA mutant shows significantly reduced survival within macrophages and decreases lethality in a mouse model of systemic infection (Aranda et al., 2011). The surface antigen protein 1 (SurA1) plays an important role in fitness and virulence of A. baumannii (Liu D. et al., 2016). Serum resistance of the surA1 mutant significantly decreases compared with that of the wild-type strain CCGGD201101. In the G. mellonella insect model, a surA1 mutant strain exhibits a lower survival rate and decreased dissemination (Liu D. et al., 2016).

A growth analysis of 250,000 A. baumannii transposon mutants within G. mellonella larvae identified 300 genes required for survival or growth of A. baumannii inside G. mellonella larvae (Gebhardt et al., 2015). The 300 genes were classified into six categories of micronutrient acquisition, cysteine metabolism/sulfur assimilation, aromatic hydrocarbon metabolism, cell envelope/membrane/wall, stress response genes, antibiotic resistance, and transcriptional regulation. Among them, four transcriptional regulators required for growth in G. mellonella larvae were called the gig (growth in Galleria) genes. Loss of these genes (gigA-D) led to a significant defect in both growth within and killing of G. mellonella larvae (Gebhardt et al., 2015). This study identified stress proteins, such as UspA, as factors required for growth in G. mellonella. Another study showed that UspA is essential for pneumonia and sepsis pathogenesis of A. baumannii (Elhosseiny et al., 2015). Among the 300 genes, several genes are involved in aromatic hydrocarbon metabolism (Gebhardt et al., 2015). Another study showed that GacS, which is a transcriptional factor that regulates expression of genes, such as paaE, and is responsible for the phenylacetic acid catabolic pathway, affects A. baumannii virulence (Cerqueira et al., 2014). Experiments using a paaE deletion mutant confirmed the role of aromatic hydrocarbon metabolism in A. baumannii virulence (Cerqueira et al., 2014), but its molecular mechanism remains unknown. Interestingly, a recent report showed that accumulation of phenylacetate in A. baumannii induces rapid neutrophil influx to a localized site of infection and increases bacterial clearance (Bhuiyan et al., 2016). They suggested that phenylacetate is a neutrophil chemoattractant inducing bacterial-guided neutrophil chemotaxis. This report may reveal a novel molecular mechanism about the role of the phenylacetic acid catabolic pathway in A. baumannii virulence.

Biofilm formation plays an important role in immune evasion by A. baumannii (de Breij et al., 2010), and pili are essential for A. baumannii adherence to and biofilm formation on abiotic surfaces as well as virulence (Tomaras et al., 2003, 2008). Notably, imipenem treatment of the imipenem-resistant A. baumannii isolate induces expression of important genes responsible for synthesis of type IV pili (Dhabaan et al., 2015), suggesting that the ability to overproduce pili confers a biological advantage to A. baumannii.

Other virulence-related proteins have been identified, including OmpR/EnvZ (Tipton and Rather, 2016), FhaBC (Perez et al., 2016), and the resistance-nodulation-division-type membrane transporter AbeD (Srinivasan et al., 2015), but their molecular mechanisms remain unknown.

ANTIMICROBIAL RESISTANCE OF A. BAUMANNII

Acinetobacter baumannii has become one of the most successful pathogens in modern healthcare because of its amazing ability to acquire antimicrobial resistance. Several strains of A. baumannii are highly resistant to most clinically available antibiotics (Lin and Lan, 2014). A. baumannii has a number of resistance mechanisms, including β-lactamases, aminoglycoside-modifying enzymes, efflux pumps, permeability defects, and modifications of target sites. The accumulation of several resistance mechanisms in A. baumannii has gradually decreased the number of antibiotic classes available to treat A. baumannii infections in clinical practice. Table 2 shows the antibiotic resistance mechanisms found in A. baumannii. We will discuss the details below.


Table 2. Resistance mechanisms in Acinetobacter baumannii.
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β-Lactamases

Inactivation of β-lactams by β-lactamases is a major antibiotic resistance mechanism in A. baumannii. Based on sequence homology, β-lactamases are grouped into molecular classes, A, B, C, and D (Jeon et al., 2015). All four classes of β-lactamases were identified in A. baumannii. Recent studies have shown that A. baumannii has natural competence to incorporate exogenous DNA and its genome has foreign DNA at high frequencies, implying frequent horizontal gene transfer in this pathogen (Ramirez et al., 2010a; Touchon et al., 2014; Traglia et al., 2014). Additionally, albumin, a main protein in blood, enhances natural competence of A. baumannii (Traglia et al., 2016). Therefore, natural competence of A. baumannii may contribute to identification of a large number of β-lactamases in this threatening human pathogen.

Class A β-lactamases inhibited by clavulanate hydrolyze penicillins and cephalosporins more efficiently than carbapenems, except for some KPC type enzymes (Jeon et al., 2015). A number of class A β-lactamases, including TEM, SHV, GES, CTX-M, SCO, PER, VEB, KPC, and CARB, have been identified in A. baumannii (Table 2). Some of these enzymes, such as TEM-1, CARB-4, and SCO-1, are narrow-spectrum β-lactamases, whereas other enzymes (e.g., PER-1, TEM-92, CARB-10, SHV-5, PER-2, CTX-M-2, CTX-M-15, VEB-1, GES-14, and PER-7) are ESBLs. Some carbapenemases, such as GES-14 and KPC-2, have been detected in A. baumannii (Moubareck et al., 2009; Bogaerts et al., 2010).

Unlike the serine-dependent β-lactamases (classes A, C, and D), class B β-lactamases are metallo-β-lactamases (MBLs) that require zinc or another heavy metal for catalysis (Jeon et al., 2015). Due to a broad substrate spectrum, MBLs catalyze the hydrolysis of virtually all β-lactam antibiotics including carbapenems, but not monobactams (Jeon et al., 2015). A variety of class B β-lactamases have been identified in A. baumannii (Table 2).

Class C β-lactamases pose therapeutic problems because they can confer resistance to cephamycins (cefoxitin and cefotetan), penicillins, cephalosporins, and β-lactamase inhibitor combinations, but are not significantly inhibited by clinically used β-lactamase inhibitors, such as clavulanic acid (Jeon et al., 2015). Acinetobacter baumannii has an intrinsic AmpC cephalosporinase (Gordon and Wareham, 2010). An analysis of 23 MDR A. baumannii clinical isolates in Taiwan showed that all isolates had AmpC-type β-lactamases (Lin et al., 2011a). Several clinical isolates of A. baumannii have the ampC gene transcribed from a strong promoter contained within a putative insertion sequence element (ISAba1-like sequence), which results in high resistance to ceftazidime (Corvec et al., 2003; Segal et al., 2004). This sequence has been identified in ceftazidime-resistant A. baumannii isolates, but is absent in ceftazidime-susceptible A. baumannii isolates (Heritier et al., 2006).

Class D β-lactamases are called OXAs (oxacillinases), because they commonly hydrolyze isoxazolylpenicillin oxacillin much faster than benzylpenicillin (Jeon et al., 2015). More than 400 OXA-type enzymes have been identified and many variants actually possess carbapenemase activity. The presence of carbapenem-hydrolyzing class D β-lactamases or MBLs is one of the major carbapenem resistance mechanisms in A. baumannii (Lin and Lan, 2014). The subgroups of carbapenem-hydrolyzing OXAs, such as the OXA-23, OXA-24, OXA-51, and OXA-58 subgroups, are prevalent in A. baumannii (Table 2). The OXA-23 enzyme was first identified in an A. baumannii isolate in the United Kingdom in 1985 (Perez et al., 2007). The blaOXA-23 gene has been disseminated worldwide, and the frequency of OXA-23-producing A. baumannii strains is significantly high (Mugnier et al., 2010; Al-Agamy et al., 2016). One recent report from Lebanon showed 76.5% of 119 A. baumannii isolates are resistant to carbapenems, and OXA-23 β-lactamases have been found in 82 isolates (Al Atrouni et al., 2016). Insertion of ISAba1 in the blaOXA-23 promoter sequence has been reported to be associated with overexpression of blaOXA-23, blaOXA-51, or blaOXA-58 in A. baumannii (Turton et al., 2006a). One report from India showed that blaOXA-51 and blaOXA-23 were present in all 103 carbapenem-resistant A. baumannii isolates and almost 80% of the isolates had ISAba1 upstream of the blaOXA-23 gene, indicating the prevalence of the ISAba1 insertion (Vijayakumar et al., 2016).

Efflux Pumps

Efflux pumps are associated with resistance against many different classes of antibiotics, such as imipenem (Hu et al., 2007) and tigecycline (Peleg et al., 2007; Ruzin et al., 2007), in A. baumannii. Reversal of antibiotic resistance by efflux pump inhibitors, such as 1-(1-naphthylmethyl)-piperazine and carbonyl cyanide 3-chlorophenyl-hydrazone, supports the importance of efflux pumps in A. baumannii antibiotic resistance (Pannek et al., 2006; Deng et al., 2014). Four categories of efflux pumps, such as the resistance-nodulation-division superfamily, the multidrug and toxic compound extrusion family, the major facilitator superfamily, and the small multidrug resistance family transporters, are related to antimicrobial resistance in A. baumannii (Table 2; Lin and Lan, 2014).

AdeABC in the resistance-nodulation-division superfamily is associated with aminoglycoside resistance (Magnet et al., 2001) and with decreasing susceptibility to tigecycline (Ruzin et al., 2007) and non-fluoroquinolone antibiotics (Higgins et al., 2004). AdeABC seems to be cryptic in wild-type A. baumannii because of stringent control by the AdeRS two-component system (Marchand et al., 2004), but point mutations or insertion of the ISAba1 sequence in the adeS gene leads to overexpression of AdeABC (Marchand et al., 2004; Sun et al., 2012, 2016; Hammerstrom et al., 2015). Cell density (Fernando and Kumar, 2012) and the BaeSR two-component system (Lin et al., 2014, 2015), which is involved in an envelope stress response, also seem to regulate transcription of the adeA gene and thus affect tigecycline susceptibility. Other resistance-nodulation-division type efflux pumps, such as AdeFGH and AdeIJK, are synergistically associated with tigecycline resistance (Damier-Piolle et al., 2008). AdeFGH and AdeIJK expression is regulated by the LysR-type transcriptional regulator AdeL and the TetR-type transcriptional regulator AdeN (Coyne et al., 2010; Rosenfeld et al., 2012).

Acinetobacter baumannii clinical isolates possess a strong ability to form biofilms (Rodriguez-Bano et al., 2008). Notably, the subinhibitory concentrations of antibiotics encountered by low-dose therapy seem to strongly induce biofilm formation (Kaplan, 2011). A recent result revealed the mechanism. Overexpression of the AdeFGH efflux pump by low-dose antimicrobial therapy increases the synthesis and transport of autoinducer molecules, which induce biofilm formation (He X. et al., 2015). These results suggest a link between low-dose antimicrobial therapy and a high risk for biofilm infections caused by A. baumannii.

CmlA and CraA are major facilitator superfamily efflux pumps related with chloramphenicol (Fournier et al., 2006; Roca et al., 2009), and TetA is associated with tetracycline resistance (Ribera et al., 2003a). The novel efflux pump AmvA mediates resistance to different classes of antibiotics, disinfectants, detergents, and dyes, such as erythromycin, acriflavine, benzalkonium chloride, and methyl viologen (Rajamohan et al., 2010). AbaF was recently identified as a novel efflux pump associated with fosfomycin resistance (Sharma et al., 2016).

AbeM is in the multidrug and toxic compound extrusion family and confers resistance to imipenem and fluoroquinolones (Su et al., 2005). AbeS is the small multidrug resistance family transporter and affects resistance to various antimicrobial compounds. Deletion of the abeS gene results in increased susceptibility to various antimicrobial compounds, such as chloramphenicol, nalidixic acid, and erythromycin (Srinivasan et al., 2009).

Some other efflux pumps, such as MacAB-TolC (Kobayashi et al., 2001) and EmrAB-TolC (Lomovskaya and Lewis, 1992), have been well described in E. coli, but their role in A. baumannii has been recently explored. The EmrAB-TolC efflux pump is also present in A. baumannii where it conferred resistance to netilmicin, tobramycin, and imipenem (Nowak-Zaleska et al., 2016). Another report identified three novel efflux pumps (A1S_1535, A1S_2795, and ABAYE_0913) in A. baumannii using multiplexed phenotypic screening (Li L. et al., 2016). A1S_1535 confers resistance to various antibiotics, including gentamicin, kanamycin, chloroxylenol, oxytetracycline, 1,10-phenanthroline, and chloramphenicol (Li L. et al., 2016). A1S_2795 is the first major facilitator superfamily efflux pump found to confer resistance to the sulphonamide sulfathiazole, and ABAYE_0913 is associated with resistance to chloramphenicol and fusidic acid (Li L. et al., 2016).

Permeability Defects

A change in envelope permeability can influence antibiotic resistance. For example, porins form channels that allow transport of molecules across the outer membrane and play a significant role in A. baumannii virulence (Table 1). Because porins affect membrane permeability, they also play a significant role in the mechanism of resistance. Reduced expression of some porins, including CarO (Mussi et al., 2005, 2007; Siroy et al., 2005; Catel-Ferreira et al., 2011; Jin et al., 2011), Omp22-33 (Bou et al., 2000a), Omp33-36 (del Mar Tomas et al., 2005; Hood et al., 2010), Omp37 (Quale et al., 2003), Omp43 (Dupont et al., 2005), Omp44 (Quale et al., 2003), and Omp47 (Quale et al., 2003), is associated with carbapenem resistance in A. baumannii. Loss of Omp29 in A. baumannii producing OXA-51-like or OXA-23-like carbapenemases results in increased imipenem resistance (Jeong et al., 2009; Fonseca et al., 2013). OmpA is also related with resistance to aztreonam, chloramphenicol, and nalidixic acid (Smani et al., 2014). One study showed that OmpA and CarO physically interact with OXA-23 carbapenemase, and these interactions are associated with antibiotic resistance (Wu et al., 2016). These results provide a novel view to increase understanding of bacterial antibiotic resistance mechanisms.

Besides outer membrane proteins, envelope components, such as LPS and peptidoglycans, also affects antibiotic resistance of A. baumannii. Loss or modification of LPS decreases membrane integrity and increases colistin resistance in A. baumannii (Adams et al., 2009; Moffatt et al., 2010).

Aminoglycoside-Modifying Enzymes

Aminoglycoside-modifying enzymes are the major mechanism by which A. baumannii confers resistance to aminoglycosides. Aminoglycoside-modifying enzymes can be classified into acetyltransferases, adenyltransferases, and phosphotransferases. These enzymes are typically present on transposable elements and are transferred among pathogenic bacteria (Lin and Lan, 2014). Several reports show that many MDR A. baumannii isolates produce a combination of aminoglycoside-modifying enzymes (Gallego and Towner, 2001; Nemec et al., 2004). A study from China identified a MDR A. baumannii strain carrying four aminoglycoside-modifying enzymes (Zhu et al., 2009). Another study from Greece reported that all A. baumannii strains contain aminoglycoside-modifying enzymes (Ploy et al., 1994), indicating the high prevalence of these enzymes in A. baumannii.

Alteration of Target Sites

Modifications in antibiotic target sites for antibiotics can induce antibiotic resistance in A. baumannii. In the absence of other known resistance mechanisms, only overexpression of altered PBPs with a low affinity for imipenem induce imipenem resistance (Gehrlein et al., 1991). Quinolone resistance is associated with modifications in GyrA (one subunit of DNA gyrase) and ParC (one subunit of topoisomerase IV) in epidemiologically unrelated A. baumannii isolates (Vila et al., 1995). Acinetobacter baumannii TetM, which has 100% homology with S. aureus TetM, has been proposed to be associated with tetracycline resistance through ribosomal protection (Ribera et al., 2003b). Similar to other pathogenic bacteria, dihydrofolate reductases (DHFR and FolA) responsible for trimethoprim resistance have been found in nosocomial MDR A. baumannii isolates (Mak et al., 2009; Lin M. F. et al., 2013; Taitt et al., 2014). The 16S rRNA methylase ArmA responsible for aminoglycoside resistance is also found in many A. baumannii strains and always coexists with OXA type carbapenemases such as OXA-23 (Yu et al., 2007; Cho et al., 2009; Karthikeyan et al., 2010; Brigante et al., 2012; Hong et al., 2013; Bakour et al., 2014; Tada et al., 2014; Hasani et al., 2016). As described above, many studies have shown that modifications or/and loss of LPS decrease the susceptibility of A. baumannii to many clinical important antibiotics, such as colistin.

Others

AdeABC is associated with decreased susceptibility to tigecycline (Ruzin et al., 2007). However, some clinical isolates without overexpressed AdeABC, AdeFGH, and AdeIJK have decreased susceptibility to tigecycline. Several reports have suggested the mechanism. One study analyzed eight A. baumannii clinical isolates and revealed that the deletion mutation in the trm gene, which encodes S-adenosyl-L-methionine-dependent methyltransferase, decreases susceptibility to tigecycline (Chen et al., 2014). The same result was reported using a highly efficient and versatile genome-editing platform enabling markerless modification of the A. baumannii genome. Deletion of AdeR, a transcription factor that regulates AdeABC efflux pump expression in tigecycline-resistant A. baumannii, reduces the MIC of tigecycline. However, 60% of the clinical isolates remained nonsusceptible to tigecycline after the adeR deletion according to a highly efficient and versatile genome-editing platform (Trebosc et al., 2016). Whole-genome sequencing in two tigecycline-resistant adeR deletion strains revealed that a mutation in the trm gene makes the adeR mutant resistant to tigecycline. In addition, a trm disruption was identified in most tigecycline-resistant clinical isolates (Trebosc et al., 2016). However, its exact mechanism was not determined. Another study revealed that a frameshift mutation in plsC, encoding 1-acyl-sn-glycerol-3-phosphate acyltransferase, is associated with decreased susceptibility to tigecycline (Li X. et al., 2015).

The abrp gene, which encodes the peptidase C13 family, is associated with decreased susceptibility to tetracycline, minocycline, doxycycline, tigecycline, chloramphenicol, and fosfomycin (Li X. et al., 2016). Deletion of abrp increases cell membrane permeability, displays slower cell growth rate, and confers reduced susceptibility to these antibiotics (Liu X. et al., 2016). However, its exact mechanism was not determined. Some genes involved in cell division, including blhA, zipA, zapA, and ftsK, are associated with intrinsic β-lactam resistance in A. baumannii (Knight et al., 2016).

Increased expression of mutagenesis-related genes, such as the SOS response genes, is a well-understood mechanism of E. coli and other bacteria to obtain antibiotic resistance (Cirz and Romesberg, 2007). Acinetobacter baumannii also seems to have an inducible DNA damage response in which RecA plays a major regulatory role and seems to acquire antibiotic resistances under clinically relevant DNA-damaging conditions (Aranda et al., 2011, 2014; Norton et al., 2013). Furthermore, RecA is involved in the A. baumannii pathogenicity (Aranda et al., 2011).

PROSPECTIVE TREATMENT OPTIONS

Although carbapenems are effective antibiotics to treat A. baumannii infections (Cisneros and Rodriguez-Bano, 2002; Turner et al., 2003), the rate of carbapenem-resistant A. baumannii isolates has been increasing gradually (Mendes et al., 2010; Kuo et al., 2012; Su et al., 2012). Only a few effective antibiotic options are available to treat MDR A. baumannii infections (Gordon and Wareham, 2009; Lee J. H. et al., 2015, 2016). To combat MDR or pandrug-resistant (PDR) A. baumannii, which are resistant to all available antibiotics, combination therapies, including colistin/imipenem, colistin/meropenem, colistin/rifampicin, colistin/tigecycline, colistin/sulbactam, colistin/teicoplanin, and imipenem/sulbactam, have been extensively studied. Prospective treatment options of Acinetobacter baumannii infections are summarized in Table 3. We will discuss the most recent published reports.


Table 3. Prospective treatment options of Acinetobacter baumannii infections.
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Carbapenems and β-Lactamase Inhibitors

Carbapenems, including imipenem, meropenem, and doripenem, have generally been considered the agents to treat A. baumannii infections, due to their effective activity against this organism and their favorable safety (Doi et al., 2015). However, the decreased susceptibility of A. baumannii to carbapenems has forced clinicians and researchers to explore alternative therapeutic approaches (Doi et al., 2015). Because carbapenem-resistant A. baumannii strains are often resistant to all other commonly used antibiotics as well, these strains remain susceptible to only limited antibiotics, such as minocycline/tigecycline and polymyxins (colistin and polymyxin B; Lin and Lan, 2014; Doi et al., 2015). Carbapenem therapies combined with a few effective antibiotics was extensively tested and many cases showed a synergistic effect against A. baumannii infections (Table 3). However, recent increase of tigecycline- or colistin-resistant A. baumannii increasingly poses a serious threat to public health worldwide (Peleg et al., 2007; Hornsey et al., 2010; Cai et al., 2012).

Sulbactam is a β-lactamase inhibitor and also has affinity for penicillin-binding proteins of A. baumannii (Rafailidis et al., 2007; Doi et al., 2015). Combined therapy of ampicillin with sulbactam is effective for treating bloodstream infections due to MDR A. baumannii (Smolyakov et al., 2003). Ampicillin/sulbactam/carbapenem combination therapy is also effective for treating MDR A. baumannii bacteremia (Kuo et al., 2007) and skin and soft tissue infection of carbapenem-resistant A. baumannii (Hiraki et al., 2013), but not in ventilator-associated pneumonia (Kalin et al., 2014). The population pharmacokinetics and pharmacodynamics of sulbactam were determined in critically ill patients with severe sepsis caused by A. baumannii (Jaruratanasirikul et al., 2016) and in patients with impaired renal function (Yokoyama et al., 2015). Another β-lactamase inhibitor tazobactam increases the activity of peptide antibiotics, such as colistin and daptomycin, in a murine model of A. baumannii pneumonia (Sakoulas et al., 2016). The authors suggested that β-lactamase inhibitors may exert similar effects in potentiating peptide antibiotics, because of structural similarities between β-lactamase inhibitors and peptide antibiotics (Sakoulas et al., 2016).

Minocycline/Tigecycline

Minocycline, is a broad-spectrum tetracycline antibiotic that has been proposed for treating drug-resistant A. baumannii based on its high degree of susceptibility to this drug and its favorable pharmacokinetic profile (Ritchie and Garavaglia-Wilson, 2014). The mean susceptibility rate of A. baumannii to minocycline is approximately 80% worldwide (Castanheira et al., 2014). Therefore, minocycline therapy has high treatment success rates and good tolerability (Ritchie and Garavaglia-Wilson, 2014). However, since the introduction of minocycline, approximately 20% of A. baumannii isolates are not susceptible to minocycline. The TetB efflux pump is the main determinants of minocycline resistance (Vilacoba et al., 2013). Minocycline therapy combined with colistin is effective for treating minocycline-resistant A. baumannii infections (Yang et al., 2016), and minocycline therapy combined with rifampicin, colistin, or imipenem has a synergistic effect in most of isolates without the tetB gene, but combined therapies are not synergistic in isolates with the tetB gene (Rodriguez et al., 2015).

Tigecycline is the first glycylcycline class antibiotic that exhibits bacteriostatic activity by binding to the 30S ribosomal subunit, and is active against A. baumannii infections (Pachon-Ibanez et al., 2004; Anthony et al., 2008; Koomanachai et al., 2009). Tigecycline shows a synergistic effect with some classes of antibiotics, such as amikacin (Moland et al., 2008) and colistin (Mutlu Yilmaz et al., 2012). However, limitations of tigecycline use have emerged with its increasing use. Tigecycline is less effective than imipenem to treat pneumonia in a murine pneumonia model (Pichardo et al., 2010). β-Lactam or carbapenem instead of tigecycline was recommended for A. baumannii infections with tigecycline MIC of more than 2 mg/L, due to high mortality from the tigecycline treatment (Curcio and Fernandez, 2008). In a study of 266 patients with MDR A. baumannii infections, tigecycline-based therapy was not more effective than non-tigecycline-based therapies (Lee Y. T. et al., 2013). Tigecycline resistance associated with overexpression of efflux pumps, such as AdeABC, has been reported in clinical isolates of A. baumannii (Peleg et al., 2007; Ruzin et al., 2007; Hornsey et al., 2010, 2011). Multiple MDR A baumannii clones resistant to tigecycline have been reported in many medical centers (Navon-Venezia et al., 2007). Therefore, tigecycline can only be used in limited cases for treating A. baumannii infections.

Polymyxins (Colistin and Polymyxin B)

Polymyxins are a group of polycationic peptide antibiotics that were discovered more than 60 years ago and exhibit potent efficacy against most Gram-negative bacteria (Liu Q. et al., 2014; Lee C. R. et al., 2016). Among all five polymyxins (A–E), only polymyxin B and E (colistin) with a one amino acid difference are used clinically. Colistin is a key component of combination therapies used to treat MDR A. baumannii infections (Cai et al., 2012). The rate of colistin resistance (10.4%) in MDR A. baumannii isolates is lower than that of rifampicin (47.8%) or tigecycline (45.5%) resistance (Chang et al., 2012). Similar results were reported in another study (Muthusamy et al., 2016). Therefore, colistin seems to be the only effective antimicrobial agent against MDR A. baumannii infections. Many colistin-based combined therapies, including colistin/rifampicin (Liang et al., 2011; Aydemir et al., 2013), colistin/minocycline (Liang et al., 2011), colistin/carbapenem (Liang et al., 2011; Batirel et al., 2014; Liu X. et al., 2016), colistin/sulbactam (Batirel et al., 2014), colistin/tigecycline (Principe et al., 2009; Ozbek and Senturk, 2010; Sheng et al., 2011; Peck et al., 2012), colistin/daptomycin (Cirioni et al., 2016), colistin/fusidic acid (Bowler et al., 2016; Fan et al., 2016), and colistin/teicoplanin (Wareham et al., 2011; Cirioni et al., 2016), are synergistic in vivo or in vitro against A. baumannii infections. Colistin therapy combined with rifampin or fusidic acid seems to be the most effective for treating a MDR A. baumannii in a murine thigh-infection model (Fan et al., 2016). Another report comparing colistin/daptomycin, colistin/imipenem, and imipenem/ertapenem showed that the daptomycin-colistin combination was the most effective (Cordoba et al., 2015).

Unfortunately, the emergence of colistin-resistant A. baumannii strains has increased worldwide (Cai et al., 2012). The mechanisms of colistin resistance include loss of LPS (Moffatt et al., 2010) and the addition of phosphoethanolamine to LPS by the PmrAB two-component system (Adams et al., 2009). Mutations in pmrA and pmrB activate pmrC, which adds phosphoethanolamine to the hepta-acylated form of lipid A (Beceiro et al., 2011). Interestingly, an investigation of the in vitro activities of various antimicrobial combinations against colistin-resistant A. baumannii showed that the most effective combinations against colistin-resistant A. baumannii are colistin-rifampin and colistin-teicoplanin, indicating that colistin is the most common constituent of antimicrobial combinations even against colistin-resistant A. baumannii (Bae et al., 2016). Similarly, minocycline therapy in combination with colistin is effective to treat infections caused by minocycline-resistant A. baumannii. Minocycline/colistin therapy significantly improves survival of mice infected with minocycline-resistant A. baumannii and reduces the number of bacteria present in the lungs of mice (Yang et al., 2016).

A urinary tract Enterococcus faecalis isolate that apparently requires vancomycin to grow was reported in 1994, and this phenomenon is called “antimicrobial agent dependence.” Colistin dependence was reported in an A. baumannii–A. calcoaceticus complex (Hawley et al., 2007). Partial colistin dependence has been detected in several LPS-deficient strains with mutations in lpxA, lpxC, and lpxD (Garcia-Quintanilla et al., 2015). Many colistin-susceptible A. baumannii isolates develop colistin dependence in vitro after exposure to colistin (Hong et al., 2016). Although the clinical implication of colistin dependence and its molecular mechanism remain unclear, it is interesting that patients with colistin-dependent A. baumannii isolates show a high rate of treatment failure (Hong et al., 2016).

Unlike colistin, polymyxin B is not converted from a prodrug form into an active form; thus, plasma concentrations of polymyxin B more quickly reach target levels (Sandri et al., 2013). In addition, polymyxin B is available for direct parenteral administration (Zavascki et al., 2007). Despite the favorable pharmacokinetics of polymyxin B, dose-related nephrotoxicity limits the concentration of polymyxin B used in combination therapy (Dubrovskaya et al., 2015). Therefore, almost all studies on polymyxins are carried out for colistin. However, because some carbapenems have comparatively safer dose modulation to optimize killing during combination therapy (Cannon et al., 2014), several studies have analyzing the pharmacodynamics of carbapenems in combination with polymyxin B (Lenhard et al., 2016a,b; Rao et al., 2016a). One study showed that intensified meropenem dosing combined with polymyxin B is a good strategy to treat carbapenem-resistant A. baumannii, regardless of the meropenem MIC (Lenhard et al., 2016a). Combination therapy with doripenem and polymyxin B also showed similar results. Early aggressive dosing of doripenem combined with polymyxin B is effective for treating heteroresistant A. baumannii infections (Rao et al., 2016a). A combined pharmacodynamics analysis of four different carbapenems with polymyxin B showed that doripenem, meropenem, or imipenem display similar pharmacodynamics in combination, and the decision to use carbapenem in combination with polymyxin B is usually based on toxicodynamic profiles (Lenhard et al., 2016b). Polymyxin B also shows good bactericidal activity in combination with high tigecycline concentrations (Hagihara et al., 2014; Rao et al., 2016b). Therefore, polymyxin B combination therapies seem to be one of the most promising options for minimizing the emergence of polymyxin resistance. Increasing the dose intensity of polymyxin B amplifies polymyxin B resistance in A. baumannii (Cheah et al., 2016; Tsuji et al., 2016). In conclusion, although polymyxin B displays dose-related nephrotoxicity, it is a potential therapeutic alternative to colistin when use together with intensified doses of other antibiotics. Large-scale screening of Streptomyces secondary metabolites was performed to develop a novel combination therapy using minimal concentrations of polymyxin B, and the reliable polymyxin synergist netropsin was identified (Chung et al., 2016). Survival of G. mellonella infected with colistin-resistant clinical A. baumannii isolates is significantly higher when treated with polymyxin B combined with netropsin than when treated with polymyxin B or netropsin alone (Chung et al., 2016).

Other Antibiotics

Trimethoprim-sulfamethoxazole is a two antibiotics combination that exerts a synergistic effect by inhibiting successive steps in the folate synthesis pathway against a number of bacteria (Wormser et al., 1982). The in vitro killing activity of trimethoprim-sulfamethoxazole against carbapenem-resistant A. baumannii was recently studied. Trimethoprim-sulfamethoxazole alone effectively kills all carbapenem-resistant A. baumannii strains and trimethoprim-sulfamethoxazole combined with colistin also rapidly kills all strains for up to 24 h (Nepka et al., 2016). These results suggest that trimethoprim-sulfamethoxazole might be an effective therapy for severe carbapenem-resistant A. baumannii infections. Plazomicin is a next-generation aminoglycoside synthetically derived from sisomicin that enhances activity against many MDR Gram-negative bacteria (Garcia-Salguero et al., 2015). A synergistic effect was observed with carbapenems along with plazomicin during treatment of A. baumannii infections (Garcia-Salguero et al., 2015), indicating the potential utility of plazomicin combined with carbapenems.

The inducible DNA damage response in A. baumannii plays an important role in acquiring antibiotic resistance under clinically relevant DNA-damaging conditions (Aranda et al., 2011, 2014; Norton et al., 2013). The aminocoumarin novobiocin is a well-established antimicrobial agent that inhibits the DNA damage response in Gram-positive bacteria by interfering with ATPase activity of DNA gyrase (Schroder et al., 2013). One study showed that novobiocin also inhibits acquisition of antimicrobial resistance in MDR A. baumannii through DNA damage-induced mutagenesis (Jara et al., 2015).

Non-antibiotic Therapies: Phage and Others

The worldwide spread of MDR pathogens has renewed interest in the therapy using bacteriophage, which is a virus that infects and lyses bacteria. Various lytic A. baumannii bacteriophages, such as vB_Ab-M-G7 (Kusradze et al., 2016) and Bϕ-C62 (Jeon et al., 2016), have been used to treat infections caused by MDR A. baumannii. Bacteriophage-encoded endolysin has also received attention. Endolysin is a lytic enzyme that degrades the cell wall of bacterial hosts and shows promise as a novel class of antibacterials with a unique mode of action (Defraine et al., 2016). For example, endolysin from A. baumannii bacteriophage ØABP-01 degrades the crude cell wall of A. baumannii strains and elevates antibacterial activity when combined with colistin (Thummeepak et al., 2016). However, most Gram-negative pathogens are generally not susceptible to endolysins, due to their protective outer membrane (Lee et al., 2013a). To overcome this problem, endolysins have recently been engineered with specific outer membrane-destabilizing peptides to obtain the ability to penetrate outer membrane and these engineered endolysins are called “artilysins” (Rodriguez-Rubio et al., 2016). Several engineered artilysins have been developed to combat MDR A. baumannii and show highly effective antimicrobial activity against A. baumannii (Briers et al., 2014; Yang et al., 2015; Defraine et al., 2016; Thandar et al., 2016). These results suggest that artilysins can be a treatment option for MDR A. baumannii. The diversity of the phage population was determined by analysis of viromes, endolysins, and CRISPR spacers (Davison et al., 2016). These results can be used to assist in finding an effective endolysin for combating MDR A. baumannii. Various peptides, such as American alligator plasma peptide (Barksdale et al., 2016) and antimicrobial peptide dendrimer G3KL (Pires et al., 2015), have in vitro antimicrobial activity against MDR A. baumannii. However, the use of antimicrobial enzymes or peptides also has some important problems, such as their short half-life in serum and high production costs compared with those of smaller molecules.

An in silico analysis predicted that OXA-58, OXA-23, and OXA-83 are translocated to the periplasm via the Sec system (Liao et al., 2015; Chiu et al., 2016). A SecA inhibitor (rose bengal) inhibits periplasmic translocation of these carbapenem-hydrolyzing class D β-lactamases, indicating that these β-lactamases are selectively released via a Sec-dependent system (Liao et al., 2015; Chiu et al., 2016). Imipenem or meropenem combined with rose bengal shows synergistic effects for carbapenem-resistant A. baumannii clinical isolates (Chiu et al., 2016). Similarly, β-aminoketone (MD3), an inhibitor of bacterial type I signal peptidases that cleaves the amino-terminal signal peptides of translocated proteins, shows a synergistic effect when combined with colistin against colistin-resistant A. baumannii strains (Martinez-Guitian et al., 2016).

Bulgecin A is a natural product of P. mesoacidophila and a lytic transglycosylase inhibitor that works synergistically with β-lactams (Skalweit and Li, 2016). Bulgecin A restores the efficacy of meropenem in suppressing growth of carbapenem-resistant A. baumannii strains, suggesting that Bulgecin A may be an adjunctive compound to extend the life of carbapenems against A. baumannii infections (Skalweit and Li, 2016). Similarly, farnesol, a natural product of Candida albicans for quorum-sensing, disrupts A. baumannii cell membrane integrity, alters cell morphology, and increases sensitivity of MDR A. baumannii strains to colistin (Kostoulias et al., 2015). Many herbal active compounds have potent antibacterial activities against many bacteria including carbapenem-resistant A. baumannii (Lin et al., 2015). For example, oleanolic acid is a triterpenoid compound that widely exists in food, medicinal herbs, and many plants and can potently inhibit various pathogenic bacteria. One study showed that oleanolic acid increases aminoglycoside uptake by changing membrane permeability and energy metabolism in A. baumannii (Shin and Park, 2015).

Cyanide 3-chlorophenylhydrazone (CCCP) is an efflux pump inhibitor that decreases the MIC of colistin in colistin-susceptible and colistin-resistant A. baumannii strains (Park and Ko, 2015; Ni et al., 2016). Other efflux pump inhibitors, such as ABEPI1 and ABEPI2, inhibit efflux-mediated minocycline tolerance of A. baumannii. Adding these compounds during growth in human serum leads to the accumulation of minocycline within A. baumannii and inhibits efflux potential of the bacterium (Blanchard et al., 2014).

Gallium is a semi-metallic element in group 13 of the periodic table that binds to biological complexes containing Fe3+ and disrupts essential redox-driven biological processes (Bernstein, 1998). Gallium has been used as a simple inorganic or organic salt or complexed with organic compounds. Several studies have shown that gallium nitrate or gallium protoporphyrin IX could be a viable therapeutic option for treating MDR A. baumannii (Antunes et al., 2012; Arivett et al., 2015). Some D-amino acids, such as D-His and D-Cys, inhibit bacterial growth, biofilm formation, and adherence to eukaryotic cells in A. baumannii (Rumbo et al., 2016).

Probiotics are “live microorganisms that confer a health benefit on the host when administered in adequate amounts” (Reid et al., 2005) and assist in protecting against MDR A. baumannii infections. For example, the ability of the probiotic Bifidobacterium breve to protect against MDR A. baumannii infections has been investigated (Asahara et al., 2016). This probiotic markedly potentiates protection against fatal intestinal infections caused by MDR A. baumannii (Asahara et al., 2016). With probiotics, immunomodulators, such as lysophosphatidylcholine (Parra Millan et al., 2016) and macrolide antibiotics such as clarithromycin (Konstantinidis et al., 2016), can reduce A. baumannii infection severity by stimulating the immune response, when combined with antibiotics such as colistin, tigecycline, or imipenem.

CONCLUSION

The number of studies about A. baumannii is increasing dramatically because of its increasing clinical importance. Use of animal models has produced important data regarding virulence factors that contribute to A. baumannii pathogenesis. Notably, some studies on metal acquisition and protein secretion systems are interesting. Besides iron acquisition systems such as acinetobactin, the discovery of zinc and manganese acquisition systems in A. baumannii broadens our understanding of A. baumannii pathogenesis. More extensive studies on various protein secretion systems present in A. baumannii are required. About 300 genes required for in vivo survival of A. baumannii were identified using transposon screening in G. mellonella larvae (Gebhardt et al., 2015). Because many of these genes were not known to be associated with A. baumannii pathogenesis, more detailed studies are required to determine whether these genes are related to the pathogenesis of A. baumannii. In addition, transposon screening in other model animals will provide novel insight into A. baumannii pathogenesis. Knowledge of virulence factors responsible for A. baumannii pathogenicity will be the cornerstone for developing novel antibiotics. For example, LPS is an important virulence factor and LpxC inhibitor, which inhibits LPS synthesis, completely protects mice from lethal infection (Lin et al., 2012). These results indicate that blocking LPS synthesis is a powerful strategy for discovering novel antibiotics. However, despite recent extensive studies about A. baumannii pathogenesis, the toxicity and pathogenicity of A. baumannii remain unclear.

Recent interest about A. baumannii is mostly due to its seemingly endless capacity to acquire antibiotic resistance. A. baumannii has almost all bacterial resistance mechanisms. All class β-lactamases have been detected in A. baumannii and the frequency of carbapenem-resistant A. baumannii isolates is very high. Furthermore, almost all A. baumannii contain aminoglycoside-modifying enzymes and many efflux pumps responsible for resistance to various clinically important antibiotics have been identified in A. baumannii. Due to these abilities, available antibiotics to treat A. baumannii infections are significantly limited. Colistin is used as the antibiotic treatment of last resort, due to its relatively low resistance rate. However, emergence of colistin-resistant A. baumannii strains has increased worldwide with increasing use of colistin. Notably, some more recent studies have proposed that another polymyxin antibiotic, polymyxin B, is a potential therapeutic alternative to colistin (Lenhard et al., 2016a,b; Rao et al., 2016a; Repizo et al., 2015). Polymyxin B has not been a good antibiotic owing to dose-dependent nephrotoxicity, but recent reports show that a novel combination therapy with carbapenems or tigecycline using minimal concentrations of polymyxin B can be a good strategy to treat carbapenem-resistant A. baumannii infections. These results indicate the requirement for extensive studies that analyze the pharmacodynamics of polymyxin B in combination therapy.

Various trials to identify a novel alternative to carbapenem or colistin have been performed. Among them, engineered endolysins (artilysins) are particularly interesting, despite evident defects. A lytic enzyme degrading peptidoglycan of bacteria is a promising novel class of antimicrobial agents due to its unique mode of action. Similar to β-lactam antibiotics that are one of the most successful antibiotics, inhibition of peptidoglycan synthesis is a promising target of antimicrobial agents. Because lytic enzymes directly degrade peptidoglycans, but not proteins, the possibility of the emergence of a resistance mechanism is relatively low. In addition, enzymes with relatively high molecular weight are not inhibited by efflux pumps. If the short stability of artilysin in serum and high cost in its production compared with small molecules can be resolved, the improved artilysin can be a good treatment option for carbapenem- or colistin-resistant A. baumannii infections. In conclusion, novel, rationally designed strategies and screening-based approaches are required to discover new classes of antibiotics. If we continue to take all efforts at maintaining the effectiveness of antibiotics and developing novel antibiotics, effective control of A. baumannii infections can be successful.
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Genetic and functional studies showed that some components of the Acinetobacter baumannii ATCC 17978 A1S_0112-A1S_0119 gene cluster are critical for biofilm biogenesis and surface motility. Recently, our group has shown that the A1S_0114 gene was involved in biofilm formation, a process related with pathogenesis. Confirming our previous results, microscopy images revealed that the ATCC 17978 Δ0114 derivative lacking this gene was unable to form a mature biofilm structure. Therefore, other bacterial phenotypes were analyzed to determine the role of this gene in the pathogenicity of A. baumannii ATCC 17978. The interaction of the ATCC 17978 parental strain and the Δ0114 mutant with A549 human alveolar epithelial cells was quantified revealing that the A1S_0114 gene was necessary for proper attachment to A549 cells. This dependency correlates with the negative effect of the A1S_0114 deletion on the expression of genes coding for surface proteins and pili-assembly systems, which are known to play a role in adhesion. Three different experimental animal models, including vertebrate and invertebrate hosts, confirmed the role of the A1S_0114 gene in virulence. All of the experimental infection assays indicated that the virulence of the ATCC 17978 was significantly reduced when this gene was inactivated. Finally, we discovered that the A1S_0114 gene was involved in the production of a small lipopeptide-like compound herein referred to as acinetin 505 (Ac-505). Ac-505 was isolated from ATCC 17978 spent media and its chemical structure was interpreted by mass spectrometry. Overall, our observations provide novel information on the role of the A1S_0114 gene in A. baumannii's pathobiology and lay the foundation for future work to determine the mechanisms by which Ac-505, or possibly an Ac-505 precursor, could execute critical functions as a secondary metabolite.
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INTRODUCTION

Traditionally, Acinetobacter baumannii has been considered a low-virulence pathogen since its pathogenicity is influenced by the clinical condition of the patients it colonizes and infects. However, this epithet is often ignored by physicians due to its frequent and increasing occurrence as a multi-drug resistant (MDR) nosocomial pathogen around the world (Perez et al., 2008). In specific environments, such as intensive care and burn units where there is a remarkable selective antibiotic pressure, A. baumannii colonizes new niches because of its noteworthy ability to adapt to stressful conditions by modulating the expression of several virulence factors (Beceiro et al., 2013). Despite the importance of this microorganism, only a few virulence factors have been described to date (McConnell et al., 2013). This situation now can be addressed because of the development of inexpensive and convenient high-throughput sequencing methods, which have led to the description of numerous A. baumannii genomes and have facilitated the comparative analysis of entire genomes (Merino et al., 2014; Álvarez-Fraga et al., 2015; Ou et al., 2015). Furthermore, improved strategies for functional analysis of bacterial genes and the use of relevant animal models have provided novel insights into the virulence traits of this pathogen, which could lead to potential targets for the treatment of human infections (McConnell et al., 2013).

The inhibition of bacterial functions involved in quorum sensing, adhesion, colonization, iron acquisition and/or resistance to host defenses are possible strategies that could be used to fight bacterial infections, particularly those caused by MDR pathogens (Escaich, 2010). In the case of A. baumannii, one such strategy includes targeting capsular polysaccharides that have been identified as a virulence factors; capsule-deficient strains showed lower pathogenicity in a rat model (Russo et al., 2010). The acinetobactin-mediated iron acquisition system and related iron-mediated metabolic functions also play a role in A. baumannii ATCC 19606T virulence as assessed using ex vivo and in vivo infection models (Gaddy et al., 2012; Zimbler et al., 2012, 2013). The ability of this pathogen to attach to different types of surfaces is also essential for its spread within the hospital environment and among patients as well as to colonize host tissues and medical devices. The outer membrane protein A (OmpA) and the biofilm-associated protein (Bap) are critical in host-pathogen interactions as well as in the interaction of bacteria with abiotic and biotic surfaces including human epithelial cells and neonatal keratinocytes (Choi et al., 2005, 2008; Iacono et al., 2008; Loehfelm et al., 2008; Kim et al., 2009). The A. baumannii ATCC 19606T Type I pili assembled by the CsuA/BABCDE usher-chaperone assembly system were the first cellular appendages shown to be crucial for adherence and biofilm formation on abiotic surfaces under different experimental conditions (Tomaras et al., 2003). Our group previously identified the gene A1S_1507, which is part of a second Type I pili cluster, the disruption of which caused a significant decrease in biofilm formation by A. baumannii ATCC 17978 (Rumbo-Feal et al., 2013).

Comparative transcriptional studies of A. baumannii ATCC 17978 planktonic and sessile cells showed that expression of the A1S_0114 gene had the highest fold-change in biofilm-associated cells as compared to planktonic cells (Rumbo-Feal et al., 2013). Accordingly, deletion of this predicted gene led to a substantial decrease in biofilm formation (Rumbo-Feal et al., 2013). Random transposon mutagenesis of A. nosocomialis M2 resulted in the isolation of the M2-2 and M2-11 derivative mutants, which displayed a significant reduction in surface motility and harbored insertions in the A. baumannii ATCC 17978 A1S_0113 and A1S_0115 orthologs (Clemmer et al., 2011). Further RNA-Seq analysis and A1S_0112-lacZ fusion assays showed that the expression of the A1S_0112-A1S_0118 genes in A. nosocomialis M2 is transcriptionally activated by an AbaI-dependent quorum-sensing pathway (Clemmer et al., 2011). More recently, random insertion mutagenesis of the A. baumannii ATCC 17978hm, a hyper-motile derivative that harbors an IS insertion within the hns-like gene (Eijkelkamp et al., 2013; Giles et al., 2015), resulted in the isolation of the A1S_0112::Tn and A1S_0115::Tn mutants (Giles et al., 2015). Both mutants displayed no surface motility and a significant reduction in pellicle formation with an increased biofilm formation phenotype, observations suggesting a further link between motility and biofilm/pellicle formation (Giles et al., 2015). Based on all these observations, it was proposed that the A1S_0112-A1S_0118/0119 genes constitute a seven- or eight-gene operon, which is predicted to be involved in the biosynthesis of an uncharacterized secondary metabolite, such as a non-ribosomally synthesized lipopeptide (Clemmer et al., 2011; Eijkelkamp et al., 2013, 2014; Giles et al., 2015). Interestingly, this operon has been identified in many of the available genomic sequences of A. baumannii, including MDR strains (Adams et al., 2008; Iacono et al., 2008; Zhu et al., 2013), with the exception of the nonpathogenic A. baumannii SDF strain (Vallenet et al., 2008).

In this report we have established that the A. baumannii ATCC 17978 (referred to as 17978 in the rest of this work) A1S_0112-A1S_0119 gene cluster is indeed a polycistronic operon that includes eight genes predicted to code for proteins with functions involved in the production of bacterial secondary metabolites. Furthermore, a 17978 A1S_0114 isogenic deletion derivative (Δ0114) showed a significant reduction in cell adherence and virulence, as confirmed using three animal models. Mass spectrometry analysis of spent culture supernatants showed that the deletion of the A1S_0114 gene is associated with the absence of acinetin 505 (Ac-505), a 505-Da lipopeptide in which a hydroxylated-C15 acyl moiety is linked to both a Gly and a Cys-Gly containing moiety and has a non-standard peptide linkage. These observations indicate that the A1S_0114 gene could play a critical role in the pathobiology of A. baumannii, knowledge that could aid in the design of alternative therapeutic tools needed for the treatment of infections caused by emerging MDR isolates.

MATERIALS AND METHODS

Bacterial Strains and Culture Conditions

A. baumannii ATCC 17978 and Escherichia coli strains listed in Table 1 were routinely grown or maintained in Luria-Bertani (LB) broth with 2% agar added for plates. All strains were grown at 37°C with shaking (180 rpm) and stored at -80°C in LB broth containing 10% glycerol. Swimming broth (SB) containing 10 g/L of tryptone and 5 g/L of NaCl was used for some phenotypic analyses and 0.3% of agarose were added for plates (Harding et al., 2013). When appropriate, cultures were supplemented with kanamycin (Km) at a final concentration of 50 μg/mL. Bacterial growth curves were determined in sextuplet using 96-well microtiter plates containing either LB or SB inoculated with 17978 or Δ0114 cells under the aforementioned culturing conditions over a 24-h time period (Figure S2). OD600 values of these cultures were recorded hourly.


Table 1. Bacterial strains and plasmids used in this work.
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Construction of Isogenic Deletion Derivatives

Plasmid pMo130 (Table 1), a suicide vector containing the genes xylE, sacB, and a Km resistance marker, was used as described by Hamad et al. (2009). Briefly, 900–1,000 bp upstream and downstream regions flanking the genes selected for deletion in 17978 were PCR-amplified and cloned into the pMo130 vector using primers listed in Table S1. The resulting plasmid (pMo130-0114, shown in Table 1) was transformed into 17978 cells by electroporation (Rumbo-Feal et al., 2013). Recombinant colonies representing the first crossover event were selected by resistance to Km and visual detection of XylE activity following the catechol-based method (Hamad et al., 2009). Bright yellow Km resistant colonies were then grown overnight in LB supplemented with 15% sucrose and then plated on LB agar without antibiotics. The second crossover event leading to gene deletion was then confirmed by PCR using primers listed in Table S1. The Δ0114 isogenic deletion derivative of 17978 was constructed by deleting a region encompassing the A1S_0114 gene (Hamad et al., 2009).

Complementation of the Δ0114 Deletion Derivative

A kanamycin resistance marker was PCR-amplified from the pCR-BluntII-TOPO plasmid (from Invitrogen) using the primers listed in Table S1. The resulting product was inserted in the PstI site of the pWH1266 plasmid (Hunger et al., 1990), obtaining the pWH1266-Km plasmid. To complement the Δ0114 strain, the A1S_0114 wild type allele was PCR-amplified from 17978 genomic DNA using the primers listed in Table S1. The resulting product was cloned into the EcoRV and BamHI restriction sites of the pWH1266-Km plasmid (Table 1). The parental A1S_0114 allele was cloned as a BamHI-EcoRV amplicon into the pWH1266-Km under the control of the tetracycline resistance gene promoter using the primers listed in Table S1. The complementing plasmid pWH1266-Km-0114 (Table 1) was transformed into Δ0114 cells by electroporation (Rumbo-Feal et al., 2013). Transformants were selected on Km-containing plates and the presence of pWH1266-Km-0114 was confirmed by PCR using primers listed in Table S1. Δ0114 cells harboring empty pWH1266-Km were used as a negative control.

RNA Extraction and Transcript Quantification

Cultures of 17978 and its derivatives were grown for 48 h at 37°C in SB. RNA was extracted with the Maxwell 16 LEV simplyRNA Cells Kit (Promega). The total RNA samples were treated using the DNA-free DNA Removal Kit (Ambion). The integrity of the RNA samples was checked using an Agilent 2100 Bioanalyzer and qPCR. cDNA was obtained from RNA samples using the iScript cDNA Synthesis Kit (Bio-Rad) following the manufacturer's recommendations. The level of expression of particular genes was tested by real time PCR (qRT-PCR) using cDNA as a template and the KAPA SYBR FAST qPCR kit (Kapa Biosystems) following the instructions of the manufacturer with the primers listed in Table S1. Three independent biological replicates were each tested in triplicate. The expression level was standardized relative to the transcription level of the housekeeping gene recA which was established as 1. PCR reactions lacking cDNA were used as negative controls. The statistical significance of the differences was determined using a Student's t-test.

To confirm the polycistronic nature of the A1S_0112-A1S_0119 gene cluster, cDNA, obtained from total RNA through reverse transcription, was used as a template in PCR reactions with Taq DNA Polymerase (New England Biolabs) using pairs of primers designed to anneal to the 3′-end of every gene and the 5′-end of the next one (Figure 1 and Table S1). Genomic DNA and total RNA without reverse transcription were used as templates for positive and negative controls, respectively, and the amplicons were detected by standard 1% agarose gel electrophoresis (Sambrook and Russell, 2001). These analyses were done in triplicate.
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FIGURE 1. Genetic organization of the A1S_0112-A1S_0119 operon of A. baumannii ATCC 17978. The horizontal arrows indicate the location and direction of transcription of the predicted genes. The numbers above the arrows represent the A1S_ genes located within this operon. The black rectangle indicates the region deleted within the A1S-0114 gene represented by the hatched arrow. The connected open rectangles and the number underneath of each of them identify the primers, listed in Table S1, and the regions amplified by PCR and RT-PCR assays using genomic DNA and DNA-free total RNA, respectively. Putative functions of the corresponding proteins are shown.



LC-MS Analysis of Bacterial Supernatants

The 17978 and Δ0114 strains were grown in static cultures and cell-free spent media was analyzed by liquid chromatography (LC)—mass spectrometry (MS) and LC-MS/MS with further internal source collision induced dissociation (ISCID) fragmentation. In brief, bacterial samples were cultured overnight in SB with shaking (200 rpm) at 37°C and used to inoculate SB at a 1:100 ratio. Then, 1-mL aliquots were dispensed into 12 × 75 mm polystyrene culture test tubes for incubation at 37°C for 48 h without shaking. Bacteria for isotopic labeling were cultured under the same conditions in unlabeled and U-15N, 98% and U-15N/13C, 98% Bioexpress Cell Growth Media (Cambridge Isotope Laboratories, Inc.). Samples were vortexed, transferred to microcentrifuge tubes and centrifuged at 21,000 × g to remove cells. Aliquots were prepared for LC-MS by mixing 300 μL of spent media with 1:1 volume of 100% methanol (HPLC grade) containing 0.2% formic acid. LC-MS and LC-MS/MS (ISCID) data were collected on a micrOTOF Bruker Daltonics MS with Agilent Technologies 1200 Series LC and an analytical C18 column (100 × 2.1 mm, 2.6 mm particle size, Phenomenex Kinetex) operated at a column temperature of 35°C with a 0.2 mL/min flow rate. Solvent A was 100% water with 0.1% formic acid and solvent B was acetonitrile with 0.1% formic acid. The elution method was a 30-min gradient from 100% solvent A to 90% solvent B in 25 min, followed by 5 min at 90% solvent B before returning to 100% solvent A for equilibration. Electrospray ionization (ESI)-MS was used in positive ion mode (m/z 50–2,000). Nitrogen was used as the drying gas with a temperature and nebulizing gas pressure of 190°C and 5.8 psi, respectively. The ESI capillary voltage of 4,500 V and Hexapole RF of 80 Vpp were used. ISCID energy of 80 eV (200 V) was applied for CID fragmentation. A sodium formate solution was employed as the external calibrant by direct infusion at the end of each run. LC-MS and LC-MS/MS (ISCID) data were analyzed using DataAnalysis 4.0 (Bruker Daltonics) software.

High-Resolution MS and MSn Analysis of Ac-505

The 17978 strain was grown for 48 h at 37°C in SB in 2 L static cultures in flat-bottom flasks after a 1:100 dilution of innoculated shaken overnight culture. After centrifugation at 5,000 × g for 20 min to remove cells, 15 g of adsorptive XAD-7 resin was added to the culture supernatant and incubated at room temperature for 3 h. The resin was removed on glass filter paper in a Büchner funnel and then washed with 1 L deionized H2O. The adsorbed material was then eluted with 300 ml of 100% methanol, dried on a rotary evaporator, and resuspended in 2 ml of methanol. Concentrated samples in methanol were kept at −80°C. One-ml injections were made on a BioCAD family vision Workstation equipped with a UV-detector, fraction collector, and a reversed-phase C18 preparative column (250 × 10.0 mm, 10 um particle size, Phenomenex Synergi Fusion-RP) operated at a 5 ml/min flow rate of the solvents A and B described above. The elution method was a gradient from 0 to 100% B in 10-column volumes, followed by an isocratic step with 100% solvent B for 5-column volumes. Eluted fractions of 1 ml were analyzed by analytical LC-MS on a Bruker micrOTOF (described above) and fractions containing purified Ac-505 were combined and dried using a stream of nitrogen.

High resolution LC-MS/MS in positive ion mode was performed at the Ohio State University (OSU) Mass Spectrometry and Proteomics Facility on a Bruker MaXis ESI Ionization Quadrupole Time-of-Flight Mass Spectrometer (ESI MaXis QTOF) with a Dionex U3000 RSLC system using a Waters Xbridge BEH C18 (3.5 μm, 1.0 × 100 mm) column and a gradient of H2O and acetonitrile with 0.1% formic acid. Additionally, direct-infusion MS/MS in negative ion mode was performed on the ESI MaXis QTOF instrument. Ultra high resolution MS/MS was performed on the OSU ESI 15 tesla fourier transform ion cyclotron resonance (15T FT-ICR) instrument with electron-capture dissociation (ECD) of the 506.3 m/z peak in positive ion mode by direct infusion. MSn fragmentation in positive ion mode was measured on the OSU Bruker amaZon, which has nominal mass resolution, using direct infusion of 5-μl samples of HPLC-purified Ac-505 in 50% methanol with 0.1% formic acid.

Bacterial Adhesion to A549 Human Alveolar Cells

A549 human alveolar epithelial cells were routinely maintained in 25-cm2 tissue culture flasks in Dulbecco's Modified Eagle Medium supplemented with 10% heat-inactivated fetal bovine serum and 50 U/mL of penicillin and 50 μg/mL of streptomycin (DMEM) as described before (Gaddy et al., 2009). Confluent cultures were washed, trypsinized and transferred to 24-well plates to get a monolayer of 105 A549 cells per well. After 24 h of incubation under the same conditions, cells were washed twice with saline solution and once with modified Hank's balanced salt solution (mHBSS, same as HBSS but without glucose) following the protocol previously described (Gaddy et al., 2009). Then, the multiplicity of infection (MOI) of 10 was used; in each well 105 A549 cells were infected with 106 bacteria and incubated for 3 h in mHBSS at 37°C. To determine bacterial adhesion, the infected monolayers were washed three times with saline solution and then lysed in 500 μL of 0.5% sodium deoxycholate. Dilutions of the lysates were plated onto LB agar and incubated at 37°C for 24 h. Colony forming units were counted to determine the percent of bacteria that had attached to or invaded A549 cells as compared to the growth control. Six independent replicates were done. Student's t-test was performed to evaluate the statistical significance of the observed differences.

Electron Microscopy of Biofilms Formed on Plastic and Polarized A549 Cells

Sterile plastic coverslips were placed in sterile 50-mL conical tubes and then 5 ml of LB inoculated with each strain at a 1:100 dilution were added. Inoculated tubes were incubated for 48 h at 37°C without shaking as previously described (Gaddy et al., 2009). Coverslips were removed, washed, dehydrated in ethanol, processed with a critical point drier, and sputter coated as described previously (Tomaras et al., 2003). Biofilms formed above, at and below the liquid-air interface were viewed by scanning electron microscopy (SEM) using a Zeiss Supra Gemini Series 35 V scanning electron microscope as described previously (Tomaras et al., 2003).

A549 cells were polarized on the surface of Transwell 24-well permeable inserts as recently described (Álvarez-Fraga et al., 2016). Bacteria, previously grown in LB at 37°C for 24 h in a shaking incubator at 180 rpm, were washed and resuspended in Hank's Buffered Salt Solution (HBSS; Hyclone Laboratories, Inc.). An inoculum of 102 bacteria was applied to the apical surface of A549 cells by pipetting 1 μl of suspension onto the center of each membrane. The transwell plate was then incubated and maintained for 72 h at 37°C and 5% CO2. After 72 h, the membranes were washed with HBSS to remove secretions and unattached bacteria. The membranes were then fixed for 24 h in 4% formaldehyde-HBSS at 4°C, prepared and viewed by SEM as previously described (Tomaras et al., 2003).

Caenorhabditis elegans Fertility Assay

Fertility assays were performed as previously described (Vallejo et al., 2015). Both the 17978 and Δ0114 strains were grown overnight in LB and then cultured at 37°C for 24 h in nematode growth medium (NG). The eggs of C. elegans N2 Bristol (a wild-type strain obtained from the CGC collection) were hatched in M9 medium (Vallejo et al., 2015), and worms in the first larval stage (L1) were arrested overnight at 20°C. Later, the L1 worms were added to the NG medium plates together with each bacterial strain selected for this study. One C. elegans worm in the last larval stage (L4) was placed on a peptone-glucose-sorbitol medium (PGS) plate individually seeded with each A. baumannii strain and incubated for 24 h at 25°C. The worms were transferred to new plates seeded with the same bacterial strain and the worm progeny was counted for 3 days to determine their viability. Six independent replicates were performed with each strain. Student's t-test was performed to evaluate the statistical significance of observed differences. Means of the differences between strains are reported.

Galleria mellonella Virulence Assay

A. baumannii cells previously grown for 24 h in LB broth were collected by centrifugation and resuspended in sterile phosphate-buffered saline (PBS). Appropriate bacterial inocula were estimated spectrophotometrically at OD600 and confirmed by plate counting using LB agar plates. To assess virulence, G. mellonella survival assays were performed by injecting in triplicate 10 randomly-selected healthy final instar G. mellonella larvae as previously described (Gaddy et al., 2012). The dose used for each infection consisted of a 5 μl-suspension containing 105 CFU (Gaddy et al., 2012). The control groups included larvae that either were not injected or were injected with the same volume of sterile PBS. The test groups included larvae infected with 17978 or Δ0114 bacteria. After injection, the larvae were incubated at 37°C in darkness, and death was assessed at 24-h intervals over 6 days. Caterpillars were considered dead, and were removed, if they displayed no response to probing. The resulting survival curves were plotted using the Kaplan-Meier method (Kaplan and Meier, 1958) and analyzed using the log-rank (Mantel-Cox) test. P ≤ 0.05 were considered statistically significant (SAS Institute Inc.).

Murine Pneumonia Virulence Assay

A pneumonia model was used to evaluate the virulence of the 17978 and Δ0114 strains. BALB/c 9- to 11-week old female mice weighing 25–30 g were intratracheally infected with ~5.5 × 107 CFUs/mouse of exponentially grown cells of the 17978 parental or the Δ0114 mutant strains into groups of 10 mice. Briefly, mice anesthetized with an oral suspension of sevoflurane (Abbott) were suspended by their incisors on a board in a semi-vertical position. Correct intratracheal inoculation was confirmed by using an endoscope on the oral cavity. The trachea was accessed using a blunt-tipped needle for the inoculation of a 40-μl bacterial suspension made in sterile saline solution and 10% porcine mucin (wt/vol; Sigma) mixed at a 1:1 ratio. Dead mice in the first 4 h after inoculation were not included in the final analyses. Mice were euthanized with an overdose of thiopental sodium (Sandoz) 44 h after inoculation. Lungs were aseptically extracted, weighed, and homogenized in 1.5 ml of ice-cold saline solution in a Mixer Mill dismembrator (Retsch). Lung lysates were 10-fold serially diluted and samples were plated onto LB agar to measure organ bacterial loads. The results are shown as means of the log10 CFU per gram of lung with their standard deviations. Student's t-test was performed to evaluate the statistical significance of the observed differences. All mice were maintained in the specific pathogen-free facility at the Technology Training Center of the Hospital of A Coruña (CHUAC, Spain). All experiments were done with the approval of and in accordance with regulatory guidelines and standards set by the Animal Ethics Committee (CHUAC, Spain).

RESULTS

Characterization of the A. baumannii ATCC 17978 A1S_0112-0119 Operon

Previous transcriptional analysis of 17978 planktonic and sessile bacteria showed the differential expression of the A1S_0112-A1S_0118 genes, with A1S_0114 being expressed most highly by cells attached to an abiotic surface (Rumbo-Feal et al., 2013). In silico analysis of the chromosomal region harboring these genes indicates that it potentially codes for a polycistronic operon that includes the A1S_0119 coding region (Figure 1). This prediction is based on the observation that all putative genes are transcribed in the same direction and either overlap or are separated by intergenic regions ranging from 24 to 53 nucleotides according to reported genomic data (Smith et al., 2007) and our in silico analysis. The polycistronic nature of this operon was confirmed by RT-PCR analysis of total RNA using primers connecting the eight predicted genes. Figure S1 shows the detection of the predicted amplicons when total RNA was reversed transcribed and PCR amplified using the primers shown in Figure 1 and listed in Table S1, with their sizes matching those detected when total DNA was used as a template. In contrast, no amplicons were detected in any of the RNA samples that were PCR amplified without previous reverse transcription.

The analysis of 17978 genomic data showed that the 15,551-nt region harboring the A1S_0112-A1S_0119 predicted coding region is separated from an upstream luxR ortholog (A1S_0111) and a downstream tRNA-Gly (A1S_0120) gene by a 616-nt and a 95-nt non-coding region, respectively, with the latter gene being transcribed in the opposite direction.

Inactivation of A1S_0114 Affects Bacterial Interaction with Abiotic and Biotic Surfaces

In previous work we demonstrated the involvement of the A1S_0114 gene in the ability of 17978 cells to form biofilms on abiotic surfaces using crystal violet assays (Rumbo-Feal et al., 2013). This result is further supported in the present work by the analysis of biofilms formed on glass using SEM, which showed that 17978 cells attach to the abiotic surface and form multicellular structures associated with mature biofilms at the air-liquid interface (Figures 2A,B). In contrast, single or small cell clumps of the mutant derivative lacking the A1S_0114 gene (Δ0114) attached to the substratum without forming dense and three-dimensional structures (Figures 2C,D). It is important to note that the site-directed deletion of A1S_0114 did not affect the growth of the isogenic derivate when cultured either in Luria-Bertani (LB) or swimming broth (SB) without selective pressure (Figure S2).
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FIGURE 2. SEM analysis of bacterial biofilms. Biofilms formed by 17978 (micrographs A and B) and Δ0114 (micrographs C and D) cells at the liquid-air interface. Micrographs A and C were recorded at a 5,000x magnification, while micrographs B and D were collected at a 10,000x magnification. White bars: 4 μm for A,C; 2 μm for B,D.



The biological effect of the A1S_0114 deletion was also tested using A549 human alveolar epithelial cells as a model since they represent a host cell that could be targeted by A. baumannii during the pathogenesis of respiratory infections. To test the effect of the A1S_0114 deletion on bacterial adherence, submerged A549 confluent monolayers were co-incubated with 17978 or Δ0114 bacteria for 3 h and CFU counts were determined by plating serial dilutions of tissue culture cell lysates. This approach showed that the amount of Δ0114 bacteria recovered from A549 infected cells was 60% lower than that recovered from monolayers infected with 17978 bacteria (P = 0.0198; Figure 3A). Electroporation of Δ0114 cells with pWH1266-Km-0114, which harbors the A1S_0114 wild type allele expressed from the tetracycline resistance gene promoter, partially restored the adherence phenotype in the Δ0114.C derivative, a phenomenon that was not observed with Δ0114.E, a Δ0114 derivative transformed with the pWH1266-Km empty vector (P = 0.0067; Figure 3A).
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FIGURE 3. Analysis of bacteria-human cell interactions. (A) Quantification of the adherence of 17978 and Δ0114 bacteria either not transformed or transformed with pWH1266-Km-0114, which harbors the A1S_0114 parental allele (Δ0114.C), or the empty shuttle vector pWH1266.Km (Δ0114.E) to polarized A549 cells. Bacterial adherence is reported as the % of recovered bacteria compared to data collected with 17978, which was considered 100%. Data represent three independent replicates. Student's t-test was used to validate the experimental data, values are means and bars indicate standard deviation (*P < 0.05). (B) SEM analysis of A549 polarized cells either not infected (Uninfected cells) or infected with 17978 (17978) or with Δ0114 bacteria (Δ0114). All micrographs were taken at 10,000x magnification. White bars indicate the scale marks (2 μm). White arrows indicate bacteria attached to A549 cells or cell debris.



The results obtained with submerged A549 monolayers were further confirmed by infecting A549 polarized cells with either the 17978 parental or the Δ0114 mutant strains. SEM analysis of A549 samples infected with 17978 bacteria revealed extensive damage to the surfactant layer that covers the polarized cells as well as to the epithelial cells themselves when compared with non-infected polarized cell samples (Figure 3B). Furthermore, micrograph 17978 shows the presence of numerous bacteria attached to the surface of cells or cell debris clearly seen after the surfactant layer was destroyed by bacterial action. Although the infection of A549 polarized samples by Δ0114 bacteria also resulted in destruction of the surfactant layer and cell damage, it appears that the deletion of A1S_0114 results in a readily detectable reduction of bacteria attached to the polarized samples (Figure 3B).

Role of A1S_0114 in the Expression of Genes Involved in Adherence and Biofilm Biogenesis

The observation that the deletion of A1S_0114 significantly affects bacterial adherence and biofilm biogenesis, prompted us to examine the differential expression of genes known or predicted to be involved in these A. baumannii cellular functions, including ompA and the csuA/B gene of the csuA/BABCDE pili assembly system (Tomaras et al., 2003; Gaddy et al., 2009; Cabral et al., 2011), and the genes A1S_0690, A1S_1510, and A1S_2091 that could be involved in bacteria-surface interactions (Rumbo-Feal et al., 2013; Eijkelkamp et al., 2014; Nait Chabane et al., 2014; Álvarez-Fraga et al., 2016). The comparative qRT-PCR analysis of total RNA isolated from 17978 and Δ0114 bacterial cells showed that the transcription of csuA/B is 5-fold increased in the Δ0114 mutant when compared with the parental wild-type strain (Table 2). In contrast, the transcriptional expression of the A1S_0690, A1S_1510, and A1S_2091 genes were significantly reduced, with A1S_2091 and A1S_1510 showing the highest (12-fold) and lowest (1.5-fold) changes, respectively. Deletion of A1S_0114 also caused a small (1.6-fold) but significant reduction in the transcription of ompA.


Table 2. Expression level of genes csuA/B, A1S_2091, A1S_1510, A1S_0690, and ompA in A. baumannii ATCC 17978 and its mutant derivative 17978 Δ0114.
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A1S_0114 Plays a Role in Virulence

The role of the A1S_0114 gene in the virulence of 17978 was assessed with a fertility assay using the C. elegans model, a survival assay using the caterpillar G. mellonella and a mouse pneumonia model, all of which have been previously used to examine the virulence of A. baumannii, particularly that of the 17978 strain (McConnell et al., 2013). C. elegans fertility assays showed that the total number of viable eggs was almost twice as high when worms were infected with Δ0114 when compared with 17978 (Figure 4A), with the difference between these two isogenic strains being statistically significant (P < 0.0001). Similarly, infection of G. mellonella larvae showed that ca. 50% of them died 5 days after being injected with 17978 (Figure 4B). This value was significantly different (P = 0.024) from that obtained with non-injected animals or animals injected with sterile PBS, which were used as negative controls. Although the infection of caterpillars with Δ0114 showed a killing rate that was significantly higher than the negative controls, the virulence of the mutant was significantly attenuated when compared with the parental strain (P = 0.025). Finally, the ability of the Δ0114 mutant to establish infection in an experimental murine model was evaluated. This model showed that lungs from mice infected with Δ0114 displayed a significantly lower bacterial burden than those from animals infected with 17978 (P = 0.0165) after 44 h of intratracheal infection (Figure 4C).
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FIGURE 4. Involvement of A1S_0114 in A. baumannii virulence. The virulence of the 17978 and Δ0114 strains was tested using C. elegans fertility and G. mellonella killing assays and a mouse pneumonia model. (A) C. elegans strain N2 was fed with 17978 or Δ0114 bacteria for 3 days counting progenies daily using six independent biological replicates. Each dot represents the worm progeny counted during 3 days. (B) G. mellonella caterpillars (n = 60 per group) were injected with 17978 or Δ0114 bacteria and death was determined daily for 5 days while being incubated 37°C in darkness. Caterpillars not injected or injected with the same volume of sterile PBS were used as negative controls. Log-rank (Mantel-Cox) tests were done to statistically validate experimental data. The asterisk in panel (B) indicates a P < 0.05 when the mutant and the wild type strains were compared. (C) Mice (n = 10 per group) were infected with ~5.5 × 107 exponentially growing cells of the 17978 parental strain or the Δ0114 mutant via intratracheal intubation. The number of bacterial cells in lung homogenates was determined 24 h post infection. Student's t-test was used to validate experimental data shown in panels (A,C). Values in panels (A,C) represent means and bars indicate the standard deviation (*P < 0.05; **P < 0.001).



Identification and Characterization of the Secondary Metabolite Ac-505

The observation that the A1S_0114 gene plays a critical role in the pathobiology of A. baumannii prompted us to initiate a search for compounds that were produced by cells of the 17978 parental but not by cells of the Δ0114 mutant derivative. Liquid chromatography/mass spectrometry (LC-MS) analysis in positive ion mode of swimming broth (SB) static culture supernatants harvested at 48 h post inoculation showed the presence of a single peak with a retention time of ~21 min and a molecular weight of 505.28 Da (m/z 506.29 [M+H]+), which was consistently present in 17978 samples but not detected in samples from the Δ0114 deletion derivative (Figure 5A). Based on this finding, we have named this compound acinetin 505 (Ac-505). Time course studies of SB cultures harvested every 24 h for 5 days (data not shown) showed a maximum amount of Ac-505 at 48 h post inoculation that leveled off. Further analysis of Ac-505 isolated and purified from 2 L of static SB culture supernatant showed that its molecular formula is C23H43N3O7S based on ultra high-resolution 15T FT-ICR MS (m/z 506.28945 [M+H]+, calculated 506.28945) as shown in Figure 5B. The number of predicted nitrogen and carbon atoms was further confirmed by growing 17978 cultures in unlabeled, and 15N- and 15N/13C-labeled media. LC-MS analysis of these culture supernatants confirmed the incorporation of 3 nitrogen and 23 carbon atoms in Ac-505 (m/z 506.3, 509.3, and 532.3 [M+H]+, respectively). Additional high-resolution mass spectrometry (HRMS) analyses of FT-ICR ECD and MaXis QTOF MS/MS data are reported in Tables S2, S3 and Figures S3, S4C,D, S5, S6. Nominal mass LC-MSn fragmentation data from the Bruker amaZon were also used in the structural interpretation and two of the 40 spectra are shown in Figures S4A,B. Positive ion mode data were used to confirm neutral losses of water, two C-terminal glycines, cysteine, and cysteine-glycine as seen in Figures S4A,C. The MS/MS fragmentation data in both positive and negative ion mode correspond to data for other Cys-Gly conjugated compounds (Levsen et al., 2005). Specifically, the negative ion with 143.05 m/z is characteristic for detection of Cys-Gly conjugates (Dieckhaus et al., 2005). By analysis of the MSn and FT-ICR fragmentation data, there is a neutral loss of water followed by loss of Cys-Gly and a second water leaving the remaining ion with the formula of C18H32NO3+ (310.2 m/z) as seen in Table S2 and Figure S4C. Further neutral loss of C2H5NO2 from the 310.2 m/z ion matches a terminal glycine loss and the remaining 235.2 m/z ion has the formula C16H27O+ (Table S2). The fragmentation patterns in the positive ion mode MSn data for 310.2 and 235.2 m/z (shown in Figure S4B) had characteristic neutral losses of at least six 14 m/z corresponding to CH2 losses, indicating a hydrocarbon chain of at least C6. A neutral loss of C14H28O from the 504.3 m/z parent ion was observed by MS/MS in negative ion mode as is shown in Figure S3C. Taken together, the MS data indicate that the structure of Ac-505 contains a Cys-Gly that is connected to the rest of the molecule via a sulfur linkage through the Cys side chain in a non-standard peptide linkage as shown in Figure 5C. The attachment of the Cys-Gly to the α-carbon of a Gly-containing moiety results in a so-called α-thio linkage. The Gly-containing moiety is connected to a hydroxylated acyl moiety of 15 carbons with a linkage that is neither N- or O-linked. The MS data supporting the structure shown in Figure 5C are detailed in Tables S2, S3 and Figures S4–S6.
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FIGURE 5. Detection of Ac-505 in bacterial culture supernatants. (A) LC-MS chromatogram of culture supernatants from cells of the parental strain (17978) in blue and the A1S_0114 deletion derivative (Δ0114) in pink grown in static SB. The arrow indicates a compound (peak Ac-505) not present in the mutant profile. (B) Ultra high-resolution mass spectrum of HPLC purified Ac-505 by ESI FT-ICR showing the isotopic distribution of the [M+H]+ ion. (C) Proposed structure of Ac-505.



DISCUSSION

A. baumannii has emerged as a pathogen with a remarkable ability to adapt and persist in response to a wide range of extracellular stimuli (Fiester and Actis, 2013). Such capacity relates to its genetic plasticity and the acquisition of genes coding for virulence-associated functions by horizontal gene transfer mechanisms. While some of these genes code for functions clearly related to bacterial pathogenicity (McConnell et al., 2013), there are other genes that code for potential virulence-associated traits whose mechanisms of action and biological roles are not fully understood. Among these genes, there is a gene cluster that was identified by our previous work as well as by other investigators using different Acinetobacter clinical isolates.

Study of the A. baumannii ATCC 17978, A. baumannii ATCC 17978hm and A. nosocomialis M2 strains resulted in the identification of the A1S_0112-A1S_0118 gene cluster while the analysis of the A. baumannii AB307-0294 isolate identified the ABBFA_003406-ABBFA_003399 cluster (Clemmer et al., 2011; Rumbo-Feal et al., 2013; Allen and Gulick, 2014; Giles et al., 2015). Importantly, these gene clusters code for cognate proteins that are highly related. Based on the nucleotide structure and the coding nature of the genes contained within this cluster of orthologous genes, it was hypothesized that it is either a 7- or 8-gene operon (Clemmer et al., 2011; Rumbo-Feal et al., 2013; Allen and Gulick, 2014; Giles et al., 2015). Transcriptional data presented in this report proved that this cluster is indeed a single 8-gene polycistronic transcriptional unit that encompasses the A1S_0112-A1S_0119 coding regions. This genetic structure explains the differential transcription reported for the A1S_0112-A1S_0118 genes in planktonic cells as compared to sessile cells (Rumbo-Feal et al., 2013). Our previous transcriptomic and mutagenesis studies also showed that site-directed deletion of A1S_0114, one of the highest transcribed genes in sessile cells when compared to exponential- and stationary-phase planktonic bacteria, caused a drastic reduction in biofilm biogenesis (Rumbo-Feal et al., 2013), a result that has been further confirmed in this work. The Δ0114 mutant not only forms less biofilms on plastic (Figure 2), but also shows less adherence when incubated with submerged or polarized human alveolar epithelial cells (Figures 3A,B). Interestingly, although the infection of polarized A549 cells with the Δ0114 mutant resulted in less biofilm formation on the surface of polarized cells, it did not result in an appreciable difference in the damage of the eukaryotic cells and the mucin layer that covers them when compared with samples incubated with the 17978 parent strain under the same experimental conditions (Figure 3). This observation suggests that A1S_0114 differentially affects distinct host-pathogen interactions that ultimately lead to the pathogenesis of respiratory infections caused by this pathogen.

If the phenotypes described above were to be pili mediated, as is the case of many bacteria, we would expect a correlation between the presence of an active A1S_0114 gene and the expression of genetic traits potentially involved in pili production and assembly. Accordingly, deletion of A1S_0114 significantly reduced the transcription of the A1S_0690, A1S_1510, and A1S_2091 genes (Table 2). A1S_0690 is a component of the A1S_0690-A1S_0695 operon, which codes for a predicted FilF-like Type III pili highly produced by pellicle cells (Marti et al., 2011; Nait Chabane et al., 2014); A1S_1510 is a component of the A1S_1507-A1S_1510 operon that codes for a predicted Type I pili, the production of which is controlled by iron and H-NS (Eijkelkamp et al., 2011a); and A1S_2091 is a component of the A1S_2088-A1S_2091 operon, which codes for an uncharacterized Type I pili also detected in pellicle cells (Nait Chabane et al., 2014; Álvarez-Fraga et al., 2016). Also, changes in biofilm biogenesis and adherence may reflect the fact that these responses could be mediated by the products of the ompA and csuA/B genes as described before (Tomaras et al., 2003; Gaddy et al., 2009). The expression of OmpA was reduced in the decreased biofilm former Δ0114 mutant, an observation that is in agreement with previous work (Gaddy et al., 2009). However, the biological relevance of the differential transcription of the csuA/B gene belonging to the csuA/BABCDE operon is not clear at the moment. It has been reported that this chaperone-usher pili assembly system may not be active in the 17978 strain due to a single base-pair insertion in csuB (Eijkelkamp et al., 2011b), although the CsuC and CsuD proteins have been detected as overproduced proteins in 17978 pellicle cells (Marti et al., 2011).

This report also provides the first experimental evidence that the A1S_0114 gene contributes to the virulence of A. baumannii when tested with three different experimental infection models already used to study A. baumannii's virulence. It is apparent from our data that the marker-less deletion of A1S_0114, caused a significant reduction in virulence independently of the experimental infection model used to test this phenotype (Figure 4), without affecting the overall growth of this derivative in rich medium when compared to the 17978 parental strain (Figure S2).

It is interesting to note that a genome wide analysis using a random transposon mutant library containing 150,000 unique insertion derivatives, which included insertions in all components of the A1S_0112-A1S_0119 operon, showed that, in contrast to our observations, mutations within this operon did not affect the persistence of 17978 in the lungs of infected animals (Wang et al., 2014). Collection of samples at different times after infection (24 vs. 44 h) and the use of different mice strains (BALB/c vs. C57BL/6) could explain the disagreement between our data, collected using mutants generated by a site-directed approach, and that recorded with random transposon insertion derivatives. Similarly, different infection routes (pneumonia vs. bloodstream infection) and mice strains (BALB/c vs. leukopenic CBA/J) used to identified 17978 genes required for bacterial survival in the bloodstream of infected mice could explain the observation that mutants with random insertions in all A1S_0112-A1S_0119 genes did not meet the threshold to be considered critical for bacterial survival and no insertion within A1S_0114 was reported (Subashchandrabose et al., 2016). Genetic differences between the 17978 and AB5075 A. baumannii strains that resulted in apparent virulence differences using the G. mellonella as a host (Gebhardt et al., 2015) could explain the observation that none of the A1S_0112-A1S_0119 genes were identified as virulence genes when tested using this experimental infection model, which proved the critical role iron acquisition plays in A. baumannii's virulence (Gaddy et al., 2012).

The putative functions for proteins encoded by this quorum-sensing regulated operon have been previously described (Clemmer et al., 2011) and include the acyl carrier protein (ACP) A1S_0114 and the predicted four-domain nonribosomal protein synthetase (NRPS) protein A1S_0115 (Allen and Gulick, 2014; Drake et al., 2016). The crystal structures of the A. baumannii AB307-0294 A1S_0115 orthologs, which shares 97.6% identity with the cognate 17978 gene product showed that glycine and AMP ligands were bound to the adenylation domain of this protein (PDB ID 4ZXI; Drake et al., 2016). Furthermore, glycine had the largest substrate specificity of the 20 proteinogenic amino acids tested, suggesting it could be the natural substrate incorporated into the biosynthetic product (Drake et al., 2016). A1S_0112 encodes an acyl-CoA synthase/AMP-acid ligase, which resembles fatty acid ACP ligases that activate and transfer fatty acids to ACPs via acyl AMP intermediates. A1S_0114, which encodes a free-standing ACP that is likely to contribute a tethered intermediate to the NRPS system involved in the biosynthesis of a secondary metabolite (Allen and Gulick, 2014), is the likely target for modification by A1S_0112, possibly yielding an acyl-ACP intermediate. A1S_0113, which encodes an acyl-CoA dehydrogenase (DH), is predicted to modify the intermediate product carried by the ACP or peptidyl carrier protein (PCP) domain of A1S_0115. The thioesterase domain (TE) of A1S_0115 is most likely responsible for the release of acyl/peptide chains from their covalent attachment to the ACP/PCP domains. A1S_0117 and A1S_0118 encode 424- and 621-amino acid proteins, respectively, that were annotated as hypothetical proteins of unknown function (Smith et al., 2007). A more detailed in silico analysis showed that A1S_0117 could be related to porins while A1S_0118 harbors two domains that resemble proteins in the epimerase/dehydratase and α/β hydrolase family, respectively. However, since proteins in these families have diverse functions, the function of A1S_0118 still could not be predicted. The A1S_0119 gene, the last component of this operon, encodes a predicted 254-amino acid phosphopantetheine transferase that is expected to perform this enzymatic conversion, which is the first step in making the ACP active and therefore the likely first step in NRPS biosynthesis by this operon. Finally, the A1S_0116 gene encodes a protein that belongs to the superfamily of resistance-nodulation-cell division (RND) transporters. The function of these pumps may include efflux of signaling molecules, as is the case for the Pseudomonas quinolone signal called PQS (Lamarche and Deziel, 2011), and thus A1S_0116 is potentially involved in the secretion of the secondary metabolite coded for by the A1S_0112-A1S_0119 polycistronic operon. All these predictions are in accordance with our experimental observation that the expression of A1S_0114 gene not only is associated with the virulence of 17978, but also required for the production of the Ac-505 secondary metabolite.

Our mass spectrometric analyses of a purified compound present in 17978 culture supernatants but absent from those obtained from the Δ0114 mutant showed that Ac-505 resembles a three-amino acid lipopeptide, but with non-standard linkages between the amino acids as well as to the hydrocarbon moiety. Typically NRPS-produced secondary metabolites have hydroxylated or non-hydroxylated acyl moieties attached by amide or ester (N- or O-linked) linkages, which was not observed with Ac-505. We propose that the acyl-chain moiety or the neighboring Gly-containing component of Ac-505 could have been modified by other NRPS enzymes. Since it is possible for adenylation domains to be used iteratively to add sequential amino acids, it is conceivable that two or more Gly residues were incorporated via the A1S_0115 adenylation domain into this part of Ac-505. The Ac-505 second and third amino acids are Cys and Gly residues linked via a standard peptide linkage although they are connected to the Gly-containing moiety through the sulfur group of the Cys side chain forming a thioether bridge. Since we saw no evidence for unsaturation of the acyl chain, it is possible that the A1S_0113 DH acts in cis to modify the growing product on the glycine-containing moiety bound to the PCP of A1S_0115 rather than acting on an acyl-moiety of an acyl-ACP. The precursor to the α-thio bond could be an epoxide or a cyclic compound, like a lactone. There are other NRPS-synthesized compounds that contain the so-called sactibiotic α-thio linkages such as the bacteriocins. These antimicrobial peptides contain a linkage between a cysteine thiol and the α-carbon of another amino acid residue. In the case of Ac-505, it is not clear how the α-thiol bond would be formed.

It is of note that the Ac-505 Cys-Gly moiety is potentially derived from glutathione, a tripeptide (L-γ-glutamyl-L-cysteinyl-glycine) that is found in high concentrations intracellularly in A. baumannii and is linked with increased resistance to antibiotics (Kwon et al., 2013). Glutathione is known to deactivate xenobiotics via conjugation in order to make them less toxic. Glutathione conjugation most commonly occurs via a nucleophilic attack by the glutathione cysteinyl thiol on an electrophilic carbon such as a lactone or epoxide (Wang and Ballatori, 1998). The γ-glutamyl residue can then be cleaved by a γ-glutamyl transpeptidase localized outside the plasma membrane, leaving the conjugated Cys-Gly, as occurs in the case of the glutathione-modified microcystin (Schmidt et al., 2014), a cyanobacteria toxin and intra- and extra-cellular signaling molecule (Makower et al., 2015).

The Ac-505 that we detected both inside and outside 17978 cells, may be the result of the glutathione-mediated de-activation of a secondary metabolite. This potential precursor to Ac-505 would contain the hydrocarbon-chain and modified glycine-moiety and should have an electrophilic carbon, but the exact structure is unknown. Modification of this precursor by glutathione could explain our observation that no active fraction of the spent media would restore the wild type phenotype to the Δ0114 mutant, even with highly purified Ac-505 (data not shown). A similar outcome was obtained during analysis of the A. nosocomialis M2 strain and the isogenic derivatives M2-2 and M2-11, which harbor transposon insertions within the A1S_0113 and A1S_0115 orthologs, respectively, and display reduced surface motility (Clemmer et al., 2011). It is also possible that a different precursor to Ac-505 with a conjugated tri-peptide glutathione (prior to cleavage of the γ-glutamyl moiety), could be the active compound. We saw no evidence in the LC-MS analysis of spent media for the presence of a glutathione-conjugated derivative and were not able to identify any Ac-505 lipophilic precursors.

In summary, our work provides novel evidence that the A1S_0114 gene positively affects A. baumannii biofilm biogenesis, adherence and virulence responses. The molecular and cellular mechanism by which these responses are achieved and whether Ac-505 is the active effector responsible for these responses are issues that will remain unknown until this small secondary metabolite and its biosynthetic pathway are fully understood. Such knowledge would provide novel insights into the pathobiology of A. baumannii and potentially facilitate the development of alternative tools needed for the treatment of infections caused by MDR isolates.

AUTHOR CONTRIBUTIONS

SR: obtained the isogenic derivative and complemented strain and performed the qRT-PCR and attachment assays. AP: performed the scanning microscope assays and analyzed data of all work. TR: performed the LC-MS and high resolution MS and MSn analysis. LÁ: performed the attachment assays. JV: performed the C. elegans and the mice virulence assays. AB: performed the mice virulence assays. EO: performed the scanning microscope experiments. BA: performed the G. mellonella virulence assay. MM: performed the attachment assays. SF: performed the complemented mutant strain analysis. MK: analyzed and supervised the work done in the Department of Chemistry and Biochemistry, Miami University, USA. LA: analyzed and supervised the work done in Department of Microbiology, Miami University, USA, interpreted all data and wrote the manuscript. GB: analyzed and supervised the work done in Spain. MP: coordinated and analyzed all the experiments of the work, interpreted data and wrote the manuscript.

FUNDING

This work has been funded by Projects PI15/00860 to GB, CP13/00226 to AB, PI11/01034 to MP and P14/000059 to MP and AB, all integrated in the National Plan for Scientific Research, Development and Technological Innovation 2013-2016 and funded by the ISCIII—General Subdirection of Assessment and Promotion of the Research—European Regional Development Fund (FEDER) “A way of making Europe.” Miami University Research Funds from the departments of Microbiology and Chemistry and Biochemistry as well as funds from the College of Arts and Science Dean's office supported this work. We also want to thank the Spanish Network for Research in Infectious Diseases (REIPI RD12/0015/0014 to GB), co-financed by the European Development Regional Fund (EDRF) “A Way to Achieve Europe, Instituto de Salud Carlos III, Subdirección General de Redes y Centros de Investigación Cooperativa, Ministerio de Economía y Competitividad. JV was financially supported by the Sara Borrell Programme (ISCIII, Spain CD13/00373). SR was financially supported by the Agustí Pumarola Grant (Societat Catalana de Malalties Infeccioses i Microbiologia Clínica, SCMIMC) and Sociedad Española de Enfermedades Infecciosas y Microbiología Clínica (SEIMC). AP was financially supported by the Galician Plan for Research, Innovation and Growth (I2C Plan 2012-2016).

ACKNOWLEDGMENTS

We thank Arpad Somogyi and Cao Yu at the Ohio State University Mass Spectrometry and Proteomics Facility for invaluable discussion and MS data analysis. Finally, we thank M. I. Voskuil for providing pMo130.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: http://journal.frontiersin.org/article/10.3389/fcimb.2017.00108/full#supplementary-material

Figure S1. Confirmation of the polycistronic nature of the A. baumannii ATCC 17978 A1S_0112-A1S_0119 operon. Total DNA (lanes 2–7), cDNA (lanes 8–13) and total RNA (lanes 14–19) samples were used as templates in PCR reactions using primers annealing to the A1S_0112-A1S 0113 (lanes 2, 8, and 14), A1S_0113-A1S_0115 (lanes 3, 9, and 15), A1S_0115-A1S_0116 (lanes 4, 10, and 16), A1S_0116-A1S_0117 (lanes 5, 11, and 17), A1S_0117-A1S_0118 (lanes 6, 12, and 18), and A1S_0118- A1S_0119 (lanes 7, 13, and 19) intergenic regions. Lanes 1 and 20 show the molecular weight standard Gene Ruler 1-Kb plus (Thermofisher Scientific). Molecular weight of each amplicon is indicated at the bottom of the figure.

Figure S2. Growth of the 17978 parental and the Δ0114 isogenic deletion derivative strains. The OD600values of each strain grown in LB or SB at 37°C for 24 h with shaking were determined hourly. Error bars represent the standard error (SE) of the mean.

Figure S3. Ac-505 MS/MS spectra. (A) MS data collected on the FT-ICR with ECD fragmentation in positive ion mode. (B) MS/MS collected on a MaXis QTOF in positive ion mode (LC-MS) and (C) negative ion mode (direct injection).

Figure S4. MS/MS—based fragmentation predictions (A,B) are two of the 40 total MSn spectra from MS(3) to MS(6) recorded on the OSU Bruker amaZon in positive ion mode using direct injection of a HPLC purified Ac-505. MS(2) for 488.3 and MS(4) for 235.2 m/z fragment ions are shown in (A,B), respectively. Neutral losses are shown in black. Panel (C) is a schematic diagram of MS/MS fragmentation of Ac-505 in positive ion mode and (D) is for negative ion mode.

Figure S5. Predicted product ions of Ac-505 based on accurate mass and typical bond cleavage patterns under electrospray conditions in positive ion mode.

Figure S6. Predicted product ions of Ac-505 based on accurate mass and typical bond cleavage patterns under electrospray conditions in negative ion mode.

Table S1. Oligonucleotides used in the present study.

Table S2. HRMS data of Ac-505. Measured m/z-values are reported for MS fragment ions measured on ESI MaXis QTOF (LC-MS2) and 15T FT-ICR ECD (direct infusion) instruments in positive ion mode, respectively. The molecular formulas of the product ions are based on accurate mass and isotopic pattern matching of the ions as well as typical bond cleavage patterns for electrospray ionization.

Table S3. HRMS data of Ac-505 and MS2 fragments measured on a ESI MaXis QTOF (direct infusion) in negative ion mode.
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Introduction: Acinetobacter baumannii is an opportunistic nosocomial pathogen associated with multiple infections. This pathogen usually colonizes (first stage of microbial infection) host tissues that are in contact with the external environment. As one of the sites of entry in human hosts is the gastrointestinal tract, the pathogen must be capable of tolerating bile salts. However, studies analyzing the molecular characteristics involved in the response to bile salts in clinical strains of A. baumannii are scarce.

Material and Methods: Microbiological and transcriptional studies (arrays and RT-PCR) in the response to bile salts were carried out in isogenic (A. baumanni ΔadeB ATCC 17978 and A. baumannii ΔadeL ATCC 17978) and clinical strains from clone ST79/PFGE-HUI-1 which is characterized by lacking the AdeABC efflux pump and by overexpression the AdeFGH efflux pump.

Results and Discussion: In presence of bile salts, in addition to the glutamate/aspartate transporter were found overexpressed in A. baumannii ΔadeB ATCC 17978, the virulence factors (surface motility, biofilm, and Type VI Secretion System) which are associated with activation of the Quorum Sensing system. Overexpression of these factors was confirmed in clinical strains of clone ST79/PFGE-HUI-1.

Conclusions: This the first study about the adaptive response to bile salts investigating the molecular and microbiological characteristics in response to bile salts of an isogenic model of A. baumannii ATCC 17978 and clinical isolates of A. baumannii (clinical strains of ST79/PFGE-HUI-1) lacking the main RND efflux pump (AdeABC). Clinical isolates of A. baumannii lacking the AdeABC efflux pump (clone ST79/PFGE-HUI-1) displayed a new clinical profile (increased invasiveness) possibly associated with the response to stress conditions (such as the presence of bile salts).

Keywords: Acinetobacter baumannii, bile salts, quorum sensing, type VI secretion

INTRODUCTION

Acinetobacter baumannii is an important pathogen that is known to be a major agent in healthcare-associated and nosocomial infections (Antunes et al., 2013). The pathogen is increasingly involved in hospital outbreaks of infection, particularly in Intensive Care Units (ICUs) (del Mar Tomas et al., 2005). In most of these outbreaks, various inanimate objects in the hospital environment have been identified as the principal source of infection (Sherertz and Sullivan, 1985; Cefai et al., 1990). However, the genus Acinetobacter is known to be a normal inhabitant of human skin. Some researchers have therefore postulated that, in the context of an outbreak of A. baumannii infection, humans may be transient skin carriers, thus facilitating cross-contamination and also representing a potential source of hospital spread of the infection (Mulin et al., 1995). The digestive tract of ICU patients is an important reservoir of multiresistant A. baumannii in hospital settings (Corbella et al., 1996). The types of surveillance samples most frequently analyzed in patients include sputum and tracheostomy exudate, wounds, armpit/groin, and rectal smears. In a Spanish study involving the detection of A. baumannii in different surveillance samples from ICU patients, the microorganism was identified in 75% of axillary-pharyngeal samples and in 77% of rectal swabs; the pathogen was identified in 90% of patients following analysis of a combination of axillary/rectal/pharyngeal specimens and in 96% of patients following analysis of a combination of pharyngeal-rectal samples (Rodríguez-Baño et al., 2004).

Several factors affect the ability of the microorganism to persist in high numbers in the gut, both as a commensal and as an opportunistic pathogen. One such factor is tolerance to bile salts (Pumbwe et al., 2007). Bile salts (i.e., salts of bile acids) are formed from secondary bile acids (bile acids conjugated to amino acids) which attach to a sodium or potassium ion to form a salt. Bile acids are retained in the gallbladder as bile salts and are secreted into the intestine (Malik, 2016). Two mechanisms of tolerance to bile salts have been identified in bacteria to date: RND efflux pumps (Lin et al., 2003; Pumbwe et al., 2008) and glutamate transporters (Krastel et al., 2010).

Three types of RND efflux pumps have been described in clinical strains of A. baumannii: AdeABC (expression of which is controlled by AdeRS); AdeIJK (in which the regulatory gene is adeN); and AdeFGH (in which adeL is the negative regulatory gene). The AdeFGH pump and in particular the AdeABC pump play a major role in acquired resistance (Coyne et al., 2010; He et al., 2015), whereas the AdeIJK pump is responsible for intrinsic resistance (Coyne et al., 2011). Moreover, overexpression of AdeABC and AdeFGH efflux pumps has been associated with increased biofilm production (He et al., 2015; Yoon et al., 2015; Richmond et al., 2016). However, neither these RND efflux pumps nor glutamate transporters have been associated with tolerance to bile salts in A. baumannii strains.

Finally, several studies have investigated how the virulence factors associated with the Quorum Sensing (QS) system can be regulated differently throughout the intestine by bile salts and, therefore, by the different commensal bacteria present (Zheng et al., 2010; Bachmann et al., 2015). The QS system enables bacterial populations to live and proliferate in an environment (sometimes hostile) with effective intercellular communication. However, this has not yet been investigated in strains of A. baumannii.

In this study, we carried out microbiological and transcriptional studies to investigate the response to bile salts in clinical strains of A. baumannii (clone ST79/PFGE-HUI-1) lacking the AdeABC efflux pump, as well as in isogenic mutant strains of A. baumannii ATCC 17978.

MATERIALS AND METHODS

Strains, Susceptibility Testing, and Growth with Bile Salts

Isogenic and Clinical Strains

A. baumannii ATCC 17978 was used as a reference strain. This strain was used to produce two stable mutants with the pMo130 plasmid; following the instructions of Hamad and colleagues (Hamad et al., 2009), A. baumannii ΔadeB ATCC 17978 and A. baumannii ΔadeL ATCC 17978 mutants were obtained. The mutants were confirmed by sequencing analysis and RT-PCR assays (Rumbo et al., 2013). The primers used are listed in Table S1 (Supplementary Material).

The Ab421 GEIH-2010 strain and other 10 clinical strains of A. baumannii, all belonging to clone ST79/PFGE-HUI-1 and identified during the second multicenter Spanish study of this pathogen (GEIH-REIPI-2010-Ab project), were included in the present study. These isolates were characterized in a previous study (Rumbo et al., 2013). Species identification was confirmed by detection of the blaOXA51 gene, and the adeA, adeB, adeC, adeR, and adeS genes were not detected (Rumbo et al., 2013).

To confirm the absence of the AdeABC system and regulatory genes, we applied Next Generation Sequencing (NGS) to a representative clinical strain (Ab421 GEIH-2010) of clone ST79/PFGE-HUI-1. The genome of this strain was recently published in the Genome Announcements (Lopez et al., 2016). Moreover, the LysR-type regulator protein (AdeL) upstream of the AdeF protein (AdeFGH) contained a new mutation that introduced an amino acid substitution (Met7 → Stop) (Lopez et al., 2016).

The antibiotic susceptibility profile (isogenic and Ab421 GEIH-2010 strain) was determined by microdilution, according to CLSI recommendations (CLSI, 2015). The MICs were determined in the presence of bile salts (cholic acid sodium salt 50% and deoxycholic acid sodium salt 50%, Sigma Aldrich, Germany) and Phe-Arg β-naphthylamide dihydrochloride (PAbetaN), a commonly assumed RND efflux pump inhibitor (Pannek et al., 2006). The bile salts were used at a concentration 0.5% as the physiological concentration in the human intestine ranges between 0.1 and 1.3% (Pumbwe et al., 2007).

Bacterial Growth in the Presence of Bile Salts

Clinical strains (Ab421, Ab427, Ab428, Ab435, and Ab436) of A. baumannii clone ST79/PFGE-HUI-1 (two biological replicates of each strain) were grown in LB at 37°C and 180 rpm. After incubation of the cultures overnight, the optical density (OD) was measured and adjusted to 0.02 OD600 in modified LB-LN (medium low nutrients comprising 2 g/L tryptone, 1 g/L yeast extract, and 5 g/L NaCl) supplemented with bile salts at 0.5%. Cultures were incubated at 37° (static conditions) and the growth was monitory at different times (3, 6, 9, 12, 24, 36, and 48 h) in a Zuzi 4250/20 spectrophotometer (Jin et al., 1998) until an OD600 0.4 was reached. The A. baumannii ATCC 17978 strain was included as a control.

Surface Motility

Motility assays were performed in 6-well plates containing three types of Luria broth: (i) normal LB medium (10 g/L tryptone, 5 g/L yeast extract, and 10 g/L NaCl); (ii) modified LB-LS (medium low salts which is constituted by 10 g/L tryptone, 5 g/L yeast extract, and 5 g/L NaCl) (47); and (iii) modified LB-LN plus 0.3% Eiken agar (López et al., 2017). These media were supplemented with 0.5 and 1% bile salts, except for the controls (no supplementation).

Strains A. baumannii ATCC 17978 (and mutants thereof) and Ab421 GEIH-2010 were inoculated in LB broth (Normal LB, Modified LB-LS, and Modified LB-LN) and incubated overnight at 37°C. An aliquot of 1 μl of the overnight culture was spotted in the center of each well and the plates were incubated at 37°C. Migration was measured after overnight incubation of the culture. The average diameter of the zone of surface motility was determined, and the isolates were classified as non-motile (NM, <5 mm), intermediately motile (IM, 5–20 mm), and highly motile (HM, >20 mm).

Biolfim Experiments

Scanning Electron Microscopy (SEM) Studies

Overnight cultures (two biological replicates of each strain) of A. baumannii were used to inoculate 5 mL of modified LB-LN in 50 ml conical tubes at a 1:100 dilution. The test medium was supplemented with 0.5% bile salts, and the control medium was not supplemented. Sterile polystyrene coverslips were placed in the inoculated 50 mL conical tubes, which were incubated for 48 h at 37°C without shaking, as previously described (Gaddy et al., 2009). Coverslips were washed, dehydrated in ethanol, processed with a critical point drier, and sputter-coated, as described above (Tomaras et al., 2003). Biofilms formed above, at and below the liquid-air interface were viewed in a Zeiss Supra Gemini Series 35 V scanning electron microscope, as previously described (Rey et al., 1989).

Quantitative Assays

Biofilm formation was quantified following the procedure described by Álvarez-Fraga et al. (2016). The strains were grown on Luria Broth for 18 h at 37°C and used to inoculate 5 mL of LB broth. Cultures were grown at 37°C with shaking. Overnight cultures were pelleted, washed and resuspended in 5 mL of modified LB-LN in presence and absence of 0.5% bile salts. A 1:100 dilution of each strain was incubated at 37°C for 48 h under static conditions. Growth of the culture was measured at OD600 to estimate total cell biomass. Biofilm formation was quantified by staining with crystal violet and solubilized with ethanol-acetone. The OD580/OD600 ratio was used to normalize the amount of biofilm formed to the total cell content of each sample tested, to overcome variations due to differences in bacterial growth under several experimental conditions. Eight independent replicates were considered. A student's t-test was performed to evaluate the statistical significance of the observed differences between the strains considered.

Gene Expression

Gene expression studies were carried out by microarray and RT-PCR analysis. In both types of analysis, RNA was isolated using hot phenol extraction and subjected to DNase I treatment (Invitrogen). The RNA was then cleaned on an RNeasy column (Qiagen) following the manufacturer's mini cleanup protocol (Hamner et al., 2013) to obtain Dnase-treated RNA from late log-phase cultures in LB-LN (OD = 0.4–0.6) in the absence and presence of 0.5% bile salts in static conditions and tigecyline (0.5 mg/L). The RNA samples were quantified in a NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies). The quality and integrity of the samples were determined in an Agilent 2100 Bioanalyzer with RNA 6000 Nano reagents and RNA Nano Chips (Agilent Technologies), and only samples with an RNA integrity number (RIN) >8 were included. Analysis of controls without reverse transcriptase confirmed the absence of contaminating DNA in the samples.

The A. baumannii strain ATCC 17978 and mutants A. baumannii ΔadeL ATCC 17978 and A. baumannii ΔadeB ATCC 17978 were included in the microarrays (Bioarray Diagnostico Genetico, Alicante, Spain). The analysis was conducted using eArray (Agilent) (Aranda et al., 2013). Labeling was carried out by two-color microarray-based prokaryote analysis by Fair Play III labeling, version 1.3 (Agilent). Four independent RNA extractions per condition (biological replicates) were used in each experiment. Statistical analysis was carried out with the Bioconductor software package RankProd for the R computing environment. A gene was considered induced when the ratio of the treated to the untreated preparation was ≥1.5 and the P-value was < 0.05.

For RT-PCR assays, we used the Ab421 GEIH-2010 and other clinical isolates (Ab427, Ab428, Ab435, and Ab436) of ST79/PFGE-HUI-1 clone and A. baumannii ΔadeL ATCC 17978 strains. The following were analyzed by RT-PCR: (i) expression of the adeG gene (AdeFGH efflux pump) in the strains cultured in the presence of bile salts (0.5%) and tigecycline (0.5 mg/L), and (ii) expression of genes determined by microarray analysis (A1S_1490, A1S_0115, A1S_1295, and A1S_1510). The studies were carried out with the Lightcycler 480 RNA MasterHydrolysis Probe (Roche, Germany). The UPL Taqman Probes (Universal Probe Library-Roche, Germany) and primers used are listed in Table S1.

The concentrations of the samples were adjusted to efficiencies of 90–110% (50 ng of RNA), and all experiments were performed in triplicate from three RNA extractions. For each strain, the expression of all genes was normalized relative to that of the rpoB gene. The normalized expression of each gene of interest was then calibrated relative to its expression by strains cultured in the absence of the bile salts or tigecycline in A. baumannii ATCC 17978, which were assigned a value of 1.0 (Mean Relative Expression, RE) (Aranda et al., 2013). Overexpression of the gene was defined by RE values of ≥ 1.5 (Tomas et al., 2010).

RESULTS

Antimicrobial Susceptibility in A. baumannii ATCC 17978 Isogenic Model and Ab421 GEIH-2010 (Table 1)

Resistance of the A. baumannii strains to several antimicrobials increased in the presence of 0.5% bile salts, although not significantly, which may indicate that expression of the AdeFGH efflux pump (RND type) is not modulated by bile salts.


Table 1. MICs of different antimicrobial agents against clinical and isogenic strains of A. baumannii in the presence or absence of bile salts (0.5%) or in the presence of Phe-Arg β-naphthylamide dihydrochloride (PAbetaN, 100 μg/mL).
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The MICs of tobramycin, tigecycline, norfloxacin, ciprofloxacin, gentamicin, tetracycline, and netilmicin were lowered in A. baumannii strain ΔadeL ATCC 17978 in the presence of the RND-efflux pump inhibitor Phe-Arg β-naphthylamide dihydrochloride (PAbetaN). These results confirm the overexpression of the AdeFGH efflux pump in relation to antibiotic resistance. Moreover, the levels of expression of the adeG gene (AdeFGH) revealed by RT-PCR explained the results of the MIC assays. The relative expression (RE) of the adeG gene in A. baumannii ΔadeL ATCC 17978 strains cultured in the presence of 0.5% bile salts was 0.5 (i.e., it was not overexpressed relative to expression in the absence of bile salts). However, the level of expression of adeG was 2.53 times higher in the presence than in the absence of tigecycline (0.5 mg/L).

In clinical strain Ab421 GEIH-2010 (belonging to clone ST79/PFGE-HUI-1), the MICs of tobramycin, tigecycline, norfloxacin, ciprofloxacin, gentamicin, tetracycline, and netilmicin decreased (by 2–4 times) in the presence of PAbetaN. The RE was also 2.71 times higher in the presence than in the absence of tigecycline (0.5 mg/L) in this isolate.

Virulence Phenotype: Surface Motility and Biofilm (A. baumannii ATCC 17978 Isogenic Model and Ab421 GEIH-2010)

In relation to surface motility studies in Normal LB (Figure 1), the A. baumannii ATCC and A. baumannii ATCC 17978ΔadeL strains did not grow, while A. baumannii ΔadeB ATCC 17978 and Ab421 GEIH-2010 both grew in the presence of 0.5 and 1% bile salts. The surface motility of isogenic strains (A. baumannii ATCC 17978 and mutants) was also higher in the presence of bile salts (0.5%) in this modified medium-Low Salt (LB-LS). However, the greatest increase in the motility of strain Ab421 GEIH-2010 cultured in presence of bile salts (0.5%) was observed in modified LB-Low Nutrients (LB-LN). Therefore, this concentration of bile salts (0.5%) and the modified medium LB-LN were used for all further experiments in this study.
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FIGURE 1. Motility of A. baumannii strains in the presence of 0.5 and 1% of bile salts in three types of LB broth (Normal LB medium, Modified LB-LS and Modified LB-LN). (a) A. baumannii ATCC 17978; (b) A. baumannii ΔadeB ATCC 17978; (c) A. baumannii ΔadeL ATCC 17978; and (d) Ab421 GEIH-2010. The arrows on the left show the similarity in the behavior of both strains (A. baumannii ΔadeB ATCC 17978 and Ab421 GEIH-2010) in different medium and in presence of bile salts.



In the biofilm assays, the presence of bile salts (0.5% in LB-LN) increased the capacity of biofilm production in Scanning Electron Microscopy (SEM) studies (Figure 2) and quantitative assays (Student's t-test, P < 0.05) in all strains considered in this study (Figure 3). However, different phases of biofilm formation were observed in the biofilm matrix in Ab421 GEIH-2010 and microcolonies (slime layer) in A. baumannii ΔadeB ATCC 17978 cells (Figure 2: SEM analysis). Moreover, these isolates showed the highest capacity for biofilm production in quantitative assays (Figure 3).
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FIGURE 2. SEM analysis of A. baumannii cells cultured in the absence (A,C,E,G) and presence of 0.5% bile salts (B,D,F,H). (A,B) A. baumannii ATCC 17978; (C,D) A. baumannii ΔadeB ATCC 17978; (E,F) A. baumannii ΔadeL ATCC 17978; (G,H) Ab421 GEIH-2010. (Scale bars: 20 μm). It is observed in presence of bile salts, the state of adhesion in A. baumannii ATCC 17978 (B), slime layer-micro colonies (previous state of biofilm formation) in A. baumannii ΔadeB ATCC 17978 (D), proliferation in A. baumannii ΔadeL ATCC 17978 (F) and finally, biofilm formation in Ab421 GEIH-2010 (H). The arrows indicate the most advanced stages of biofilm development.
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FIGURE 3. Quantification of biofilm formation by crystal violet staining. Eight independent replicates were considered. Results were analyzed by a Student's t-test. The values are means and bars indicate the standard deviation. Arrows indicate the highest biofilm producing strains cultured in the presence of bile salts (BS): A. baumannii ΔadeB ATCC 17978 and Ab421 GEIH-2010.



Gene Expression in Relation to Bile Salts in the A. baumannii ATCC 17978 Isogenic Model: Microarray Analysis

Microarray analysis yielded the following results (GEO database GSE85264).

A) Comparison of A. baumannii ATCC 17978 Isogenic Strains Cultured in the Presence of 0.5% Bile Salts (LB-LN)

Gene expression in the presence of bile salts (0.5%) in isogenic A. baumannii strains is summarized in Table 2. In the first experiment comparing A. baumannii ATCC 17978ΔadeL and the A. baumannii wild type strain, only one gene was overexpressed (lysR regulator family) in the mutant strain. This may be related to tolerance to bile salts in this isolate, although this was not confirmed. However, comparison of A. baumannii ATCC 17978ΔadeB and the A. baumannii wild type strain showed that seven genes were overexpressed in mutant strains in relation to acid tolerance (glutamate/aspartate transporter), gene mobility (transposases) and surface motility/biofilm formation (csuA/B). Finally, 25 genes associated with acid tolerance (glutamate/aspartate transporters), quorum sensing (acyl-CoA dehydrogenase, acyl-CoA synthase/AMP-acid ligases II, amino acid adenylation, acyl carrier protein, and RND superfamily transporter), iron/sulfur metabolism (ring hydroxylating dioxygenase Rieske [2Fe-2S] and aromatic-ring-hydroxylating dioxylating dioxygenase ß subunit), gene mobility (transposases), T6SS/Type VI Secretion System (vipA, hcp-1, putative signal peptide, putative membrane, and vipB), and motility/biofilm formation (csuA/B and fimbrial protein) were revealed by comparing A. baumannii ATCC 17978ΔadeB and A. baumannii ATCC 17978ΔadeL.

B) Comparison of Each Isolate Cultured in the Absence and Presence of Bile Salts (LB-LN)


Table 2. Microarray analysis of the expression of genes isolated from Acinetobacter baumanni isogenic strains cultured in the presence of bile salts (0.5%).
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Use of arrays to investigate gene expression in A. baumannii ATCC and mutant strains (A. baumannii ΔadeB ATCC 17978 and A. baumannii ΔadeL ATCC 17978) cultured in the absence and presence of bile salts (0.5%) revealed similar gene expression in all three isolates. Genes involved in the following processes were expressed under stress conditions: (i) Ferric iron binding (ii) Oxidoreductase/Transferase (iii) Isomerase/Fumarylacetoacetate, (iv) Response to toxic substances, and (v) DNA metabolism (Table 3).


Table 3. Microarray analysis of the expression of genes isolated from Acinetobacter baumanni isogenic strains cultured in the presence (0.5%) and absence of bile salts.
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Both results (A and B) of the microarray analysis are consistent with findings of motility studies in modified LB-LN (Figure 1).

Growth Curves on Presence of Bile Salts (0.5% in LB-LN) in Clinical Strains of the ST79/PFGE-HUI-1 Clone

To analyze the results obtained with isogenic models and Ab421 GEIH-2010, we used five clinical strains of A. baumannii belonging to the clone ST79/PFGE-HUI-1 (including the Ab421 GEIH-2010).

Interestingly, in the first 12 h, the A. baumannii clinical strains from PFGE-HUI-1 clone showed a greater growth than the strain A. baumannii ATCC 17978. However, after this time, the clinical strains had a stagnation (from 12 to 24 h). After 24 h, A. baumannii clinical strains from PFGE-HUI-1 and the A. baumannii ATCC 17978 strain reached to an OD600 of 0.5 and 0.3 (the bacterial growth was inoculated on LB plates). This may indicate the development of biofilm formation in the clinical strains from PFGE-HUI-1 clone not being possible the study of growth by optical density (Figure 4).
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FIGURE 4. Curves showing growth of the A. baumannii isolates belonging to clone ST79/PFGE-HUI-1 in the presence of bile salts (0.5%) in LB-LN. A. baumannii ATCC 17978 was included as a control.



Gene Expression in Relation to Bile Salts in Clinical Strains of ST79/PFGE-HUI-1 Clone as Revealed by RT-PCR

Gene overexpression detected by microarray analysis was confirmed by RT-PCR in clinical strains of clone ST79/PFGE-HUI-1 (in addition to the Ab421 GEIH-2010). The levels of overexpression (RE) of A1S_1490 (Acid tolerance), A1S_0115 (Quorum Sensing), A1S_1295 (T6SS), and A1S_1510 (Surface motility/Biofilm formation) were statistically significantly higher in clinical isolates of the ST79/PFGE-HUI-1 clone cultured in the presence of bile salts (0.5%) than in the same clone cultured in LB-LN (Table 4). These results obtained with the clinical strains of the PFGE-HUI clone confirmed the overexpression of genes involved in the response to bile salts in the isogenic model of A. baumannii ATCC 17978. Moreover, all strains of this ST79/PFGE-HUI-1 clone (17 isolates) were considered to be the cause of infection in all six patients. Interestingly, five of the six patients had bacteraemia (primary or secondary).


Table 4. Expression of genes involved in Acid tolerance, Quorum sensing, T6SS, and surface motility/biofilm mechanisms in clinical strains (clone ST79/PFGE-HUI) cultured in the presence of bile salts (0.5%), determined by RT-PCR.
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DISCUSSION

The RND type of multidrug efflux pumps play several roles in bacterial pathogens: (i) provision of resistance to antimicrobial and antiseptic compounds, including those naturally present in mucosa; (ii) regulation of virulence factors via involvement in quorum-sensing regulation; (iii) detoxification of intracellular metabolites; and finally, (iv) mediation of cell homeostasis and intercellular signal trafficking (Beceiro et al., 2013).

In A. baumannii, the AdeABC RND-pump is the main efflux system involved in antimicrobial resistance. However, 25–30% of clinical strains of A. baumannii do not possess the AdeABC efflux pump (Chu et al., 2006; Lin et al., 2009).

In the GEIH-REIPI-2010 Ab Project (a multicentre study in which 45 hospitals participated), we studied clinical strain Ab421 GEIH-2010, which lacks the AdeABC efflux pump as well as regulatory genes and also overexpresses the AdeFGH system. This clinical strain belongs to clone ST79/PFGE-HUI-1 (seventeen isolates) (Rumbo et al., 2013). The mechanisms associated to the adaptive response to bile salts were analyzed in mutant strains of A. baumannii ATCC 17978 by considering an isogenic model (A. baumannii ΔadeB ATCC 17978 and A. baumannii ΔadeL ATCC 17978). Interestingly, the Ab421 GEIH-2010 strain displayed a higher capacity for surface motility and biofilm formation when cultured in the presence of bile salts than when cultured in the absence of these.

The mechanisms associated to the response to bile salts (essential for survival in the gastrointestinal tract) are not well-known in A. baumannii. In a study of the profile of protein overexpression in response to monovalent cations (200 mM of NaCl), Hood et al. observed glutamate/aspartate transport (Hood et al., 2010). Moreover, glutamate transport (glnQHMP operon) has also been implicated with acid tolerance in Streptococcus mutans (Krastel et al., 2010). Our results with A. baumannii ΔadeB ATCC 17978 (microarray analysis) and clinical strains of ST79/PFGE-HUI-1, including strain Ab421 GEIH-2010 (RT-PCR), revealed the involvement of this transporter and associated proteins in tolerance to physiological concentrations of bile salts (Prouty et al., 2004; Sánchez et al., 2005).

Virulence factors associated with activation of the QS system may be regulated differently throughout the intestine depending on the bile salts present, the level of tolerance and the presence of different commensal bacteria (Bachmann et al., 2015). We observed overexpression of the QS genes (A1S_0112 to A1S_0116) in strains lacking the AdeABC efflux pump (A. baumannii ΔadeB ATCC 17978 and clinical strains of ST79/PFGE-HUI-1) cultured in the presence of bile salts. In a study using transcriptomic analysis, Clemmer et al. confirmed that this cluster of genes was induced by the 3-OH C12-HSL molecule (a signal in the QS network). Interestingly, the A1S_0116 gene encodes a RND superfamily transporter which may be involved in efflux of the molecules from the QS system (Clemmer et al., 2011). Moreover, virulence factors modulated by the QS system were overexpressed, i.e., surface motility, biofilm formation (A1S_2218 and A1S_1510) (Clemmer et al., 2011; Rumbo-Feal et al., 2013) and the Type VI Secretion System (T6SS) (A1S_1292 to A1S_1296) (Sana et al., 2012).

Zheng et al., investigated the role of the QS system in Vibrio cholerae in modulating the expression of virulence factors such as T6SS (Zheng et al., 2010). The authors established that a high density of bacteria is critical for expression of the T6SS pandemic V. cholerae C6706. The T6SS may be a potent mediator of survival of the pathogen or commensals in multi-bacterial environments, biofilms and in polymicrobial infections, such as those encountered in the airways of cystic fibrosis patients (Rumbo-Feal et al., 2013; Bachmann et al., 2015) and in gastrointestinal colonization in these patients (Bachmann et al., 2015). Three T6SS systems (H1, H2, and H3-T6SS) with functions at different stages of the infection process (colonization vs. dissemination) or the infection mode (acute virulence vs. chronic persistence) have been described in Pseudomonas aeruginosa strain PAO1 (Jani and Cotter, 2010; Schwarz et al., 2010). Moreover, H2-T6SS is regulated by QS in this pathogen (Sana et al., 2012).

Several studies have investigated the role of the T6SS system in A. baumannii strains. Repizo et al., reported the first case of A. baumannii environmental strain DSM30011 in which the T6SS system was implicated in host colonization (Repizo et al., 2015). Recently, Weber and collaborators demonstrated expression of the T6SS system in A. baumannii clinical strains susceptible to several antibiotics (Weber et al., 2015). The authors explained that T6SS is an antibacterial system used by Gram-negative bacteria to kill competitors. The A. baumanni clinical strains carry T6SS repressors (TetR regulators) in plasmids harboring resistance genes that prevent expression of these T6SS systems (Weber et al., 2015, 2016). When Multi-Drug-Resistant (MDR) strains of A. baumannii are not exposed to antibiotics, such as in the inanimate hospital environment or in untreated polymicrobial infections, there is an increased likelihood of encountering competitors that will activate bacterial T6SS systems (Weber et al., 2015). In Spanish hospitals, ST79/PFGE-HUI-1 was the only carbapenem-susceptible clone that did not possess a plasmid carrying OXA 24 ß-lactamase or the AbKAB Toxin-Antitoxin system (Rumbo et al., 2013; Mosqueda et al., 2014). In the present study, resistance to antimicrobials (aminoglycosides, quinolones and glycines) in Ab421 GEIH-2010 (belonging to ST79/PFGE-HUI-1) and A. baumannii ΔadeL ATCC 17978 was associated with overexpression of the AdeFGH pump.

Finally, although only a small number of cases were considered (out to seven), all patients from whom strains of A. baumannii clone ST79/PFGE-HUI-1 were isolated had infections and five out of patients developed bacteraemia (72%). This contrasts with usual observations for A. baumannii, as about half of colonized patients do not usually have infections due to the pathogen (Cisneros and Rodríguez-Baño, 2002; Villar et al., 2014), and the prevalence of bacteraemia in infected patients is usually lower than 10% (Thom et al., 2010). Thom and collaborators found that in 86% of patients from ICUs who had the gastrointestinal tract colonized by A. baumannii clinical strains, they had bacteraemia through genetically similar strains (Thom et al., 2010). This implies that those clinical isolates of A. baumannii that present a higher capacity to survive gastrointestinal conditions (including bile salts tolerance) through biofilm formation and others mechanisms as transporters could present an increase in their invasive capacity (development of bacteraemia) due to virulence factors (as the type VI secretion system) previously activated under pressure conditions.

In conclusion, this is the first study about the adaptive response to bile salts investigating the molecular and microbiological characteristics in response to bile salts of an isogenic model of A. baumannii ATCC 17978 (A. baumannii ΔadeB ATCC 17978) and clinical isolates of A. baumannii (clinical strains of ST79/PFGE-HUI-1) lacking the main RND efflux pump (AdeABC). The response to bile salts led to activation of the QS system and modulated virulence factors such as surface motility, biofilm and Type VI secretion system. Moreover, we observed a new clinical profile (increased invasiveness) of strains of A. baumannii ST79/PFGE-HUI-1 lacking the AdeABC efflux pump. Further studies should be carried out with clinical strains of A. baumannii with or without the AdeABC efflux pump (or in which the pump is inhibited by treatment) (Pannek et al., 2006; Blair and Piddock, 2009; López et al., 2014; Richmond et al., 2016) under others stress conditions (oxidative and osmotic) that may activate global mechanisms such as the QS system, which modulates virulence factors.

NUCLEOTIDE SEQUENCE ACCESSION NUMBER

The genome sequence of Ab421 GEIH-2010 strain has been deposited at GenBank under accession number CP014266.1. This genome sequence was determined as part of a II Spanish multicenter study, GEIH-REIPI A. baumannii 2000–2010 project (PRJNA308422).
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Biofilm-producing strains of Pseudomonas aeruginosa are a major cause of morbidity and mortality in cystic fibrosis (CF) patients. In these patients, increased levels of IL-17 as well as of IL-5 and IL-13 along with arginase (Arg)-positive macrophages have been observed in bronchoalveolar lavage fluid. While IL-17 is a strong proinflammatory cytokine associated with host defense against bacterial and fungal infections and is also elevated in several autoimmune diseases, IL-5/IL-13 and Arg1-positive M2 macrophages are part of the anti-inflammatory type 2 (Th2) immunity. To study whether increased IL-5 and IL-13 levels are related to biofilm formation, which is frequently observed in CF patients colonized by P. aeruginosa, we utilized an agarose bead-embedded P. aeruginosa rat model commonly employed in in vivo biofilm studies. We showed that “sterile” agarose bead instillation in rat notably increased lung transcript levels of IL-5 and IL-13 at two post-instillation study-points, day 1 and day 3. Concurrently, increased infiltration of type 2 innate cells such as eosinophils and Arg1 positive M2 activated macrophages (Arg1+CD68+) was also observed both at day 1 and day 3 while the proportion of M1 activated macrophages (iNOS+CD68+) at these time-points decreased. In contrast, P. aeruginosa-loaded beads caused a drastic elevation of proinflammatory Th1 (IFNγ, TNFα, IL-12a) and antibacterial Th17 (IL-17a, IL-17f, IL-22, IL-23a) cytokines along with a high influx of neutrophils and M1 macrophages, while Th2 cytokines (IL-5 and IL-13) drastically declined at day 1 post-infection. Interestingly, at day 3 post-infection, both Th1 and Th17 cytokines sharply declined and corroborated with decreased M1 and increased M2 macrophages. These data suggest that while IL-17 is linked to episodes of acute exacerbations of infection in CF patients, the increased Th2 cytokines and M2 macrophages observed in these patients are largely due to the biofilm matrix. The data presented here has important implications for clinical management of CF patients.
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INTRODUCTION

Pseudomonas aeruginosa is the major cause of pulmonary infection in cystic fibrosis (CF) patients (Gibson et al., 2003). Approximately 80% of CF patients become chronically colonized/infected with P. aeruginosa by late adolescence and these patients can live with such infections for years (Lyczak et al., 2002). Chronic P. aeruginosa colonization is also associated with increased morbidity and mortality in CF patients especially during episodes of acute exacerbations (Bhatt, 2013). This heightened vulnerability and persistence of bacterial colonization is caused by increased mucous secretion in the alveolar spaces that provide an ideal environment to form biofilms (Sadikot et al., 2005; Moreau-Marquis et al., 2008).

Biofilm mainly consists of bacterial-derived exopolysaccharides that protect the encapsulated bacteria from host immune cells and antibiotics. Interestingly, suppressive therapy reduces P. aeruginosa lung burden, but does not impact lung biofilm burden (Fernandez-Barat et al., 2016). To mimic this distinct pathology observed in CF and other chronic obstructive lung diseases such as bronchiectasis, agarose beads are employed to establish a chronic lung infection model. In this model, bacteria are slowly released from agarose. Agarose is a linear polymer of repeating units of agarobiose that closely mimics the extracellular polymeric substances or exopolysaccharides secreted by P. aeruginosa (Cash et al., 1979; Growcott et al., 2011). Genetically modified murine models based on mutations in gene encoding for cystic fibrosis transmembrane conductance regulator (CFTR) have contributed invaluably to the current understanding of CFTR function. However, the CFTR genetic models lack the development of spontaneous lung pneumonia observed in CF patients (Fisher et al., 2011). Furthermore, the bioelectric characteristics in the tracheal airways of mice and humans diverge significantly and CFTR genetic models continue to demonstrate substantial cAMP-inducible changes in chloride permeability despite the absence of a functioning CFTR (Grubb et al., 1994; Liu et al., 2006).

Chronic P. aeruginosa pneumonia occurring in CF patients causes a persistent lung inflammation dominated by neutrophils and an antibody response against P. aeruginosa (Moser et al., 2000). Neutrophils and macrophages are the most important first responders within the innate immune system. Specifically, macrophages due to their longer life-spans are the major effector population in the first line of defense against invading pathogens (Serbina et al., 2008; Hanke and Kielian, 2012). This cell type is classically divided into proinflammatory M1 macrophages that are chiefly responsible for bacterial clearance, and anti-inflammatory M2 macrophages important in tissue repair processes. M1 macrophages are commonly identified by their high inducible nitric oxide synthase (iNOS) production and M2 macrophages are identified due to their high arginase (Arg) 1 expression (reviewed in Benoit et al., 2008).

Interestingly, increased levels of anti-inflammatory Th2 cytokines (IL-5 and IL-13) and antibacterial Th17 cytokine (IL-17A) are observed in bronchoalveolar lavage (BAL) fluid of CF patients chronically colonized or infected with P. aeruginosa (Moser et al., 2000; Hartl et al., 2006; Tiringer et al., 2013). Several studies have also shown an increase in M2 macrophages and eosinophils in BAL fluid of CF patients who had been P. aeruginosa carriers at some stage in their lifetimes (Grasemann et al., 2005; Murphy et al., 2010). While CF patients frequently show a heightened Th2 and Th17 cytokine response at a given stage during the disease, it is not known whether and how these cytokines are linked to P. aeruginosa or its biofilm. A skewing of macrophages toward M2 polarization with increased Arg1 and reduced iNOS expression has been evidenced in catheter-associated staphylococcal biofilms (Thurlow et al., 2011). In this study, we investigated the innate immune response to biofilm-like structures in the chronic pneumonia agar bead model and showed that sterile biofilm beads could solely incite the specific type 2 immune response observed in CF patients.

METHODS

Bacterial Dose Preparation

Agar beads were prepared following a previously published protocol with minor modifications (Growcott et al., 2011). Briefly, colonies from an overnight culture of P. aeruginosa were diluted with 30 mL sterile PBS to achieve a suspension of 0.3 O.D. at 600 nm. Cultures were washed and the pellets re-suspended in 4 mL sterile PBS. One milliliter of bacterial suspension was added to 10 mL of sterile 2% agar at 52°C and the mixture added to 15 mL heavy mineral oil (52°C) supplemented with 0.02% sorbitan-monooleate (Sigma-Aldrich) and mixed thoroughly. Beads were centrifuged at 10,000 × g at 4°C, extensively washed with sterile PBS and filtered using a 200 μm nylon mesh. Beads were resuspend in 2 × w/v PBS and 500 μL bead suspension (≈ 2E7 colony forming units) was used per animal. Sterile beads were prepared using sterile saline. Each bead solution was plated on blood-agar plates and incubated overnight at 37°C for inoculum validation.

Anesthesia and Endotracheal Intubation

All animal experiments were conducted according to the guidelines of the Federation of European Laboratory Animal Science Associations and approved by the University of Antwerp Ethics Committee. Rats were anesthetized using 100 mg/kg ketamine and 1 mg/kg medetomidine and intubated utilizing a tilting intubation platform (Hallowell EMC). Briefly, anesthetized rats were placed on the tilting platform in a horizontal position. An elastic band was placed behind the front incisors and attached to the platform. Next a 14 G catheter was placed into the trachea with the aid of a guide wire. With 14 G catheter, animals were instilled with agarose beads, extubated, and anesthesia antagonized with 300 μg/kg atipamezole. Animals were placed back in their cages and followed up.

Animal Experimental Groups

A total of 36 adult male Wistar rats (mean weight 340 g, SD = 23 g, Charles River) were used in this study and randomly assigned into one of the five experimental groups: (i) Non-manipulated animals served as the control group (n = 12; no bead group); (ii) Two sterile agarose (St) bead groups euthanized at day 1 and day 3 post-instillation, respectively (n = 6 animals per group); (iii) Two chronic pneumonia (Pa-bead) groups where animals were instilled with 2 × 107 CFU of P. aeruginosa enmeshed in agarose beads and euthanized at day 1 and day 3 post-infection, respectively (n = 6 animals per group).

Animal Follow-Up and Euthanasia

Animals were closely monitored for clinical signs of pneumonia (SI Table 1). Euthanasia was performed by isoflurane overdose and blood collected by cardiac puncture utilizing EDTA coated tubes. The trachea was exposed and lungs lavaged using a 14-gauge angiocatheter with 20 mL/kg body-weight of ice-cold sterile PBS. Right lung was removed, washed in sterile PBS and snap frozen in liquid nitrogen. Left lung was washed and fixed overnight in 2% paraformaldehyde and prepared for paraffin embedding.

Histopathology

Lung pathology scoring was performed on H&E stained 5 μm thick paraffin sections, as done previously (Matute-Bello et al., 2011). All lungs used for histology were treated with standardized protocols to allow comparisons between the groups. Lung pathology was assessed blinded by a trained pathologist. Amount of neutrophils for each group were manually counted on 8–10 consecutive images grabbed using 200x magnification per slide for each animal, eosinophils were quantified on 400x magnification. For slides that showed heterogenic staining pattern, most affected areas were imaged for quantification.

Immunohistochemistry

Immunohistochemistry was done as described by us previously (Wils et al., 2012). Briefly, antigen retrieval was performed in citrate buffer (0.018 M citric acid.H2O and 0.082 M sodium citrate.H2O) using microwave heating. Endogenous peroxidase was blocked using 0.3% H2O2 for 20 min. Blocking of non-specific antigens was done using 1:5 diluted normal horse serum in 1% BSA solution in PBS (PBS-BSA) for 30 min. Primary antibodies were diluted in PBS-BSA solution and incubated overnight at 4°C: anti-CD68, 1:200 dilution (Abd Serotec MCA341R); anti-arginase-1, 1:400 dilution (Santa Cruz Sc-18354); and anti-iNOS, 1:100 (Abcam ab15323). Secondary biotinylated antibodies (Jackson Immunoresearch) were used in 1:200 dilution, incubated for 30 min at room temperature, washed and incubated with extravidin-HRP for 30 min followed by DAB (5', 5' diaminobenzedine, Dako) development. Double-labeled immunohistochemistry was performed using anti-CD68 (1:200 dilution), anti-arginase1 (1:400 dilution), and anti-iNOS (1:100 dilution) with DAG-cy3, DAM-cy5 and DAR-cy5 in 1:200 dilutions. Sections were co-stained with 5 μg/mL DAPI (Sigma-Aldrich) and coverslipped using antifading PBS-glycerol mounting medium (Citifluor).

Light microscopy images were grabbed on Olympus UC30 color camera. Quantification was performed by calculating the percentage of stained area using pixel-by pixel analysis after spectral de-convolution of the image using the IHC profiler plug-in in ImageJ v1.47 (Varghese et al., 2014). The mean percentage of positive stained area per animal was used. Slides were randomized before analyses by a blinded investigator. High-resolution images from double-labeled immunofluorescence stained sections were grabbed using a dual spinning disk confocal microscope (UltraView VoX, PerkinElmer) and images analyzed using Volocity (PerkinElmer). Proportions of Arg1+CD68+ and iNOS+CD68+ cells were manually counted by the blinded investigator.

Lung Transcript Analyses

Total RNA from lung tissue was extracted using RNeasy-mini spin columns (Qiagen) after grinding in liquid nitrogen. RNA integrity and concentrations were estimated using RNA-nanochips on Bio-analyzer (Agilent). Extracted RNA was converted to cDNA by reverse transcriptase (RT2 First Strand Kit, Qiagen). Quantitative PCR was performed using CFX connect (Bio-Rad) using custom PCR-arrays (Qiagen) for following genes of interest: IL-1β, IL-4, IL-5, IL-6, IL-10, IL-12a, IL-13, IL-17a, IL-17f, IL-22, IL-23a, Ifnγ, Tnfα. Housekeeping genes included were: Ywhag, Actb, Polr2b, Gapdh, Sdha, and Tbp. Additionally, a random genomic DNA contamination control, three reverse transcriptase controls, and three additional PCR controls were used. Data was validated on independently extracted RNA and analyzed using in-house primers (primer sequences available on request) using SYBRGreen assay. Data was analyzed using comparative CT method as described earlier (Kumar-Singh et al., 2006; Schmittgen and Livak, 2008). Briefly, the combined average Ct value of the control group was used to calculate the fold differences in the study groups.

Data Analyses and Statistics

Data analyses were performed using SPSS version 23 (IBM) and presented as either averages or average fold-differences with the standard errors of mean. Kolmogorov-Smirnov test for normality was used for each data set before testing statistical significance of differences on log-transformed values by one-way ANOVA with post-hoc Bonferroni corrections. Survival analyses were performed using Kaplan Meier estimator with Mantel-Cox log rank test for testing significant differences. Values of all significant correlations (P < 0.05) are given with degree of significance indicated (*P < 0.05, **P < 0.01, ***P < 0.001).

RESULTS

Sterile Biofilm Matrix-Mimicking Agar Beads Induce Th2 Cytokine Expression

To study whether a Th2 response could be provoked by the presence of biofilm matrix, we intratracheally instilled animals with sterile agar beads and analyzed lung transcript levels of key cytokines at day 1 (d1) and day 3 (d3) post-bead instillation time points. Compared to non-manipulated control animals (No bead group), sterile beads did not cause an increase in proinflammatory Th1 cytokine expression of Ifnγ, Tnfα, IL-1β, IL-12a at d1 post-bead instillation (Figure 1A, white bars). Analyzing the lung transcript levels for the Th17 cytokine family, we showed increased expression of IL-17a (157-fold, P < 0.001) and IL-22 (112-fold, P < 0.01) at d1 post-bead instillation that were sustained at the d3 time-point (IL-17a, 158-fold, P < 0.001; IL-22, 65-fold, P < 0.01; Figure 1B).
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FIGURE 1. Lung transcript levels of key cytokines in response to intratracheal instillation in rats of sterile agar beads or P. aeruginosa-loaded beads (A). Lung transcript levels of main proinflammatory cytokines Ifnγ, Tnfα, IL-1β, and IL-12a for sterile beads (St-bead) and for P. aeruginosa beads (Pa-bead) at post-infection time-points day (d)1 (white columns) and d3 (gray columns), compared to control animals (No bead). The most drastic elevation for these cytokines was noted for Pa-bead group at d1. (B) Similarly, Th17 cytokine analysis of IL-17a, IL-17f, IL22, IL23a showed highest lung expression levels in Pa-bead group at d1 post-infection. (C) Increased expression of Th2 cytokines IL-5 and IL-13 was noted for St-bead group at both d1 and d3 time-points. (D) Highest lung expression levels of immunomodulatory cytokines IL-6 and IL-10 for Pa-bead group at d1. (A–D), *P < 0.05; **P < 0.01; ***P < 0.001; asterisk above the vertical bars denotes significance against No bead control group; n = 6 animals per group.



Interestingly, lung transcript levels of Th2 cytokines in sterile agar beads-instilled animals were markedly elevated with increased expression of IL-5 and IL-13 at d1 post-bead instillation (IL-5, 39-fold, P < 0.01; IL-13, 102-fold, P < 0.001) that remained elevated at d3 (IL-5, 30-fold, P < 0.05; IL-13, 26-fold, P < 0.001). Transcript levels of IL-4 were not altered by sterile agar-bead instillation (Figure 1C). Additionally, elevated transcript levels compared to control group were also noticed for immunomodulatory cytokines IL-6 (d1, 38-fold, P < 0.001; d3, 21-fold, P < 0.05) and IL-10 (d1, 15-fold, P < 0.05; d3, 20-fold, P < 0.05; Figure 1D).

Th2 Innate Cellular Pulmonary Infiltration Induced by “Sterile” Agar Bead Instillation

IL-5 and IL-13 are potent inducers of eosinophil chemotaxis in the lung (Pope et al., 2001) and IL-13 has been shown to be involved with M2 macrophage polarization causing depressed antibacterial immunity (Knippenberg et al., 2015). Therefore, we next studied these two innate type 2 effector cells. Compared to control animals, sterile beads caused a moderate increase in neutrophil infiltration in lung at both time-points (P < 0.05 for both), confirming previous observations (Cash et al., 1979; Growcott et al., 2011) (SI Figure 1). Additionally, sterile beads also caused an intense eosinophilic infiltration at both studied time-points (P < 0.001 for both; Figures 2A,B,D), especially in regions surrounding bronchioles harboring agarose beads.
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FIGURE 2. Cellular infiltrates in sterile beads and CF rat model. Representative images for H&E and immunohistochemistry for CD68, Arg1 and iNOS for (A) No bead control group, (B) Sterile bead group (St-bead) and (C) P. aeruginosa bead group (Pa-bead). An increased influx of eosinophils was observed in St-bead group but also to a limited extent in the Pa-bead group (arrows). (D) Quantitative analyses for the histochemical and immunohistochemical stains. Data in (D) is presented as averages ± SEM; *P < 0.05, **P < 0.01, *** P < 0.001, and asterisk above the vertical bars denotes significance against No bead control group; n = 6 animals per group. (A–C), scale bar represents 20 μm for H&E stained and 60 μm for immunostained sections.



Similarly, an intense macrophage infiltration was also associated with sterile beads. However, due to overlapping macrophages especially around the agarose beads, an automated quantification estimating percentage area occupation of immunohistochemical staining was employed as described in Methods. With this protocol, we showed that CD68+ areas were significantly increased at d1 and d3 (two and five times, respectively), compared to control animals (P at least < 0.05 for both; Figures 2A,B,D). This coincided with significantly increased Arg1+ areas at both time-points (P at least < 0.01; Figures 2B,D). These data were confirmed on confocal double-labeled immunofluorescence microscopy showing that 31% of activated CD68+ macrophages were Arg1+ already at d1 and this proportion of M2 macrophages increased to 82% at d3 compared to controls (P < 0.01 for d1; and P < 0.001 for d3 group; Figures 3A,C). Additionally, a proportional drop in numbers of M1 macrophages (iNOS+CD68+) was observed compared to controls (P < 0.001; Figures 3B,D). These data indicate that agarose biofilm structures induce an acute Th2 innate cellular pathology marked by elevated eosinophils and M2 macrophages in rat lung.
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FIGURE 3. Increased M2 macrophage infiltration following bead instillation (A). Representative images of double-labeled immunohistochemistry for Arg1+CD68+ cells (M2 macrophages) for control (No bead), sterile beads (St-bead), and P. aeruginosa beads (Pa-bead) group. (B) Representative images of double-labeled immunohistochemistry for iNOS+CD68+ cells (M1 macrophages) for these three groups. Quantitative analyses of (C) M2 cells (Arg1+CD68+) and (D) M1 cells (iNOS+CD68+) presented as average percentage of total CD68+ cell population ± SEM; **P < 0.01, ***P < 0.001. Asterisk above the vertical bars denotes significance against No bead control group. n = 6 animals per group. Scale bars in (A,B) represents 30 μm (iNOS immunoreactivity was assessed at a higher magnification).



High Th17 Cytokine Profile in a P. aeruginosa Agar Bead Pneumonia Model

To study how relevant agarose/biofilm-induced Th2/Th17 cytokines are compared to the infectious situation, and whether these Th2 cytokines and Th2 innate cells observed in the sterile bead model persist after P. aeruginosa co-challenge, we established a Pa-bead model. In this model, rats were intratracheally instilled with agarose beads enmeshed with P. aeruginosa that led to development of progressive pneumonia evident up to d3 post-infection (SI Figure 2A). Pa-bead animals showed ≈50% mortality at d3 post-infection whereas sterile bead animals showed no mortality (Kaplan-Meier, ***P < 0.001, Mantel-Cox log rank test; SI Figure 2B).

Intratracheal instillation of P. aeruginosa enmeshed beads caused a drastic reduction in the observed Th2 response with both IL-5 and IL-13 attenuated by up to 20 and 30 times, respectively, compared to sterile bead instilled animals (Figure 1C). This coincided with an expected surge at d1 of all studied proinflammatory cytokines (Ifnγ, 99-fold; Tnfα, 117-fold; IL-1β, 82-fold; IL-12a, 16-fold; P for all < 0.001; Figure 1A). In accordance with earlier studies (Lavoie et al., 2011; Lovewell et al., 2014), a high expression of immunomodulatory cytokines IL-6 (6,600-fold) and IL-10 (211-fold; P for both < 0.001) was also observed (Figure 1D).

Interestingly, the surge in IL-17 family of cytokines was much more pronounced. At d1 post-infection, IL-17a and IL-17f were upregulated 25,000 and 15,000-fold, respectively, compared to controls, and ≈20,000 and ≈1,500-fold compared to sterile bead-instilled animals (Figure 1B). These cytokines are not only important in mediating neutrophil chemotaxis (Xu et al., 2014), but are also amongst the important drivers of proinflammatory cytokine expression including IL-1β and Tnfα that we also observed to be elevated in our Pa-bead model. IL-23, another member of the IL-17 family and one of the strongest drivers of Th17 cell differentiation and IL-17 secretion (Bedoya et al., 2013) was also significantly elevated (Figure 1B). Lastly, IL-22 that along with IL-17 has important functions in mucosal immunity against extracellular pathogens, particularly Gram-negative organisms (Aujla et al., 2008; Xu et al., 2014) was also elevated by several 100-folds in lung transcripts (Figure 1B). However, at d3 post-infection, transcripts of the Th17 family subsided to levels comparable to sterile bead-instilled animals. These data suggest that the IL-17 response observed in CF patients is primarily pathogen-driven.

Increased Arg1+ Activated M2 Macrophages and Eosinophils in P. aeruginosa Agar Bead Pneumonia Model

While patient studies have shown an increased arginase activity in BAL fluid of CF patients colonized with P. aeruginosa (Grasemann et al., 2005; Murphy et al., 2010), the individual contribution of the pathogen and the biofilm matrix remain unknown. Additionally, as bacteria are one of the most important drivers of M1 macrophage polarization, we studied whether the increased type 2 innate cellular infiltrates induced by sterile agarose beads persist in the Pa-bead model.

At both d1 and d3 time-points, Pa-bead-instilled animals were characterized by high loads of neutrophils compared to controls (P < 0.01; SI Figure 1) and to the sterile-bead group (P < 0.01 for d1; P < 0.05 for d3; SI Figure 1), as shown previously (van Heeckeren and Schluchter, 2002; Growcott et al., 2011). Interestingly, while eosinophilic counts in the Pa-bead group were reduced at d1 and d3 time points (≈3 and ≈5 times, respectively), these were still highly elevated in the Pa-bead group compared to the controls (P < 0.001; Figures 2C,D). These data are also consistent with sporadic reports of increased eosinophil activation in lung of CF patients with P. aeruginosa pneumonia (Koller et al., 1994).

Importantly, we showed that the Pa-bead group had ≈3-fold increased lung infiltration of CD68+ cells at both d1 and d3 time-points compared to the sterile bead group (P < 0.001; Figures 2C,D). Studying the M1/M2 macrophage markers, we further showed that iNOS+ cells were drastically elevated in the Pa-bead group especially at d1 (d1, 19 times and d3, 5 times, P < 0.01 for both), while Arg1+ cells showed a non-significant increase in infiltration in the Pa-bead model at both time-points compared to sterile bead-inoculated animals (≈3 times for both; Figures 2C,D). Double-labeled immunofluorescence microscopy confirmed these data showing that at d1, 65% of CD68+ activated macrophages were iNOS+ M1 macrophages (P < 0.001; Figures 3B,D), while the population of Arg1+ M2 macrophages was 18% and non-significantly elevated compared to controls (Figures 3B,C). Moreover, at d3, the Arg1+ M2 macrophage proportion increased to 63% of the total activated macrophage population (P < 0.001; Figures 3B,C) while iNOS+ M1 macrophages declined to 18% (P < 0.001; Figures 3B,D). These data indicate that chronic P. aeruginosa infection can sustain the anti-inflammatory M2 cellular innate immune response induced by biofilm matrix-mimicking agarose bead-instillation.

DISCUSSION

We showed here that instillation of “sterile” agarose beads in a rat biofilm model, extensively used in the field of cystic fibrosis research, activates the same Th2 cytokines (IL-5 and IL-13) and Th2 innate cells (eosinophils and Arg1+ M2 macrophages) as observed in human CF patients (Moser et al., 2000; Grasemann et al., 2005; Murphy et al., 2010; Tiringer et al., 2013). Interestingly, co-challenge with P. aeruginosa caused an acute drastic elevation of Th1/Th17 cytokine transcripts in our model, however, expression of these cytokines declined rapidly by d3. While the precise reason for this drastic decline is not known, it should be noted that animals with the most severe pathology did not survive up to the d3 time-point and this could in part have an influence here. Nevertheless, a decline in Th1/Th17 at d3 corroborated with a drastic drop in M1 macrophages in lungs with a notable increase in the Arg1+CD68+ M2 macrophage population with ≈60% of all activated macrophages being of the M2 phenotype by this time point. Although the upstream driver of this M2 polarization is so far undefined, our data suggest that the Th2/M2 response observed in CF patients is primarily due to biofilm matrix structures rather than a direct effect of the accompanying pathogen. This suggestion also fits well with the observation that pathogens most frequently associated with CF or with other chronic pneumonia pathologies, such as P. aeruginosa, S. aureus, and B. cepacia (Coutinho et al., 2008), have a high biofilm producing capacity.

Similar to human CF patients showing increased IL-5 and IL-13 but not IL-4 levels (Hauber et al., 2003; Tiringer et al., 2013), we also observed only a non-significant increase in IL-4. While IL4 is a key Th2 cytokine, eosinophil-specific IL-13 expression, but not IL-4, has been identified as a major factor for inducing allergic Th2 pulmonary pathologies (Jacobsen et al., 2015). Moreover, increased M2 macrophage infiltration in lung is observed in IL-13-associated lung diseases (Wu et al., 2015) and IL-13 has been shown to independently enhance the M2 macrophage phenotype in vitro (Doyle et al., 1994). Similarly, IL-5 on its own is also one of the major chemoattractants for eosinophils (Pope et al., 2001), that, together with M2 macrophages, constitute the two major innate Th2-type effector cells. Interestingly, we also showed in our model a high expression of IL-10, which similar to IL-13 can directly enhance the M2 macrophage phenotype (Makita et al., 2015).

Important for therapeutic implications, and more central to our findings here, increased expression of IL-13 and IL-5 in lungs of CF patients is associated with occurrence of acute pneumonia exacerbations (Tiringer et al., 2013). Moreover, IL-13 induced M2 macrophages can cause reduced antibacterial immunity (Knippenberg et al., 2015). Recent data also suggest that development of acute exacerbations of infection is not caused by the acquisition of new strains but rather a clonal expansion of existing strains Stenbit and Flume, 2011). Perhaps, the development of an anti-inflammatory Th2/M2 environment in the lung with lowered anti-bacterial Th1/M1 immunity in response to biofilm, that we describe here, results in a local immunosuppressive milieu that eventually aids bacterial survival and dispersal. Worryingly, one fourth of all CF patients developing an acute exacerbation do not recover to baseline within 3 months after starting treatment with antibiotics, especially those antibiotics that are linked with increased biofilm formation (Hoffman et al., 2005; Bhatt, 2013). Our data thus indicate that the upregulated Th2/M2 pathway identified here could be a potential drug target used as an antibiotic adjuvant to treat episodes of acute exacerbations in CF patients. In addition, high IL-13 and IL-5 expression could also be used to detect patients at risk of developing acute exacerbations of infection.

We also showed here in a well-described animal model of CF that the acute anti-P. aeruginosa immune responses are especially modulated by the IL-17 family of cytokines, members of which are IL-17A, IL-17F, IL-22, and IL-23. High lung transcript levels of all of these cytokines along with an intense migration in the lung of neutrophils and of iNOS+CD68+ M1 macrophages were observed as a direct response toward the pathogen. Although the IL-17 cytokine family is associated with cells of the adaptive arm of the immune system, in bacterial infections such as those caused by P. aeruginosa, innate immune cells are the first responders in secretion of IL-17, IL-21, IL-22, and IL-23 (Nieuwenhuis et al., 2002; Aujla et al., 2008; Coquet et al., 2008; Sutton et al., 2012). In this respect, both NKT cells and γδ-T cells have been identified as major sources of IL-17 production at mucosal surfaces, providing protection against P. aeruginosa (Nieuwenhuis et al., 2002; Coquet et al., 2008; Sutton et al., 2012), and NK cells have been shown to secrete IL-22 following Gram-negative pneumonia (Aujla et al., 2008). However, the observed antibacterial response mediated by IL-17 family of cytokines was transient and diminished rapidly. As discussed, the majority of activated macrophages were of the M2 phenotype at d3, indicating the initiation of a healing response or an anti-inflammatory response likely mediated by the biofilm-matrix. We stipulate that the precise timing for this switch in the CF agarose model would depend on the absolute and relative amounts of P. aeruginosa and agarose matrix challenge.

To conclude, we showed here that the Th2-mediated anti-inflammatory milieu observed in CF patients is primarily driven by the biofilm matrix structures and not by the accompanying pathogen, i.e., P. aeruginosa. These data prompt considering the use of IL-5 and IL-13 as biomarkers to detect and treat impending infections in CF patients. We also showed that the acute IL-17 superexpression is directly linked to episodes of acute exacerbations of P. aeruginosa infection in rat. These data, we believe, have important implications for the clinical management of CF patients.
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Acinetobacter baumannii has emerged as an important opportunistic pathogen due to its ability to acquire resistance to most currently available antibiotics. Colistin is often considered as the last line of therapy for infections caused by multidrug-resistant A. baumannii (MDRAB). However, colistin-resistant A. baumannii strain has recently been reported. To explore how multiple drug-resistant A. baumannii responded to colistin resistance, we compared the genomic, transcriptional and proteomic profile of A. baumannii MDR-ZJ06 to the induced colistin-resistant strain ZJ06-200P5-1. Genomic analysis showed that lpxC was inactivated by ISAba1 insertion, leading to LPS loss. Transcriptional analysis demonstrated that the colistin-resistant strain regulated its metabolism. Proteomic analysis suggested increased expression of the RND efflux pump system and down-regulation of FabZ and β-lactamase. These alterations were believed to be response to LPS loss. In summary, the lpxC mutation not only established colistin resistance but also altered global gene expression.

Keywords: Acinetobacter baumannii, colistin, whole-genome sequencing, transcriptome, proteome

INTRODUCTION

Acinetobacter baumannii has emerged as an important opportunistic pathogen due to its ability to acquire resistance to most currently available antibiotics (Peleg et al., 2008; Howard et al., 2012; Antunes et al., 2014). Since current treatment options for multi-drug resistant (MDR) A. baumannii are extremely limited, colistin is often considered as the last line of the therapy for infections caused by MDR A. baumannii (Bae et al., 2016; Cheah et al., 2016b). However, colistin-resistant A. baumannii strain has recently been reported (Cai et al., 2012).

Colistin is a polycationic antimicrobial peptide that targets the polyanionic bacterial lipopolysaccharide (LPS) of Gram-negative bacteria. Two different colistin resistance mechanisms have previously been reported (Beceiro et al., 2014). The first mechanism inactivates the lipid A biosynthesis pathway, leading to the complete loss of surface LPS. Mutations in lpxC, lpxA, or lpxD are involved in the first mechanism. The pmrAB two-component system mediates the second resistance mechanism. Mutations in pmrA and pmrB induce the activity of pmrC, which adds phosphoethanolamine (PEtn) to the hepta-acylated form of lipid A (Beceiro et al., 2011). Further mutations in vacJ, pldA, ttg2C, pheS and a conserved hypothetical protein were reported to involve in reduced colistin susceptibility through novel resistance mechanisms (Thi Khanh Nhu et al., 2016). Four putative colistin resistant genes: A1S_1983, hepA, A1S_3026, and rsfS were also identified in our previous study (Mu et al., 2016).

The response to LPS alteration has been investigated via transcriptional analysis. In response to LPS alteration, A. baumannii alters the expression of critical transport and biosynthesis systems associated with modulating the composition and structure of the bacterial surface (lpxA; Henry et al., 2012) or alters the expression of genes associated with outer membrane structure and biogenesis (pmrB; Cheah et al., 2016a). Moreover, the response to colistin is highly similar to the transcriptional alteration observed in an LPS-deficient strain (Henry et al., 2015). Colistin resistance was also explored using proteomic methods. There were 35 differentially expressed proteins. Most differentially expressed proteins were down-regulated in the colistin resistant strain, including outer membrane proteins, chaperones, protein biosynthesis factors, and metabolic enzymes (Fernandez-Reyes et al., 2009). However, the combination of genomic, transcriptomic, and proteomic methods to examine the colistin resistance mechanism in A. baumannii has rarely been reported. Furthermore, the strain used in this study was an MDR strain, but not laboratory strains (ATCC 19606, ATCC 17978) that do not represent clonal lineages in a clinical environment. Here, we used genome, transcriptome, and proteome to elucidate the colistin resistance mechanism in MDR A. baumannii. There was an ISAba1 insertion in lpxC (ABZJ_03720) in ZJ06-200P5-1 compared with the genome sequence of MDR-ZJ06, where lpxC encoded an UDP-3-O-acyl-N-acetylglucosamine deacetylase.

MATERIALS AND METHODS

Bacterial Strains, Media, and Antibiotics

Restriction enzymes, T4 ligase, and Taq DNA polymerase were purchased from TaKaRa (Otsu, Shiga, Japan). The A. baumannii strain MDR-ZJ06 was isolated from the bloodstream of a patient in Hangzhou, China, in 2006. All A. baumannii cultures were grown at 37 °C in Mueller-Hinton (MH) agar and cation-adjusted MH broth (CAMHB) (Oxoid, Basingstoke, UK). Colistin was purchased from Sigma (Shanghai, China).

Generation of Colistin-Resistant Mutant

A colistin-resistant mutant was generated in A. baumannii MDR-ZJ06 by a previously described method (Li et al., 2006). Briefly, first, MDR-ZJ06 was cultured in CAMHB containing colistin at 8 × minimum inhibitory concentration (MIC). After overnight incubation, the culture was diluted 1:1000 with CAMHB containing colistin at 64 × MIC and then incubated at 37 °C overnight. Finally, the culture was diluted 1:100 with CAMHB containing colistin at 200 × MIC. After overnight incubation, the culture was plated on plates containing 10 μg of colistin at an appropriate dilution, and then one of colistin resistant colonies was collected for further experiments and designated as ZJ06-200P5-1. MICs for colistin and tigecycline were determined by E-test (bioMérieux, France) on MH agar, and the antimicrobial activities of the other antimicrobial agents were detected by disk diffusion. The results were interpreted according to CLSI or EUCAST breakpoints.

Whole Genome DNA Sequencing and Analysis

ZJ06-200P5-1 cells were cultured from a single colony overnight at 37 °C in MH broth. The genomic DNA was extracted via a QIAamp DNA minikit (Qiagen, Valencia, CA) following the manufacturer's protocol. Agarose gel and a NanoDrop spectrophotometer were used to determine the quality and quantity of extracted genomic DNA. The 300 bp library for Illumina paired-end sequencing was constructed from 5 μg of genome DNA of ZJ06-200P5-1 by staff at Zhejiang Tianke (Hangzhou, China). Mapping and SNP detection were performed via Breseq (Deatherage and Barrick, 2014). The regions containing the detected SNPs were amplified by PCR. The PCR products were sent to Biosune (Biosune, Hangzhou, China) for Sanger sequencing.

Transcriptome Analysis and Real-Time Quantitative PCR Verification

A. baumannii MDR-ZJ06 and ZJ06-200P5-1 were grown overnight at 37 °C in LB broth. Strains were subcultured 1/100 into fresh LB broth and grown at 37 °C for 2 h (OD600: 0.29 ± 0.02 for MDR-ZJ06, 0.26 ± 0.02 for ZJ06-200P5-1). The cells were collected at 4 °C, and the RNA was extracted using TRIZOL Reagent (Invitrogen, Carlsbad, CA, USA) after liquid nitrogen grinding. For RNA sequencing, wild type and mutants were sampled in triplicate. The subsequent RNA extraction, bacteria mRNA sequence library construction, transcriptome analysis and real-time quantitative PCR verification were performed by staff at Zhejiang Tianke (Hangzhou, China) as described previously in reference (Hua et al., 2014). Sequenced reads were mapped to the MDR-ZJ06 genome (CP001937-8) using Rockhopper (McClure et al., 2013). The output data was analyzed by edgeR (McCarthy et al., 2012). Data generated by RNA sequencing were deposited to the NCBI Sequence Read Archive with accession number SRR5234544 (the wild type) and SRR5234545 (the colistin resistant strain).

Proteomic Analysis

A. baumannii MDR-ZJ06 and ZJ06-200P5-1 were grown overnight at 37 °C in LB broth. Strains were subcultured 1/100 into fresh LB broth and grown at 37 °C for 2 h (OD600: 0.29 ± 0.02 for MDR-ZJ06, 0.26 ± 0.02 for ZJ06-200P5-1). The cells were collected at 4 °C and sent to Shanghai Applied Protein Technology Co. Ltd. The cell pellets were washed twice with PBS, and 500 μl SDT lysis buffer (4% SDS, 100 mM Tris-HCl, 1 mM DTT, pH 7.6) was added. After being sonicated for 2 mins on ice, the cells were centrifuged at 14,000 × g for 30 min at 4 °C. The protein concentration in the supernatant was determined by the BCA method.

In brief, 300 μg protein was added to 200 μl UA buffer (8 M urea, 150 mM Tris-HCl pH 8.0) and ultrafiltered (Sartorius, 10 kD) with UA buffer. To block reduced cysteine residues, 100 μl iodoacetamide (IAA) buffer (50 mM IAA in UA buffer) was added, centrifuged at 600 rpm for 1 min, and incubated for 30 min in the dark. The filter was washed twice with 100 μl UA buffer and twice with 100 μl Dissolution buffer (50 mM triethylammonium bicarbonate, pH 8.5). Finally, the proteins were digested with 2 μg trypsin (Promega) in 40 μl Dissolution buffer at 37 °C for 16–18 h. The peptides were collected as a filtrate, and its content was estimated at OD280.

For iTRAQ labeling, the peptides were labeled with the 4-plex iTRAQ reagent following the manufacturer's instructions (AB SCIEX). The peptides from MDR-ZJ06 were labeled with 114 and 116 isobaric reagents, and the peptides from ZJ06-200P5-1 were labeled with 115 and 117 isobaric reagents.

RP-HPCL online-coupled to MS/MS (LC-MS/MS) analysis of the iTRAQ-labeled peptides was performed on an EASY-nLC nanoflow LC system (Thermo Fisher Scientific) connected to an Orbitrap Elite hybrid mass spectrometer (Thermo Fisher Scientific). After the samples were reconstituted and acidified with buffer A (0.1% (v/v) formic acid in water), a set-up involving a pre-column and analytical column was used. The pre-column was a 2 cm EASY-column (100, 5 μm C18; Thermo Fisher Scientific), while the analytical column was a 10 cm EASY-column (75, 3 μm, C18; Thermo Fisher Scientific). The 120 min linear gradient from 0 to 100% buffer B (0.1% (v/v) formic acid and 80% acetonitrile) at a constant flow rate of 250 nl/min was as follows: 0–100 min, 0–35% buffer B; 100–108 min, 35–100% buffer B; 108–120 min, 100% buffer B. MS data were acquired using a data-dependent top 10 method, dynamically choosing the most abundant precursor ions from the survey scan (300–180 m/z) for HCD fragmentation. The Dynamic exclusion was set to a repeat count of 1 with a 30 s duration. Survey scans were acquired at a resolution of 30,000 at m/z 200, and the resolution for HCD spectra was set to 15,000 at m/z 200. The normalized collision energy was 35 eV, and the underfill ratio was defined as 0.1%.

The MS/MS spectra were searched using the MASCOT engine (Matrix Science, London, UK; version 2.2) against the A. baumannii MDR-ZJ06 FASTA database. False discovery rates (FDR) were calculated via running all spectra against the FASTA database using the MASCOT software. The following options were used to identify proteins: peptide mass tolerance = 20 ppm, fragment mass tolerance = 0.1 Da, Enzyme = Trypsin, Max missed cleavages = 2, Fixed modification: Carbamidomethyl (C), iTRAQ 4plex (N-term), iTRAQ 4plex (K), Variable modification: Oxidation (M). Quantification was performed based on the peak intensities of the reporter ions in the MS/MS spectra. The proteins were considered overexpressed when the iTRAQ ratio was above 1.5 and underexpressed when the iTRAQ ratio was lower than 0.67 (Wang et al., 2016). Functional classification of differentially expression genes were annotated using the KEGG databases. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (Vizcaino et al., 2016) partner repository with the dataset identifier PXD005265 and 10.6019/PXD005265. Reviewer account details: Username: reviewer54242@ebi.ac.uk; Password: zR8mE9wu.

Growth Rate Determination

Four independent cultures per strain were grown overnight, diluted to 1:1000 in MH and aliquots placed into a flat-bottom 100-well plate in four replicates. The plate was incubated at 37 °C with agitation. The OD600 of each culture was determined every 5 min for 16 h using a Bioscreen C MBR machine (Oy Growth Curves Ab Ltd., Finland). The growth rate was estimated based on OD600 curves using an R script (Fang et al., 2016).

RESULTS

Whole Genome Sequencing, Minimum Inhibitory Concentration and Growth Rate

The colistin-resistant mutant ZJ06-200P5-1 generated from the culture in CAMHB containing colistin was sent for whole genome sequencing. There was an ISAba1 insertion in lpxC in ZJ06-200P5-1 compared with the genome sequence of MDR-ZJ06 (Figure 1). The MIC of MDR-ZJ06 and ZJ06-200P5-1 were detected and listed in Table 1. The MIC for colistin increased from 0.38 mg/L (MDR-ZJ06) to >256 mg/L (ZJ06-200P5-1). However, ZJ06-200P5-1 showed higher sensitivity to multiple antibiotics: β-lactams, carbapenem, tetracycline, and ciprofloxacin, but not aminoglycosides. Furthermore, ZJ06-200P5-1 showed a lower growth rate (0.81 ± 0.05) than wild type.
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FIGURE 1. Whole genome sequencing revealed the colistin-resistance mechanism in A. baumannii ZJ06-200P5-1. The gene lpxC was intact in MDR-ZJ06, while in ZJ06-200P5-1, lpxC was inactivated by the insertion sequence ISAba1.




Table 1. Antibiotic susceptibility of A. baumannii MDR-ZJ06 and its colistin resistant mutant ZJ06-200P5-1.
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Transcriptome Analysis

The transcriptome analysis of ZJ06-200P5-1 and MDR-ZJ06 was performed by Illumina RNA deep sequencing technology. Cells of the two strains were collected in the early exponential phase. A total of 137 genes showed significant differential expression [log2(FoldChange) > 1 or log2(FoldChange) < −1], among which 48 genes were upregulated and 89 were downregulated (Table 2). Sixteen selected genes, three up-regulated and thirteen down-regulated genes, were well-validated by RT-qPCR (Figure 2). After mapping the differentially expressed genes into the KEGG pathway, we observed that genes involved in Energy metabolism and Amino acid metabolism were down-regulated, while Carbohydrate metabolism was up-regulated.


Table 2. Genes changed significantly in transcriptome.
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FIGURE 2. Validation of the RNA sequencing results. The transcriptomic results obtained by RNA-seq were validated by quantitative RT-PCR analysis. The differential expression of 16 genes was detected in this study. Three biology replicates were used in this experiment. The results were presented as expression in ZJ06-200P5-1, relative to MDR-ZJ06. The reference gene rpoB was used for inter-sample normalization. Error bars denote standard deviation.



iTRAQ

A total of 1582 proteins were identified in the iTRAQ experiment. A protein ratio >1.5 or <0.67 (p <0.05) was considered to be differentially expressed. After filtration, 82 differentially expressed proteins were identified between ZJ06-200P5-1 and MDR-ZJ06. The detailed information is shown in Table 3.


Table 3. Genes changed significantly in proteome.
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The expression of AdeABC was up-regulated in the LPS-loss ZJ06-200P5-1 strain. The AdeABC efflux pump confers resistance to various antibiotics classes. The expression of AdeABC genes was increased approximately two-fold in ZJ06-200P5-1 (Figure 3A). However, ZJ06-200P5-1 showed higher susceptibility to multiple antibiotics than MDR-ZJ06 (Table 1).
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FIGURE 3. ITRAQ analysis showed that AdeABC were up-regulated, and the fatty acid biosynthesis pathway was down-regulated in ZJ06-200P5-1. (A) AdeABC efflux pump, (B) fatty acid biosynthesis pathway. Green shows genes with significantly reduced expression levels, and red shows genes with significantly increased expression levels.



The fatty acid biosynthesis pathway was down-regulated in the ZJ06-200P5-1 strain (Figure 3B). The expression of FabZ was decreased by approximately two-fold in ZJ06-200P5-1. The β-lactamases blaOXA−23 and blaADC−25 were down-regulated in ZJ06-200P5-1 strain. The expression levels of blaOXA−23 and blaADC−25 were decreased two- to four-fold in ZJ06-200P5-1.

Common Genes Altered Expression in Both Transcriptome and Proteome

A total of 15 differentially expressed genes (or proteins) were identified in both transcriptome and proteome (Table 4). Among them, three genes were both up-regulated, and nine genes were both down-regulated. Although there was correlation between transcriptome and proteome data, the absolute expression difference values in transcriptome data was higher than those in proteome data. In addition, the result of three gene/proteins were contradictory (highlighted in red letters in Table 4). The contradictory result might be caused by post-transcriptional regulation.


Table 4. Common genes altered expression both in transcriptome and proteome.
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DISCUSSION

Due to the limitation of antimicrobial agents in clinical use, it is urgent to extend our understanding of the emergence of colistin resistance in A. baumannii. A. baumannii MDR-ZJ06, a multidrug-resistant clinical strain isolated from bloodstream, has been sequenced and was considered an ideal strain for examining the colistin-resistant mechanism in A. baumannii (Zhou et al., 2011). In this study, colistin-resistant strain was rapidly obtained, and its resistance mechanism was LPS loss caused by ISAba1 insertion in lpxC. This result confirmed a previous finding (Moffatt et al., 2010). The rapid isolation of colistin-resistant mutant from multiple drug-resistant A. baumannii indicated a high risk of A. baumannii evolving resistance to colistin in clinical use.

We successfully detected the whole transcriptional profile of A. baumannii strain MDR-ZJ06 and its colistin-resistant mutant ZJ06-200P5-1 via Illumina RNA-sequencing. In another transcriptome study (Henry et al., 2012), A. baumannii ATCC 19606 and its lpxA mutant were used. Although both the lpxC and lpxA mutation lead to LPS loss, the different transcriptional response may be due to differences in the strain genetic background and the resistant mutation. In transcriptional analysis, we observed that genes involved in Energy metabolism and Amino acid metabolism were down-regulated, while Carbohydrate metabolism was up-regulated.

The expression of AdeABC was up-regulated in the LPS-loss ZJ06-200P5-1 strain. Similar results were also observed in all polymyxin-treated samples (Cheah et al., 2016a). In addition, the expression levels of adeIJK and macAB-tolC were up-regulated in the LPS loss mutant (Henry et al., 2012). Increased expression of the RND efflux pump system (AdeABC) was a common finding across all experiments in colistin exposure. The up-regulation of AdeABC indicated the diminished integrity and barrier function of the outer membrane in colistin-resistant A. baumannii (Henry et al., 2015; Cheah et al., 2016a). However, ZJ06-200P5-1 showed higher susceptibility to multiple antibiotics than MDR-ZJ06. The higher susceptibility might result from the higher outer membrane permeability of ZJ06-200P5-1 due to LPS-loss. The increased expression of the efflux pump was thought to be a response to toxic substances that accumulated in the cells due to the increased membrane permeability (Henry et al., 2012).

The fatty acid biosynthesis pathway was down-regulated in the ZJ06-200P5-1 strain. In E. coli, it is important to balance LPS and fatty acid biosynthesis to maintain cell integrity. FabZ, which dehydrates R-3-hydroxymyristoyl-acyl carrier protein in fatty acid biosynthesis, plays an important role in rebalancing lipid A and fatty acid homeostasis (Bojkovic et al., 2016). The decrease in FabZ was considered to be a response to LPS-loss in ZJ06-200P5-1. The β-lactamases blaOXA−23 and blaADC−25 were down-regulated in the ZJ06-200P5-1 strain. Decreased expression levels of blaOXA−23 and blaADC−25 were also observed in A. baumannii MDR-ZJ06 under a subinhibitory concentration of tigecycline (Hua et al., 2014). Meanwhile, the strain under tigecycline stress showed a lower MIC of ceftazidime (Hua et al., 2014). The decrease in blaOXA−23 and blaADC−25 might contribute to the increased sensitivity to β-lactam antimicrobial agents.

A multi-omics approach was adopted to obtain a more global view of colistin-resistant A. baumannii. Genomic analysis showed that lpxC was inactivated by ISAba1 insertion, leading to LPS loss. Transcriptional analysis demonstrated that the colistin-resistant strain regulated its metabolism. Metabolic change and LPS loss were concomitant. Proteomic analysis suggested increased expression of the RND efflux pump system and the down-regulation of FabZ and β-lactamase. These alterations are believed to be responses to LPS loss. Together, the lpxC mutation not only confirmed colistin resistance but also altered global gene expression.

Nucleotide Sequence Accession Numbers

The whole-genome shotgun sequencing results for A. baumannii ZJ06-200P5-1 have been deposited at DDBJ/EMBL/GenBank under the accession number MIFW00000000.
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Conjugation is a key mechanism for horizontal gene transfer and plays an important role in bacterial evolution, especially with respect to antibiotic resistance. However, little is known about the role of donor and recipient cells in regulation of conjugation. Here, using an Escherichia coli (SM10λπ)-Pseudomonas aeruginosa (PAO1) conjugation model, we demonstrated that deficiency of lasI/rhlI, genes associated with generation of the quorum sensing signals N-acyl homoserine lactones (AHLs) in PAO1, or deletion of the AHLs receptor SdiA in the donor SM10λπ both facilitated conjugation. When using another AHLs-non-producing E. coli strain EC600 as recipient cells, deficiency of sdiA in donor SM10λπ hardly affect the conjugation. More importantly, in the presence of exogenous AHLs, the conjugation efficiency between SM10λπ and EC600 was dramatically decreased, while deficiency of sdiA in SM10λπ attenuated AHLs-inhibited conjugation. These data suggest the conjugation suppression function of AHLs-SdiA chemical signaling. Further bioinformatics analysis, β-galactosidase reporter system and electrophoretic mobility shift assays characterized the binding site of SdiA on the promoter region of traI gene. Furthermore, deletion of lasI/rhlI or sdiA promoted traI mRNA expression in SM10λπ and PAO1 co-culture system, which was abrogated by AHLs. Collectively, our results provide new insight into an important contribution of quorum sensing system AHLs-SdiA to the networks that regulate conjugation.
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INTRODUCTION

The acquisition of antibiotic resistance by pathogenic microorganisms is a threat to public health worldwide. Horizontal gene transfer, especially conjugative transfer of plasmids that carry resistance genes, is the primary cause of bacterial antibiotic resistance and—on the larger scale—bacterial evolution (Zatyka and Thomas, 1998; Arthur et al., 2011). The self-transmissible plasmids, such as the well-studied fertility F-plasmids and IncP plasmid RP4 (also known as RK2), generally present a mobilization (MOB) region which includes the origin of transfer (oriT) and the relaxase gene. The relaxase, identified as being TraI in RP4, initiates conjugation by cleaving the oriT in a site- and strand-specific manner (Carballeira et al., 2014). Other plasmids, termed mobilizable, are incapable of initiating conjugation, but can transfer by using the conjugative apparatus of another plasmid (Zatyka and Thomas, 1998). Mobilizable plasmids are more frequently found in natural environment; therefore, replication and mobilization can be considered as important mechanisms that influence plasmid promiscuity (Fernández-López et al., 2014).

Many Gram-negative bacteria utilize N-acyl homoserine lactones (AHLs) as signal molecules to enable individual bacteria to coordinate their behavior in populations; such quorum sensing (QS) enables bacteria to not only sense members of their own species but other species as well (Smith et al., 2011). The essential constituents of QS include a signal producer, or synthase, and a cognate transcriptional regulator that responds to the accumulated signal molecules (Bassler and Losick, 2006). The opportunistic animal and plant pathogen Pseudomonas aeruginosa possesses one of the best-studied models of QS, and two different AHL systems, las and rhl, have been identified (Wagner et al., 2003). In the las QS system, the lasI gene product directs formation of the diffusible extracellular signal N-(3-oxododecanoyl)-L-HSL (3-oxo-C12-HSL), which interacts with LasR to activate a number of virulence genes including the LasA and LasB elastases, exotoxinA, and alkaline protease (Toder et al., 1991; Gambello et al., 1993; Jones et al., 1993; Passador et al., 1993). In the rhl system, the rhlI gene product catalyzes the synthesis of N-butanoyl-L-HSL (C4-HSL). This diffusible signaling molecule, together with RhlR, activates directly some virulence genes like those encoding rhamnolipids and pyocyanin, and represses those genes responsible for assembly and function of the type III secretion system (Bleves et al., 2005; Jimenez et al., 2012). Besides the fact that the las and rhl systems are hierarchically connected, both rhlR and rhlI are positively regulated by the las system (Wagner et al., 2003). The roles of QS in diverse biological processes, such as virulence, biofilm formation and metabolism in P. aeruginosa have attracted research attention (Pearson et al., 1994; Hassett et al., 1999; Whiteley et al., 1999; García-Contreras, 2016). However, as the cell-to-cell communication system, the influence of QS on inter-species conjugation remains largely unknown.

Some organisms, such as Escherichia, Klebsiella, Salmonella and Shigella lack AHL synthase and therefore do not produce AHLs; however, they possess a LuxR homolog known as SdiA that can bind AHLs produced by other microorganisms and affect gene expression(Smith and Ahmer, 2003; Yao et al., 2006; Sabag-Daigle et al., 2015). Case et al. described the phenomenon of non-AHLs-producing microorganisms binding and utilizing AHLs produced by other organisms as eavesdropping (Case et al., 2008). Although SdiA can bind to DNA and regulate transcription in the absence of AHLs, the structural studies of SdiA suggest a double mode of action for AHLs on SdiA activity, by increasing both protein stability and DNA-binding affinity (Nguyen et al., 2015; Ishihama et al., 2016). Besides, a neighbor-joining tree analysis revealed that SdiA of E. coli did not cluster with the LuxR homologs found in other enterobacterial species, but was closely related to the RhlR of P. aeruginosa (Gray and Garey, 2001).

Herein, we clarified the effect of QS on conjugation and investigated the underlying mechanisms by employing a mobilizable plasmid and E. coli-P. aeruginosa conjugation model. We found that QS signal molecules produced by P. aeruginosa inhibited interspecies conjugation by activating E. coli SdiA, resulting in decreased mRNA expression of traI in E. coli. Blockade of AHL-SdiA signaling using strains deficient in lasI, rhlI or sdiA significantly enhanced conjugative transfer. These findings provide new insight into the regulatory networks of conjugation, and offer novel potential targets for antibiotic resistance.

MATERIALS AND METHODS

Bacterial Strains, Plasmids, and Growth Conditions

The bacterial strains and plasmids used in this study are listed in Table 1. Bacteria were grown in Lysogeny Broth (LB) medium or on LB plates containing 1.5% agar unless otherwise indicated. If required, antibiotics were added at the following final concentrations: ampicillin (Amp, 100 μg/mL), gentamycin (Gm, 30 μg/mL), chloramphenicol (Cm, 20 μg/mL), kanamycin (Kan, 50 μg/mL) and rifampicin (Rif, 50 μg/mL).


Table 1. Bacterial strains and plasmids.
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Growth Curves

The indicated bacterial strains were cultured in LB overnight (8~10 h) at 37°C, then diluted to 0.5 MCF (McFarland standard) and 3 mL cultures were grown at 37°C with shaking at 200 rpm. The samples were collected at the indicated time points and the OD600 values were determined.

Plasmid Construction

The plasmid pUCP24T was constructed by inserting the oriT fragment into pUCP24 (West et al., 1994), which contains a gene cassette (aacC1) conferring gentamycin resistance in recipient cells. As a result, pUCP24T is not able to transfer on its own, but can transfer by using the conjugative apparatus of E. coli SM10λπ. Details of construction of the plasmids used to delete sdiA gene or express SdiA are described in the Supporting Materials and Methods.

Construction of PAO1 lasI or rhlI and E. coli SM10λπ sdiA Deficient Mutants

The phage λ Red recombination system was employed for sdiA deletion in E. coli SM10λπ, while the sacB-based suicide vector system was adapted for knockout of lasI or rhlI in PAO1 (Zeng et al., 2016); further details are provided in the Supporting Materials and Methods.

Conjugation Experiments

For the conjugation assays, the same amount (0.5 × 107 CFU/mL, counted using the Sysmex UF-1000i™ Automated Urine Particle Analyzer; Tokyo, Japan) of mid-logarithmic phase donor (E. coli SM10λπ harboring plasmid pUCP24T) and recipient cells (PAO1 or EC600) were mixed in 200 μL LB with or without the indicated HSLs in 96-well plates. After 6 h mating at 37°C, the cultures were vigorously mixed and 30 μL aliquots of each conjugation mixture were spread on LB agar containing 30 μg/mL Gm plus 100 μg/mL Amp for SM10λπ-PAO1 or 30 μg/mL Gm plus 50 μg/mL Rif for SM10λπ-EC600 transconjugants. The numbers of transconjugant colonies were counted after overnight incubation at 37°C.

Quantification of HSLs by HPLc-MS/MS

Supernatants of PAO1, PAO1ΔlasI, and PAO1ΔrhlI cultures were collected for HPLC-MS/MS detection of HSLs; full details are provided in the Supporting Materials and Methods.

β-Galactosidase Assays

β-Galactosidase activities were performed on cells in the mid-log phase of growth according to the modified Miller's method (Giacomini et al., 1992). All tests were performed in triplicate.

Electrophoretic Mobility Shift Assays (EMSA)

His-SdiA fusion protein was expressed in E. coli BL21 (DE3) and purified via Ni-chelating affinity chromatography. Gel shift assays were carried out using the Lightshift Chemiluminescent EMSA kit according to the manufacturer's instructions (Thermo Scientific, Waltham, MA, USA), details are provided in the Supporting Materials and Methods.

Real-Time PCR

Total RNA was extracted using total RNA isolation reagent (Promega, Madison, WI, USA). Reverse transcription (1 μg of total RNA) was performed with the PrimeScript RT reagent Kit (Takara, Dalian, Liaoning, China). The cDNA was subjected to qPCR on a ViiA™ 7 Dx system (Applied Biosystems, Foster, CA, USA) using SYBR Green qPCR Master Mixes (ThermoFisher Scientific). The expression levels of the target genes were normalized to the expression of the internal control gene (rpoD), using the 2−ΔΔCt method. The sequences of the primers are listed in Table S1.

Statistical Analysis

Data are expressed as the mean ± standard error of the mean (SEM) of at least three independent experiments. The differences between groups were analyzed using the Student's t-test when two groups were compared or one-way ANOVA when more than two groups were compared. All analyses were performed using GraphPad Prism, version 5 (GraphPad Software, Inc., San Diego, CA, USA). All statistical tests were two-sided; P < 0.05 was considered statistically significant.

RESULTS

Deficiency of lasI or rhlI in P. aeruginosa Promotes SM10λπ-PAO1 Conjugation

To elucidate the biological significance of the QS system in P. aeruginosa conjugation, we first constructed lasI or rhlI single gene-deficient mutants, named PAO1ΔlasI and PAO1ΔrhlI, respectively. In P. aeruginosa, lasI catalyzes the formation of 3-oxo-C12-HSL, which positively regulates the expression of RhlI. RhlI directs the synthesis of C4-HSL, which subsequently regulates pyocyanin production (O'Loughlin et al., 2013). In this study, despite the existence of rhlI in the genome of PAO1ΔlasI, both 3-oxo-C12-HSL and C4-HSL were barely detectable in the conditioned medium of this mutant strain using HPLC-MS/MS analysis. For PAO1ΔrhlI, the deficiency of rhlI in the genome led to an absence of C4-HSL in the conditioned medium of this mutant strain, whereas lasI and its product 3-oxo-C12-HSL were present at similar levels as the WT strain (Figure 1A and Figure S1). Furthermore, as a result of mutation of the QS system, both PAO1ΔlasI and PAO1ΔrhlI lost the ability to express pyocyanin, which could be rescued by exogenous addition of 3-oxo-C12-HSL or C4-HSL (Figure 1B). Taken together, these results confirmed the successful creation of PAO1 strains deficient in lasI or rhlI.
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FIGURE 1. The quorum sensing system of P. aeruginosa inhibits conjugation between P. aeruginosa and E. coli. (A) Deficiency of the AHLs synthase genes rhlI or lasI in P. aeruginosa (PAO1) resulted in the absence of C4-HSL or both 3-oxo-C12-HSL and C4-HSL, respectively. The 3-oxo-C12-HSL and C4-HSL in the cell-free supernatants were extracted with ethyl acetate and redissolved in methanol, followed by HPLC-MS/MS analysis. (B) Deficiency of lasI or rhlI in P. aeruginosa abolished production of the downstream toxin of rhlI system pyocyanin. PAO1, PAO1ΔlasI and PAO1ΔrhlI were cultured in the presence or absence of 3-oxo-C12-HSL or C4-HSL as indicated for 30 h. (C) Deficiency of lasI or rhlI in P. aeruginosa significantly promoted SM10λπ-PAO1 conjugation; this effect could be abrogated by supplementation with exogenous 3-oxo-C12-HSL or C4-HSL. SM10λπ and PAO1 (107 CFU/mL each) were mated at 37°C for 6 h in the presence or absence of 40 μM of C4-HSL or 3-oxo-C12-HSL. Ctrl, control; C12, 3-oxo-C12-HSL; C4, C4-HSL. Values are mean ± SEM of at least three independent experiments; ***P < 0.001.



We subsequently examined the growth and conjugation ability of PAO1ΔlasI and PAO1ΔrhlI. Compared to the WT strain, deficiency of lasI or rhlI hardly affected the growth of PAO1 (Figure S2), but significantly promoted SM10λπ-PAO1 conjugation (Figure 1C). Furthermore, exogenous 3-oxo-C12-HSL or C4-HSL attenuated the interspecies conjugation ability of PAO1ΔlasI and PAO1ΔrhlI (Figure 1C). What's more, we counted the amount of donor SM10λπ after co-culture with PAO1, PAO1ΔlasI or PAO1ΔrhlI, and found that there is no difference among the three groups (Figure S3), indicted that the observed effect of quorum sensing on conjugation efficiency was not due to the growth suppressive effect on SM10λπ. These data suggested that the QS system may negatively regulate SM10λπ-PAO1 conjugation.

The Quorum Sensing System of P. aeruginosa Inhibits Conjugation by Activating SdiA of E. coli

It is well recognized that AHLsq regulate gene transcription via binding to their receptor proteins (LuxR-like proteins). In this conjugation model, in contrast to the recipient cells PAO1, the donor E. coli SM10λπ cells lack AHL synthase and therefore do not produce AHLs; however, these cells produce a LuxR homolog known as SdiA that can bind AHLs produced by other bacterial species to regulate gene transcription. Given that the conjugative apparatus exist in donor cells, we speculated that P. aeruginosa-released AHLs may act on SdiA of E. coli. To assess whether SdiA of E. coli is involved in the ability of P. aeruginosa's AHLs to inhibit E. coli-P. aeruginosa conjugation, we constructed the sdiA deficient mutant SM10λπΔsdiA. As expected, deficiency of sdiA in SM10λπ significantly enhanced E. coli-P. aeruginosa conjugation, whereas overexpression of SdiA reversed the phenotype (Figure 2A). However, when using a AHLs-non-producing E. coli strain EC600 as the recipient cell, SM10λπΔsdiA did not increase conjugation ability compared to the WT strain (Figure 2B). More importantly, the conjugation efficiency of SM10λπ and EC600 significantly decreased in the presence of exogenous 3-oxo-C12-HSL and C4-HSL, while sdiA deletion in SM10λπ abrogated the effects of AHLs on conjugation (Figure 2B), suggesting the inhibitory effect of SdiA on E. coli-P. aeruginosa or SM10λπ-EC600 conjugation is dependent on the presence of AHLs. In addition, growth curves demonstrated that deficiency of sdiA in E. coli had no influence on cell proliferation (Figures S4, S5), confirming that the regulatory function of SdiA in conjugation in this model was not due to an altered growth rate.
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FIGURE 2. AHL inhibits SM10λπ-PAO1 conjugation via a mechanism dependent on SdiA of E. coli. (A) Deficiency of sdiA in E. coli significantly promoted SM10λπ-PAO1 conjugation. E. coli SM10λπ and P. aeruginosa PAO1 (107 CFU/mL each) were mated at 37°C for 6 h. (B) Deficiency of sdiA in SM10λπ did not significantly affect SM10λπ-EC600 conjugation, but could rescue 3-oxo-C12-HSL and C4-HSL (C4/12)-inhibited conjugation. SM10λπ was cultured in the presence of DMSO or 40 μM C4-HSL and 3-oxo-C12-HSL for 6 h, followed by conjugation with EC600. Values are mean ± SEM of at least three independent experiments; ns, not significant, ***P < 0.001.



Collectively, these data imply that AHLs produced by PAO1 may repress SM10λπ-PAO1 conjugation through binding to SdiA of E. coli.

The Interaction between P. aeruginosa HSL and E. coli SdiA Inhibits the Expression of traI in E. coli

Mechanisms behind transcription regulation function of SdiA is being disclosed, it seems that genes with specific DNA sequences (SdiA-box) 5′-AAAAG(N8)GAAAA-3′ in the promoter region may be the potential targets of SdiA (Yamamoto et al., 2001). In view of the presence of SdiA-box in the promoter of many SdiA-regulated genes in our bioinformatics analysis (Table S2), we computationally mapped the DNA sequence in the RP4 plasmid to search for conjugation-related genes potentially regulated by SdiA. An SdiA-box sequence (5′-AAGAGcgattgagGAAAA-3′) was identified −317 bp upstream of the traI start codon (Figure S6). Subsequently, EMSA assays confirmed the interaction between SdiA and the predicted SdiA-box of the traI promoter in vitro (Figures 3A,B). We therefore further evaluated the role of SdiA in the regulation of traI transcription. DNA fragments of traI promoter carrying the predicted SdiA-box was cloned upstream of the β -galactosidase gene in the pQF50-promoter reporter. When transformed into BW25113 (another E. coli strain without endogenous β-galactosidase compared to SM10λπ), the β-galactosidase activity of pQF50-traI was greatly elevated, compared to that of the control, while addition of 3-oxo-C12-HSL and C4-HSL impaired this activity, which was severely attenuated when the sdiA was deleted (Figure 3B). Intriguing, when AHLs was absent, deletion of sdiA hardly affected β-galactosidase activity of pQF50-traI (Figure 3B), this is consistent with the phenotype shown in Figure 2. Compared with the WT strain, SM10λπΔsdiA showed higher mRNA expression of traI when cultured with PAO1 (Figure 3C). On the other hand, in the SM10λπ-PAO1 co-culture system, deficiency of lasI or rhlI in PAO1 also led to enhanced expression of traI (Figure 3D), while supplementation with exogenous 3-oxo-C12-HSL and C4-HSL significantly repressed traI expression (Figure 3E). These results suggest that repressing traI expression in the donor cells may be a critical mechanism behind the inhibitory effect of the AHLs on conjugation.
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FIGURE 3. The AHL-SdiA interaction represses the expression of TraI in E. coli. (A) EMSA verified the interaction of SdiA protein with the putative SdiA-box of the traI promoter. Biotin-labeled SdiA-box (50 fmol) was added to each reaction with 0, 2, 4, 8, or 16 pmol E. coli His-SdiA fusion protein (lane 1 to lane 5, respectively). The specificity analysis (lane 6 to lane 11) was performed in the presence (−) or absence (+) of His-SdiA fusion protein (8 pmol) and biotin-labeled SdiA-box (50 fmol, lanes 7), 200-fold unlabeled SdiA-box (lanes 8), anti-His antibody (lanes 9), or 200-fold SdiA-box full or spacer mutant competitors (lane 10, 11). (B) Activity of β-galactosidase reporters containing the predicted SdiA-box in genomic regions upstream of traI under various conditions. E.coli BW25113 or E.coli BW25113ΔsdiA were cultured with SM10λπ in the presence of DMSO (Ctrl) or 40 μM C4-HSL and 3-oxo-C12-HSL for 6 h, followed by β-galactosidase activity analysis. (C) Deficiency of sdiA promoted traI expression in E. coli. (D) Deficiency of lasI/rhlI promoted traI expression in E. coli. For (C,D), 107 CFU/mL (each) of the indicated E. coli donor and recipient P. aeruginosa cells were mated at 37°C for 6 h, followed by real-time PCR analysis. The rpoD gene of E. coli was used as an internal control. (E) Exogenous 3-oxo-C12-HSL or C4-HSL inhibited traI expression in E. coli. PAO1ΔlasI or PAO1ΔrhlI were cultured with SM10λπ in the presence of DMSO (Ctrl) or 40 μM C4-HSL and 3-oxo-C12-HSL for 6 h, followed by real-time PCR analysis. The rpoD gene of E. coli was used as an internal control. Ctrl, control; C12, 3-oxo-C12-HSL; C4, C4-HSL. Values are mean ± SEM of at least three independent experiments; *P < 0.05; **P < 0.01; ***P < 0.001.



In summary, we disclosed the cooperative effect of AHLs produced by recipient P. aeruginosa cells and SdiA of donor E. coli cells in the conjugation regulation. These findings indicate that QS may inhibit conjugation and prevent the excessive dissemination of plasmid.

DISCUSSION

Most recent publications in this field have focused on the regulatory function of QS in virulence and biofilm formation. Here, using E. coli (SM10λπ) as donor cells and AHLs-producing P. aeruginosa (PAO1) or non-AHLs producing E. coli (EC600) as recipient cells, we identified a conjugation-inhibitory effect for QS based on the following evidence. First, for SM10λπ and PAO1 co-culture system in which AHLs is normally self-sustained, deficiency of the AHLs-producing genes lasI or rhlI in PAO1 or the solo AHLs receptor SdiA in SM10λπ promoted SM10λπ-PAO1 conjugation, while supplementation with exogenous 3-oxo-C12-HSL or C4-HSL abrogated the enhanced conjugation ability of PAO1ΔlasI and PAO1ΔrhlI. On the other hand, for both non-AHLs producing SM10λπ and EC600 mixed cultures, stimulation with exogenous 3-oxo-C12-HSL and C4-HSL inhibited conjugation, while deletion of sdiA in SM10λπ attenuated this effect. Conventionally, conjugation is considered to be mainly regulated by the self-transmissible plasmids. While our results indicate that QS system of donor and recipient cells may play a role in conjugation regulation.

Conjugation enables the dissemination of virulence genes and antibiotic resistance genes, which leads to the adaption of bacteria to new circumstances (Norman et al., 2009). Therefore, the ability to inhibit conjugation may be a potentially efficacious strategy for avoiding the spread of resistance traits. Here, we demonstrate that AHL-SdiA is capable of suppressing conjugation. Most SdiA-expression bacteria, such as Escherichia, Salmonella and Shigella are enterobacteria, while many biological evidences suggest a lack of HSLs in the normal mammalian intestine (Swearingen et al., 2013), despite the presence of AHLs in bovine rumen (Hughes et al., 2010). Thus, although P. aeruginosa could be detected in stool sample in our clinical microbiology laboratory, future studies are needed to illuminate the role of AHL-SdiA signaling in pathogenic bacteria communities within the gastrointestinal tract.

To date, many SdiA regulon members have been described (Kanamaru et al., 2000; Wei et al., 2001; Dyszel et al., 2010; Sabag-Daigle et al., 2015). Here we report the identification of SdiA-regulated and AHL-responsive gene traI in the plasmid RP4. TraI is reported to function as a relaxase enzyme that creates a nick at the oriT of conjugative plasmids, which is required to initiate conjugation (Furuya and Komano, 2000). We discovered a DNA motif recognized by SdiA in the promoter region of the traI gene in the plasmid RP4, and the interaction between SdiA and the predicted SdiA-box was validated in vitro using an EMSA. However, some SdiA-regulated genes do not have this particular SdiA-box (Dyszel et al., 2010; Swearingen et al., 2013; Abed et al., 2014; Nguyen et al., 2015), there may be other conjugation-related genes repressed by AHL-SdiA. Moreover, the EMSA was performed without addition of AHLs, so it seems that high concentration of SdiA could bind to traI promoter in the absence of AHLs in vitro (Figure 3A), however, the reporter system (Figure 3B) and conjugation experiment (Figure 2B) showed that in the absence of AHLs, deletion of sdiA hardly affected the promoter activity of traI, as well as conjugation frequency in vivo. Thus, we proposed AHLs may increase both SdiA protein stability and traI promoter-binding affinity to repress traI expression.

Despite the advantages of conjugation for bacteria, the introduction of novel genes into the pre-existing, well-tuned genetic background is a source of genetic conflict, and possession of the conjugation-associated machinery also places a burden on the host arising from the energy expended to create and maintain the conjugative apparatus and its associated features (Zatyka and Thomas, 1998; Baltrus, 2013; San Millan et al., 2015). This raises the question of how host bacteria minimize the metabolic cost while obtaining the benefits provided by conjugation. In this study, we found that under normal conditions, when mobilizable plasmid containing a resistance gene was not required by PAO1 (Table S3), conjugation between SM10λπ and PAO1 was inhibited via the LasI/RhlI-HSL-SdiA pathway. These findings reveal that QS system may play a role in protecting host cells against external conjugative plasmids.

Utilizing ecological data from 2801 samples, Freilich et al. explored the ubiquitous competitive and cooperative interactions between the bacteria within natural communities (Freilich et al., 2011). Nonetheless, revealing more detail of the strategies bacteria adopt for survival in mixed cultures remains a major challenge. The E. coli-P. aeruginosa conjugation model has been widely used in studies of bacterial conjugation, and the most prevalent donor strain is E. coli SMλπ in which the RP4 plasmid is chromosomally-integrated. Thus, conjugation-associated genes, such as traI initially only exist in and are expressed by the E. coli (SM10λπ) cells, similarly rhlI and lasI are only expressed by PAO1. This makes it easy to detect the expression of these genes in E. coli (SM10λπ) and PAO1, specifically in mixed-cultures. Using this co-culture system, we found that LasI/RhlI and SdiA jointly repressed traI expression in E. coli and inhibited SM10λπ-PAO1 conjugation, indicating that the QS system may provide a mechanism of cooperative regulation between bacteria.

In conclusion, the findings of this study highlight the regulatory role for the QS system in conjugation, and expand our understanding of the bacterial communication and defense systems of P. aeruginosa.
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The worldwide increase in the emergence of carbapenem resistant Acinetobacter baumannii (CRAB) calls for the investigation into alternative approaches for treatment. This study aims to evaluate colistin-carbapenem combinations against Acinetobacter spp., in order to potentially reduce the need for high concentrations of antibiotics in therapy. This study was conducted on 100 non-duplicate Acinetobacter isolates that were collected from different patients admitted at Saint George Hospital-University Medical Center in Beirut. The isolates were identified using API 20NE strips, which contain the necessary agents to cover a panel of biochemical tests, and confirmed by PCR amplification of blaOXA−51−like. Activities of colistin, meropenem and imipenem against Acinetobacter isolates were determined by ETEST and microdilution methods, and interpreted according to the guidelines of the Clinical and Laboratory Standards Institute. In addition, PCR amplifications of the most common beta lactamases contributing to carbapenem resistance were performed. Tri locus PCR–typing was also performed to determine the international clonality of the isolates. Checkerboard, ETEST and time kill curves were then performed to determine the effect of the colistin-carbapenem combinations. The synergistic potential of the combination was then determined by calculating the Fractional Inhibitory Concentration Index (FICI), which is an index that indicates additivity, synergism, or antagonism between the antimicrobial agents. In this study, 84% of the isolates were resistant to meropenem, 78% to imipenem, and only one strain was resistant to colistin. 79% of the isolates harbored blaOXA−23−like and pertained to the International Clone II. An additive effect for the colistin-carbapenem combination was observed using all three methods. The combination of colistin-meropenem showed better effects as compared to colistin-imipenem (p < 0.05). The colistin-meropenem and colistin-imipenem combinations also showed a decrease of 2.6 and 2.8-fold, respectively in the MIC of colistin (p < 0.001). Time kill assays additionally showed synergistic effects for a few isolates, and no bacterial re-growth was detected following a 24 h incubation. Our study showed that the combination of colistin with carbapenems could be a promising antimicrobial strategy in treating CRAB infections and potentially lowering colistin toxicity related to higher doses used in colistin monotherapy.

Keywords: Acinetobacter spp, Checkerboard, time kill curve, perpendicular Etest, International clone

INTRODUCTION

Acinetobacter spp. are organisms that could be found almost ubiquitously in nature. However, some species, especially Acinetobacter baumannii and its closely related species, have a great clinical significance in hospital environments since they are often associated with outbreaks and nosocomial infections (Towner, 2009; Howard et al., 2012). Multi-Drug Resistant (MDR) Acinetobacter baumannii is being increasingly implicated with infecting critically ill patients. The emergence of Carbapenem Resistant Acinetobacter baumannii (CRAB) strains and their detection in several regions across the world makes their treatment increasingly challenging (Towner, 2009; Howard et al., 2012).

A wide range of broad-spectrum antimicrobial agents have been used in the treatment of infections caused by MDR organisms. Of these agents, carbapenems are often resorted to due to their low toxicity and high efficacy (El-Herte et al., 2012). Nonetheless, the overuse and misuse of carbapenems led to an increase in resistance rates against this potent class of antimicrobial agents (El-Herte et al., 2012).

A. baumannii has several innate mechanisms of antibiotic resistance and a heightened ability to acquire resistance to numerous antimicrobial agents. This has led to the emergence of resistance among A. baumannii clinical isolates to a wide range of antimicrobial agents, including carbapenems (Howard et al., 2012). Oxacillinases (OXAs) are the most common cause of carbapenem resistance among this species. The intrinsic OXA-51-like is a chromosomally encoded beta-lactamase present in all A. baumannii isolates. Although this enzyme by itself does not convey carbapenem resistance, the association of its gene with an insertion sequence drives its over expression and leads to carbapenem resistance (Evans and Amyes, 2014). However, the main cause of carbapenem resistance is the acquisition of other types of oxacillinases (Howard et al., 2012). OXA-23-like, OXA-24-like, OXA-58-like, as well as the recently discovered OXA-143-like and OXA-235-like, are globally associated with the emergence of CRAB (Al Atrouni et al., 2016). Among these OXA families, OXA-23-like was found to be the most prevalent enzyme associated with CRAB infections in Lebanon. OXA-24-like and OXA-58-like have also been reported in this country, but at lower rates (Zarrilli et al., 2008; Al Atrouni et al., 2016). Similar to what is being reported all around the world, CRAB rates are being increasingly reported in Lebanon (Chamoun et al., 2016; Schultz et al., 2016). One Lebanese study showed an increase in the incidence of CRAB isolates from 50.8% in 2011 to 76.5% in 2015 (Al Atrouni et al., 2016; Chamoun et al., 2016). Moreover, International Clone II (ICII) was shown to be the most disseminated clone in this country (Al Atrouni et al., 2016; Schultz et al., 2016).

The high carbapenem resistance rates pose serious therapeutic and infection control challenges, especially since they are associated with high mortality rates and an increase in hospital stay (Zilberberg et al., 2016). Moreover, the lack of effective antibiotics against CRAB isolates led to the re-use of colistin (Neonakis et al., 2011). Colistin (polymyxin E) is a bactericidal antimicrobial agent that was reported to have relatively high levels of toxicity (Bialvaei and Samadi Kafil, 2015). Clinically, two types of colistin are available: Colistin sulfate and colistimethate, which is an inactive form of the drug that is converted to colistin sulfate after hydrolysis (Lim et al., 2010; Bialvaei and Samadi Kafil, 2015; Gurjar, 2015). Though data regarding the pharmacodynamic and pharmacokinetic properties of colistin is scarce, one study from Saudi Arabia showed that 76.1% of the patients treated with high doses of colistimethate developed acute kidney injury (Gurjar, 2015; Omrani et al., 2015). Neurotoxicity during aerolized colistin therapy has also been reported among 2.7% of patients suffering from ventilator associated pneumonia (Abdellatif et al., 2016).

Colistin has shown good in vitro activity against gram negative bacilli, including A. baumannii. However, resistance to colistin is emerging all across the globe (Ahmed et al., 2016). Colistin resistance in A. baumannii has been traced back to the loss or modifications of the Lipopolysaccharide (LPS) molecule (Bialvaei and Samadi Kafil, 2015; Lim et al., 2015; Cheah et al., 2016). A major cause for modifications of the LPS was found to be mutations in the pmrCAB operon (Lim et al., 2015), which have been reported to emerge during colistin therapy (Ni et al., 2015). Moreover, high doses of colistin were found to contribute to the emergence of colistin resistance in Acinetobacter spp., as well as to the emergence of heteroresistant Acinetobacter spp. isolates (Cheah et al., 2016). This, as well as the toxicity of this antimicrobial agent, led to the exploration of the possibility of using colistin in combination with other antimicrobial agents (Batirel et al., 2014). However, no standardized method for the in vitro evaluation of combination therapies was established by the CLSI (Tan et al., 2011). Nevertheless, studies have demonstrated a synergistic effect for the combinations of colistin-rifampin and colistin-vancomycin against MDR A. baumannii (Ahmed et al., 2016). Interestingly, colistin, vancomycin and rifampin are all antibiotics with relatively high levels of toxicity, whereas carbapenems have low levels of toxicity (Batirel et al., 2014). Nevertheless, few studies have addressed the therapeutic potential of the combination between colistin and carbapenems against CRAB isolates (Daoud et al., 2013). The aim of this study is to characterize Acinetobacter spp. isolates obtained from a Lebanese hospital and evaluate the in vitro effect of the colistin–carbapenem combination against these isolates using three different techniques.

MATERIALS AND METHODS

Study Design and Clinical Isolates

This study was carried out at the Saint Georges Hospital-University Medical Center (SGH-UMC). It is a 400-bed tertiary care, educational, medical center located in central Beirut, Lebanon, that attends to around 22,000 admitted patients per year. A total of 100, non-duplicate consecutive isolates were collected from various clinical specimens recovered from 100 patients admitted to this hospital from June 2013 to June 2014. Only one isolate was collected from each patient, regardless of the site of infection it has been recovered from. All the isolates were stored at −80°C in Luria Bertani broth (LB) supplemented with 20% glycerol, and cultured on Mac Conckey agar (Oxoid) prior to testing. An IRB approval (IRB/0/037) was granted from the research committee at SGH-UMC. No written consent from the patients was taken since no interventions were performed.

Identification and Antimicrobial Susceptibility Testing

Conventional biochemical identification was performed using API 20NE strips (bioMérieux, Marcy l'Etoile, France) according to the manufacturer's instructions. The isolates were identified according to the databases provided by the manufacturers, based on the results of the panel of biochemical tests contained within the strips. Confirmation of the identification of A. baumannii was performed through the PCR amplification of blaOXA−51−like (Le Minh et al., 2015). Susceptibility to different classes of antimicrobial agents was determined by the disc diffusion method (Clinical Laboratory and Standards Institute, 2015). In addition, Minimum Inhibitory Concentrations (MICs) of colistin, meropenem, and imipenem were performed by Etest MIC strips (BD, France, and Liofilchem®) and the broth microdilution methods (Clinical Laboratory and Standards Institute, 2015). Cutoff values were ≤ 2 μg/ ml≥ 4 μg/ ml for colistin and ≤ 2 μg/ ml≥ 8 μg/ ml for meropenem and imipenem (Clinical Laboratory and Standards Institute, 2015). The concentration ranges for the E-test were 0.016–256 μg/ ml for colistin and 0.002–32 μg/ ml for the carbapenems (BD, France, and Liofilchem®). The FDA tigecycline breakpoints for Enterobacteriacaea were applied to Acinetobacter spp. due to lack of breakpoint criteria in the CLSI guidelines (Stein and Babinchak, 2013).

Polymerase Chain Reactions

DNA extraction was performed for all the isolates as described by Zhu et al. (1993). The DNA extracts were preserved at −20°C until used. blaIMP, blaVIM, blaNDM, blaOXA−23−like, blaOXA−24−like, blaOXA−48, blaOXA−51−like, blaOXA−58−like, blaGES, blaKPC, were tested for by Simplex PCR using the primers listed in Table 1 (Moubareck et al., 2009; Dallenne et al., 2010; Ardebili et al., 2014; Rafei et al., 2014). Positive and negative controls for the tested genes were provided from previous studies performed in the lab (Moubareck et al., 2009; Hammoudi et al., 2015).


Table 1. primers used for PCR amplification with their different amplicon size.
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Clonal Lineage

Tri-locus PCR typing was performed for the isolates that were confirmed as A. baumannii through the amplification of blaOXA−51−like after biochemical testing by API 20NE strips (bioMérieux, Marcy l'Etoile, France), in order to determine the clonal relatedness of the A. baumannii isolates (Turton et al., 2007). This method consisted of performing two multiplex PCRs targeting different alleles of ompA, csuE and blaOXA51−like. The different amplification patterns were assigned to an international clone according to the patterns summarized by Karah et al. (2012).

The Checkerboard Technique

The checkerboard technique was performed in triplicate using the combinations of colistin-meropenem and colistin-imipenem for all the 100 isolates obtained as previously described (Daoud et al., 2013). Concentration ranges of 32xMIC to 1/32xMIC for colistin and 8xMIC to 1/8xMIC for carbapenems were prepared in 96-well Microtiter plates (Thermo Scientific™). The concentration ranges were prepared in separate plates and then joined into a single plate so as to have different combinations of the antibiotics in each well. The bacterial inoculum was adjusted to 5 × 105cfu/ml and distributed in all the wells. Two wells were reserved for positive and negative controls, respectively, in each plate. After incubation at 37°C for 24 h, the Fractional Inhibitory Concentration Index (FICI) was calculated using the formula “FICA + FICB = FICI” where “FICA” is the MIC of the drug A in combination/ MIC of the drug A alone; and “FICB” is the MIC of the drug B in combination/ MIC of the drug B alone (Daoud et al., 2013). The sum of FICI was then interpreted as follows: synergy if ∑FICI ≤ 0.5, additive effect if 0.5 < ∑FIC ≤ 2, indifference if 2 < ∑FIC ≤ 4, and antagonism if ∑FIC > 4 (Pillaii et al., 2005).

Perpendicular E-test Technique

Perpendicular E-tests were carried out in triplicate for 38 representative isolates. In this test, E-test strips containing colistin were placed perpendicularly with E-test strips containing either imipenem or meropenem over a lawn of the bacterial isolate on Mueller Hinton Agar plates (Figure 1). The plates were then incubated at 37°C for 18 h (Doern, 2014). The ∑FICI was then calculated and interpreted as described in the previous section (Pillaii et al., 2005).
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FIGURE 1. Colistin-meropenem combination using the Etest (90°). Etest strip of colistin with either imipenem or meropenem was placed at 90°crossing at the MIC of the each drug as determined with previous test results. The black arrows indicate the antibiotic concentrations in combination. In this Figure, the MIC of meropenem was determined to be 1.5 μg/ml, and that of colistin in combination was 0.38 μg/ml. CS, colistin; MRP, meropenem.



Time Kill Curve Assay

Time-kill assays were performed in triplicate for 21 representative isolates, as described in the CLSI guidelines (2015). Briefly, concentration ranges of 16, 8, 4, 2, 1, 0.5, 0.25, and 0.125xMIC were prepared in Mueller Hinton Broth (Becton Dickinson, USA) for colistin, imipenem and meropenem alone, and in combination (colistin-imipenem and colistin-meropenem). A 5 x × 105cfu/ml inoculum of the tested organism was also prepared and 1,000 μl were used to inoculate the 49 mL of the correspondent broth (containing the antibiotics alone, and in combination). The suspensions were then incubated at 37°C for 8 h with shaking at 200 rpm. An antibiotic-free growth control was also included. At predetermined time points (0, 1, 2, 3, 4, 5, 6, 7, and 8 h), 1,000 μl samples were aseptically acquired for Optical Density (OD) measurements at 580 nm. 100 μl samples were also obtained at these time points, serially diluted, and spread on Mueller Hinton agar plates in order to determine the colony forming units per mL (cfu/mL). Time kill curves were then constructed as a function of time and the results were represented as a difference in log10 between the cfu/mL at 0 and 8 h. A decrease of ≥ 3 Log10, as compared to the initial OD or cfu/ml, was indicative of a bactericidal effect (Doern, 2014). Synergistic effects were determined by a decrease of ≥ 2 Log10 in OD or cfu/ml when comparing the antibiotics in combination to the most active drug at that time point, while an increase of > 2 Log10 was considered as antagonism (Petersen et al., 2006; Doern, 2014). Additivity/indifference were interpreted as any other outcome that does not meet the criteria for either synergy or antagonism (Petersen et al., 2006).

Statistical Analysis

Normal distribution of the data was tested for using the Kolmogorov-Smirnov test. The data was found to be non-normally distributed and therefore the Wilcoxom and Mann-Whitney tests were carried out for statistical comparisons. P-values of less than 0.05 were considered as significant.

RESULTS

Bacterial Isolates and Susceptibility Testing

In this study, 95% of the isolates were identified as pertaining to the Acinetobacter baumannii-calcoaceticus complex, 3% as A. haemolyticus, 1% as A. radioresistens/A. lwoffii, and 1% as A. junii/A. johnsonii by the API 20NE strips (bioMérieux, Marcy l'Etoile, France). Forty percent of the isolates were recovered from patients from the Intensive Care Unit (ICU). Thirty eight percent of the patients were females with a median age of 70 and 62% of the patients were male with a median age of 72.5. As for the site of infection, 62% of the isolates were collected from the respiratory tract, 21% from pus, 5% from blood, and the rest of the isolates were obtained from other sources.

In terms of the susceptibility patterns determined by the disc diffusion method, 84% of the isolates were resistant to meropenem and 78% were resistant to imipenem. 88% of the isolates were classified as MDR since they showed resistance to at least three categories of antimicrobial agents. Although the disc diffusion method showed a 19% resistance to colistin (Figure 2), the microdilution method showed that only one isolate was resistant to colistin. This difference in the rate of susceptibility between the two methods could be associated to the limited diffusion of colistin on solid agar (Van Der Heijden et al., 2007). Therefore, for the purposes of this study, the results of the microdilution method were considered for colistin resistance. The MIC90 and MIC50 of imipenem, meropenem, and colistin are shown in Table 2.
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FIGURE 2. Antibiotic susceptibility (disc diffusion method) profiles for 100 Acinetobacter spp. isolates. CTX, cefotaxime; TZP, tazocillin; FEP, cefepime; CAZ, ceftazidime; ETP, ertapenem; Imp, imipenem; MER, meropenem; GT, gentamicin; CIP, ciprofloxacin; SXT, trimethoprim sulfamethoxazole; FOX, cefoxitin; TIG, tigecycline; Col, colistin.




Table 2. MIC50 and MIC90 of carbapenems and colistin.
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Carbapenem Resistance Genes and International Clonality

PCR amplification of the common carbapenemase genes showed that, blaOXA−23−like was present in 79% and blaOXA−24−like in 3% of the isolates. One isolate co-harbored blaOXA−23−like and blaOXA−24−like. The chromosomal blaOXA−51−like was detected in 99% of the isolates. The rest of the genes tested for were not detected in any of the isolates.

In terms of international clonality, 82 (86%) of the A. baumannii isolates pertained to international clone II (group 1), 6 (6.3%) to group 4, 3 (3.1%) to group 14, 1 (1.05%) to group 10, and 1 (1.05%) to group 8. Two (2.1%) isolates did not pertain to any group.

In vitro Combination Effects

No synergistic effects were detected while combining colistin with the carbapenems using the checkerboard assay. However, additive effects were detected in both combinations where the Ẍ∑FICI of colistin combined with imipenem was 1.169 ± 0.354 and that of colistin with meropenem was 1.109 ± 0.337. The combination of colistin with meropenem showed a better additive effect than the colistin-imipenem combination (p < 0.05). The colistin-meropenem combination showed a better additive effect in meropenem resistant isolates when compared to meropenem susceptible isolates (p < 0.05) (Table 3). The combinations of colistin-imipenem and colistin- meropenem resulted in a decrease of 2.8- and 2.6-folds in the MIC of colistin, respectively. The additivity of the combination of carbapenem-colistin was also evident for the colistin resistant isolate 75.


Table 3. Combinations against carbapenem-resistant and susceptible Acinetobacter spp.
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Perpendicular E-tests also showed additive effects of the combinations where the Ẍ∑FICI of colistin combined with imipenem was 1.437± 0.41 and that of colistin with meropenem was 1.143 ± 0.50. However, no significant difference between the two combinations was found (p > 0.05). The combinations of colistin-imipenem and colistin-meropenem resulted in a decrease of 2.19- and 1.97-folds in the MIC of colistin, respectively.

Time kill curves showed that there was no bactericidal activity detected for all three antibiotics, where all the isolates showed an increase between 0.112 and 2.194 in cfu/ml from time 0 to 8 h. However, the cfu/mL values obtained were generally very low (Table 4). A significant bactericidal effect of colistin-imipenem when compared to colistin-meropenem (p < 0.05) was determined at 0.5XMIC. Moreover, no bacterial re-growth was detected at the different concentrations of colistin and colistin-carbapenem combinations. It is important to note that, due to limitations that were faced during the experiment, only 13 out of the 21 isolates were tested for at 16XMIC, which could have resulted in obtaining rather high values at this concentration as compared to the other concentrations.


Table 4. ΔLog10 values of the cfu/ml of the Acinetobacter isolates obtained by the time kill curve assays after incubation, as compared to the initial inoculum.
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Additive effects of the colistin-carbapenem combinations were observed for all the tested isolates (Table 5). Colistin-imipenem combinations showed better additivity than colistin-meropenem at 0.5 × 0.5MIC and 0.25 × 0.25MIC (p < 0.05). Synergistic effects for both combinations was detected in isolates 3, 13, 24, and 32 at 2 × 2MIC, 1 × 1MIC, 0.5 × 0.5MIC, and 0.25 × 0.25MIC, respectively (Figure 3, Table 6) by the time kill assays. No antagonistic effect was detected in this study and only isolate number 71 showed an indifferent effect using the checkerboard technique, but showed additive effects using the other techniques.


Table 5. Synergistic effect of the combination of antimicrobial agents against Acinetobacter isolates.
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FIGURE 3. Time kill curve assay chart showing the synergistic effect of a representative strain (A) at 1 × 1MIC and (B) at 0.5 × 0.5 MIC. A significant decrease in the bacterial growth in both combinations (C+M and C+I) when compared to Colistin alone at 1 × 1 MIC and 0.5 × 0.5 MIC were detected. The Optical density (OD) is represented as a function of time. C, colistin; I, imipenem; C+I, colistin-imipenem; M, meropenem; C+M, colistin-meropenem; Ctrl, control.




Table 6. Comparative table of the three methods used.
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DISCUSSION

This study demonstrates the wide dissemination of MDR Acinetobacter spp. in SGH-UMC and highlights their dangerous potential in causing severe outbreaks. Our data also falls in line with local Lebanese data in terms of the predominance of IC II and blaOXA−23−like (Al Atrouni et al., 2016).

The results of the combination experiments showed very high rates of additive effects when combining colistin with carbapenems using all three methods. This, however, does not fall in line with findings from another study conducted in Vietnam, where synergistic rates of 68 and 36% have been reported for colistin-meropenem and colistin-imipenem, respectively (Le Minh et al., 2015). The difference in both results determines how isolates pertaining to the same species are able to show diverse responses to antibiotics. This also falls in line with a previous study (Le Minh et al., 2015) that concluded that it is necessary to test in vitro combinations prior to in vivo use (Le Minh et al., 2015). The difference in results in different regions could be due to the difference in the genetic environments in which the strains are present, and the difference in exposure to antimicrobial agents. These factors could lead to the differential adaptation of the strains in different regions, and the subsequent difference in the interaction of the antimicrobial agents with these strains.

In this study, 99% of the isolates were susceptible to colistin as determined by microdilution method, advocating the use of this antimicrobial agent in monotherapy rather than in combination (Kara et al., 2015). Undoubtedly, the use of monotherapy could lower the chances of toxicity for the patient by avoiding the use of another antibiotic that could cause adverse side effects (Cetin et al., 2013). However, the use of colistin as monotherapy was shown to promote the emergence of heteroresistant A. baumannii isolates (Li et al., 2006; Lee et al., 2013) and the development of colistin resistance among other species such as Pseudomonas aeruginosa. Moreover, it was shown to promote the proliferation of species that have innate resistance to colistin, such as Bulkhorderhia cepaciae, (Cetin et al., 2013). Since these species are considered as highly potent pathogens, they have the potential of causing severe secondary infections following colistin treatment and leave physicians without any viable therapeutic options (Buford et al., 2016; Srinivasan et al., 2016).

Our results showed that combining colistin with carbapenems prevented bacterial re-growth and resulted in 2-fold decreases in colistin MICs. This has very promising implications in terms of using lower doses of colistin in therapy, and thus lowering its potential toxic effects. Moreover, this study showed a better additive effect of the colistin-meropenem combination as compared to the colistin-imipenem combination (p < 0.05). A previous study reported that the colistin-meropenem combination is more advantageous as compared to colistin-imipenem in the presence of blaOXA−23−like (Daoud et al., 2013). However, in our study, no significant associations between blaOXA−23−like and any particular combination were detected (p > 0.05). A probable explanation could be associated the higher affinity of meropenem, as compared to imipenem, to penicillin binding proteins in gram negative microorganisms (Le Minh et al., 2015).

With the exception of isolate 71, additivity was uniform while using all three different methods (Table 6). This holds true also for the colistin-resistant isolate (isolate 75), showing important implications for the combinations in the treatment of colistin-resistant strains. The additive rates were higher as detected by the checkerboard technique in comparison to the E-test (p < 0.05). A possible explanation could be the difference in characteristics between the liquid and the solid media that were used for these experiments (Luber et al., 2003). The checkerboard technique allows the determination of the optimal concentration of antibiotic capable of killing microorganisms at a determined incubation time (Doern, 2014). However, the time kill assay provides more accurate data regarding the effect of the combinations since the measurements are taken over time, and is able to detect bactericidal activities and bacterial re-growth (Doern, 2014). The higher accuracy of this assay as compared to the others could explain the detection of synergistic effects for some isolates that were not detected in other methods (Tables 4, 5). However, due to the labor-intensive nature of the experiment, it was not carried out for all the isolates included in this study. Nevertheless, our data showed a good agreement between the three methods that were used, as was reported by other studies as well (Petersen et al., 2006; Tan et al., 2011; Cetin et al., 2013). Based on that, the E-test method is recommended for use in routine clinical laboratories in case combinations are to be used in therapies since it is easy to perform and provides information regarding the effect of the combination in a rapid manner.

CONCLUSION

In conclusion, a high rate of carbapenem resistance was detected among A. baumannii isolates obtained from SGH-UMC. ICII and blaOXA−23−like were predominant among these isolates. Combining colistin with carbapenems showed high rates of additive effects using three different methods and resulted in a decrease in colistin MICs. These findings could be very promising in terms of using lesser concentrations of colistin in therapy while combining it with carbapenems and achieve good bacterial clearance rates. However, in-vivo experiments are needed before confirming that this combination could be used as a standard therapeutic option.
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ESKAPE (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumanni, Pseudomonas aeruginosa, and Enterobacter species) pathogens have characteristic multiple-drug resistance and cause an increasing number of nosocomial infections worldwide. Peptide-based therapeutics to treat ESKAPE infections might be an alternative to conventional antibiotics. Histatin 5 (Hst 5) is a salivary cationic histidine-rich peptide produced only in humans and higher primates. It has high antifungal activity against Candida albicans through an energy-dependent, non-lytic process; but its bactericidal effects are less known. We found Hst 5 has bactericidal activity against S. aureus (60–70% killing) and A. baumannii (85–90% killing) in 10 and 100 mM sodium phosphate buffer (NaPB), while killing of >99% of P. aeruginosa, 60–80% E. cloacae and 20–60% of E. faecium was found in 10 mM NaPB. Hst 5 killed 60% of biofilm cells of P. aeruginosa, but had reduced activity against biofilms of S. aureus and A. baumannii. Hst 5 killed 20% of K. pneumonia biofilm cells but not planktonic cells. Binding and uptake studies using FITC-labeled Hst 5 showed E. faecium and E. cloacae killing required Hst 5 internalization and was energy dependent, while bactericidal activity was rapid against P. aeruginosa and A. baumannii suggesting membrane disruption. Hst 5-mediated killing of S. aureus was both non-lytic and energy independent. Additionally, we found that spermidine conjugated Hst 5 (Hst5-Spd) had improved killing activity against E. faecium, E. cloacae, and A. baumannii. Hst 5 or its derivative has antibacterial activity against five out of six ESKAPE pathogens and may be an alternative treatment for these infections.

Keywords: ESKAPE, antimicrobial peptide, Histatin 5, Candida albicans, bactericidal activity

INTRODUCTION

Bacteria causing nosocomial infections are increasingly becoming drug resistant, posing a serious health concern, especially in the Intensive Care Units (ICUs) and in surgical wards. A recent report estimated a total of 722,000 of such drug-resistant infections, with an astonishing 75,000 resulting in deaths (Magill et al., 2014). A group of bacterial pathogens including Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumanii, Pseudomonas aeruginosa, and Enterobacter species (referred to as ESKAPE pathogens) have been of particular concern in this regard (Rice, 2010). Two-thirds of all healthcare-associated infections are ESKAPE related (Boucher et al., 2009), and many of these bacteria use multiple drug resistance mechanisms to “eskape” killing by both conventional and some newer generation antibiotics (Rice, 2008).

Most nosocomial infections result from an exogenous inoculum including the hospital environment and medical personnel, resulting in colonization of ESKAPE pathogens within various patient niches. E. faecium, K. pneumoniae, P. aeruginosa, and Enterobacter species are common residents of mucosal surfaces such as the oral cavity and the gastrointestinal tract (Keller et al., 1998; Podschun and Ullmann, 1998; Rice, 2010; Vu and Carvalho, 2011). S. aureus is a skin commensal and A. baumanni has been known to have comparatively long survival rates on epithelial surfaces (e.g., skin; Houang et al., 1998; Coates et al., 2014). Also, P. aeruginosa and K. pneumonia were detected in 50 and 31%, respectively, of HIV-positive patients' salivas in hospital settings (Lopes et al., 2015). Thus, colonization of the oral cavity with K. pneumoniae, P. aeruginosa, and Enterobacter species can serve as a potential inoculum source for pneumonia (Sands et al., 2016). Furthermore, Candida albicans, an oral commensal fungus also present in the oral cavity, can contribute to a more robust P. aeruginosa lung infection if the two are present together (Lindsay and Hogan, 2014).

Salivary innate immunity is the first line of defense against transient and pathobionts in the oral cavity (Salvatori et al., 2016). This is illustrated by the example of salivary Histatin 5 (Hst 5), a cationic protein that has strong fungicidal activity against C. albicans (Puri and Edgerton, 2014). Changes in the levels of Hst 5 associated with immunodeficiency may increase susceptibility to oral candidiasis caused by C. albicans (Khan et al., 2013). However, Hst 5 was shown to be largely ineffective against oral commensal bacteria as well as cariogenic or periodontal pathogens (Devine and Hancock, 2002; Groenink et al., 2003; Dale and Fredericks, 2005).

However, antimicrobial activity of Hst 5 against the ESKAPE pathogens has never been examined. Hst 5-mediated candidacidal activity is an energy-dependent, non-lytic process, where multiple intracellular targets are affected after Hst 5 has been transported to the cytosol in an energy dependent manner (Puri and Edgerton, 2014). Given the fact that most ESKAPE pathogens are not present in large numbers in the oral cavity of healthy humans, and do not cause any known oral diseases, we hypothesized that salivary Hst 5 may play a substantial role in keeping at least some of the ESKAPE pathogens in check within the oral environment. Here we show for the first time that Hst 5 demonstrates killing activity against all ESKAPE pathogens except K. pneumoniae. Killing against some ESKAPE pathogens was lytic in nature; however, as for C. albicans, more than one mechanism of killing seems to be involved in Hst 5 activity against ESKAPE bacteria.

MATERIALS AND METHODS

Strains, Culture Conditions, and Peptides

All ESKAPE strains used in this study are clinical isolates and are listed in Table 1. These isolates were collected over the past 20 years directly from the clinical microbiology laboratory at the University at Buffalo, which performed strain identification by approved laboratory methodology. Isolates from de-identified plates were frozen and stored at −80°C. Enterococcus faecium and Staphylococcus aureus were grown in Trypticase soy broth (Sigma-Aldrich; TSB) or TSB agar. All other strains were cultured in Luria-Bertani (LB; BD Biosciences) broth or on LB agar. The incubation temperature for all strains was 37°C. Histatin 5 (Hst 5), FITC-labeled Hst 5 (F-Hst 5), and spermidine conjugated Histatin 5 (Hst 5-Spd) were synthesized by Genemed Synthesis Inc. (San Antonio, Texas). Spermidine was purchased from Sigma-Aldrich.


Table 1. ESKAPE strains used in this study.
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Bactericidal Assay

Bactericidal assays were performed by microdilution plate method as described for candidacidal assays (Jang et al., 2010), with some modifications. Briefly, a single colony of each strain was inoculated into 10 mL of media and grown for 16 h at 37°C, cultures were diluted to an OD600 = 0.1 in fresh media and incubated with shaking at 37°C to mid-log phase (OD600 ≈ 1.0). Cultures were spun down at 1800 × g for 3 min and washed three times with 10 mM sodium phosphate buffer (pH 7.4; NaPB). Cells were re-suspended (107 cells/mL) in 200 μL NaPB (control) or in NaPB containing peptides (30 μM); then incubated at 37°C (except for S. aureus that was incubated at room temperature for optimal growth). Aliquots were removed after 1 min, 1 h and 5 h incubation, then were serially diluted with phosphate buffered saline (PBS; 137 mM NaCl, 10 mM sodium phosphate, 2.7 mM KCl, pH of 7.4); plated and incubated for 24 h at 37°C to visualize surviving CFUs. Assays were performed in triplicate. Percentage killing was calculated as [1 − number of colonies from peptide-treated cells/mean number of colonies from control cells] × 100%. Bactericidal assays were also performed in 100 mM NaPB and PBS.

Live Cell Imaging of F-Hst 5 and PI Uptake by Time-Lapse Confocal Microscopy

Confocal microscopy was performed using live cells of six ESKAPE strains attached to chambered borosilicate coverglass (Lab-Tek #155411, 8 chamber). Cells in mid-log phase were collected and washed three times and re-suspended in 10 mM NaPB. Cells (2 × 107 in 200 μL NaPB) were added to each well, allowed to settle for 15 min, then propidium iodide (PI; 2 μg/mL; Sigma) and F-Hst 5 (30 μM) were added. Time-lapse confocal images were recorded immediately after addition of peptide and PI. Confocal images were acquired with a Zeiss LSM510 Meta Confocal Microscope (Carl Zeiss, Germany) using a Plan Apochromat 63X/1.4 Oil Immersion objective. For E. faecium, S. aureus, K. pneumoniae, and E. cloacae, images were collected every 10 min; and for A. baumannii and P. aeruginosa every 2 min. In order to detect F-Hst 5 and PI simultaneously, the 488 nm line of the argon ion laser and a 561 nm DPSS laser were directed over an HFT UV/488/561 beam splitter, and fluorescence was detected using a Mirror or NFT 565 beam splitter in combination with a BP 500–550 filter for F-Hst 5 and an LP 575 or BP 650–710 filter for PI detection. ImageJ software was used for image acquisition and analysis.

Biofilm Killing Assays

To evaluate killing of bacterial biofilms by Hst 5, cells were inoculated at 1 × 107 cells/ml into 96 well plates and grown overnight at 37°C and 90 RPM for 12 h to form biofilms. After 12 h, spent media was replaced with fresh media, and biofilms were grown for another 4 h in the same conditions. Media was removed and biofilms were incubated with 30 μM Hst 5 suspended in 10 μM NaPB with 10 μM propidium iodide (PI) for 1 h at 37°C, except for S. aureus which was incubated at RT. After 1 h, biofilms were gently scraped to remove them from each well, diluted, and placed on microscope slides for image acquisition using a Zeiss Axioobserver.Z1 inverted fluorescent microscope, and an Axiocam 503M camera. Percent killing was calculated as the number of PI positive cells divided by the total number of cells from at least 25 fields from two independent wells.

Hst 5 Killing Activity Determination in Energy Deprived Cells

Overnight cultures of E. faecium, S. aureus, A. baumannii, and E. cloacae were diluted and pre-incubated with 10% of media with or without 10 mM NaN3 at 37°C. P. aeruginosa cells were pre-incubated in 10 mM NaPB with 10 mM NaN3 at 37°C due to altered cell viability in the presence of 10% media with NaN3. After 3 h incubation, cells were collected by centrifugation and washed two times with NaPB; then cells were used for Hst 5 bactericidal assay in NaPB as described above.

Susceptibility Assay

Minimum inhibitory concentration (MIC) was determined by broth microdilution method based on the guide of Clinical and Laboratory Standards Institute (Clinical Laboratory Standards Institute, 2012) with some modifications. Briefly, all bacterial strains except K. pneumoniae were cultured in respective media and grown overnight at 37°C. Cells were washed with NaPB buffer, diluted in 10% of Mueller-Hinton (MH) broth (Sigma) to obtain a concentration of 5 × 106 CFU/mL that were used as the inoculum. Hst 5 peptide was serially diluted in 10% MH broth (since it is inactive in undiluted broth) in 96-well flat-bottomed plates (Falcon). After adding equal volume of target bacterial suspension to the peptide solution, the 96-well plates were incubated at 37°C for 24 h. The MIC values were determined by visibly recording the lowest concentration of Hst 5 that inhibited growth.

Statistics

Statistical analyses were performed using GraphPad Prism software version 5.0 (GraphPad Software, San Diego, CA, USA) using unpaired Student's t-tests. Differences of P < 0.05 were considered significant. All experiments were performed at least thrice.

RESULTS

Hst 5 Has Strong Bactericidal Activity against Four ESKAPE Pathogens

In order to determine the bactericidal activity of Hst 5 against ESKAPE pathogens, six clinical isolates (Table 1) were tested using bactericidal assays (performed in 10 and 100 mM NaPB buffer) to determine percent bacterial killing following incubation for 1 min, 1, and 5 h with 30 μM Hst 5. E. faecium showed time-dependent killing since only 18.1 ± 8.9 percent of cells were killed by Hst 5 at 1 h, while killing was enhanced to 63.5 ± 3.5 percent after 5 h incubation (Figure 1A). S. aureus cells incubated for only 1 min with 30 μM Hst 5 showed 28.3 ± 2.3 percent killing which increased to 60.3 ± 5.7 and 69.7 ± 0.2 percent after 1 and 5 h, respectively (Figure 1B). A MRSA strain of S. aureus had lower but still significant killing by Hst 5 after 1 h (33.8 ± 3.5%). Interestingly, Hst 5 did not show any killing activity against K. pneumoniae for up to 5 h of incubation (Figure 1C). A. baumannii AB307-0294 had substantial sensitivity to Hst 5 with 31.4 ± 3.7, 90.0 ± 1.1, and 95. ± 2.3 percent killing at 1 min, 1, and 5 h, respectively (Figure 1D), while the A. baumannii HUMC1 strain had even higher sensitivity with 100% killing at 1 h. Similarly, Hst 5 also showed strong killing activity against P. aeruginosa 94-323-0635, with a faster rate of killing. At just 1 min of incubation, 83.2 ± 1.3 percent killing was observed; while over 99.9 percent of cells were killed after 1 h treatment (Figure 1E). P. aeruginosa PAO1 had identical sensitivity to Hst 5 with 100% of cells killed at 1 h. E. cloacae sensitivity was similar to that of A. baumannii showing 20.3 ± 1.5, 66.1 ± 0.6, and 78.1 ± 1.7 percent of cells killed by Hst 5 at 1 min, 1 h, and 5 h, respectively (Figure 1F).
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FIGURE 1. Killing of ESKAPE cells by Hst 5. E. faecium (A), S. aureus (B), K. pneumoniae (C), A. baumannii (D), P. aeruginosa (E), and E. cloacae (F) cells in exponential growth were exposed to 30 μM Hst 5 in 10 mM NaPB or 100 mM NaPB for 1 min, 1, and 5 h. Aliquots taken at different time points were diluted and plated. CFU were determined after 24 h. Error bars represent the standard errors from at least three independent replicates of each strain.



Since the activity of Hst 5 against C. albicans is abolished at higher phosphate buffer concentrations (Helmerhorst et al., 1999), Hst 5 killing activity against ESKAPE strains was also tested in a buffer with higher ionic strength. Killing activities of Hst 5 against E. faecium, P. aeruginosa, and E. cloacae were greatly reduced (Figures 1A,E,F) when carried out in 100 mM NaPB. However, bactericidal activity against S. aureus at 100 mM NaPB was similar to that observed in 10 mM NaPB (Figure 1B), while killing efficiency for A. baumannii were decreased by about 30 percent in 100 mM NaPB after 1 or 5 h incubation (Figure 1D). Effects of PBS on killing were similar to those seen in 100 mM NaPB (data not shown).

Based on these bactericidal results, we next tested growth inhibition by Hst 5 for these ESKAPE pathogens by determining MIC values in 10% MH broth (since Hst 5 is inactive in undiluted broth). Hst 5 MIC values of 38, 47, and 90 μM were observed for A. baumannii, P. aeruginosa, and E. cloacae; while we could not determine MIC values for E. faecium and S. aureus due to media components that inactivate Hst 5 (Table 2).


Table 2. Hst 5-mediated killing of ESKAPE pathogens.
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The activity of Hst 5 against ESKAPE pathogens grown as biofilms was determined after 16 h growth of each bacteria in 96-well plates (Table 2). Biofilms were treated with 30 μM Hst 5 for 1 h, dead cells stained with PI, and percent killing calculated. Neither E. faecium or E. cloacae formed robust biofilms in our hands so that Hst 5 killing could not be reliably determined for these two pathogens. As for planktonic cells, both strains of P. aeruginosa in biofilms were effectively killed by Hst 5 after 1 h (59.5%); however Hst 5 killing of A. baumannii biofilm cells was reduced to 15.1%; while killing of S. aureus biofilm cells (both strains) was negligible (5.1%). Surprisingly, we observed that Hst 5 killed 19.5% of K. pneumoniae when in biofilms, although it had no activity against planktonic cells.

Overall, our results show that Hst 5 has a strong bactericidal activity against P. aeruginosa and E. cloacae (and weaker killing with E. faecium) at lower ionic strength environments; while exerting killing against A. baumannii and S. aureus over a range of ionic strengths. However, biofilm cells of A. baumannii and S. aureus were more resistant to Hst 5 killing. To confirm these findings in real time and to assess whether ionic strength may influence metabolic or membrane lytic mechanisms of killing, we next measured Hst 5 binding, uptake, and time of killing for these ESKAPE pathogens in 10 mM NaPB.

Bactericidal Activity of Hst 5 against E. faecium and E. cloacae Requires Internalization and Is Energy Dependent

Time-lapse confocal microscopy showed that Hst 5 (30 μM) rapidly (< 1 min) bound with the surface of E. faecium cells, although no internalization was evident until after 10 min of incubation (Figure 2A). This slow internalization resulted in only 15% of cells taking up F-Hst 5 by 120 min; but in each instance, Hst 5 internalization was accompanied by PI uptake (indicative of cell death; Figure 2B). This close correlation between intracellular Hst 5 and PI uptake suggested that targets of Hst 5 are intracellular rather than its effects being membrane lytic. However, the percentage of killing from the bactericidal assay was higher than apparent PI staining, suggesting that some portion of killing was delayed. To evaluate this, we pretreated cells with an inhibitor of energy metabolism (NaN3) as a means to determine whether the killing activity of Hst 5-treated E. faecium might be dependent upon cell metabolism. As expected, pretreatment of cells with NaN3 significantly reduced the killing efficiency of Hst 5 at 1 and 5 h (Figure 2C), showing that some portion of Hst 5 killing of E. faecium requires target cell energy, likely for Hst 5 internalization or intracellular organelle localization.
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FIGURE 2. Antibacterial activity of Hst 5 against E. faecium required internalization and is energy dependent. (A) E. faecium cells were exposed to F-Hst 5 (30 μM) and PI (2 μg/mL). F-Hst 5 (green) and PI (red) uptake were measured in parallel by time-lapse confocal microscopy. Images were recorded every 10 min and selected images of indicated time points were shown. (Scale bar: 5 μm) (B) Quantitative analysis of F-Hst 5 uptake (green line) and PI uptake. Error bars represent the standard errors from four different fields of image. (C) Cells pretreated with 10 mM NaN3 at 37°C for 3 h showed decreased susceptibility to Hst 5. (*P < 0.05, Student's t-test).



E. cloacae cells had a very similar response when treated with F-Hst 5, in that the peptide associated with the surface of all cells almost immediately, however entry of F-Hst 5 (and accompanying PI staining) was slow and only occurred in 20% of cells within 30 min (Figure 3A). As for E. faecium, there was a close correlation between intracellular Hst 5 and PI uptake at all time points (Figure 3B), also pointing toward intracellular targets for bactericidal activity. E. cloacae cells pretreated with 10 mM NaN3 prior to exposure with 30μM Hst 5 were more resistant to the killing action of F-Hst 5 (Figure 3C), similar to the energy dependent mechanism found with E. faecium.
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FIGURE 3. Antibacterial activity of Hst 5 against E. cloacae requires internalization and is energy dependent. (A) E. cloacae cells were exposed to F-Hst 5 (30 μM) and PI (2 μg/mL). The F-Hst 5 (green) and PI (red) uptake were measured in parallel by time-lapse confocal microscopy. Images were recorded every 10 min and selected images as indicated time points were shown. (Scale bar: 5 μm) (B) Quantitative analysis of F-Hst 5 uptake (green line) and PI uptake. Error bars represent the standard errors from four different fields of image. (C) Cells pretreated with 10 mM NaN3 at 37°C for 3 h showed more resistance to Hst 5. (***P < 0.001, Student's t-test).



Membrane Disruption Is Involved in Bactericidal Activity of Hst 5 against P. aeruginosa and A. baumannii

In agreement with its high bactericidal activity, F-Hst 5 completely covered the cell surface of P. aeruginosa within 1 min, and PI positive cells could be visualized within 2 min (Figure 4A). Quantitative analysis showed that 75% of cells contained F-Hst 5 and were PI positive within 5 min of addition of F-Hst 5 (Figure 4B). Both intracellular localization of Hst 5 and PI staining were rapid and simultaneous, pointing toward membrane lytic activity of Hst 5 mediated killing of P. aeruginosa. Pretreatment of P. aeruginosa cells with 10 mM NaN3 did not reduce the killing activity of Hst 5 (Figure 4C), also suggesting energy-independent membrane disruption as the main pathway for Hst 5 killing activity against P. aeruginosa.


[image: image]

FIGURE 4. Hst 5 bactericidal activity against P. aeruginosa cells is primarily mediated by membrane disruption. (A) P. aeruginosa cells were exposed to F-Hst 5 (30 μM) and PI (2 μg/mL). F-Hst 5 (green) and PI (red) uptake were measured in parallel by time-lapse confocal microscopy. Images were recorded every 10 min and selected images at indicated time points were shown (Scale bar: 5 μm) (B) Quantitative analysis of F-Hst 5 uptake (green line) and PI uptake. Error bars represent the standard errors from four different fields of image. (C) Cells pretreated with 10 mM NaN3 at 37°C for 3 h did not show significant difference in susceptibility to Hst 5.



A. baumannii showed a very similar profile to P. aeruginosa after exposure to F-Hst 5 in that F-Hst 5 was associated with the surface of all cells within 2 min; and PI positive cells were visualized with 2 min (Figure 5A). Although intracellular uptake of F-Hst 5 was very rapid with 70% of cells containing F-Hst 5 in just 2 min, PI staining did not occur simultaneously so that 70% PI positive cells was seen only after 25 min (Figure 5B). Interestingly, the portion of A. baumannii cells that showed slower PI staining already contained F-Hst 5; so we questioned whether bactericidal activity of these cells was energy-dependent. However, NaN3-pretreated A. baumanni cells had no difference in F-Hst 5 killing (Figure 5C), indicating that Hst 5-mediated killing of A. baumanni is partially due to membrane lysis and is energy independent, although some portion of killing might also be a result of its effect on intracellular targets.
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FIGURE 5. Activity of Hst 5 against A. baumannii is mediated in part by membrane disruption. (A) A. baumannii cells in exponential phase were exposed to F-Hst 5 (30 μM) and PI (2 μg/mL). The F-Hst 5 (green) and PI (red) uptake were measured in parallel by time-lapse confocal microscopy. Images were recorded every 2 min and selected images as indicated time points were shown. (Arrow, cells of F-Hst 5 uptake positive but without PI uptake; Scale bar: 5 μm). (B) Quantitative analysis of F-Hst 5 uptake (green line) and PI uptake. Error bars represent the standard errors from four different fields of image. (C) Cells pretreated with 10 mM NaN3 at 37°C for 3 h did not show significant difference in susceptibility to Hst 5.



Hst 5-Mediated Killing of S. aureus Is Delayed and Energy Independent

F-Hst 5 was visualized binding to the cell surface of all S. aureus cells within 1 min after addition, however intracellular localization and PI uptake occurred slowly (Figure 6A), so that by 120 min only 7% of cells contained F-Hst 5 and were PI positive (Figure 6B). This was surprising since bactericidal activity of Hst 5 after 1 h incubation was found to have 60% killing (Figure 1). Furthermore, bactericidal assay with S. aureus pretreated with 10 mM NaN3 did not decrease the killing efficiency (Figure 6C). These results, combined with the salt-insensitive killing, suggest that there may be multiple targets for Hst 5-mediated killing of S. aureus that are non-lytic and energy independent.
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FIGURE 6. The activity of Hst 5 against S. aureus is mediated by energy-independent mechanisms. (A) S. aureus cells were exposed to F-Hst 5 (30 μM) and PI (2 μg/mL). F-Hst 5 (green) and PI (red) uptake were measured in parallel by time-lapse confocal microscopy. Images were recorded every 10 min and selected images of indicated time points were shown. (Scale bar: 5 μm). (B) Quantitative analysis of F-Hst 5 uptake (green line) and PI uptake. Error bars represent the standard errors from four different fields of image. (C) Cells pretreated with 10 mM NaN3 at 37°C for 3 h did not show significant difference in susceptibility to Hst 5.



Hst 5 Is Ineffective in Killing K. Pneumoniae due to Lack of Sustained Binding

Since Hst 5 showed negligible killing against K. pneumoniae (Figure 1C), we examined the reason for this using confocal microscopy. F-Hst bound to most K. pneumoniae cells within 2 min, however by 10 min most binding was lost suggesting detachment of Hst 5 from the surface capsule (Figure 7A). As expected, F-Hst 5 and PI uptake were extremely limited (only 2% of cells), even up to 150 min (Figure 7B). These results suggest that F-Hst 5 is released from the K. pneumoniae after initial binding (perhaps due to lower binding efficacy in the presence of its capsule) and thus Hst 5 is unable to gain entry or lyse the cells and therefore is ineffective against K. pneumoniae.
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FIGURE 7. Hst 5 is minimally active against K. pneumoniae. (A) K. pneumoniae cells in exponential phase were exposed to F-Hst 5 (30 μM) and PI (2 μg/mL). F-Hst 5 (green) and PI (red) uptake were measured in parallel by time-lapse confocal microscopy. Images were recorded every 10 min and selected images of indicated time points were shown. (Scale bar: 5 μm). (B) Quantitative analysis of F-Hst 5 uptake (green line) and PI uptake. Error bars represent the standard errors from four different fields of image.



Hst 5-Spd Has Improved Bactericidal Efficiency against ESKAPE Pathogens That Take Up Hst 5

We have previously reported that spermidine-conjugated Hst 5 (Hst 5-Spd) has greater activity against C. albicans because the spermidine conjugate translocates more efficiently into the yeast cells (Tati et al., 2014). Therefore, to determine if Hst 5-Spd has improved bactericidal activity against ESKAPE pathogens as well, we tested the killing activity of Hst 5-Spd [30 μM] against all the six strains (Figure 8). Interestingly, Hst 5-Spd had significantly higher killing activity compared with Hst 5 against E. faecium, E. cloacae, and A. baumannii (Figure 8). Hst 5-Spd bactericidal effects were most improved against E. faecium; increased by three-fold after 1 h incubation and by 1.5-fold after 5 h, while Spermidine (Spd) alone had no killing activity even after 5 h treatment (Figure 8A). Hst 5-Spd bactericidal activity was also increased significantly in E. cloacae compared with Hst 5, although by only 15% at 1 h and at 5 h. Hst 5-Spd also showed a small but significant increase in killing activity against A. baumannii compared with Hst 5 (23% at 1 min and 10% at 1 h). However, after 5 h there was no significant difference perhaps due to the high killing that occurred as a result of Spd (30 μM) itself (Figure 8D). These three species of ESKAPE pathogens were also ones that we found to involve Hst 5 uptake and intracellular targets (Figures 2, 3, 5), suggesting that improved Hst 5-Spd activity in these strains is a result of improved uptake. This is supported by our data showing that the killing ability of Hst 5-Spd against P. aeruginosa was not improved, in agreement with a membrane lytic mechanism for this organism. Furthermore, the Hst 5 resistant pathogen K. pneumoniae was not affected by Hst 5-Spd showing that this conjugate does not improve binding to this encapsulated ESKAPE pathogen.
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FIGURE 8. Killing of ESKAPE pathogens by Hst 5-Spd. E. faecium (A), S. aureus (B), K. pneumoniae (C), A. baumannii (D), P. aeruginosa (E), and E. cloacae (F) cells in exponential growth were exposed to 30 μM of Hst 5, F-Hst 5 and spermidine in 10 mM NaPB for 1 min, 1, and 5 h. Aliquots taken at different time points were diluted and plated. CFU were determined after 24 h. Error bars represent the standard errors from at least three independent replicates of each strain. Hst 5-Spd conjugate showed more killing efficiency against E. faecium (A), A. baumannii (D), and E. cloacae (F) (**P < 0.01, ***P < 0.001, Student's t-test).



DISCUSSION

Here we report the remarkable finding that although Hst 5 activity has been believed to be limited to fungi, Hst 5 also demonstrates very high bactericidal activity against several ESKAPE pathogens. Up to now, a few reports have described interactions between Hst 5 and bacteria. Hst 5 was found to have low killing against Streptococcus gordonii (a Gram-positive commensal bacterium of the human oral cavity; Andrian et al., 2012). Zinc-mediated killing of E. faecalis bacteria by histidine–rich histatin analogs was found (Rydengard et al., 2006), and killing activity of another histatin derivative (P113) against P. aeruginosa and S. aureus in vitro was shown (Giacometti et al., 2005). Hst 5 may have other non-bactericidal activities in that it attenuates chemokine responses by binding to Porphyromonas gingivalis hemagglutinin B (Borgwardt et al., 2014). Here we expand the scope of Hst 5 activity by showing that full length Hst 5 and an Hst 5 spermidine conjugate both exert very significant killing of all but one ESKAPE pathogen by multiple mechanisms.

The mechanisms by which Hst 5, a naturally occurring salivary protein, kills C. albicans have been well-studied and suggest the involvement of multiple intracellular targets (Puri and Edgerton, 2014). The effects on fungal targets range from non-lytic leakage of ATP and K+ ions to mitochondrial damage and oxidative stress generation (Puri and Edgerton, 2014); and more recently, potential metal scavenging causing nutritional stress (Puri et al., 2015). However, it has been clearly shown that the killing is non-lytic and energy dependent. Interestingly, the ambiguity in the mechanisms of antimicrobial peptides seems universal. Many antibacterial peptides that were considered to be purely lytic are now believed to involve other killing mechanisms ranging from bacterial cell wall disruption to effects on protein and nucleic acid synthesis (Brogden, 2005). We found that Hst 5 can efficiently kill ESKAPE pathogens killing using a unique blend of lysis and energy dependency.

Antibiotic resistance has been a challenge for treating drug resistant bacterial infections and ESKAPE pathogens are no exception (Rice, 2010). One classic drug resistance mechanism entails efflux of the antimicrobial molecules by bacterial cells (Sun et al., 2014). However, Hst 5 resistance is mediated by efflux through C. albicans Flu1 transporters (Li et al., 2013) and is not likely to occur in bacteria, as there are no similar transporters known in bacteria. In contrast, C. albicans Dur3 transporters (used in polyamine uptake in fungi) are needed for Hst 5 uptake and candidacidal activity (Kumar et al., 2011). Interestingly all ESKAPE pathogens have spermidine/polyamine transporter homologs (Palmer et al., 2010; Ren et al., 2010; Park et al., 2011; Liu et al., 2012; Yao and Lu, 2014; Wang et al., 2016) that might mediate Hst 5 uptake in pathogens that require internalization for killing. Also, the improved bactericidal activity of the Hst 5-spermidine conjugate against E. faecium (whose spermidine transporter has the highest homology to the C. albicans Dur3 transporter, our unpublished data), and to some extent against E. cloacae and A. baumannii may be a result of better uptake due to similarity of polyamine transporters expressed in these cells. Biofilm formation is another resistance mechanism that leads to poor drug penetration and accessibility (del Pozo and Patel, 2007; Hoiby et al., 2010). It has previously been shown that Hst 5 is effective against C. albicans biofilm (Konopka et al., 2010) and thus Hst 5 can potentially make its way through the polysaccharide extracellular biofilm matrix of ESKAPE bacteria as well.

Prophylactic antimicrobial therapy, especially when applied topically, can be of great advantage to prevent surgical, wound, and burn infections. However, depending on the specificity of the agent used, this may also lead to the killing of healthy flora at the site of application that prevents colonization of pathogens. Here we show that salivary Hst 5 that has limited antibacterial activity against most human oral commensal organisms including Streptococcal sp. (found on the human skin; Dale and Fredericks, 2005; Belkaid and Segre, 2014), is extremely effective against P. aeruginosa and A. baumanni. This provides a novel potential therapeutic application for Hst 5 since P. aeruginosa is one of the most important causative agents for burn infections (Tredget et al., 1992). Furthermore, P. aeruginosa is responsible for a majority of bacterial eye infections related to contact lens use (Cope et al., 2016). While Hst 5 is intrinsically absent from human tears, its exogenous application to treat such infections seems plausible, given the high killing activity of Hst 5 against P. aeruginosa. Potential therapeutic use of Hst 5 has some limitations that are inherent to its cationic nature. Since high salt conditions negatively affect Hst 5 microbicidal activity (Helmerhorst et al., 1999; Jang et al., 2010), this may restrict the use of Hst 5 for treatment of systemic disease, although the Hst 5 derivative P113 was found to be effective for systemic use in a rat model of P. aeruginosa sepsis (Cirioni et al., 2004). However Hst 5 has a great potential for application topically, both on human skin and in the eye, especially when carried in hypotonic gels and solutions.

Multiple drugs are sometimes required to completely eradicate drug resistant infections. Although further testing of additional strains of ESKAPE pathogens needs to be done, we show here the killing activity of Hst 5 against ESKAPE pathogens, taken together with how Hst 5 can potentially affects multiple intracellular targets, presents the possibility of using this protein in synergy with other existing antibiotics.
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Variables Number

Age, mean (SD) 671442034
Sex (%)
Meale 53(62.3)
Female 32(376)
Comorb
Hypertension 57 67)
Malignancies. 38(44.6)
Hematologic 19(2233)
Acute leukemia 8(95)
Chronic ymphocytic leukemia 23
Lymphoma 569
Myelodysplastic syndrome 2293
Muliple myeloma 229
Solid 19(22.3)
Diabetes melitus 25(29.4)
Coronary artery disease 25(29.4)
Congestive heart failure 10(11.7)
Renal disease 15(17.6)
Dyslipidemia 11(12.9)
Autoimmune diseases 6()
Lung discase 18(21.2)
Cerebral vascular accident 6()
Neutropenia prior to event® (%) 13(15.3)
ECOG (on admission) (%)
1 7@2)
2 14(16.5)
3 24(282)
a 37 (43.6)
3@8)
ion) (%)
1 3@8)
2 569
3 10(11.8)
4 64(753)
NA 308
Invasive procedures prior to event? (%)
Foley 68(76.4)
Central nes 68(76.4)
Nasogastric tube 40(44.9)
Mechanical ventiation 40 (44.9)
Drains. 19(21.1)
Tracheostomy 709
TPN (%) 16(17.8)
Antibiotic exposure (%)
Prior to admission 25(278)
Prior to event® 84 (93.3)
High dose steroid exposure prior to event? 53 (58.9)
CC unit stay prior to event® 60 (66.7)
LOS prior to event, mean, days® 18.97 £16.79

SO, standard deviation; ECOG, Eastem Cooperative Oncology Group; TPN, total
parenteral nutiton; CG, critical care; LOS, length of stay.

“Data are presented as (%), unless otherwise specifd.

®Variables are presented by episodes (n = 90), otherwise they are presented by patients
(h=85).






OPS/images/fcimb-07-00156/fcimb-07-00156-t002.jpg
Antibiotic Number (%)

Quinolones 32(355)
Antipseudomonal cephalosporins (cefepime, ceftazidime) 15(16.7)
Carbapenems (meropenem, imipenem) 59(65.6)
Colistin 17 (188)
Tigecycline 16(17.8)
Other beta lactams (piperacilin/tazobactam, amoxicilin, ceftriaxone) ~ 31 (34.4)
Aminoglycosides (7.8
Metronidazole 35(38.9)

Giycopeptides 38(422)






OPS/images/fcimb-07-00156/fcimb-07-00156-t005.jpg
Treatment Number (n = 32)

Colistin 18
Tigecycline

©

Colistin and Tigecycline 5
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Characteristics

Demographics
Age, mean, year (SD)
Male sex (%)
LOS prior to event, median,
days (SD)
Comorbidities (%)
Hypertension
Malignancies
Hematologic
Solid
Diabetes melitus
Coronary artery disease
Congestive heart failure
Renal disease
Dysiipidemia
Autoimmune diseases
Lung disease
Cerebral vascular
accident

Neutropenia
High dose steroids

Invasive procedures prior
to event (%)

Foley
Central lines
Nasogastric tube
Mechanical ventiation
Drains
Tracheostomy

Total parenteral nuttition

CC unit stay

XDR profile

Infection source
Primary
Secondary

Prior exposure to colistin

and/or tigecyciine

Septic shock at time of
acquisition

SD, standard deviation; LOS, length of stay: CC, critical care.

Survivors

67.33 21399

22

123 £11.65

22

o

[SEENIECRFNFIRN

© @

28

22
10

Non-survivors

71.85 £16.77

33

22.41£18.05

13
11
21
14

13

1

10
a4

a7
a9
20
32
12

1"
a4
54

23
21

39

p-values

NS
0.002

NS

NS
NS
0.044
NS
NS
NS
NS
NS
NS
NS

NS
<0.001

NS
NS
NS

0.005
NS
NS
NS

003
NS

NS

0019

<0.001





OPS/images/fcimb-07-00156/fcimb-07-00156-t003.jpg
Indication Number (%)

Sepsis 15 (28.4)
Bronchospasm 8(15.1)
Chermotherapy 8(15.1)
ARDS 405
Immune (MAS, SLE) 6(11.3)
More than one indication 8(15.1)
Other 405

ARDS, acute respiatory distress syndrome; MAS, macrophage activating syndrome;
SLE, systemic lupus enythernatosi.
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Variables

Source
Primary
Secondary
Lungs
Urine
Intraabdorminal
Wound/Soft tissue
Resistance profile
XOR
Non-XOR
Septic shock on acquisiion
Active treatment
Within 24 h of positive blood culture resuls

XDR, extensively drug resistant.

Number (%)

57 (63.3)

20(222)
303
5(6)
566

82(91.1)
889
41(456)

32(356)
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Predictors

Septic shock

High dose steroids

Prior exposure to colistin &/or tigecycline
CC unit stay

Mechanical ventiation

Diabetes melitus

OR, odds rat

. confidence interval: CC, critical care.

Univariate analysis

OR (95%Cl)

44.2(9.42-207.3)
6.31(2.48-16.02)
3.94(1.19-12.99)
3.13(1.25-7.89)
3.89(1.54-9.99)
2.94(1.04-8.29)

<0.001

<0.001
0.019
0038
0.004
0.041

Multivariate analysis
OR (95%Cl)

20.91(11.45-719.12)
7.74 (1.634-36.6)

<0001
001
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Name. Identity/Chemistry Precursor(s) Property References
Psl Exopolysaccharide / GDP-D-mannose, The psiA-0 operon Neutral Byrd et al., 2009; Cohin
Repealing pentasaccharide containing UDP-D-glucose and charge etal, 2012
D-mannose, ATDP-L-thamnose
D-glucose and L-rhamnose
Pel Exopolysaccharide/ UDP-sugar The pelA-G operon Positively Frankiin et al, 2011;
Partially acetylated (1 4) glycosidic nuceotide/ charged Jennings et al., 2015
linkages of N-acetylgalactosamine and uncharacterized
N-acetylglucosamine.
Aiginate Exopolysaccharide/ GDP-mannuronicacid  The alginate operon (algD, ~ Negatively Hay et al., 2010; Moradali
O-acetylated 1-4 linked D-mannuronic acid alg8, alg#4, algK, algE, charged etal, 2015
and variable proportions of its 5-epimer algGalgX, algl, algl, algd,
L-guluronic acid algF, and algA) and algC
eDNA Nucleic acid - Cell lysis Negatively Allesen-Holm et al., 2008;
charged Ma et al.,, 2009
Type 4° pil Multiprotein complex/ - The pil/N/O/P/Q and - Ayers et al,, 2009; Burrows,
Type 4a pili the fimU-pilVWXY1Y2E 2012
operons
Flagella® Multiprotein complex - Atleast 41 genes. - Jyot and Ramphal, 2008

clustered in three regions
of the genome encode
flagelin structural and!
regulatory components

* Are not commonly considered as classical matrix molecules of biofim, but important for biofim maturation.
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Virulence Class/Chemistry Synthesis Secretion Property Role in pathogenesis References
factor
Pyocyanin Secondary metabolite/ PhoAT1-GT &phzA2-G2  T2SS Redox-active, Cytotoxic/damaging host cells, tissues and ~ Britigan et al., 1992; Li
tricyclic phenazine operons 2witterion immune system cells/inducing apoptosis/ et al., 2011; van 't Wout
causing oxidative stress by medating Oy etal, 2015; Hallet al.,
and Hy0; production 2016
Pyoverdine Pyoverdines/ Large multimodular PYdRT-0pmQ High affinity to Fe(ll)/iron  Carrier of iron and other metals /crucial for  Visca et al, 2007;
dihydroquinoline-type enzymes/ non-ribosomal  Effux pump & ‘acquisition/ fluorescent infection and biofiim development Hannaver etal,, 2012;
chromophore linked to a peptide  peptide synthetases MexAB-OprM efflux Schak and Guilon, 2013
(NRPSS) pumps
LasA Blytic zinc lasA The Secpathway &  Protease and elastolylic  Staphylolytic activity/ enhancing the activity  Toder et al., 1994; Kessler
Elastase metallo-endopeptidases T2ss activty/ cleavingawide  of LasB and host elastolytic proteases/ etal, 1997; Hoge et al.,
(staphylolytic)/ serine protease range of glycine-containing  crucial for tissue invasion and infection 2010
proteins
LasB Elastase M4 thermolysin peptidase famiy/  fas8’ The Secpathway & Protease and elastoiytic  Degrading host proteins (e.g., elastin, Toder ot al,, 1994; Hoge
zinc metalloprotease T2ss activty collagen and fibrin) damaging host tissues/ et al,, 2010
inactivating key components of the immune
systems/ Corneal amage/crucial for tissue
invasion and infection
Alkaline aprA Tiss Wide protease activity Degrading tissue proteins such as Guzzo et al., 1991; Hoge
Protease metaloendopeptid-ase laminin/destroying basal lamina/ causing etal, 2010; Laarman
(@eruginolysin) hemorrhagic tissue necrosis/ inactivating key et al., 2012
components of the immune systems/ crucial
for tissue invasion
Lectin A Tetrameric protein lecA (or pal) Intracelluar; only a Galactophiic/ Oytotoxicimpaiing respiratory of epithelial  Glick and Garber, 1983;
smallfraction present  adhesive cells/inducing a permeability defect inthe  Diggle et al., 2006;
on the cell surface intestinal epithefium boosting ExoA Cheman et al,, 2009
penetration/ important for cell attachment,
cell-cell interaction and biofiim development
PIcB Phospholipases C Pl The Secpathway &  Hydrolysing Cytolytic activity/ important for cell Schiel and Miler, 1999;
288 phosphatidylch-oline & membrane destruction and tissue invasion  Barker et al,, 2004
phosphatidyleth-anolamine
Rhamnolipids ~ Rhamnose-containing 1hIAB operon & rhiC Biosurfactant/ Oytotoxic/Causing tissue invasion and Van Delden and Iglewski,
glycolipicic compounds detergent-iie structure/  damage/ eiminating Polymorphonucear 1998; Davey et al., 2003;
hemolytic activity neutrophilic leukocytes/ inhibiting the Zhu and Rock, 200
mucodiiary transport and cillry function of  Ahede et al., 2009;
human respiratory epitheliumy important for  Wittgens et al., 2011
maintenance of biofim architecture and
bacterial motiity
Exotoxin A PE belongs to the toxa 288 Modifying the elongation A systemic and one of the most toxic Pillar and Hobden, 2002;
(ToxA) two-component AB toxin family/ factor-2 in eukaryotic cells  virulence factor/cytotoxic by entering host  Daddaoua et al., 2012
NAD*-diphthamide-ADP- cells/ inhibiting host protein synthesis/ Michalska and Wolf, 2015
fibosylransferase causing cell death, tissue damage, bacterial
invasion and immunosuppression/ crucial for
Keratitis
Hydrogen Secondary metabolite 'henABC operon Diffusible Highly toxic/ potent ‘Oytotoxic/Suppressing aerobic respiration by Castric, 1975; Blumer and
cyanide (HON) inhibitor of cytochrome ¢ rapid diffusion through tissues Haas, 2000; Lenney and
oxidase and other Gilchrist, 2011;

metalloenzymes

Garcia-Garcia et al., 2016
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Species Strain #
Enterococcus faecium 94-346-1139
Staphylococcus aureus 299-0432
Staphylococcus aureus (MRSA) 94-292-1348
Kiebsiella pneumoniae Montreal #33
Acinetobacter baurmannii AB307-0294
Acinetobacter baumannii HUMG1
Pseudomonas aeruginosa  94-323-0635
Pseudomonas aeruginosa  PAOT
Enterobacter cloacae 94-293-0624

Gram
staining

+ o+ o+

Source*

Buffalo, NY
Bufalo, NY
Bufalo, NY
Montreal, Canada

Buffalo, NY (Adams
etal, 2008)

Luoet al., 2012
Bufalo, NY
Sutton lab, Buffalo, NY
Buffalo, NY

“Isolates from the University at Buffalo were collected over the past 20 years directly from
the linical microbiology laboratory, which performed strain identification by approved

laboratory methodology.
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MIC 50(g/mi) MIC 90(.g/mi)

Imipenem 8 32
Meropenem 16 %2
Colistin 025 1
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Comb Susceptible Resistant Impact p-value

Nb Mean sD Nb Mean sD
Col+Imp 21 1.233 0.387 65 1.138 0.37 0.318
Col+Mer 18 1251 0307 78 107 0339 0.035
p-value 0938 014

Col,colisin; Imp, imipene; Mer, meropenem; Comb, combination; Nb, number of solates. Non-bold p-values represent the significance between both combinations among resistant
and susceptible isolates, respectively. The bold p-vales represent the significance of colistin-imivenem and colitin meropener combination between the susceptible and resistant
fsolates, respectivell.
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% Hst 5 killing®
Enterococcus faecium 636
Staphylococcus aureus 608
Kiebsiella pneumoniae 00
Acinetobacter baumannii 9534
Pseudomonas aeruginosa >999
Enterobacter cloacae 781

% Hst 5 biofilmKilling®

ND

32
195
15.1
595

ND

Hist 5 (30 M) kiling efficiency of planktonic cels in 10mM NaPB bufferfor Sh.
bHst 5 (30 M) killng efficiency of biofim cells in 10mi NaPB butter for 1h.
©Hist 5-Spd (30 M) kiling efficiency in 10mM NaPB bufer for 5.

SMIC in 10% MH broth.
ND, Not Determined: N/A, Not Applicable.

% Hst 5-spd killing®

966
69.2
0.0
968
>99.9
90.1

Main mechanism of killing

Membrane disruption  Energy dependent

- +
WA A
+ B
+ B
- +

MIC (uM)¢

ND
ND
NA

47
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Beta-lactamases Bla gene Primer direction Sequence (5'3) size (bp)

GES GESF ATGCGCTTCATTCACGCAC 863

GESR CTATTTGTCCGTGCTCAGGA

KPC KPCF ATGTCACTGTATCGCCGTCT 881
KPCR TTACTGCCCGTTGACGCCCA

L =SH EEEiiihk

IMP IMP F CGGCC (G=T) CAGGAG (A=C) G (G=T) CTTT a84
IMPR AAACCAGTTTTGC(C=T) TTAC(C=T) AT

VM VIMF ATTCCGGTCGG(A=GIGAGGTCCG 601
VIMR TGTGCTKGAGCAAKTCYAGACCG

NOM NOM F GGGCCGTATGAGTGATTGC 825
NDM R GAAGCTGAGCACCGCATTAG

OXA-23-like ATGAATAAATATTTTACTTG 821

TTAAATAATATTCAGCTGTT
OXA-24-ike ATACTTCCTATATTCAGCAT 809
GATTCCAAGATTTCTAGCG

oxa-48 GCTTGATCGCCCTCGATT 281
OXAd8 R GATTTGCTCCGTGEOCGAAA

OXA51-ike OXAS1-ike F TAATGCTTTGATCGGCCTTG 353
OXAS1-like R TGGATTGCACTTCATCTTGG

OXA-58-ike OXAS8-Like F ATGAAATTATTAAAAATATTGAGT 840
OXAS8-like R ATAAATAATGAAAAACACCCAA

*R, reverse primer; F; forward primer.
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Isolates  Comb. Check.  Etest Time kill (MICxMIC)

Drug A+B Ficl FICI  16x16 8x8 4x4 2x2 1x1 05x05 025x025  0.125x0125
(A Log 10)
3 CH 120 116 060 -034 -084  -060 -3.61 -0.68 000
C+M 105 1.60 074 074 008 -060 -138 ~0.06 000
4 CH 104 200 001 005 002 -010 001 -0.08 -137
C+M 104 200 -009  -023 -026 -033 -024 -026 -151
8 CH 141 200 -001  -005 000 001 -0.02 -150
C+M 149 200 -002 -003 -004 002 -002 -158
18 CH 141 160 014 005  -012  -042  -265 272 -271
C+M 109 1.60 011 -011  -013 037 -2.08 -246
21 Cl 128 150 000  -004 -003  -003 -002 ~004
C+M 128 200 -001 000  -003  -008 -0.02 -0.02
24 CHl 1.05 125 000 -034 -020  -286 -022 ~005 -001
C+M 098 175 040  -034 000 -3.20 -0.14 000 000
30 CH 188 100 003 -002 -004 002 -003 001 -034
C+M 172 175 000  -0038 -001  -002 -008 ~0.14 002
32 CH 106 200 014 -100 367  -368 -3.06 -024 000
C+M 094 175 000  -100 327  -368 -013 003 0ot
34 CH 099 125 -001 000 000 -126 149 -154 -0.05
C+M 078 200 002 002 004 -121 148 -016 004
a4 CH 105 175 005 005 -003 009 133 -154 -0.30
C+M 061 1.16 -001 =010  -003 005  -133 -021 007
a8 CH 142 1.40 003 005 002 006 044 000 -138
C+M 113 088 008 007 007 005 053 011 ~1.43
51 CH 109 150 -001  -002 000 107 ~145 ~1.59 -0.03
C+M 081 200 001 003 003 -106 ~1.42 -0.18 -002
63 CH 138 1.40 -003  -003 -004 003 -191 ~1.46 -031
C+M 158 075 000 -001 003 -002 -133 -0.42 -0.14
65 CH 146 125 -004  -007  -007 167 -174 -0.16 000
C+M 105 125 -008 -012  -011 171 -098 000 002
69 CH 081 125 007 003 001 -009  -151 -163 -172
C+M 092 200 005 004 000 004 138 ~148 -138
70 CH 068 200 -005 -005 -006 137 -130 -151 -0.08
C+M 072 200 005 002 -004 141 ~1.48 ~155 -0.06
3l CH 254 200 -007 008  -005 009 -006 005 -0.04
C+M 200 200 000 044  -011 000 -005 -003 -0.10
73 CH 067 125 -044  -007  -001 066  -139 -1.50 ~158
C+M 066 108 -012 011 005  -064  —135 ~151 —157
75 O+ 0% 1.00 -040 0.1 -012  -020  -094 -002 000
C+M 068 085 -009  -009 -0.1 029  -091 001 005
78 CH 083 1,60 009 002 000 -007  -008 -0.04 -0.10 000
C+M 083 1.00 005 006 -002 -007 007 -0.04 -0.10
93 O+ 070 125 000 -007 -093  -040 -032 -0.07 021
076 150 033 016 018 -007 0.10 o.11 -0.09

C+, Cokmipenem; C+M, Col-meropenem. Comb, Combination; Check, Checkerboard. Synergistc effect is determined by ETEST and checkerboard whenever SFICIS0.5 was
detected, and adtivity was determined for the range 0.5< Y-FICI< 2. Al the tested isolates showed additivty in both techniques. The values in bold represent a synergistc effect by
time killcurve (< ~2). At 2 x 2MIC: Synergistic rate: 4.7% for C-+1 and C-+M respectively, at 1 x TMIC: synergistic rate: 14.3% for C-+1, and 9.5% for C-+M, at 0.5 x 0.5MIC synergistic
rate 14.3% for C+l, and 4.7% for C+M, at 0.25 x 0.25MIC synergistic rate of 4.7% for C-+ and C+M, respectively.
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Antibiotics Bactericidal effect of colistin and carbapenem alone and in combination (time kill curve)

16xmIC 8xMIC 4xmic 2xMIc 1xMIC 0.5xMIC 0.25xMIC 0.125xMIC
ALog10

0429 0155 0214 0441 118 1368 1621 1826

0.325 0.139 0.137 0.121 0218 112 1914 2174

0413 0131 0.116 0282 112 1922 2054 2194

0.437 0.196 0.115 0.066 0.008 0.349 0915 1.828

0403 0478 0088 0195 0108 0815 106 1802

0528 0.698 0679 0.103 0.831 0018 0.112 0.731
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Comb Potential effect of time kill curve

16 x 16MIC 8 x 8MIC 4 x 4mIC 2 x 2MIC 1 x 1MIC 0.5 x 0.5MIC 0.25 x 0.25MIC 0.125 x 0.125MIC
ALogto
Col-mp 0001 0031 ~0.11 ~0.404 ~1077 -1.059 -0732 -0024
Col-Mer -0006 005 -0.119 ~0274 -0987 -0553 -0.554 —0014
p-value 0648 0587 0735 008 0233 0.012 0031 0879

Comb, combination; Col-Imp, colistin-imipenem combination; Col-Mer, colistin-meropenem combination. A decrease of = 2 Log10 determines a synergistic effect. An increase of > 2
Log10 determines an antagonism. Additiity/indifference is determined for any outcome that does not it with either synergistic or antagonism effect. Bold values indicates significant
diferis baivsarcombinsion:
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Virulence factor

Proposed role in pathogenesis

References.

Porin (OmpA, Omp33-36, Omp22, Car0,
OprD-like)

Capsular polysaccharide
Lipopolysaccharide (LPS)
Phospholipase (PLG and PLD)

Outer membrane vesicle (OMV)

lron acqisition system (acinetobactin and
NfuA)

Zinc acquisition system (ZnuABC and Zigh)

Manganese acauisition system (MumC and
MumT)

Type Il protein secretion system
Type VI protein secretion system

Type V protein secreion system
Penicilin-binding protein 7/8 and p-lactamase
PER-1

CipA

Tuf

RecA

SurA1
GighBCD
UspA

GacS and PaaE

Pl
OmpR/ENZ
FhaBC
AbeD

Adherence and invasion, induction of apoptosis, serum resistance,

biofim formation, persistence

Growth in serum, survival in tissue infection, biofiim formation

Serum resistance, survival in tissue infection, evasion of the host

immune response
Serum resistance, invasion, in vivo survival

Delvery of virulence factors, horizontal transfer of antibiotic

resistance gene
Invivo survival, persistence, kiling of host cells

Invivo survival
Invivo survival

Invivo survivel

Kiling of competing bacteria, host colonization

Biofim formation, adherence
Serum resistance, in vivo sunvival, adherence

Serum resistance, invasion
Serum resistance

Invivo sunvivel

Serum resistance, in vivo survival
Invivo sunvival, kiling of host cells
In vivo survival, killing of host cells
Neutrophil influx

Adherence, biofim formation
Killng of host cells
Adherence, kiling of host cells
Killing of host cells
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Strains/plasmids Genotype or characteristics Source

E. coli SM10Ax th thr leu tonA lacY supE recA:RP4-2-Te::Mu Kim Apir Simon ot al, 1983
E. coli SM10kx AsGiA Mutants of E. coli SM103 deficient in sdid gene This work

E. coli EC600 LacZ, Nalf", RiR Ourlab

£. coli BW25113 AleraD-araB)567, AlacZA787(:rmB-3), lambda-, rph-1, A(rhaD-haB)568, hsdR614 Ourlab

R aeruginosa PAOT Wid-type Stover et al,, 2000

PAOT Alas! Mutants of PAOT deficient in fas! gene Ourlab Zeng et al., 2016
PAOT Arhil Mutants of PAOT deficient in il gene Ourlab Zeng et al., 2016
pKD3 oriR6K, FRT:cat::FRT template plasmid CmP, AmpR Datsenko and Wanner, 2000
pKD46 ©0riR101 repA101ts P-araB-gam-bet-exo AmpR Datsenko and Wanner, 2000
pCP20 PSC101 temperature-sensitive repliconts, Fip(k Rp), c1857, G, AmpRt Datsenko and Wanner, 2000
pQFS0 Promoterless lacZ reporter plasmid, Amp™t Farinha and Kropinski, 1990
pQFS0-tral POF50 derivative, containing tral promoter region, Amp? “This work

pUCP24T 70 bp orT fragment from pCVD442 cloned into pUCP24, 01600, G Philippe et al., 2004

R, KmP. CmP, GmP, and AmpR stand for rifampicin, kanamycin, chioramphenicol, gentamycin and ampicillin resistance, respectively.
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Gene?

cSUA/B
A1S_2091
A1S_1510
A1S_0890
ompA

ATCC 17978

036014
264£041
0.86+0.10
848+ 092
128014

17978 A0114

1.81£0.40
022004
056 + 004
307 £038
0.76 £008

"The expression level of each gene was determined with respect to the expression level
of recA, which was defined as 1.
Values are means  standard deviation. P-values indicate significant differences as
determined by a Student’s t-test.
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Stainor  Relevant characteristic(s) Sources or
plasmid references

A. baumannii

ATCC 17978 Clinical isolate ATCC

A0114 ATGC 17978 A1S_0114 deletion derivative This study

A0114.C 17978 A0114 harboring pWH1266-Km-0114; This study
Km'

AO114.E 17978 A0114 harboring PWH1266-Km; K, This study
o

E. coli

TG Used for DNA recombinant methods Lucigen

OP50 Used for maintenance of C. elegans; Ura™, St CGC

pCR-Blunt  Cloning vector; K, Zeo! Invitrogen

ITOPO

PWH1266 A baumannil shuttie vector; Ap', Te Stiernagle,

2006

PWH1266- A, baumannil shuttle veotor; KinY, Te! This study

Km

PWH1266-  pWH1266-Km harboring A1S_0114; K This study

Km-0114

PMo130 Suicide vector for construction of A. baumannii  Hamad ot al.,
isogenic derivative; Knf, SacB, XylE 2009

Aof, ampiclin resistance; Kinf, kanamycinresistance; Tet®, tetracycline resistance; Str,
streptomycin resistance: Zeo®, zeocin resistance.
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Gene name Protein Description

Fold Function

Acinetobacter baumannii ATCC 17978AadeL vs. Acinetobacter

250

150
257
221
1.76
1.88
188

Regulatory

Acid tolerance
Mobilty of genes

Surface motilty/biofim

baumannii ATCC 17978

A18.2303  LysR regulator famiy
Acinetobacter baumannii ATCC 17978AadeB vs. Acinetobacter
baumannii ATCC 17978

A1S_1490  Glutamate/Aspartate transporter
A1S.0658  Transposase (ISAbat)
A18_0657  Transposase (ISAba2)
A1S_2218  CsuAB

A1S_1071  Hypothetical protein

A1S_2652  Hypothetical protein

A1S3020  Hypothetical protein

184

Acinetobacter baumannii ATCC 17978 AadeB vs. Acinetobacter
baumannii ATCC 17978 AadeL

A1S_1493

A1S_1490

A1S_1492

A1S_0118
A1S 0112

A1S_0115
A1S_0114
A1S_0116
A1S_1860

A1S_1859

A1S_0658
A1S_0657
A1S_1294

A1S_1296

A1S_1292
A1S_1295

A1S_1293

A1S_2218
A1S_1510
A1S_1865
A1S_1466
A1S_1071
A1S_2652
A1S_3020

Glutamate/aspartate transport
protein

Glutamate/aspartate transport
protein

Glutamate/aspartate transport
protein

Acyl-CoA dehydrogenase
Acyl-CoA synthetase/AMP-acid
ligases Il

Amino acid adenylation

Acyl carrier protein

RND superfamily transporter
Ring hydroxylating dioxygenase
Rieske (2Fe-25)
Aromatic-ring-hydroxylating
dioxygenase B subunit?
Transposase (SAba)
Transposase (ISAba2)

Type Vi secretion
system-associated protein (VipA)
Type Vi secretion
‘system-associated protein (Hep-1)
Putative signal peptice

Type VI secretion
system-associated protein (Putative
Membrane protein)

Type Vi secretion
system-associated protein (VipB)
CsunB

Fimbrial protein (type |)
Glu-tRNA amidotransferase
Glutaminase-aspirginase
Hypothetioal protein
Hypothetical protein
Hypothetical protein

1.60

1.59

158

178
1.65

152
1.50
1.50
154

150

274
2.41
206

1.79

164
1.62

1.99

157
155
1.64
158
192
191
1.80

Acid tolerance

Quorum sensing

IronvSulfur metabolism

Mobilty of genes

T6SS

Surface motilty/biofiim

Transferase actvity
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Strain

A. baumannii ATCC 17978

A. baumannii ATCC 17978 AadeB

A. baumannii ATCC 17978 Aadel.

Ab421 GEIH-2010

Antimicrobial

Tobramycin
Sulfamethoxazole
Tigecycline
Norfloxacin
Ciprofloxacin
Gentamicin
Tetracycline
Netiimicin

Tobramycin
Sulfamethoxazole
Tigecycline
Norfloxacin
Ciprofloxacin
Gentamicin
Tetracycline
Netilmicin

Tobramycin
Sulfamethoxazole
Tigecycline
Norfloxacin
Ciprofioxacin
Gentamicin
Tetracyoline
Netiimicin

Tobramycin
Sulfamethoxazole
Tigecycine
Norfloxacin
Ciprofloxacin
Gentamicin
Tetracycline
Netiimicin

MIC (mg/L)

05
4,864

025
4,864

05
05

9,728
16
1,024
512
512
16
256

MIC (mg/L-Bile Salts 0.5%)

05
4,864

64
9,728
16
2,048
512
512
32
256

MIC (mg/L-PABN 100 ug/mL)

05
4,864

05
4864

0.125
05

05

025
4,864
025
05
025
05

05

4,864

512
512
128
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A.baumannii GEIH-2010
(PFGE-HUI-1 clone)

Acid tolerance
(A1S_1490 gene?)

Quorum sensing
(A15_0115 gene?)

Apa21 418 428
Aos2? 242 1.68
Aba28 260 187
Ab435 9.00 978
o436 472 280
Control* Acid tolerance Quorum sensing

(A1S_1490 gene?) (A15_0115 gene?)

A. baumannii ATCC 17978 123 1.03

*A. baumnanni ATCC 17978 was included as a control, The same grown in the absence of bile salts weve used as references strain (RE

T6sS
(A1S_1295 gene?)

338
228
236
783
327

Tess
(A15_1295 gene?)

1.10

Surface Bacteraemia
motility/biofilm
(A15_1510 gene?)

383 Yes

242 Yes

2.41 Yes

8.39 Yes

431 Yes
Surface

motility/biofilm
(A1S_1510 gene?)

1.05 -

7). 8Genome A. baumannii ATCC 17978.
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Gene name Protein Description Fold  Function

Acinetobacter baumannii ATCC 17978 vs. Acinetobacter baumannii
ATCC 17978 (0.5 % Bile Salts)

A18.3175  Bacterioferitin 521 Fenic iron binding
A1S 0800 Bacterioferrtin 271

A1S_1860  Ring hydroxylating dioxygenase 227  lron/Sulfur metabolism
Rieske (2Fe-28) protein

A1S_1850  Aromatic-ring-hydroxylating 221
dioxygenase beta subunit
A1S_2102  Aldehyde dehydrogenase 1 357 Oxidoreductase activity
A1S_1864  Acyl-CoA dehydrogenase-ike  2.34
protein
A1S_1858  Short-chain 2147
dehydrogenase/reductase SDR
A1S_1865  GIu-1RNA amidotransferase 266 Transferase activity
A1S_3415  Maleylacetoacetate isomerase 2.5 Isomerase activity
A1S_1857  Vanilate O-demethylase 231 Catalytic activity
oxidoreductase
A1S_3414  Fumarylacetoacetase 244 Fumarylacetoacetate
activty
A1S_2809  Bacteriolyic lipoprotein entericidin 203 Response to toxic
8 substance
A1S_1228  Cold shock protein 2 DNAbinding
A1S_1924  Cytochrome d terminal oxidase  2.34  Component of
polypeptide subunit membrane

Acinetobacter baumannii ATCC 17978AadeB vs. Acinetobacter
baumannii ATCC 17978AadeB (0.5% Bile Salts)

A1S_3175  Bacterioferritin 447 Feric iron
A1S_0800  Bacterioferrtin 3.64

A1S_1860  Ring hydroxylating dioxygenase 279 lron/Sulfur Metabolism
Rioske (2Fe-25) protein

ding

A1S_1859  Aromatic-ring-hycroxylating 273
dioxygenase beta subunit
A1S_1861  Benzoate dioxygenase large subunit 2.43
A18.2102  Adehyde dehydrogenase 1 239 Oxidoreductase actiity
A1S_1864  Acy-CoA dehydrogenase-ike  2.79
protein
A1S_1858  Short-chain 253
dehydrogenase/reductase SDR
A18_1075  D-amino-acid dehydrogenase 2.6
A1S_1856  P-hydroxyphenylacetate 201
hydroxylase Ctreductase
component
A1S_1865  Glu-tRNA amidotransferase 297 Transferase activity
A1S_3415  Maleylacetoacetate isomerase  2.59  Isomerase activity
A1S_1857  Vanillate O-demethylase 247 Catalytic activity
oxidoreductase
A1S.3414  Fumarylacetoacetase 212 Fumarylacetoacetate
activity
A1S.0804 Trehalose-6-phosphate 366 Metal ion binding
phosphatase
A1S_1498  TetR family transcriptional regulator 2.28  Transcriptional
regulator

A1S_1687  Transcriptional regulator
A1S 3416 Glyoxalase/bleomycin resistance 2.1 Dioxygenase activity

protein/dioxygenase

A1S_1773  RND family drug transporter 204 Integral component
membrane

A18_1228  Cold shock protein 427 DNAbinding

Acinetobacter baumanniATCC 17978AadeL vs. Acinetobacter
baumannii ATCC 17978AadeL Bile Salts (0.5% Bile Salts)

A1S_3175  Bacteroferitin 763 Feric ron binding
A1S_.0800  Bacterioferritin 55
A1S_2102  Aldehyde dehydrogenase 1 259 Oxidoreductase aotivty
A1S_1865  Glu-tRNA amidotransferase 226 Transferase activity
A1S_3415  Maleylacetoacelate isomerase 3.9 Isomerase activity
A1S.3317  Putative outer membrane protein  2.68  Component of
membrane
A1$_3414  Fumarylacetoacetase 289 Fumarylacetoacetate
actity
A1S_2809  Bacteriolytic lipoprotein entericidin  2.76  Response to toxic
B substance
A1$_1687  Transcriptional regulator 268 Transcriptional
regulator
A1S_3416  Glyoxalase/bleomycin resistance  3.17  Dioxygenase activity
protein/dioxygenase
A18.1962  Recombinase A 284 DNAmetabolism
A1$_1224  Curved DNA-binding protein 216
A1S_1228  Cold shock protein 492
A1S_1031  DNA-binding ATP-dependent 275 ATP binding
protease La
A1S_1030  DNA-binding ATP-dependent 226
protease La
A1S_1950  Putative universal stress protein ~ 2.36  Response to stress
A1S_0364  Transposase 218 Mobilty of genes
A1S_.0683  Putative sigma (64) modulation 212 General metabolsm
protein RpoX
A1S_1987  Putative UDP-galactose 2142

4-epimerase (GalE-ike)
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cTX cAzZ FEP TZP MEM

n % n % n % n % n %
Resistant 79 87.8 78 8.7 58 64.4 81 90 81 EY
Intermediiate 9 10 1 11 19 211 2 22 o 0
Sensitive 2 22 1 122 13 14.4 7 78 9 10
[V SXT cIp et coL

n % n % n % n % n %
Resistant 81 0 83 922 84 933 77 856 1 11
Intermediiate o o 0 [ o [ o [ 0 0
Sensitive 9 10 7 78 6 67 13 144 89 989

CTX stands for cefotaxime, CAZ for ceftazidime, FEP for cefepime, TZP for piperacillntazobactam, MEM for meropenem, IMP for imipenem, SXT for trmethoprin/sulfamethoxazole,
CIP for ciprofioxacin, GT for gentamycin, and COL for colistir
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Primer

Oxa-51-lke-F
Oxa-51-lke-R
Oxa-23-ke-F
Oxa-23-ke-R
Oxa-24-like-F
Oxa-24-ke-R
Oxa-58-like-F
Oxa-58-ke-R

KPC-F

KPC-R

NDM-F

NDM-R

Oxa-48-F

Oxa-48-R
Group1ompAF308
Group1and2ompARGE0
Group1csuEF
Group1esuER
Gp1OXAG6F89
Gp1OXAGBRG47
Group2ompAFa78
Group1and2ompARGE0
Group2esuEF
Group2csuER
Gp2OXAGOF169
GP20XAGIR330

Sequence

§/-ATGAACATTAAAGCACTC-3'
5/-CTATAAMATACCTAATTGTTC-3'
5/-GATCGGATTGGAGAACCAGA-3'
§/-ATTTCTGACCGCATTTCCAT-3'
§/-GGTTAGTTGGCCCCCTTAAA-S'
§/-AGTTGAGCGAAMAGGGGATT-3/
§/-AAGTATTGGGGCTTGTGCTG-3
§/-CCCCTCTGCGCTCTACATAC-3!
§/-CGTCTAGTTCTGCTGTCTTG-3
§/-CTTGTCATCCTTGTTAGGCG-3
5/-GGTTTGGCGATCTGGTTTTC-3'
-CGGAATGGCTCATCACGATC-3
5/-GCGTGGTTAAGGATGAACAC-3'
§/-CATCAAGTTGAACCCAACCG-3'
§/-GATGGCGTAAATCGTGGTA-3
§/-CAACTTTAGCGATTTCTGG-3'
§/-CTTTAGCAAACATGACCTACC-3'
§/-TACACCCGGGTTAATCGT-3"
5/-GCGCTTCAAMATCTGATGTA-S
§/-GCGTATATTTTGTTTCCATTC-3'
§/-GACCTTTCTTATCACAACGA-3'
§/-CAACTTTAGCGATTTCTGG-3'
5/-GGCGAACATGACCTATTT-3'
§/-CTTCATGGCTCGTTGGTT-3'
5/-CATCAAGGTCAAACTCAAS!
§/-TAGCCTTTTTTCCCCATC-3'

Annealing Temperature

46°C

53°C

53°C

53°C

52°C

52°C

52°C

57°C

57°C

57°C

57°C

57°C

57°C

References

Turton et al,, 2006b

Mostachio et al., 2009

Mostachio et al., 2009

Mostachio et al., 2009

Poirel etal., 2011

Poirel etal., 2011

Poirel et al., 2011

Turton et al., 2007

Turton et al, 2007

Turton et al., 2007

Turton et al., 2007

Turton et al., 2007

Turton et al., 2007
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Minocyciine-+ifampicin

Minocycline-+amikacin

Tigecycline-+colistin

Invivo

Invitro

Invivo

Invitro

Invitro
Invitro
Invitro

Invitrofin vivo

Muttidrug-resistant

Multicrug-resistant

Multidrug-resistant

Carbapenem-resistant, colistin-susceptible

Extensively drug-resistant, colistin-susceptible
Tigecycline-non-susceptible
Carbapenem-resistant, colistin-susceptible and
colistin-resistant

Extensively drug-resistant

Synergistic effect of minocydline/ifampicin and minocycline/amikacin
‘combinations in a mouse lung infection model

Minocycline in combination with rifampicin, imipenern, and colistin
showed bactericidal synergy in most of the isolates which did not
harbor the tetB gene, but the combinations were not synergistic in
tetB-positive isolates

Synergistic effect of minocycline/rifampicin and minocycline/amikacin
‘combinations in a mouse lung infection model

Good synergy

Good synergy
Good synergy
Good synergy

Invitro synergistic activity; no statistically significant differences were
found between colistin, tigecycline, and combination treatments in
terms of efficacy on bacterial counts in lung tissue of a rat pneumonia
model

He S. etal., 2015

Rodriguez et al., 2015

He'S. etal, 2015

Ozbek and Senturk, 2010;
Sheng et al., 2011

Dizbay et al., 2010
Principe et al,, 2009
Peck etal., 2012

Mutlu Yiimaz et al,, 2012

Tigecycline+polymyxin B Invitro Carbapenem-resistant, Combination of polymyxin B-with higher tigecyciine concentrations Rao et al,, 2016b
polymyxin-heteroresistant result in sustained bactericidal activity
Invitro Carbapenem-resistant Synergistic effects in combination therapy with simulated exposures of Hagihara et al,, 2014
polymyxin B and tigecyciine at an aggressive dose
Tigecycline-+amikacin Invitro Mulidrug-resistant Synergistic bactericidal activites Moland et al., 2008
Colistin-+rifampicin Invitrofin vivo Mulidrug-resistant, colistin-susceptible Eficacy in vitro and in experimental models of pneumonia and Pachon-lbanez et al., 2010
meningitis
Case report Carbapenem-resistant, colstin-susceptible  Efficacy in 7 of 10 patients with ventilator-associated pneumoria Song etal., 2008
Case report Mulidrug-resistant, colistin-susceptible Efficacy in 22 of 29 critcally il patients with pneumonia and bacteremia  Bassett et al., 2008
Invivo Mulidrug-resistant, colistin-susceptible Synergistic effect in prolonging survival Pantopouiou et al,, 2007
Cinical tral Mulidrug-resistant, colistin-susceptible Favorable for all 26 nosocomial infection patients Motaouakki et al., 2006
Invitro Carbapenem-resistant, colstin-susceptible Effective for strains highly resistant to imipenem and moderately Montero et al., 2004
resistant to rifampicin
Invitro Mulidrug-resistant, colistin-susceptible Synergistic effect against 11 of 13 isolates Hogg etal., 1998
Invitro Extensively drug-resistant Combinations of colistin/ifampicin, colistin/meropenen, Liang et al., 2011
colistin/minocycine and minocycline/meropenem are synergistic
Invitro Mulichug-resistant, colistin-susceptible Colistin/ifarpicin was fully synergistic against 4 of 5 isolates; Timurkaynak et al., 2006
colistirvmeropenem and colistin/azithromycin were synergistic against
3f 5 isolates; colistin/doxycycline was partially synergistic o additive
against § isolates
Case report Carbapenem-resistant, colistin-susceptible Rifampicin/colistin and ampicilin/sulbactam resulted in microbiological  Petrosillo et al., 2005
clearance in 9 of 14 critically il patients
Invitro Carbapenem-resistant, colistin-heteroresistant  Rifampicin/colistin and imipenemvcolistin were synergistic against Rodriguez etal., 2010
heteroresistant isolates and prevented the development of
colistin-resistant strains
Case report Carbapenem-resistant, colstin-susceptible Synergistic effect in patients with ventiator-associated pneumonia Aydemir et al., 2013
Invivo Extensively drug-resistant, colistin-susceptible  Colistin/fusidic acid and colistin/fifampicin were synergistic ina murine  Fan et al., 2016
and colstin-resistant thigh-infection model; The colistin-meropenem combination was also
effective when the colistin MIC is <32 mg/L.
Invitro Colistin-resistant The most effective combinations were colistin-rifampin and Bae et al, 2016
colistin-teicoplanin; both combinations showed synergistic effect
against 8 of 9 colistin-resistant strains
Colistin +teicoplanin Invitroin vivo Multichug-resistant, colistin-susceptible Synergistic effect of colistin/daptomycin and colistinfteicoplaninina  Cironi et al, 2016
mouse model
Invitro Mulidrug-resistant, colistin-susceptible Significant synergy Wareham et al., 2011
Invitro Colistin-resistant ‘The most effective combinations were colistin-rifampin and Bae et al, 2016
colistin-teicoplanin; both combinations showed synergistic effect
against 8 of 9 colistin-resistant strains
Colistin+daptomycin Invitrolin vivo Mulidrug-resistant, colistin-susceptible Synergistic effect of colistin/daptomycin and colistivteicoplaninina  Giron et al, 2016
mouse model
Invitro Extensively drug-resistant ‘The daptomycin-colistin combination was the most effective; the Cordoba et al., 2015
colistiv/imipenem combination was also effective
Colistin-+vancomycin Invitrofin vivo Multichug-resistant, colistin-susceptible Highly active both in vitro and in an animal model of Galleria mellonefla  Hornsey and Warcham, 2011
Colistin++fosfomycin Invitro Carbapenem-resistant, colstin-susceptible Good synergy; no synergy between colistin and sulbactam, colistinand  Santimaleeworagun et al.,
imipenem 2011
Invitro Carbapenem-resistant, colistin-susceptible and /n vitro synergy between colistin and fusidic acid that is comparable to ~ Bowler et al,, 2016
colistin-resistant the synergy between colistin and vancomycin; the synergy vith fusidic
acid i strain-dependent and applicable to strains for which the colistin
MICs are relatively low
Invitro Carbapenem-resistant, colistin-susceptible and  Robust synergy between fusidic acid and colstin against Phee etal., 2015
colistin-resistant mulidrug-resistant clinical strains, including some colistin-resistant
strains
Invivo Extensively drug-resistant, colistin-susceptible  Colistin/fusidic acid and colistin/rfampicin were synergistic ina murine ~ Fan et al, 2016
and colistin-resistant thigh-infection model; The colistin-meropenem combination was also
effective when the colistin MIC is <32 mg/L.
Colistin-+amikacin Case report Multicrug:-resistant, colistin-susceptible Successful cliical and microbiological outcomes. Fulnecky et al,, 2005
Colistin-+trimethoprim- Invitro Carbapenem-resistant Colistin/trimethoprim-suifamethoxazole killd effectively all Nepka et al., 2016
sulfamethoxazole carbapenem-resistant strains
Polymyxin B-+netropsin Invitrolin vivo Colistin-resistant The survival of infected Galleria mellonella was significantly higher when ~ Chung et al., 2016

treated with polymyxin B and netropsin in combination than when
treated with polymyxin B or netropsin alone
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Trimethoprim-sultamethoxazole  In vitro Carbapenem-resistant Timethoprim-sulfamethoxazole killed effectively all Nepka et al., 2016
carbapenem-resistant strains
Novobiocin Invitro Carbapenem-susceptiole Inhibition of frequency of the occurrence of rifampin resistance mutants ~ Jara et al,, 2015
Bacteriophages Invitrolin vivo Carbapenem-resistant, Strong lytic activiies and the improvement of sunvival rates Jeon et al, 2016; Kusradze
carbapenem-susceptile etal, 2016
Endolysin (LysABP-O1)+colstin  In vitro Multicug-resistant Synergistic activity Thummeepak et al, 2016
Avtiysins Invitro Carbapenem-resistant, Atilysins are effective in vitro and in vivo Briers et al, 2014; Yang etal,
carbapenem-susceptble 2015; Defraine et al, 2016;
Thandar et al, 2016
Antimicrobial peptides Invitro Multidrug-resistant Good antimicrobial activities Pires et al, 2015; Barksdale
otal, 2016
Rose bengal+ carbapenem Invito Carbapenem-resistant Imipenem or meropenem wilh rose bengal showed synergistic effects  Chiu et al, 2016
B-Aminoketone (MD3)+colistin  In vitro Colistin-susceptible, colistin-resistant Synergistic effect targeting to strains with specific coistin resistance  Martinez-Guitian et al,, 2016
mechanisms; synergy against both colistin-susceptible strains and
colistin-resistant strains with mutations in pmrB and
phosphoethanolamine modification of lipid A, but not against
colisin-resistant strains with loss of fipopolysaccharide
Bulgecin A+ carbapenem Invitro Carbapenem-resistant Synergistic activity Skalweit and Li, 2016
Famesol-+colistin Invito Colistin-resistant Famesol increased sensitivity to colistn for colistin-resistant strains ~ Kostouias et ., 2015
Oleanoiic acid+gentamicnor  Invitro Carbapenem-susceptible Synergistic activity Shin and Park, 2015
kanamycin
Gyanide Invito Colistn-resistant CCCP reversed colistin resistance and inhibited the regrowth of the  Niet al,, 2016
3-chlorophenylhydrazone resistant subpopulation
(CCCP}+colistin
Invitro Colistin-resistant Synergistic activity Park and Ko, 2015
ABEPI1 or ABEPI2-+minocycline  In vitro Carbapenem-susceptidle Synergistic activity Blanchard et al, 2014

Galium irate

Galium protoporphyrin X

Invitrofin vivo

Invitro/in vivo

Multidrug-resistant

Multidrug-resistant

Good antimicrobial activities; protection of Galeria mellonela larvae
from lethal A. baumannitinfection; synergistic activity with colistin

Good antimicrobial activities

Antunes et al., 2012

Arivett et al,, 2015

Gallium nitrate-+colistin

Invitro/in vivo

Multidrug-resistant

Good antimicrobial activities; protection of Galleria meflonela larvae
from lethal A. baumanni infection; synergistic activity with colistin

Antunes et al., 2012

D-amino acids, Invitrolin vivo Carbapenem-susceptivle ‘Some D-amino acids (D-histicine and D-cysteine) can inhibit bacterial  Rumbo et al., 2016
growth, biofim formation and adherence to eukaryotic cells
Bifidobacterium breve strain Invivo Mulidrug-resistant Protection against fatal intestinal infection in a murine infection model  Asahara et al., 2016
Yakult
Clarithromycin Invivo Mulidrug-resistant Inhibition of bacterial growth and biofim formation; immunomodulator  Konstantinidis et al., 2016
Lysophosphatidylcholine Invivo Mulicug-resistant strain Lysophosphaticylcholine in combination with colistin, tigecycline, o Parra Milan et al., 2016
“carbapenem imipenem markedly enhanced the bacterial clearance from the spleen
and lungs and reduced bacteremia and mouse mortalty rates
Lysophosphatidylcholine Invivo Mulicrug-resistant strain Lysophosphaticylcholine in combination with colistin, tigecycline, o Parra Milan et al, 2016
+ligecycine imipenem markedly enhanced the bacterial clearance from the spleen
and lungs and reduced bacteremia and mouse mortalty rates
Lysophosphatidylcholine Invivo Mulidrug-resistant strain Lysophosphaticylcholine in combination with colistin, tigecycline, o Parra Milln et al., 2016
+oolistin imipenem markedly enhanced the bacterial clearance from the spleen

and lungs and reduced bacteremia and mouse mortaly rates
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Drugs Type of research Type of A. baumannii Findings References
Carbapenem Invivo Carbapenem-resistant Combination therapy with ampicilin-sulbactam and meropenem is Hiraki et al., 2013
“+ampicilin+sulbactam+- effective against skin and soft tissue infection
Invivo Multidrug-resistant The combination of a carbapenem and ampicilin/sulbactam was Kuo et al., 2007
associated with a better outcome than the combination of a
carbapenem and amikacin, or a carbapenem alone
Carbapenem +minocydine Invitro Multidrug-resistant Minocyciine in combination with rifampicin, imipenem, and colistin Rodriguez et al., 2015
showed bactericidal synergy in most of the isolates which did not
harbor the tetB gene, but the combinations were not synergistic in
tetB-positive isolates
Carbapenem Case report Multidrug-resistant, colistin-susceptible A patient with bacteremia had a favorable cinical outcome by a Candel et al, 2010

tigecycline-+colistin

meropenem/colistintigecycline combination therapy

Carbapenem +colistin Invitrolcase report Extensively drug-resistant, colistin-susceptible ~ Effective; 80% of patients were treated successfuly Ozbek and Senturk, 2010
Invitro Multidrug-resistant, colistin-susceptible ImipenemV/colistin showed best synergy effects Pongpech et al., 2010
Invitrofcase report Multidrug-resistant, colistin-susceptible Meropenem/colistin can inhibit bacterial regrowth at 24h Lee G. H. etal., 2008
Invitro Colistin-susceptible and colistin-resistant Subinhibitory meropenem/cdlistin showed synergy against 49.0f 52 Pankuch et al,, 2008
strains at 24 h
Invitro Extensively drug-resistant, colistin-susceptible  Combinations of colistivrifampicin, colistin/meropenem, Liang et al., 2011
colistin/minocycline and minocycline/meropenem are synergistic
Aretrospective study  Extensively drug-resistant, colistin-susceptible ~ Colistin/carbapenem and colistin/sulbactam resulted in significantly ~ Batirel et al,, 2014
higher microbiological eracication rates, relatively higher cure and
14-day survival rates, and lower in-hospital mortality compared to
coiistin monotherapy in patients with bioodstream infections
Invitro Carbapenem-resistant, colstin-susceptible Synergistic effects against all 12 isolates LiuX. etal, 2016
Invivo Extensively drug-resistant, colistin-susceptible  Colistin/fusidic acid and colistin/ifampicin were synergistic in amurine ~ Fan et al, 2016
and colistin-resistant thigh-infection model; The colistin-meropenem combination was also
effective when the clistin MIC is <32mg/L.
Invitro Extensively drug-resistant ‘The daptomycin-colistin combination was the most effective; the Cordoba et al,, 2015
colistirvimipenem combination was also effective
Carbapenem Case report Mulidrug-resistant, colistin-susceptible Successful treatment by a meropenem/colistinviifampicin combination  Biancofiore et al, 2007
“colistin-+rifampicin therapy in a case of multfocal infection
Carbapenem-+plazomicin Invitro Carbapenem-resistant Synergistic activity Garcia-Salguero et al., 2015
Imipenem-+polymyxin B Invitro Carbapenem-resistant Doripenem, meropenem, or imipenem displayed similar Lenhard et al., 2016b
pharmacodynamics in combination with polymyxin B
Meropenem-+ polymyxin B Invitro Multidrug-resistant Combinations of polymyxin B/meropenem and polymyxin Menegucdi et al, 2016
B/meropenemyfosfomycin showed high synergistic activity
Invitro/in vivo Carbapenem-resistant Intensified meropenem dosing in combination with polymyxin B Lenhard et al, 20162
synergisticaly Killed carbapenem-resistant strains, irespective of the
meropenem MIC
Invitro Carbapenem-resistant Doripenem, meropenem, or imipener displayed similar Lenhard et al., 2016b
phamacodynarics in combination with polymyxin 8
Doripenem-+tigecycline Invitro Multidrug-resistant, doripenem-resistant Synergistic activity Principe et al,, 2013
Doripenem-colistin Invitro Multidrug-resistant, doripenem-resistant Synergistic activity Principe et al,, 2013
Doripenem-+polymyxin B Invitro Carbapenem-resistant Doripenem, meropenem, or imipenem displayed similar Lenhard et al, 2016b
pharmacodynamics in combination with polymyxin B
Invitro Polymyxin-heteroresistant The polymyxin B/doripenem combination resulted in rapid and Rao etal, 2016a
extensive inital kiling within 24 h, which was sustained over 10 days
Doripenem-+amikacin Invitro Mulidrug-resistant, doripenem-resistant Synergistic activity Principe et al,, 2013
Ampicilln+sulbactam Invitro/in vivo Multi-drug resistant Ampicilin/sulbactam therapy significantly decreased the sk of deathin - Smolyakov et al,, 2003
patients with bloodstream infections
Sulbactam+colistin Aretrospective study  Extensively crug-resistant, colistin-susceptible  Colistin/carbapener and colistiv/sulbactam resuted in significantly ~ Batirel et al,, 2014
higher microbiological eradication rates, relatively higher cure and
14-day sunvival rates, and lower in-hospital mortalty compared to
olistin monotherapy in patients with bloodstream infections
Aretrospective study  Multicrug-resistant The colistisulbactam combination therapy is promising in patients  Kalin et al., 2014
with ventiator-associated pneumonia
Tezobactam-+colistin Invivo Colistin-susceptible Tazobactam plus colistin showed synergy Sakoulas et al., 2016
Minocyciine-+colistin Invitro Extensively drug-resistant Combinations of colistinvritampicin, colstirvmeropenern, Liang et al, 2011

Invitrolin vivo

Invitro

Minocycline-resistant

Multirug-resistant

colistin/minocycline and minocycline/meropenem are synergistic:
Minocycline/colistin synergisticaly kiled minocyciine-resistant isolates;
‘minocycline/colistin lso significantly improved the survival of mice and
reduced the number of bacteria present in the lungs of mice
Minocydline in combination with rifampicin, imipenem, and colistin
showed bactericidal synergy in most of the isolates which did not
harbor the tetB gene, but the combinations were not synergistic in
tetB-positive isolates

Yang etal., 2016

Rodriguez et al., 2015
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IC stands for interational clone, Carb R. for carbapenem resistance, Bio for biofiim production, Hemo for hemolysis where the type of hemolysis and the day (D1-D3) on which it was
first observed was recorded, Sidero for siderophore production, Proteo for proteolytic activity, and DT for doubling times.
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Omp22-33
Omp3s-36
Ompg7
Omp43
Ompad
Ompa7

Bou et al., 2000
del Mar Tomas et al,, 2005
Quale et al., 2003

Dupont et al., 2005

Quale et al., 2003

Quale et al., 2003

Aminoglycoside-modifying  Aminoglycoside AACB (aacC1, aacC2) Nemec et al., 2004
enzymes acatyltransferases AACIE') (aacAd) Doi et al., 2004; Cho et al., 2009; Zhu et al., 2009; Lin et al
2010; Lin M. . et al, 2013; Bakour et al,, 2014
Aminoglycoside ANT(2") (aadB) Nemec et al., 2004
adenyltransferases ANT(3") (aadAT) Cho et al., 2009; Lin et al., 2010; Lin M. F. et al., 2013
Aminoglycoside APH) (aphAT) Gallego and Towner, 2001
phosphotransferases. APHE") Cho et al., 2009
Alteration of target sites Change of penicilin binding PBP2 Gehrlein et al., 1991
protein(PBP)
16S rRNA methylation ArmA Yu et al., 2007; Cho et al., 2009; Karthikeyan et al., 2010;
Brigante et al., 2012; Hong et al., 2013; Bakour et al., 2014;
Tadaetal., 2014
Ribosomal protection TetM Ribera et al, 20030
DNA gyrase GyrA/ParC Higgins et al., 2004
Dihydrofolate reductase DHFR Meak et al,, 2009; Lin M. F. et al, 2013
FolA Mak et al., 2009
Lipopolysaccharide PmiC, LpxA, LpxC, LpxD. Adams et al, 2009; Mofatt et al., 2010; Aroyo et al, 2011
Other mechanisms S-adenosyl-L-methionine- Tm Chen et al., 2014; Trebosc et al., 2016
dependent
methyltransferase
1-Acyl-sn-3-phosphate PisC LiX.etal, 2015
acylransferase
Peptidase C13 family Abrp LiX.etal, 2016

Cell division proteins
SOS response

BhA, ZipA, Zaph, and FisK.
RecA

Knight et al., 2016
Aranda et al,, 2011, 2014; Norton et al,, 2013
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Resistance mechanism  Class/subgroup Protein References.
p-Lactamases Class A TEM-1 Chen et al., 2006; Adams et al., 2008; Krizova et al., 2013
TEM-02 Endimiani et al, 2007
GES-1 Al-Agamy et al., 2016
GES'5 Al-Agamy etal, 2016
GES-11 Moubareck et al., 2009; Bogaerts et al., 2010; Chihi et al., 2016
GES-12 Bogaerts et al,, 2010
GES-14 Bogaerts et al,, 2010
PER-1 Jeong etal., 2005; Poirel et al., 2005a; Aly etal., 2016
PER-2 Pasteran et al, 2006
PERT Bonnin etal., 2011b
onXeM-2 Nagano et al,, 2004
oTXM-15 Potron et al, 2011
$C0-1 Poirel et al, 2007
VEB-1 Fournier et al, 2006; Naas et al., 2006; Pasteran et al, 2006;
Adams et al., 2008; Poirel et al., 2009
KPC-2 Mertinez et al, 2016
KPC-10 Robledo et al., 2010
CARB-4 Ramiez et al,, 20106
CARB-10 Potron et al, 2009
Class B IMP-1 Tognim et l,, 2006
MP-2 Riccio et al., 2000
IMP-4 Chu etal, 2001
IMP-5 Koh et al., 2007
IMP-6 Gales et al., 2003
IMP-8 Lee M. F.etal, 2008
IMP-11 ‘Yamamoto et al., 2011
IMP-19 ‘Yamamoto et al., 2011
IMP-24 Lee M. F etal., 2008
Vi1 Tsakis et al,, 2006, 2008; Papa et al,, 2009
ViM-2 Yum etal., 2002; Lee M. F. et al,, 2008
VIM-3 Lee M. F. et al., 2008
VIM-4. Tsaks ot al,, 2008; Papa et al., 2009
VIM-11 Lee M. F. et al., 2008
NDM-1 Chen etal, 2011; Pleffer et a,, 2011; Bonnin et al, 2012;
Vougari et al, 2016
NDM-2 Espinal etal., 2011
NDM-3 Kumar, 2016
SIM-1 Lee etal., 2005
Class G AmpC Bou and Martinez-Baltran, 2000; Corvec et al., 2003; Segal
et al., 2004; Hujer et al., 2005; Heritier et al., 2006; Liu and Liu,
2015
Class D
OXA-2 subgroup oxa21 Viaetal., 1997
OXA-10 subgroup oxa-128 Giannoul; et al, 2009
OXA-20 subgroup oxAB7 Navia et al, 2002
OXA-23 subgroup oxa-23 Heritier et al., 2005b; Naas et al,, 2005; Corvec et al., 2007;

Koh et al., 2007; Perez et al., 2007; Valenzuela et al., 2007;
Wang et al., 2007; Adams et al., 2008; Stoeva et al., 2008;
Kohlenberg et al., 2009; Kuo et al., 2010; Mugnier et al., 2010;
Bonnin et al., 2011a; Lee et al., 2011; Lin et al., 2011b; Koh
etal., 2012; Mosqueda et al., 2013; Chagas et al., 2014;
Principe et al., 2014; Li Y. etal.,, 2015
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OXA-24 subgroup

OXA-51 subgroup

OXA-133
OXA-239
oxa-24

OXA-25, OXA-26, OXA-2T
OXA-40

OXAT2

OXA-143
OXA-182
oXA51

OXA-64, OXA-65, OXA-66,
OXA-68, OXA-70, OXA-71

OXA-69, OXA-75, OXA-76, OXA-77
OXA-79, OXA-80, OXA-104,
OXA-106~ OXA-112

OXA-82, OXA-83, OXA-83, OXA-84
OXA-86, OXA-87

OXA-88, OXA-91, OXA-93,
OXA-94, OXA-95, OXA-96

Mendes et al., 2009
Gonzalez-Villoria et al., 2016

Bou et al., 2000b; Merino et al., 2010; Acosta et al., 2011;
Pailhories et al,, 2016

Afzal-Shah et al, 2001

Heritier et al., 2003; Lolans et al., 2006; Quinteira et al., 2007;
Ruiz et al., 2007

Wang et al., 2007; Lu et al., 2009; Goic-Barisic et al., 2011;
Dortet et al., 2016; Kuo et al,, 2016

Higgins et al., 2009
Kim et al., 2010

Brown et al., 2005; Hu et al., 2007; Ruiz et al., 2007; Adams
etal, 2008; Chen et al., 2010; Fang et al., 2016

Hamouda et ., 2010; Biglari et al., 2016

Heritier et al., 20052
Evans et al., 2007

Turton et al., 2006b; Evans et al., 2007
Vahaboglu et al., 2006
Koh et al., 2007

OXA-92 Teakris et al., 2007
OXA-118 Naas et al, 2007
'OXA-58 subgroup OXA-58 Dijkshoorn et al., 1996; Poirel et al., 2005b; Poumaras et al.,
2006; Chen et al., 2008; Qi et al., 2008; Donnarumma et al.,
2010; Gogou et al., 2011; Ravasi et al, 2011; Hou and Yang,
2015
OXA96 Koh et al,, 2007
oxA97 Poirel et al,, 2008
OXA-143 subgroup. oxA-253 de Sa Cavalcanti et al,, 2016
OXA-235 subgroup. OXA-235 Higgins et al., 2013
Effux pumps Resistance-nodulation-dvision  AdeABC Magnet et al,, 2001; Marchand et al., 2004; Peleg et al., 2007;
superfamily Ruzin et al., 2007; Lin et al., 2015; Sun et al., 2016
AdeFGH Coyne etal, 2010; He X. et al., 2015
AdelJK Damier-Piolle et al., 2008
Major faciltator superfamiy Tt Ribera et al, 2003a
TetB Vilacoba et al., 2013
CmiA Coyne etal, 2011
CraA Roca et al., 2009
AmvA Rajamohan et al., 2010
AbaF Sharma et al,, 2016
Multidrug and toxic compound  AbeM Suetal, 2005
extrusion family
‘Small multidrug resistance AbeS Srinivasan et al., 2009
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Other eflux pumps EmAB-TolC Nowak-Zaleska et al,, 2016

A1S_1535, A1S_2795, and
ABAYE_0913

LiL.etal, 2016

Permeabilty defects

Porin
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Car0

Smani et al., 2014; Wu et al., 2016
Mussi et al., 2005, 2007; Siroy et al., 2005; Catel-Ferreira et al.,
2011; Jin etal., 2011
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Synonym  Product Fold change Fold change
(log2, Transcriptome) (log2, Proteome)

ABZJ_00332 hypothetical protein 426480563 0850413
ABZJ_03753 hypothetical protein 2.318997305% ~0.95428
ABZJ_00333 hypothetical protein 2314204886 1.08309
ABZJ_01133 heat shock protein 2180888936 0532117
ABZJ_00060 Thiol-cisulfide 18943178812 -0.65529
isomerase and
thioredoxin
ABZJ_00028 lytic murein 1.2967516023 -057293
transglycosylase
family protein
ABZJ_01078 hypothetical protein 1081002562 ~0.44448
ABZJ_03720 UDP-3-O-acylN- ~1.144287283 -0.48378
acetyiglucosamine
deacetylase
ABZJ_03859 putative RND type —1.473634714 ~060779
efflux pump involved in
‘aminoglycoside
resistance (AdeT)
ABZJ_03744 hypothetical protein 1296782077 -0.60878
ABZJ_03737 hypothetical protein ~1.302602756. ~128419
ABZJ_01025 homocysteine/ 1337189269 -0.71762
selenocysteine
methylase
ABZJ 01219 hypothetical protein 1864476303 ~0.75975
ABZJ_01088 carbonic anhydrase ~1.949843631 ~056001
ABZJ_01206 hypothetical protein ~3.281014801 ~0.4346

8The result of three gene/proteins were contradiclory.
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Synonym

ABZJ_00055
ABZJ_00068
ABZJ_00037
ABZJ_00056
ABZJ_00332
ABZJ_00036
ABZJ_01879
ABZJ.01830
ABZJ_01079
ABZJ 08753
ABZJ_00333
ABZJ 01881
ABZJ_01133
ABZJ 01180
ABZJ_03752
ABZJ_00060
ABZJ_00894
ABZJ_00054
ABZJ 01151
ABZJ_03714
ABZJ_01900
ABZJ_01222
ABZJ 01191
ABZJ_01872
ABZJ_01187
ABZJ_01857
ABZJ 01829
ABZJ_01150
ABZJ_00028
ABZJ_00976
ABZJ 01855
ABZJ_01186
ABZJ_00978
ABZJ_00077
ABZJ_00102
ABZJ_01149
ABZJ_00053
ABZJ 01275
ABZJ_03838
ABZJ_01901
ABZJ_01899
ABZJ_00360
ABZJ 01210
ABZJ_01160
ABZJ_01148
ABZJ_00099
ABZJ_00901
ABZJ 01775
ABZJ_03786
ABZJ 01269
ABZJ_00120
ABZJ_00896
ABZJ_01258
ABZJ_01260
ABZJ_01120
ABZJ_ 01873
ABZJ_03812
ABZJ_01101
ABZJ_01908
ABZJ_03819
ABZJ_03796
ABZJ_00947
ABZJ_01169
ABZJ_00345
ABZJ_03828
ABZJ_00922
ABZJ_01907
ABZJ_03790
ABZJ_00882
ABZJ_01078
ABZJ_01132
ABZJ_03802
ABZJ_00334
ABZJ_01250
ABZJ_00367
ABZJ_00946
ABZJ_01265
ABZJ_01257
ABZJ_01110
ABZJ_03720
ABZJ_01960
ABZJ_00942
ABZJ_03859
ABZJ_01874
ABZJ_01917
ABZJ_01861
ABZJ_03742
ABZJ_01262
ABZJ_01929
ABZJ_00924
ABZJ_01155
ABZJ_00383
ABZJ_01862
ABZJ_00944
ABZJ_01156
ABZJ_01826
ABZJ_03744
ABZJ_03737
ABZJ_00940
ABZJ_ 01218
ABZJ_00061
ABZJ_01887
ABZJ_01025
ABZJ_00110
ABZJ_01242
ABZJ_00895
ABZJ_03712
ABZJ_00048
ABZJ_03785
ABZJ_00938
ABZJ_01230
ABZJ_00124
ABZJ_03791
ABZJ_03739
ABZJ_00881
ABZJ_00988
ABZJ_01840
ABZJ_00997
ABZJ_00339
ABZJ_00373
ABZJ_01845
ABZJ_03793
ABZJ_03754
ABZJ_00945
ABZJ_01002
ABZJ_01259
ABZJ_00114
ABZJ 01177
ABZJ_03792
ABZJ_01219
ABZJ_01088
ABZJ_00346
ABZJ_01207
ABZJ_01886
ABZJ_03766
ABZJ_01206
ABZJ_03736

Product

hypothetical protein
hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

putative transposase

hypothetical protein

hypothetical protein

hypothetical protein

transposase component

heat shock protein

putative phage-like protein

PGAP1-like protein

Thiol-disulfide isomerase and thioredoxin
lactoylglutathione lyase- ke protein
N-alpha-acetylglutamate synthase (amino-acid acetyltransferase)
hypothetical protein

hypothetical protein
6-dichlorophenolindophenol oxidoreductase subunit alpha
hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

Acyl-CoA dehydrogenase

hypothetical protein

tic murein transglycosylase family protein
hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

D-lactate dehydrogenase FAD-binding protein
hypothetical protein

alkanesulfonate transport protein

hypothetical protein

membrane-fusion protein
acetoin:26-dichlorophenolindophenol oxidoreductase beta subunit
ipoate synthase

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

Liactate permease

major faciltator superfamily mulidrug resistance protein
6-pyruvoyktetrahydropterin synthase

VirP protein

TPR repeat-containing SEL1 subfamily protein
hypothetical protein

nucleoside-diphosphate sugar epimerase
hypothetical protein

metal ion ABC transporter substrate-binding protein/surface antigen
urease accessory protein UreE

hypothetical protein

hypothetical protein

hypothetical protein

Zn-dependent hydrolase, including glyoxylase
hypothetical protein

putative acyltransferase

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

response regulator

gamma-aminobutyrate permease

hypothetical protein

hypothetical protein

glutamate dehydrogenase/leucine dehydrogenase
putative homogentisate 1,2-dioxygenase
hypothetical protein

outer membrane receptor protein

hypothetical protein

hypothetical protein

hypothetical protein

Zn-dependent protease with chaperone function
putative hemolysin-related protein
UDP-3-O-acy-N-acetylglucosamine deacetylase
isochorismate hydrolase

hypothetical protein

putative RND type efflux pump involved in aminogycoside resistance (AdeT)
hypothetical protein

putative acyl carrer protein phosphodiesterase (ACP phosphodiesterase)
membrane-fusion protein

hypothetical protein

hypothetical protein

Aspartate ammonia-lyase (Aspartase)
hypothetical protein

hypothetical protein
2-polyprenyl-6-methoxyphenol hydroxylase
mulidrug ABC transporter ATPase.

hypothetical protein

hypothetical protein

AraG-type DNA-binding domain-containing protein
hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

putative transcriptional regulator

hypothetical protein
homocysteine/selenocysteine methylase

GNAT family acetyltransferase

hypothetical protein

hypothetical protein

putative flavoprotein

transcriptional regulator

glutamate racemase

hypothetical protein

hypothetical protein

gycine/D-amino acid oxidase (dearminating)
histidine ammonia-lyase (Histidase)

hypothetical protein

glutamine amidotransferase

hypothetical protein

putative ferric siderophore receptor protein
hypothetical protein

HSPOO family molecular chaperone

Type Il secretory pathway, ATPase PUIE/Tfp pilus assembly pathway, ATPase PiB
phosphatase/phosphohexomutase

urocanate hydratase

Ris element Vgr family protein

hypothetical protein

putative ABC oligo/dipeptide transport, ATP-binding protein
hypothetical protein

short chain dehydrogenase family protein
hypothetical protein

hypothetical protein

hypothetical protein

carbonic anhydrase

hypothetical protein

hypothetical protein

hypothetical protein

putative secretory lipase precursor

hypothetical protein

thiokdisulfide interchange protein

acetoi
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Gene tag

ABZJ_08706
ABZJ_02510
ABZJ 03316
ABZJ_03322
ABZJ_02652
ABZJ_00184
ABZJ_00608
ABZJ_00333
ABZJ_02509
ABZJ_00577
ABZJ_01485
ABZJ_02005
ABZJ_02514
ABZJ_00575

ABZJ_00332
ABZJ 02424
ABZJ_02004
ABZJ_00830
ABZJ_02997

ABZJ_00576

ABZJ_03666

ABZJ_02909
ABZJ_00900

ABZJ_03762

ABZJ_03434
ABZJ_03667

ABZJ_03315

ABZJ 08702
ABZJ_03684
ABZJ 02295
ABZJ 01318

ABZJ_02171
ABZJ_02340
ABZJ_03859

ABZJ_03744
ABZJ_00072

ABZJ_00307
ABZJ_03661
ABZJ_03092

ABZJ_00529
ABZJ_01470
ABZJ 00818
ABZJ_00566
ABZJ_00060

ABZJ 01587
ABZJ_00337

ABZJ_00817

ABZJ 01025

ABZJ_03256
ABZJ 08299

ABZJ 02889
ABZJ_00646

ABZJ 02885

ABZJ_01219
ABZJ_01454
ABZJ_02912
ABZJ_00427

ABZJ_00530

ABZJ_00574

ABZJ_03482

ABZJ_01730
ABZJ_02763
ABZJ_03580

ABZJ_01716
ABZJ_01582

ABZJ_03001
ABZJ_00854
ABZJ_03753
ABZJ_02913

ABZJ_02269

ABZJ_01589
ABZJ_02090
ABZJ_02564
ABZJ_01990
ABZJ_02271

ABZJ_03737
ABZJ_03185
ABZJ_00660

ABZJ_02853
ABZJ_00819
ABZJ_01453
ABZJ_02758

Protein description

hypothetical protein
hypothetical protein
hypothetical protein
hypotheical protein
hypothetical protein
hypothetical protein
dehycrogenase
hypothetical protein
hypothetical protein
membrane-fusion protein
dihydrodipicoinate synthase
membrane-fusion protein
diycosytransferase

putative outer membrane
protein

hypothetical protein
hypothetical protein
cation/multidrug efflux pump
Outer membrane ipoprotein
putative porin protein
associated with imipenem
resistance

peplide ABC transporter
permease

NAD-dependent aldehyde
dehydrogenase
hypothetical protein
multidrug resistance secretion
protein

putative short-chain
dehydrogenase

flavoprotein
4-aminobutyrate
aminotransierase

Kinase sensor component of a
two component signal
transduction system
xenobiotic reductase
hypothetical protein
UDP-glucose 4-epimerase
Zn-dependent protease with
chaperone function
hypothetical protein
hypothetical protein

putative RND type efflux
pump involved in
aminoglycoside resistance
(AdeT)

hypothetical protein
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