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Summary

P. aeruginosas a versatile microorganism with high levels of antimicrobial resistance and a
common contaminant of home and personal care (HPC) products. Relatively little is known
about P. aeruginosain industrial settings and to further investigate this, four areas wre
considered: (i) culture-dependent and zindependent detection of P. aeruginosa (i) P.
aeruginosa and bacterial diversity in HPC products; (iii) preservative susceptibility and
phenotypic characterisation of industrial P. aeruginosastrains, and; (iv) P. aeruginosa

adaptation to a preservative combination.

A large collection of P. aeruginosaand non-P. aeruginosaindustrial isolates was utilised to
evaluate five selective agars for the detection d®. aeruginosa Media using negative selection
performed best overall, but media using positive selection had potential as enrichment media.
Culture-independent detection ofP. aeruginosaand overall bacterial diversity was achieved via
direct DNA extraction from contaminated HPC products, species specific R&Cand 16S rRNA
gene sequencing analysis. The bacterial diversity in HPC products was low, with less than three
contaminating genera in each product. The diversity oP. aeruginosastrains from industrial,
clinical and environmental sources was investigate using five genotyping techniques, ranging
from PCRfingerprinting methods to whole genome sequencing, and phenotypic assays
examining preservative susceptibility, growth dynamics and motility. P. aeruginosastrain
diversity was high and there was no assoation between genotype, phenotype and isolation
source. The development of adaptive resistance . aeruginosdo a preservative combination
used in HPC products was modelled using planktonic growth and biofilm assay&. aeruginosa
PA14 grew in elevatel levels of the preservatives bloromethylisothiazolinone,
methylisothiazolinone and dimethylol dimethyl hydantoin but it was unknown whether the

increased tolerance was stable.

Whilst eradication of P. aeruginosafrom the industrial environment is unlikely, improved
detection methods and understanding of the species will inform industrial practices and

preservative formulations to minimise HPC product contamination.
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CHAPTER 1 INTRODUCTION

1. Introduction

1.1 Microbial contamination in the home and personal care (HPC) industry

1.1.1 Microbial contamination of HPC products

The HPC industry manufactures a diverse range of productghich are sold globally and used

daily by consumers. Personal care products, such as cosmetics and toiletries are used to

beautify or maintain personal hygiene (Perry 2001), whilst household care products are

generally used to clean or freshen home surfaseand clothing. A large variety of product
formulations are encountered within the HPC industry and are tailored to suit the application.

Factors such as water activity (#; the water content available to microbial utility) (Lundov et

al.2009)h B(h OAAT @ bi OAT OEAT AT A 1T OO0EAT O AOAEI AAE
support microbial growth (Orth et al.2006). HPC products with a water activity above 0.60 and

a pH between 4.0 and 10.0 are particularly aisk of contamination (Orth et al.2006).

Although HPC produb0 AOA 11 0 A@opPAAOAA OI AA OOAOEI Ah OE
ET OAT AAA POODPT OA OT AAO 11 Oi Al (Ohis And Keramod COASA AAT A A
Microbial contamination can have adverse effects which are damaging to the product, the
manufacturer and the consumer. Product spoilage by the presence of and/or growth of
microorganisms renders HPC products unfit for usgSmart and Spooner 1972) A range of

undesirable effects can be observed including changes in odour, colour, viscosity and the
production/utilisation of gas leading to the warping of packaging. In addition, product
performance may be affected such as a decrease in the effectiveness of active ingredients, a loss

of lathering activity (Perry 2001) or the breakdown of emulsions(Smart and Spooner 1972)

Economic losses to the manufacturer can result through loss of contaminated raw materials or

batches of finished product, and thénvestigation and decontamination of production processes.
Furthermore, contaminated products and product recalls can affect product marketability and

consumer satisfaction(Orth et al. 2006) which impact the reputation of a company or brand

name.

More seriously, contamination represents a health risk to vulnerableconsumers, and the
presence of opportunistic pathogens in HPC products has been linked with infections in
nosocomial settings. These incidences includeseudomonas aeruginosaontamination of hand

lotion and mouthwash (Stephensonet al. 1984; Becks and Lorenzoni 1995)Burkholderia in
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mouthwashes (Matrician et al. 2000; Molina-Cabrillana et al. 2006; Kutty et al. 2007) and
moisturising lotion (Alvarez-Lerma et al.2008), andSerratia marcescen soap and detergents
(Polilli et al.2011). Individual infections contracted from contaminated products outside of the
hospital environment are less likely to be documented (Lundov, 2009) although contaminated
products do reach the market place, as product recall dat@limenez 2007; Lundov and
Zachariae 2008; Sutton and Jimenez 20123)nd surveys of off-the-shelf products have shown
(Lundov et al.2009).

Contamination of HPC prodats may arise via two routes, through manufacture and subsequent
storage, or through consumer uséFarrington et al. 1994). To minimise contamination during
manufacture, Good Manufacturing Practices (GMP) are followed by industries, stipulated by
regulatory bodies such as the U.S. Food and Drug Administration (FDA) and within the
European Commission (EC) Cosmetics Diréee. These guidelines cover all aspects of
manufacture including quality control and handling of raw materials, manufacturing facilities
and equipment, cleaning and sanitisation procedures, and personnel training. Whilst products
may never be completely terile, GMPs help to ensure benign levels of intrinsic contamination
and the absence of harmful microorganism@Perry 2001). Consumer use leads to contamination
through repeated inoculation of the product with the skin micrdiota/body fluids or with
microorganisms from the domestic environment (Perry 2001; Orth et al. 2006). This
unavoidable occurrence is counteracted by careful product formulation and the inclusion of
preservatives to prevent microbial proliferation (Orth et al. 2006). In addition, to further
Dol OAAO OEA AiT100i Aoh OEA %5 EAO EEODPODADAAA
guidelines which are provided on packaging to advise on product lifespai©rus and Leranoz
2005; Lundovet al.2009).

1.1.2 Microbiological quality assurance and detection of HPC product contamination

To ensure the safety and stability of HPC products, microbiological limit testing is performed by
manufacturers to ensure that total microbial counts are low and products are devoid of
objectionable species. As there are no formal regulations for microbidimits, companies
generally follow recommendations by professional associations such as the FDA, the Personal
Care Products Council (PCPC), the Scientific Committee on Consumer Safety (SCCS) and
Cosmetics Europe (Table 1.1), and may even enforce strictén-house regulations than
suggested. Detection is predominantly cultureglependent with total viable counts of aerobic
mesophilic microorganisms (bacteria, yeast and mold) being achieved by traditional plate

counts, and identification of objectionable speies based on phenotypic and biochemical testing

2
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(Orus and Leranoz 2005; Orthet al. 2006). The term® AEAAOET T AAT A ghlyOCAT EOI
ambiguous (Sutton and Jimenez 2014y AT A AAAT OAET ¢ O OEA o#0#
organism that can be harmful to thauser based upon the nature of the product, its intended use

and its potential hazard, or is able to compromise the physical integrity or appearance of the

POl AOAOG 8 4 E A .1 @b #péchiehl ObjeEtibnaide orydnidms pbut are certainly not

the only problematic contaminants (Sutton and Jimenez 2012) This poses an issue for
manufacturers who must consider which othe species should be excluded from products.
Suggestions for two further specified objectionablebacteria include Burkholderia spp.and
Bacilluscereus(Sutton 2012).

To determine whether a product formulation is adequately preserved to prevent microbial
contamET AOET T h DOAOGAOOAOEOA AEEEAAAU OAOOET C j 0 %4
performed. Evaluation of the complete formulation is required, as the concentrations of
preservatives sufficient for growth inhibition in the laboratory may not reflect ther
performance in the product(Orth et al.2006). The general ET method involves the inoculation

of product samples with microorganisms, followed by the removal of aliquots at stipulated time
points and the enumeration of survivors, in order to determine the overall reduction in viable
cell numbers (Russell 2003) Several sandardised methods of PET exist, for example those
provided by the United States Pharmacopeia (USP), the European Pharmacopeia (EP) and the
Japanese Pharmacopeia (JP). In addition,-fimuse methods adapted from the Pharmacopeia
methods are sometimes usedOrth et al.2006). Variables within the methods include choicef
microorganism, the number and frequency of sampling points after inoculation, and the limits
determining adequate preservation(Orth et al. 2006). The microorganisms used in PET are
those likely to contaminate products during use, such as$. aureusP. aeruginosaE. colj
Burkholderia spp. Aspergillusniger and C. albicangRussell 2003) Both organisms from culture
collections and@-housedisolates which may have been isolated from contaminated products or

the production plant are usually usedOrus and Leranoz 2005)

As stated above a cultivatiorbased approach is routinely used in industry to detect microbial
contaminants (Jimenez 2001a) which appears to generally provide satisfactory quality control

for HPC products(Orth et al. 2006). There are a number of drawbacks to cultureependent

methods, however, including lengthy processing times, the expense of media and reagents, and

the difficulties associated with the detection o EAOOEAET OOh OOOOAOOAAG T 0O O
(VBNC) cells(Orus and Leranoz 2005) AlternaOE OA OOAPEAS AAOAAOGEITT 1 AC
bioluminescence, impedance and flow cytometry, rely on the metabolic state of microorganisms,

can take less than 24 hours and are more reliable for detecting stressed cdlldmenez 20Qb;
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Orus and Leranoz 2005) Whilst these methods confer economic benefits associated with a
reduction in testing times, they only estimate the total bioburden, and further tests would still
be required to identify specific groups of microorganisms (Orus & Leraz, 2005). In addition,
the ATRbioluminescence method can result in false positive results through the detection of
non-microbial ATP in the detection system, or false negatives through product ingredients
xEEAE AAT 1 EI EOh 1 ©rth@RadZ006/ Bifidt maeEuksr m@tholisAsOdE ad

speciesspecific polymerase chain reaction (PCRpased assays and immunoassays have been

suggested for species identification in this contex@Jimenez 2001b)

Table 1.1 Microbial limits and specified objectionable microorganisms for personal care

products
Professional association recommendations
Organism Product category SeETEie
PCPC (USA) FDA (USA3 SCCS (EV) Europe (EU)
Total aerobic Product for children <100-500 - 100 cfu/mlor < 100-500
mesophilic under 3 years cfu/ml or cfulg cfu/g cfu/ml or
counts cfulg
Product for use in the < 100-500 500 cfu/mlor 100 cfu/mlor < 100-500
eye area/on mucous cfu/mlorcfu/g  cfulg cfu/g cfu/ml or
membranes cfulg
All other products < 1000-5000 1000 cfu/ml 1000 cfu/ml < 1000-5000
cfu/ml or cfu/lg  orcfulg or cfulg cfu/ml or
cfulg
Specified Product for children Absence of Absence of Absence of Absence of
microorganisms under 3 years P. aeruginosa  P. aeruginosa P. aeruginosa P. aeruginosa
Product for use in the S. aureusind other S. aureusand S. aureusnd
eye area/on mucous E. coli Pseudomonas C. albicansn C. albicansn
membranes spp,S.aureus 1mlorlg 0.1mlor0.1g
All other products Streptococcus Absence of
pyogenesand P. aeruginosa
Klebsiella S. aureusaind
pneumoniae  C. albicansn
0.1 mlor0.1g

Footnotes:

1Personal Care Products Council (PCPC; formerly CFTM)¢robiology Guidelines 2007, Section

12 Establishing Microbial Quality of Product

2U.S. Food and Drug Administration (FDA), Bacteriological Analytical Manual Chapter 23 Microbiological Methods for

Cosmetics, C. Interpretation

3Scientific Committee on Consumer SafefysCCS) Notes of guidance for testing of cosmetic substances and their

safety evaluation & Revision

4Cosmetics Europe (formerlyCOLIPA), Guidelines on Microbial Quality Management, (MQM) Edition of 1997
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1.1.3 Commonly encountered contaminants in the HP{ddustry

As there is no requirement for industry to publish information concerning contamination
incidents, systematic literature in this area is limited. Product recall data, however, is collated
by the FDA and the European Commission and made publicly available. Reports based on FDA
data for personal care and norsterile pharmaceutical products (Jimenez 2007; Sutton and
Jimenez 2012)and the Rapid Alert System for nofiood consumer products in the EU (RAPEX)
(Wong et al. 2000; Lundov et al. 2009) indicate the range of microorganisms found as
contaminants. Figure 1.1 illustrates the different types and proportions of microorganisms
associated with nonsterile products and was compiled with data from two published studies
which surveyed FDA productrecalls (Jimenez 2007; Sutton and Jimenez 2012)and data
directly obtained from the EU RAPEX website
(www.ec.europa.eu/consumers/consumers_safety/safety_products/rapex/index_en.htth ~ from  2005-2014

having a microbiological risk type.

The most common causes of product recallgiere unacceptably high levels of unidentified
aerobic mesophilic microorganisms, fungal (yeast or mold) growth, and the bacterial
contaminants P. aeruginosaand Burkholderia spp. (see Figure 1.1) Although the PA and
RAPEX reports differ in the relative proportions of groups otontaminating microorganisms,
Gramnegative bacterial species are particularly prevalent in industry. One repor{Jimenez
2007) documented that Gram-negative bacteria accounted for 60% of product recalls, with
fungal and Grampositive bacterial species accounting for approximately25% and 5%,
respectively. It is speculated that this bias could be due to the association @fam-negative
bacterial species with water contamination, as water is one of the most common raw materials
usedin HPC manufacturgJimenez 2007) Whilst dverse microorganisms can contaminate HPC
products, the majority of incidents are linked to only one species. Reports based on FDA data
has shown cecontamination represents about 5% of the total recall¢Jimenez 2007; Sutton and
Jimenea 2012), and EU RAPEX data suggests slightly higher at18%. In the majority of cc
contamination incidents only 2 specieswere reported as present, and the highest number of

different species isolated froma singleproduct was 5(Jimenez 2007)

It is not always easy to interpret the product recll data, as there is no indication of how

OET O1 OCE OEA EAAT OEZEAAOQETT DOT AAOOGAOG EAOGA AARAATT
i EAOI T OCAT EOI 66 AO OEA OAAOGIT A O OAAATT ETOII
culture-dependent techniques for identification may exclude fastidious or uncultivable isolates

(Orus and Leranoz 2005) We also have very little knowledge about industrial microorganisms

below the species level, for example whether certain strains are more prevalent in industry than

5
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others. With the exception of an incident where a contaminated mouthwash led to a mustiate
outbreak of Burkholderia infection in the USA(Kutty et al. 2007), few studies have sought to
apply epidemiological techniques to link strain types to contaminated products and/or
potential sources of contamination. Dedicated studies to assess the diversity of microbial

contamination in industry would therefore be incredibly informative.
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Figure 1.1 Microorganisms
associated  with  non -
sterile product recalls . The
different types of micro-
organisms, and the number
of times each group was
linked to a contamination
incidents is depicted
graphically for (A) FDA data
from 2004-2011 for 143
product recalls (Sutton and
Jimenez 2012) (B) FDA data
from 1995-2006 for 134
product recalls (Jimenez
2007), (B) FDA data from
1995-2006 for 134 product
recalls, and (C) EU RAPX
data from 20052014 for
176 product recalls with a
microbiological risk type
(collated in this study).
Percentage values are given
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1.1.4 Preservation of HPC products

Preservatives belong to a class ofhemical agents known as biocides which exhibit broad
spectrum antimicrobial activity (McDonnell and Russell 1999) Other categories of biocides
include antiseptics, which are used on living tissug and disinfectants, which are used on
inanimate objects (Orth et al. 2006). Whilst certain chemical compounds can be used for all
three applications, those used for preservation are generally incorporated into pharmaceutical,
cosmetic or other product types at low levels to prevent microbial spoilagéOrth et al. 2006).
Preservatives are not added to products to compensate fomadequate manufacturing
conditions, rather to prevent the proliferation of contaminants introduced by the consumer
after manufacture (Hiom 2008). There are high expectations of preservatives: to demonstrate
broad spectrum antimicrobial activity at permitted levels; to maintain activity throughout the
lifespan of the product; to not compromise product quality or performance, and; to not pose a
risk to consumer health (Elder and Crowley 2012) Choosing preservatives which encompass
all of these attributes is difficult as a number of factors affect preservative performance in
formulation. These factors include other formulation components, producpH, product Ay, the

intended shelf life of the product, and processing and storage conditioi®rth et al.2006).

Although there are over 50 preservatives available for use in HPC products, the most frequently
used preservatives over the last 25 years have belonged to three classes: the parabens, the
formaldehyde releasing agents, and the isothiazolinonggundov et al.2009). These classes are
desirable as they generally have broad antimicrobial activity and are stable over a wide pH
range (Lundov et al. 2009). Examples of commonly used preservativelassesare given in
section 1.1.5, along with examples of specific compounds in Table 1E¥en when efficacious, a
single preservative may be insufficient to protect complex formulgons from contamination and
spoilage (Orth et al.2006). Combhations of preservatives, often with different modes of action,
are therefore used to boost the spectrum of activity that can be achievé®rus and Leranoz
2005). Using combinations can lower the overall concentrations of individual preservatives,
which lessens consumer exposure and minimises the emergence of resistant or tolerant

organisms(Orth et al.2006).

In addition, certain combinations of preservatives may exhibit synergy, whereby the activity of
the combination is greater than would be expected from the simple addition of their individual
activities (Denyer et al. 1985). An example of a commercially available preservative
combination demonstrating synergistic activity is Phenonip, a mixture of phenoxyethanol and

parabens (Parker et al. 1968). Chemical compounds, known as preservative potentiators or

8
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preservative enhancers, are also incorporated into products to increase the antimicrobial

activity of preservatives (Orth et al.2006). These compounds are not regulated in the same way

as preservatives and are discussed fther in Section 1.1.57. Furthermore, other factors such as

pH and A, affect the ability of a product to support microbial growth and are taken into account

when evaluating a preservative system(Orth et al. 2006). In recent years there has been an

ET AOCAAGAA AT 1001 A0 AAI AT A A O GowidbdsodfeedA £EOA
OEA DPAOOITAI AAOA ETAOOOOU O OO0A 80RO OEDLOGA
formulations (Orth et al. 2006; Varvaresouet al. 2009). A combination of strategieshave been

assessei ET A1 OAET ¢ OEA OOA 1 &£ O(OOAT A 4AAETTITCUS
preservatives, often derived from plants, which are not uder the same regulations as classical

preservatives (Varvaresouet al.2009).

Preservaives are regulated for use in personal care products, with different regulations in
different regions. The European Communities Cosmetic Directive, the Ministry of Health and
Welfare and the FDA, regulate or restrict the use of preservatives in Europe, dapand the
United States, respectively. The legislation in Europe is outlined in the Council Directive
76/768/EC, within which annex Il to VII specify prohibited or approved preservatives, along
with their maximum in-use concentrations(Lundov et al. 2009). Changes to the content of the
annexes are based on recommendations from the SCCP, taking into account consumer safety
and adhering to the microbiological quality expectations of finished productg¢Lundov et al.
2009). In Japan, where the regulations are most stringent, the fewest numbers of preservatives
are permitted for use in products (Orth et al. 2006), and lists of approved and banned
substances are published by the Ministry of Health and Welfare under the Pharmaceutical
Affairs Law (Chisvert and Salvador 2011) The situation is different in the United States, as the
are no lists of approved preservatives, only a short list of substances banned or restricted by the
FDA (Chisvert and Salvador 2011) Due to the varying restrictions, it is very difficult for a
company to develop a preservative system that can be implemented in product formulations
globally (Orth et al. 2006). Regulations are in place to ensure that consumers are not at risk
from preservative exposure which has the potential to cause contact dermatitis if the
preservatives are skin sensitizers or irritants. In addition, other harmful activities are assessed,
for example the oestrogenic activity that has been associated with paraber{slarvey and
Everett 2004; Orthet al.2006).
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1.1.5 Key preservdives in HPC products

The following sections will introduce preservatives and preservative enhancing agents of
importance to the home and personal care industry, highlighting which compounds were used
in this study. A summary of preservative compounds ang@reservative enhancing agents is given
in Table 1.2.

1.1.5.1 Parabens

Parabens are alkyl esters of parhydroxybenzoic acid have been one of the most widely used
groups of preservatives in the personal care industrySoni et al.2001). The predominant forms
used in products include the methyl, rpropyl and the n-butyl esters (Table 1.2), which can be
added individually or in combination, swpplied by a range of manufacturergBrannan 1997).
Properties of parabens contributing to their utility as preservatives include a broad spectrum of
antimicrobial activity, stability over a wide pH range and at high temperatures, sufficient
solubility in water to achieve effective concentrations in products, and a low toxicitySoni et al.
2001). The antimicrobial activity of parabens increases as the chain length of the ester group
increases, but this also decreases the water solubility, meaning that the shorter chain length
esters are more commonly used in prducts (Soni et al. 2005). Parabens have higher activity
against fungi than bacteria and are more active against Grapositive than Gramnegative
bacteria (Soni et al.2005). They are primarily membrane active agents and disrupt the proton
motive force of the bacterial celllar membrane, which can lead to the acidification of the
cytoplasm (Lambert 2008). Other effects include the leakage of intracellular components and
the inhibition of amino and oxo acid uptakgBrannan 1997; Maillard 2002). Although parabens
are easy to formulate with and well tolerated, concerns over their safety to consumers have
arisen in the last two decades, which had led to changes to their use in Europe. Studies have
reported that parabens have been foundn human breast tumours and may have oestrogenic
potential (Harvey and Everett 2004) Whilst the link is still equivocal, amendments to the EU
Cosmetics Directive have bee made to prevent the use of long chain parabens
isopropylparaben, isobutylparaben, phenylparaben, benzylparaben and pentylparaben
(Commission regulation (EU) No 1004/2014, made on September ©82014), with the use of

other parabens regulated at 0.4% (sigly) or 0.8% (as a mixture).
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1.1.5.2 Formaldehyde and formaldehyde releasing agents

The use of free formaldehyde as a preservative is decreasing, instead organic compounds are
incorporated into products which hydrolyse gradually to release low levels of formalehyde
(Brannan 1997). Different formaldehyde releasing agents release varying amounts of free
formaldehyde into products (Brannan 1997). For the agent dimethyloldimethyl hydantoin
(DMDMH; trade name Glydant, manufactured by Lonza; Table 1.2), the rate of release of
formaldehyde is pH dependent, wih higher rates at an increased pH (4.0.5), compared to a
lower pH (3-5) (Lambert 2008). The broad spectrum antimicrobial activity of formaldehyde is
attributed to the overt reactivity of the molecule. Formaldehydeargets proteins, DNA and RNA,
reacting with several sites of importance on the biomolecules. Alkylation of amino, imino,
amide, carboxyl and thiol groups of proteins, and the ring nitrogen atoms of purine bases may
occur, which can result in the formationof intermolecular crosslinkages (Brannan 1997,
Denyer and Stewart 1998) Formaldehyde has been shown to be an irritant, a moderate to
strong allergen, and can be a potent sensitiser, with reported sensitisation rates between 1%
and 9% (Sasseville 2004) The concentrations of these preservatives are regulated in the EU,
with free formaldehyde being permitted at either 0.1% (for oral hygiene) or 0.2% (except oral
hygiene), and 0.6% for theformaldehyde releasing agent dimethylol dimethyl hydantoin
(DMDMH).

1.1.5.3 Isothiazolinones

Isothiazolinones are widely used in a variety of applications including cooling water, paper and
textiles, in addition to home and personal care productfLaopaiboonet al.2001). Suspensions
of isothiazolinones, rather thanpure compounds, are available commercialljLambert 2008),
which provide adequate preservation at low levels and have a broad spectrum of antimicrobial
activity (Brannan 1997). The predominant mechanism of action of the isothiazolinones is the
oxidation of thiol groups, found on enzymes and other proteins, which are essential for function.
Progressive loss of potein thiols disrupts pathways critical for cell metabolism and generates
free radicals which further damage the cel(Williams 2007). Chlorinated isothiazolinones may
also interact with non-thiol containing amino acids and interfere with DNA replicaibn (Collier
et al. 1990). Commercially available preservatives include methylisothiazolinone (MIT),
chloromethylisothiazolinone (CITMIT), benzisothiazolinone (BIT), and a blend known as
Kathon CG which is a registered trademark of the company Rohm and Haas. Kathon CG contains

CIT and MIT in the ratio 3:1, respectively, and was first introduced used in Europe in the
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cosmetics industry in the mid1970s (Sasseville 2004) The isothiazolinones are known to cause
contact damatitis and are sensitising agents. Focussing on CITMIT, the prevalence of contact
allergy in Europe has been found to fall between-2.5% (Lundov et al. 2009). In the EU only
MIT and CITMIT are permitted for usdn personal care products, at the concentrations 0.01%

and 0.0015% respectively.

1.1.5.4 Biguanides

The biguanide biocide blorhexidine (Table 1.2) is widely used in antiseptic products, as a
disinfectant and as a preservativgMcDonnell and Russell 1999) It has a broad spectrum of
antimicrobial activity being active against both Grarpositive and Gramnegative bacteria, low
toxicity and low irritancy (Moore and Payne 2008) The activity of biguanides is pH dependent,
generally between pH 39, with the range being narrower for chlorhexidine, between pH &
(Owen 2006). Chlorhexidine is a membrane active agent and damages the cell wall, promoting
its uptake into the cytoplasm(Maillard 2002). At lower concentrations chlorhexidine inhibits
membrane-associated enzymes and leads to leakage of cellular components, whasthigher

concentrations coagulation of cytoplasmic constituents is observe@Moore and Payne 2008)

1.1.5.5 Alcohols

Severalalcohols, including ethanol, phenethyl alcohol, benzyl alcohol and phenoxyethanol are
used as preservatives in personal care products, with phenoxyethanol being used more
frequently in recent times (Brannan 1997). Phenoxyethanol (Table 1.2) is compatible with most
raw materials, is easy to formulate in the aqueous phase, can withstand temperatures up to
85°C and has activity between PH 3 and 1Krowka et al. 2014). Whilst not as efficacious as
other preservatives such as the parabens, phenoxyethanol has good activity against Gram
negative bacterial species includind®. aeruginosaand may be used alone or in combination in
products (Orth et al. 2006; Lambert 2008). Phenoxyethanol is a membrane active agent,
disrupting cellular membranes and causing the leakage of intracellular componen{$aillard
2002). In addition, some evidence has shown that phenoxyethanol inhibits enzymes involved in
the tricarboxylic acid pathway (Gilbert et al. 1977). The low sensitisation potential of
phenoxyethanol has likely expanded its use in personal care producfi&rowka et al.2014) and

it is regulated to be used at a concentration of 1% in the EU.
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1.1.5.6  Organic acids

Organic acids are becoming increasingly popular for use as preservatives in personal care
products. The undissociated form of the acid is responsible for the antimicrobial activity which
means that for effective preservation, the pH of the product must belv 5 to prevent
transformation of the acid into its salt(Brannan 1997). Benzoic acid (Table 1.2) is one of the
longestused chemical preservatives ad has been used in a variety of industries such as the
food, cosmetics and drug industriegChipley 1983). Properties that make benzoic acid a useful
preservative include a low cost, ease of incorporation in to products andwotoxicity (Chipley
1983). The mechanism of action of benzoic acid is similar to the parabens, with both being
membrane active agents. Benzoic acid targets the proton motive force which leads to leakage of

intracellular contents and acidification of the cytoplasrm{Maillard 2002) .

1.1.5.7 Preservative enhancing agents

00AOCAOOAOGEOA AT EATAET ¢ ACAT 6O6h 10 OPOAOAOOAOGEOA
efficacy of the preservative without having to increase the preservative concentration, and are
not under the samelegislation as preservatives(Orth et al. 2006). Chelating agsts, such as
ethylenediamine tetracetic acid (EDTA), can potentiate the activity of many other antimicrobial
agents, including preservatives. EDTA has greatest impact on Gramgative bacteria and
removes divalent cations (Mg+* and Ca&+) from the outer membrane, increasing the permeability

of the cell (Brannan 1997). Polar compounds which resemble the phospholipid molecules
within the cell membrane bilayer have also been used to boost preservative activity by
interference with the cell membrane(Papageorgiouet al. 2010). Examples of such compounds
include caprylyl glycol, ethylhexylglycerin aml sorbitan caprylate, marketed under different
companies (Table 1.2). This PhD evaluated two cyclohexyloxyl derivative compounds (CX3 and
CX7; Table 1.2) and an efflux pumpmbhibitor ( phenyl-arginine-beta-naphthylamide; 0 ! 1 ag]
novel preservative boostes (see Chapter 6) Whilst no previous studieshave reported on CX3
and CX7, there is evidence thad ! 1 permeabilises the outer membrane of Grammegative
bacteria to certain antibiotics (Lamers et al. 2013) and therefore has potential to enhance

preservative efficacy.
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Table 1.2 Preservatives and preservative enhancing agents used in the HPC industry and in this study

the EU

(Collier et al.1990)

Chemical compound(s) Structure EU regulated level | Mechanism of actionreference) Tr_ade_ name Manufacturer
(% active ingredient)
HO iy 0.4% (one
Methyl paraben paraben) Nipagin®M (100%) Clariant
0.8% (paraben .
o) 0 . Parabens are membrane active
c mixtures) f
© agents and disrupt the proton
3 motive force, leading to
5 e L
S 0.4% (one acidification of the cell interior
HO O parab(en) (Lambert 2008). ) . ‘
Propyl paraben 0.8% (paraben Nipasol®M (100%) Clariant
9] mixtures)
%)
E ° .
g Methylisothiazolinone (MIT)? | 0.01% Isathiazolinones are oxidising Neolone M10 (9.7%) | Rohm & Haas
@ M agents and interact strongly with
@ 5 ™ thiol groups (R-SH) which are vital
o to the function of cytoplasmic and
0
Q membrane bound enzymegDenyer
S o O 0 and Stewart 1998) The disruption
= Chloromethylisothiazolinone . of cellular pathways also leads to .
-5 and M_ethyllsothlazpllnone .-"I \ | 0.0015% the production of free radicals, and Kathon CG (1.5%) Rohm & Haas
= blend in the ratio 3:1 (CITMITP | ~, g SJN& the inhibition of ATP synthesis and
3 utilisation (Williams 2007) .
Chlorinated forms may also interact
HNHS with non-thiol containing amino
i i acids and inhibit DNA replication
Benzisothiazolinone (BIT} Not permitted in Koralone B-120 (20%) Rohm & Haas
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Formaldehyde releasing
agents

Dimethylol dimethyl hydantoin
(DMDMH)

0.6%

Formaldehyde is a highly reactive
chemical and acts as a mutagen and
an alkylating agent. Interaction with
proteins and nucleic acids
containing amino, imino, amide,
carboxyl and thiol groups, can

result in intermolecular

crosslinking (Denyer and Stewart
1998).

Glydant(55%)

Lonza

Biguanides

Chlorhexidine (CHX}

21

Cla H HON_ =
G

0.3%

Chlorhexidine is a membrane active
agent which disrupts the
cytoplasmic membrane leading to
leakage of intracellular components,
and at high concentrations causes
coagulation of the cytoso(Maillard
2002)

Chlorhexidine
digluconate

SigmaAldrich

Alcohols

Phenoxyethanol (PHEY}

1.0%

Phenoxyethanol is a membrane
active agent and causes generalised
loss of cytoplasmic membrane
function and changes in outer
membrane structure, leading to
leakage of intracellular constituents
(Brannan 1997; Maillard 2002)

Phenoxetol (100%)

Clariant

Organic acids

Benzoic acid (BA)

2.5% (rinse off)
1.7% (oral care)
0.5% (leaveon)

Organic acids are membrane active
agents. In addition to disrupting the
proton motive force, which leads to
acidification of the cell interior,
organic acids also cause the leakagg
of intracellular components
(Maillard 2002)

SigmaAldrich
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O
2]
= ,u\\ o} EDTA chelates My and C&* ions
2 HO N OH from the Gram-negative bacterial
o Ethylenediaminetetraacetic outer membrane, disrupts ) . .
'% acid (EDTA) HO\rH ﬁ\_N membrane integrity and increases SigmaAldrich
0] OH permeability to antimicrobial
) 0 o agents(Vaara 1992)
Caprylyl glycol (also known as HG/Y\/\/\ Dermosoft®Octiol Dr. Straetmans
0 1, 2-Octanediol)
g_ HO These molecules have surfactant
] properties, being composed of a
2 hydrophilic head region and a ;
. S ® SC 50 .
@ ; Ethylhexylglycerin Nj/\o/\ol/\o"' hydrophobic tail region, and affect ensiva Schiilke
S 8 H the interfacial tension at the cell
2 g membrane, aiding preservative
= % o HQ_ oH penetration (Varvaresouet al.2009;
2 Sorbitan caprylate — 0 w Papageorgiotet al.2010; Pilz 2012) Velsan SC Clariant
8
g
] a o'r. EO Al AEmE O
s E 9 W 0 which inhibits multiple Gram-
@ ago Phenylarginine-beta- N\)k negative RND-family transporters . .
£ 52 |1 ADEOEUI Al EAA j WYY by competitive inhibition of - SigmaAldrich
5 E i JNKH substrate binding sites(Okandeji et
NTONH, al.2011)
- H-OH
L X
o9
v 2 CXx32 CX3 (96%) Merck
222 o H
39 § -~ 0
E @ "§ Mechanism of action unknown
o =
O C =
— 0 Q
ER=AC HO{,O H
2 § CX72 é CX7 (100%) Merck
(3]

Footnotes:1EU Cosmetics Directive 76/768/EEC maximum regulated levels of preservativéRreservatives and preservative enhancing agents used in this studNot currently
used as preservative enhancers, only evaluated by this study
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1.2 Pseudomonas aeruginosa

1.2.1 P. aeruginosas an opportunistic pathogen and industrial contaminant

P. aeruginosas an extremely versatile microorganism with the ability to survive in diverse
habitats including soil, water, plant and animal tissues, community and hospital @monments
(Morrison and Wenzel 1984; Stoveret al. 2000; Kerr and Snelling 2009) First isolated in B82
by the French pharmacist Carle Gessard from an infected surgical wouf@essard 1882) P.
aeruginosa has subsequently been recognised as an important opportunistic pathogen in
humans. A broad spectrum of illness may be caused By aeruginosancluding pneumonia,
urinary tract infections, wound and burn infections, bacteraemia and septicaemiéerr and
Snelling 2009). The majority of these infections are encountered in healthcare settings and are
rare in healthy individuals. P. aeruginosas the major pathogen in cystic fibrosis patients iad is
responsible for chronic, lifethreatening pulmonary infections which are extremely difficult to
eradicate (Gomez and Prince 2007) Of great concern is the limited number of effective anti
pseudomonal drugs and increasing rates of antimicrobial resistance amongst clinical isolates

(Rossolini and Mantengoli 2005)

Many factors contribute to the widespread prevalence ofP. aeruginosaand its success as an
opportunistic pathogen. Although considered an obligate aerobeR. aeruginosacan exhibit
anaerobic metabolism in the presence of nitrates or the amino acid arginine Anaerobic
metabolism may enhance the survival ofP. aeruginosan the soil or in certain animal tissues
where molecular oxygen is scarcgVasil 1986). P. aeruginosaalso has minimal nutritional
requirements, exemplified by its ability to grow in distilled water (Favero et al. 1971; Kayseret
al. 1975), and displays high levels of metabolic versatility, being able to utilise over 75 organic
compounds for growth (Stanier et al. 1966). In addition, P. aeruginosacan withstand a wide
temperature range of between 20C and 42C, with an optimum of 37C (Morrison and Wenzel
1984). Tolerance for many different antimicrobial agentgKerr and Snelling 2009)also permits
the persistence ofP. aeruginosan varied environments. In the compromised host, a multitude
of virulence factors possessed by. aeruginosapromote successful infection. Regulation of
these factors is efficient and largely by means of quorum sensing, a form of delicell
communication. Quorum sensing pathways are also important in the formation of biofilms,
both on living and abiotic surfices, which offerP. aeruginosaprotection from extraneous
stresses and facilitate the sequestration of nutrient§Wagner et al. 2008).  Notably, pigment
production is characteristic of P. aeruginosaand can be used as a means for its identification.

Pyocyanin, the bluegreen phenazine pigmen(Vasil 1986), is exclusively produced by some, but
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not all, P. aeruginosatrains (Haynes 1951)and can be considered a virulence factor as it plays a

role in infection (Lau et al.2004).

To date, the focus ofP. aeruginosaresearch has been the pathogenesis, epidemiology and
treatment of infections caused by clinical strainsOutside of healthcare settingsn the natural
environment, P. aeruginosgopulations have not been as thoroughly investigate@Lavenir et al.
2007). Even less is known abouP. aeruginosan industrial settings, despite itbeing a problem
contaminant of raw materials, pharmaceutical and cosmetic product§limenez 2007)Figure
1.1), and other industrial products such as fuelEdmonds and Cooney 1967; Whitet al.2011).
Contamination is a major cause of product recalls worldwide and, more seriously, represents a
threat to the health of consumers(Jimenez 2001a) In order to begin to understand P.
aeruginosain an industrial context, isolates from contaminated products need to be identified,
the diversity of strains associated with contamination surveyed, and the mechanisms which

permit the survival of P. aeruginosan industrial formulations elucidated.

1.2.2 Methods for the detection and identification ofP. aeruginosa

The routine detection of bacterial species in medical and industrial settings is largely still via
culture-dependent techniques(Orus and Leranoz 2005; van Belkurret al. 2013), which are
relatively inexpensive, generally reliable and identify most of the commonly encountered
bacteria (Woo et al. 2008; Deschaghtet al. 2011). In the case ofP. aeruginosa numerous
selective agars and broths have been developed for its isolation, most of which exploit the
tolerance of P. aeruginosato antimicrobial agents and generally inhibit the growth of other
bacteria. Media using positie selection strategies have also been described, such as those
containing acetamide (Hedberg 1969; Smith and Dayton 1972Szita et al. 1998; Szitaet al.
2007) and asparaging(Faveroet al.1971) both of which P. aeruginosaan use as the sole source
of carbon and nitrogen.More recently a chromogenic media for the detection dP. aeruginosa
has been developed, which claims to be selective and differential for simultaneous detection and
identification (Laine et al. 2009). A summary of selective media foP. aeruginosas given in
Table 1.3. Whilst production of pyocyanin can unequivocally identifi?. aeruginosathis pigment

is not produced by all strains under diffeent conditions (Smirnov and Kiprianova 1990) In
these cases, and when selectivity of the medium is doubted, furtheiagnostic tests can be
performed to confirm the isolation of P. aeruginosdPhillips 1969). In addition, commercial kits
are available for the identification of bacteria such as the API identification schemes
(Biomerieux, Les Halles, France) and theutomated Vitec® (Biomerieux) system, which assess

severaldifferent biochemical tests simultaneously, can also be used for bacterial identification.
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Genotypic identification methods have a number of advantages over cultugependent
techniques including that theycircumvent the problem of phenotypic variability under different
growth conditions. This is especially relevant in the case &. aeruginosawhich can display
variable colony morphology and levels of pigment production which may confound phenotypic
identification (Spilker et al. 2004). In addition, selective culture media may not always have
sufficient selectivity and have been demonstrated to misidentify notP. aeruginosdluorescent
pseudomonads from environmental (river water) samples a$. aeruginosgPirnay et al.2005).
PCR and gPCR formats, including both SYBR Gréaised gPCRJaffeet al.2001; Qinet al.2003;
Motoshima et al. 2007; Choiet al. 2013) and hydrolysis probe-based gPCRAnNuj et al. 2009),
have been developed for the detection d?. aeruginosaTo date hese formats hae targeted ten
different genes/regions, attaining speciesspecificity through choice of primer sequencegTable
1.4). As can be seen from Table 1.the primers pairs evaluated by multiple studies have high
specificity (except for thefliC primer pair) and sensitivity. These PCRs have been applied to
DNA extracted from pure P. aeruginosacultures in addition to clinical and environmental
samples (Deschaghtet al. 2011). There is opportunity for the design of improved PCRs foP.
aeruginosa however, through the utilisation of the increasing number of genome sequences

available for the speciegChoiet al.2013).

In addition to the application of speciesspecific PCRs to the detection of bacteria, 16S rRNA
gene sequencing can be performed to identify bacterial species. This type of analysis may be
used to provide species identification for cultivated isolategJanda and Abbott 2007; Woet al.
2008), or applied to DNA extracted directly from samples, also giving an idea of the total
diversity present (Salipante et al. 2013; Dickson et al. 2014). Studies comparing
conventional/commercial tests examining phenotypic characteristics to &S rRNA gene
sequence data for cultivated isolates have determined that 16S rRNA gene analysis facilitated
the identification of an increased number of species and had identification rates between 62
91% (Janda and Abbott 2007) Studies utilising nextgeneration technologies to perform deep
sequencing of 16S rRNA genes in clinical samples such as sput{8alipante et al. 2013) and
bronchoalveolar lavage fluid (Dickson et al. 2014) found that in general the results of
conventional culture and sequencing were concordant, although segncing facilitated the
identification of a greater number of species than culture. There is therefore the potential for
16S rRNA gene sequencing to be used in diagnostic microbiology but attention is needed to
ensure correct data interpretation (Woo et al. 2008). Furthermore, the limited phylogenetic
resolution that can be achieved with the 16S rRNA gen@anda and Abbott 2007)and the

limitations of DNA extraction techniques have to be considere@eschaghtet al.2011).
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Table 1.3 Selective agents and media for the culturdependent isolation ofPseudomonas aeruginosa

Selective agents Concentration Name of medium Comment Reference
(/L)
Individual selective agents
Triclosan 0.025 Pseudomonas Isolation Agar (PIA)  Modified from Kings Medium A* (Kinget al. 1954) by the addition of triclosan; )
[Sigma! 1| ACEAEN "$ $ triclosan also termed Irgasan in PIA
Cetrimide 1.0 Cetrimide agar O/ 1 A8 & Of T &£ AAOCOEI EAA ET 1 OOOEAT O A (Lowbury 1951)
- 6. Ax8 &I O T &£ AROOEI EAA j AAGAOGI T T q EI .
Cetrimide agar OOAEEAEAT O OAl AAOEOEOU OEAT OEA 611 Ag (towburyandColins 1955)
03 Cetrimide agar Cetrimide (cetavlon) in Kings medium B** (Kinget al. 1954) (Brown and Lowbury 1965)
’ Pseudosel Agar [BD " , AY Moadified from Kings medium A (Kinget al. 1954) by the addition of cetrimide -
Pseudomonas Cetrimide Agar o
[Oxoid Ltd.] Modified from Brown and Lowbury (1965) -
Asparagine 3.0 Asparagine broth Developed for the isolation ofP. aeruginosdrom water samples (Faveroet al.1971)
Acetamide 10 Acetamide medium Modlfled from Christensen (1946). Peptone included as carbon source, acetamide as (Buhlmann et al. 1961)
nitrogen source.
20 Acetamide agar Acetamide as carbon and nitrogen source (Hedberg 1969)
Acetamide broth Madified from Hedburg (1969). Acetamide as carbon and nitrogen source (Smith and Dayton 1972)
gg gﬁgﬁrz Developed for the isolation ofP. aeruginosdrom food and water (Szitaet al.1998)
Nitrofurantoin 0.05 Nitrofurantoin agar/both - (Thom et al.1971)
G-390 (9-chloro-9- 0.03 - G-390 in Kings Medium B (agar) (Marold et al.1981)
(4- ’ - G-390 in Brain heart Infusion broth and MuellerHinton agar (Faderet al.1988)
diethylaminophenyl) Range of ©390AT 1 AAT OOAOET 1 O AOAI ODAOAARI m8mpu .
-10-phenylacridan 0.001-0.05 - also looked at (Daviset al.1983)
hydrochloride AT T AAT OOAOGET T O ET AOAET EAAOC
Y/ ) 0.050.1 i Rangeof@ wm Al T AAT OOACEIT O ET AOAET EAAOC (Araj 1984)

optimum. Claims to identify P. aeruginosavithin 4 hours

Cadmium chloride -
Combinations of selective agents

(Drake 1966)

Cetrimide (C) 0.2 (C) S . _ i
Nalidixic acid (N) 0.015 (N) Nalidixic acid cetrimide agar (Goto and Enomoto 1970)
0.2 (C) PSR . Cetrimide-nalidixic acid agar (formulation of Goto and Enmoto, 1970) evaluated and .
0.015 (N) Cetrimide-nalidixic acid agar found to be superior to cetrimide agar of Brown and Lowbury (1965) (Lilly and Lowbury 1972)
0.2 (C) Pseudomonas Agar Base with-8 GN supplement has selective agents in the same concentrations as those of Goto ar _
0.015(N) supplement [Oxoid Ltd] Enmoto (1970) and Lilly and Lowbury (1972)
G390 0.03 (G390) PC agar superior to media containing only-B90 as selective agent. Phenanthroline
Phenanthroline (P) 0'03 ®) PC Agar alone not selective forP. aeruginosadut in PC agar suppressed the growth of neR. (Campbellet al.1988)
) aeruginosastains
Kanamycin (K) 0.008 (K) mPA Agar (Levin and Cabelli 1972)
Na“d'X'C. aqd (N) 0.037.(N) mPA-B Agar Developed for the isolation and enumeration oP. aeruginosdrom water samples (Dutka and Kwan 1977)
Sulfapyridine (S) 0.176 (S) . NN
0.008 (K) using a membrane filtration procedure
0.037 (N) mPA-C Agar (Brodsky and Ciebin 1978)
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Table 1.4 Detection of Pseudomonas aeruginosssing PCRbased methods: target genes and primer pairs

[ Gene Primers Primer OANOAT AA jud Product size (bp) Specificity/sensitivity (%) Reference
16S rRNA PA-SSF GGGGGATCTTCGGACCTCA 956 100/100 (Spilker et al.2004)2
PA-SSR TCCTTAGAGTGCCCACCCG 94/100 (Lavenir et al.2007)
16S23S rRNA PAl TCCAAACAATCGTCGAAAGC . b
TS PA2 CCGAAAATTCGCGCTTGAAC 181 100/100 (Lavenir et al.2007)
oorl OPR1 GCTCTGGCTCTGGCTGCT 197 99/98 (Qin et al.2003)
P OPR2 AGGGCACGCTCGTTAGCC 80/100 (Lavenir et al.2007)
100/100 (De Voset al.1997)a
- PALL ATGGAAATGCTGAAATTCGGC s 86/100 (Anu et a1,2009)
100/100 (Jaffeet al.2001)
PAL2 CTTCTTCAGCTCGACGCGACG 86/100 (Lavenir et al.2007)
. Flal GCCTGCAGATCGCCAACC . c
fliC Fla2 GGCAGCTGGTTGGCCTG 1000/1300 13/100 (Lavenir et al.2007)
ECF1 ATGGATGAGCGCTTCCGTG 528 100/100 (Lavenir et al.2007)a
ECF2 TCATCCTT! T T
ecfX € CATCCTTCGCCTCCCTG 100/0 (Choiet al.2013)
ecfxF CGCATGCCTATCAGGCGTT . R
ecfXR GAACTGCCCAGGTGCTTGC 63 1007100 (Anuj et al.2009)
100/100 (Anuj et al.2009)
GyrPA398 CCTGACCATCCGTCGCCACAAC 100/100 (Qin et al.2003)2
gyrB 222 100/98 (Motoshima et al.2007)
GyrPAG620 CGCAGCAGGATGCCGACGCC 100/100 (Lavenir et al.2007)
70 (approx.)/100 (Choiet al.2013)
ecfxF CGCATGCCTATCAGGCGTT 63
ecfXR GAACTGCCCAGGTGCTTGC .
eciX+gyrB GyrPA398 CCTGACCATCCGTCGCCACAAC 222 100/100 (Anuj et al.2009)
GyrPA620 CGCAGCAGGATGCCGACGCC
>95/>95 (Khan and Cerniglia 19943
toXA ETA1 GACAACGCCCTCAGCATCACCAGC 206 100/94 (Qin et al. 2003)
(Exotoxin A) 100/95 (Lavenir et al.2007)
ETA2 CGCTGGCCCATTCGCTCCAGCGCT 100/98 (Anuj et al. 2009)
VIG1 TTCCCTCGCAGAGAAAACATC 100/89 (Qin et al.2003)
algD GDP 520
mannose . (da Silva Filhoet al. 1999)2
VIG2 CCTGGTTGATCAGGTCGATCT 100/100;100/100 (da Silva Filhoet al. 2004)
O-antigen acetylase CTGGGTCGAAAGGTGGTTGTTATC 232 100/100 (Choiet al.2013)

PA431CF

Footnotes:aFirst study to describe and evaluate particular primer pairPPrimers first described by Tyler et al.(Tyler et al. 1995); cPrimers first described bySpangenberget al.

(Spangenberg et al. 1996)
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1.2.3 P. aeruginosayenotyping. diversity and population structure

DNA-based typing systems (Tabld..5) are invaluable tools in epidemiological investigations and
many different methods have been developed for typing below the species level. From a clinical
perspective genetic typing is extremely useful, particularly in outbreak situations, as it allows
guestions to be answered concerning the source and route of transmission of pathogens. In
addition to this, typing can provide information about the clonality of a pathogen and identify
hyper-virulent strains (Olive and Bean 1999)Strain typing also may be of use in industry when
dealing with bacterial contamination (White et al.2011). For example, the application of genetic
typing techniques in industrial settings could determine whether contaminating isolates share a
common genotypeand if contamination is occurring from a common surce, such as the water
supply. With regards to P. aeruginosagenetic typing methods have been used extensively to
determine the epidemiology ofP. aeruginosanfection, notably infections contracted by cystic
fibrosis patients (van Mansfeld et al. 2010; Fothergill et al. 2012). Typing methods arealso
useful when applied to the broader investigation ofP. aeruginosadiversity and population

biology.

The population structure of P. aeruginosaas been the subject of investigations and the current
general consensus is that of a nenlonal epidemicstructure (Pirnay et al. 2009; Dettman et al.
2013). From these analyses, it appearghat isolates from different environments are
genotypically and functionally indistinguishable from one another(Nicas and Iglewski 1986;
Romling et al. 1994; Rahmeet al. 1995; Foghtet al. 1996; Alonso et al. 1999), and different
strains exhibit no clear selection for a particular habitat (Pirnay et al. 2009), demonstrated by
globally distributed clonal types such as clones C and PAI#ummler et al. 2014). However,
evidence which contends thisexists, mmplicating the consensus model andncludes the
association of multidrug resistant clones with the nosocomial environmentPirnay et al.2009),
transmissible P. aeruginosaclones within cystic fibrosis patients (Lanotte et al. 2004; van
Mansfeld et al. 2010), a cluster of strains associated with corneainfections (Stewart et al.
2011), and certain clonal complexes withriver systems (Selezskaet al.2012) or the open ocean
(Khan et al. 2008). This suggests that the population is made up of epidemic clonal types that
are generally ubiquitous, in addition to niche specialistsTummler et al. 2014). With the
exception of a small number of studiegPirnay et al. 2005; Khan et al. 2008; Selezskaet al.
2012) P. aeruginosaesearch has largely had a clinical focus. Little is known aboBt aeruginosa
populations outside of the nosocomial environmen{Lavenir et al. 2007), as even those studies
including environmental isolates in their collections have done so in relatively small

proportions (10-25%), and mainly considered the clinical implications of their findings
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(Selezskaet al.2012). The diversity of P. aeruginosastrains in industrial settings and relation

to overall population biology of the species is as of yet unknown.

Table 1.5 Genotyping methods which have been used fétseudomonas aeruginosa

Typing method

Description of method

Comments References

Fingerprinting methods z strain -specific banding patterns resulting from the electrophoretic separation of

DNA fragments
PulsedField Gel
Electrophoresis
(PFGE)

Random Amplified
Polymorphic DNA
(RAPD) typing

Repetitive 7
element PCRs
(BOX and ERIE
PCR)

Bacterial cells embedded within
agarose plugs are lysed and the
bacterial chromosome digested
within an infrequently cutting
restriction enzyme. The digested
plugs are inserted into an agarose gel
and subjected to electrophoresis
(PFGE). The polarity oftte current in
the PFGE apparatus is periodically
alternated to allow the separation of
large DNA fragments (16800 kb).
The resulting banding pattern can
then be visualised.

RAPD (also known as arbitrarily
primed-PCR) uses short primes
(approximately 10 bp) of arbitrary
sequence which bind, at low
stringency conditions, to
complementary sequences
distributed around the bacterial
chromosome. If two primers anneal
in the correction orientation and
within a few kilobases of each other,
PCR amplification will occur. This
results in DNA fragments of varying
sizes which can be separated by
electrophoresis and visualised.

RepPCR assays target highly
conserved repetitive sequence
elements distributed throughout
bacterial genomes. Two groups of
these elements have been used in the
strain typing of P. aeruginosa
enterobacterial repetitive intergenic
consensus (ERIC) sequences and BC
elements. Using primers which are
complementary to either ERIC or
BOX elements, DNA sequences of
different lengths between the
elements can be amplified, separated
by electrophoresis and visualised.

Sequence-based methods

Previously widely used and (Olive and Bean
T £0AT AT 1 OEAAO/ 1999; Syrmis et al.
OOAT AAOABtho@ U D ET 2004; Fothergill et
Highly discriminatory but time-  al. 2010)
consuming, expensive and

labour- intensive, and minor

genetic changes (point

mutations/insertions/deletions

) may alter results

RAPD is very discriminatory, (Mahenthiralingam
fast and inexpensive. The RAPL et al. 1996; Olive
process is sensitive to changes and Bean 1999)

in PCR conditions (particlarly

the annealing temperature),

however, which may affect the

binding of the primers leading

to variability in banding

patterns. In addition, RAPD

protocols must be optimised for

different species using different

primers and reaction conditions

making standardisation of this

approach difficult. The RAPD

272 primers have been

demonstrated to have high

discriminatory power for use in

the strain typing of P.

aeruginosa

RepPCRsre inexpensive and  (Versalovic et al.
fast. They target conserved 1991; Olive and
repetitive elements and use Bean 1999; Syrmis
highly stringent conditions so et al.2004)

are stable and relatively easily

standardised. RegPCRs are

reported to have good

concordance with PFGE results

but generally have slightly less

discriminatory power.
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Multilocus
sequencing typing
(MLST)

Whole genome
sequencing and
bioinformatic
analysis (e.g. using
Ribosomal
Multilocus
Sequencing
Typing [rMLST])

MLST indexes the variation of the
sequences of several bacterial
housekeeping genes. The genes
included in an MLST scheme are
different for different bacterial
species. Fragments of the
housekeeping genes are amplified
using PCR and sequenced. F@ach
housekeeping gene, distinct
sequences are given an allele
number, and the combination of
different allele numbers defines the
sequence type (ST) of a particular
isolate. STs can be compared via an
internet database.

Genome sequencing andubsequent
bioinformatic analyses can allow
phylogeny and genetic relationships
between genomes to be inferred. For
example,rMLST is a recently
described scheme which analyses the
sequences of the 53 genes encoding
the bacterial ribosomal protein
subunits. As these genes are
distributed throughout the
chromosome whole genome
sequences are needed for the
analyses.rMLST has great potential
for both taxonomic and typing
analyses across all levels of bacterial
diversity, and similarly to MLST, an
expandable internet database has
been established.

Micro -probe ar ray based

Clondiag Array
Tube

The Array Tube system probes both
the core and accessory genome 6.
aeruginosa Labelled DNA from 58
targets distributed around the
genome is generated directly from
bacterial colonies by cycles of
multiplex primer extension reactions.
This DNA is then hybridised onto a
microarray chip and detected
colourimetrically to generate an
electronically portable 58-binary
marker genotype.

As MLST uses sequence data it (Curran et al. 2004;
is an unambiguous and Jolley et al. 2004,
electronically portable typing Khanet al.2008)
technique. At present the costs

of sequencing multiple genes

for a large isolate collection are

still relatively high. The MLST

scheme forP. aeruginosa

utilises the sequences of 7

housekeeping genesacsAaroE,

guaA mutL, nuoD, ppsAand

trpE. A curated MLST database

for P. aeruginosdas been

established.

A complete genome sequence is (Jolleyet al.2012a)
the ultimate means to define

the genotype of an isolateand

cost of genane-sequencing is

now becoming cost effective at

approximately £50-200 per

isolate, dependent on genome

size.

The Clondiag ArrayTube
process is rapid, inexpensive
and robust. As the technique
interrogates the accessory
genome, in addition to the core
genome, the presence of
virulence markers and genomic
islands can be identified. This
technique has proved useful for
identifying isolates of the
Liverpool Epidemic Strain (LES)
of P. aeruginosa

(Wiehlmann et al.
2007b; Mohanet al.
2008; Fothergill et
al. 2010)
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1.2.4 P.aeruginosagenomics and evolution

The large genome oP. aeruginosainderpins its adaptive capabilities. Being between 5.2 and 7
Mbp (Schmidtet al. 1996), the P. aeruginosagenome is one of the largest observed fagram
negative bacteria and has huge ading capacity and complexity. From the genome ofP.
aeruginosaPAOQO] the first P. aeruginosastrain to be sequencedStover et al.2000), it was seen
that a relatively high proportion of geneswere involved in regulation (over 8% of the genome)
energy metabolism andtransport of small moleculesreflecting ecological flexibility. The size of
the genome indicates genetic and functional complexity rather than gene duplication, with a
large number of paralogous gene groups being identifieBilby et al.2011). There are still over
2000 genes in theP. aeruginosaPAO1 genome of unknown function highlighting our limited

insight into the full genetic repertoire of the speciegTummler et al.2014).

To date, over 1000P. aeruginosagenomes have been sequenced, with many projects ongoing
(Rumbaugh 20148 & Oi i OEEO xA EAOA 1 AMPOderOginGs&Edmprisd@E A OATl
approximately 4000 genes and is generally well conserved among clonal complexes, showing

sequence diversities of 0.8).7% (Klockgether et al.2011)8 4EA OAAAAO&ENBUS CAT
AAT 6O ¢mpb 1T &£ OEA CATTi Ah EO OAOEAAT A AAOxAAT OC
bl AOOEAEOQOUS j2' 0q AOOT AE A@®AckgetheEeDdE 20F1f ToErldr &t OAT CA’
al. 2014). Analysis of the accessgrgenomes of sequenced isolates has identified many genes

involved in metabolism, virulence and antibiotic resistancgRumbaugh 2014) in addition to

over 10,000 unique genes, hinting at a pagenome that potentially exceeds 100,000 genes

(Tummler et al. 2014). P. aeruginosehas access to a broad gene pool as acquisition of foreign

DNA into the RGP can be from othdP. aeruginosastrains, Pseudomonads, or Gramegative

species such as€scherichia color Salmonella entericgPohl et al.2014).

Advances in genome sequencing have facilitated large scale studies of genome evolutioR.in
aeruginosa ChronicP. aeruginosalung infections are observed in 6870% of cystic fibrosis
sufferers (Folkessonet al.2012), with over 50% of cases harbouring tk initially acquired clone
long-term (Tummler et al. 2014). This provides an opportunity to study genome evolutiorin
vivo over decades. In addition to phenotypic adaptive traits, such as variation in colony
morphology andalginate production, motility, virulence and antimicrobial resistance(Mowat et

al. 2011), genomic changes are now being elucidated. Whilst no two studies have reported the
same results, trends have emerged: (1) isolates are genotypically diverse, and @idns have
been found in a range of gene@-eliziani et al. 2014); (2) hypermutability is observed, often to
high levels, due to mutations in genes such asutSand mutL involved in DNA mismatch repair

(Marvig et al. 2013; Feliziani et al. 2014); (3) mutations in mucA are observed leading to
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overproduction of alginate and conversion to the mucoid phenotypé€Folkesson et al. 2012),
and; (4) frequent mutation and loss of function oflasR a transcriptional regulator of quorum
sensing, which can decrease the expression of many virulence ger{éslkessonet al. 2012).
Further work is required, however, to understand pathoadaptive mutations correlating with the
evolutionary success oP. aeruginosgopulations and subpopulations within the cystic fibrosis

lung.

1.3 Bacterial resistance to antimicrobial agents with reference to P. aeruginosa

1.3.1 Antimicrobial agents: antibiotics and biocides

The resistance ofP. aeruginosao antimicrobial agents has been widely documented, although
considerably more literature reports on antibiotic resistance than biocide resistance. At
present, the antibiotic resistance ofP. aeruginosaappears to be increasing and multidrug
resistance s common in clinical settings. It is particularly worrying that no individual antibiotic

is active against 100% of nosocomiaP. aeruginosasolates (Rossolini and Mantengoli 2005)
This poses significant problems for the continued successful treatment dP. aeruginosa
infections. The modes of actin of antibiotic classes and are well defined and antibiotics
generally have specific cellular targets. Resistance may be intrinsic, adaptive, or acquired,
either through mutations in chromosomal genes, or via horizontal gene transfer of genes

conferring a resistance phenotypgTenover 2006).

Biocides (antiseptics, disinfectants and preservatives) are chemical agents that inactivate
microorganisms, are generally broad spectrum and have many applications in clinical, domiest
and industrial settings (McDonnell and Russell 1999) Table 1.6illustrates classes of commonly
used biocides, their uses and general mechanisms of action. Unlike antibiotics, the mechanisms
of action of biocides are not well elucidated and biocides appear to have multiple cellular
targets. The bisphenol biocide triclosan is an exception, however, and in addition to having
generalised detrimental effects at higher concentration§Regos and Hitz 1974; Gomez Escalada
et al. 2005), acts on a specific cellular targetepoykacyl carrier protein (ACBH reductasg at
lower concentrations (McMurry et al. 1998). The activity of biocides is influenced by numerous
factors including contact period and temperature of contact, presence of interfering rerials
and concentration in formulation (Russell and McDonnell 2000) further complicating our

understanding of their mechanisms of action.
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Bacterial resistanceto biocides has been recorded as far back as the early 1950s, with the
identification of the tolerance of P. aeruginosao the quaternary ammonium compound (QAC)
cetrimide (Lowbury 1951). SubsequenthyP. aeruginosdhas been recorded to have resistance to
other QACssuch asbenzalkonium chloride (Adair et al. 1969; Langsrudet al.2003) and didecyl
dimethylammonium chloride (Langsrud et al. 2003), isothiazoinones (Brozel and Cloete 1994;
Winder et al. 2000), chlorhexidine (Nakahara and Kozukue 1982) triclosan (Russell 2004),
formaldehyde (Wollmann and Kaulfers 1991) zinc pyrithione (Abdel Malek et a. 2009) and
heavy metal ions(Nakahara et al. 1977), amongst others The resistance mechanisms d®.
aeruginosato biocides are not well defined but it seems likely that intrinsic and adaptive

resistance play a large rolédMcDonnell and Russell 1999)
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Table 1.6 Commonly used biocides: classes, mechanisms of action and uses

General mechanisms of action

Classes

Examples

Uses

BIOCIDES

Electrophiles

Membrane active

Oxidants

Protonophores Electrophiles

Lytic

Multiple cellular targets

Oxidisation of organic material for a

rapid speed of kill

Multiple cellular targets
Inactivation of enzymes through
covalent reactions with cellular

nucleophiles

Initiation of free radical formation

Target mainly cell membrane

Disruption of proton motive force,

rendering cell membrane unable to
maintain pH levels. Acidification of the

cell interior and disruption of
metabolism

Target mainly cell membrane

Destabilisation of membranes leading
to leakage of cellular components/cell

lysis

Halogen releasing compounds

Peroxycompounds
Aldehydes

Formaldehyde releasing agents

Isothialzolones

Heavy metal derivatives

Parabens

Weak Acids

Pyrithiones

Quaternary ammonium
Compounds

Biguanides

Phenols

Alcohols

Chlorine compounds

lodine compounds
Hydrogen peroxide

Formaldehyde

Hydantoins
Oxazolidines
Methylisothiazolinone
Chloromethylisothiazolone
Benzisothiazolinone
Bronopol

Cu, Hg, Ag compounds

Methylparaben
Propylparaben
Sodium Benzoate
Benzoic acid
Sorbic acid
Sodium pyrithione
Zinc pyrithione
Cetrimide
Benzethonium chloride

Chlorhexidine

Triclosan
Hexachlorophene
Phenoxyphenol
Ethyl alcohol
Isopropyl alcohol

Antisepsis, cleaning,
disinfection

Disinfection, preservation

Antisepsis, disinfection,
preservation, sterilisation

Antisepsis, preservation
Disinfection, preservation
Preservation
Antisepsis, disinfection,

preservation

Preservation

Antisepsis, preservation

Preservation

Antisepsis, cleaning,
disinfection, preservation

Antisepsis. antiplague agents,

disinfection, preservation

Antisepsis, antiplague agents,

preservation

Antisepsis, disinfection,
preservation

Footnotes: information from (McDonnell and Russell 1999; Chapman 2003a; Moore and Payne08)Abdel Maleket al.2009)
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1.3.2 Intrinsic resistance

P. aeruginosademonstrates high levels of intrinsic resistance to antibiotics and biocides of
different classes. Intrinsic mechanisms contribute to resistance towards antibiotics such as the
[ -lactams, older quinolones, chloramphenicol, tetracycline, macrolides, trintlgoprim -
sulfamethoxazole and rifampin(Rossoliniand Mantengoli 2005)and several biocides, including
QACs, triclosan, formaldehyde and chlorhexidingStickler 2004). This resistance is multi
factorial and largely due to the concerted action of a low overall outer membrane permeability
and efflux pumps. In addition, a number of chromosomally encoded factors contribute
(Hancock 1998)

Generally, Gram-negative bacteria have higher levelsof intrinsic resistance than Gram-positive
bacteria and this is due to the composition of the cell wa{McDonnell and Russell 1999) The
Gram-negative cell wall is a complex, multilayered structure (Figure 1.2): the outer membrane
acts as a sempermeable barrier to restrict the influx of molecules such as antimicrobials, and
the periplasmic space provides a site for the metabolism of antibiotics, and possibly biocides,
before they reach thecytoplasmic membrane(Hancock 1998; Russell 2002) The structure of
the cell wall of P. aeruginosaliffers slightly from other Gram-negative bacteria and is especially
resistant to antimicrobial agents; it has been estimated that the outer membrane permeability
of P. aeruginosais over 100-fold less than tha of Escherichia coli (Yoshimura and Nikaido
1982). This increased impermeability is partially due to a high Mg content in the outer
membrane which produces strong links between lipopolysaccharide (LPS) chain®icDonnell
and Russell 1999) Additionally, the major nonspecific outer membrane porin OprF has a
relatively low permeability (Nestorovich et al.2006), and is an inefficient route for the uptake of

antimicrobials (Hancock 1998)

Exclusion via efflux pumps, together with high membrane impermeability, prevents
antimicrobial agents from reaching their cellular targets andaccumulating within the cell to
toxic levels. Efflux systems can be specific, facilitating the transport of one particular substrate,
or general, transporting a variety of structurally unrelated compoundgPiddock 2006). Efflux
pumps belonging to five superfamilies have been defined, all of which have been identified in
the genome of P. aeruginosa Those of the resistancenodulation division (RND) are the most
prevalent in P. aeruginosawith 12 RND efflux systemsidentified in its genome, two of which
transport divalent metal cations (Lister et al.2009). Ten types of RND efflupumps found inP.
aeruginosa(excluding the divalent metal cation transporters) and examples of their substrates

are detailed in(Table 1.7). The RND family efflux systems use energy derived from the proton
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motive force for the transport of compounds(Lister et al. 2009), and are associated with
multidrug resistance, having the capacity to transport a large spectrum of substrates
(Schweizer 2003)

Chromosomally encoded resistance factors also contribute to the antimicrobial resistance Ief
aeruginosa Similarly to several other Gramnegative species, P. aeruginosapossesses a
AEOT T TOT T AT T U ATAANGAM AA O-KaBrwasdris fraduced at low levels and is
Al 01 ET AOAA Alactaras, cAnfe@idpArésistange to ampicillin and most cephems
(Rossolini and Mantengoli 2005; Fajardo and Martinez 2008) Resistance to formaldehyde if.
aeruginosahas been attributed to both outer membrane impermeability(Stickler 2004) and a
chromosomally encoded formaldehyde dehydrogenaséNollmann and Kaulfers 1991)which
metabolises formaldehyde into a nortoxic metabolite (Chapmanet al. 1998). Furthermore,
triclosan resistance inP. aeruginosanay be compounded by the production of a chromosomally
encoded, nm-susceptible eoyl-ACPreductase P. aeruginosawas recently demonstrated to
possess two enoyWACP reductases, one which was triclosasusceptible (Fabl, encoded byabl)
and one which was refractory to triclosan inhibition (FabV, encoded bfabV) (Zhu et al.2010).
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Figure 1.2 Schematic representation of the Gram -negative cell wall.
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The Gramnegative cell wall comprises a cytoplasmic (inner) membrane, a thin

peptidoglycan layer, periplasm and an outer membrane. The cytoplasmic membrane is a phospholipid bilayer with associatedigirts, whilst the outer membrane
is composed of phospolipid molecules, proteins, lipoproteins, porins and lipopolysaccharide (LPS) molecules. Porins allow the entrance and sgref hydrophilic
low-molecular weight substances and may be specific or nespecific. An efflux pump typical of the resistancaodulation division (RND) family (as found inP.
aeruginosg is illustrated in the schematic, comprising a transporter protein which is located in the cytoplasmic membrane, a periplaBnfusion protein and an
outer membrane protein. Adapted from(Hancock 1997; Hancock 1998; Piddock 2006; Madigaet al.2010)
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Table 1.7 Efflux systems ofPseudomonas aeruginosa

Efflux pump Substrates References
MexAB-OprM  Quinolones, fluoroquinolones, macrolides, (Masudaet al.2000)
tetracyclines, lincomycin, chloramphenicol, (Poole 2011)
novobiocinh -lagtams (except imipenem), (Schweizer 2003)
trimethoprim, sulphonamides, triclosan, ethidium
bromide, SDS, aromatic hydrocarbons,
thiolactomycin, cerulenin, quorum sensing molecules
(acylated homoserine lactones)
MexCDOprJ Quinolones, fluoroquinolones, macrolides, (Masudaet al.2000)
tetracyclines, lincomycin, chloramphenicol, (Poole 2011)
novobiocin, penicillins (except (Schweizer 2003)
carbenicillin and sulbenicillin), cephems (except
ceftazidime), flomoxef, meropenem, 8661,
trimethoprim, crystal violet, ethidium bromide,
acriflavine, SDS, aromatic hydrocarbons, triclosan
MeXEFOprN Fluoroquinolones, chloramphenicol, trimethoprim, (Kohler et al.2001)
tetracycline, maromatic hydrocarbons, triclosan, (Masedaet al.2000)
quorum sensing molecules (pseudomonas quinolone (Poole 2011)
signal molecules) (Schweizer 2003)
MexGHIOpmD Vanadium, norfloxacin, ethidium bromide, (Aendekerket al.
acriflavine, rhodamine 6G, quorum sensing molecule 2005)
(N-acylhomoserine lactone and pseudomonas (Sekiyaet al.2003)
guinolone signal molecules)
MexJK* Tetracycline, erythromycin, triclosan (Chuanchuenet al.
2001)
MexMN-OprM  Chloramphenicol, thiamphenicol (Lister et al.2009)
MexPQPomE  Fluoroquinolones, tetracycline, chloramphenicol, (Lister et al.2009)
erythromycin
MexVW* Fluoroquinolones, tetracycline, chloramphenicol, (Li et al.2003)
erythromycin
MexXY* Aminoglycosides, quinolones, macrolides, (Masudaet al.2000)
tetracyclines, lincomycin, chloramphenicol, (Westbrock-Wadman
aminoglycosides, penicillins (except et al.1999)
carbenicillin and sulbenicillin), cephems (except
cefsulodin and ceftazidime), meopenem, $4661
TriABC-OpmH  Triclosan (Lister et al.2009)

Footnotes: *tan use OprMor OpmHas the outer membrane porin component of the pump
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1.3.3 Acquired resistance

Acquired resistance can arise via mutation of chromosomal genes or via acquisition of
resistance genes though horizontal gene transfe¢Fajardo and Martinez 2008) Mutational
resistance to several antimicrobials has been reported fdP. aeruginosgTable 1.8). Mutations
leading to the derepression of the chromosomal -lactamase, AmpC, can confer increased or
overt resistance tor -lactams such as penicillins, cephems and monobactams. Not all of these
compounds would normally induce the production of AmpC, but are sensitive to degradation by
this enzyme (Rossolini and Mantengoli 2005) The loss of the outer membrane porin OprL
through mutation can result in increased resistace to the carbapenem antibiotics imipenem
and meropenem(Livermore 2002). In addition, the loss of OprD has been linked to resistance
to the isothiazolone biocides benzisothiazolone, Nmethylisothiazolone and 5chloro-
Nmethylisothiazolone (Brozel and Cloete 1994; Chaman 1998; Winderet al.2000).

Mutations resulting in the upregulation of efflix systems can enhance resistance to multiple
classes of antimicrobials, dependent on the substrate specificity of the pum@gble 1.8).
Mutants overexpressing the efflux system MexEBPprN also have increased resistance to
imipenem, meropenem and isothiaztones due to the concomitant downregulation of OprD
(Livermore 2002). Resistance to fluoroquinolones may occur via upregulation of efflux pumps
or via mutations in genes encoding topoisomerases. Mutations gyrA lead to the reduced
susceptibility of topoisomerase Il to fluoroquinolones, whilst mutations inparC lead to the
reduced susceptibility of topoisomerase IMJalal and Wrelind 1998). Polymyxin resistance is
believed to result from mutations which lead to changes in outer membrane structure
(Rossolini and Mantengoli 2005; Poole 2011) Finally, changes in LPS structure resulting from
chromosomal mutations could be responsible for reduced aminoglycoside uptake leading to

increased resistancgBryan et al.1984).

Multiple acquired resistance genes encodg [ -lactamases and aminoglycosidenodifiying
enzymes (AMES) have been described iA. aeruginosgTable 1.8). The acquiredy -lactamases
belong to three different groups: (1) Narrow spectrumy -lactamases; (2) Extended spectrum -
lactamases (ESBLSs); and (3) Metallp-lactamases (MBLs). Both ESBLs and MBLs have very
broad substrate profiles with MBLs being able to degrade almost ajfl-lactams, with the
exception of monobactamgRossolini and Mantengoli 2005) Whilst the majority of the older,
narrow spectrum 1 -lactamases wee plasmid-encoded, ESBLs and MBLs are typically encoded
by genes of plasmid or transposon origin found on integronfPoole 2011). Acquired resistance

to aminoglycosides inP. aeruginosahas similarly been associated with AME encoding genes

localised on integrons. AMEs render aminoglycosides inactive by structural modification,
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typically though phosphorylation, acetylation or adenylation(Poole 2011). Details of some of
the most prevalent AMEs are listed iTable 1.8. Worryingly, multiple resistance genes may be
carried by integrons which can lead to multidrug resistance,and integrons carrying genes
encoding AMEs, ESBLs and MBLs have been obser{fegjardo and Martinez 2008) One further
mechanism of aminoglycoside resistance is targenodification via methylation of 16S rRNA
through acquisition of a 16S rRNA methylasencoding gene. This mechanism has emerged
relatively recently with the recognition of the first 16S rRNA methylase, termed RmtA, in 2003
in a clinical isolate ofP. aerugnosa These genes are thought to be prevalent amongStant
negative pathogens, and are found on transposons within transferable plasmid$trateva and
Yordanov 2009).

Plasmid-mediated biocide resistance has been noted but seems to be of more significance in
Grampositive than Gramnegative bacteria, where intrinsic mechanisms play the major role
(Russell 1997) In P. aeruginosathere have been few reports of plasmieencoded biocide
resistance aside from resistance to hexachlorophengutton and Jacoby 1978)mercury and
organomercurial compounds (Clark et al. 1977). The significance of increased resistance to
hexachlorophene is unknown, however, as this compound has a much greater effect uggnmanm:

positive bacteria than Gram-negative bacteria (McDonnell andRussell 1999)

34



CHAPTER 1 INTRODUCTION

Table 1.8 Acquired resistance mechanisms dPseudomonas aeruginosa

Resistance mechanism

Affected antimicrobial agents

Mutation of chromosomal genes
De-repression of AmpC
Loss of OprD

Upregulation of efflux systems
- MexABOprM

- MexCDOprJ

- MexEFOprN (concomitant OprD

downregulation)
- MexX¥-OprM

Mutations in gyrA and/or parC

Mutations leading to changes in outer membrane

structure

Penicillins, cephems, monobactams
Imipenem, meropenem,
isothiazolones

All 1 -lactams except imipenem,
fluoroquinolones

Somey -lactams (cefoperazone,
cefpirome, cefepime, meropenem),
fluoroquinolone

Fluoroquinolones (imipenem,
meropenem, isothiazolones)
Somey -lactams (cefoperazone,
cefpirome, cefepime, meropenem),
fluoroquinolones, aminoglycosides
Fluoroquinolones

Polymyxins, aminoglycosides

Acquisition of resistance genes via horizontal gene transfer

[ -lactamases
- Narrow spectrum

Molecular class A (e.g. PSE PSE4, TEM1)

Molecularclass D (e.g. OXA8)
- Extended spectrum

Molecular class A (e.g. PER, VEB1, GESL,

GES2, TEM42, SHV5)

Molecular class D (e.g. OXAL, OXA14, OXA18,

OXA28)
- Metallo-enzymes

Molecular class B (e.g. IMPVIM, SPM, GIM

type)

Aminoglycosidemodifying enzymes

- AAC(3}I

- AAC(3}I

- 11 #j-1906 Q

- L1 #jlpo q

- 1. 441c06Qq
16S rRNA methylases (e.g. RmtA)

Plasmids pMG1 and pMG2

Plasmids pMG1, pMG2, R26, R933, R93pVS1 FP2,

R38, R3108 and pVS2

Penicillins, cefoperazone

Penicillins, cephems, monobactams

All 1 -lactams except monobactams

Aminoglycosides

Gentamicin

Gentamicin, tobramycin
Tobramycin, netilmicin, amikacin
Gentamicin,tobramycin, netilmicin
Gentamicin, tobramycin
Aminoglycosides- amikacin,
tobramycin, isepamicin, kanamycin,
arbekacin, gentamicin
Hexachlorophene

Mercury, organomercurial
compounds

Footnotes: information from (Clark et al. 1977; Sutton and Jacoby 1978; Livermore 2002;
Rossolini and Mantengoli 2005; Strateva and Yordanov 2009)
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1.3.4 Adaptive resistance

Adaptive resistance is a phenomenon that is distinct from both intrinsic and acquired
resistance, and is also less well understood. Characterised by resistant phenotypes which are
transient, rather than irreversible, adaptive resistance is tggered by exposure to a particular
environmental stimulus, and may lead to increased resistance to one or more antimicrobial
compounds. Generally, as the stimulus subsides, so does the resistance phenotype, although
this is not always the case. Initiallyit was thought that exposure to subinhibitory
concentrations of an antimicrobial acted as the stimulus for adaptiveesistance Now it is
known that in addition to this, a variety of other environmental cues are involved. These can
include pH, anaerobbsis and nutrient levels, as well as social behaviour such as biofilm
formation (see section 1.3.5 and swarming motility. The pathways involved in adaptive
resistance are complex and only beginning to be understog@ernandezet al.2011). Adaptive
resistance to both antibiotics and biocides has been described f&. aruginosaand will be

discussed.

Environmental conditions such as anaerobiosigHaussler et al. 1999), Mg+ limitation (McPhee

et al.2006), carbon source availkility (Conradet al.1979) and pH(Xiong et al.1996) have been
shown to trigger an adaptive resistance response iP. aeruginosaincreasing resistance to
antibiotics such as aminoglycosides, polymyxins and amikacin. In addition, exposure to sub
inhibitory concentrations of some antibiotics has also ledo adaptive resistance through a
number of pathways. For example, exposure to aminoglycosides has been shown not only to
induce biofilm formation (Karatan and Watnick 2009)and upregulate MexXY(Hocquet et al.
2003), but also to upregulate genes involveth anaerobic metabolism(Karlowsky et al. 1997).
This may confer protection against antibiotic kiling as the aerobic respiratry pathway is
required for cytoplasmic accumulation of aminoglycosidegFernandezet al.2011). Exposure to
sub-inhibitory concentrations of  -lactams causes the induction of the chromosomal AmpG
lactamase and has also been found to upregulate genes involved in multidrug efflux and
antibiotic resistance (Blazquezet al.2006). The increased expression of the MexABprM efflux
system has been observed on exposure &f aeruginosao quinolone antibiotics, which would
contribute to adaptive resistance through active efflux of antibiotic{Fernandez et al. 2011).
Quinolone exposure can also induce the SOS respor{Bgazas and Hancock @05) which can
combat DNA damage caused by the antibiotics and also lead to a transient increase in mutation
frequency. Thistransitory hypermutation state could lead to the permanent acquisition of
resistance to one or more antibiotics, a phenomenomown as adaptive mutation(Fernandezet

al. 2011). Furthermore, sub-inhibitory concentrations of polymyxins have been demonstrated
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to upregulate expression of the LPS modification gene operon. The modification that is induced
by this pathway decreases the net negative charge of the LPS rendering the outer membrane

less able to bind positively chargd antimicrobials (Fernandezet al.2011).

The mechanisms of adaptive resistance to biocides apporly understood and mostly believed

to be nonspecific. Multiple mechanisms of adaptive resistance have been observed during the
sub-culturing of P. aeruginosain media containing increasing concentrations of biocide,
including: (i) outer membrane alteraions on exposure to QAC$Loughlin et al. 2002) and zinc
pyrithione (Abdel Malek et al. 2009); (ii) changes in the fatty acid profiles of the outer
membrane on exposure to QACs and amphoteric surfactant3oneset al. 1988; Loughlin et al.
2002), and; (iii) increasedactive efflux on exposure to zinc pyrithiong Abdel Maleket al.2009).
Worryingly, adaptive resistance to biocides irP. aeruginosahas been associated with increased
resistance to other classes of ibcides and antibiotics (Adair et a. 1969; Joneset al. 1988;
Loughlin et al. 2002; Langsrudet al. 2003; Abdel Maleket al. 2009; Abdel Malek and Badran
2010). Cross resistance can occur if antimicrobials use the same pathway to reach their target
or have a similar mechanism of actiofChapman 2003b) The resistance mechanisms triggered
by biocide exposure are non-specific and it is likely that overall changes in membrane
permeability or increased activity of efflux pumps (especially those with broad specificity) could
increase resistance to multiple antimicrobial agents simultaneously. It is therefore aopsibility
that the widespread and indiscriminatory use of biocides, sometimes at stibhibitory
concentrations, is contributing to the increasing levels of antimicrobial resistancé~ernandezet
al.2011).

1.3.5 Biofilm formation

Biofilms are surfaceattached bacterial communities surrounded by an exopolysaccharide
matrix (Drenkard 2003). The occurrence of biofilms in natural, industrial and medical hatiats
is common and it has been proposed that biofilms are the preferred mode of growth of bacterial
cells (Costerton 1999; Stickler 2004) Cells within biofilms exhibit growth characteristics
different to those of planktonic cells and in particular are more resistant to antibiotics and
biocides; as mentioned previously biofilm fomation is recognised as a form of adaptive
resistance(Fernandezet al.2011). This poses a mblem to the effective treatment of infection,
as biofilms may form on prosthetic deviceqStickler 2004) as well as living tissuessuch as
within the cystic fibrosis lung (Davies and Bilton 2009) In industry biofilm formation on the
surfaces of equipment and machinery can lead to product ontamination and process
inefficiency (Stickler 2004).
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The resistance ofP. aerugnosabiofilms to antibiotics has been observed, sometimes to extreme

levels. For exampleNickel et al.(Nickel et al. 1985) demonstrated that biofilms of P. aeruginosa

could be up to 1000fold more resistant to tobramycin than planktonic cells. Biofilmmediated

resistance to biocides has also been ned: biofilms of P. aeruginosagrown on polycarbonate

surfaces were reported byBrown et al. (Brown et al. 1995) to have increased resistane to

povidone iodine. Additionally, Cochranet al. (Cochran et al. 2000) found that biofilms of P.

aeruginosaattached to alginate beads exhibited enhanced resistance to hydrogen peroxide and

monochloramine in comparison to planktonic cells. Biofilm-mediated antimicrobial resistance

is complex, multifactorial and not completely understood. Several mechanisms for resistance

have been postulatedDrenkard 2003):

)l

Restricted antimicrobial penetration: the exopolysaccharide matrix may delay the
penetration of some antimicrobials such as aminoglycosidesto P. aeruginosabiofilms
(Shigetaet al.1997).

Cells within the biofilm have limited access to oxygen and nutrient and exhibit
decreased metabolic activity. This may increase antimicrobial tolerance as
antimicrobials are more effective against metabolically active cell§Drenkard 2003).
Growth under anaerobic conditions inP. aeruginosabiofiims has led to increased
resistance to antibiotics such as tobramycin, ciprofloxacin, carbenicillin, ceftazidime,

chloramphenicol and tetracycline(Borri ello et al.2004).

Biofilm-specific phenotype: biofilm bacteria and planktonic have different gene and
protein expression profiles. The physiological, metabolic and phenotypic changes
occuring in cells in the developing biofilm may be important in the activation of

resistance mechanismgDrenkard 2003).

Persister cells and highly resistant phenotypic variants: these two types of antimicrobial
resistant variants exist as subpopulations within the biofilm and promote biofilm

survival on repeated exposure to antimicrobial agent¢Drenkard 2003).

Activation of a generalised protective stress response and possiblgregulation of

multidrug efflux pumps (Drenkard 2003).

Interaction of the biofilm with antimicrobials: some strains of P. aeruginosasynthesise
glucans which can be incorporated into the biofilm and bind aminoglycoside§Poole
2011).
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Regulation of biofilm formation is complex and mediated by numerous environmental cues
including mechanical, metabolic and nutritional signals, the availability of inorganic ions,
osmolarity, host-derived factors, antimicrobials (such as tobramycin which induces biofilm
formation in P. aeruginosaand quorum sensing (QS) signalKaratan and Watnick 2009) QS
circuits are very important in virulence and biofilm formation in P. aeruginosait has been
observed that mutants with defective QS components could not form biofilms of the regular
structure and had increased susceptibility to sodium dodecyl sulphatéDavies et al. 1998;
Stickler 2004). Therefore, an attractive method for the control oP. aeruginosaviofilms is the
disruption of QS signals.Promisingly, potential targets for the disruption of QS irP. aeruginosa
have been identified(del Pozo and Patel 2007)for example small molecule inhibitors of the
NOT OO0iI OAT OET ¢ OAAADPOI OO0 , AOG2 AT A etakji /26 ,EAGRE 1 ABANA
et al.2013).
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1.4 Project aims

The overall aim of the PhD was to investigat®. aeruginosaas an important and common
contaminant of home and personal care products. The different areas that were covered are
summarised in Figure 1.3. This PhD was funded by the Biotechnology anwlBgical Sciences
Research Council (BBSRC) and being a BBSEASE studentship, was also sponsored by
Unilever Research and Development UK. Several of the questions explored during this study

were guided by the interests of Unilever, with the goal of infaning industrial practices.

Specific project aims were as follows:

1. Evaluate culture -dependent methods for the detection of P. aeruginosa using a
diverse strain panel (Chapter 3) . Five agars for the detection oP. aeruginosavere
screened for sensitivity and specificity using a large strain panel originating from
clinical, environmental and industrial sources. In addition, the utility of acetamiddrased
selective media as enrichment media foP. aeruginosavas assessed. A preequisite to
these investigations was the establishment of a collection &. aeruginosaand non-P.
aeruginosa strains from industrial sources. As culturedependent methods are a
mainstay of contaminant detection in industry, this chapter informed Unileve of

current best practices.

2. The design and evaluation of novel PCRs for the detection of P. aeruginosa and
investigat ion of the bacterial diversity associated with home and personal care
products (Chapter 4). Two novel speciesspecific PCRs were designetb detect P.
aeruginosaand evaluated for sensitivity and specificity using a large, genetically diverse
strain panel. The applicability of cultureindependent techniques to contaminant
detection from industrial products was assessed. Subsequent invesdigons were
performed to examine the bacterial diversity encountered in home and personal care

products.

3. The examination of P. aeruginosa strain diversity in industry and its relation to
the wider population biology of the species (Chapter 5) . A large cdection of P.
aeruginosastrains isolated from industrial products was subjected tomultiple strain-
typing techniques to determine any associations between genotype and product type,

time or location of isolation. Relation to a broad database of othd?. a&ruginosastrains
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from clinical and environmental habitats facilitated investigations into population

structure.

Characterisation of a P. aeruginosa strain panel originating from industrial
sources (Chapter 6). The preservative susceptibility of a panel oP. aeruginosastrains
from clinical, environmental and industrial sources was determined, in addition to
growth and motility characteristics. Putative differences between isolation source and
phenotypic profiles were examined. In addition, ie development of adaptive resistance
to a preservative combination was examined using both planktonic growth and biofilm

models.
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Detection Diversity
Culture-dependent Culture-independent P. aeruginosa HPC products
* Evaluation of * Design and evaluation * Genotyping of * Culture-dependent
selective media of novel PCRs for P. industrial strains detection of
for P. aeruginosa aeruginosa * PCR-fingerprinting contaminants
* Acetamide-based * DNA extraction from methods, micro- * Culture-
media as industrial products probe array-based independent
enrichment and PCR application methods, whole detection of
media genome comparison contaminants
* Community
profiling methods:
Ribosomal
Characterisation intergenic spacer
analysis (RISA) and
S . 16S rRNA gene
P. aeruginosa strains :
- pyrosequencingand
f'rom clinical, analysis
environmentaland (SOOI
industrial sources
Phenotypic Preservative
characterisation susceptibility testing Preservative resistance modelling
* Growth dynamicsin * Preservatives * Planktonic growth and biofilm models
liquid media commonly used in HPC * Response to a combination of
* Motility assays: products preservatives
swimming, * Preservative * Preservative susceptibility profiling of
swarming, twitching combination testing derivative isolates

Figure 1.3 Key focus areas of the PhD. To investigate P. aeruginosaas an industrial
contaminant, four main areas were considered: (1) detection (Chapters 3 and 4); (2) diversity
(Chapters 4 and 5); (3) strain characterisation(Chapter 6), and; (4) modelling of adaptive
resistance to preservatives (Chapter 6)All of the studies were underpinned by the assembly of
a large industrial isolate collection (Chapter 3). HPC, home and personal care.
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2. Methods & materials

2.1. Chemicals

All chemicals were purchased from Sigmaldrich Company Ltd. (Dorest, UK) and Fisher
Scientific (Loughborough, UK, unless otherwise stated. Aqueousolutions of chemcals were

prepared in double-deionised water and sterilised either by autoclaving at 121°C for 15
minutes, or filtration using Minisart® syringe filters (pore size 0.2 um; Sartorius Stedim

Biotech, UK)for small volumes.
2.2. Media

All media were prepared with double-deionisedwater and sterilised by autoclaving at 121°C for
pv [ ET OOAOS 7TEAOA APPI EAAAI A OEA 1 AAEA xAOA
instructions. Tryptone Soya Agar (TSA; Oxoid Ltd., Basingstoke, UK) and Tryptone SByath
(TSB; Oxoid Ltd.) were routinely used growth media for bacterial isolates. Selective media for
the growth of P. aeruginosaincluded Pseudomonas CN selective agar (PCN; Oxoid Ltd.),
Pseudomonas isolation agar (PIA; Sigma Aldrich Complany Ltd, DorselK), chromID® P.
aeruginosa(chromID Pa; bioMérieux UK Ltd, Basingstoke, UK; supplied as geured plates), Z-
agar (Szita et al. 1998), andmodified Z-agar (mZagar) which hadthe same formula as Z&agar
but with the addition of 0.01% (w/v) BactdA Casamino acids (BD UK Ltd., Oxford, UK) and
0.01% (w/v) yeast extract (Oxoid Ltd.).Other media used included norcation adjusted Mueller
Hinton (MH) broth (Oxoid Ltd.) for growth curve experiments, and modified Zbroth for
enrichment assays. The formulation of the -Broth was modified from the original (Szita et al.
1998) and was as follows: acetamide 4 g/L (concentration adjusted for enrichment assays from
1z 50 g/L), dipotassium hydrogen phosphate (5 g/L), potassium dihydogen phosphate (1 g/L),
potassium sulphate (2 g/L) and magnesium sulphate heptahydrate (0.05 g/L)

2.3. Preparation of antimicrobial agents

2.3.1. Preservatives and preservative enhancing agents

Storage of all preservatives and preservative enhancing agents was abnoe temperature with
the exception of phenyl-arginine-beta-naphthylamide (PA N; MG207,110; SigmaAldrich)
which was stored at-20°C.Stock solutions of the preservativesCITMIT (Kathon CG [CIT and
MIT blend]; Dow Europe GmbH, Switzerland)BIT (Koralone B-120; Dow Europe GmbH)MIT
(Neolone M1Q Dow Europe GmbH)PHE Phenoxetol Clariant Produkte GmbH, Germanyand
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CHX ¢hlorhexidine digluconate; SigmaAldrich Company Ltd.);and preservative boostersPAr N,
CX3 (Merck KGaA, Germany)CX7 (Merck KGaA)and Velsan SC(VSC; Clariant Produkte
GmbH),were prepared in polished water.Benzoic acid (BA; Sigma&ldrich Company Ltd.) was
dissolved in an aqueous solution of 20% dimethylsulphoxide (DMSO¥kurther dilutions for
minimum inhibitory concentration and growth assays were prepared from these solutions,
detailed in the relevant sectionsStocks for viscous agents (Koralone-B20, CX3, CX7 and VSC)
were prepared by weight, rather than volume, as they were difficult to accurately pipette; in
these stocks the weght of the equivalent volume of water was added, and calculations
performed in a % (v/v) manner. Stocksof all agentswere prepared on the day of use and stored
for no longer than 2 days at 4°Q@except PAr N which was kept at-20°C) before discarding and

making fresh.

2.4. Bacterial strains and routine growth conditions

2.4.1. Strain panel

Bacterial strains were drawn from the Mahenthiralingam group strain collection at Cardiff
University and copiesof the international Pseudomonas aeruginosaference panel(De Soyzeet

al. 2013) and EuroCareCF strain pane{European Coordination Action for Researclin Cystic
Fibrosis; EC FP6 project no. LSHRT-2005-018932) that were held at Cardiff University.
Challenge test strains and contamination isolates were also obtainddom freezer stocks held at
Unilever Research and Development Port Sunlight (URDPS). Additional industrial strains were
isolated from contaminated home and personal care productarchived at URDPS (described in

section 28.1). Species and strains used in experiments are detailed in the relevant sections.

2.4.2. Growth and storage of bacterial isolates

Bacterial isolates were routinely grown onTSAor in TSBovernight (16-18 hours) ateither 30°C
or 37°C, stated in the relevant sectionOvernight cultures were prepared by inoculating 3 ml of
TSB with fresh (<72 hours) growth material collected using a sterile pipette tip from a pure
streak plate, and incubated on an orbital shaker (150 rpm). Freezetacks of individual isolates
were prepared in TSB containing 8%v/v) DMSO and stored ai30°C.

2.5. Growth curve analysis in liquid media

2.5.1. Growth in the Bioscreen C

To examine growth dynamicsof P. aeruginosastrains a Bioscreen C instrument (Labsystems,

Finland) was used. Each Bioscreen C microplate well contained 200 liduid medium
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inoculated with approximately 105 cfu/ml from an overnight culture. The liquid medium used
and whether the medium was supplemented wh preservatives was experimentdependent,
and will be described in the relevant methods sectiongsrowth was monitored for 48 hours at
37°C; turbidity measurements were taken at 15 minute intervalsising a wide band filter (450
580 nm) after shaking the mcroplates for 10 secondsat an intermediate intensity. Each
experiment was performed twice with different starting overnight cultures and contained 4

technical replicates data was pooled from these cultures for analysis as stated below.

2.5.2. Data handling andestimation of growth parameters

The data from the Bioscreen C were exported intMicrosoft Exceland the mean value of the
broth-only control wells subtractedfrom all test samples Subsequently, the optical density (OD)
data for each sample were averageand logarithmically transformed. To quickly visually assess
the data, scatterplots were constructed in Microsoft Excel. ThegcFit function of the grofit
statistical package(Matthias et al. 2010) for use in R statistical software(R-CoreTeam 2013)
was used to estimate the following growth parameterdor logarithmically transformed data, i)
length of lag phase, ii) maximum growth rate, and iii) maximum culture density reached.
Strains producing growth curves whichcould not be modelled accurately by grofit (discordance

between model and modelffree-spline fits) were excluded.

2.5.3. Comparison of growth parameters

To examine the distribution of the growth parameter data, boxplots were generated using
BoxPlotR(Michaelaet al.2014). The growth parameter daa was analysed with norparametric
statistical methods. Using R statistical software, a Krusk&Vallis test and posthoc Wilcoxon
tests with Benjamini-Hochberg correction were used to determine if the medians of the strain

groups from different isolation sources were significantly different at the p=0.05 level.

2.6. DNA extraction

2.6.1. Rapid DNA extraction using Chelex®2100 resin

Material from a single colony was transferred into 50 pl 5% Chelex® 100 resin solution (Bio

rad, Hertfordshire, UK; autoclaved prior to us) using a sterile pipette tip. The sample was
EAAOGAA O wyz=Z# EIT A A-padyfor A miaued éentplacedtdd BIfoR®D | " ET
minutes. This process was repeated before centrifuging the sample at 8§0for 1 minute to

sediment the Chelex® 10Q-esin and cellular debris. Crude DNA from the supernatant was used

45



CHAPTER Z METHODS & MATERIALS

in PCR reactions. Storage of the DNA was a&C4and DNA was used on the same day as the

Chelex® preparation was performed.

2.6.2. Promega Wizard® Genomic DNA purification Kit

DNA extraction ushg the Wizard DNA purification kit (Promega) was performed according to

OEA | AT OEZAAOOOAOS O ET 00 O-Dduddieibaceria) wiiotdeOidlldwdg | T A£OT
modifications: 5 ml of an overnight bacterial culture was harvested by centrifugation, the
supernatant discarded, and 600 pl nuclei lysis solution added to the cell pellet. The remainder

of the protocol was followed exactly, with the exception that the harvested DNA was -re
suspended in 100 pl low EDTA TE bufferlOmM Tris-HCI, 0.01mM EDTA, pH @) rather than

the DNA resuspension buffer provided with the kit Storage of the DNA was a20°C

2.6.3. Automated DNA extraction using the Maxwell® 16 system

Genomic DNA extraction from pure bacterial cultures and total DNA from home and personal

care productswas achieved using the Maxwell® 16 instrument (Promega) and the Maxwell®

po 4EOOOA $.! DOOEAEAAOEIT EEOR AAAlewhddnc O O
from pure cultures a 3 mlovernight culture was centrifuged (2054g for 10 minutes) to harvest

the cells, the pellet resuspended in 300 pl TE buffer (10 mM Tris, 1 mM EDTA, pH®ambrook

et al. 1989) and added into the DNA purification kit cartridges. For extraction from home and

personal care products, 0.3 g of each product was added directlytd the DNA purification kit

cartridges. RNase A was added to eluted DNA to a final concentration of 0.5 pg/ml and the

solution incubated at 37°C for 1 hour.

2.6.4. Quantitation and quality assessment of extracted DNA

Genomic DNA was analysed by gel electroplesis using 1% (w/v) agarose (molecular grade

agarose; Severn Biotech Ltd.) gels stained with SafeView sta(tNBS Biologicals Ltd.,
Cambridgeshire, UK; 10 pl SafeView per 100 ml of agarose gelpd run at 80 V for
approximately 1.5 hours. Quantitation ofgenomic DNA was performed using the Quantifluor®

AOs . ! OUOOGAI 00T i AcCAh 7EOAITOETh 531 q EEO Al
- AOOAAEOOAOOON 531 gh A 1Ti1TxET ¢ OEA 1 AT OEAAOOOAODE
the absorbance ratio at 260 ad 280 nm (Acso nm/ Azgo nm) USiNg a NanoDrop Spectrophotometer

(Thermo Fisher Scientific, Massachusetts USA);ratios of approximately 1.8 were taken as an

indication of good quality DNA. Any necessary dilutions of DNA were performed using sterile

nuclease free water (Severn Biotech Ltd.).
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2.7. Molecular taxonomy: species-level identification of bacterial i solates and

analysis of gene sequences

2.7.1. Marker gene amplification, sequencing andpeciesidentification

2.7.1.1. PCR reaction volumes and conditions

Amplification of fragments of the 16S rRNA;poD, recAand gyrB genes was achieved using the

primers described in Table 2.1.PCR reactions had a total volume of 25 pl containing 1X

Coralload buffer, 1X @solution, 200 um deoxynucleoside triphosphates (dNTPs), 1.6 um each

primer, 1 U Taq polymerase and 2 pul DNA template (approximately 20 ng). All reagents were

supplied by Qiagen(Limburg, Netherlands)d 0#2 AUAI AO xAOA DAOA&AI O AA 1
Cycler (Bo-Rad) and are shown in Tabl@.2. Gel electrophoresis was performed on 1.5% (w/v)

agarose gels stained withtSafeView (0 pl SafeView per 100 ml of agarose gel). PCR products

were visualised with a UV transilluminator and gel images captured using Gene$naoftware.

PCR products were purified using the QIAquick PCR Purification kit (Qiagen) before submission

for Sanger sequencing.

Table 2.1 Primers used to amplify marker genes for species identification

Vet Pl 00EI AO OANOAT AR Anneallng Target group Reference
gene pair temp (°C)
16S 27F AGAGTTTGATCCTGGCTCAG 52 Bacteria (Laneet al.
rRNA 1492R GGTTACCTTGTTACGACTT (Universal) 1985)
rpoD PsEG30F ATYGAAATCGCCAARCG 54 Pseudomonas (Mulet et al.
PsSEG790R CGGTTGATKTCCTTGA 2009)
recA F AGGACGATTCATGGAAGAWAGC 58 Burkholderia (Spilker et
R GACGCACYGAYGMRTAGAACTT al. 2009)
ayB F ACCGGTCTGCAYCACCTCGT 60 Burkholderia (Spilker et
R YTCGTTGWARCTGTCGTTCCACTG! al. 2009)

Table 2.2 PCR cycles for the amplification of marker genes for species identification

16S rRNA gene rpoD, recA, and gyrB genes

PCR step Tem Time Tem Time

R C)p (mins) Necycles ¢ C)p (mins) Ne cycles
1 Initial DNA denaturation 95 2 1 94 5 1
2 DNA denaturation 94 0.5 94 1
3 Primer annealing 52 0.5 35 a 1 30
4 Primer extension 72 15 72 1.5
5 Final extension 72 5 1 72 10 1
6 Indefinite hold 10 - - 10 - -

a Annealing temperatures vary forrpoD, recAand gyrB primer sets (see Table2.1)
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2.7.1.2. Gene sequencing and data processing

Purified PCR products were submitted to the MWG Eurofins DNA Sanger sequencing service
Al 11TxETC OEA OAiIiPI A OOAI EOOEIT COEAAIETAO A& O
The forward and reverse primers for each gene fragmentvere sent together with the PCR
products in order to obtain sequences for both the forward and reverse stranddJsing BioEdit
Sequence Alignment Edito(Hall 1999), consensugenesequences for individual isolates were
built from the forward and reverse sequences generated by Sanger Sequencing. The 16S rRNA
gene consensus sequences were compared to sequences of cultivable bacteria in the Ribosomal
Database Project (RDP) I{Cole et al. 2009). The closest sequences matches from the RDP Il
database were used t@ssignisolates to a particular species.Database searches conducted at
the NCBI taxonomy databaséSayerset al.2009), the Pseudomonagenome databasgWinsor et

al. 2009) and the Burkholderia genome databasgWinsor et al. 2008) using the Basic Local
Alignment Search Tool (BLAST) algorithnm(Altschul et al. 1990) were used to infer species

identities from the rpoD, recAand gyrB consensus gene sequences.

2.7.2. Seguence alignment and phylogenetic tree construction

Gene sequences were iported into MEGAG6 (Tamura et al. 2013), trimmed, and aligned using
ClustalW2(Larkin et al.2007). A neighbourjoining tree based on 1000 bootstrap replicates was
constructed in MEGAG6 using the JukesCantor model. Bootstrap valueswere calculated as
percentages of 1000 replications. Trees were drawn to scale and evolutionary distances
computed using the JukesLantor method, with units being the number of base substitutions per

site.

2.8. Culture-dependent detection methods

2.8.1. Isolation of industrial isolates from URDPS freezer archives

URDPS holds a large collection of microbial isolates from previous contamination incident
stored on beads within cryogenic vials at80°C. To obtain isolates for the RW collection at
Cardiff, one cryogenic bead from a freezer vial was streaked over the surface of a TSA plate and
allowed to grow for a maximum of 48 hours at 30°C. Growth froure streak plates was stored

on transport swabs (M40 Transystem charcoal swabs; Copan Diagnostics Inc., CA, USA) which
were sent back to Cardiff University. Once at Cardiff, the swabs were-sgeaked onto TSA to
ensure purity, and freezer stocks prepard in TSB containing 8% (v/v) DMSO. The complete

industrial isolate panel is shown inTable 2.3
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2.8.2. Isolation of cultivable bacteria from home and personal care samples

A range of contaminated home and personal care products sourced from the contaminated
product library at URDPS were sampled for bacterial growt(iTable 2.4). To isolate cultivable
bacteriaand determine total viable counts tenfold serial dilutions (10°to 10-7) of products were
performed in TSB and 100 pl spread onto TSA plates. After incubation at 30°C for a maximum of
5 daysthe numbers and types ofdifferent colony morphologies were recorded, streaked to
purify on fresh TSA plates and freezer stocks prepared in TSB containing 8% B®. Total
viable countsin cfu/ml were calculated from the number of colonies recordedSerial dilutions

of viscous products (dish wash liquids, liquid abrasive cleaners, fabric washes and personal care
products) were prepared by weight, rather than volume, as they were difficult to accurately
pipette; in these dilutions the weight of the equivalent volume of water was added, for example
1 g product plus 9 ml diluent for a tenfold dilution. If required, a neutralisation step was
performed to encourage more bacterial growth; tenfold serial dilutions were performed as
above except using araqueous solution containing 2% (w/v) peptone and 1% (v/v) Tween 80
as the diluent. Each dilution was exposed to the neutralising agent for no longer than 10
minutes before spreading on TSA plates. The complete industrial isolate panel is showrTiable
2.3
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Table 2.3 Industrial isolate panel

RW# Genus/Species ID Comment

109 Pseudomonas aeruginosa Challenge test strain used in preservative efficacy testing
110 Pseudomonas aeruginosa Challengetest strain used in preservative efficacy testing
111 Pseudomonas pseudoalcaligenes Challenge test strain used in preservative efficacy testing
112 Pseudomonas putida Challenge test strain used in preservative efficacy testing
113 Pseudomonas aeruginosa SC; 2011

114 Pseudomonas aeruginosa SC; 2011

115 Pseudomonas aeruginosa SC; 2011

116 Pseudomonas aeruginosa SC; 2011

117 Pseudomonas aeruginosa DWL; 2010; Indonesia
118 Pseudomonas aeruginosa DWL,; 2010; Indonesia
119 Pseudomonas aeruginosa DWL,;2010; ltaly

120 Pseudomonas aeruginosa DWL; 2010; Italy

121 Pseudomonas aeruginosa DWL; 2010; Italy

122 Pseudomonas aeruginosa DWL,; 2009; Italy;

123 Pseudomonas aeruginosa DWL; 2011; Malaysia
124 Pseudomonas aeruginosa DWL; 2009; Italy

125 Pseudomonas aeruginosa DWL; 2009; Italy

126 Pseudomonas aeruginosa DWL; 2009; Italy

127 Pseudomonas aeruginosa DWL,; 2010; Indonesia
128 Pseudomonas aeruginosa DWL; 2010; Italy

129 Pseudomonas aeruginosa DWL; 2010; Italy

130 Pseudomonas aeruginosa DWL; 2010; Italy

131 Pseudomonas aeruginosa DWL; 2010; Italy

132 Pseudomonas aeruginosa DWL; 2010; Italy

133 Pseudomonas aeruginosa DWL,; 2010; Thailand
134 Pseudomonas aeruginosa DWL,; 2010; Thailand
135 Pseudomonas aeruginosa DWL; 2010; Indonesia
136 Pseudomonas aeruginosa DWL; 2010; Indonesia
137 Pseudomonas aeruginosa DWL; 2010; Italy

138 Pseudomonas aeruginosa LAC; 2001

139 Pseudomonas aeruginosa LAC; 2001

140 Pseudomonas aeruginosa DWL

141 Pseudomonas spp. DWL

142 Pseudomonas spp. DWL

143 Pseudomonas aeruginosa DWL

144 Pseudomonas aeruginosa DWL

145 Pseudomonas aeruginosa DWL; 2010

146 Pseudomonas aeruginosa DWL; 2004; Italy

147 Pseudomonas aeruginosa PC

148 Pseudomonas aeruginosa PC

149 Pseudomonas aeruginosa PC

150 Pseudomonasaeruginosa PC

151 Pseudomonas aeruginosa strain ATCC 9027 used in period after opening studies
152 Burkholderia vietnamiensis PC; 2002

153 Pseudomonas putida PC

154 Pseudomonas putida PC; 2003

155 Pseudomonas spp. PC

156 Burkholderia cenocepacia PC

157 Pseudomonas putida PC

158 Pseudomonas putida DWL

159 Pseudomonas putida DWL

160 Ochrobactrum anthropi RM

161 Pseudomonas putida RM; 2005

162 Bacillus spp. RM; 2009

163 Pseudomonas spp. RM; 2004
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164
165
166
167
168.1
168.2
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195

196
197
198

199
200
202
203
204
205
206
260
261
262
263
264
265
266

Pseudomonas spp.
Pseudomonas spp.
Pantoea agglomerans
Pseudomonas spp.
Serratia marcescens
Pseudomonas aeruginosa
Pseudomonas spp.
Pseudomonas putida
Halomonas spp.
Pseudomonas aeruginosa
Pseudomonas aeruginosa
Pseudomonas aeruginosa
Pseudomonas aeruginosa
Pseudomonas aeruginosa
Pseudomonas aeruginosa
Pseudomonas aeruginosa
Pseudomonas aeruginosa
Pseudomonas aeruginosa
Pseudomonas aeruginosa
Pseudomonas aeruginosa
Pseudomonas spp.
Pseudomonas aeruginosa
Pseudomonas aeruginosa
Burkholderia spp.
Pseudomonas aeruginosa
Pseudomonas aeruginosa
Pseudomonas aeruginosa
Pseudomonas aeruginosa
Pseudomonas aeruginosa
Pseudomonas aeruginosa
Pseudomonas aeruginosa
Pseudomonas aeruginosa
Pseudomonas aeruginosa

Pseudomonas aeruginosa
Pseudomonas aeruginosa
Pseudomonasaeruginosa

Pseudomonas aeruginosa
Pseudomonas aeruginosa
Pseudomonas aeruginosa
Pseudomonas spp.
Pseudomonas aeruginosa
Pseudomonas putida

Pseudomonas pseudoalcaligenes

Pseudomonas aeruginosa
Pseudomonas aeruginosa
Pseudomonas aeruginosa
Pseudomonas aeruginosa
Pseudomonas aeruginosa
Pseudomonas aeruginosa
Staphylococcus succinus

RM

Misc

Misc; 2002
Misc

FWS

FWS

FWS

SC

SC

DWL; 2009
DWL; 2011
DWL; 2010
DWL; 2010
DWL; 2010
DWL; 2010
DWL,; 2010
DWL,; 2010
DWL

DWL

DWL

DWL

DWL

SC

SC

PC

PC

PC

SC

SC

SC

PC; 2003
DWL,; 2011; Trinidad and Tobago
DWL; 2006

ATCC 13388; reference strain used in industrial testing (ISO
846C); origin unknown

ATCC 10145; reference strain used in industrial testing,

ATCC 15442; reference strain used in industrial testing, ,
originally isolated from an animal room water bottle; ENV
MWF

TC

LAC; 2012; EU
PC; 2012

DWL; 2012

DWL; 2012; EU
LAC; 2012; EU
FWS; 2014; Brazil
FWS; 2012; Brazil
FWS; 2012; Brazil
FWS; 2014; Brazil
FWS; 2012; Brazil
FWS; 2012; Brazil
FWS; 2012; Brazil

Footnotes:SC, surface cleaner; DWL, dish waBtuid; LAC, liquid abrasive cleaner; PC, personal care; RM, raw
materials; Misc, miscellaneous; FWS, fabric wash; MWF, metal working fluid; TC, timber ¢&H8lV, environmental
isolation source
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Table 2.4 Contaminated HPGroducts sampled for bacterial growth

Product Production year Location Isolate(s)
Dish Wash Liquid

DWL12 2000 - RW182
DWL2a 1997 - RwW180
DWL3» 1998 - Rw181
DWL42 2005 - RwW183
DWL5 2013 - *
DWL6 2009 - RwW172
DWLY 2011 Indonesia RW173
DWL8 2010 Italy RW174
DWL9 2009 Malaysia RW175
DWL10 2010 Indonesia RW176
DWL11 2010 Indonesia RW177
DWL12a 2010 Malaysia RwW178
DWL12b 2010 Malaysia RW179
DWL13 2006 - RW193
DWL14 2011 - RW195
DWL15 2006 RW184
Surface cleaner

SCa 2010 - RwW192
SQa - - RW185
S@a 2013 - *
e - - RW186
SG 2011 - RW190
S® 2011 - RwW191
SC7 2010 RW192
Personal Care

PCEe 2000 - RW189
PC2 1996 - RW188
PC3 2002 - RwW187
PC4 2003 - RW194
Fabric Wash

FWS® 2012 Brazil

FWS2 2012 Brazil *
FWS3 2013 -

Wood Cleaner

WC1a 2013 - *

aProducts included in bacterial diversity investigations in Chapter 4; *Isolates from these products not in the
collection, products used only in diversity investigations in Chapter 4.
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