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Abstract
Objectives: We sought to characterise the genetic environment of blaVIM and blaIMP genes in Pseudomonas aeruginosa isolates from the UK; these included members of six previously-described prevalent complexes A-F, which correspond to international ‘high-risk clones’, along with diverse strains.
Methods: Metallo-β-lactamase (MBL)-encoding class 1 integrons were amplified by PCR from 218 P. aeruginosa isolates producing VIM-(n=196) or IMP-(n=22) type enzymes, referred from UK hospital laboratories between 2003 and 2012. The variable regions of selected integrons were sequenced using a primer walking method.
Results: One hundred and nineteen isolates had an MBL-encoding integron with the 3’ conserved sequence (3’CS), 65 had Tn5090-like 3’ regions and 17 had the sul1 gene but lacked the qacEΔ1 gene; the 3’ region could not be amplified using any primer combinations for the remaining 17 isolates. Six integron profiles were each seen in more than five isolates. Predominant integron types were seen amongst isolates belonging to STs 111, 233, 654/964 and 773 (complexes A, C, D and F respectively), whereas diverse integron profiles were seen in isolates belonging to ST235 (complexes B) and ST357 (complex E).  
Conclusions: In UK P. aeruginosa isolates, MBL genes occur in diverse class 1 integron structures, though commonly with 3’ regions containing the classical 3’CS or Tn5090-like regions.  Four of the six main clonal complexes, referred from multiple laboratories, carried a predominant integron type whereas the remaining two had more diverse types . 


Introduction
Pseudomonas aeruginosa is an opportunistic pathogen and one of the most common organisms in hospital-acquired infections. Metallo-β-lactamases (MBLs) are increasingly found worldwide in P. aeruginosa, and confer resistance to almost all β-lactam antibiotics. including carbapenems, which otherwise are important therapeutic agents for infections caused by this species. MBLs are strongly associated with particular P. aeruginosa lineages termed ‘high-risk clones’, which may have a particular ability to acquire and/or maintain resistance genes.1 
VIM- and IMP-enzymes are the predominant MBLs in the species and the corresponding blaVIM and blaIMP genes are commonly located in class 1 integrons.2 These often also contain genes conferring resistance to other antibiotic classes, such as aminoglycosides, and it is important to understand how they are mobilised and spread through bacterial populations. Integrons cannot mobilise themselves but are often located within transposon structures, which in turn, may be located on plasmids, or on mobilisable genomic islands within the chromosome. Few workers have determined the genomic location of MBL-encoding integrons in P. aeruginosa,2 but recent studies indicate that, although they can be present on plasmids,3 these elements are more often located in the chromosome, often in large genomic islands. These islands may also contain other resistance or virulence associated genes.4,5 For example, Perez and colleagues4 described a blaVIM-containing genomic island inserted in the PA5101 gene in the P. aeruginosa genome; this island also contained genes conferring resistance to multiple antibiotics and a mercury resistance operon.
We have previously reported on a comprehensive collection of MBL-positive P. aeruginosa referred to the UK national reference laboratory between 2003 and 2012, from 89 different referring laboratories.6 This study sought to characterise the class 1 integrons encoding blaVIM and blaIMP genes in these isolates.
Materials and Methods
Isolates
Two hundred and sixty-seven non-duplicate (one per patient) MBL-producing P. aeruginosa isolates were referred to Public Health England’s Antimicrobial Resistance and Healthcare-Associated Infections (AMRHAI) Reference Unit from 89 UK laboratories between 2003 and 2012, as described previously.6 Six main variable-number tandem-repeat (VNTR) complexes were identified amongst these isolates collectively accounting for 86% of the collection. These were designated complexes A-F, and corresponded to STs 111, 235, 233, 654/964, 357 and 773, respectively. Of the 267 isolates, 218, carrying blaVIM (n=196) or less commonly, blaIMP (n=22), remained viable and were included in this study. Referring laboratories were assigned codes to indicate the UK region, and given a unique number within the region, in the format ‘region_number’ (e.g. NorthWest_1) as previously described.6 MICs were determined by the BSAC agar dilution method7 and are interpreted versus EUCAST breakpoints.
Integron analysis
MBL-encoding class 1 integrons were sought by PCR, using primers specific to the 5’ and 3’ conserved sequences (5’CS and 3’CS), together with blaVIM- and blaIMP- specific primers. For those isolates where no amplicon was generated using reverse primers specific to the 3’CS, Tn5090-like class 1 integrons (which lack the 3’CS), and structures containing the sul1 gene but not the qacEΔ1,8 were sought using a reverse primer specific to tniC  or sul1 together with an MBL-gene-specific forward primer (Table 1). All PCRs were carried out with the Taq PCR core kit (Qiagen, Crawley, UK) according to the manufacturer’s instructions; a five-minute elongation step was included to allow for amplification of large integrons. Resulting PCR products were sized on 1% agarose gels.For isolates where the amplicon sizes were similar for both the 5’ and 3’ regions of the integron, the amplification products were digested using AccI or SmlI restriction enzymes (New England Biolabs, Hertfordshire, UK) and electrophoresed on 1.5% agarose gels to profile and compare the resulting fingerprints. Variable regions of frequently-detected integrons were sequenced by a primer walking method using the primers described in Table 1.
Plasmid transformations
Plasmid extractions were carried out using the QIAprep Spin Miniprep Kit (Qiagen), used according to the manufacturer instructions. Transformations were attempted by electroporation into a DH5α Escherichia coli strain (Invitrogen, Paisley, UK), with  transformants selected on plates containing 100mg/L ampicillin. 
Genomic Island PCR
Isolates were screened for a previously-described blaVIM-containing genomic island4 by multiplex PCR using primers designed to target the PA5101 gene (PA5101_F and PA5101_R) and the left-hand (VIMGI-LH_R) and right-hand (VIMGI-RH_F) regions of the genomic island (Table 1). The presence of an intact PA5101 gene was expected to lead to a single 239-bp amplicon with the primer pair PA5101_F and PA5101_R, whereas insertion of the genomic island was expected to lead to an amplicon of 349 bp for primer pair PA5101_F with VIMGI-LH_R and 478 bp for PA5101 with VIMGI-RH_F. PCR was carried out with the Taq PCR core kit (Qiagen).
Results
Integrons found amongst P. aeruginosa isolates
Amplicons were obtained using a primer specific for the 5’CS together with another specific for either blaVIM or blaIMP from all of the 218 non-duplicate P. aeruginosa. One hundred and nineteen isolates had MBL-encoding integrons with the 3’CS, 65 had Tn5090-like 3’ regions and 17 had the sul1 gene but lacked the qacEΔ1 gene; the 3’ region could not be amplified using any primer combinations for the remaining 17 isolates.
A total of 42 different blaVIM-containing integrons were seen amongst the 196 blaVIM-positive isolates, detected in one to 58 isolates each. Eight integron profiles were detected amongst the 22 IMP-producers, referred from 15 different laboratories over the 10-year period, each referring one to five isolates each. Five blaIMP integrons had the 3’CS, two had Tn5090-like 3' regions and for one the 3’region could not be amplified. 
Six integron profiles (designated I-VI), all containing blaVIM, were each seen in more than five isolates. Each of these gave consistent restriction patterns on digestion with AccI or SmlI enzymes. These six integrons became the focus of further study, and representatives were selected for sequencing; five of those studied contained blaVIM-2 cassettes, whilst one contained a blaVIM-6 cassette (figure 1). Sequences of the variable regions of these integrons have been deposited in GenBank (accession numbers KR337988-KR337993). 
Most isolates were non-susceptible to most  of the antibiotics tested, though all remained susceptible to colistin. MIC distributions for isolates carrying each of the six major integrons are presented in table 3.
Prevalent integron structures
Integron I was an In59-like structure, differing from In59 (GenBank: AF263519) by substitutions in non-coding regions, and contained a blaVIM-2 gene flanked by two highly similar aminoglycoside resistance genes, aacA29a and aacA29b, followed by the 3’CS.  The integron was only seen in ST111 (complex A) isolates, where it was present in 58/65 (89%) of representatives. These 58 isolates were collected at 21 laboratories over 7 years, with representatives of outbreaks at London_17 and Wales_1, referred over seven-year and 18-month periods respectively accounting for 21 and 13 isolates respectively; one to two isolates were submitted from each of the remaining laboratories. 
Sequencing showed integron II to be identical to In559 (GenBank: DQ522233). Besides blaVIM-2 this element also contained aacA7, dfrB5 and aacA5 gene cassettes and had a Tn5090-like 3’ region. All 25 isolates belonging to ST233 (complex C), referred from 15 laboratories over a five-year period, carried integron II, as did 14 (28%) of the 47 isolates belonging to ST235 (complex B) and three isolates not belonging to any of the main VNTR complexes. Affected sites included London_7 with five ST233 representatives referred over a 27-month period and Scotland_4 submitting five isolates over a two-year period. London_13 referred four ST233 and five ST235 isolates over 18- month and three-week periods respectively, with these ‘outbreaks’ separated by six years.
Integron III  (strictly an integron-like element) contained blaOXA-10, aacA4, arr2 and dhfr2 gene cassettes along with blaVIM-2, although its 3’ region could not be detected with any primer combination. This element was seen in all 12 isolates belonging to ST773 (complex F), which was referred from 11 different laboratories over a seven-year period. 
Integron IV had an unusual 3’ region consisting of a partial 5’CS followed by a sul1 gene. Fifteen of the 18 isolates belonging to complex D (ST654 and its close relative ST964) carried integron IV and were referred from seven laboratories over a nine-year period. Referring sites included South East_6, from which seven representatives were received over a three-year period. 
For integron V, which contained blaVIM-2, aacA7 and aadB gene cassettes, an amplicon was obtained using primers targeting the 3’CS, but the 3’ region could not be confirmed due to mixed sequencing reads being obtained with primers targeting this region. Six of 16 isolates belonging to ST357 (complex E) carried integron V; all were referred from the same laboratory over a seven-year period. 
Sequencing of integron VI showed that it was identical to the previously-reported In496 (GenBank FM994936). The integron was seen in four ST235 isolates from three laboratories and seven additional isolates of four different VNTR types, not belonging to any of the major complexes.

Distribution of integrons amongst the major VNTR complexes
One to 17 different integron profiles were seen within each of the six major complexes (table 2; figure 2). Complexes C and F (corresponding to STs 233 and 773) had a single integron type present in all representatives. In ST111 (complex A), integron I was seen in 89% of isolates, with two different blaVIM- and two different blaIMP-encoding integrons seen among the remaining 11% (n=7) of  isolates; these included structures representing all three of the identified 3’ regions. Among ST654/964 (complex D) isolates, 83% harboured integron IV; one further ST654 isolate carried an otherwise identical integron with an additional aadB cassette present following the blaVIM-2 gene, while one carried a unique blaVIM-containing integron with a 3’CS and the other, an ST964 organism, had a blaIMP-containing integron with the 3’CS.
Isolates belonging to the remaining two complexes, B and E (ST235 and ST357), harboured diverse integrons with 17 and nine types seen, respectively. For those with ST235, 13 different blaVIM- and two different blaIMP –encoding integrons were seen among 33 isolates (63%) not carrying the main integron types; none of these diverse integrons was seen in more than four isolates belonging to this complex. The majority of these diverse integrons had the 3’CS, but one blaVIM-containing integron had a Tn5090-like region and none of the major 3’ regions was detected for one blaIMP-containing integron. Eight blaVIM-containing integrons were seen among the 10 (62%) ST357(complex E) isolates not harbouring integron V, which were received from nine different laboratories, four had the 3’CS and four had Tn5090-like 3’ regions. 
Among the 25 isolates (70%) not belonging to the main VNTR complexes that did not carry integrons II or VI fifteen each carried different blaVIM-containing integrons and were referred from 12 laboratories while four blaIMP-containing integrons were seen in the remaining 10 isolates, each associated with a different VNTR type. Eight integrons had the 3’CS, nine had Tn5090-like 3’regions and no 3’ region was amplified for integrons of the remaining two isolates. 
Genomic location of MBL genes
Repeated attempts to transform plasmids from representative isolates carrying integrons I-VI into the E. coli DH5α strain were unsuccessful despite successful transfer of a plasmid from a P. aeruginosa strain previously isolated in our laboratory.
Integron II (In559) was previously identified in a genomic island inserted in the PA5101 gene on the chromosome of an ST233 P. aeruginosa isolate from the USA. PCR was therefore carried out, as described, on all 42 isolates with integron II to seek any evidence of a similar insertion. Amplicons were not obtained using primers PA5101_F and PA5101_R for any of the 25 ST233 (complex C) isolates but were obtained using primers targeting PA5101 together with the left-hand and right-hand junctions of the genomic island, indicating a similar insertion in the PA5101 gene; 24/25 produced amplicons of the expected size while the remaining isolate produced a smaller product for the right-hand junction due to a 164bp deletion in the PA5101 gene. None of the remaining 17 isolates with integron II yielded products to indicate an insertion within PA5101; fourteen ST235 (complex B) isolates yielded a single amplicon corresponding to an intact PA5101, as did two isolates not belonging to any of the main VNTR complexes; the final isolate, which also did not belong to any of the major VNTR complexes, yielded no amplicon with any primer combination.  
Discussion
Diverse MBL-encoding class 1 integrons were seen amongst the 218 MBL-producing P. aeruginosa from UK hospital laboratories, with at least three different 3’ regions observed. The most common arrangements were the classical 3’CS (55%) and Tn5090-like regions (30%). In four of the six major sequence types (STs 111, 233, 645/964 and 773), single integrons or integron-like elements  (I, II, IV and III respectively) predominated, with the same or similar integrons also having previously been reported internationally. as outlined below, in isolates belonging to the same STs. In contrast, a high diversity of integron types was seen in ST235 (complex B) and ST357 (complex E) isolates, with 17 and nine profiles seen respectively.
The majority of isolates belonging to ST111 (complex A) carried integron I, a variant of In59; this has been reported in several European countries, again usually associated with ST111. In59 itself was first reported in 2001 in France.9 Subsequently, an In59 variant identical to that seen here was reported in ST111 isolates from Norway and Sweden, including from a patient previously hospitalised in Greece,8 and in three hospitals in central Greece.10 ST111 isolates harbouring In59-like integrons have also been reported in Austria11 and, most recently, in Colombia.12 
Integron II, which corresponds to In559, was seen in all ST233 isolates, 28% of ST235 isolates and a few isolates not belonging to the main VNTR complexes. This integron was first described in isolates of unknown ST from a hospital outbreak in the USA in 2005,13 and was subsequently reported in a single ST233 isolate recovered from a patient in Norway (thought to be imported from Ghana),8 and in an outbreak of ST233 P. aeruginosa in a US hospital.4 In559 has also been reported in isolates of ST1488,  which is closely related to ST233, from the Ivory Coast.14 An ST235 clone carrying In559 is widely disseminated across Russia, Belarus and Kazakhstan, where In559 was also associated with sporadic isolates of STs 234 and 244.15 Additionally integrons with identical gene cassette arrays have been detected in ST235 isolates from Malaysia and Sri Lanka,16 ST244 and ST640 isolates in Tanzania,17 and isolates of unknown STs in Taiwan18 and India (GenBank: HQ005291).  
All isolates belonging to ST773 (complex F) carried integron III-like elements. The partial sequence obtained had an identical cassette array to an integron previously reported in ST773 isolates in India,16 although we were not able to amplify the 3’  region reported in the Indian isolates. Of the 5/12 patients for whom a travel history was available, four had travelled to India.  These fourwere admitted to different UK hospitals; the remaining patient had been treated on the same hospital ward as one of the patients who had travelled.
Integron IV predominated amongst the isolates belonging to ST654/ST964 (complex D). A similar integron with the same unusual 3’ region seen in our isolates but with an additional aadB cassette was previously reported in an ST654 isolate from Sweden and was thought to have been imported from Tunisia.8 This previously-described integron was located upstream of Tn5501-like and Tn5393-like transposon genes, along with strA and strB cassettes. PCR analyses showed that these cassettes were also linked to the blaVIM-containing integron in our isolates (data not shown), suggesting a similar genetic environment to the Swedish isolate. 
Integron V was observed from six out of 16 isolates belonging to ST357 (complex E). This cassette arrangement has not been previously reported, and sequencing of an amplicon obtained for the blaVIM-to-3’CS region consistently resulted in mixed reads, possibly due to two co-migrating amplicons as a result of two copies of the blaVIM gene being present in different integrons. Isolates of diverse types harboured integron VI, including members of ST235 and other VNTR types. This integron is identical to In496, and was previously reported in P. aeruginosa isolates from India and the  Philippines.19  
Although some hospitals had persistent problems, possibly associated with colonisation of waste water systems with particular MBL producing clones,20 many isolates with the prevalent VNTR complex/integron combinations did not cluster in terms of time or place, being referred from between six and 21 laboratories over seven- to nine-year periods, suggesting multiple introductions into UK hospitals. A major exception was the case of ST357 (complex E) isolates carrying integron V, where all six representatives were from the same laboratory and were part of an outbreak from which we had received VIM-producing isolates from 22 patients, although only the present six remained viable for inclusion in the present study.6,21
In some cases, the integron data provided further discrimination between isolates that otherwise were identical or very similar by VNTR typing. For example, isolates of ST235 from eight patients were received from hospital laboratory London_7 over a seven-year period; three isolates were received in a three-month period with the remaining isolates being received between six and 33 months apart. Although they comprised just two different VNTR profiles, the organisms carried six different integrons of diverse sizes, with both 3’CS and Tn5090-like 3’ regions seen. This, together with their temporal scatter, suggests that ST235 isolates were likely imported to the hospital on multiple occasions rather than belonging to a single outbreak. In contrast, the large (n=XXX) cluster of ST111 isolates referred from London_17 consistently carried integron I despite being collected over a nine-year period.
Integrons I, II and III were previously reported to be located on the P. aeruginosa chromosome in isolates from Scandinavia, USA, and India respectively,4,8,16 whereas integron VI was found on a plasmid in Indian isolates.19 In559, which is identical to integron II, was found to be chromosomally located in a 35-kb genomic island inserted in the PA5101 gene in ST233 isolates in a recent outbreak in the USA.4 We found an identical organisation, with PA5101 disrupted, in all the ST233 (complex C) isolates, supporting the view that ST233 P. aeruginosa with this arrangement may have spread internationally. However, the PA5101 gene was not disrupted in ST235 (complex B) or other VNTR types with integron II, and these were not linked in time and place to the ST233 isolates, suggesting a different genetic environment. Attempts to transform any VIM-carbapenemase-encoding elements from isolates by electroporation were consistently unsuccessful.  
S1 and I-ceu I digests and/or whole genome sequencing analyses (data not shown) have confirmed that integrons I-V are located on the chromosome, while integron VI is located on a plasmid. Further work is needed to investigate the mechanisms by which isolates are able to acquire and exchange these genomic elements.
‘High-risk clones’ carrying particular integron types, for example ST111 with In59 and ST233 with In599, were prevalent in this study and appear to have become widespread internationally. Despite this, a variety of integron structures, including those with different 3’ structures, were seen amongst most of the ‘high-risk clones’ in our collection (STs 111, 654, 235 and 357) and have been reported elsewhere10,16,22. More work is needed to understand the genetic structures that carry these integrons and how they are mobilised.
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Table 1: Primers used in this study
	Primer
	Primer Sequence
	Target
	Annealing temperature useda
	reference

	5’CS
	GGCATCCAAGCAGCAAG
	5’CS of class 1 integrons (Intl1 gene)
	55oC
	23

	3’CS_1
	AAGCAGACTTGACCTGA
	3’CS of class 1 integrons
	55oC
	23

	3’CS_2
	CGGATGTTGCGATTACTTCG
	3’CS of class 1 integrons
	55oC
	24

	Tni-CF
	CGATCTCTGCGAAGAACTCG
	tniC gene of Tn402-like 3’ region 
	55oC
	24

	VIM2004A
	GTTTGGTCGCATATCGCAAC
	blaVIM gene
	55oC
	25

	VIM2004B
	AATGCGCAGCACCAGGATAG
	blaVIM gene
	55oC
	25

	IMP Fwd
	GAAGGYGTTTATGTTCATAC
	blaIMP gene
	55oC
	25

	IMP Rev
	GTAMGTTTCAAGAGTGATGC
	blaIMP gene
	55oC
	25

	dhfr2_F
	CCACCTTTGGCTTCGGAGAT
	dhfr gene
	-
	This study

	dhfr2_R
	TGTGCAATACCAACCGACGA
	dhfr gene
	55oC
	This study

	Sul-R
	CCGACTTCAGCTTTTGAAGG
	sul gene of class 1 integron
	-
	26

	aacA29AB1
	GAAAGAACAAGACGCTGCCG
	aacA29a or b genes
	-
	27

	aacA29AB2
	ACTTGCGGTGCGTGATGACC
	aacA29a or b genes
	-
	27

	aacA4-F
	GACCTTGCGATGCTCTATG
	aacA4 gene
	-
	28

	aacA4-R
	CAGCAACTCAACCAGAGC
	aacA4 gene
	-
	28

	OXA10like-F
	GGTGTCATAAAGAATGAGCAT
	oxa-10 like gene
	-
	28

	OXA10like-R
	TCCATGTTAAAGGCGAAAAAGT
	oxa-10 like gene
	-
	28

	AACA7-F
	AGCATTGGGCTCGTGGTCG
	aacA7 gene
	-
	29

	AACA7-R
	GACACCTCCGTGAATCCAG
	aacA7 gene
	-
	29

	aacA7-F2
	GCTTCCGGAAACCGTTGTGA
	aacA7 gene
	-
	This study

	strAstrB-F
	TATCTGCGATTGGACCCTCTG
	strAstrB genes
	-
	8

	strAstrB-R
	CATTGCTCATCATTTGATCGGCT  
	strAstrB genes
	-
	8

	PA5101_F
	AATCCGGTAATGCTCCTCGC
	PA5101 gene
	58oC
	This study

	PA5101_R
	ATGCAGTGACCTTCGGCTAC
	PA5101 gene
	58oC
	This study

	VIMGI-LH_R
	GGGAAATCAGGGATCGGAGC
	Left hand region of genomic island
	58oC
	This study

	VIMGI-RH_F
	TGCCACGATCAAGGGATTCG
	Right hand region of 
genomic island
	58oC
	This study



a where no temperature is given, the primers were used for sequencing only






Table 2: Integrons seen amongst the different VNTR complexes in the 218 isolates studied
	VNTR complex (corresponding ST)a
	Total isolates
	Number of submitting laboratories
	MBLs detected
	Major integron profiles seenb
(for structures see figure 2 )
	Other integron profiles detected

	A (ST111)
	65
	25
	VIM (60)
IMP (5)
	I (58; 89%)
	Four integron profiles (two blaVIM- and two blaIMP-containing) amongst remaining seven isolates 

	B (ST235)
	47
	25
	VIM (41)
IMP (6)
	II (14; 28%)
VI (4; 9%)
	15 integron profiles (13 blaVIM- and two blaIMP-containing) amongst remaining 34 isolates  

	C (ST233)
	25
	15
	VIM (25)
	II (25; 100%)
	none

	D (ST654/ ST964)
	18
	11
	VIM (17)
IMP (1)
	IV (15; 83%)
	Three integron profiles (two blaVIM- and one blaIMP-containing) amongst remaining three isolates  

	E (ST357)
	16
	9
	VIM (16)
	V (6; 38%)
	Eight integron profiles (all blaVIM-containing) amongst remaining 10 isolates 

	F (ST773)
	12
	11
	VIM (12)
	III (12, 100%)
	none

	Other types
	35
	25
	VIM (25)
IMP (10)
	II (3; 9%)
VI (7; 21%)
	19 integron profiles (15 blaVIM-, four blaIMP) amongst remaining 23 isolates 


a VNTR complexes and the corresponding MLST types are as described previously6 
bpercentages in brackets represent the number of isolates within a complex carrying each of the main integrons seen as a percentage of the total number of isolates in the respective complex.







Table 4: MIC distributions among the different integron types (n=218)
	Antibiotic
(BSAC Breakpoints; ≤S/>R)
	Integron
	Number of isolates with MIC (mg/L)
	% S


	
	
	≤0.125
	0.25
	0.5
	1
	2
	4
	8
	16
	32
	64
	≥128
	NT
	

	Amikacin
	I
	
	
	
	
	
	1
	3
	2
	6
	25
	
	21
	11

	(≤8/>16)
	II
	
	
	
	
	
	
	
	
	2
	39
	
	1
	0

	
	III
	
	
	
	
	
	
	
	
	1
	9
	
	2
	0

	
	IV
	
	
	
	
	
	
	
	1
	
	9
	
	5
	0

	
	V
	
	
	
	
	
	
	
	
	4
	2
	
	0
	0

	
	VI
	
	
	
	
	
	
	
	1
	3
	7
	
	0
	0

	
	Other
	
	
	
	1
	2
	5
	7
	17
	8
	32
	
	2
	21

	Gentamicin
	I
	
	
	
	1
	5
	6
	4
	4
	17
	
	
	21
	32

	(≤4/>4)
	II
	
	
	
	
	
	
	
	
	41
	
	
	1
	0

	
	III
	
	
	
	
	
	
	
	4
	6
	
	
	2
	0

	
	IV
	
	
	
	
	
	
	
	
	10
	
	
	5
	0

	
	V
	
	
	
	
	
	
	
	
	6
	
	
	0
	0

	
	VI
	
	
	
	
	
	1
	
	1
	9
	
	
	0
	9

	
	Other
	
	
	
	
	2
	1
	
	1
	68
	
	
	2
	4.2

	Tobramyin
	I
	
	
	
	
	
	
	1
	5
	31
	
	
	21
	0

	(≤4/>4)
	II
	
	
	
	
	
	
	
	
	41
	
	
	1
	0

	
	III
	
	
	
	
	
	
	
	
	10
	
	
	2
	0

	
	IV
	
	
	
	
	
	
	
	
	10
	
	
	5
	0

	
	V
	
	
	
	
	
	
	
	
	6
	
	
	0
	0

	
	VI
	
	
	
	
	
	
	
	1
	10
	
	
	0
	0

	
	Other
	
	
	1
	
	1
	1
	
	3
	65
	
	
	3
	4.2

	Imipenem
	I
	
	
	
	
	
	
	
	
	
	4 a
	29
	21
	0

	(≤4/>8)
	II
	
	
	
	
	
	
	
	
	1
	11b
	29
	1
	0

	
	III
	
	
	
	
	
	
	
	4
	
	
	6
	2
	0

	
	IV
	
	
	
	
	
	
	
	
	3
	1 c
	6
	5
	0

	
	V
	
	
	
	
	
	
	
	
	
	2 a
	4
	0
	0

	
	VI
	
	
	
	
	
	
	
	
	1
	2 a
	8
	0
	0

	
	Other
	
	
	
	
	
	
	3
	3
	12
	15d
	39
	2
	4.2

	Meropenem
	I
	
	
	
	
	
	
	2
	1
	34
	
	
	21
	0

	(≤2/>8)
	II
	
	
	
	
	
	
	
	4
	37
	
	
	1
	0

	
	III
	
	
	
	
	
	
	4
	
	6
	
	
	2
	0

	
	IV
	
	
	
	
	
	2
	1
	
	7
	
	
	5
	0

	
	V
	
	
	
	
	
	
	
	
	6
	
	
	0
	0

	
	VI
	
	
	
	
	
	
	
	1
	10
	
	
	0
	0

	
	Other
	
	
	
	
	
	4
	2
	6
	60
	
	
	20
	0

	Aztreonam
	I
	
	
	1
	
	1
	
	8
	24
	
	2
	
	22
	2.7

	(≤1/>16)
	II
	
	
	
	
	
	7
	23
	3
	6
	2
	
	1
	0

	
	III
	
	
	
	
	
	
	4
	4
	1
	1
	
	2
	0

	
	IV
	
	
	
	
	
	
	
	8
	1
	1
	
	5
	0

	
	V
	
	
	
	
	
	
	
	
	
	6
	
	0
	0

	
	VI
	
	
	
	
	
	
	4
	
	1
	6
	
	0
	0

	
	Other
	
	
	
	
	
	6
	10
	32
	9
	13
	
	4
	0

	Ciprofloxacin
	I
	
	
	
	
	
	
	37
	
	
	
	
	21
	0

	(≤0.5/>1)
	II
	
	1
	
	
	
	
	40
	
	
	
	
	1
	2.4

	
	III
	
	
	
	
	
	1
	9
	
	
	
	
	2
	0

	
	IV
	
	
	
	
	
	
	10
	
	
	
	
	5
	0

	
	V
	
	
	
	
	
	
	6
	
	
	
	
	0
	0

	
	VI
	1
	1
	1
	
	
	
	8
	
	
	
	
	0
	27

	
	Other
	1
	2
	1
	
	1
	3
	64
	
	
	
	
	2
	5.6

	Colistin
	I
	
	
	2
	29
	6
	
	
	
	
	
	
	21
	100

	(≤4/>4)
	II
	
	
	1
	32
	8
	
	
	
	
	
	
	1
	100

	
	III
	
	
	
	6
	4
	
	
	
	
	
	
	2
	100

	
	IV
	
	
	
	7
	3
	
	
	
	
	
	
	5
	100

	
	V
	
	
	1
	5
	
	
	
	
	
	
	
	0
	100

	
	VI
	
	
	
	9
	2
	
	
	
	
	
	
	0
	100

	
	Other
	
	
	2
	63
	6
	
	
	
	
	
	
	3
	100



S, susceptible, R, resistance; NT: not tested. Cells in dark grey represent resistant isolates, light grey represent intermediate, and white susceptible
a for  2 isolates MIC recorded as >32
b for 6 isolates MIC recorded as >32
c for 1 isolate MIC recorded as >32
d for 9 isolates MIC recorded as >32












Figure 1: Schematic diagrams of MBL-encoding class 1 integron variable regions identified in more than five isolates each (not to scale). Only partial integron structures could be obtained for integrons C and E with regions not able to be confirmed with sequence data indicated by dotted lines.

Figure 2: Minimum spanning tree, based on clustering at the first eight VNTR loci for the 218 MBL-producing isolates analysed in this study. The six main complexes I-VI and their corresponding STs are labelled. The size of the circle is relative to the number of isolates with that VNTR profile. Coloured segments of the circles represent the six main VIM-containing integron structures, and white circles represent isolates that did not have the main integron types. Grey shading indicates complexes. Thick solid lines represent single locus variants; thin solid lines and dotted lines represent multi-locus variants.
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