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Summary
Background: Pseudomonas aeruginosa healthcare outbreaks can be time consuming and
difficult to investigate. Guidance does not spewifyich typing technique is most practical to

base decisions on.

Aim: We explore the usefulness of whole genome sequgiféVGS) in the investigation of a
Pseudomonas aeruginosa outbreak describing how it compares with pulsettfgel
electrophoresis (PFGE) and variable number tandgmat (VNTR) analysis.

Methods: Six patient isolates and six environmental samfotgs an Intensive Care Unit

(ICU) positive forP. aeruginosa over two years underwent VNTR, PFGE and WGS.

Findings: VNTR and PFGE were required to fully determine pl&ential source of infection
and rule out others. WGS results unambiguouslydjsished linked isolates giving greater
assurance of the transmission route between waghbesin (WHB) water and two patients

supporting control measures employed.

Conclusion: WGS provided detailed information without needfimther typing. When allied
to epidemiological information it can be used taerstand outbreak situations rapidly and
with certainty. Implementation of WGS in real-timweuld be a major advance in day-to-day
practice. It could become a standard of care lasdabmes more widespread due to its

reproducibility and reduction in costs.

Summary word count 191

Keywords: Sequencing, Pseudomonas, ResistancereakiftWater



Introduction

Pseudomonas aeruginosa is a Gram-negative bacterium that is ubiquitousigist hospital
environments [1,2]. It is an opportunistic pathogermmunocompromised patients causing
a wide range of infections [2-6]. Hospital watend®e a source of outbreaks in neonatal units
and both adult and paediatric intensive care walksnising and forming biofilms in water
taps, sinks, toilets, showers and drains [2,7-B8jtes of transmission include environment-
to-patient either directly from contaminated waiesplashes from water outlets, or
indirectly from contaminated hands or equipm&ndnsmission from colonised patients to
the environment and between patients can occunglgfinical procedures that create
aerosols. Infection can be acquired and arise frenpatient’s own gut microbiota after
pseudomonads have been selected out by antibjbitsMultidrug resistance iR.

aeruginosa speciess common, and the mortality rate in invasive itifats is up to 29%;

controlling the spread of this organism is therefonportant [15,16].

Differentiating strains is essential to identifyutes of transmission of organisms, to identify
reservoirs and plot potential chains of transmissitariable number tandem repeat (VNTR)
typing, a PCR-based method represents an improvamspeed and reproducibility over
pulsed-field gel electrophoresis (PFGE) whilst pdowg a similar level of discrimination
[1,16]. Turtonet al. suggested that isolates similar by VNTR, with trorsg epidemiological
links between them should be confirmed by PFGENEwer methods of whole genome
sequencing (WGS) offer the potential to give gresgsolution, reproducibility and may be
faster at identifying strains in an outbreak andudéng the lines of transmission. WGS has
been used in the investigation of a variety of éaat outbreaks, and in some instances for
the investigation of pseudomonas outbreaks, batitdknowledge we are the first to report
data comparing the utility of rapid whole genomeusncing (WGS) versus the current
typing methods VNTR and PFGE [17-27].



Materialsand Methods

Four patients were identified as being colonizeahfected with a strain dP. aeruginosa

with an unusual resistance profile in an Intensiage Unit of a teaching hospital (Ninewells
Hospital, Dundee) between January 2013 and May.20t3ase finding exercise was carried
out using the definition ‘a sample positive withaeruginosa resistant to imipenem isolated
from a patient admitted to ICU since 2012’. Theectasding exercise yielded a further 5
patients however, only two patients had isolatas hlad been stored by the hospital
laboratory therefore a total 6 patient isolatesensrailable for further testing. Water (pre-
and post-flush samples) was sampled from 14 waitets in ICU forP. aeruginosa on 16"
May 2013 (Table 1) Monitoring swabs were also taken from 11 watelebwirains on the
same day (domestic service room wash hand basirB\Wsed 7 WHB, Bed 8 WHB,
kitchen sink, kitchen drinking water tap, domestcvice room sink, ventilator room sink,
ICU entrance WHB, ward area WHB 1, ward area WHB&] 4 WHB). Caldicott

Guardian approval was gained in ordeptotect patient confidentiality and enable

appropriate information sharing.

Samples and Susceptibility Testing

All clinical specimens had been collected duringtiree care and processed at the
Department of Medical Microbiology Laboratory, Nimells Hospital, Dundee, UK.
Environmental samples from each water outlet dngre incubated on MacConkey agar
aerobically at 3°C andPseudomonas CN Selective Agar (Oxoid Ltd, United Kingdom) at
35°C and examined after 24 and 48 hours. Vitek@\Brieux, Marcy L’Etoile, France) was
used for organism identification and antibioticeibility testing using minimum
inhibitory concentrations (MIC) according to ther&pean Committee on Antimicrobial
Susceptibility Testing (EUCAST). An external comtiar sampled all water outlets fBr
aeruginosa using pre- and post-flush samples. Water sampées mrocessed by a UKAS
(United Kingdom Accreditation Service) approveddediory within four hours of collection.

VNTR and PFGE



Environmental and patient isolates were sent tAthtenicrobial Resistance and Healthcare
Associated Infections Reference Unit (AMRHAI), Rabflealth England, Colindale for
typing (VNTR typing at nine loci and PFGE) as déssad previously [1].

WGS and Phylogenetic Analysis

Isolates were stored on beads at -80°C until psecesThe cultures were re-cultured by the
Infection Group, School of Medicine, University ®f Andrews. DNA was then extracted
using QIAamp DNA Mini Kit (Qiagen, Hilden, Germanyhe quality of the DNA was
measured as A280 nm/A260 nm ratio on NanoVue (Galthieare) and the concentration of
double stranded DNA assessed using dsDNA BR K Qubit 2.0 fluorometer (Thermo
Fisher Scientific). Amounts of 1 ng of DNA wereadsfor constructing the libraries with
Nextera® XT kit (lllumina Inc, San Diego, CA, USAJhe normalized libraries were
sequenced using a 2x250 pair-end read of a 50@-#¢ckit on a MiSeq platform (lllumina
Inc, San Diego, CA, USA) using a resequencing wovkf The lllumina sequences generated
were deposited in the European Nucleotide Archivéen the study accession number
ERP023446. Using SMALT (Wellcome Trust Sanger tog
www.sanger.ac.uk/resources/software/smalt/, reaats mmitially mapped to the chromosome
of P. aeruginosa PAO1 (accession number AE004091) and single ntideepolymorphisms
(SNPs) were identified as previously described.[B8hddition, the chromosomes of a
representative selection Bf aeruginosa strains: B136-33 (accession number CP004061),
DK2 (CP003149), LES431 (CP006937), LESB58 (FM209188.8 (CP002496), MTB-1
(CP006853), NCGM2.S1 (AP012280), PA1 (CP00405438182 (HG530068), RP73
(CP006245), SCV20265 (CP006931), UCBPP-PA14 (CPERA/RFPA04 (CP008739),
and YL84 (CP007147), were used to provide a widetext for the hospital isolates. For
each of these additionBl aeruginosa strains, artificial 250bp pair-end reads fastedfilvere
generated using a python script. The generateq fiess were mapped along with the
outbreak isolates to the chromosoméoheruginosa PAO1 and SNPs called.
Recombination was detected in the genomes usingi@sihttp://sanger-

pathogens.github.io/gubbins/) [29].

The core genome regions of the PAO1 and UCBPP-RAf@mosome were defined by
human curation using pairwise Blast comparisonh @#ch other, and othBr aeruginosa
strains [30]The Artemis Comparison Tool (ACT) was used to Viigeathe comparisons

[31]. SNPs falling inside Mobile Genetic Elemen$3Es regions) were excluded from the



core genome, as well as those falling in regioesligted by Gubbins to have occurred by
recombination. Phylogenetic trees were construsggarately using RAXML v7.0.4 for all
sites in the core genomes containing SNPs, us@greeral Time Reversible (GTR model)
with a gamma correction for among site rate varrat[32,33]. For a higher resolution
phylogeny, ICU isolates that clustered on a bramith UCBPP-PA14 (CP000438), were

mapped to this sequence as described above.

Results

Epidemiology

The ICU ward had been free from outbreaks in 2@h8as an eight-bed unit of a Teaching
Hospital with approximately 950 acute beds (Nindsvielospital, Dundee). The infection
prevention and control team (IPCT) were initialpncerned that between January 2013 and
May 2013 there were four patients colonised/inféet@h a strain oP. aeruginosa with the
same resistance profile. All patient isolates vsemesitive to gentamicin, ciprofloxacin,
piperacillin-tazobactam, ceftazidime and resistaninipenem; most patients had received
carbapenem treatment at some point during theiissilom. Patients had a mixture of

diagnoses on admission.

Fluids such as bed bath water and endotracheab#spETA) were disposed of in the hand
wash stations. The IPCT visited the ward and gaweca in line with national guidance for
the appropriate disposal of these potentially amimtated fluids. Procedures for the
decontamination of two small pieces of equipmérd,wentilator flow sensor and
temperature probes, were also reviewed. These i@resdecontaminated by immersion in a
sink filled with hot soapy water. This method wascdntinued and sporicidal wipes utilised
after ascertaining their suitability with the maacturer. The decontamination sink in the
back room was found to have crusting on taps; ttegsewere replaced. This was the sink
that probes were decontaminated in. WHBs were sgply Pillar mixer taps with integral
thermostats (Supplementary Figure 1). The flow ftbetap ran close to the sink drains,
causing splashing. Taps with flow straightenersavarisk of contamination by biofilm. To
become more compliant with NHS building regulatitmsse were removed and sink basins
were replaced to remove overflow drains. The icehime was supplied by cold water via a

flexible hose. This was identified as an area wiaieria could proliferate; the hose was



therefore replaced by a WRAS-approved hose. Lsedlcleaning of all affected outlets was
carried out. An increased flushing regimen waohiced to remove any biofilm that was
present within the affected outlets. Recommendeshfhg regimen was twice per day for 2
minutes at a time. Remediation works were succkasfthere was no growth of

pseudomonas on repeat testing of outlets and Vakewing these changes.

Antibiotic Susceptibility Testing

All isolates were confirmed to & aeruginosa and five isolates had an indistinguishable
antibiotic susecptibility pattern (Patient A abdoadidrain fluid, Patient B ETA, Patient D
ETA, Patient E ETA, and Bed 8 WHB).

Environmental I nvestigation

Water (pre- and post-flush samples) was sampled iré water outlets in ICU fd®.

aeruginosa (Table 1). Four areas were found to be positige:machine (pre and post),
domestic service room WHB (pre and post), bed 7 WptB and post), and bed 8 WHB
(pre). The initial results suggested that the geebnas contamination was most likely local
to the outlets as the post samples had yielded houar growth results and negative results
compared with the pre flush samples. Monitoringlssvaere also taken from 11 water outlet
drains and three were positive (bed 7 WHB watelebdtain, bed 4 WHB water outlet drain
and ICU entrance WHB water outlet drain).

VNTR and PFGE Analysis

VNTR analysis of the isolates from the ICU idemttfithat 6 of the isolates belonged to a
cluster of related profiles, which included PatseBtand D and the four environmental
isolates from Bed 8 WHB water, Bed 4 WHB water eudlrain, Bed 7 WHB water outlet
drain and kitchen ice machine water (Table Il). dflthese isolates had VNTR profiles that
were similar to the PA14 strain, one of the mostralant clonal complexes in tRe
aeruginosa population, which can be readily isolated from dusources causing infections
in humans”The close relationship of these isolates in thePddster suggested that these
isolates may be part of an outbreak. In contrastdblates from patients A, C, E and F had
distinct VNTR profiles, both from one another ahd PA14 cluster, and also from the
remaining environmental samples suggesting thaethaere unlinked and therefore could be

ruled out of the outbreak.



PFGE was used to distinguish the PA14 clusterteslanalysis of the banding pattern
divided the isolates into three distinct subtypesighated NINEO4PA-1 (Bed 8 WHB water,
Patient D ETA, Patient B ETA), NINEO4PA-1' (Beddd 7 WHB water outlet drain) and
NINEO4PA-1" (Kitchen ice machine water). There welear and definite band differences

between the ice machine isolate and the patielateso

Genome Sequencing and Phylogenetic Reconstruction

WGS and phylogenetic analysis were performed ieial resolve the fine-scale relationship
between outbreak isolates and explore epidemiakbgiks between the isolates (Figure 1).
In order to provide a wider genetic context ana@pshot of diversity within the species, 15
additionalP. aeruginosa genome sequences from EMBL nucleotide database iweluded

in the analysis. For this overview of tReaeruginosa population, the WGS reads of the
isolates were mapped to chromosome of the refersnai@ PAOL [25]. In total, 182,476
SNP sites were identified amongst all analyzedisesl and revealed a diverse population
structure, throughout which were distributed the li€olates. The cluster of isolates
identified by VNTR as belonging to PA14 clone fodreedistinct clade in the phylogenetic
tree that included the reference isolate UCBPP-Rabich belonged to PA14 clone. The
next closest isolates to the PA14 cluster wereetth@tonging to patient C ETA and patient F
ETA and differed from the cluster by ~49,000 SNRg 450,000 SNPs, respectively.

In order to provide greater resolution for the tielaship of the PA14 cluster isolates, the
WGS reads were remapped to the reference chromosbd@BPP-PA14 [26]. This isolate
was genetically closer to the outbreak isolates 01, and therefore remapping to this
isolates chromosome would provide increased genoavierage and consequently greater
resolution. Initial phylogenetic analysis of the SNata mapped to UCBPP-PA14
differentiated the isolates into two separate elissand a further outlier that was each
distinguished by over 1000 SNPs: one cluster coimgiPatient D ETA, Patient B ETA and
Bed 8 WHB water, which was distinguished from teeand cluster containing Bed 4 WHB
water outlet drain isolate and Bed 7 WHB water etudrain isolate by 4515 SNPs, which in
turn was distinguished from the kitchen ice machwager isolate by 1852 SNPs. Analysis of
the distribution of SNPs in the chromosome ideadifiegions of high SNP density, indicative
of this variation arising by homologous recombioatiUtilizing Gubbins to detect potential

regions of recombination identified five regionathklistinguished the PA14 clone ICU



population. Excluding the SNPs in these regionsiftbe phylogenetic reconstruction
reduced the apparent genetic diversity of the Pdtbdip, but still maintained the distinction
of the two clusters and the outlier. In the Patl@fETA, Patient B ETA and Bed 8 WHB
water cluster the Patient B ETA and Bed 8 WHB watelates were indistinguishable, and
differed from the Patient D ETA isolate by four S\NFhe minimal genetic distance between
these isolates strongly supports transmission lestilee Bed 8 WHB water and patients D
and B and is within the range of SNP distancesmbsddn a study that investigatéd
aeruginosa transmission in a hospital setting [26]. Theségpas were not in the ICU
department at the same time. An overview of cotiweal typing and genomic analysis and

the timeline for the delivery of these resultdlisstrated in Figure 2.

Discussion

The IPCT had urgent questions to answer: is ther@ugbreak, is there a common source,
who is involved, how did the outbreak arise? Is #tudy, we were able to evaluate the
relative utility of typing methods to answer thegestions. As one moves from routine
methods of antibiogram, through VNTR, PFGE to W@&8,understanding of the nature of
this outbreak becomes apparent. There is a pmigeewinnowing of possibly involved
patients and infection sources. The antibiogramveldoa linkage between the Bed 8 WHB
water and patients B and D but also included pttidrand E. VNTR correctly identified

the two patients who were part of the outbreakataa identified several false positive
environmental links. This left the IPCT consideriragious routes of transmission for
instance patient care using ice machine water. Pi@Erequired for complete clarification.
The clinical benefit of using WGS in this situatisrthat it rapidly provides absolute clarity
in distinguishing the isolates in one step, neggtive need for IPCT to spend unnecessary
time contemplating other scenarios of how the trassion came about without certainty
this situation, this information was combined wégiidemiology. These patients were not in
the unit at the same time, suggesting that thervgateply had acted as a reservoir and source

of on-going infection.

Recognised interventions to prevent transmissiom fwater to patients were effective in
preventing further transmission. These includedoeahof taps with flow straighteners,
replacement of sink basins with overflow draing;aduction of increased flushing regimen

and monitoring of water temperature to become fodignpliant with national guidance. The



IPCT also reviewed procedures for the decontanunaif the ventilator flow sensor and
temperature probes, in addition to making recomratous for the disposal of potentially
contaminated fluids to prevent transmission of nirgias from patients to sink drains and
distal ends of taps. ICU staff supported changeélkdm decontamination practices and
training on new cleaning protocol for sinks wa®ais/en. Following this, areas were

resampled and it was confirmed that remediatiorke/@rere successful.

We have shown that WGS is a potent tool to diretave intervention in outbreak
situations, in comparison to and providing adddlonformation to that generated by
molecular typing methods. We found that WGS cawigeresults within 7 days; however it
should be noted that current start-up costs fertégchnology remain high. For WGS to be
introduced into routine clinical microbiology lalaories investment in infrastructure
including bioinformatics and expertise for the npietation, management and storage of data
is required. Standard operating procedures, vadidatf methods and quality control
measures are in place for VNTR and PFGE testingnalhtde required for WGS to take
place in clinical laboratories. Our results areit@d by the fact that some isolates were not
stored and not all were successfully recultured.pfdeessed only one colony from each
sample and this may limit assessment of the diyeo$ipseudomonas in patient and

environment samples.

WGS would be of particular use when there are naoeis epidemiological links between

the patients enabling IPCTs to have timely resusiag one method. WGS alone provided
the necessary resolution to identify the transmispiathway, demonstrating unequivocally
the spread between single water supply to patiant$ eliminating other potential
transmission events and sources. Thought shouliivea as to how to make these powerful
data available routinely in a timely manner, and fiormat that is easily interpretable and
clinically relevant. Establishing tools such asusatring machines locally can reduce the
turnaround time. It is essential that cliniciamselop a new approach to investigate hospital
outbreaks and escalate to WGS at an early stagéot accurate and rapid description of the
causes. It is only by using WGS in real-time thatill be used as a powerful tool to improve

patient outcomes.
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Figure 1. Phylogenomic analysis éfseudomonas aeruginosa isolates.

L egend

Maximum likelihood phylogenetic tree built with @8NPs identified by mapping to the
PAOL1 reference genome is presented on the leffteofigure. The box on the right contains a
maximum likelihood phylogeny of the ICU isolateddrgying to the PA14 clone, where reads
were mapped to the PA14 reference genome of UCBRIRR. The tree was built with core
SNPs, excluding SNPs identified in regions that &iasken by recombination (the number of
SNPs associated with recombination is given inteatlabove the branches on which they
were identified). Scale bars illustrating the neltSNPs distances of the phylogenetic trees

are displayed.

Figure 2. Overview of conventional typing and genomic asaly

Supplementary Figure 1. Example photograph of the type of sink that wasdusn the unit
at the time
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TableI. Results of microbiological detection for Pseudomonas aeruginosa in water (pre and post

flush samples) samples from water outletsin the Intensive Care Unit.

Source Pseudomonas count (cfu/ml) Pseudomonas count (cfu/ml)
pre-flush samples post-flush samples

Ice Machine >100 >100

Domestic Service Room WHB | 37 1

Bed 7 WHB >100 28

Bed 8 WHB 41 0

Kitchen Sink 0 0

Kitchen Drinking Water Tap 0 0

Kitchen Hydroboil 0 0

Domestic ServiceRoom Sink | 0 0

Ventilator Room Sink 0 0

ICU Entrance WHB 0 0

Chilled Drinking Water 0 0

Dispenser

Ward Area WHB 1 0

Ward Area WHB 2

Bed 4 WHB 0

Key: WHB wash hand basin




Tablell. VNTR profiles of Pseudomonas aeruginosa isolates from the Intensive Care Unit

Sour ce Date of Sampling VNTR

Bed 4 WHB Water Outlet Drain 16/05/2013 12,2,15,5,2,4,5,11
Bed 7 WHB Water Outlet Drain 16/05/2013 12,2,15,5,2,4,5,11
Bed 8 WHB Water 16/05/2013 12,2,15,5,2,4,5,12
Domestic Service Room WHB Water 16/05/2013 12,3,6,3,1,4,14,5,10
ICU Entrance WHB Water Outlet Drain 16/05/2013 12,3,-,3,1,4,14,5,10
Ice Machine Water 16/05/2013 12,2,1,5,5,2,4,5,14
Patient A Abdominal Drain Fluid 11/03/2012 12,6,7,5,3,4,8,1,11
Patient B ETA 21/09/2012 12,2,1,5,5,2,4,5,12
Patient C ETA 04/01/2013 11,2,6, ,3,6,6,6,12
Patient D ETA 15/04/2013 12,2,1,5,5,2,4,5,12
Patient EETA 11/05/2013 12/4,-,-,3,1,6,4,13
Patient F ETA 05/05/2013 12,2,-,3,2,2,-,5,6

Key: WHB wash hand basin




12,000 SNPs

ICU Entrance WHEB drain

Domestic Servics Room WHE
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Bed 4 WHE Drain
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Antibiogram (48 hours) VNTR (2 days) PFGE (7 days) WGS (7 days or less)

Environmental samples

Bed 4: Bed 4 WHB Water Outlet Drain T

Bed 8 Bed 8 Bed 8 Bed 8
Bed 7: Bed 7 WHB Water Outlet Drain A Bed 4 B B
Bed 8: Bed 8 WHB Water B Bed7 D D

D Ice Machine
DSR: Domestic Service Room WHB Water E B

___

ICU Entrance: ICU Entrance WHB Water

Outlet Drain

. Bed 4 Bed 4 Bed 4
Ice Machine: Water Bed 7 Bed 7 Bed 7
Patient samples DSR
ICU Entrance
A: Patient A Abdominal Drain Fluid Ice Machine
B: Patient B ETA I::

C: Patient C ETA -

D: Patient D ETA Ice Machine
E

E: Patient E ETA

A
ICU Entrance

F: Patient F ETA

|:| Strains deemed “in” by typing
|:| Strains deemed “out” by typing




