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Whole-genome sequencing (WGS) was carried out on 87 isolates of sequence type 111 (ST-111) of Pseudomonas aeruginosa col-
lected between 2005 and 2014 from 65 patients and 12 environmental isolates from 24 hospital laboratories across the United
Kingdom on an Illumina HiSeq instrument. Most isolates (73) carried VIM-2, but others carried IMP-1 or IMP-13 (5) or NDM-1
(1); one isolate had VIM-2 and IMP-18, and 7 carried no metallo-beta-lactamase (MBL) gene. Single nucleotide polymorphism
analysis divided the isolates into distinct clusters; the NDM-1 isolate was an outlier, and the IMP isolates and 6/7 MBL-negative
isolates clustered separately from the main set of 73 VIM-2 isolates. Within the VIM-2 set, there were at least 3 distinct clusters,
including a tightly clustered set of isolates from 3 hospital laboratories consistent with an outbreak from a single introduction
that was quickly brought under control and a much broader set dominated by isolates from a long-running outbreak in a Lon-
don hospital likely seeded from an environmental source, requiring different control measures; isolates from 7 other hospital
laboratories in London and southeast England were also included. Bayesian evolutionary analysis indicated that all the isolates
shared a common ancestor dating back �50 years (1960s), with the main VIM-2 set separating approximately 20 to 30 years ago.
Accessory gene profiling revealed blocks of genes associated with particular clusters, with some having high similarity (>95%) to
bacteriophage genes. WGS of widely found international lineages such as ST-111 provides the necessary resolution to inform
epidemiological investigations and intervention policies.

Concern over the increasing prevalence in hospitals of multire-
sistant bacteria, especially those that are resistant to carbap-

enem antibiotics, has prompted the use of typing methods that
easily allow interlaboratory comparison of isolates. As a result, it
has become clear that (i) high-risk clones of various Gram-nega-
tive bacteria, including Pseudomonas aeruginosa, can be found in
many disparate locations, often with no obvious epidemiological
links between the affected patients, and (ii) many of these clones
are adept at acquiring various antibiotic resistance determinants
(1, 2). These clones are commonly referred to as international
lineages since they have been described in many countries across
the globe. Epidemiological investigations of apparent outbreaks
and interhospital spread of such lineages are confounded by the
fact that they are so widely found; microbiological evidence of the
same type must be considered alongside information about pa-
tient location and movement, for example, and patient location
and movement information should be sufficiently robust to allow
firm conclusions to be drawn. Greater resolution than that pro-
vided by conventional molecular typing methods, such as multi-
locus sequence typing (MLST), pulsed-field gel electrophoresis
(PFGE), and variable-number tandem repeat (VNTR) analysis, is
essential if we are to infer or discount potential transmission path-
ways with confidence. Understanding these pathways will be crit-
ical for precise public health interventions to contain these high-
risk clones effectively. Whole-genome sequencing (WGS) can
provide this resolution and has been used to investigate outbreaks
of Klebsiella pneumoniae ST-258 producing K. pneumoniae car-
bapenemase (KPC) enzymes (3), the Nottingham strain of P.
aeruginosa (4), and many others (e.g., see reference 5).

Carbapenemase-producing isolates of P. aeruginosa are be-
coming more common internationally and in the United Kingdom.
Most carry blaVIM genes, but those producing other metallo-beta-
lactamases (MBLs), e.g., IMP, NDM, SPM (6, 7), and non-metal-
lo-beta-lactamases such as KPC and GES variants (8, 9) have also
been described and may be locally, nationally, or regionally prev-
alent. Most MBL-producing P. aeruginosa strains in the United
Kingdom belong to six international lineages, of which sequence
type 111 (ST-111) is the most common (10). This lineage belongs
to the O12 serotype, which has been associated with multidrug
resistance and expansion in hospitals for decades (1, 11). It has
been described in many European and Mediterranean countries,
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including France, Italy, Greece, the Netherlands, Spain and the
Canary islands, Hungary, Scandinavia, Croatia, Austria, and Ger-
many (6, 12–21) as well as in the United Kingdom (22, 23). It has
been frequently associated with VIM-2 or less commonly with
VIM-4 or IMP-type MBLs but sometimes only with noncarbap-
enemase beta-lactamases, such as VEB-1 and OXA extended-
spectrum beta-lactamases (24, 25). A representative from out-
breaks in two Colombian cities carried blaKPC and blaVIM-2 genes
(26). The variety of resistance genes found in isolates of ST-111
indicates independent acquisition of resistance determinants by
members of a widespread clonal lineage of P. aeruginosa (12),
which may independently be selected for in hospitals in many
locations.

In this study, we undertook single nucleotide polymorphism
(SNP) phylogenetic analysis, Bayesian evolutionary analysis sam-
pling trees (BEAST), and accessory genome analysis of the whole-
genome sequences of 87 P. aeruginosa ST-111 isolates from the
United Kingdom collected over a 9-year period with the aim of
exploiting the extra resolution provided by WGS to determine to
what extent spread within and between hospitals has occurred
during the emergence of this ST as the most common MBL-pro-
ducing clone of P. aeruginosa in the United Kingdom.

MATERIALS AND METHODS
P. aeruginosa isolates. We studied 87 P. aeruginosa isolates that had been
submitted to Public Health England (PHE) Antimicrobial Resistance and
Healthcare Associated Infections (AMRHAI) Reference Unit from 24
hospital laboratories in the United Kingdom between April 2005 and
April 2014. The isolates were from 65 patients and included six pairs of
isolates each from a single patient and 12 associated isolates from the
hospital environment. They also included four screening isolates, received
at the same time as one another, from feces from an unknown patient(s).
They were from 24 hospital laboratories across the United Kingdom, in-
cluding Wales and Scotland, but most were from hospitals in the London
area (11 hospital laboratories). Representatives were described by patient
(P1 to P65), hospital laboratory (by region of the United Kingdom and
unique number within that region), as discussed previously (10), MBL if
present (e.g., VIM-2), and date (month.year) of collection; if the date of
collection was unavailable, date of receipt was used. Environmental and
screening isolates were given as E (E1 to E12) and S (S1 to S4) numbers,
respectively.

The study set included representatives from 54% (65/120) of patients
and from 83% (24/29) of the hospital trusts from which isolates of this
type had been submitted over the 2005 to 2014 period. The remaining
isolates were excluded because they were either no longer available in our
archives (pre-2010 isolates from 32 patients) or because WGS failed to
provide sufficient depth of coverage (mean depth of 15-fold or greater) for
them to be included. The 87 isolates were from a variety of sources, the
most common of which were sputum (18), urine (15), blood (10), wound
(8), feces (6), and skin (4), with a wide spectrum of clinical details given by
the sending laboratories, including screening, chest infection, pneumo-
nia, pyrexia, sepsis/bacteremia, abscess, and necrotizing fasciitis.

Conventional typing and resistance characterization. The 87 isolates
had been typed as part of reference investigations by VNTR analysis at
nine loci (27) and shared the profile 11,3,4,3,2,2,x,4,x (where x is vari-
able), which corresponds to ST-111 (10, 22). In some cases, PFGE of
SpeI-digested genomic DNA had also been carried out to offer additional
resolution between isolates sharing highly similar VNTR types (27).

Carbapenemase genes were sought by PCR as described previously
(28, 29), usually following interpretative reading of antibiograms. Car-
bapenemase gene alleles were determined from the WGS data as described
in Antibiotic Resistance Gene Profiling.

Whole-genome sequencing. Genomic DNA was prepared using a
GeneJET genomic DNA purification kit (Thermo Fisher Scientific,
United Kingdom) and sequenced on a HiSeq instrument (Illumina,
United Kingdom) on Rapid Run mode using the TruSeq Rapid PE Cluster
v2 kit and the TruSeq Rapid SBS v2 kit (200 cycles) by the PHE Genomic
Services Unit.

The library was prepared using Nextera XT DNA sample preparation
kits (Illumina, Cambridge, United Kingdom) following the manufactur-
er’s protocol. The average fragment size and the concentration of cluster-
able material were determined as recommended by Illumina to quality
check the library generated. The determination of the average fragment
size of the libraries generated was performed using the DNA high-sensi-
tivity reagent kit and DNA extended-range LabChip prepared according
to the manufacturer’s protocol and loaded onto a LabChip GX instrument
(PerkinElmer, United Kingdom). The concentration of clusterable mate-
rial for loading onto the HiSeq was determined by quantitative PCR
(qPCR)-based quantification, using the KAPA universal library quantifi-
cation kit (KAPA Biosystems, London, United Kingdom) following the
manufacturer’s protocol and real-time PCR cycle instrument setting. The
library was clustered onto a HiSeq flow cell using the TruSeq Rapid Duo
sample loading kit on an Illumina cBot instrument (Illumina) before be-
ing loaded onto the HiSeq instrument.

Maximum-likelihood tree construction. FASTQ reads were trimmed
using Trimmomatic 0.32 (30) with the following parameters:
LEADING, 30; TRAILING, 30; SLIDINGWINDOW, 10:30; and MIN-
LEN, 50. Subsequently, they were mapped to the Liverpool epidemic
strain of ST-146 LESB58 chromosome (GenBank accession number
NC_011770.1) using bwa-mem 0.7.5a (31) and variants determined using
GATK 2.6.5 (32). Variants were parsed to retain high-quality SNPs based
on the following conditions: a depth of coverage (DP) of �5, an AD ratio
(ratio between variant base and alternative bases) of �0.8, a mapping
quality (MQ) of �30, a ratio of reads with MQ0 to total number of reads
of �0.05, and a distance to nearest SNP of �10. All positions that fulfilled
these criteria in �0.9 of the samples were joined to produce a multiple
FASTA format file where the sequence for each strain consists of the con-
catenated variants. This file was used as an input to generate a maximum-
likelihood (ML) tree using Randomized Axelerated Maximum Likelihood
(RAxML) (33) as implemented on the CIPRES portal (34) with the fol-
lowing parameters: –m (substitution model), GTRCAT; – b (bootstrap
random number seed), 12345 -#; number of runs, 100; and – c (number of
categories), 25.

BEAST analysis. BEAST analysis (http://beast.bio.ed.ac.uk/), which
has previously been successfully used for the investigation of the evolution
of isolates of P. aeruginosa from patients with cystic fibrosis (35), produces
time-measured phylogenies, allowing estimation of the time of divergence
of different clades and is therefore a useful additional tool for analyzing
sequences from isolates obtained over an extended period. The FASTA file
describing SNPs in multiple samples was imported into BEAUti 1.8 and
used to generate a BEAST 1.8 compatible xml file using the following
parameters: Hasegawa-Kishino-Yano (HKY) substitution model, gamma
site heterogeneity model, lognormal relaxed clock, coalescent constant
size tree prior, UPGMA starting tree model, and 5 million Markov Chain
Monte Carlo (MCMC) chain length (36). To account for invariant sites, a
constantPatterns block listing the counts for the number of each invariant
base was added to the xml file. The output from BEAST was summarized
using TreeAnnotator (burn-in of 5,000 samples) and displayed using Fig-
Tree 1.4.2 (http://tree.bio.ed.ac.uk/software/figtree).

Accessory gene profiling. Genome sequences were assembled using
SPAdes v3.0.0 (37), and genes were predicted using Prokka v1.7 (38) with
default parameters. All genes were processed to determine a nonredun-
dant representative set using an iterative BLAST procedure whereby a
novel gene was added to the set when its self-BLAST bit score was greater
than 2� the bit score of BLASTs against all other genes in the set (39).
Genes present in all isolate sequences (core genes) were removed from the
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set and the presence/absence of each accessory gene was plotted alongside
the isolates on a phylogenetic tree.

In a secondary approach, contigs were assembled using VelvetOptimizer
(http://bioinformatics.net.au/software.velvetoptimiser.shtml). Open reading
frames were found with Prodigal (http://prodigal.ornl.gov), and the amino
acid sequences clustered with CD-HIT (http://cd-hit.org) were found using
an 85% similarity threshold. The presence or absence of genes not found in all
isolates was shown in a matrix, and those found in particular clusters were
identified by BLAST searches.

Antibiotic resistance gene profiling. Trimmed reads from each ge-
nome were mapped against a database of reference sequences for resis-
tance genes using Bowtie 2 (http://bowtie-bio.sourceforge.net/bowtie2),
and binary alignment map (BAM) and variant calling format (VCF) files
were produced with SAMtools (http://samtools.sourceforge.net). VCF
generated thereby was parsed using a simple script that extracts, for each
reference sequence with aligned reads, sites covered by �5 reads and the
number of nucleotide alterations with respect to the reference sequence to
calculate nucleotide identities. The presence of resistance genes was de-
termined with a stringent threshold of inclusion of �90% identity over
the length of the reference sequence whereas beta-lactamase variants were
determined with 100% identity. The reference database used in this study
was obtained from the Comprehensive Antibiotic Resistance Database
(http://arpcard.mcmaster.ca) and from the NCBI nucleotide database
(http://www.ncbi.nlm.nih.gov/nuccore) using the accession numbers de-
scribed in the supplementary data of Zankari et al. (40).

Nucleotide sequence accession numbers. Sequence files were depos-
ited in the European Nucleotide Archive under study number ERP010395
and accession numbers ERS716506 to ERS716591.

RESULTS
Conventional analysis. The 87 P. aeruginosa isolates examined
included representatives of ST-111 referred from United King-
dom hospitals over a 9-year period, starting in 2005 when it was
uncommon to find MBLs in this species in the United Kingdom,
and therefore provided a unique opportunity to investigate the
relative roles of clonal spread versus independent introductions/
acquisitions, as this lineage emerged as the dominant host carry-
ing carbapenemases. The total numbers of patients and hospital
laboratories for each year from which we received these isolates is
shown in Fig. 1. A summary of the data for the 87 isolates included
in this study is provided in Table S1 in the supplemental material.

Most of the isolates (74/87, 85%) produced VIM-2 carbapen-

emase, but some had IMP variants (5) (IMP-1, IMP-13, or IMP-
18) or NDM-1 (1) enzymes; no carbapenemase gene was detected
in seven isolates. One isolate (P19, London_7, VIM-2, 05.10) had
a VIM-2 and an IMP-18 gene; this was confirmed from a single
colony pick.

Most of the isolates (57/87; 66%) shared an identical profile of
11,3,4,3,2,2,5,4,7 by VNTR analysis. Of the rest, most (18/28) dif-
fered only by a single repeat unit at the ninth, most discriminatory
locus (11,3,4,3,2,2,5,4,6/8); these were distributed among multi-
ple hospitals and appeared to show no clear pattern, although all
the IMP-only producers had a profile of 11,3,4,3,2,2,5,4,6. Ten
isolates (from patients P42, P52, and P55 and environmental iso-
lates E10 to E14) from a single laboratory (London_26) (one pa-
tient also attended London_28), that were related in time and
space, shared a consistent profile of 11,3,4,3,2,2,6,4,7; these were
the only isolates in the WGS set with this profile and clustered
together by all methods tested. One isolate (from patient P19) had
a profile of 11,3,4,3,2,2,4,4,7. Finally the NDM-1 producer had the
most distant VNTR profile from the others (11,3,4,3,2,2,6,4,13),
differing from the most common profile at locus 7 (by one repeat
unit) and locus 9 (by 6 repeat units). Phylogenetic analysis clearly
showed that this single NDM producer was an outlier compared
with the remainder of the set, with an average of 1,377 SNPs from
the other isolates, and it was removed from the analysis.

Phylogenetic analysis of whole-genome sequences. Among
the remaining set of 86 isolates analyzed, there were between 0 and
548 high-quality (as determined by the criteria described in the
methods) SNPs identified between any two isolates with a total of
21,278 variable positions. These were included in an alignment
used to generate a maximum-likelihood tree (Fig. 2; see also Table
S2 in the supplemental material). The number of SNPs quoted in
the alignment is unlikely to be absolute, since SNP positions of low
quality or with insufficient coverage in greater than 10% of the
isolates were not included in the analysis. The five IMP-only pro-
ducers from two geographically distant hospital laboratories (IMP
set) separated by approximately 5 years were relatively diverse,
having up to 46 SNPs between them; surprisingly, isolates from
different hospitals separated by a period of 4 years (from patients
P1 and P6) were the most similar, differing by only 5 SNPs. All

FIG 1 Charts showing numbers of patients (shown by metallo-beta-lactamase status in panel a and additionally with number of hospital laboratories [request-
ors] in panel b) from which representatives of ST-111 were received between 2005 and April 2014. Patients are included only once (by year when the first isolate
was received), but requestors are included for every year that they submitted isolates from new patients. “Not tested” applies to isolates subjected only to typing
that are no longer available in our archives; all but one was from hospital London_17, and it is assumed that they are highly likely to be VIM positive.
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IMP-only isolates were in clades that were phylogenetically dis-
tinct from those where the VIM producers were found (Fig. 2).
The isolate producing VIM and IMP (from patient P19) from a
third hospital laboratory (London_7) clustered apart from the
other VIM or IMP producers; this isolate had between 111 and 491
SNPs from any other isolate by our criteria. Similarly, most of the
MBL-negative isolates clustered in separate branches from the
VIM producers and showed greater diversity than the IMP pro-
ducers. Among the VIM producers, pairs of isolates were included
from six patients (P8, P42, P43, P51, P52, and P54) separated in
time from between 3 days (P43) and 4 years (P8), although most
were collected within a month of each other. Five pairs of isolates
were clustered closely, supporting the validity of the analysis (with
0 SNPs detected between isolates of four pairs and with 1 SNP
found in a fifth pair); the greatest difference (18 SNPs) was ob-
served between the pair of isolates that had the greatest time dif-

ference between them (isolates from P8 separated by 4 years and
isolated in different hospitals) (Fig. 2). The length of time between
these isolates suggests carriage in this patient (41).

Although the 74 VIM producers were from 20 hospital labora-
tories, only six submitted isolates from more than three patients,
and the set is therefore dominated by isolates from hospital labo-
ratories London_17 (isolates from 15 patients, 4 screening isolates
from unknown patient[s], and 5 environmental isolates), Wales_1
(isolates from 5 patients), London_9 (isolates from 6 patients and
an environmental isolate), London_12 (isolates from 5 patients),
London_26 (isolates from 5 patients and 5 environmental iso-
lates), and London_28 (isolates from 4 patients). Some patients
were known to have been transferred between hospitals; P37 was
transferred between London_26 and London_28 (only the isolate
from London_28 is included in the tree), P42 had a similar trans-
fer history, and another patient was transferred between Lon-

FIG 2 Maximum-likelihood tree estimation using single nucleotide polymorphism (SNP) analysis of representatives of ST-111 from United Kingdom hospitals
collected between 2005 and 2014. Isolates are labeled by patient (P1 to P64 and S1 to S4), hospital, metallo-beta-lactamase gene (where present), and date
(month.year) of collection. Environmental isolates are labeled E1 to E12, followed by this information. Two isolates from patient P8, separated by 4 years, are
marked with stars; other patient pairs are marked with triangles, circles, squares, diamonds, or hexagons. Clusters and subclusters described in the text are
marked. Bootstrap values are given for the clusters described.
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don_9 and London_11 (P51). Patient P8 from South East_10 at-
tended London_17 �4 years later.

The VIM-producing isolates from London_9 and London_11
(cluster 1 in Fig. 2) clustered in a clade with very little diversity
(maximum of 4 SNPs between any two isolates); a patient transfer
(P51) had taken place between these hospitals, which are geo-
graphically close to each other. An isolate from London_6 was also
present in the same clade with no obvious association based on
patient records. A further cluster of geographically related isolates
was from Wales_1 (cluster 2 with a maximum of 15 SNPs between
isolates).

There was a further cluster of isolates from patient and envi-
ronmental isolates from London_26 and some of those from Lon-
don_28 (subcluster 3a); there were patient transfers (e.g., P37 and
P42) between these two hospitals. Two of the patients were babies
that had not been in other hospitals, and the epidemiological ev-
idence strongly supports this cluster as did PFGE and VNTR anal-
ysis, which had indicated that these isolates were distinguishable
from those from London_17. This was a subset within a much
broader cluster (cluster 3 with samples differing by a maximum of
52 SNPs), mainly consisting of isolates from London_17, which
experienced a long-running problem with this type and had im-
plicated the sewers as a reservoir (23, 42), but also included iso-
lates from London_1, London_6, London_12, London_14, South
East_3, and South East_10. Notably, the isolates from London_12
were separated in time from one another (collected from 2010 to
2013) but had a putative common ancestor at the root of a sub-
cluster that we have labeled 3b.

For some hospitals with multiple isolates, there is no cluster-
ing. For example P19 and P49 from London_7 were isolated �2
years apart and lie on separate long branches, which clearly indi-
cates independent introduction. Isolates from North West_14,
North West_16, Scotland_4, and West Midlands_5 lie on long
branches separated from London clusters 1 to 4. There were also
some isolates from London hospitals that are similarly distinct
from the main London clusters, for example, those from Lon-
don_24 and P39 and P58 from London_29.

There was no obvious clustering according to infection source,
with most isolates clustering according to hospital/geographical
region. For example, blood isolates were distributed in clusters 1
(from London_9) and 3 (from London_17, London_14, and Lon-
don_28) and in outlying positions (P46_South East_6, 12.12,
which clusters near the IMP producers, and P36, West Mid-
lands_5, VIM-2, 06.12 on a long branch at the top of the tree).
Although all isolates tested were resistant to most antibiotics, with
the exception of colistin, there was variability in susceptibility to
amikacin and gentamicin; all cluster 1 isolates tested were suscep-
tible to gentamicin and resistant to amikacin, while all subcluster
3a isolates were resistant to the two aminoglycosides; the IMP set
was resistant to gentamicin but had intermediate susceptibility to
amikacin (MIC, 16 mg/liter). However, subcluster 3b isolates
showed variable susceptibility to the two aminoglycosides. Gen-
tamicin-susceptible isolates were distributed in multiple places
across the tree, some appearing to be sporadic and some located in
main clusters (e.g., P40, Scotland_4, VIM-2, 09.12 (edge of cluster
2); P17, North West_14, VIM, 03.10 (North West cluster); P33,
London_28, VIM-2, 02.12 (between clusters 1 and 2); P36, West
Midlands_5, VIM-2, 06.12 (sporadic); and P43_1, London_9,
VIM-2, 11.12 (cluster 1).

BEAST analysis (Fig. 3) using a relaxed molecular clock indi-

cated that all the isolates were linked by a common ancestor from
approximately 50 years ago (the 1960s), with confidence intervals
that stretch back to 90 years, with the IMP producers and most of
the MBL-negative isolates diverging at that time from the rest. The
remaining isolates appeared to have a common ancestor dating
back about 20 to 30 years. Interestingly, one of the VIM-produc-
ing isolates from London_7 (P49, London_7, VIM, 01.13) ap-
peared to have diverged from other VIM producers at around this
time. The isolates from the North West hospitals clustered in a
branch with the West Midlands isolate from a common ancestor
from approximately the early 2000s. This analysis also supported
the close linkage of isolates from London_12, with all five isolates
branching from a much more recent common ancestor (from
around 5 years earlier [2009]). Overall, the clusters corresponded
to those identified on the maximum-likelihood SNP tree, with the
common ancestor for the broad cluster 3 apparently dating back
to approximately 15 years earlier (late 1990s). Reassuringly, the
members of each pair from the six patients from whom two iso-
lates were included were adjacent (P8, P42, P52, and P54) or close
(P43 and P51) to each other in each case, sharing a recent common
branch. According to the BEAST analysis, the isolate from Lon-
don_1 dating from 2007 shared a common ancestor with those in
subcluster 3a from approximately 11 years previously.

Accessory gene profiling (Fig. 4 and 5) shows clear differences
in accessory gene content among these isolates with clear blocks of
genes found exclusively in some clusters. Note the large block of
genes associated with cluster 3 (which includes subclusters 3a and
3b) and not found in clusters 1 and 2. Note also the clear distinc-
tion of the isolate from P19 (from London_7, at the bottom of Fig.
4) from the rest of the set with a large set of genes present in this
isolate that are not found in most of the other isolates. These
blocks of genes contain many encoding hypothetical proteins and
genes commonly associated with phages. The full list of genes
present or absent in each isolate is available in Table S3 in the
supplemental material.

Analysis of genes exclusive to cluster 1 showed a high number
coding for hypothetical proteins, but many associated with bacte-
riophage, often closely matching (�95% similarity) genes from
bacteriophage F10 (http://www.ncbi.nlm.nih.gov/nuccore/DQ16
3912) (e.g., nucleotides (nt) 27178-27570, 27690-27493, and
29414-29749) described by Kwan et al. (43). They also included
ATP binding genes (e.g., P797_09120 of GenBank accession num-
ber CP008739.2), a prepilin-like leader sequence (T222_04300 of
GenBank accession number CP006982.1), and genes for trans-
posase and integrase hypothetical proteins (e.g., T226_04070 of
GenBank accession number CP006985.1).

Other antibiotic resistance genes. The WGS identified the in-
trinsic OXA-50-like gene (variant blaOXA-50d), blaPAO, aph(3)-lb,
and catB7 in most, but not all, isolates tested (see Table S1 in the
supplemental material). The other antibiotic resistance genes
found were consistent with the VIM or IMP containing integrons
found by conventional sequencing (L. Wright, unpublished data).
All but one (P49, London_7) of the VIM isolates carried blaVIM-2

in In59-like structures consisting of two aminoglycoside resis-
tance gene cassettes (aacA29a and aacA29b) and blaVIM-2; the
WGS identified the aacA29 in most, but not all, cases. The IMP-
only isolates clustered according to the IMP variant (IMP-1 or
IMP-13) by WGS; this fitted with the distinct integron structures
found by conventional sequencing. Interestingly, most of the
MBL-negative isolates (from patients P39, P41, P46, P58, and P64
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and environmental isolate E11) carried PSE-1 genes, together with
aacA4 (aac6=Ib) and aadA2, which were linked in the same contig
in assemblies made of the sequences and are likely all to be on the
same integron, as described by Peña et al. (44), as did all those that
carried IMP-13, the only exception being the isolate from P28
from London_17.

DISCUSSION

In this study, three complementary methods of analysis were used,
each providing information that the others did not. The SNP anal-
ysis generated the phylogenetic tree, which showed that P. aerugi-
nosa ST-111 in the United Kingdom consists of a number of dis-

tinct clusters, albeit with evidence for some spread within and
between hospitals; this was consistent with the epidemiological
information, where it was available. It is encouraging that such
resolution is possible among these closely related isolates belong-
ing to an international lineage and strongly indicates that WGS
should play an increasing role in cross-infection investigations of
such clones in real time. While BEAST analysis is computationally
demanding, it can give enhanced information for isolates span-
ning a number of years and, crucially, can indicate timelines for
putative common ancestors that link the more recent isolates.
This indicated a common ST-111 ancestor dating back �50 years,
with the main VIM-2 group having a common ancestor from 20 to

FIG 3 Bayesian evolutionary analysis sampling trees (BEAST) analysis of representatives of ST-111 from United Kingdom hospitals collected between 2004 and
2014 calculated using a relaxed molecular clock. Isolates and labeling are as in Fig. 2. The horizontal position of isolates on the tree is according to the date that
they were isolated; calculated times for putative common ancestors (at the nodes) can be read from the scale (in years). Time zero is that of the most recent isolate
(April 2014). Horizontal bars indicate degrees of confidence.
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30 years ago. Correspondingly, the first description of VIM-2 in P.
aeruginosa was from a blood culture taken in 1996 (45). Finally,
the accessory gene profiling supported the SNP and BEAST anal-
yses in showing blocks of genes associated with particular clusters,
supporting that they are distinct from other clusters and that the
isolates within each cluster are linked to one another. Accessory
gene profiling identified genes that were specific to individual
clusters (e.g., the bacteriophage genes associated with cluster 1),
and these may be useful as PCR targets for rapidly identifying
isolates within a cluster or for assessing cross-infection based on
the presence or absence of a subset of these genes. We have previ-
ously found such an approach helpful in providing discrimination
among ST-27 isolates (22).

Most isolates with no MBLs or with MBLs other than VIM-2
clustered apart from those with VIM; the only exceptions was P28,
London_17, 02.11, which differed from other London_17 isolates
in lacking VIM-2 but, nevertheless, was similarly resistant to car-
bapenems, and P49, London_7, VIM-2, 01.13, which also carried
IMP-18. The fact that there were representatives with various
MBLs or none at all is typical of an international clone. The WGS
analysis clearly showed that one can consider isolates with differ-
ent MBLs as only distantly related to one another.

Among the VIM set, cluster 1 was clearly separated from the
rest of the isolates (as was cluster 2). The tight clustering of the
isolates in this cluster suggests that a single introduction resulted
in a short outbreak that was effectively managed by the hospitals
concerned, at least during the main outbreak, which occurred
between November 2012 and February 2013. The involvement of
two hospitals (London_9 and London_11) during this time is ex-
plained by the fact that there were shared patients between them.
However, later isolates from London_6 (P60, London_6, VIM-2,
11.13) and London_9 (P62, London_9, 01.14) that fall within this
cluster as well as one from London_25 (P63, London_25, VIM-2,
03.14) that falls on the edge of it during late 2013/early 2014 indi-
cate that this has extended to further hospitals and may have re-
emerged in one of the original hospitals.

In contrast, the extended isolation of ST-111 experienced by
London_17, which dates from 2005 and later (although our set
only includes those from 2009 and later) and the broad clustering
of isolates from this hospital and others in cluster 3, suggests a
wide reservoir of the organism, likely the sewer system, giving rise
to a long-running outbreak, which was extremely difficult to con-
trol (23). Intervention measures to contain this kind of scenario
are likely to differ considerably from those associated with a single

FIG 4 Presence/absence of accessory genes in representatives of ST-111 from United Kingdom hospitals collected between 2005 and 2014 obtained from an
iterative-BLAST approach. Vertical black bars represent presence of accessory genes displayed against a phylogenetic tree. A cluster of genes distinguishing the
cluster 3 isolates is marked with the red bar and box. A full list of the genes presented is available (see Table S3 in the supplemental material).

FIG 5 Snapshot of accessory gene comparison for some genes of a subset of 24 isolates from various clusters from CD-HIT analysis. Dark squares indicate isolates
with particular sets of genes, the number of genes in the set being indicated in the bottom row, e.g., the starred set indicates 44 genes exclusive to clusters 1 and
2 isolates among the set.
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introduction outbreak. We therefore intend to carry out WGS on
future representatives of ST-111 as we receive them so that we can
see where they cluster on the tree, which may help to shed light not
only on transmission patterns but also on the measures necessary
to contain them.

Our set included six patient pairs, which generally showed rel-
atively little variation between the first and second isolate in each
case. A study among multiple isolates from patients with cystic
fibrosis focusing on hypermutators (which have a mutation rate
approximately 40-fold higher than those in normal populations)
found a mutation rate of approximately 100 SNPs per year (35)
and extensive within-patient diversification of populations, which
were composed of a number of different sublineages. Without
diversification, we would therefore have expected approximately
10 SNPs between isolates from the same patient separated by 4
years. The study by Synder et al. (4) on representatives of the
Nottingham strain estimates an accumulation of SNPs at a rate of
1 every 4 to 5 months. Based on this estimate, we would have
expected to see 12 SNPs between isolates separated by 4 years. For
the isolates from patient P8 separated by this time period, we
found 18 SNPs, which is within the expected range, especially
when one considers that there almost certainly were variants
within the population. However, the SNPs we identified may be an
underestimate of the total since some SNP positions may not have
been included in our analysis due to technical reasons such as low
coverage for some isolates.

There were marked differences in the accessory genome among
the set of isolates, which is perhaps surprising given the relatively
short time period over which they were isolated and given that the
BEAST analysis indicates that they all share an ancestor dating
back only �25 to 90 years. However, this is an international lin-
eage, and there are many opportunities for introductions into
United Kingdom hospitals from other countries, which may well
have increased the diversity seen. Certainly, the isolate from P19
(from London_7) has a very different accessory gene content from
the rest of the isolates, suggesting a different origin. In contrast,
the VIM-2 gene seems to be extremely stable in the main VIM
clade, with only one representative lacking it. The diversity of
accessory genes found among representatives of this high-risk
clone may reflect loss of the clustered, regularly interspaced short
palindromic repeats system (CRISPR-Cas), which acts as a bacte-
rial defense system against foreign DNA, such as phage DNA and
plasmids, as a result of phage-derived anti-CRISPR proteins, en-
coded by elements that may also be found in mobile genetic ele-
ments in P. aeruginosa (46). Multidrug-resistant isolates of
Enterococcus faecalis and P. aeruginosa are associated with com-
promised CRISPR-cas genome defense systems, making them bet-
ter able to acquire elements carrying antibiotic resistance genes
(47, 48); this would also explain the marked accessory genome
diversity among the set. We searched the sequences of isolates in
this study for subtype I-F (cas1, cas3,csy1, csy2, csy3, and csy4)
and subtype I-E (cas2, cas1, cas6e, cas5, cas7, cse2, and cas3) genes
and did not find them in any of the isolates (L. Wright and M.
Doumith, unpublished data).

This investigation was carried out amid concerns that spread
had occurred, particularly among London hospitals, of a sequence
type associated with MBLs that had caused major, long-running
problems in at least one London hospital. The WGS analysis re-
vealed a mixed picture with clearly separated outbreaks in some
cases but evidence of spread within and between hospitals in oth-

ers. There were cases of single introductions (e.g., P49) where no
onward transmission was observed, at least among the isolates in
our set. There was a case of a short-lived outbreak probably deriv-
ing from a single introduction (cluster 1). There was also an ex-
ample of a large group of related samples from one hospital (Lon-
don_17), which exhibited considerable diversity (maximum of 35
SNPs between any pair of London_17 samples within the cluster),
that was potentially the result of an environmental source seeding
human infection multiple times. The route by which this potential
environmental contamination, presumably originating from pa-
tients, is reaching further patients may involve periodic blockage
of hospital waste systems. Consequent backflow of contaminated
materials into the clinical environment then exposes patients to
antimicrobial-resistant organisms, such as Pseudomonas. Effective
intervention requires the implementation of measures to prevent
hospital waste system blockage (23, 42).

Carrying out real-time analysis on future isolates and adding
them to the tree generated here should inform future epidemio-
logical investigations of this international lineage and may shed
light on the interventions required to contain them. Analysis of
international lineages such as ST-111 requires the enhanced reso-
lution provided by whole-genome based analyses coupled with a
consideration of the epidemiological information that may, or
may not, link the isolates concerned.
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