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Detection of novel gyrA mutations in nalidixic acid-resistant isolates of Salmonella enterica from patients with diarrhoea

Keywords: 

Between April 2008 and September 2009, 174 Salmonella spp. were collected and assayed for quinolone resistance and detection of gyrA mutations. Isolates identified as Salmonella enterica were tested for susceptibility by the disk diffusion method. Polymerase chain reaction (PCR) amplification and sequencing of the gyrA gene segment encoding the quinolone resistancedetermining region (QRDR) was performed for the nalidixic acid-resistant isolates. Among the 174 recovered Salmonella spp. isolates, 89 were resistant to nalidixic acid, of which 9 were resistant to enrofloxacin; 10 isolates had reduced susceptibility to nalidixic acid. None of the isolates were resistant to ciprofloxacin, but a single isolate showed reduced susceptibility. Twelve types of amino acid replacements were found in the QRDR region of GyrA, namely the previously described substitutions in positions 83 and 87 as well as five new substitutions Leu41-Pro, Arg47-Ser, Ser111-Thr, Ala118-Thr and Asp147-Gly. Double substitutions in both positions 83 and 87 were not identified. A Gly133-Glu substitution was identified in a single S. enterica serotype Typhi isolate.
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Introduction

In Enterobacteriaceae, resistance to the quinolone nalidixic acid (NAL) has been shown mainly to be associated with single point mutations within a segment of the gyrA gene that encodes the quinolone resistance-determining region (QRDR) of the DNA gyrase subunit GyrA [START_REF] Fàbrega | Mechanism of action of and resistance to quinolones[END_REF]. Mutations occur most frequently in the codons coding for residues Ser83 and Asp87 [START_REF] Fàbrega | Mechanism of action of and resistance to quinolones[END_REF].

Resistance to fluoroquinolones, including ciprofloxacin (CIP) and enrofloxacin (EFX), is conferred by target mutations in topoisomerase genes or by increased expression of endogenous multidrug efflux pumps that expel antimicrobial agents [START_REF] Fàbrega | Mechanism of action of and resistance to quinolones[END_REF].

The QRDR has not yet been exactly defined. In Escherichia coli, the QRDR of GyrA has been suggested to encompass residues 67 to 106 [START_REF] Yoshida | Quinolone resistancedetermining region in the DNA gyrase gyrA gene of Escherichia coli[END_REF], but an expansion of the QRDR has been proposed [START_REF] Friedman | Mutation in the DNA gyrase A gene of Escherichia coli that expands the quinolone resistance-determining region[END_REF]. The residues His45 and Ser172 outside of the QRDR, however, appear to be involved in hydrogen bond formation with NAL, whilst the residues Met120 and Arg121 form hydrogen bonds with CIP [START_REF] Vashist | Interaction of nalidixic acid and ciprofloxacin with wild type and mutated quinolone-resistance-determining region of DNA gyrase A[END_REF]. Arg121 has also been shown to form a salt bridge with CIP [START_REF] Madurga | Mechanism of binding of fluoroquinolones to the quinolone resistance-determining region of DNA gyrase: towards an understanding of the molecular basis of quinolone resistance[END_REF]. In GyrA from E. coli, Ala52 also appears to be involved in the QRDR [START_REF] Friedman | Mutation in the DNA gyrase A gene of Escherichia coli that expands the quinolone resistance-determining region[END_REF].

The main objective of this study was to detect gyrA mutations in quinoloneresistant isolates using polymerase chain reaction (PCR) DNA sequencing methods.
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Materials and methods

Study design, bacterial strains and serological studies

During April 2008 to September 2009, 174 faecal samples were collected from patients suffering from diarrhoea hospitalised in three different hospitals in Tehran, Iran. The recovered samples were cultured in three different media and an enrichment medium for optimal isolation. Since Salmonella spp. do not ferment lactose, all non-lactose-fermenting isolates in primary plates were selected for further identification. For enrichment, faecal samples were inoculated in Selenite-F broth (Merck, Homburg, Germany). Following incubation overnight at 37 C, aliquots of broth cultures were subsequently inoculated into xylose-lysine deoxycholate agar (Merck), MacConkey agar (Oxoid Ltd., Basingstoke, UK) and Salmonella-Shigella agar (Pronadisa, Madrid, Spain). Subculturing was performed on the same media and under the same conditions. Colonies that morphologically resembled Salmonella spp.

were identified by biochemical tests and by the slide agglutination test according to the Kauffmann-White scheme [START_REF] Popoff | Supplement 2002 (no. 46) to the Kauffmann-White scheme[END_REF] using commercially available antisera (MAST Group Ltd., Bootle, UK).

Antimicrobial susceptibility testing and minimal inhibitory concentration (MIC) determination

Isolates identified as Salmonella enterica were tested for susceptibility by the Kirby-Bauer disk diffusion method on Muller-Hinton agar (Oxoid Ltd.) using NAL (30 g), ofloxacin (5 g), norfloxacin (10 g), EFX (5 g), levofloxacin (5 g) and CIP (5 g) (all from MAST Group Ltd.). Interpretation of inhibition zones Standards Institute (CLSI) [START_REF]Performance standards for antimicrobial susceptibility testing; 16th informational supplement[END_REF]. Quality control was performed using the E. coli ATCC 25922 reference strain.

Determination of MICs of NAL and fluoroquinolones (Sigma, Steinheim, Germany) was performed by the standard agar dilution method as previously described [START_REF] Hamidian | Emergence of extended-spectrum -lactamases in clinical isolates of Salmonella enterica in Tehran, Iran[END_REF] for the isolates that were NAL-resistant (NAL R ) by agar disk diffusion. Resistance breakpoints were those specified by the CLSI [START_REF]Performance standards for antimicrobial susceptibility testing; 16th informational supplement[END_REF], except for EFX where the breakpoint was that specified by White et al. [START_REF] White | Characterization of fluoroquinolone resistance among veterinary isolates of avian Escherichia coli[END_REF]. Escherichia coli ATCC 25922 was used as a quality control strain according to CLSI recommendations.

PCR amplification of the QRDR-encoding segment of the gyrA gene

Whole-cell DNA was extracted from isolates that were NAL R or with reduced susceptibility to NAL (NAL RS ) using the boiling method [START_REF] Hamidian | Emergence of extended-spectrum -lactamases in clinical isolates of Salmonella enterica in Tehran, Iran[END_REF]. PCR amplification of the segment of the gyrA gene encoding the QRDR region of GyrA was performed using previously described specific primers [START_REF] Griggs | Mutations in gyrA gene of quinolone-resistant Salmonella serotypes isolated from humans and animals[END_REF]. Owing to the absence of CIP-resistant (CIP R ) isolates, only substitutions in QRDR of GyrA were considered as the most relevant [START_REF] Fàbrega | Mechanism of action of and resistance to quinolones[END_REF].

All PCR amplifications were performed using 1 U of SuperTaq TM DNA polymerase (SuperTaq Co., London, UK) and 0.5 M of each primer (Bioneer Co. Ltd., Daejeon, Republic of Korea). Cycling conditions were an initial denaturation step of 5 min at 94 C, followed by 30 cycles each consisting of 60 s at 94 C, 20 s at 56.5 C and 30 s at 72 C, and a final extension step of 5 min 

DNA sequencing

PCR products were purified using a High Pure PCR Product Purification Kit (Roche Diagnostics, Mannheim, Germany), and direct sequencing of the amplified products was performed for both strands using an ABI 3130 Genetic Analyzer (Applied Biosystems, Foster City, CA). Sequence analyses were done using the Lasergene v6.00 software package (DNAStar Inc., Madison, WI) and sequences were submitted to the GenBank database.

Results

Bacterial identification and serotyping

The majority of the 174 Salmonella spp. isolates were identified as S. enterica and the predominant serotype was determined to be S. enterica serotype Paratyphi C (42; 24.1%), followed by S. enterica serotype Enteritidis (30; 17.2%), S. enterica serotype Paratyphi B (21; 12.1%), S. enterica serotype Typhi (18; 10.3%), S. enterica serotype Paratyphi A (10; 5.7%), S. enterica serotype Infantis (6; 3.4%), S. enterica serotype Typhimurium (2; 1.1%) and S. enterica serotype Bonn (1; 0.6%). Some of the Salmonella isolates were serotyped at the group level; 15 (8.6%) as Group C and 2 (1.1%) as Group D, 

Antimicrobial susceptibility and minimal inhibitory concentration determination

Susceptibility tests demonstrated that 89 of the Salmonella spp. isolates were NAL R (MIC ≥ 32 mg/L) and 10 were NAL RS (MICs of 8 mg/L or 16 mg/L). All NAL R and NAL RS isolates showed MICs to CIP ≤ 1 mg/L, meaning that no CIP R isolate was found. A single NAL R isolate showed reduced susceptibility to CIP (MIC = 1 mg/L).

Nine NAL R isolates were also resistant to EFX and, among these, an S.

Paratyphi C isolate was also resistant to ofloxacin, norfloxacin and levofloxacin but was sensitive to CIP. Susceptibility tests and MICs of this isolate were later re-determined and the results were similar to the previous ones. Five NAL R isolates carried two substitutions concurrently in GyrA. The substitutions were Ser83-Tyr and Ser111-Thr, Arg47-Ser and Asp87-Gly, Leu41-Pro and Asp87-Tyr, Ser83-Phe and Asp147-Gly, and finally Ser83-Phe and Gly133-Glu. The amino acid replacements Leu41-Pro, Arg47-Ser, Ser111-Thr and Asp147-Gly have not been described previously.

Non-synonymous mutations in

As seen in Table 1, eight isolates carried no identified substitution in GyrA but the isolates were nevertheless resistant to NAL (MIC ≥ 32 mg/L).

The MICs to NAL, GenBank accession nos. and substitutions in the 99 NAL R and NAL RS Salmonella spp. are shown in Table 1.

Discussion

In the current study, no CIP R isolate was found, but nine isolates showed resistance to EFX and a single isolate was also resistant to ofloxacin, norfloxacin and levofloxacin. These resistance phenotypes are atypical because resistance to one fluoroquinolone antibiotic generally confers resistance to all other fluoroquinolones owing to the common mechanism of inhibition of the topoisomerases [START_REF] Hopkins | Mechanisms of quinolone resistance in Escherichia coli and Salmonella: recent developments[END_REF], and thus susceptibility to one fluoroquinolone is concomitant with susceptibility to all other fluoroquinolones [START_REF] Lee | Contamination of chicken meat with Salmonella enterica serovar Haardt with nalidixic acid resistance and reduced fluoroquinolone susceptibility[END_REF]. However, these The results of DNA sequencing of the gyrA gene segment in the current study revealed the presence of novel amino acid replacements in positions 41, 47, 111, 118, and 147 of GyrA (Table 1).

The wild-type residue in position 133 of GyrA from S. Typhi appears to be Gly as pointed out by Walther-Rasmussen and Høiby [START_REF] Walther-Rasmussen | Salmonella enterica serovar Typhi and S. Paratyphi A: need to expand the QRDR region?[END_REF], instead of Glu in GyrA from other serotypes of S. enterica. This consequently indicates that the amino acid replacement in GyrA from S. Typhi HT-A-13 is Gly133-Glu (GenBank accession no. GU190905).

Apart from the Ala118-Thr substitution, substitutions in positions 41, 47, 111, 133 and 147 are coupled with a substitution in either position 83 or 87, and the involvement of these new substitutions in resistance to NAL remains to be established. The contribution of the Ala118-Thr substitution in regard to NAL resistance (MIC = 256 mg/L) in the Salmonella spp. isolate remains to be determined, but other resistance mechanisms, such as plasmid-encoded Qnr determinants, cannot be excluded.

The S. Typhi HT-A-13 isolate, which contained two substitutions (Ser83-Phe and Gly133-Glu) surprisingly had an MIC to NAL of 16 mg/L. This could imply that the Gly133-Glu substitution may have a compensatory effect on the MIC of NAL in relation to the Ser83-Phe substitution. However, Renuka et al. [START_REF] Renuka | Reduced susceptibility to ciprofloxacin and gyrA gene mutation in North Indian strains of Salmonella enterica serotype Typhi and serotype Paratyphi A[END_REF] have Apart from six highly NAL R isolates (MIC ≥ 128 mg/L) (HT-7-96, HT-44, HT-75, HT-80, HT-R-5 and HT-R-12) that had no mutations in the gyrA gene segment, the findings in this study showed that resistance to NAL in most instances correlated with gyrA gene mutations in codon 83 or 87 regardless of the serotype. The NAL resistance in the six isolates without gyrA mutations could be caused by other mechanism(s) of resistance, such as plasmid-encoded Qnr determinants that mediate resistance to NAL but not to CIP [START_REF] Fàbrega | Mechanism of action of and resistance to quinolones[END_REF], or amino acid replacements in GyrB and ParE. It is not likely that the NAL resistance is caused by increased efflux because this mechanism also appears to mediate high-level resistance to CIP [START_REF] Fàbrega | Mechanism of action of and resistance to quinolones[END_REF]. However, these different possibilities have not been investigated further.

No CIP R isolates were found in this study, which is consistent with the data that coexistent substitutions in positions 83 and 87 of GyrA confer resistance to CIP [START_REF] Fàbrega | Mechanism of action of and resistance to quinolones[END_REF], and such double replacements were absent from the investigated isolates.

In conclusion, the findings of this study have documented that point mutations in the segment of the gyrA gene encoding the QRDR of GyrA cause resistance to NAL in Salmonella spp. from Iran, but none of the isolates were resistant to CIP. 

  the current study was to detect mutations in the gyrA gene of quinolone-resistant Salmonella spp. isolates recovered in Tehran, Iran.

  according to the criteria of the Clinical and Laboratory

  A c c e p t e d M a n u s c r i p t 7 at 72 C. Amplicons were 347 bp long and the molecular weight of the PCR products was verified by gel electrophoresis in 1.2% agarose using molecular weight standards (100 bp DNA Ladder; Fermentas, Ontario, Canada).

  A c c e p t e d M a n u s c r i p t 8 and finally 27 (15.5%) of the Salmonella isolates remained untypeable and were classified as Salmonella spp.

  the gyrA gene encoding the QRDR From all 99 NAL R or NAL RS Salmonella spp., the gene segment encoding the QRDR of GyrA was amplified and sequenced. Twelve types of amino acid replacements were identified among the analysed isolates. The predominant substitution was in position 87 of GyrA (70.7%) and the amino acid replacements were Asp87-Asn, Asp87-Tyr and Asp87-Gly in 40, 25 and 5 of the studied isolates, respectively. The second most prevalent substituted position in the QRDR of GyrA was position 83 (11.1%), and the substitutions were Ser83-A c c e p t e d M a n u s c r i p t 9 Phe, Ser83-Tyr and Ser83-Leu in 6, 4, and 1 isolate, respectively. A single NAL R isolate contained a new amino acid replacement (Ala118-Thr) but without a concomitant substitution in positions 83 or 87.

  be subjected to further investigations to explain their uncharacteristic resistance patterns.

A

  c c e p t e d M a n u s c r i p t 11 described an S. Typhi isolate with an identical double substitution and that isolate was NAL R , indicating it is reasonable to deduce that the Gly133-Glu substitution has no compensatory effect on resistance to NAL. The low MIC to NAL in this study may thus be mediated by another mechanism such as reduced efflux activity [15].

A c c e p t e d M a n u s c r i p t 1 1

 11 Heisig P. The role of intra-and extragenic compensatory mutations in the suppression of fluoroquinolone resistance in a Salmonella Typhimurium gyrA mutant (D87G). J Antimicrob Chemother 2009;63:290-4.TableMinimal inhibitory concentration (MIC) to nalidixic acid (NAL) as well as nucleotide mutations in the gyrA gene and resulting amino acid substitutions in Salmonella spp. isolates with reduced susceptibility or resistance to NAL recovered from diarrhoeal patients in Tehran,

Acknowledgments

The authors are grateful to Dr Feizabadi, Dr Ranjbar, Dr Dabiri and other members of staff at Research Department of Foodborne Diseases (RDFD) for their technical support and collaboration that made this work possible.

Funding

None.

Other resistance mechanisms may also appear to be active in a minority of isolates without point mutations.

Competing interests

None declared.

Ethical approval

Not required.

A c c e p t e d M a n u s c r i p t