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typically involves either mutation or transformation at several well separated chromosomal loci. We postulated that this series of genetic events would be more likely to occur in organisms with deficient DNA repair mechanisms.

Investigation of 27 antibiotic-resistant or -susceptible clinical isolates of S. pneumoniae revealed a broad range of mutation frequencies, but no isolate was as mutable as a mismatch repair (MMR)-deficient laboratory isolate. No correlation was observed between antibiotic resistance and higher mutation frequency. Examination of a further 180 clinical isolates using a newly developed rapid screen method also failed to identify any isolates with a mutation frequency as high as the MMR-deficient control strain. We argue that there is currently no clear evidence of a distinct population of mutators among clinical pneumococci.

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

Introduction

Hypermutable bacteria develop spontaneous antibiotic resistance more readily than wild-type organisms [START_REF] Miller | Response of Escherichia coli hypermutators to selection pressure with antimicrobial agents from different classes[END_REF][START_REF] Morosini | Frequency of mutation to rifampin resistance in Streptococcus pneumoniae clinical strains: hexA and hexB polymorphisms do not account for hypermutation[END_REF][START_REF] O'neill | Insertional inactivation of mutS in Staphylococcus aureus reveals potential for elevated mutation frequencies, although the prevalence of mutators in clinical isolates is low[END_REF][START_REF] Tanabe | A conspicuous adaptability to antibiotics in the Escherichia coli mutator strain, dnaQ49[END_REF] and have been identified among clinical isolates of a number of species, including Streptococcus pneumoniae, Pseudomonas aeruginosa, Escherichia coli, Haemophilus influenzae and Neisseria meningitidis [START_REF] Morosini | Frequency of mutation to rifampin resistance in Streptococcus pneumoniae clinical strains: hexA and hexB polymorphisms do not account for hypermutation[END_REF][START_REF] Matic | Highly variable mutation rates in commensal and pathogenic Escherichia coli[END_REF][START_REF] Oliver | High frequency of hypermutable Pseudomonas aeruginosa in cystic fibrosis lung infection[END_REF][START_REF] Richardson | Mutator clones of Neisseria meningitidis in epidemic serogroup A disease[END_REF][START_REF] Watson Me | Hypermutable Haemophilus influenzae with mutations in mutS are found in cystic fibrosis sputum[END_REF]. In several but not all cases, mutators have been found to contain defects in mismatch repair (MMR) pathways [START_REF] Oliver | High frequency of hypermutable Pseudomonas aeruginosa in cystic fibrosis lung infection[END_REF][START_REF] Richardson | Mutator clones of Neisseria meningitidis in epidemic serogroup A disease[END_REF][START_REF] Watson Me | Hypermutable Haemophilus influenzae with mutations in mutS are found in cystic fibrosis sputum[END_REF][START_REF] Prunier | High rate of macrolide resistance in Staphylococcus aureus strains from patients with cystic fibrosis reveals high proportions of hypermutable strains[END_REF]; in addition to increasing the mutation frequency, MMR defects can increase the transformation frequency, further enhancing the potential for dissemination of antibiotic resistance [START_REF] Matic | Structure of recombinants from conjugational crosses between Escherichia coli donor and mismatch-repair deficient Salmonella typhimurium recipients[END_REF][START_REF] Rayssiguier | The barrier to recombination between Escherichia coli and Salmonella typhimurium is disrupted in mismatch-repair mutants[END_REF][START_REF] Tiraby | Integration efficiencies of spontaneous mutant alleles of amiA locus in pneumococcal transformation[END_REF][START_REF] Tiraby | Marker discrimination in transformation and mutation of pneumococcus[END_REF].

Multiresistant isolates of S. pneumoniae often exhibit resistance to penicillin, trimethoprim and sulfamethoxazole [START_REF] Fluit | Multi-resistance to antimicrobial agents for the ten most frequently isolated bacterial pathogens[END_REF][START_REF] Jones | The activity of levofloxacin and comparator agents against clinical isolates of Streptococcus pneumoniae collected worldwide during 1999 and 2000[END_REF][START_REF] Roussel-Delvallez | Change of pneumococcal resistance to antibiotics in adults between 1995 and 1997: a study in eight French counties[END_REF][START_REF] Thornsberry | In vitro activity of grepafloxacin and 25 other antimicrobial agents against Streptococcus pneumoniae: correlation with penicillin resistance[END_REF]. Penicillin resistance is acquired through intraspecies or interspecies recombination of penicillin-binding protein (PBP) genes, particularly pbp2b [START_REF] Dowson | Horizontal transfer of penicillin-binding protein genes in penicillin-resistant clinical isolates of Streptococcus pneumoniae[END_REF], trimethoprim resistance through mutation or recombination of the dihydrofolate reductase gene [START_REF] Adrian | Mutations in the dihydrofolate reductase gene of trimethoprim-resistant isolates of Streptococcus pneumoniae[END_REF], and sulfamethoxazole resistance through mutation or recombination of the dihydropteroate synthase gene [START_REF] Maskell | Mechanism of sulfonamide resistance in clinical isolates of Streptococcus pneumoniae[END_REF]. These genes are widely dispersed in the genome so that a minimum of three genetic events is required to attain resistance to all three antimicrobial agents. It therefore seems plausible that acquisition of multiple resistance determinants would occur preferentially within a hypermutable and/or hypertransformable background.

A c c e p t e d M a n u s c r i p t 5 Hypermutable S. pneumoniae have been reported among clinical isolates, but evidence for their association with antibiotic resistance has been somewhat conflicting. Two studies found no association of hypermutability with penicillin resistance or resistance to any agent, whilst another reported mutators only among fluoroquinolone-resistant isolates, although with insufficient numbers of isolates to be sure whether the association was significant [START_REF] Morosini | Frequency of mutation to rifampin resistance in Streptococcus pneumoniae clinical strains: hexA and hexB polymorphisms do not account for hypermutation[END_REF][START_REF] Del Campo | Population structure, antimicrobial resistance, and mutation frequencies of Streptococcus pneumoniae isolates from cystic fibrosis patients[END_REF][START_REF] Gould | Identifying mutator phenotypes among fluoroquinolone-resistant strains of Streptococcus pneumoniae using fluctuation analysis[END_REF].

In the present study, we have validated two methods of screening for mutators among S. pneumoniae and have examined the frequencies of mutation to rifampicin resistance among a collection of antibiotic-resistant and -susceptible clinical isolates.

Material and methods

Bacterial isolates and culture

Bacterial isolates were selected from those submitted to the Health Protection Agency in 2002 as well as from collections previously described [START_REF] Hall | Genetic relatedness within and between serotypes of Streptococcus pneumoniae from the United Kingdom: analysis of multilocus enzyme electrophoresis, pulsedfield gel electrophoresis, and antimicrobial resistance patterns[END_REF][START_REF] Lawrence | Evaluation of serotype prediction by cpsA-cpsB gene polymorphism in Streptococcus pneumoniae[END_REF][START_REF] Lawrence | Evaluation of semiautomated multiplex PCR assay for determination of Streptococcus pneumoniae serotypes and serogroups[END_REF][START_REF] Urwin | Pneumococcal meningitis in the North East Thames Region UK: epidemiology and molecular analysis of isolates[END_REF].

Mutation frequencies were determined for 27 clinical isolates of S. pneumoniae; 11 isolates were fully susceptible, 5 carried only transposon-mediated resistance (i.e. chloramphenicol, erythromycin and tetracycline resistance) and 11 carried resistance to two or more antibiotics, including at least one involving modification of a chromosomal gene (i.e. penicillin, cefotaxime, ciprofloxacin, sulfamethoxazole and trimethoprim resistance) (Table 1). Rapid screens to A c c e p t e d M a n u s c r i p t 6 search for mutators were conducted on a further 180 clinical isolates (63 resistant, 19 susceptible and 98 undetermined). Laboratory strains R6 and hexBdeficient CP1015 [START_REF] Morrison | Isolation and characterization of three new classes of transformation-deficient mutants of Streptococcus pneumoniae that are defective in DNA transport and genetic recombination[END_REF] were used as controls for wild-type and mutator strains, respectively.

Determination of mutation frequency and mutation rate

Mutation frequencies to rifampicin (2 mg/L), ciprofloxacin (2 mg/L) and streptomycin (200 mg/L) resistance were determined as described previously [START_REF] Sk | Effect of subinhibitory concentrations of antibiotics on mutation frequency in Streptococcus pneumoniae[END_REF]. Broths were inoculated with ca. 10 4 colony-forming units from frozen starter cultures. The presence of pre-existing mutants in the inoculum was determined to be highly unlikely based on the known mutant frequency in the starter culture, and use of the median frequency avoided bias from any jackpot cultures. Broths were plated at late logarithmic phase and viable counts were determined for all replicas to avoid discrepancies resulting from autolysis of pneumococci in stationary phase. Mutation rates were calculated using the Jones median estimator, as described by Foster [START_REF] Foster | Methods for determining spontaneous mutation rates[END_REF][START_REF] Jones | Luria-Delbruck fluctuation experiments: design and analysis[END_REF]. The Mann-Whitney U-test was used for statistical analysis of the difference in mutation frequency between resistant and susceptible isolates.

Rapid screen for hypermutability

Overnight growth from a blood agar plate was suspended in brain-heart infusion broth and diluted in a 10 mL volume to an optical density at 620 nm (OD 620 ) of A c c e p t e d M a n u s c r i p t 7 0.1. These broths were then incubated at 37 C until no further increase in OD 620 was detected (ca. 7-8 h), after which nine 10 L spots were placed on a 2 mg/L rifampicin plate and one 10 L spot on a non-selective plate.

Sequence determination

Amplification and sequencing of gene fragments for multilocus sequence typing (MLST) were performed as described by Enright and Spratt [START_REF] Enright | A multilocus sequence typing scheme for Streptococcus pneumoniae: identification of clones associated with serious invasive disease[END_REF].

Results

Comparison of selective markers for mutation frequency experiments

Initial experiments explored rifampicin, streptomycin and ciprofloxacin as selective agents, since resistance to each can be conferred by single point mutations. Other possible agents such as trimethoprim were excluded because many isolates in the collection were already resistant. The frequency of mutation to streptomycin resistance was too low to be reliably measured by our experimental strategy. This probably reflects the small number of nucleotide positions at which point mutation can generate streptomycin resistance. The mutation frequency to ciprofloxacin resistance appeared highly variable in our hands, with frequent jackpot cultures generating large numbers of mutants. For example, the median mutation frequency from five replica broths with isolate PN94/661 ranged from 7.70  10 -9 to 4.19  10 -6 in three separate experiments.

Mutation frequencies to rifampicin resistance were much more reproducible, A c c e p t e d M a n u s c r i p t 8 hence rifampicin was used as the selective marker for this study (further assessment of validity is described below).

Mutation frequency in antibiotic-resistant versus -susceptible isolates

Twenty-seven clinical isolates of S. pneumoniae were investigated, comprising both antibiotic-resistant and -susceptible isolates of serotypes 1, 3, 6B, 9V, 14, 19F and 23F, plus one resistant serotype 15A isolate (antibiotic susceptibilities had been examined previously [START_REF] Maskell | Molecular mechanisms of sulphonamide and trimethoprim resistance in Streptococcus pneumoniae[END_REF]). Resistant and susceptible isolates of serotypes 6B, 9V and 14 were matched where possible on the basis of pulsedfield gel electrophoresis (PFGE) type and multilocus enzyme electrophoresis (MLEE) type as determined previously [START_REF] Hall | Genetic relatedness within and between serotypes of Streptococcus pneumoniae from the United Kingdom: analysis of multilocus enzyme electrophoresis, pulsedfield gel electrophoresis, and antimicrobial resistance patterns[END_REF]; MLST confirmed that these isolates belonged to the Greece 6B -22, Spain 9V -3 and England 14 -9 clonal complexes, respectively.

Median mutation frequencies to rifampicin resistance were determined from five replica cultures of each isolate (Table 1). Mutation frequencies of the 27 isolates approximated to a normal distribution, with a peak in the interval 3.16-9.99  10 -9 (Fig. 1). An apparent second peak comprised isolates for which the median number of mutants from five cultures was zero, giving frequency values less than ca. 1  10 -9 depending on the cell density achieved for different isolates; this is likely to represent a tail in the distribution, spread across a range of frequencies, rather than a genuine peak. Laboratory strain R6 had a mutation frequency (based on 36 cultures) of 8.05  10 -9 , around the middle of the range, whilst the A c c e p t e d M a n u s c r i p t 9 hexB-deficient laboratory strain CP1015 gave a median mutation frequency (30 cultures) of 2.13  10 -7 , higher than any of the clinical isolates. By analogy with other studies, isolates would only be considered hypermutable if the level of mutation was as high as that of a known MMR mutant; hence, none of the clinical isolates were categorised as mutators.

No significant difference in mutation frequency was found between the antibioticresistant and -susceptible isolates overall (determined by Mann-Whitney U-test), regardless of the mode of resistance (chromosomal gene modification or transposon) (Fig. 1). Nor was there a significant difference in mutation frequency between resistant and susceptible representatives of the Spain 9V -3, Greece 6B -22 and England 14 -9 clonal complexes.

Validation of mutation frequency determination

To test the validity of the use of median mutation frequency from five replica cultures in this analysis, six isolates with low, medium or high mutation frequencies were subject to further analysis. Mutation frequencies were determined from 5 to 20 further cultures, using standardised starter cultures for inoculation and monitoring growth to ensure consistent cell density at the time mutants were selected (this is critical due to the rapid autolysis of pneumococci at stationary phase). The combined data sets for each isolate were used to calculate the mutation rate (number of mutations per cell division) by the Jones median estimator [START_REF] Jones | Luria-Delbruck fluctuation experiments: design and analysis[END_REF], which accommodates the plating of only part of a culture, A c c e p t e d M a n u s c r i p t 10 as described by Foster [START_REF] Foster | Methods for determining spontaneous mutation rates[END_REF]. Mutation rates for laboratory strain R6 and hexdeficient CP1015 were also calculated.

Inclusion of additional cultures did, as would be expected from the stochastic nature of mutation, alter the median mutation frequencies somewhat (Table 2), but no isolate would move up or down by more than one category of mutation frequency as defined in Fig. 1. Mutation rates to rifampicin resistance for clinical isolates ranged from 6.0 10 -10 to 1.5  10 -8 ; laboratory strain R6 fell around the middle of this range, whilst known mutator CP1015 had a rate of 2.2  10 -8 , only slightly higher than the most mutable clinical isolate PN02/1325.

Rapid screen for mutators among clinical isolates

As the mutation frequency determinations described above are time consuming to conduct, a rapid method to screen large numbers of clinical isolates for putative mutators was developed. Nine 10 L spots of late log-phase broth cultures inoculated from overnight plates were placed on rifampicin agar. In 12 repeat experiments with the hexB-deficient strain CP1015, a median of 7 colonies per spot was found, with a range of 4 to >12 (Fig. 2). In contrast the wild-type strain R6 gave a median of zero colonies per spot, with a range of 0 to 4 (Fig. 2). Isolates that produced a median of three or more colonies per spot (and confirmed in a repeat test) were subject to full mutation frequency determination. Of 180 clinical isolates examined (63 resistant, 19 susceptible and 98 undetermined), two were potential mutators producing a comparable number A c c e p t e d M a n u s c r i p t 11 of rifampicin-resistant colonies per spot to the hypermutable control. However, the mutation frequencies of these two isolates were determined to be 1.34  10 -8 and 4.99  10 -9 when tested by the standard method, well within the normal range of mutability.

Discussion

In the present study, we have validated the determination of mutation frequency (proportion of mutants in a culture) as an estimation of the amount of mutation occurring by determining mutation rate (number of mutations per cell division) in a proportion of isolates. We have also developed a novel rapid screening method that may be useful to others. Results of the study do not support an association between multiple antibiotic resistance and elevated frequency of mutation. This parallels previous observations that penicillin resistance or resistance to other antimicrobial agents is not associated with hypermutability in pneumococci [START_REF] Morosini | Frequency of mutation to rifampin resistance in Streptococcus pneumoniae clinical strains: hexA and hexB polymorphisms do not account for hypermutation[END_REF][START_REF] Del Campo | Population structure, antimicrobial resistance, and mutation frequencies of Streptococcus pneumoniae isolates from cystic fibrosis patients[END_REF], in contrast to reports in other species.

No frank mutators were detected, either among the 27 isolates for which full mutation frequencies were determined or among a further 180 isolates subject to a rapid detection screen, and only 2/27 (7.4%) had relatively high mutation frequencies. By comparison, two previous investigations had suggested 12.5%

(2/16) and 20% of clinical S. pneumoniae to be hypermutable [START_REF] Morosini | Frequency of mutation to rifampin resistance in Streptococcus pneumoniae clinical strains: hexA and hexB polymorphisms do not account for hypermutation[END_REF][START_REF] Gould | Identifying mutator phenotypes among fluoroquinolone-resistant strains of Streptococcus pneumoniae using fluctuation analysis[END_REF]. However, in neither investigation could the elevated mutation frequency be accounted for by defects in MMR genes as observed in other species [substitutions in HexA and Morosini et al. [START_REF] Morosini | Frequency of mutation to rifampin resistance in Streptococcus pneumoniae clinical strains: hexA and hexB polymorphisms do not account for hypermutation[END_REF] and del Campo et al. [START_REF] Del Campo | Population structure, antimicrobial resistance, and mutation frequencies of Streptococcus pneumoniae isolates from cystic fibrosis patients[END_REF] suggest that there is a bimodal distribution of mutation frequency among pneumococci, with mutators forming a distinct population. We postulate that this finding is due to an anomaly in the presentation of mutation frequency data. These authors have plotted a frequency distribution on a scale that is a mixture of arithmetic intervals and logarithmic intervals so that isolates are grouped in the form 1-2.5, 2.5-5, 5-7.5, 7.5-10, then 10-25, 25-50 etc. Hence, the groups are not equal either on an arithmetic or logarithmic scale. This artefact generates an apparent bimodal distribution due to the lower numbers in the interval 7.5-10 (covering a 1.33-fold range) relative to 10-25 (covering a 2.5-fold range)-a similar distribution was obtained with the data presented here when plotted in the same way. Although this makes no difference to their conclusion regarding resistance, it has led to the widespread reporting of a distinct population of mutators in the species, which appears to be unjustified. Hence, while there are clearly isolates of pneumococci that have mutation frequencies at the high end of the normal spectrum, and these may be enriched in certain situations [START_REF] Del Campo | Population structure, antimicrobial resistance, and mutation frequencies of Streptococcus pneumoniae isolates from cystic fibrosis patients[END_REF], we do not believe that there is yet firm evidence of a genetically or phenotypically distinct mutator population, in contrast to other species [START_REF] Oliver | High frequency of hypermutable Pseudomonas aeruginosa in cystic fibrosis lung infection[END_REF][START_REF] Denamur | High frequency of mutator strains among human uropathogenic Escherichia coli isolates[END_REF].

A c c e p t e d M a n u s c r i p t 13 Our finding does not rule out the possibility that isolates were hypermutable at the time of acquisition of resistance and subsequently reverted to a level of mutability within the normal range because of the long-term disadvantage of elevated mutation rates [START_REF] Boe | The frequency of mutators in populations of Escherichia coli[END_REF][START_REF] Funchain | The consequences of growth of a mutator strain of Escherichia coli as measured by loss of function among multiple gene targets and loss of fitness[END_REF]. 

A c c e p t e d M a n u s c r i p t 3 ABSTRACT

 3 Development of multiple antibiotic resistance in Streptococcus pneumoniae
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 12 putatively implicated in hypermutability by Gould et al.[START_REF] Gould | Identifying mutator phenotypes among fluoroquinolone-resistant strains of Streptococcus pneumoniae using fluctuation analysis[END_REF] are also found in isolates with normal levels of mutation (Henderson-Begg, Livermore and Hall, unpublished data)].
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 1 Fig. 1. Distribution of median mutation frequencies to rifampicin resistance for 27
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 2 Fig. 2. Distribution of the median number of rifampicin-resistant colonies per spot

Table 1

 1 Serotype, antibiotic resistance profile and mutation frequency of clinical isolates of Streptococcus pneumoniae Median number of mutants was zero, indicating a mutation frequency of <1 

	Edited Table 1			
	Isolate	Serotype Clonal	Antibiotic resistance	Median
			complex a	b	mutation
					frequency
	R6				8.05  10 -9
	CP1015				2.13  10 -7
	86019	1			1.88  10 -8
	R044	1		SUL; TET	6.33  10 -9
	PN02/521 1		TET; PEN; CHL;	<1  10 -9 c
				ERY
	PN94/261 3	ST 233		8.46  10 -9
	PN02/2531 3	Netherlands 3 -	TET; CHL; ERY	8.10  10 -9
			31	
	PN94/1413 6B			4.30  10 -9
	PN94/361 6B	TLV Greece 6B -		4.69  10 -9
			22	
	PN94/804 6B	SLV Greece 6B -	SUL; TMP; TET	8.06  10 -9
			22	
	PN02/1545 6B		TET; ERY	1.39  10 -9
	PN93/1293 6B	Spain 6B -2	SUL; TMP; TET;	<1  10 -9
				PEN; CHL; STR
	PN93/917 9V			1.22  10 -8
	PN94/661 9V	SLV Spain 9V -3		<1  10 -9
	PN94/926 9V	SLV Spain 9V -3 SUL; TMP ; TET;	<1  10 -9
				PEN
	PN93/1802 9V	SLV Spain 9V -3 SUL; TMP; TET;	1.32  10 -8
				PEN

a Clonal complexes recognised by the Pneumococcal Molecular Epidemiology Network; ST, sequence type; SLV, single locus variant; DLV, double locus variant; TLV, triple locus variant. b Resistance to erythromycin (ERY), sulphonamide (SUL), trimethoprim (TMP), chloramphenicol (CHL), penicillin (PEN), tetracycline (TET), streptomycin (STR), ciprofloxacin (CIP) and azithromycin (AZM), as described in [23].

c

Table 2

 2 Comparison of initial median mutation frequency determined from five replica cultures with mutation frequency and mutation rate determined from at least ten

	cultures			
	Isolate/strain	Median mutation	Median mutation	Mutation rate
		frequency (5	frequency (no. of	(no. of cultures)
		cultures)	cultures)	
	R6 (lab strain)	-	8.05  10 -9 (36)	2.16  10 -9 (36)
	CP1015 (hex	-	2.13  10 -7 (30)	2.24  10 -8 (30)
	mutant)			
	PN94/661	<1  10 -9	1.96  10 -9 (25)	5.99  10 -10
				(25)
	PN02/1545	1.39  10 -9	4.13  10 -9 (10)	9.94  10 -10
				(10)
	PN94/361	4.69  10 -9	3.25  10 -9 (20)	8.06  10 -10
				(20)
	PN93/1719	1.40  10 -8	6.61  10 -9 (15)	1.59  10 -9 (15)
	PN02/1325	8.47  10 -8	8.74  10 -8 (10)	1.47  10 -8 (10)
	PN93/132	1.47  10 -7	4.65  10 -8 (10)	6.66  10 -9 (10)
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