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Active efflux is regarded as a common mechanism for antibiotic and biocide resistance. However, the role of many drug efflux pumps in biocide resistance in Acinetobacter baumannii remains unknown. Using biocide-resistant A. baumannii clinical isolates, we investigated the incidence of 11 known/putative antimicrobial resistance efflux pump genes (adeB, adeG, adeJ, adeT1, adeT2, amvA, abeD, abeM, qacE, qacEΔ1, and aceI) and triclosan target gene fabI through PCR and DNA sequencing. Reverse transcriptase quantitative PCR was conducted to assess the correlation between the efflux pump gene expression and the reduced susceptibility to triclosan or chlorhexidine. The A. baumannii isolates displayed high levels of reduced susceptibility to triclosan, chlorhexidine, benzalkonium, hydrogen peroxide, and ethanol. Most tested isolates were resistant to multiple antibiotics. Efflux resistance genes were widely distributed and generally expressed in A. baumannii. Although no clear relation was established between efflux pump gene expression and antibiotic resistance or reduced biocide susceptibility, triclosan non-susceptible isolates displayed relatively increased expression of adeB and adeJ whereas chlorhexidine non-susceptible isolates had increased abeM and fabI gene expression. Increased expression of adeJ and abeM was also demonstrated in multiple antibiotic resistant isolates. Exposure of isolates to subinhibitory concentrations of triclosan or chlorhexidine induced gene expression of adeB, adeG, adeJ and fabI, and adeB, respectively. A point mutation in FabI, Gly95Ser, was observed in only one triclosan-resistant isolate. Multiple sequence types with the major clone complex, CC92, were identified in high level triclosan-resistant isolates. Overall, this study showed the high prevalence of antibiotic and biocide resistance as well as the complexity of intertwined resistance mechanisms in clinical isolates of A. baumannii, which highlights the importance of antimicrobial stewardship and resistance surveillance in clinics.
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INTRODUCTION

Acinetobacter baumannii is an important human nosocomial pathogen which causes a variety of infections, including bacteremia, pneumonia, meningitis, septicemia, urinary tract infections, wound and skin infections (Bergogne-Berezin and Towner, 1996; Peleg et al., 2008; La Forgia et al., 2010). A. baumannii is a major threat to human health, has the ability to persist and colonize various environments and also displays multiple drug resistance to antimicrobial agents such as antibiotics and biocides (Bergogne-Berezin and Towner, 1996; Babaei et al., 2015; Chang et al., 2015). Consequently, it is challenging to control infection and dissemination of A. baumannii in medical settings.

Biocides are commonly used in hospitals, laboratories, industries as well as in households for inhibiting or killing pathogenic bacteria and thus play an important role in reducing the dissemination of pathogenic organisms in hospital environments (McDonnell and Russell, 1999). However, reduced susceptibility to biocides among bacterial species, including A. baumannii, has been increasingly observed in patients in recent years (Peleg and Paterson, 2006; Gnanadhas et al., 2013; Babaei et al., 2015; Fernández-Cuenca et al., 2015). To date, several studies have reported that A. baumannii clinical isolates have reduced susceptibility to commonly used biocides such as alcohols, chlorhexidine, formaldehyde, glutaraldehyde, hydrogen peroxide, hypochlorite, iodine and iodophors, quaternary ammonium compounds (such as benzalkonium), and triclosan (Wisplinghoff et al., 2007; Chen et al., 2009; Ray et al., 2010; Fernández-Cuenca et al., 2015). Furthermore, cross-resistance between biocide exposure and antibiotic resistance (and vice versa) in bacteria has been recently reported (Curiao et al., 2015; Fernández-Cuenca et al., 2015). However, the molecular characterization of reduced biocide susceptibility and its relationship with antibiotic resistance in A. baumannii remains to be fully determined.

Bacteria have the ability to resist antibiotics and biocide exposure by intrinsic or acquired mechanisms, such as phenotypic changes, antimicrobial inactivation, target alterations and drug access prevention (McDonnell and Russell, 1999; Gnanadhas et al., 2013). Of these resistance mechanisms, A. baumannii encodes for a large number of drug efflux pumps with broad substrate profiles that contribute toward the high level of intrinsic resistance to structurally-unrelated agents (Fournier et al., 2000; Ling et al., 2016). These resistance determinants facilitate the evolution of acquired resistance (Lin et al., 2009, 2017b; Coyne et al., 2011; Nowak et al., 2015; Ling et al., 2016). Indeed, the drug efflux pumps that are known to mediate intrinsic and/or acquired resistance to conventional antibiotics and biocides include the efflux systems of the resistance-nodulation-cell division (RND) superfamily (AdeABC, AdeFGH, AdeIJK, and AbeD) (Rumbo et al., 2013; Srinivasan et al., 2015; Ling et al., 2016), AmvA pump of the major facilitator superfamily (MFS) (Rajamohan et al., 2010a), AbeM of the multidrug and toxic compound extrusion (MATE) family (Su et al., 2005), QacE and QacEΔ1 of the small drug resistance (SMR) family (Fournier et al., 2000; Taitt et al., 2014; Babaei et al., 2015), and AceI of the proteobacterial antimicrobial compound efflux (PACE) family (Hassan et al., 2013, 2015). Additionally, triclosan, a broad-spectrum biocide, is an inhibitor of the fatty acid biosynthetic enzyme, FabI, which is an enoyl-acyl carrier protein reductase and encoded by fabI gene. Mutations within fabI contribute to A. baumannii resistance to triclosan (Heath et al., 1999; Chen et al., 2009).

Despite the roles of these known resistance determinants, a scientific data gap exists for the simultaneous examination of these resistance mechanisms in clinical isolates of A. baumannii. In this study, the susceptibility of A. baumannii isolates to antibiotics and biocides collected from the First Affiliated Hospital of Chengdu Medical College, China, was investigated to assess the role of drug resistance transporters in biocide resistance. Our study focuses on the expression of drug efflux genes (including the first assessment of aceI expression) in relation to A. baumannii susceptibility to triclosan and chlorhexidine. High-level triclosan-resistant isolates were also characterized by molecular typing techniques. The results revealed the role of several efflux pumps in chlorhexidine or triclosan resistance and the complexity of biocide resistance mechanisms, which highlight the importance for antimicrobial stewardship including the use of biocide agents.

MATERIALS AND METHODS

Bacterial Strains and Growth Conditions

A total of 47 A. baumannii clinical isolates were derived from the blood, sputum or swab samples of patients from different departments at the First Affiliated Hospital of Chengdu Medical College, China from 2014 to 2015. Bacteria were aerobically grown at 37°C in Mueller-Hinton (MH) broth or agar (Oxoid, England) or in Luria-Bertani (LB) broth (Lin et al., 2009). These isolates were identified by ATB New (bioMérieux, France) (Chang et al., 2015) and further verified by PCR products of rpoB (Wang et al., 2014) and 16S rRNA gene (Chiang et al., 2011) with the primers included in Table S1. The PCR products were sequenced by Tsingke Biological Technology (Tsingke, Chengdu, China), followed by sequence alignment using BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi).

Antimicrobial Susceptibility Testing

Antibiotics and biocides used in this study were purchased commercially. Chlorhexidine acetate and triclosan were purchased from Dalian Meilun Biological Technology (Dalian, China), benzalkonium bromide from Chengdu Dingdangchem Medical Technology (Chengdu, China), hydrogen peroxide, ethanol and sodium hypochlorite from Chengdu Kelong Chemical Reagent Factory (Chengdu, China). Biocide stock solutions of 10 mg/L of chlorhexidine acetate or benzalkonium bromide in deionized water and triclosan in dimethyl sulfoxide were prepared. Susceptibility testing for antibiotics and biocides was carried out using the broth microdilution method in accordance with the guidelines of the Clinical and Laboratory Standards Institute (CLSI) (CLSI, 2014). The ranges of biocide concentrations evaluated were 0.25–256 μg/ml (chlorhexidine acetate), 0.25–256 μg/ml (benzalkonium bromide), 0.25–256 μg/ml (triclosan), 1.25–2,560 μg/ml (sodium hypochlorite), 2.9–6,021 mM (hydrogen peroxide), and 7.5–75% (vol/vol) (ethanol). The minimal inhibitory concentration (MIC) was defined as the lowest concentration of an antimicrobial agent at which no bacterial growth was observed visually after incubation at 37°C for 18 h (CLSI, 2015).

PCR Amplification and Sequencing

Eleven known drug resistance transporter genes abeD (Srinivasan et al., 2015), aceI (Hassan et al., 2013), adeB, adeG, adeJ (Coyne et al., 2011), adeT1, adeT2 (Srinivasan et al., 2011), abeM (Su et al., 2005), amvA (Rajamohan et al., 2010a), qacE, qacEΔ1 (Mahzounieh et al., 2014; Babaei et al., 2015), and the triclosan target gene, fabI (Rajamohan et al., 2010b; Fernando et al., 2014), were PCR amplified to determine their distribution in the collected clinical isolates. The primers used are listed in Table S1. PCR amplification of the target genes was performed in a 50 μl volume containing 0.2 mM of each deoxy nucleotide, 0.5 μM of each primer, 1.25 U of Taq polymerase, and 5 μl of 10 × buffer (Vazyme, China). The reaction was amplified using a program consisting of 94°C for 5 min followed by 30 cycles of 94°C for 30 or 60 s, annealing at 50–55°C for 30 or 50 s and extension at 72°C for 30–90 s, and a final extension at 72°C for 10 min. The PCR products were verified by DNA sequencing.

Multilocus Sequence Typing (MLST)

MLST was used to characterize the seven housekeeping genes: gltA (encoding citrate synthase), gyrB (DNA gyrase subunit B), gdhB (glucoside hydrogenase B), recA (homologous recombination factor), cpn60 (60-kDa chaperonin), gpi (glucose-6-phosphate isomerase) and rpoD (RNA polymerase sigma factor) (http://pubmlst.org/abaumannii/info/primers-Oxford.shtml). Amplification reactions were carried out as described previously (Woo et al., 2011). eBURST (Version3, http://eburst.mlst.net/) was used to compare the A. baumannii clinical isolate sequence types (ST) to the existing STs and to assign isolates to their clonal complexes. A clonal complex (CC) is defined as a set of similar ST(s) having the same alleles at ≥6 of 7 loci (Aanensen and Spratt, 2005).

Pulsed-Field Gel Electrophoresis (PFGE)

PFGE was carried out as previously described (Seifert et al., 2005). A. baumannii isolates were grown on MH plates overnight at 37°C. Strains were lysed with proteinase K (20 mg/ml stock solution). The plugs were thoroughly washed and then digested using ApaI restriction enzyme (Takara, China). Restricted DNA fragments were separated using CHEF Mapper XA system (Bio-Rad, Hercules, CA, USA). The gels were run at 14°C in 0.5 × TBE buffer for 18 h, with pulse time of 5–35 s. XbaI-digested Salmonella enterica ser. Braenderup H9812 was used as the molecular marker (Dhanoa et al., 2015). Data analysis was based on the Dice coefficient of similarity analyzed by the BioNumerics 3.0 software (Applied Maths, Belgium) using the Unweighted Pair Group Method with Arithmetic Averages (UPGMA) algorithm at 1.5% band position tolerance. Pulsotype designation was based on isolates showing ≥80% relatedness.

Reverse Transcriptase Quantitative PCR (qRT-PCR) Analysis

Overnight cultures of bacterial strains were subcultured in LB (1:100 dilution) and allowed to grow to an OD600 of 0.6–0.8. A. baumannii cells were exposed to a subinhibitory concentration (1/2 MIC of triclosan or chlorhexidine; see results for the MIC values of chlorhexidine and triclosan) and grown in parallel with control (no biocide addition) for 2 h. One milliliter of the cell culture was centrifuged and cells were collected for total RNA extraction using TRIzol reagent (Invitrogen). To remove contaminating genomic DNA, the samples were treated with RNase free DNase I based on the manufacturer's instructions (Takara). qRT-PCR analysis was carried out for three RND pump-encoding genes (adeB, adeG, and adeJ), the MATE family pump gene abeM, the Acinetobacter chlorhexidine efflux protein gene aceI, and the triclosan target-encoding gene fabI. The primers used for qRT-PCR analysis are listed in Table S1. Reverse transcription was performed by using the M-MLV Reverse Transcriptase (Invitrogen). The expression of genes was determined by quantitative PCR using SsoFast EvaGreen Supermix (Bio-Rad) with the following cycle profile: 1 cycle at 95°C for 3 min, followed by 40 cycles at 95°C for 15 s, 55°C for 15 s. Relative expression was determined using the cycle threshold (ΔΔCt) method on the Bio-Rad CFX96 real-time system (Bio-Rad). All reactions were carried out in triplicate with at least two biological replicates. The relative expression levels of target genes were normalized to those of the 16S rRNA gene (Arroyo et al., 2011; Fernando and Kumar, 2012; Kuo et al., 2012; Lin et al., 2017a,b). Data analysis was carried out according to the manufacturer's instructions using the Bio-Rad CFX 3.0 software which is designed for Bio-Rad CFX real-time PCR detection system. Expression data is presented by the mean plus/minus one standard deviation.

RESULTS

Clinical Information of the Isolates

A. baumannii clinical isolates (n = 47) were collected from three different locations including sputum (n = 42), throat swabs (n = 4) and blood (n = 1) from patients at the First Affiliated Hospital of Chengdu Medical College. Epidemiological analysis of the 47 patients (30 males and 17 females) revealed that 22 were ≥70 years old and 15 were between 60 and 70 years old. Overall, these two patient cohorts account for 78.81% (37/47) of the total isolates. Among the isolates, 22 were collected from intensive care units and 9 were collected from the respiratory department. Most of the clinical specimens were sputum, which is consistent with A. baumannii as a major pathogen associated with respiratory tract infection (Bergogne-Berezin and Towner, 1996; Babaei et al., 2015). The clinical characteristics of the 47 patients with A. baumannii infection are summarized in Table 1. Based upon previous antimicrobial resistance and treatment concerns for A. baumannii, we decided to investigate the susceptibility to antibiotics and biocides in A. baumannii and underlying resistance mechanisms.


Table 1. Clinical characteristics of 47 patient A. baumannii isolates used in this study.
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Susceptibility of A. baumannii Isolates to Antibiotics and Biocides

The results of antibiotic and biocide susceptibility testing are shown in Table 2 and Tables S2, S3. Together, 15 antibiotics and 6 biocides were tested. Based on the interpretative categories from the CLSI (CLSI, 2015), the tested isolates were frequently multidrug resistant (64% [30/47]), including resistance to β-lactams, aminoglycosides, fluoroquinolones and tetracyclines (Table 2 and Table S2). In particular, the rates of resistance to carbapenems and third-generation cephalosporins, amikacin, and minocycline were, respectively, about 60, 40, and 34%.


Table 2. Antimicrobial susceptibility of the clinical isolates of A. baumannii (n = 47)a.
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The tested isolates also showed a variety of susceptibility to biocides. The isolates had MICs ranging from 2 to 256 μg/mL for triclosan, 8 to 128 μg/mL for chlorhexidine, 4–32 μg/mL for benzalkonium bromide, 47–376 mM (1.6–13 mg/mL) for hydrogen peroxide, and 7.5–22.5% (vol/vol) (60–180 mg/mL) for ethanol (Table 2 and Table S3; Figure 1). The MIC values of antibiotics and biocides for the individual isolates are included in Tables S2, S3. Because of the absence of the clinically-relevant interpretative criteria for biocide susceptibility, we could not categorize the isolates as either susceptible or resistant (Table 2). However, the biocide MIC distribution (Figure 1) still allowed for the determination of susceptibility trends of the tested isolates toward biocides. In particular, the bimodal distribution of triclosan and chlorhexidine MIC values clearly indicates the presence of the two subgroups for each of the two biocides (Figure 1). These two subgroups likely represent the wild-type MIC and resistant (or non-susceptible) MIC. In this regard, identification of the wild-type MIC population for bacterial isolates such as the establishment of the microbiologically-based epidemiological cutoff values is critical for resistance surveillance (Turnidge et al., 2006; Martínez et al., 2015). Epidemiological cutoff values would allow for the discrimination of wild-type strains from strains with acquired resistance. Based on the biocide susceptibility results (Figure 1 and Table S3), it is feasible to consider the value of ≤16 μg/ml and ≥64 μg/ml, respectively, as the wild-type MIC and reduced susceptibility (non-susceptible/resistance) cutoff for both triclosan (53 vs. 34%) and chlorhexidine (36 vs. 47%) (Table 2 and Table S3; Figure 1). However, even though the four other biocides tested (benzalkonium, hypochlorite, hydrogen peroxide and ethanol) displayed variations in biocide susceptibility, only one major population can be identified for the isolates for their susceptibility toward the individual agents. Furthermore, these populations likely reflect the intrinsic susceptibility or overlapping wild-type/resistant MICs of A. baumannii (Figure 1). Additionally, comparing the absolute MIC values of antibiotics and biocides (Tables S2, S3), biocide agents are less active than antibiotics against susceptible isolates, suggesting a higher intrinsic resistance level of A. baumannii isolates to biocides.
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FIGURE 1. Distribution of the MIC values of biocides for 47 clinical isolates of A. baumannii. (A–F) are for triclosan, chlorhexidine acetate, hydrogen peroxide, benzalkonium bromide, sodium hypochlorite, and ethanol, respectively.



The tested isolates are mostly multiple antibiotic resistant (64%; Table S2). However, this resistance phenotype does not clearly link to biocide susceptibility (Tables S2, S3). Moreover, a clear correlation cannot be established for the susceptibility to the six tested biocides (Table S3). In this regard, cross-resistance (reduced susceptibility) to triclosan and chlorhexidine is generally not observed as 13 isolates with reduced triclosan susceptibility (MICs of ≥64 μg/ml) are relatively susceptible to chlorhexidine (MICs of ≤32 μg/ml) while 18 isolates with decreased chlorhexidine susceptibility (MICs of ≥64 μg/ml) are still susceptible to triclosan (MICs of ≤32 μg/ml). It is noted that there were four isolates that had triclosan and chlorhexidine MIC values of ≥64 μg/ml (Table S3).

Distribution of Multidrug Resistance Transporter Genes

Multidrug resistance including resistance to structurally-unrelated antibiotics and biocides can be attributable to broad-specific efflux transporters. Consequently, we assessed the distribution of 11 known drug efflux pump genes, which encode the characterized drug efflux pumps of five different families (i.e., AdeB, AdeG, AdeJ, AdeT1, and AdeT2 of the RND family, AbeD and Amv of the MFS family, AbeM of the MATE family, QacE and QacEΔ1 of the SMR, and AceI of PACE family). Based upon literature information including published genome sequence data, most of these target genes (if not all) are expected to be located on the chromosomes (Li et al., 2015). Indeed, many of the genes were present in the majority of isolates (e.g., 95–100% for aceI, adeJ, adeT2, abeD, abeM, and amvA). The adeB and adeG genes were both positive, in 85 and 89% isolates, respectively. Only three genes, adeT1, qacE, and qacEΔ1, were detected at lower prevalence at 75, 70, and 68%, respectively (Table 3).


Table 3. Distribution of 12 antimicrobial resistance genes and the MIC values of biocides for 47 clinical isolates of A. baumanniia.
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Presence and Mutation of the Triclosan Target Gene fabI

Triclosan target gene, fabI, was present in all tested isolates. As resistance to triclosan is known to be attributable to specific mutations in fabI, DNA sequencing was carried out for PCR-amplified complete fabI gene products from 13 highly triclosan resistant isolates (triclosan MICs of ≥128 μg/ml) and 1 triclosan-susceptible isolates (triclosan MICs of 16 μg/ml) (Table S3). Unexpectedly, only one high-level triclosan-resistant isolate (i.e., AB30 [Table S3]) was found to carry a point mutation at amino acid position 95 of FabI, Gly95Ser. Although altered base pairs were observed in fabI gene of various isolates, these changes did not alter the amino acid residues of FabI (data not shown).

Expression of Drug Resistance Transporter Genes and Their Induction by Triclosan or Chlorhexidine

To investigate the role of efflux pumps in biocide resistance, we targeted the isolates with reduced susceptibility to triclosan and chlorhexidine to analyze gene expression of adeB, adeJ, adeG, abeM, aceI, and fabI. These genes were targeted based on their known or putative role in mediating antibiotic and/or biocide resistance. The relative expression of adeB, adeG, adeJ, abeM, aceI, and fabI in comparison with the expression of the housekeeping gene of 16S rRNA is shown in Table 4. Overall, there was generally detectable, variable expression of these genes which was isolate-specific (i.e., dependent on the gene and isolate). No clear relationship could be established for antibiotic or biocide susceptibility and efflux gene expression levels in individual isolates. However, based on the susceptibility to triclosan, chlorhexidine or antibiotics, the tested isolates (n = 24) were divided into three sets of pairs for comparison, i.e., wild-type (WT) (triclosan or chlorhexidine MIC ≤16 μg/ml, or antibiotic susceptible) and non-susceptible (NS) (triclosan or chlorhexidine MIC ≥64 μg/ml, or antibiotic resistant) groups as presented in Table 4. We noted the following gene expression patterns: (i) the relative expression of the adeB and adeJ genes was doubled or elevated in triclosan non-susceptible isolates compared to the wild-type isolates whereas no significant difference was observed for other four genes (adeG, abeM, aceI, and fabI); (ii) the relative expression of the abeM and fabI genes was 2- to 3-fold higher in chlorhexidine non-susceptible isolates compared to the wild-type isolates, while the expression of adeG decreased in chlorhexidine non-susceptible isolates; (iii) aceI expression in chlorhexidine non-susceptible isolates is 38% higher than that in wild-type isolates; (iv) the relative expression of the adeJ and abeM genes was 3- to 4-fold higher in antibiotic-resistant isolates than antibiotic-susceptible isolates and there was more than a 2-fold decrease in the aceI expression in antibiotic-resistant isolates compared to the susceptible isolates (Table 4).


Table 4. The expression of drug resistance transporter genes adeB, adeG, adeJ, abeM, and aceI and triclosan target gene fabI in triclosan- and/or chlorhexidine-resistant isolates of A. baumanniia.
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Investigation was also performed to assess the induction of the above mentioned genes by subinhibitory levels of triclosan or chlorhexidine. Expression of adeB, adeG, adeJ, and fabI increased about 3-fold upon induction by triclosan while only adeB expression was elevated by 4-fold after the induction with chlorhexidine (Table 5).


Table 5. Triclosan- or chlorhexidine-induced expression of drug resistance transporter genes adeB, adeJ, adeG, abeM, and aceI and triclosan target gene fabI.
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Genotyping of Triclosan-Resistant A. baumannii

To investigate the linkage of biocide-resistant A. baumannii, the molecular characteristics of 13 isolates with high-level resistance to triclosan (MICs of ≥128 μg/mL; Table S3) were typed by MLST and PFGE. One isolate with triclosan MICs of 16 μg/mL (i.e., isolate AB01) were included as triclosan-susceptible strain for comparison. The MLST analysis revealed a total of 8 different STs (Figures 2, 3), including 4 existing STs (ST92, ST184, ST195, and ST618) and 4 novel STs (ST1277, 1-34-80-28-1-22-3; ST1278, 1-3-3-28-2-7-45; ST1279, 51-12-49-13-48-103-4; ST1280, 1-3-67-6-2-163-5). ST92, accounting for 46.2% (6/13), was the major clone followed by two isolates as ST195 (2/13). The remaining 5 isolates were ST184, ST618, ST1278, ST1279, and ST1280. The triclosan-susceptible isolate belongs to ST1277. Clonal relation analysis showed that ST92 and ST195 belonged to the CC92 lineage, with only one locus (gpi) different between the 2 STs, accounting for 61.5% (8/13) of 13 triclosan-resistant isolates. This result suggests that CC92 represents the most widely distributed A. baumannii clone complex identified in the hospital for strains with reduced susceptibility to triclosan.
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FIGURE 2. Molecular genotyping of high-level triclosan-resistant clinical isolates of A. baumannii. (A) Minimum spanning tree analysis by eBURST algorithm of 14 isolates which included 13 isolates with triclosan MICs of 128 μg/mL (8-fold MIC increase in comparison with one relative triclosan-susceptible isolates) based on MLST data. Each circle represents a specific sequence type (ST). The size of each circle homologizes to a different number of isolates, with larger sizes representing higher frequency of occurrence. The solid lines connecting the circles indicate the relationship between different STs. Eight STs showing in red are identified in this study. (B) The relationship among the 8 STs for the 14 clinical isolates.
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FIGURE 3. Dendogram illustrating the PFGE patterns of high-level triclosan-resistant clinical isolates of A. baumannii. Strain AB01 is triclosan susceptible. The scale bar on the left represents the relatedness by using the percentage. The A and B represent two pulsotype, as the definition of a pulsotype which shows ≥80% relatedness. MLST data on the right shows the specific sequence type (ST).



PFGE was analyzed by BioNumerics and >80% homology was used as a standard to distinguish the types. The PFGE profiles contained 14 strains (Figure 3), including pulsotype A (2/13, 15.4%) and pulsotype B (3/13, 23.1%), and the other 7 strains showed different genetic variability pulsotypes. In addition, the MLST results of the clinical isolates showed that CC92 corresponded to the pulsotype B obtained by PFGE.

DISCUSSION

Antimicrobial resistance in A. baumannii is a major threat for the successful treatment and control of infections (Peleg et al., 2008; Ling, 2010). A large number of studies have focused on antibiotic resistance in A. baumannii with reduced susceptibility of A. baumannii to biocides emerging as a major clinical problem in recent years (Wisplinghoff et al., 2007; Chen et al., 2009; Gnanadhas et al., 2013). The present study clearly shows that there is a high prevalence of multiple antibiotic resistant and biocide resistant isolates in clinical settings. However, our results highlight the challenges in establishing an overall relationship or cross-resistance between antibiotic resistance and reduced susceptibility to biocides. There are at least two possible explanations for our observations. First, the clinical isolates in this study (and others) are not expected to be isogenic but reflect real diverse situations that are faced in clinical settings. Second, importantly, the antibiotics and biocides included in our susceptibility testing exhibit a variety of modes of action that act on different cellular targets, such as cell walls (e.g., β-lactams) proteins (aminoglycosides and tetracyclines), nucleic acids (fluoroquinolones), and fatty acids (triclosan), as well as disruption of membranes (benzalkonium, chlorhexidine, and ethanol) and the generation of oxidative stress (by H2O2) (McDonnell and Russell, 1999; Li, 2016). Resistance to these agents is mediated by various mechanisms (McDonnell and Russell, 1999; Li, 2016). Indeed, A. baumannii genome data reveals the presence of a number of resistance determinants that encode β-lactamases, aminoglycoside-modifying enzymes, tetracycline resistance proteins and broad-spectrum resistance efflux pumps (Fournier et al., 2006; Li, 2016).

Despite the individual resistance mechanisms that explain antimicrobial-specific resistance, multidrug efflux pumps provide a common mechanism of resistance to structurally-related antimicrobial agents and this mechanism is strongly evident in A. baumannii (Li et al., 2015; Ling et al., 2016). In this regard, previously suggested outer membrane barrier-related biocide resistance mechanisms could also be attributable to biocide resistance (McDonnell and Russell, 1999; Li et al., 2015). Indeed, Gram-negative bacteria are generally less susceptible to biocides than Gram-positive pathogens (McDonnell and Russell, 1999). Consequently, we assessed the distribution and role of a large number of known or putative drug efflux pumps of several families. Most efflux pump genes are highly prevalent in our tested isolates except for the qacE and qacEΔ1 genes. This is likely because the qacE and qacEΔ1 genes often exist in the mobile genetic elements such as plasmids and their integration into the chromosome of A. baumannii is dependent on specific resistance evolution (Fournier et al., 2006).

Further assessment with qRT-PCR indicates the detectable expression of multiple efflux pump genes, which is consistent with the established roles of drug efflux pumps in intrinsic resistance of A. baumannii to multiple antibiotics (Li et al., 2015; Ling et al., 2016). For instance, the most characterized pumps belong to the Ade RND pumps (Coyne et al., 2011; Ling et al., 2016). Gene inactivation studies have demonstrated the contribution of AdeABC, AdeIJK, AbeD, and AmvA pumps to resistance to both antibiotics and biocides (Rajamohan et al., 2010a,b; Srinivasan et al., 2015). Specifically, inactivation of AdeB and AdeJ resulted in, respectively, an 8- and 2-fold reduction in chlorhexidine MIC values (Rajamohan et al., 2010b). AmvA disruption produced a 2- to 4-fold reduction in MIC values to benzalkonium and chlorhexidine (Rajamohan et al., 2010a). AbeD inactivation led to an increased susceptibility to H2O2, revealing a role of AbeD in oxidative stress tolerance (Srinivasan et al., 2015). Synergistic testing using triclosan/antibiotics and the efflux pump inhibitors also suggests the involvement of efflux pumps in triclosan resistance (Chen et al., 2009).

We focused our study on the mechanisms of resistance to triclosan and chlorhexidine. Triclosan as a bis-phenolic biocide has been widely used in various domestic cleaning products, such as toothpaste, soaps, cosmetics, and hospital equipment (McDonnell and Russell, 1999; Huang et al., 2016; Yueh and Tukey, 2016). One working concentration of triclosan as a hospital disinfectant is 0.003% (30 μg/ml) (Fernández-Cuenca et al., 2015) but we observed a high-level triclosan resistance (triclosan MICs ≥32 μg/mL) in 47% of the tested clinical isolates. This resistance incidence and level are significantly higher than those reported in literature for A. baumannii isolates obtained from 2004 to 2005 in China (1.6% [12/732] isolates with MICs ≥4 μg/mL) (Chen et al., 2009). Chlorhexidine is a biguanide disinfectant widely used in health products for infection control [with a working concentration being listed at 4% (McDonnell and Russell, 1999; Fernández-Cuenca et al., 2015)], and consequently, bacterial resistance against chlorhexidine poses a major health risk (Kampf, 2016). Our result of 47% of isolates as chlorhexidine non-susceptible also confirms the resistance problem against chlorhexidine.

We further found that triclosan non-susceptible isolates displayed an increased expression of the adeB and adeJ genes, while chlorhexidine non-susceptible isolates had the increased expression of abeM. Increased expression of the adeJ and abeM genes was also demonstrated in multiple antibiotic resistant isolates. Moreover, expression of adeB, adeG, and/or adeJ was further induced by triclosan or chlorhexidine. These results are clearly consistent with the established roles of AdeABC, AdeFGH, AdeIJK, and/or AbeM in antibiotic and biocide resistance. It is currently known that Ade pumps are regulated by two-component systems, AdeSR and BaeSR, and/or repressors, AdeL/AdeN (Ling et al., 2016). These regulatory systems could possibly interact with inducers to derepress the expression of efflux pumps as is demonstrated in the regulation of Gram-negative drug efflux pumps such as in A. baumannii and Pseudomonas aeruginosa (Li et al., 2015). However, our gene expression data also revealed varied gene expression profiles among the tested isolates. It is possible that these efflux gene expression variations could also partly be strain-specific. For instance, one article described that AdeSR, regulators of AdeABC pump, control multiple gene expression in a strain-specific manner (Richmond et al., 2016).

Additionally, it is important to note that multiple mechanisms are expected to play a role in biocide resistance and the efflux pumps alone cannot entirely explain the high-level biocide resistance (McDonnell and Russell, 1999). Thus, we also targeted the fabI gene, which is known to contribute high-level triclosan resistance in Gram-negative bacteria including A. baumannii (Heath et al., 1999; Russell, 2004; Chen et al., 2009). Surprisingly, out of 12 high-level triclosan-resistant isolates, only one isolate carried a fabI miss–sense mutation (Gly95Ser), although this type of mutation was previously reported in A. baumannii and other bacterial species (Tabak et al., 2007; Chen et al., 2009; Fernando et al., 2014; Curiao et al., 2015). This observation suggests possible contribution of additional mechanism(s) rather than fabI mutations to triclosan resistance. Indeed, Chen et al. (2009) reported the increased fabI expression in low-level triclosan-resistant A. baumannii isolates, which aligns with induction of the fabI gene expression by triclosan in Salmonella spp. (Tabak et al., 2007). Together with our observation for triclosan-induced fabI expression in A. baumannii, these findings support that triclosan exposure could facilitate the emergence of triclosan resistance via drug target gene overexpression.

The molecular typing results also provide certain insights on epidemiological aspects of high-level triclosan-resistant isolates. The finding of the CC92 clonal isolates as the major clone could suggest that particular clones with reduced biocide susceptibility may spread through clonal expansion in hospitals. Indeed, a recent study also revealed the strong relatedness of extensively-drug-resistant A. baumannii to CC92 in hospitals and the natural environment (Seruga Music et al., 2017). Another report also showed the spread of carbapenem-resistant A. baumannii belonging to CC92 (Chen et al., 2017); however, biocide susceptibility phenotypes were not assessed. Together with the antibiotic and biocide susceptibility phenotypes of these clones we studied, the present study continues to argue the importance to monitor the biocide susceptibility to A. baumannii and to promote biocide stewardship in hospitals (Kampf, 2016; Lanjri et al., 2017).

AUTHOR CONTRIBUTIONS

FL, XJ, and BL conceived and designed the study. FL, YX, YC, and CL performed the experiments. FL, XJ, and BL analyzed the data and wrote the manuscript. All authors reviewed and approved the final version of the manuscript.

FUNDING

This work was supported by the National Natural Science Foundation of China (grants no. 81373454, 31300659, and 31470246), the Scientific Research and Innovation Team of Sichuan Province (grant no. 15TD0025), and the Preeminent Youth Fund of Sichuan Province (grant no. 2015JQO019), Applied Basic Research Programs of Sichuan Province (grant no. 2013jy0065).

ACKNOWLEDGMENTS

We thank Dr. Xian-Zhi Li for helpful reading of this manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: http://journal.frontiersin.org/article/10.3389/fmicb.2017.01836/full#supplementary-material

REFERENCES

 Aanensen, D. M., and Spratt, B. G. (2005). The multilocus sequence typing network: mlst.net. Nucleic Acids Res. 33, W728–W733. doi: 10.1093/nar/gki415

 Arroyo, L. A., Herrera, C. M., Fernandez, L., Hankins, J. V., Trent, M. S., and Hancock, R. E. (2011). The pmrCAB operon mediates polymyxin resistance in Acinetobacter baumannii ATCC 17978 and clinical isolates through phosphoethanolamine modification of lipid A. Antimicrob. Agents Chemother. 5, 3743–3751. doi: 10.1128/AAC.00256-11

 Babaei, M., Sulong, A., Hamat, R., Nordin, S., and Neela, V. (2015). Extremely high prevalence of antiseptic resistant quaternary ammonium compound E gene among clinical isolates of multiple drug resistant Acinetobacter baumannii in Malaysia. Ann. Clin. Microbiol. Antimicrob. 14, 11. doi: 10.1186/s12941-015-0071-7

 Bergogne-Berezin, E., and Towner, K. J. (1996). Acinetobacter spp. as nosocomial pathogens: microbiological, clinical, and epidemiological features. Clin. Microbiol. Rev. 9, 148–165.

 Chang, Y., Luan, G., Xu, Y., Wang, Y., Shen, M., Zhang, C., et al. (2015). Characterization of carbapenem-resistant Acinetobacter baumannii isolates in a Chinese teaching hospital. Front. Microbiol. 6:910. doi: 10.3389/fmicb.2015.00910

 Chen, Y., Gao, J., Zhang, H., and Ying, C. (2017). Spread of the blaOXA-23-containing Tn2008 in carbapenem-resistant Acinetobacter baumannii isolates grouped in CC92 from China. Front. Microbiol. 8:163. doi: 10.3389/fmicb.2017.00163

 Chen, Y., Pi, B., Zhou, H., Yu, Y., and Li, L. (2009). Triclosan resistance in clinical isolates of Acinetobacter baumannii. J. Med. Microbiol. 58, 1086–1091. doi: 10.1099/jmm.0.008524-0

 Chiang, M. C., Kuo, S. C., Chen, Y. C., Lee, Y. T., Chen, T. L., and Fung, C. P. (2011). Polymerase chain reaction assay for the detection of Acinetobacter baumannii in endotracheal aspirates from patients in the intensive care unit. J. Microbiol. Immunol. Infect. 44, 106–110. doi: 10.1016/j.jmii.2010.04.003

 CLSI (2014). Methods for Dilution Antimicrobial Susceptibility Tests for Bacteria That Grow Aerobically; Approved Standard—Ninth Edition. M07-A9. Wayne, PA: Clinical and Laboratory Standards Institute.

 CLSI (2015). Performance Standards for Antimicrobial Susceptibility Testing; Twenty-Fifth Informational Supplement, Vol. M100-S25. Wayne, PA: Clinical and Laboratory Standards Institute.

 Coyne, S., Courvalin, P., and Perichon, B. (2011). Efflux-mediated antibiotic resistance in Acinetobacter spp. Antimicrob. Agents Chemother. 55, 947–953. doi: 10.1128/AAC.01388-10

 Curiao, T., Marchi, E., Viti, C., Oggioni, M. R., Baquero, F., Martinez, J. L., et al. (2015). Polymorphic variation in susceptibility and metabolism of triclosan-resistant mutants of Escherichia coli and Klebsiella pneumoniae clinical strains obtained after exposure to biocides and antibiotics. Antimicrob. Agents Chemother. 59, 3413–3423. doi: 10.1128/AAC.00187-15

 Dhanoa, A., Rajasekaram, G., Lean, S. S., Cheong, Y. M., and Thong, K. L. (2015). Endemicity of Acinetobacter calcoaceticus-baumannii complex in an intensive care unit in Malaysia. J. Pathog. 2015:789265. doi: 10.1155/2015/789265

 Fernández-Cuenca, F., Tomás, M., Caballero-Moyano, F. J., Bou, G., Martínez-Martínez, L., Vila, J., et al. (2015). Reduced susceptibility to biocides in Acinetobacter baumannii: association with resistance to antimicrobials, epidemiological behaviour, biological cost and effect on the expression of genes encoding porins and efflux pumps. J. Antimicrob. Chemother. 70, 3222–3229. doi: 10.1093/jac/dkv262

 Fernando, D., and Kumar, A. (2012). Growth phase-dependent expression of RND efflux pump- and outer membrane porin-encoding genes in Acinetobacter baumannii ATCC 19606. J. Antimicrob. Chemother. 67, 569–572. doi: 10.1093/jac/dkr519

 Fernando, D. M., Xu, W., Loewen, P. C., Zhanel, G. G., and Kumar, A. (2014). Triclosan can select for an AdeIJK overexpressing mutant of Acinetobacter baumannii ATCC17978 that displays reduced susceptibility to multiple antibiotics. Antimicrob. Agents Chemother. 58, 6424–6431. doi: 10.1128/AAC.03074-14

 Fournier, B., Aras, R., and Hooper, D. C. (2000). Expression of the multidrug resistance transporter NorA from Staphylococcus aureus is modified by a two-component regulatory system. J. Bacteriol. 182, 664–671. doi: 10.1128/JB.182.3.664-671.2000

 Fournier, P. E., Vallenet, D., Barbe, V., Audic, S., Ogata, H., Poirel, L., et al. (2006). Comparative genomics of multidrug resistance in Acinetobacter baumannii. PLoS Genet. 2:e7. doi: 10.1371/journal.pgen.0020007

 Gnanadhas, D. P., Marathe, S. A., and Chakravortty, D. (2013). Biocides–resistance, cross-resistance mechanisms and assessment. Expert Opin. Investig. Drugs 22, 191–206. doi: 10.1517/13543784.2013.748035

 Hassan, K. A., Jackson, S. M., Penesyan, A., Patching, S. G., Tetu, S. G., Eijkelkamp, B. A., et al. (2013). Transcriptomic and biochemical analyses identify a family of chlorhexidine efflux proteins. Proc. Natl. Acad. Sci. U.S.A. 110, 20254–20259. doi: 10.1073/pnas.1317052110

 Hassan, K. A., Liu, Q., Henderson, P. J., and Paulsen, I. T. (2015). Homologs of the Acinetobacter baumannii AceI transporter represent a new family of bacterial multidrug efflux systems. mBio 6:e01982-14. doi: 10.1128/mBio.01982-14

 Heath, R. J., Rubin, J. R., Holland, D. R., Zhang, E., Snow, M. E., and Rock, C. O. (1999). Mechanism of triclosan inhibition of bacterial fatty acid synthesis. J. Biol. Chem. 274, 11110–11114. doi: 10.1074/jbc.274.16.11110

 Huang, C. L., Abass, O. K., and Yu, C. P. (2016). Triclosan: A review on systematic risk assessment and control from the perspective of substance flow analysis. Sci. Total Environ. 566–567, 771–785. doi: 10.1016/j.scitotenv.2016.05.002

 Kampf, G. (2016). Acquired resistance to chlorhexidine - is it time to establish an 'antiseptic stewardship' initiative? J. Hosp. Infect. 94, 213–227. doi: 10.1016/j.jhin.2016.08.018

 Kuo, H. Y., Chang, K. C., Kuo, J. W., Yueh, H. W., and Liou, M. L. (2012). Imipenem: a potent inducer of multidrug resistance in Acinetobacter baumannii. Int. J. Antimicrob. Agents 39, 33–38. doi: 10.1016/j.ijantimicag.2011.08.016

 La Forgia, C., Franke, J., Hacek, D. M., Thomson, R. B. Jr., Robicsek, A., et al. (2010). Management of a multidrug-resistant Acinetobacter baumannii outbreak in an intensive care unit using novel environmental disinfection: a 38-month report. Am. J. Infect. Control 38, 259–263. doi: 10.1016/j.ajic.2009.07.012

 Lanjri, S., Uwingabiye, J., Frikh, M., Abdellatifi, L., Kasouati, J., Maleb, A., et al. (2017). In vitro evaluation of the susceptibility of Acinetobacter baumannii isolates to antiseptics and disinfectants: comparison between clinical and environmental isolates. Antimicrob. Resist. Infect. Control 6, 36. doi: 10.1186/s13756-017-0195-y

 Li, X.-Z. (2016). “Antimicrobial resistance in bacteria: an overview of mechanisms and role of drug efflux pumps,” in Efflux-Mediated Antimicrobial Resistance in Bacteria: Mechanisms, Regulation and Clinical Implications. eds X.-Z. Li, C. A. Elkins, and H. I. Zgurskaya (Switzerland: Springer International Publishing), 131–163. doi: 10.1007/978-3-319-39658-3_6

 Li, X.-Z., Plésiat, P., and Nikaido, H. (2015). The challenge of efflux-mediated antibiotic resistance in Gram-negative bacteria. Clin. Microbiol. Rev. 28, 337–418. doi: 10.1128/CMR.00117-14

 Lin, L., Ling, B.-D., and Li, X.-Z. (2009). Distribution of the multidrug efflux pump genes, adeABC, adeDE and adeIJK, and class 1 integron genes in multiple-antimicrobial-resistant clinical isolates of Acinetobacter baumannii-Acinetobacter calcoaceticus complex. Int. J. Antimicrob. Agents 33, 27–32. doi: 10.1016/j.ijantimicag.2008.06.027

 Lin, M. F., Lin, Y. Y., and Lan, C. Y. (2017a). Contribution of EmrAB efflux pumps to colistin resistance in Acinetobacter baumannii. J. Microbiol. 55, 130–136. doi: 10.1007/s12275-017-6408-5

 Lin, M. F., Lin, Y. Y., Tu, C. C., and Lan, C. Y. (2017b). Distribution of different efflux pump genes in clinical isolates of multidrug-resistant Acinetobacter baumannii and their correlation with antimicrobial resistance. J. Microbiol. Immunol. Infect. 50, 224–231. doi: 10.1016/j.jmii.2015.04.004

 Ling, B.-D. (2010). Multidrug resistance in Acinetobacter baumanni: mechanisms and anti-infective therapy. Chin. J. Antibiotics 35, 241–254. doi: 10.13461/j.cnki.cja.004565

 Ling, B.-D., Zhang, L., and Li, X.-Z. (2016). “Antimicrobial resistance and drug efflux pumps in Acinetobacter,” in Efflux-Mediated Antimicrobial Resistance in Bacteria: Mechanisms, Regulation and Clinical Implications, eds X.-Z. Li, C. A. Elkins, and H. I. Zgurskaya (Switzerland: Springer International Publishing), 329–358. doi: 10.1007/978-3-319-39658-3_13

 Mahzounieh, M., Khoshnood, S., Ebrahimi, A., Habibian, S., and Yaghoubian, M. (2014). Detection of antiseptic-resistance genes in Pseudomonas and Acinetobacter spp. isolated from burn patients. Jundishapur J. Nat. Pharmaceut. Products 9:e15402. doi: 10.17795/jjnpp-15402

 Martínez, J. L., Coque, T. M., and Baquero, F. (2015). What is a resistance gene? Ranking risk in resistomes. Nat. Rev. Microbiol. 13, 116–123. doi: 10.1038/nrmicro3399

 McDonnell, G., and Russell, A. D. (1999). Antiseptics and disinfectants: activity, action, and resistance. Clin. Microbiol. Rev. 12, 147–179.

 Nowak, J., Seifert, H., and Higgins, P. G. (2015). Prevalence of eight resistance-nodulation-division efflux pump genes in epidemiologically characterized Acinetobacter baumannii of worldwide origin. J. Med. Microbiol. 64, 630–635. doi: 10.1099/jmm.0.000069

 Peleg, A. Y., and Paterson, D. L. (2006). Multidrug-resistant Acinetobacter: a threat to the antibiotic era. Intern. Med. J. 36, 479–482. doi: 10.1111/j.1445-5994.2006.01130.x

 Peleg, A. Y., Seifert, H., and Paterson, D. L. (2008). Acinetobacter baumannii: emergence of a successful pathogen. Clin. Microbiol. Rev. 21, 538–582. doi: 10.1128/CMR.00058-07

 Rajamohan, G., Srinivasan, V. B., and Gebreyes, W. A. (2010a). Molecular and functional characterization of a novel efflux pump, AmvA, mediating antimicrobial and disinfectant resistance in Acinetobacter baumannii. J. Antimicrob. Chemother. 65, 1919–1925. doi: 10.1093/jac/dkq195

 Rajamohan, G., Srinivasan, V. B., and Gebreyes, W. A. (2010b). Novel role of Acinetobacter baumannii RND efflux transporters in mediating decreased susceptibility to biocides. J. Antimicrob. Chemother. 65, 228–232. doi: 10.1093/jac/dkp427

 Ray, A., Perez, F., Beltramini, A. M., Jakubowycz, M., Dimick, P., Jacobs, M. R., et al. (2010). Use of vaporized hydrogen peroxide decontamination during an outbreak of multidrug-resistant Acinetobacter baumannii infection at a long-term acute care hospital. Infect. Control Hosp. Epidemiol. 31, 1236–1241. doi: 10.1086/657139

 Richmond, G. E., Evans, L. P., Anderson, M. J., Wand, M. E., Bonney, L. C., Ivens, A., et al. (2016). The Acinetobacter baumannii two-component system AdeRS regulates genes required for multidrug reflux, biofilm formation, and virulence in a strain-specific manner. mBio 7:e00430-16. doi: 10.1128/mBio.00430-16

 Rumbo, C., Gato, E., Lopez, M., Ruiz de Alegria, C., Fernandez-Cuenca, F., Martinez-Martinez, L., et al. (2013). Contribution of efflux pumps, porins, and β-lactamases to multidrug resistance in clinical isolates of Acinetobacter baumannii. Antimicrob. Agents Chemother. 57, 5247–5257. doi: 10.1128/AAC.00730-13

 Russell, A. D. (2004). Whither triclosan? J. Antimicrob. Chemother. 53, 693–695. doi: 10.1093/jac/dkh171

 Seifert, H., Dolzani, L., Bressan, R., van der Reijden, T., van Strijen, B., Stefanik, D., et al. (2005). Standardization and interlaboratory reproducibility assessment of pulsed-field gel electrophoresis-generated fingerprints of Acinetobacter baumannii. J. Clin. Microbiol. 43, 4328–4335. doi: 10.1128/JCM.43.9.4328-4335.2005

 Seruga Music, M., Hrenovic, J., Goic-Barisic, I., Hunjak, B., Skoric, D., and Ivankovic, T. (2017). Emission of extensively-drug-resistant Acinetobacter baumannii from hospital settings to the natural environment. J. Hosp. Infect. 96, 323–327. doi: 10.1016/j.jhin.2017.04.005

 Srinivasan, V. B., Rajamohan, G., Pancholi, P., Marcon, M., and Gebreyes, W. A. (2011). Molecular cloning and functional characterization of two novel membrane fusion proteins in conferring antimicrobial resistance in Acinetobacter baumannii. J. Antimicrob. Chemother. 66, 499–504. doi: 10.1093/jac/dkq469

 Srinivasan, V. B., Venkataramaiah, M., Mondal, A., and Rajamohan, G. (2015). Functional characterization of AbeD, an RND-type membrane transporter in antimicrobial resistance in Acinetobacter baumannii. PLoS ONE 10:e0141314. doi: 10.1371/journal.pone.0141314

 Su, X. Z., Chen, J., Mizushima, T., Kuroda, T., and Tsuchiya, T. (2005). AbeM, an H+-coupled Acinetobacter baumannii multidrug efflux pump belonging to the MATE family of transporters. Antimicrob. Agents Chemother. 49, 4362–4364. doi: 10.1128/AAC.49.10.4362-4364.2005

 Tabak, M., Scher, K., Hartog, E., Romling, U., Matthews, K. R., Chikindas, M. L., et al. (2007). Effect of triclosan on Salmonella typhimurium at different growth stages and in biofilms. FEMS Microbiol. Lett. 267, 200–206. doi: 10.1111/j.1574-6968.2006.00547.x

 Taitt, C. R., Leski, T. A., Stockelman, M. G., Craft, D. W., Zurawski, D. V., Kirkup, B. C., et al. (2014). Antimicrobial resistance determinants in Acinetobacter baumannii isolates taken from military treatment facilities. Antimicrob. Agents Chemother. 58, 767–781. doi: 10.1128/AAC.01897-13

 Turnidge, J., Kahlmeter, G., and Kronvall, G. (2006). Statistical characterisation of bacterial wild-type MIC value distributions and the determination of epidemiological cut-off values. Clin. Microbiol. Infect. 12, 418–425. doi: 10.1111/j.1469-0691.2006.01377.x

 Wang, J., Ruan, Z., Feng, Y., Fu, Y., Jiang, Y., Wang, H., et al. (2014). Species distribution of clinical Acinetobacter isolates revealed by different identification techniques. PLoS ONE 9:e104882. doi: 10.1371/journal.pone.0104882

 Wisplinghoff, H., Schmitt, R., Wohrmann, A., Stefanik, D., and Seifert, H. (2007). Resistance to disinfectants in epidemiologically defined clinical isolates of Acinetobacter baumannii. J. Hosp. Infect. 66, 174–181. doi: 10.1016/j.jhin.2007.02.016

 Woo, P. C., Tsang, A. K., Wong, A. Y., Chen, H., Chu, J., Lau, S. K., et al. (2011). Analysis of multilocus sequence typing schemes for 35 different bacteria revealed that gene loci of 10 bacteria could be replaced to improve cost-effectiveness. Diagn. Microbiol. Infect. Dis. 70, 316–323. doi: 10.1016/j.diagmicrobio.2011.03.006

 Yueh, M. F., and Tukey, R. H. (2016). Triclosan: a widespread environmental toxicant with many biological effects. Ann. Rev. Pharmacol. Toxicol. 56, 251–272. doi: 10.1146/annurev-pharmtox-010715-103417

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2017 Lin, Xu, Chang, Liu, Jia and Ling. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmicb-08-01836-t002.jpg
Antimicrobial agents MIC (ng/mL) S (%) 1(%) R (%)

MIC range MiCso MiCo

Ceftazidime 16-1,024 128 256 o 3647
Cefotaxime 4256 6 128 2.13

Ceftriaxone 8512 128 256 19.15

imipenem 0.0625-64 16 64 2.13

Meropenem 00625-64 8 32 426

Piporacilin 32512 256 256 3647
Piperacilin-tazobactam 4-256 32 256 19.15

Gentarnicin 0.125->1,024 16 >1,024 213

Amikacin 2->1,024 8 >1,024 o

Levofloxacin 00625-8 8 8 1064

Ciprofloxacin 05-128 o 128 2.13

Totracyciine 1-512 512 512 0

Doxyeycline 0.0625-64 o 0

Minocyciine 0062516 8 25.53
Trimethoprim-suffamethoxazole: 16->1,024 >1,024 0

BIOGDES
Triclosan 2->256 16 128 63° 3P 4P
Chlorhexidine acetate 8-128 16 64 (36 ane @nd
Benzalkonium bromide 4-32 8 32 ND ND ND
Sodium hypochiorite 160-640 320 640 ND ND ND
Hydrogen peroxide (mM) 47-376 47 94 ND ND ND
Ethanol (%, vA) 75225 75 15 ND ND ND

"8, susceptible; I, intermediate; R, resistant. ND, not determined (no susceptibiity/resistance interpretative breakpoints are available for biocides). The interpretative categories for S,
and R are based on the CLS! document (CLSI, 2075).
bValues in brackets are based on chlorhexidine or triclosan MIC values of <16, 32, >64 wa/ml, respectively, for provisional S, I, and R categories (see text for details).





OPS/images/fmicb-08-01836-t003.jpg
Isolate N (%)

22 (47%)
4(8.5%)
4(8.5%)
3 (6.4%)
2 (4.3%)
2 (4.3%)
121%)
121%)
1(21%)
121%)
121%)
121%)
121%)
121%)
121%)
121%)

Percentage of
the gene in
isolates (n)

8TRY. triclosan: CLA, chiorhexidine acetate: BZK, benzalkonium bromide: SH, sodium hypochiorite; H.0». hydrogen peroxide; EIOH, ethanol. +, positive

adeB

B e

85%

(40/47)

adeG

A

89%

(42/47)

adeJ

B i T A

+

100%
(@7/a7)

adeT1

+ o+

+ 4

+

75%

(35/47)  (45/47)

adeT2  abeD

+ +

+ +

+ +

+ +

+ +

+ +

+ +

+ +

+ +

+ +

+ +

+ +

+ +

+ +

- +

- +
96%  100%

Gene distribution

(“7/47)

amvA

+ o+ o+

B

5
98%

(46/47)

abeM  acel
+ +
+ +
+ +
+ +
+ +
+ +
+ +
+ +
+ +
+ +
+ +
+ +
+ +
+ +
- +
- +

96%  100%

(45/47) (@7/47)

qacE  qacEA{ fabl

+ o+ o+

+

+
+

70%
(@347

+ +

+

+

68%

A St S

+

100%
(82/47) (@47/47)

8128
8-128
4->256
32-128
32->256
128

MICs (ig/mL except those specified)

cLA

16-128
16-64

32-64
16-32
16
16

16

16

16
16

negative.

BZK

8-16
4-16

8-16
816

RN

SH

160-640
320
320-640
320-640
640
640
640
640
640
320
320
640
640
320
320
640

Hy0z(mM)

47-188
a7
47-94
47-94
47-94
94-376
a7
a7
%
a7
a7
94
%
94
a7
a7

EtOH
(%, vIv)

75-15
7515
7.5225

7515
75
75
75
75
75
75
75
75
75
75
75
75





OPS/images/fmicb-08-01836-g003.gif
L ———
i
—






OPS/images/fmicb-08-01836-t001.jpg
Gender

Male
Female

Total number
[n (%)

30 (63.83%)
17 (36.17%)

Source

Biood
Sputum
Swab

Total number
n (%)

1(2.13%)
42 (89.36%)
4(851%)

Department

Intensive care unit
Respiratory
Neurosurgery
Infectious diseases
department

Other wards

Total number
[n (%)

22 (46.81%)
9(19.15%)
6(12.77%)
1(2.13%)

9(19.15%)

Age (years)

21-60
60-70
>70

Total number

In (%0

10 (21.28%)
15 (31.91%)
22(46.81%)





OPS/images/fmicb-08-01836-t004.jpg
Isolate
susceptibility®

TRI
ABO1 s 16
AB03 MOR 128
ABO7 MDR 128
ABO8 MDR 8
ABO9 MDR 8
AB12 MDR 8
AB14 s 4
AB22 MDR 16
AB23 s 2
AB24 MDR 128
AB26 MDR 128
AB27 MDR 128
AB30 MDR >256
AB32 MDR 128
AB33 MDR 8
AB34 MOR 128
AB35 S >256
AB36 MDR 16
AB37 S 32
AB39 s 128
AB40 MDR 128
AB42 s 6
AB43 s 128
ABAT s 128
Al isolates (1 8764761
=24)
WT (TRIMIC 96453
<16,n=9)
NS (TRI MIC 141.7£513
> 64,0 = 14)
WT (CLA MIC
<16,n=10)
NS (CLAMIC
= 64,n=8)
WT (S to
antibiotics, n
=9
NS (Rto
antibiotics, n
= 15)

MIC (1g/mL)®

cLA

32
64
16
128
128
128
16
32
16
16
16
16
64
32
8
32
64
128
32
32
16
16
64
16
463 £411

151227

96.0£342

adeB

0.00
030
0.10
023
033
0.47
0.18
0.02
00
0.05
0.05
0.05
102
026
0.02
0.07
0.00
0.18
0.02
186
0.03
101
0.08
0.18
0.28+0.44

014£0.12
0.36 + 0.55'
0194030
0334030

0.41:£065

0.18 025"

adeG

0.20
0.08
111
027
0.30
0.35
1.08
0.39
3.06
1.00
0.69
1.30
0.29
200
0.36
0.44
1.90
0.23
0.60
013
0.06
0.83
0.14
0.05
0.70£074

0.69 £ 092

0.72:£067

0.95 £ 085

0.45£059

0.89:%1.01

0.59:+054

Relative Gene expression

adeJ

0.17
0.42
108
081
1.00
0.70
0.18
130
027
1.00
067
056
226
328
0.69
083
0.62
054
0.47
0.18
132
051
059
033
0.81£0.70

062038
0.98+085
0.66 £ 037
0.87 £059

035:£0.19

110£0.75¢

“TR), trclosan; CLA, chlorhexidine; WT, wid-type; NS, non-susceptible; S, susoeptible; R, resistant; MDR, mulidrug-resistant.
°Antiviotic susceptibilty of S and R (MDF) are based on the MIC values from Table S2.
°MIC values for non-susceptible (resistant) isolates are shown in bold.

“Isolate AB30 carries a Gly95Ser mutation in Fabl.

abeM

032
0.70
1.05
1.27
1.00
1.61
0.00
1.28
0.00
1.00
0.68
o7
400
328
1.16
0.69
114
1.01
0.00
0.60
132
061
034
0.00
0.99:£094

0.84:£0.59
115+ 1.11
065+0.50
138 1121

0.33:£039

138+ 097"

acel

1.01
029
062
034
029
035
094
0.46
098
025
021
032
052
037
023
036
2.10
052
078
119
0.07
032
0.19
029
054 £045

056 £031
051£053
0.42:£031
0.58+063

0.87 £059

035+ 014"

fabl

026

123
076
057
100
083
028
0.4
026
019
0.2
015
1.00¢
165
1.00
069
487
095
005
024
021

028
086
013

0664091

053035
080 1.17
034030
123+ 1.31'

0,69+ 1.38

0.67 £0.47

*This isolete (AB23) was not detected with adeB by POR and was excluded in gene expression calculation. There were other isolates (ABO1, AB14, AB35, AB37, and ABA7) with o
detectablo gene expression of adeB or abeM whero the value 0.00° is given in the table.
'The refative gene expression with more than 2-fold change (increase in non-italic and decrease in itafic) is shown in bold (except for trclosan non-susceptible isolates, the adeJ

axoression was increased nearly by 2-fold.
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Isolates Triclosan-induced expression Chlorhexi duced expression

(n = 20 adeB adeG adeJ abeM fabl adeB adeG adeJ abeM

Induced 0934099 2054272 2084345 1524145 2114225 1234215 0994089 1.04:£082 105173 072102
Non-nduced 027044 070£074 0814070 099094 066+091 027:£044 070£074 081£070 099094 054045
Gene expression 34 29 26 15 32 46 14 13 11

change (fold)®

“One isolate (AB23) is absent with adeB and is excluded for adeB gene expression calculation where n = 23.
b The relative gene expression with more than 2-fold change after a biocide induction is shown in bold.
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