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SUMMARY

Burkholderia cepaciadomplex bacteria can contaminate and surviveviargety of antimicrobial and preserved
industrial products. Contamination may lead to eeoic loss for manufacturers and also potentiallyepa risk
to the health of vulnerable consumers. Understanttie interaction between Bcc bacteria and pretiees
and the molecular basis for their resistance, $em$al in order to better target these organisnasta facilitate
the implementation of improved preservative strig®&gvhich target resistance mechanisms.

In the present study, multi-locus sequence typimajyesis of a collection of 67 Bcc isolates from ikormental-
industrial sources was used to expand the curreatvledge of Bcc species diversity within this niciued
identified B. lata (n=17) and B. cenocepacign=11) as predominant species groups. The reldtiprizetween
Bcce species diversity, isolation source and pregamy susceptibility was investigated using a atiten of 83
genetically diverse Bcc strains from clinical, eovimental and environmental-industrial isolatiorurses.
Susceptibility to eight preservatives was not eglato Bcc taxonomy, as susceptibility profiles gdriboth
between and within species groups. However, Bctats® from environmental-industrial sources had a
significantly higher minimum inhibitory and minimurbactericidal concentration (MIC and MBC) for the
formaldehyde releasing agent DMDM hydantoin. Thiggests that for this preservative agent, susdéigtib
was related to source and that the selection dilyitplerant Bcc bacteria had occurred within theha.
Isothiazolone, DMDM hydantoin, phenoxyethanol anettml paraben preservatives were observed to bdyhig
efficacious against Bcc bacteria when evaluategranvth medium at the maximum concentration regdldde

use in rinse-off personal care products in EU-ratgal countries. Benzethonium chloride and sodiunzdaate
preservatives had the weakest anti-Bcc activitythaise levels but were effective against severalinstr
Combinations of preservatives, and preservatives potentiating agents, were evaluated for syntcgati-
Bcc activity. The greatest anti-Bcc activity wassetved when isothiazolone preservatives were cagdbivith
EDTA or phenoxyethanol, with each combination résglin an additive effect. The competency of Bcc
bacteria to adapt to preservatives was exploredthgaprogressive sub-culture Bf lata strain 383 in sub-
inhibitory preservative concentrations. This genosgguence strain represented a Bcc species commonly
encountered in the environmental-industrial nicktable adaptive-resistance to isothiazolone anddibanium
chloride preservatives was developed. Phenoxyeth@ddDM hydantoin and methyl paraben preservatives
were recalcitrant tdB. lata strain 383 adaptation. The preservative and anitbsusceptibility profiles of the
adaptedB. lata strain 383 derivatives differed, suggesting theuaiibn of agent-specific adaptive-resistance
mechanisms had occurred. Th®. lata 383 CMIT,-BIT, derivatives (adapted respectively to
chloromethylisothiazolinone and benzisothiazolinpnedemonstrated cross-resistance to isothiazolone
preservatives and fluoroquinolone antibiotics. ®eupe analysis of the topoisomerase genes in trasatives
revealed fluoroquinolone resistance was not medidtg target modification. Preservative-induced didap
resistance was not associated with overall incoeasdti-drug resistance.

The molecular basis for resistance to DMDM hydantmid isothiazolone preservatives was investigatethe
random transposon mutagenesisBof lata strain 383 using pTModOTp'. Several genetic pathways were
identified as putative preservative resistancerdetants, suggesting that resistance is multi-faatoThese
included the detoxification of formaldehyde via latgthione-dependent pathway; a type |l generateteny
system (A3244_A3233 genes); a homologue of an ABe-tefflux system involved in resistance to organic
solvents (A3512_A3517 genes); homologues of muligdRND-type efflux systems EmrB/QacA-Emr-TolC;
and bacterial defence mechanisms against oxidstiess.

A transcriptomic microarray-based approach was tsquofile global gene expression Bf lata strain 383 in
response to sub-MIC of 0.00162% DMDM hydantoin @r@0001498% of a methylisothiazolinone and CMIT
blend, as well as isothiazolone-induced adaptigistance. With a 1.5-fold change and P < 0.05 denfie
level criterion applied, fewsignificant changes were observed after a singleMIC exposure, and the
differential expression of putative resistance dateants identified by transposon mutagenesis veasnduced
at these concentrations. Isothiazolone-inducedtagapesistance involved a greater number of sigaiift gene
expression changes that were stable irrespectitteegbresence of the priming agent, with 126 upHstgd and
90 down-regulated genes. Transcriptomic analysigested that isothiazolone-induced adaptive resistavas
multi-factorial in nature, and identified activeflek as a putative key resistance mechanism. A hmle for a
RND-type efflux system (B1004_B1006 genes) wastifled, and the up-regulation of the ABC-efflux sy
(A3512_A3517 genes) and bacterial defence mechanagainst oxidative stress corroborated the trampo
mutagenesis findingsB. lata strain 383-CMIT demonstrated a four-fold reductionMIC for the priming
preservative (2.81E-04%) in the presence of 512Lnof/the efflux inhibitor PAN. Resistance mechanism
targeted preservative strategies such as usingkefthibitors may work to improve preservation.
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CHAPTER 1 - INTRODUCTION

1 INTRODUCTION

1.1 MICROBIAL CONTAMINATION IN THE PERSONAL CARE INDUST RY

The microbiological safety of commercial goods fsgoeat importance to industries as
microbial spoilage can lead to economic loss ang, dapending on the contaminating
organism, pose a risk to consumer health. The pafscare industry, producers of
cosmetics and toiletries, manufactures productd dady by consumers on a global scale
(www.colipa.com). Personal care products are usecleéanse, perfume, beautify or
decorate the human body and are mainly appliedeckin, mouth or hair (Perry, 2001).
Although these products are not intended to permtinalter physiological attributes,
some products contain active ingredients with medic claims e.g. anti-dandruff

shampoos and anti-aging creams (@ithl, 2006).

In contrast to the pharmaceutical industry, wheexile products are often essential,
personal care products are not manufactured oretetlas sterile. However, the products
must not contain unacceptable levels or types cfaorganisms at the time of purchase,
or during use (Farringtoret al, 1994). There are no formal regulations definihg t
number of microorganisms that are acceptable imetis products (Ortlet al, 2006), but

it is widely accepted that the microbial bioburagra product should not cause damage to
human health or cause its properties to change.yMaanufacturers follow internal
guidelines based on recommendations developed diggsional associations that define
general specifications based on product type aedtiig harmful microorganisms that
must not be present (Orét al, 2006) . Guidelines by The European Cosmeticselragls

& Perfumery Association (Colipa) recommend thatybahd eye products have less than
107 CFU/g, and all other products less thar® TFU/g. For both product types, the
guidelines recommend the absencePofaeruginosa, S. aurewnd C. albicans(Orth et
al., 2006) Considering that viable organisms have the potetdigrow in the finished
product, it is most appropriate that the microbralt be as low as possible.

Manufacturers strive to achieve high standardsrofigction and many follow internal
guidelines of current Good Manufacturing Practi@@MP), based on recommendations
published by professional associations. Guideldescribe methods and practices relating
to all aspects of production including plant hygieand sanitation, maintenance of plant
machinery, and environmental monitoring. GMPs alslate to the assessment, quality
control, handling and storage of raw materials. €aity, very few sterile raw materials
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are used in the production of non-sterile persaaa¢ products; and consequently, each
material contains an inherent microbial burden twettributes to the overall bioburden of
a product (Orthet al, 2006). cGMPs should ensure that products, whidétnecessarily
sterile, do not become contaminated with unaccéptalbels or types of microorganisms
(Perry, 2001). However, even strict compliance 8M&s cannot entirely prevent
microbial contamination from occurring during maactiire. Preservative agents are
incorporated into raw materials and finished pradocinhibit proliferation of spoilage
organisms that may gain access to the processmstogathrough consumer use (the

preservation of personal care products is discuissgelction 1.3).

The growth and proliferation of contaminating mimrganisms often depends on the raw
materials and the physicochemical properties of fivenulation for example, water
activity (a,; the amount of freely available water), pH andrieats (Orthet al, 2006).
Most bacteria are only able to proliferate at wadetivity levels above 0.9, and in
formulations with a pH between 5.5 and 8.5; marapah of either or both parameters can
suppress microbial growth (Ordt al, 2006). However, some bacteria are tolerant of low
water activity for exampleéStaphylococcus aureu&®,0.86); while others, for example
Burkholderia cepaci@omplex (Bcc) bacteria, have been recovered frammdlation with

a low pH of< 3.2 (Borovian, 1983). Many personal care produzse a high water
activity and abundance of microbial nutrients, mgkihem particularly susceptible to
microbial growth (Orthet al, 2006; Orus & Leranoz, 2005).

1.1.1. The consequences of microbial contamination

Depending on the contaminating microorganisms, vactproliferation can lead to
undesirable changes to the physiochemical andfpanatetpic properties. For example,
microbial growth can alter the colour of a prod{wi& production of pigment or changes in
the pH), or alter its viscosity. Gross contaminatad product by gas-forming organisms
may decrease the internal pressure of a contazaesing it to swell and even explode;
while facultative aerobes may cause an internaledse in pressure causing the side

panels of packaging to bow (Orthal, 2006).

The cost to the manufacturers depends on the egfertntamination and the speed at
which it is detected. At best, early detection mesult in the loss of contaminated raw
materials, a batch of product, and the associaig@rse of sanitising affected plant
equipment and production lines. Delayed detectian result in the contamination of
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additional batches of the same or other produdtriay have been produced on a single
contaminated production line, and potentially, ealieof contaminated products from the
supply chain. At worst, a public recall of contaated goods may be required. For
example in 2009, the BBC news reported a publialfed 120,000 bottles of Vicks Sinex
nasal spray manufactured by Proctor & Gamble, comated with low levels of the
opportunistic pathogeBurkholderia cepacialn addition to the aforementioned financial
loss associated with an instance of contaminati@negative publicity of a public recall
may additionally harm the reputation of the compang/or brand name.

Generally the use of contaminated personal cardugte does not cause infection in
healthy individuals (Orthet al, 2006). However, there have been reports in which
contaminated product has been determined as thecesaf infection in vulnerable
individuals. The type of organism, microbial loanféctive dose), site of application, host
immune status and/or degree of tissue damage asittheof application are all major
factors that determine whether use of a contamingt®duct may result in infection
(Russell, 2004b). Naturally, there is an increasskof injury to the consumer associated
with contaminating organisms considered to be dppdstic pathogens e.&. aureusP.
aeruginosa, Candida albicansaand B. cepacia complex bacteria. Non-pathogenic
microorganisms are not generally considered to beadth risk; however, contaminated
product may cause injury if applied to broken skirthe eyes (Ortlet al, 2006).In most
cases where use of contaminated product has beeaiasd with injury to the consumer,
the microbial load has exceeded OFU/g (Orthet al, 2006). Whilst the microbial limit
is not strictly regulated it is fair to presume ttmanufacturers would not knowingly
release product with such a high microbial burd&rch burdens are likely to be a result of
errors in quality control testing, allowing theease of contaminated product, with levels
of contaminating microorganisms below the detecliomt at the time of testing, that
increased subsequently: a situation commonly refeto as the ‘phoenix phenomenon’
(Orthet al, 2006).

1.1.2. Key contaminants in the personal care industry

Methods of detecting microbial contamination in ramaterials and finished product

usually rely on classical microbiological approaisich as the traditional plate count
(Orus & Leranoz, 2005). The recovery of contamisaran be challenging. Viable cells

that have sustained injury by manufacturing cooddi and/or preservative agents may

enter a viable but non-culturable state, preventingliferation on nutrient-rich agar
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(Oliver, 2005; Orus & Leranoz, 2005). Newer methoslsch as bioluminescence,
impedance testing and cytometry are based on th&bole state of a microorganism and
offer both rapid and reliable detection of stresselis (Orthet al, 2006). However, at

present, rapid methods cannot detect specific graafpmicroorganisms. The species

identification of cultured isolates is commonly bdn phenotypic and biochemical tests.

The microbiology of personal care products is campdue to a wide range of product
formulations, manufacturing procedures and conalitiof consumer use (Perry, 2001). A
diverse range of yeasts, moulds and bacteria magniseuntered; and often, it is the
physiochemical properties of a product that dictdle type of contaminating organism(s).
Organisms frequently isolated from inadequatelg@nreed aqueous personal care products
includeKlebsiella, Enterobacter, StaphylococcarsdBacillus speciesPseudomonaficc
speciesPenicilliumandCandida albicangPerry, 2001). Gram-negative bacteria are most
commonly encountered, often introduced to the m®cdream through water supplies
(Jimenez, 2007; Perry, 2001).

Literature on microbial contamination of persoraecproducts is somewhat limited as the
publication of instances of contamination is nopreority for manufacturers. However,
product recalls reported by the Food and Drug Adstiation (FDA) and published
notifications by the Rapid Alerts System for nowdoconsumer products in EU countries
(RAPEX) revealP. aeruginosaand B. cepaciato be the predominant Gram negative
contaminants in the personal care industry (JimeB@@7; Lundov & Zachariae, 2008;
Wong et al, 2000). Jimenez (2007) described the microbiaémdivy of 134 non-sterile
and 193 sterile pharmaceutical (including persaaaé) product recalls reported by the
FDA between 1998 to 2006. Of these non-sterile lilec&0% were associated with
contamination by Gram-negative bacteria; and orty were associated with Gram-
positives. Further analysis revealed that eitRseudomonas, B. cepac@ Ralstonia
pickettii contamination, had accounted for 48% of the nonksteecalls; yeast or mould
contamination were found in 23% of products. Stepifoduct recalls were mainly due to
lack of sterility assurance; however, 7% were assed with yeast and 6% with Gram-
negative contaminationB: cepacia’was the most frequently reported microbial species,
accounting for 22% and 2.5% of sterile and nonHst@roduct recalls respectivelyhis
also reflected an additional weakness of identifocceand reporting in the manufacturing
sector, few reports accurately document the exaetiss within theB. cepaciacomplex

group of organisms (Mahenthiralingahal, 2008).
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1.2 THE BURKHOLDERIA CEPACIA COMPLEX

1.2.1 Taxonomy and current diversity

In 1950, Walter Burkholder published a descriptioih Pseudomonas cepacias the
causative agent “sour skin” or “slippery skin”, aseahse of harvested onion bulbs
(Burkholder, 1950). In subsequent years, two &t pseudomonads were found to be
synonymous td®. cepacia:an environmental isolate from soil and water imitiad, later
classified af?. multivorans(Stanieret al, 1966), and a group of opportunistic pathogens
known as “Eugenic oxidisers group I” but later sified asP. kingii (Jonsson, 1970).
With the advent of rRNA-DNA hybridisation and RNAgiencing methodology, the
taxonomy of established genera, includPgeudomonabegan to change (Vandamme &
Dawyndt, 2011). In 1973, Palleroei al. revealed that the genBseudomonasonsisted

of five major species clusters based on ribosomdA fhomologies . cepaciawas
assigned to rRNA group II) (Palleromt al, 1973) and that these clusters formed a
phylogenetic part of a major group of (Gram-neggtibacteria now known as the
Proteobacteria (Vandamme & Dawyndt, 2011). In 1992, Yabuudii al. (1992)
proposed the transfer and reclassificatiorPofcepaciaand six other speciasithin the
PseudomonagRNA group Il to a new genuBurkholderig with Burkholderiacepaciaas

the type species. The revisions proposed by Yabueiclal. (1992) were based on a
limited number of strains within theseudomonasRNA group Il. As a result, additional
species were reclassified &srkholdera in subsequent studies, and two classified as
Burkholderiawere reclassified into the novel gentalstonia(Vandamme & Dawyndt,
2011). To date th8urkholderiagenus has 60 formally named species, several caedid
species and looks to continue expanding (Vandamrba&yndt, 2011).

During the 1990s, researchers noticed an integebtterogeneity among strains identified
as Burkholderia cepaciausing traditional and molecular typing approach€senye,
2007Db). A collaborative polyphasic-taxonomic appgtod.e. biochemical, molecular and
genetic tests) revealed tht cepaciaisolates from Cystic fibrosis (CF) patients , other
human clinical samples and the environment wersetyorelated but genetically distinct;
and that isolates belonged to at least five genospiecies or genomovars (i.e. a
phenotypically similar genomic species (Ursiagal, 1995; Vandammeet al, 1997).
Subsequent studies have discovered additional gevemsand novel species belonging to
this group, collectively referred to as tBerkholderia cepaciaomplex (Bcc). With the

evolution of phenotypic tests capable of distinging between the genomic species,
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genomovar were replaced with formal species nameslate, there are 17 validly named
species within the complexXdble 1 Figure 1); however, published and unpublishe@ dat
from recent typing studies demonstrate there Ik stconsiderable number of unnamed

species to be resolved (Vandamme & Dawyndt, 2011).

Bcc strains share a high degree of 16S rRNA r@oé (recombinase A) gene sequence
similarity, of 98-100% and 94-95% respectively. &Agroup, Bcc species share moderate
levels of DNA-DNA hybridisation (30-50%) whereasasts of the same species usually
have >70% relatedness (Coenye, 2007b). Differentiatidnth@ closely related and
phenotypically similar species within the complende particularly problematic, often
requiring the use of molecular techniques for de¥i@ identification (Coenyeet al,
2001c¢).

1.2.2 lIdentification of Bcc species

Burkholderiaare aerobic, non-spore forming straight or slighdlyved Gram-negative
rods measuring 1 to 5 um in length and 0.5 to tOimwidth (Holt, 1994). Most species
are motile and have one or more polar flagella.yTdre catalase positive and most weakly
to strongly oxidase positive. All appear as nomdenters on MacConkey agar, most
degrade glucose oxidatively and degrade nitriteitcate or nitrogen gaBurkholderia
have exceptional nutritional versatility, able tblise a variety of carbon sources. As
mesophiles, the optimum growth temperature for nstrstins is between 30 and 37°C
(Coenye & Vandamme, 2007Db).

Differentiation of the closely related speciests tomplex using conventional phenotypic
or biochemical test alone, is particularly problémamany commercial bacterial
identification kits (e.g. APl 20NE and Vitek) canneliably distinguish between them
(Henry et al, 2001; Shellyet al, 2000). All Burkholderia species have a degree of
phenotypic variation, often influenced by substratel growth conditions. Phenotypic
variation has also been observed in sequentialats®l of the same strain
(Mahenthiralinganet al, 2008). OnlyB. multivoransandB. stabiliscan be distinguished
from other species by relatively simple biochemitesits (Henryet al, 2001). Coenyet
al. (2001c) recommended the use of selective agarsedhbas their nutritional versatility
and intrinsic resistance to various antimicrobigérts, in conjunction with biochemical
tests to improve the accuracy of identification ,antbre importantly, to avoid lack of

identification, essential in a clinical context.
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Historic difficulties associated with identifyingcB species have driven the development
of molecular and genetic tools capable of reliadbntifying and differentiating between
species (Coenye & Vandamme, 2007b). Analysis dfiénigth 16S rRNA gene sequences
can distinguish all formally named Bcc species (Btghiralingamet al, 2008). However,
partial 16S rRNA gene sequencing and restrictiagrirent length polymorphism (RFLP)
analysis with multiple enzymes are unable to digtish reliably all Bcc species due to
insufficient sequence variation (Coenye & Vandami2@)7b). Techniques exploiting
species specific sequence polymorphisms in the@A gene have proved far more
discriminatory.RecAbased PCR assays can identity Blirkholderia (i.e. at the genus
level) (Mahenthiralinganet al, 2000a; Vermiset al, 2002) or species level within the
complex (i.e. as a group) (Payekal, 2005) . However, considering the discovery of new
Bcc diversity and taxonomic refinement of the compsince the design of the original
primers, it is questionable whether such PCR shbaldconsidered absolutely specific
(Mahenthiralinganet al, 2008).

Analysis of a single locus gene suchresA can provide excellent discrimination, but is
limited to the species level (Baldwet al, 2005). Techniques capable of discriminating
beyond the species level include pulse-field gettebphoresis (PFGE) of macrorestriction
fragments of chromosomal DNA (Coenye & Vandammé&Q7d), random amplified
polymorphic DNA (RAPD) fingerprinting (Mahenthiraljam et al, 1996) and BOX
elements (BOX-PCR) fingerprinting (Coenyet al, 2002). Although highly
discriminatory, these methods are relatively timastming, require a degree of skill and
also depend on a subjective comparison of bandiofijjgs that impact on interlaboratory
comparison of data. Multilocus sequence typing (WMLE a relatively new technique that
surpasses single gene sequence-based methods fargl sefperior discrimination in a
single approach without using polyphasic technigre2005, Baldwiret al. developed an
MLST scheme for the Bcc. In brief, MLST examinescleotide polymorphorisms in
seven housekeeping genes that possess a lowf ratgation and recombination, that are
located on the first and second chromosona, (ATP synthas@-chain;gltB, glutamate
synthase large subunigyrB, DNA gyrase ;recA recombinase AlepA, GTP-binding
protein; phaC, acetoacetyl-CoA reductase atndB, tryptophan synthase)(Baldwet al,
2005). Sequence data is searched against a pubBd Matabase (http:/pubmlst.org/bcc/)
and nucleotide differences are assigned an allgigoer, the resulting allelic profile being

given a sequence type (ST) number that is uniqueatth strain. This method enables
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interlaboratory comparison of data and has proweded a valuable epidemiological

surveillance tool (Urwin & Maiden, 2003).
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Table 1. Current diversity of the Burkholderia cepacia complex

Species

Other designation

Reference

Burkholderia cepacia
Burkholderia multivorans
Burkholderia cenocepacia
Burkholderia stabilis
Burkholderia vietnamiensis
Burkholderia dolosa
Burkholderia ambifaria
Burkholderia anthina
Burkholderia pyrrocinia
Burkholderia ubonensis
Burkholderia latens
Burkholderia diffusa
Burkholderia arboris
Burkholderia seminalis
Burkholderia metallica
Burkholderia contaminans

Burkholderia lata

B
B
B
B
B
B
B
B
B
B

. cepaciaiGenomovar
. cepaciaGenomovar
. cepaciaGenomovar
. cepaciaiGenomovar
. cepaciaGenomovar
. cepaciaGenomovar
. cepaciaGenomovar
. cepaciaGenomovar
. cepaciaGenomovar

. cepaciaGenomovar

Vi
Vi
VIl

(Vandammeet al, 1997)

(Vandammeet al, 1997)

(Vandammeet al. 1997, 2003
(Vandammeet al, 1997 ; 2000)

(Gillis et al, 1995 ; Vandammet al, 1997)
(Coenyeet al, 2001a; Vermigt al, 2004)
(Coenyeet al, 2001b)

(Vandammeet al, 2002)

(Vandammeet al, 2002)
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Figure 1. The diversity and relationship between sgries of theB. cepacia complex as revealed
by MLST phylogenetic analysis.

A phylogenetic tree of concatenated nucleotide seges from seven MLST target loatgD,
gltD, gyrB, recA, lepA, phaCand trpB) of Bcc bacteria, using the neighbour-joining noeth
Established species names are shown; diffderenocepacia rechneages are designated IlIA,
B, IlIC and IlID (Vandammeet al. 2003); and the numbers &. contaminansand B. lata
sequence types included in the analysis are indludeshow diversity within these groups.
Bootstrap values greater than 70% are shown for réplcates, withB. pseudomalleas an
outgroup. Blue arrows indicate species groups contynencountered as environmental-industrial
contaminants. Adapted from Vanlaeteal, 2009.
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1.2.3 Bcc in the natural environment

Bcc bacteria are widespread in the natural enviemtmoccupying a diverse number of
ecological niches, including soil, fresh water msdand the rhizosphere of crop plants
(Vial et al, 2011). Considered one of the most versatile ggaigsram-negative bacteria,
the Bcc owe much of their versatility in disease aatural biology to their vast genetic
capacity (Coenye & Vandamme, 2007b). Bcc speciee laacharacteristic large genome
averaging 7.5 Mb in size, that is typically orga&uisinto two to four large replicons
(defined as chromosomes), and may harbour additaamids. Another feature of the
Bcc genome is a high plasticity, as insertion saqese (acquired via horizontal transfer)
promote rearrangements between replicons (CoenyeVaadamme, 2007b).The
characterisation of Bcc species diversity and itistion in the natural environment has
been greatly overshadowed by investigation of tokitical epidemiology (discussed in
section 1.2.4). Further to this, Bcc distributiordgrevalence within ecological niches has
not been equally investigated, attention has beegely focused on the rhizosphere of

commercially important crops (Viat al, 2011).

1.2.3.1 Aquatic environments

The characterisation of Bcc in aquatic environmastselatively limited (Vialet al,
2011). Members of the Bcc have been isolated frashf water systems and sediments,
and it is thought natural waters may have a higbcigs diversity. For exampld.
cepacia, B. cenocepagiand B. viethamiensisvere among five genomovars recovered
from two European rivers (Vermet al, 2003; Vialet al, 2011). Salt water bodies are not
generally considered a natural reservoir of Bcctdyea, despite the groundbreaking
discovery of theBurkholderiaSAR-1 genome in the metagenomic study of the Sama
Sea (Venteret al, 2004). Subsequent studies have since revealddBit@a isolates,
including an identical cultivable clone of SAR®. contaminanSAR-1), grow poorly in
sea water and culture media with equivalent salicentrations, suggesting the ocean is
not their preferred habitat. The presence of Buekholderia SAR-1 sequence in the
Sargasso Sea is considered by some to be a rdsaltcontamination in the original

metagenomic survey (Mahenthiralingatal, 2006).

1.2.3.2 Phytopathogenic Bcc
As previously discusse@&urkholderiawere first described as a phytopathogen responsible
for “sour skin “or “slippery skin” rotting diseased harvested onions, in which infected

onion bulbs become yellow/brown in colour, are senrelling, and display extensive
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tissue maceration (mediated by a plasmid-encodethige hydrolase enzyme system)
(Mahenthiralinganet al, 2005).B. cepaciahas historically been associated with the onion
rot disease. However, subsequent studies have shmen that onion bulbs inoculated
with strains ofB. cenocepacia, B. viethamiensiad B. pyrrociniaisolated from onion
rhizosphere, demonstrate the characteristic tisgeeration (Jacoket al, 2008). Species
of the Bcc are not generally considered to be ingmbrplant pathogens, in comparison to
other Burkholderiaspecies such a. glumaeandB. plantari which rot rice grains and
cause other commercially important crops to witofdget al, 2003; Mahenthiralingarat

al., 2005). HoweverB. cenocepaciaand uncharacterised Bcc genovarf@ve been
described as the causative agents of fingertijimrbainanas, and soft rot in apricots (Fang
et al, 2009; Lee & Chan, 2007).

1.2.3.3 Solil and the plant rhizosphere

In contrast to their occasional pathogenicity, st species in the natural environment
are considered highly beneficial. Although regardesd dominant components of soil
ecosystems members of the Bcc are more commordgiassd with the plant root system,
often reported as dominant bacteria in the rhizesplf important commercial crops (e.g.
rice, maize, pea and cotton) (Vietl al, 2011). The characterisation of Bcc distributian i
the rhizosphere is still somewhat limited to maptants. Commonly encountered Bcc
species includ®. cepacia, B. cenocepacia, B. ambifaria, B. stapB. pyrrociniaandB.
dolosa(Dalmastriet al, 2007; Paynet al, 2005; Ramettet al, 2005). However, studies
have revealed geographical differences in theibigton of Bcc species between maize
rhizospheres sampled at different locations. Foanmgde, B. ambifarig the most
commonly encountered species group associated mailze cultivated in the USA and
Italy (Dalmastriet al, 2007; Ramettet al, 2005), was not detected in the rhizosphere of
maize cultivated in China, whef®. cenocepaciavas the dominant species recovered
(Zhang & Xie, 2007).

The presence of Bcc isolates in the rhizosphermg,imisome cases within plant tissue, of
some commercial crops has been demonstrated toopeagnowth and yield (Viaét al,
2011). Bcc bacteria can exert a direct beneficié¢éce on plant growth by fixing
atmospheric nitrogen @\ synthesising phytohormones, altering endogenplat
ethylene levels and/or by solubilising inorganiogbhates. Bcc can also exert an indirect
benefit on plant growth by the production of andtid and/or antifungal compounds, that

protect the crop against soilborne plant pathod@unpantet al, 2008). The potential
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benefits of harnessing such protective propertestb the registration of certain Bcc
strains for commercial use as biopesticides inlhied States (Mahenthiralingaet al,
2005). However, after risk assessment, the Unitate$ Environmental Protection Agency
placed a moratorium on new registrations of (bitipesl) products containing these
bacteria (Mahenthiralingarat al, 2008). Currently, there is no clear distincticetvieen
Bcc isolates originating from an environmental lamical source, and it is widely accepted
that the natural environment is a potential sowfc8cc infection (Mahenthiralingarat
al., 2008) and that the environmental release of tagaes is not without risk.

1.2.3.4 Bioremediators of organic and anthropogenic pollutats

The concept of the natural environmental as a pialesource of Bcc infection has greatly
impacted the exploitation of Bcc bacteria for othmotechnological uses. Numerous
Burkholderiastrains have been isolated based on their akditgegrade anthropogenic
organochemical pollutants; several Bcc have beenvishio degrade organophosphorus
insecticides, polychlorinated biphenyls (PCBs) ahtbrinated ethenes. For exampie,
vietnamiensistrain G4, a member of the Bcc originally isolabexn water with a history
of chlorinated solvent pollution, was found to bepatent degrader of the common
groundwater contaminant trichloroethylene (TCE)Igdret al, 1986). In a field trial test,
B. vietnamiensi§&4 was found to reduce the chlorinated solvenomaminated aquifers
by more than 70% (O'Sullivan & Mahenthiralingam2p

In order to harness beneficial traits such as th#s® associated health risks of Bcc
bacteria must be significantly reduced or elimidafehe development and potential use of
bioengineered strains with attenuated virulence rstain biotechnologically useful traits
may be an option to overcoming this problem. Thestitity of the Bcc genome and the
multifactorial nature of Bcc pathogenicity may makéenuation by genetic modification
difficult but not necessarily impossible (Mahen#hingamet al, 2008). Alternatively, to
avoid all associated health risks, beneficial gengathways from Bcc strains could be
transferred to host strains that lack the capé&oitgause infection. The main difficulties
associated with this approach would be replicatireggenomic context in which the trait
is successfully expressed; important genetic factather than the genes or gene pathways
themselves, may have to be identified (Denef, 20B&cent discoveries expanding the
potential biotechnological uses of Bcc bacteria tdinical context (e.g anti-tumour drug
(Partida-Martinez, 2005) and novel antibiotic (Matigralingamet al, 2011)), may well

encourage the further development of such straegie
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1.2.4 Bcc bacteria as opportunistic pathogens of humans

Bcc bacteria have the capacity to infect a widegeanf organisms, from single-celled
protozoa to humans (Mahenthiralingam & Vandamme)520Based on the culture
collection at Cardiff University, all Bcc groupstiithe exception oB. cenocepacidliC
have been isolated from infection, with at least @golate from each group having been
derived from a clinical source (Mahenthiralinganal, 2008). As Bcc bacteria are not
carried as commensal organisms by humans, the saairces of infection in vulnerable
individuals are considered to be the hospital emrnrent (hosocomally), patient-to-patient
transmission, or the natural environment (Baldwinal, 2007). Several reports have
identified the use of contaminated industrial pridu(e.g. disinfectants, antiseptics,
pharmaceuticals) and contaminated medical deviessarces of nosocomial outbreaks of
Bcc infection (Mahenthiralingaret al, 2005). In rare cases, contaminated personal care
products have been reported as sources of Bcc eaktbrof infection in vulnerable

individuals (discussed in detail in section 1.2.5).

Bcc species emerged as significant pathogens @it dilsrosis (CF) patients over 30 years
ago, CF being the most common autosomal recessereditary lethal disease of
Caucasians, occurring in approximately one in 28@0births (O'Sullivan, 2009). The CF
lung is particularly vulnerable to microbial coleation and infection due to insufficient
clearing of mucus from the airways (Chmedlal, 2003). The clinical outcome of Bcc
infection in CF patients is highly variable duehost and strain factors. However, Bcc
infection is commonly associated with poorer praisolonger hospital stays and an
increased mortality rate (Mahenthiralingaet al, 2005). Chronic infection is
exceptionally difficult to eradicate as all Bcc sigs are highly resistant to antibiotics
(Nzula et al, 2002). Isleset al. (1984) first described an increasing prevalenc&8af
infection in a Canadian CF clinic, documenting pideand fatal deterioration of health in
a minority of Bcc infected patients; a clinical ce® subsequently described as ‘cepacia

syndrome’.

In the early 1990s, molecular epidemiological stsdconfirmed that patient-to-patient
transmission of Bcc infection could occur withitaspital environment or through social
contact. As a result, Bcc infected CF patients wegorted and treated separately from
patients withPseudomonafection or patients without infection (Mahenthingam et
al., 2008). By the mid 1990s, there were several tepoi a highly transmissible and

highly virulent so called “epidemic” Bcc strain coron to multiple patients in the
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Canadian and United Kingdom CF population. Thigist initially designated a8.
cenocepaciealectrophoretic type (ET) 12 (Johnsenal, 1994), was presumed to have
spread to the UK from Canada via patient-to-patiemtact at a CF summer camp (Govan
et al, 1993). Several virulence factors have been desdriorB. cenocepaciatrains (as
reviewed by (Mahenthiralingarat al, 2005). ET-12 strains (also known as cable pilus
strain (Sunet al, 1995) or RAPD type Il (Mahenthiralingaret al, 1996)) are
characterised by a unique combination of two vitagefactors in particular: expression of
cable pili believed to facilitate adhesion and oidation of lung epithelial cells, and a
pathogenicity island referred to as theé. ' cepacia epidemic strain marker’
(Mahenthiralingamet al, 2005). Subsequent studies have identified aduiti®@cc CF
epidemic strains belonging to tBe cenocepacialonallineages and other species groups,
including B. multivorans, B. pyrrociniand BCC group AT (Coenye & Lipuma, 2007a).
The B. cenocepacia“Midwest clone” accounts for considerable infection the
Midwestern region of the U.S, and tBe cenocepaci@HDC clone has been recovered
from the majority of CF patients in the mid-Atlantiegion and three European countries.
The threeB. cenocepaciatrains (ET12, Midwest and PHDC) account for gdanumber

of infections worldwide and have caused significardrbidity and mortality in the CF

community over the past two decades (Mahenthiralimet al, 2005).

Since its emergence as a problematic CF pathogederaiological surveillance of Bcc
species in CF patients has been of paramount iapeet All Bcc species, with the
exception ofB. ubonensishave been isolated from CF sputum (LiPuma, 2010e T
prevalence of each Bcc species in the CF lung Isxs lieen extensively investigated.
Although there may be regional differences presemnhe epidemiological distribution of
Bcc in CF,B. cenocepacias historically considered to be the dominant Bathpgen in
the CF lung followed byB. multivorans with a mean prevalence of 67 % and 17 %
respectively, in CF populations (USA, Canada aaly) prior to 2002 (Mahenthiralingam
et al, 2008). Highly virulentB. cenocepaciaas the capability to super-infect and replace
infection by B. multivorans.However, a recent review of Bcc CF infection in UK
clearly demonstrates a change in epidemiology (6@taal, 2007), with a reduction in
the spread and prevalence of transmissiklecenocepaciastrains and a consequential
increase in prevalence oB. multivorans Other countries have reported similar
epidemiological changes. This phenomenon may besaltr of the enforcement of

stringent infection control measures or the higheortality rates associated witB.
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cenocepaciainfection (Drevinek & Mahenthiralingam, 2010). Themaining formally
named species account for less than 10 % of all@ednfection, and with the exception
of B. dolosastrain SLC6 in the U.S, appear to be infrequestigred among CF patients
(Coenye & Lipuma, 2007a; Reikt al, 2005). In the U.S.B. cepacia, B. stabilis, B.
vietnamiensisandB. dolosawere more likely to be encountered as CF pathotiearsB.

ambifaria, B. anthinandB. pyrrocinia(Reik et al, 2005).

Understanding the clinical epidemiology of Bcc tfen outside the CF community is far
more challenging as outside of CF the Bcc causdadively small number of infections
and is often difficult to identify accurately (Maft@iralingam et al, 2008). Clinical
isolates from non-CF patients indicate a dispadig&ibution of Bcc species from that
encountered in CF populations. Regk al (2005) examined Bcc species diversity in
isolates recovered from 1218 CF patients and ®@@mga without CF , collected between
1996 and 2004 in the U.B. cenocepacig25.6 %) andB. cepacia18.9%) were the most
commonly encountered named species groups in nomfeEtion; however, “species
indeterminate” isolates infected a greater numlbeéh® non-CF patients, recovered from
approximately 22% of the non-CF patients and 1%hef CF patientsB. multivoransa
common CF pathogen, was the fourth most commontpw@ntered group in non-CB.
dolosaandB. pyrrocinia,isolated from 46 (3.8%) and 3 (0.3%) CF patieetpectively,

were not isolated from non-CF clinical specimenthia study.

Infection control procedures have reduced patiesgatient spread of highly transmissible
strains of Bcc within the CF community but they éawt eradicated the emergence of
new Bcc infection. Does the natural environment a&ta reservoir for infectious Bcc
pathogens? In 2002, genetic typing methods revehidsolates abundant in onion fields
of New York State were indistinguishable from tipgdemicB. cenocepaciatrain PHDC
(LiPumaet al, 2002). Several studies have since demonstratdtefunstances of genetic
identity between environmental and clinical Bcdases (Paynet al, 2005), challenging
the historic view that they are somehow distinotrfreach another. Baldwet al (2007)
used the highly discriminatory typing method MLSY dtudy Bcc isolates from several
large bacterial collections. Greater than 20%hefdlinical isolates were indistinguishable
by MLST from isolates from environmental sourcediniCal isolates belonging t®.
cepacia, B. multivorans, B. cenocepacia relifeages I[IIA and 11IB,B. stabilis B.
vietnamiensisand B. ambifaria were indistinguishable at all seven loci from #&ek

recovered from the natural environment (e.g. riveter, onion, radish, the maize
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rhizosphere), the hospital environment (e.g. meaigaipment), industrial processes (e.g.
pharmaceuticals, personal care product) and enwiental industrial sources (Baldwet

al., 2007; Mahenthiralinganet al, 2008). The overlap of Bcc sequence types from
different isolation sources within the Mahenthinglam group culture collection at Cardiff

University are shown in Figure 2.

1.2.5 Bcc as contaminants of industrial processes

Highly versatile, Bcc bacteria have the ability dorvive and potentially proliferate as
contaminants of a diverse range of man-made preduoctuding anti-infective solutions
(e.g. disinfectants and antiseptics), pharmacdsticaosmetics (e.g. personal care
products) and petroleum products. Bcc contaminaifaommercial goods can result in an
economic loss to the manufacturer, and may poseskato the health of vulnerable
consumers (as discussed in section 1.1.1.). Ing@idhfection due to Bcc-contaminated
industrial product is not documented in significaétail. Therefore, reported Bcc
infections are more likely to be nosocomial outkeear pseudoepidemics (Lundet al,
2009).

The Bcc has historically been associated with thetamination of commonly used
disinfectants and antiseptic solutions. Contamamatof antiseptics and disinfectant
solutions by Bcc bacteria may occur during indastmanufacture, via dilution with non-
sterile water, or by inappropriate handling (eggpaated use of an anti-infective container)
(Nasseret al, 2004; Oie & Kamiya, 1996). Since the 1970s, nwusmreports have been
published on outbreaks of Bcc infection as a restiising contaminated anti-infective
solutions directly (e.g. skin antiseptics), or inetsanitation of medical equipment
(Andersonet al, 1991; Hecet al, 2008; Romero-Gomezt al, 2008; Webeket al, 2007).
The ability of Bcc bacteria to survive prolongedoesure to solutions containing high
concentrations of commonly used anti-infectives hsugs benzalkonium chloride,
chlorhexidine gluconate and povidone-iodine, cetytpnium chloride and triclosan
(Geftic et al, 1979; Roseet al, 2009), may well play an important role in allogithese

organisms to cause infection.

The Bcc are recognised as universal contaminants stefile and non-sterile
pharmaceuticals and personal care products (Jime2@2la). Use of contaminated
pharmaceuticals such as nebuliser solutions (Badklay, 2005; Ghazagt al, 2006), non-
sterile saline (Cunhat al, 2007), multi dose heparin solutions (Yaeg al, 2008),
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ultrasound gel (Hutchinsoet al, 2004; Jacobsoet al, 2006) and nasal sprays (Dokin
al., 2005) has been attributed to outbreaks of Bccctitie in hospitalized or vulnerable
individuals. Several outbreaks of nosocomial Bctedtion attributed to the use of
contaminated personal care products have also tegmmnted. The use of contaminated
mouthwash in particular has been associated wélothbreak of Bcc infection in patients
who are intubated or have increased risk of aspirgMatricianet al, 2000). In 2005, a
multistate outbreak oB. cenocepaci@olonisation and infection in patients at increased
risk of pneumonia was associated with an intrinsicgontaminated alcohol free
mouthwash (Kuttyet al, 2007). Subsequent evaluation of the product sigde
contamination had occurred prior to consumer usktlaat levels of the preservative agent

cetylpyridinium chloride in the product were inadatg.

An outbreak oB. cepaciainfection in five severely ill patients in an ingve care unit of

a Barcelona hospital was associated with intriflsiceontaminated moisturising body-
milk (Alvarez-Lermaet al, 2008). Pulse-field gel electrophoresis profiléssolates from
patients were indistinguishable from that of isedatecovered from hermetically closed
units containing product. Contamination of the reoiser had presumably occurred
during the manufacturing process, transportatioistorage stages, before application of
the product to the patients by nursing staff (Adzatermaet al, 2008). Recently, the
first nosocomiaB. contaminan®utbreak associated with prefabricated moist wass
was reported in a German hospital (Marnal, 2011). Over a five month period, 61
intensive care patients were infected, some witlergeinfection. The reported outbreaks
of Bcc infection were all terminated once the ditécsource was eliminated. All cases
recommended that non-sterile personal care proghcisid only be used with critically ill

patients once the associated infection risks haea thoroughly assessed.

A testament to their catabolic versatility, Bcc temi@ are frequently isolated as
contaminants in the petroleum industry (O'Sulliv& Mahenthiralingam, 2005).
Contamination of hydrocarbon fuels can lead tolg@std dangerous operational problems
in the storage of fuels and its use in engine syst@/Vhite, 2010). Whitet al. (2010)
recently described the abundance and diversityefdontaminating bacteria. Systematic
analysis of a collection of 152 isolates from 5dlfsamples demonstrated a dominance of
Pseudomonag21%) and Burkholderia (7%) species. Eight Bcc isolates capable of
utilising phenol vapour and a selection of alipbatiydrocarbons as substrate, were

recovered from a single oil refinery site aloBevietnamiensisg species with the capacity
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to degrade a range of xenobiotic compounds (elgene, phenols, and trichloroethylene)
commonly found in fuels (O'Sullivan & Mahenthirag@mm, 2005) appeared to be

widespread, and was recovered from multiple uredlautomotiveliesel samples (White,
2010).
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Figure 2. Shared genetic identity of Bcc isolatesrdm clinical, environmental, and

environmental sources.

798 Bcc isolates within the Mahenthiralingam graugture collection at Cardiff University were agsigl to
376 sequence types (ST) by MLST analysis. The totmhber of ST and the number of overlapping
sequence types between the three isolation soareeshown. By MLST analysis, 30.1% of clinicall&es
are indistinguishable from isolates from the ndtusavironment, 12.4% are indistinguishable from
environmental industrial isolates. Adapted from Mathiralinganet al. (2008).
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1.3 PREVENTING MICROBIAL CONTAMINATION: PRESERVATION OF
PERSONAL CARE PRODUCTS
One of the main principles of preservation is tegamdation of growth and/or killing of
contaminating microorganisms that may gain accesthé process stream, or during
consumer use (Orth, 2005). Low levels of chemigatides, commonly referred to as
preservative agents, are often incorporated into materials and finished personal care
products to protect them from microbial contamimati The selection of preservative
agents for use is a complex process involving maeyors. These include: whether an
agent is regulated for use for a particular coyrttmg formulation conditions e.g. pH or
water activity, preservative solubility; the antarobial spectrum of an agent; the effect of
formulation ingredients on activity, process coiwis and packaging effects (Omth al,
2006). Combinations of preservatives (preservatsystems), conferring a wide
antimicrobial spectrum, are commonly used in peab@are products to protect against
bacterial and fungal contamination. In additionmbinations of agents enable adequate
preservation using lower concentrations of indialdahemicals, thereby, protecting the
consumer and limiting the development of microledistance to a single agent (Chopra,
1996). Preservative combinations with synergistativdy have additional benefits,
providing a level of antimicrobial action beyondathof the additive activity of the

individual agents.

1.3.1 Regulation of preservative agents

To protect the consumer from often prolonged oeatgd exposure to chemical agents,
the preservation of personal care products iststniegulated. In Europe, the Council of
the European Communities formulated the Europeaon@&uic Community (EEC)
Cosmetics directive which states the principles amés of marketing personal care
products (Ortket al, 2006). Attached to the directive 76/768/EEC (wemeuropa.eu) are
annexes which list the preservatives which may @y mot be used and stipulates
maximum levels of use. Prior to approval for usesprvatives are subjected to a wide
review of safety testing to ensure the effective level is not associated with adverse
effects to the consumer (Or#t al. 2006). In Japan, a similar system of regulat®n i
applied to the industry. Approved, restricted antdapproved agents are published by The
Ministry of Health and Welfare as positive and naga lists. Japan has the most
restrictions and fewest permitted agents (@thal, 2006). Regulation of personal care

products in the U.S. takes a different approachhdigh there is no official list of
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approved preservatives the FDA restricts or prddibse of agents with associated health
risks. In addition, the Cosmetic, Toiletry and Feage Association (CFTA) fund the

independent review and safety assessment of pegsenagents (Ortht al, 2006).

Preservative efficacy testing, commonly referrecasochallenge testing, is conducted to
determine the minimum effective concentration oé @n more preservative and to ensure
raw materials and finished products are adequatelgerved and capable of withstanding
microbial insult during manufacturing and througheonsumer use (Ortht al, 2006).

Several standardised methods of challenge tegiidgished by professional associations,
are used in the personal care industry in diffecenintries. These include methods from
the US Pharmacopeia, CFTA, European Pharmacopdidapanese Pharmacopeia, rapid
procedures such as ATP-bioluminescence (Jimen@i,2@nd linear regression methods
(Orth et al, 1998). Test organisms should be representativeho$e likely to be

encountered as contaminants during the manufagtpriocess and consumer use (Russell,

2003a). Bacteria, yeasts and moulds are used dchnatenge testing.

For bacterial efficacy evaluations, a range of rhofpgical and physiological types are
evaluated, including Gram-positive coc8. (aureusand Bacillus spp,if desired), Gram-
negative fermentersE( col) and Gram-negative non-fermenteRs @eruginosaand B.
cepacig (Orth et al, 2006). The majority of recommended challenge ougganisms are
from national culture collections. In addition, tz@n methods recommend the inclusion of
“in-house” isolates recovered from contaminatedierapatches of a product, raw material
or the industrial environment. Test organisms aceulated, usually as a single challenge
(but can be a mixed inocula), into samples of #s product or material to achieve test
concentrations ranging from 1ao 10 CFU/g (representing gross contamination).
Aliquots of the sample are removed at specifiedrirdls, neutralised according to protocol
and viable CFU gquantified usually by plate counthmods; data are interpreted according
to pharmacopoeial or other official documentatidtugsell, 2003a). For example the
CFTA acceptance criteria define adequate preservas a 99.9% reduction in bacterial
counts within seven days, and no further increasehie duration of the test period (Orth
et al, 2006).
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1.3.2 Key preservatives in the personal care industry

Numerous factors influence the frequency at whigireservative agent is utilised within
an industry. In the personal care industry, theséofs include regulations, cost, spectrum
of activity, level of efficacy, toxicity to the ceamer, solubility, stability at high process
conditions and compatibility of a preservative d@geith other product ingredients. The
frequency of preservative use is dynamic, adjugiinghanges in regulation and consumer
pressure. Voluntary disclosure to the FDA by mactufieers in 1993, revealed over 100
preservatives were used in personal care prodacteel US. Parabens (esters of para-
hydroxybenzoic acid) were the most commonly useshtsy followed by imidazolidinyl
urea (formaldehyde releaser), isothiazolones, quaum-15 (formaldehyde releaser),
formaldehyde, phenoxyethanol and bronopol. Innegears, concerns over the reported
weak estrogenic activity of parabens led to a sliddcrease in use associated with a
consumer demand for ‘paraben-free’ products (@tthal, 2006). However, a recent
review of preservative use in the US and Canadadwvsuggest the use of parabens is
increasing once again, and that cosmetic compantgsh joined the ‘paraben-free’
manufacturing practice are now increasingly forrmng with them again (Steinberg,
2010). Preservatives on the decline in the US aada@a included Imidazolinyl urea,
Quaternum-15 and triclosan (Steinberg, 2010). t8tricegulation of preservatives in EU-
regulated countries and Japan means fewer presenzgents can be utilised. However,
the frequency of use is similar to the US in thatabens are the most commonly used
preservatives and that many formulations utilisenfdldehyde releasing agents (Russell,
2004b). Also increasing in frequency is the usel@micals, not listed as preservatives in
the EU and Japan, that offer additional benefitsh® formulation, such as enhanced

antimicrobial activity. These include caprylyl gblc ethylhexylglycerin and penetylene

glycol.

The following sections discuss the preservativas @emical agents that form the focus
of this study.The chemical structure and maximum EU regulatedl$eof these agents

permitted for use in rinse-off personal care praslace shown in Table 2.
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1.3.2.1 Parabens and benzoic acids

Over the past 75 years, the parabens (methyl, dvgyl and propyl esters gfara-(4)-
hydroxybenzoic acid) have become one of the moshnoonly used preservative
chemicals in cosmetics and pharmaceuticals, dygarhto their high efficacy and low
toxicity (Hobermaret al, 2008). Parabens are active over a wide pH rah@?, @nd have
low water solubility which decreases proportionateith increases in alkyl chain length
(order methyl to butyl). Parabens and benzoic aardsexamples of preservatives that
migrate (according to solubility) from the waterttee oil phase of emulsions. In order to
preserve adequately such a formulation it is egdahtat the preservative is present in the
water phase. Mixtures of esters are commonly uggutdserve both the aqueous and oil
phases of emulsions and/or chemicals are addedhetowater phase to decrease the
partition coefficient. Parabens are generally mactve against Gram-positive bacteria
and fungi than Gram-negative bacteria. At high eom@tions, parabens exert a
predominantly bacteriostatic and fungistatic atyiviaffecting the cytoplasm/plasma
membrane causing leakage of intracellular compenefRussell, 2003b). Lower
concentrations dissipate the proton motive forag @an cause an acidification of the cell
cytoplasm (Figurg) (Maillard, 2002; Russell, 2003b).

Benzoic acid (a lipophilic weak acid) are most efifee against Gram-positive and Gram-
negative bacteria and yeasts at acidic gtb), when in the undissociated form. Salts of
benzoic acid such as sodium benzoate are antimatnolctive, unless added to the water
phase of the formulation, by which free acid is erated (Orthet al, 2006). The
antibacterial action of benzoic acids is similarth® parabens, dissipating the proton
motive force at the cell membrane and inhibitingivac transport (Figure) (Russell,
2003b).
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1.3.2.2 Formaldehyde-donors

Formaldehyde (FA) is widely used in a variety dftisgs for disinfection (in liquid and
gaseous state), antisepsis and preservation (amltehyde solution) purposes (Russell,
2004b). Formaldehyde-donor preservatives [imidazoly urea, dimetholdimethyl
hydantoin (DMH), diazolidinyl urea, quarternium-abd bronopol] are commonly utilised
in personal care products. The rate of formaldehwiiease (upon decomposition of the
donor) is largely dependent on pH, with rapid reéeaccurring at alkaline pH (9-10.5) and
slower release associated with acidic pH (3-5) gRllis 2004b). Formaldehyde is an
alkylating agent with lethal activity against ba@eand fungi, interacting with proteins,
nucleic acid bases of RNA, and to a lesser exi2N#\ (Russell, 2004b). Formaldehyde
reacts with protein molecules by binding to theraiy amide and amino groups, resulting
in the formation of intermolecular cross-linkageu@Rell, 2004b). Consequently, the
presence of amines, amides, or hydrolysed protginpersonal care products may

significantly reduce the amount of free-formaldedyyailable (Dogt al, 2010).
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Table 2. Preservatives and preservative enhancinggants used in this study

Class of agent Isothiazolinones Alcohols QAC Formaldhyde donor
. . . chloromethylisothiazolinone & . . ) S Dimethylol dimethy|
Preservativé M ethylisothiazolinone: _y I . ! A ! “Benzisothiazolinong Phenoxy ethano Benzethonium icidor ! y '. Y
methylisothiazolinone hydantoin
Trade name Neolone 950 Kathon CG Nipacide BIT-20 Phetobx Lonzagard Glydant
Abbreviation MIT CMIT/MIT BIT PH BC DMH
Supplier Rohm & Haas Rohm & Haas Clariant Clariant Lonza Lonza
M olecular formular C,HsNOS CgHgCIN,O,S, C,H;NOS GH10 0, C,7H4,CINO, C;H1,N,0,
S\ O O % 0 o, H CH O
Chemical structure | M— /ﬁ— E/< _ QIQNH ©/ H‘/’J\OH {(mré—:ﬂfc‘—fhih ocm:njoc—pH:—r‘q—crg—éi\)JJ HOVN NVOH
n . . | | = | =/ \nf
] Cl 3 = b o O o, 0
Activity (%)? 9.7 1.498 20 >99 100 54
Regulated level (%) 0.01 0.0015 0.% 1 0.1 0.3

Footnotes:
YINCI designation

2 Activity of Ingredient(s) as listed on Material Batheet
¥ Maximum authorised concentrations according todkmetics directive 76/768/EEC, annex VI- list oégervatives which cosmetics may contain.

# As a free acid

8§ Per ester, 0.8 as total
X Not permitted for use in EU regulated countrieanofacturers recommended level
Supplier information: Clariant Ltd Horsforth Leed&; Lonza Ltd, Basel Switzerland;

Dr Straetmans Chemische Produkte GmbH Germany;li@BuMayr, Schulke & Mayr GmbH Norderstedt GermaRpohm & Haas, Coventry UK; Fisher Scientific Ltd,

Loughborough, UK
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Table 2. Preservatives and preservative enhancersed in this study (continued)

Class of agent Parabens and benzoic acid Preservative enhancer
. . Ethylenediamine-tetraacetic acid Ethylhexyl
Preservativé Methyl Paraben Propyl Paraben Sodium Benzoate disodium salt Caprylyl Glycol Glycerin
Trade name Nipagin M Nipasol M Sodium Benzoate EDTA Degait Octiol Sensiva SC50
Abbreviation MP PP SB EDTA CG EG
Supplier Clariant Clariant Fisher Scientific Sigma-Adtir Dr.Straetmans Schulke & Mayf|
Molecular formular CgHgO3 C10H1,03 C;HsO,Na CioH14N2N&,0g.2H,0 CeH 160, C11H,403
ﬁ | 0
H o]
_ _ 0 :
& —OCH, §O(CHz)2CHy . Nag\fo Hiou HO™ ™S - \/\./“nf‘g/ G
Chemical structure © OMa - N’\/”l HO A H
)
HO™ ~0O
O HO
OH OH
Activity (%)* 100 100 100 100 100 100
Regulated level (%) 0.4 0.4 0.5 0k 1 0.5

Footnotes:

YINCI designation

2 Activity of Ingredient(s) as listed on Material Batheet

¥ Maximum authorised concentrations according todkmetics directive 76/768/EEC, annex VI- list aégervatives which cosmetics may contain.
P As a free acid

§ Per ester, 0.8 as total

X Not permitted for use in EU regulated countrieanofacturers recommended level

Parabens are esters of para-hydroxybenzoic acid.

Supplier information: Clariant Ltd Horsforth Leed&; Lonza Ltd, Basel Switzerland;

Dr Straetmans Chemische Produkte GmbH Germany;li@BuMayr, Schulke & Mayr GmbH Norderstedt GermaRpohm & Haas, Coventry UK; Fisher Scientific Ltd,
Loughborough, UK
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1.3.2.3 Isothiazolones

Isothiazolone biocides, such ad\-methylisothiazolinone (MIT), 5-chlorbk
methylisothiazolinone (CMIT) and benzisothiazolieo(BIT), are used in a variety of
industrial settings (Nicolettet al, 1993). Commercially available suspensions of éhes
agents are water soluble, biodegradable to nor-tmetabolites and are generally of high
compatibility with product ingredients. The brogmkestrum microbistatic activity and
stability in a range of pH and temperatures havdemaethylisothiazolinone a favourable
alternative to formaldehyde (Russell, 2004b). Us$ecldoromethylisothiazolinone and
benzisothiazolinone preservatives is more resttictdue to irritancy issues.
Chloromethylisothiazolinone is only regulated faseuin personal care products (not
intended to have contact with mucous membranes &8sl mixture of chloro to non-
chlorinated forms. Benzisothiazolinone, currentbed in industrial emulsions, adhesives,
paints, and household products is not regulateduser in personal care products in EU

countries or Japan.

In bacteria, isothiazolone preservatives are thbughreact chemically with thiol-
containing (e.g. cysteine, glutathione) cytoplasnaigd membrane bound enzymes
(Denyer, 1995), as their activity is strongly amtaiged by thiol-containing materials
(Figure3). The oxidation of thiol groups causes the fororanf disulphides which further
interact to give thiol dimmers (e.g. cystine, gthtane disulphide) and reduced ring-
opened forms of the biocide (Colliet al, 1991). Open-ringed versions of the biocide
may then additionally interact with other isothibmes, resulting in isothiazolone
dimmers. In addition, morphological changes assediavith bacterial growth in the
presence of sub-inhibitory concentrations of chieethylisothiazolinone would suggest

the additional interference and possible inhibisdNA replication (Chopra, 1996).

1.3.2.4 Alcohols

Several alcohols possess a broad-spectrum antiomtractivity against bacteria, viruses,
and fungi but are not sporacidal (McDonnell & Ruisg999). As such, alcohols are used
extensively for hard surface disinfection and skimtisepsis purposes; ethyl alcohol,
isopropyl andn-propanol are most widely used (McDonnell & Russ&#99). Although
several alcohols are regulated for use in the patscare industry, the market is
dominated by phenoxyethanol. In 2007, phenoxyethamas the third most used
preservative of cosmetics in the US, found in 20f6voluntary registered products

(Lundovet al, 2011). 2-phenoxyethanol acts against Gram-negjatcteria but has weak
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anti-fungal properties. As such, phenoxyethanafisn used in combination with agents
that display strong anti-fungal activity but wealetivity against Gram-negative bacteria
(e.g. parabens) (Ortét al, 2006). As a membrane active agent, phenoxyethadates
generalized loss of cytoplasmic membrane functiba, extent of damage being largely
dependent on concentration (Fige At low concentrations, phenoxyethanol is an
uncoupler of oxidative phosphorylation, resultimgthe disruption of the proton motif
force (PMF), inhibition of membrane bound enzyrmaesl possibly proton translocation
(Denyer, 1995) (Maillard, 2002).

1.3.2.5 Quaternary ammonium compounds (QACS)

Quaternary ammonium compounds are used extensinehoth clinical and industrial
settings as disinfectants, antiseptics and as asees of cosmetics and pharmaceuticals.
Benzethonium chloride and benzalkonium chloride teu@ frequently used QACs in the
personal care industry. QACs are primarily actigaiast Gram-negative and Gram
positive bacteria howevel, aeruginosaends to be highly resistant (Russell, 2004b). As
membrane active agents, these cationic biocidedoprmantly target the cytoplasmic
membrane in bacteria (Salton, 1968). Interactioth whe phospholipid components in the
membrane causes distortion, induces leakage ddceitular components and results in
protoplast lysis under osmotic stress (Fig8réMcDonnell & Russell, 1999). QACs are
also known to damage the outer membrane of Grarativegbacteria, promoting their
own uptake into the periplasmic space, inner menwrand intracellular space. Self-
promoted uptake involves the displacement of ditatations from the lipopolysaccharide
(LPS) by the biocide. This interferes with crosglging between neighbouring molecules
and destabilises the outer membrane, resulting inaeased uptake of the agent (Chopra,
1996).
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1.3.2.6 Preservative enhancing agents

Chemical agents not listed as preservatives areasmgly utilised in the personal care
industry to enhance the activity of preservativerdg. For example, propylene glycol,
added to the aqueous phase of an emulsion, capaserthe aqueous solubility of
lipophillic or oil soluble preservatives (e.g. plaeas) that may migrate out of the
vulnerable water phase of emulsions. Raw matesiadischemicals that enhance activity of
preservatives by increasing influx into the micedlmell are also used. EDTA is utilised to
increase the antimicrobial activity of a numberpoéservative agents including QACs,
parabens, imidazolidinyl urea, and DMDM hydanto®@rth et al, 2006). In Gram-
negative bacteria, the lipophilic outer membranatiached to the peptidoglycan cell wall
by divalent bridges (Ortlet al, 2006), EDTA removes the cation bridges and caases
massive release of LPS (FiguBe The deficiency of LPS in the outer membrane is
believed to be compensated by gylcerophospholigds.a result, the patches of
phospholipid bilayer are more permeable to lipapltbmpounds, and there is a greater
influx of antimicrobial agents into the cell (Bolet al, 2011). Ethylhexylglcerin is an
emollient, solvent and fixative with antimicrobigdroperties. Increasingly used in
combination with alcohols, it is thought that etigikylglycerin enhances their
antimicrobial activity by increasing uptake of tpeeservative into the microbial cell
(Gaonkar et al, 2006). Caprylic/capric acid glycerides (a migtuof mono,di and
triglycerides) are emollients derived from cocorilitese provide a natural bacteriostatic
activity, but can also increase the antimicrobivaty of paraben preservatives (Orth
al., 2006).
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Figure 3. The multiple target sites of preservativeagents.

The schematic, to be used in conjunction with r@hgv¥ext sections 1.3.2, summarises the multiple
and concentration-dependent target sites (for Gragative bacteria) of key preservatives and a
preservative enhancing agent used in the persanalicdustry that are featured in this study. OM,
outer membrane; IM, inner membrane (or cytoplasmigmbrane); LPS, lipopolysaccharide;
QACs, quaternary ammonium compounds; EDTA, Ethyd@arainetetraacetic acid. Adapted from
Russell and Chopra 1996; Maillard, 2002.
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1.4 BACTERIAL RESISTANCE TO PRESERVATIVES
Preservatives have been utilised in sterile andsterle products for many years and the
development of resistance is not a new phenomeResistance to QACs for example,
introduced as a disinfectant/preservative in theé-h830s, was first reported 60 years ago
(Chaplin, 1952). There are numerous reports in liteeature of bacteria developing
resistance to a range of preservatives with divelneistries that are used in the personal
care industry Table 3). Early concerns expressed over 20-30 years elgbing to the
development of preservative resistance are perhgee relevant in recent years, as the
use of biocides in clinical industrial and domiaily settings increases while the rate at
which new biocides are being introduced decredd$ederstanding the interaction between
bacteria and preservatives and the developmemisadtance is therefore essential, in order
to:

(1) reduce the economic loss associated wotitamination of preserved industrial

processes;

(2) protect the consumer;

(3) efficiently treat resistant organisms; and

(4) facilitate strategies to circumvent resistatiees maintaining the efficacy

and range of preservatives regulated foriusige personal care industry.

Bacterial mechanisms of resistance can either beataral property of an organism
(intrinsic) or acquired through mutation or by astfion of plasmids or transposons
(chromosomal or plasmid integrating) (McDonnell &udRell, 1999). The following

sections discuss resistance mechanisms of Grantiveghacteria with particular

emphasis on Bcc bacteria. The latter are highlistea®t to antibiotics and biocides (e.g.
disinfectants, antiseptics and preservatives), spea of their biology that no doubt
contributes to their success as opportunistic gphe® and contaminants of industrial
processes.
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Table 3. Examples of biocides employed as preseriads to which bacterial resistance has
been reported

Benzalkonium chloride Mercuric salts
Benzisothiazolore Methylisothiazolone

Benzoic acid Chloro-methylisothiazolone
Chlorhexidine Methyl paraben

Chlorophenol Phenoxyethanol
Dibromodicyanobutane Phenyethyl alcohol

Dimethoxy dimethyl hydantoin Phenylmercuric acetate
Formaldehyde Propyl paraben

Glutaraldehyde Quarternary ammonium compounds
Hydrogen peroxide Sorbic acid

Imidazolidyl urea Trifluoromethyl dichlorocarbarié

lodopropynyl butylcarbamate

Footnotes:

Preservative agents shown are permitted for uggeraonal care products according to regulationsssnl
otherwise stated. not permitted for use in personal care productSlhregulated countries. Adapted from
Chapman (1998) and English (2006)
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1.4.1 Intrinsic resistance mechanisms

1.4.1.1 Cellular impermeability and the Gram-negative outermembrane
Gram-negative bacteria are generally more resistaantimicrobials than Gram-positive
bacteria (McDonnell & Russell, 1999), primarily bese of the multi-component barrier
system of the cell wall. The outer cell layer ofa@rnegative bacteria consists of an outer
membrane (envelope), a thin peptidoglycan layemipf@smic space and an inner
(cytoplasmic) membrane (Maillard, 2002). The stoet of the cellular membranes
enables greater control of the ingress and egrdssnmll molecules, including
antimicrobials, while the periplasmic space faatbls enzymatic inactivation or
modification of antimicrobials (Burns, 2007). Thaeter membrane is a bilayer, the outer
leaflet composed of phospholipid and lipopolysacicles (LPS), while the inner leaflet is
phospholipid in nature. Lipoproteins, porins thatnfi hydrophilic channels, and efflux
pump components are also embedded in the outer mamb The simpler cytoplasmic
membrane, a phospholipid bilayer, may also conpaateins (e.g. components of efflux
pumps) that may impact on cellular permeability. e Tiphenomenon of cellular
impermeability is of particular importance to bideiresistance, as the primary targets of
many biocides are often situated within the cell/an at the cytoplasmic membrane
(Maillard, 2002). Therefore, in order for an antnabial to elicit a detrimental effect on a
cell it must first penetrate the cell and reachfisigitly high enough concentrations.
Changes to the LPS, porins or efflux pumps can lsadeamatic effect on permeability

and consequently susceptibility to antimicrobials.

1.4.1.2 Lipopolysaccharides (LPS) and its unique structuren Bcc bacteria
The LPS of Gram-negative bacteria consists of thoealently linked regionsjiz
(i) lipid A, a hydrophobic phosphorylated glucosaendissacharide with a number
of attached fatty acids;
(i) the core polysaccharide, a complex oligosacicle attached to lipid A by
3-deoxy-D-manno-2-octulosonate (KDO);
(i) the outer O-polysaccharide, a chain of reépgp units of oligosaccharides
(Denyer & Maillard, 2002).
An intact LPS severely hinders the passage of Ipfbbic molecules (including several
antimicrobials) into the cell interior, by shieldirphospholipids. Mutants lacking the O-
specific side chain and most of the core polysatdbaas well as EDTA-treated cells, are

significantly more susceptible to hydrophobic amtimbial compounds (Chopra, 1996).
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Modifications to the LPS of Bcc bacteria are likdéty serve as the basis for intrinsic
resistance to cationic compounds. The core potysaale of Bcc bacteria LPS contains
less phosphate and 3-deox-D-manno-octo-2-ulsonid #tan other Gram-negative
bacteria. In addition, 4 amino-4 deoxyarabinosead\) residues are attached to the
glucosamine dissacharide of the lipid A region. Thgh content of phosphate-linked
arabinose and fewer KDO in the LPS neutralise #gative charge of the outer membrane
groups, consequently decreasing the affinity of tluter membrane for cationic and
polycationic molecules such as polymyxin antibigti@and quaternary ammonium
compounds (QACs) (Burns, 2007; McDonnell & Russe¥99). The generalised structure
of the Gram-negative LPS in contrast to the modifi€*S of Bcc bacteria is shown in

Figure 4.

1.4.1.3 Porins
Gram-negative bacteria regulate the intracelluigress and egress of small molecules by
hydrophilic channels known as porins (Hancock, 1980rins can be separated into two
classes depending on their function:
() the general diffusion porins that are non-sjpec
(i) specific porins that mediate entry of a sfiecsolute that may not enter the cell
via non-specific porin channels (e.g. ferric irelates, maltose, nucleosides and
vitamin B12)(Denyer & Maillard, 2002) .

Decreased permeability associated with the alteratf porin size and/or decreased
expression of porin proteins has been shown torerghbacterial resistance to antibiotics
and biocides (Denyer & Maillard, 2002). For exaephe absence of the outer membrane
(porin) protein OprD inP. aeruginosaisolates has been associated with a decreased
susceptibility to isothiazolone biocides (BrozelG8oete, 1994; Chapman, 1998; Winetr
al., 2000). Similarly, a benzisothiazolone resistBnicepaciaisolate recovered from an
industrial process had a different outer membrarcdile from that of the type strain
(Chapmaret al, 1998). However, in light of recent taxonomic ches, it is feasible that
the isolate may not belong within thg cepaciaspecies group, thus impacting on the
credibility of protein profile comparisons with thgpe strain used. Although porin
deficiency in Gram-negative bacteria has been tnigth decreased susceptibility to
antibiotics and biocides, it may only play a supigr role in the emergence of resistant
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organisms. Other mechanisms, such as the effluxher enzymatic inactivation of
antimicrobials, or indeed a combination of fact@sy. efflux and porin deficiency), are

considered more likely to play a significant raeqyer & Maillard, 2002).
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a) Typical LPS of Gram-negative bacteria
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Figure 4. Generalised structure of the lipopolysadaaride (LPS) of Gram-negative bacteria
and the modified LPS of Bcc bacteria.

The core polysaccharide of the Bcc LPS (Panel B}ains less 3-deoxy-D-manno-octo-2-ulsonic
acid than LPS from other Gram-negative bacterim¢PA) and 4-amino-deoxyarabinose residues
are attached to the glucosamine disaccharide digiieA region. Modifications to the Bcc LPS
result in a neutralisation of the negative charpthe outer membrane and consequently decrease
affinity for binding cationic antimicrobials. Adagd from Russell and Chopra (1996), Gaixal
(1991) and Caroff & Karibian (2003).
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1.4.1.4 Efflux
The innate protection of the Gram-negative outemimane and any additional decrease in
cellular permeability by the loss of porins canprvent the toxic effects of antimicrobials
once they have successfully entered the cell. lbasoming increasingly evident that
higher levels of antimicrobial resistance in maagteria are dependent on the constitutive
or inducible expression of active efflux systemer(f et al, 2010). The induction of
efflux as an adaptive response to the presence ahaimicrobial is discussed in section
1.4.3. Efflux systems can be specific for one salbs or can transport structurally
unrelated molecules, including antibiotics and lles of different chemical classes
(Piddock, 2006). There are five families of efflpseteins capable of accommodating
multiple antimicrobialsyiz :

(i) the ATP binding cassette (ABC) superfamily;

(ii) the major facilitator superfamily (MFS);

(iif) the multidrug and toxic-compound extrusiMATE) family;

(iv) the small multidrug resistance (SMR) family

(a member of the larger drug/metabol@asporter superfamiliy);

(v) the resistance nodulating division (RND) faniPiddock, 2006).
All systems apart from the ABC family (whose mensbetilise ATP hydrolysis to drive
efflux) utilise the proton motive force (PMF) as anergy source to bind substrates from
the periplasm and/or cytoplasm and extrude them ajuthe cell to the external
environment (Li & Nikaido, 2004). Consequently, s§stems except members of the ABC
family function as secondary transporters catatysintimicrobial-ion (Hor Na') antiport
(Poole, 2004). Examples of the organisation, catlidcalisation and substrate for efflux
pumps from each family in Gram-negative bactereasiwown in Figure 5.

Efflux has been implicated in resistance to numeraatibiotics includingB-lactams,
quinolones, tetracycline, chloramphenicol, trim@hm, sulfamethoxazole and
aminoglycosides (Poole, 2005) in Gram-negative dvact Efflux-mediated resistance to
biocides, employed as anti-infective and presereatiagents (e.g. QACs and
chlorhexidine), has also been reported (Poole, RFas example, chromosomal encoded
efflux systems (e.gemr (Lomovskaya & Lewis, 1992)), and transmissible spial
encoded efflux systems (e.gacE andgacEAl genes (Paulseat al, 1993), see section
1.4.2.2) have been associated with QAC resistanGram-negative bacteria. Many of the

multidrug transporters reported to contribute to@#resistance belong to the MATE or
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RND efflux families. RND efflux systems have alseeh implicated in resistance to other
biocides commonly used in household and persomalgraducts, such as triclosan (Poole,
2005) and chlorhexidine (Coengéal, 2011).

Only a few multidrug efflux systems from the MFS iffield et al, 2002), MATE
(Fehlner-Gardiner & Valvano, 2002) and RND (Guglree et al, 2006) families have
been described in Bcc species. Efflux systems lgaignto the RND family are of
particular interest as they are associated withifstgnt resistance to drugs and multidrug
resistance (Piddock, 2006). Nair al. (2004) first described an RND efflux systemBn
cenocepacia induced by salicylate that mediated resistance ctdoramphenicol,
trimethoprim and ciprofloxacin antibiotics. Althdugnomologous to the well characterised
Mex-AB-OprM RND system ofP. aeruginosa,the CeoAB-OpcM operon ofB.
cenocepaciaexhibited unique features including a gene enapdinlipase-like protein
within its operon (Naiet al, 2004). Subsequent studies have since identifiepoiential
RND systems within th&. cenocepacigenome (Guglieramet al, 2006; Holderet al,
2009) and 245 putative RND proteins in the 21 catgly sequencedurkholderia
genomes. Research continues to systematicallytigags the involvement of RND efflux
in antimicrobial resistance (Bazziet al, 2011; Perriret al, 2010).
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Figure 5. Multi-drug resistance efflux pumps of Gran-negative bacteria.

A schematic diagram of the localisation and stmectf representative efflux pump systems from
the five main families associated with multi druggistance: the ATP binding cassette (ABC)
superfamily, major facilitator superfamily (MFS), uitidrug and toxic-compound extrusion
(MATE) family, small multidrug resistance (SMR) fdynand the resistance nodulating division
(RND) family. Substrate specificity may vary acdoglto pump and bacterial species as described
by Pooleet al. (2005), examples of antibiotic and biocide swdie8 are given. Efflux pumps can
be localised at the cytoplasmic membrane or spare¢l envelope encompassing the periplasmic
space. RND efflux systems typically operate as @laattripartite system that includes a transporter
(efflux) protein (e.g. AcrB) which is located inethnner membrane, a periplasmic fusion protein
(membrane fusion protein) (e.g. AcrA) and an outembrane protein (typically a TolC) which is
located in the outer membrane; this organisatiaise observed on occasion with ABC and MFS
efflux systems. Schematic adapted from Pablal(2004; 2005) and Piddock (2006). OM, outer
membrane; PP, periplasm; IM, inner membrane; MR#mbrane fusion protein.
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1.4.1.5 Inactivation or modification

In Gram-negative bacterifi;lactams and aminoglycoside antibiotics are mostrnonly
associated with enzymatic modification and inadiora (Burns, 2007). Enzymatic
modification is rarely the sole resistance mechanisported in Bcc bacteria. As it is
specific to the targeted class of antimicrobialsinot associated with cross-resistance to
unrelated compounds. Inducilfidactamases, that may hydrolyse and inactivateitbens
penicillins and cephalosporins, have been repaatedi characterised in the Bcc (Burns,
2007). While Bcc bacteria characteristically posses high intrinsic resistance to
aminoglycosides, the presence of aminoglycosidetiviting enzymes has not been
determined experimentally. However, genes encodmngative aminoglycoside o-
phosphotransferase and o-adenyltransferase havedis®vered in th®. cenocepacia
genome (Holderet al, 2009). Expression of thB. cenocepaciagene BCAL1756,
containing nucleotidyltransferase and phosphoteaasté motifs that could possibly confer
similar enzyme activities as those present in agiyuwside-modifying enzymes
(Mingeot-Leclerccet al, 1999), was found to be induced in the preseneekacin (Sass
et al, 2011).

Although not considered a major intrinsic mechanambiocide resistance, several types
of biocides (at sub-inhibitory concentration) aeadily metabolised by bacteria. These
include QACs, benzoic acid, parabens, phenols, ricbladine, phenylethanol and
formaldehyde (Chopra, 1996; Russell, 2004b). Guirtation of personal care products
and pharmaceuticals has on occasion been attribuatethe bacterial degradation of
preservatives (Orthet al, 2006). Bacterial resistance to formaldehyde (Fajd
formaldehyde-releasing preservatives mediated bydtwehyde dehydrogenase enzymes
is well characterised. Formaldehyde is a highkiddaldehyde) intermediate of many
biochemical pathways and many organisms posseshility to detoxify formaldehyde to

a non-toxic metabolite (Maret al, 2004). Increased synthesis of the enzyme has been

associated with resistance to this class of biogteh et al, 2006).

FA resistance has been attributed to formaldehyae/dtogenase genes located on the
chromosome of species such RsaeruginosaWollmann & Kaulfers, 1991), and self-
transmissible plasmids of resistant Enterobacteaac(Section 1.4.2.2) (Kaulfers &
Brandt, 1987). Four different pathways for the rbetsm of formaldehyde are known in
bacteria and the genome 8 cenocepacias predicted to contain two of the four

pathways (Manet al, 2004). Bacterial hydrolysis of parabepshf/droxybenzoic acid) is

41



CHAPTER 1 - INTRODUCTION

also a significant cause of medical and economiccem. Various bacterial species
including members of the Bcc have demonstratealiiléy to utilise parabens for growth
(Amin et al, 2010; Beveridge & Hart, 1970; Hugo, 2001). Inseghresistance to parabens
has been attributed to the hydrolysis of esterse$tgrase enzymes B. cepaciaand
Enterbacter sgfClose & Nielsen, 1976; Valkowet al, 2002).

1.4.1.6 Biofilm formation

Biofilms are described as the growth of surfaceseissed cells with the production of
extracellular polymeric substances (Mortogt al, 1998). Bacterial biofilms are
dynamically complex, structured biological systettmst occur both naturally and in man-
made environments and are considered to be therprdfand predominant growth state of
many bacteria in nature (Costerton, 1999). Suréss®ciation and biofilm-formation offer
a degree of stability in turbulent environmentg(eivers, streams); localise cells in close
proximity, thus enabling interaction; and offer f@ation within the growth environment
(e.g. against dehydration, UV exposure, salinitgg antimicrobial agents) (Hall-Stoodley
et al, 2004).

There is a now a large body of work suggesting iloiofassociated cells are less
susceptible to antibiotics and biocides than th@anktonic counterparts (Donlan &
Costerton, 2002). Consequently, biofilm-mediatesistance has serious implications in
many clinical settings (e.g. persistent infectiagvice-related infection), as well as
environmental and industrial situations (e.g. bitifag, corrosion, persistent & reoccurring
spoilage) (Cloete, 2003; Mortost al, 1998). Factors contributing to biofilm associated
resistance include:
() limited diffusion of an antimicrobial throughe exopolysaccharide
(EPS) matrix;
(ii) the interaction of antimicrobials with EPS
(e.g. the neutralisation or binding of maolles);
(i) enzyme mediated resistance,;
(iv) an altered metabolic state and slow growtk eand of sessile cells within the
biofilm due to nutrient and/or electron dohimitations;
(v) the presence of subpopulations of persistis;ce
(vi) genetic adaptation (Cloete, 2003; Kesgral, 2004; Mah & O'Toole, 2001).
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The tendency to form a biofilm is influenced by remyus environmental signals (see
(Karatan & Watnick, 2009)). The process of biofiformation is considered to proceed
through a series of temporal stages from initishctment to maturation as shown in
Figure6. In recent years, the regulatory networks invdlue bacterial biofilm formation,
development and dispersal have been the subjeictt@ise study (Karatan & Watnick,
2009). Cyclic diguanosine monophosphate (ci-di-GMP)biquitous secondary signalling
molecule widely used by bacteria, has been eshtaulias the central regulator of biofilm
formation and the main switch from a planktonicséssile growth state in Gram-negative
bacteria (Simnet al, 2004). In general, high intracellular levels e6ticGMP have been
shown to promote sessility. Two-component regulasystems (TCS) are a commonly
used mechanism by which bacteria process and rdsfmoenvironmental stimuli. It is
therefore unsurprising a large number of TCSs hmen reported to be involved in the
formation of bacterial biofilms. In their simplefirm, a sensor histidine kinase detects
environmental cues (directly or indirectly) andctdian appropriate regulatory response
via the transfer of a phosphoryl group to a respaegulator. For example, the conserved
GacS-GacA system has been shown to regulate atumgltiof genes including those
involved in exopolysachharide production and bioffiormation inP. aeruginosayy two
small regulatory RNAs (Karatan & Watnick, 2009).

Quorum-sensing (QS) circuits have been implicatethé regulation of biofilm processes
(e.g. formation, development, dispersal and archite) of several bacterial species
(Karatan & Watnick, 2009). QS molecules are smadlenules called autoinducers that
allow bacteria to co-ordinate their gene expressiam dell density-depended manner; QS
circuits activate when extracellular concentratiarisan autoinducer exceed that of a
certain threshold. The typical QS of Gram-negakimeteria consists of three components:
a Luxl synthase homolog, acyl-homoserine-lactonéll(Asignalling molecules and a
LuxR receptor homolog (Fuqua & Greenberg, 2002yegd studies have described the
effects of mutations within QS related genes amdube of QS inhibitors (or degradation
of AHLSs) on the formation, maturation and stabilitfybacterial biofilms (Brackmaet al,
2009; Karatan & Watnick, 2009; Wopperet al, 2006). Studies demonstrate that
depending on the species and environmental conditi@S systems can have a positive or
negative effect on biofilm formation (Karatan & ek, 2009).
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There are numerous reports of Bcc bacteria effilyi@olonising and forming biofilms on
biotic and abiotic surfaces including roots, glass)d grains, quartz and metal oxides and
plastics (Riedel & Eberl, 2007). It is well estabied that biofilm-associated Bcc bacteria
are less susceptible to antibiotics and biocidespared to their planktonic counterparts
(Caraheret al, 2006; Coenyet al, 2011; Desaet al, 1998; Roseet al, 2009). Over the
past decade, research has attempted to deciphdadteys, genes and regulatory systems
involved in the Bcc biofilm process from initiatathment to maturation (summarised in
Figure6). Bcc bacteria possess five different types mibfiae (pili) that are expressed on
the surface of the cell: mesh, filamentous, spspke and/or cable (Riedel & Eberl,
2007). With the exception of the cable pili, thder@f other pili in initial surface
attachment and colonisation remains to be detedniBeveral studies have focused on the
later developmental stages of the Bcc biofilm axopelysaccharide production. Hubstr
al.(2002) conducted a simple screen of a transposdamnnlibrary to identify mutants
incapable of biofilm maturation. It became appartvat several classes of gene were
required for the maturation of thig cenocepaci&l111 biofilm including genes encoding
surface proteins or regulatory factors, genes wealwith the biogenesis or maintenance
of the outer membrane and cell-to-cell communicaggstems (e.g. QS systems such as
Cepl/R).
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All Burkholderiaspecies utilise QS systems that relyNoacyl-homoserine lactone (AHL)
signal molecules to regulate and express certaiengtigpic traits in a cell-density
dependent manner (Eberl, 2006). Many Bcc straing passess the well characterised
Cepl/R system, which relies on C8-HSL, other sgasuch asB. viethamiensishave
additional Luxl/R homologs (e.g. BVil/R) that potetly interact with other systems
forming networks (Eberl, 2006; Riedel, 2007). AHLSQmutants of Bcc bacteria
demonstrate defective biofilm maturation, formingfilms with a drastically altered
structure and fail to maintain cells within the filim (Huber et al, 2001; Tomlinet al,
2005). Phenotypic characterisation of Cepl/R systeumtants of Bcc strains revealed that
in addition to biofilm maturation the system comdrthe expression of at least 55 different
proteins and regulates the expression of swarmiaglity (flagella-driven movement in
the presence of extracellular slime), chitinasesjesal extracellular enzymes and is
required for full virulence in various animal moslgEberl, 2006; Hubeet al, 2001;
Lewenzaet al, 1999; Riedekt al, 2003). Besides the AHL system, sev&atkholderia
species have been shown to utilise a quinoloneratkgre QS system (Viadt al, 2008); a
communication system first described kh aeruginosathat makes use of hydroxy-
alkylquinolines (HAQ) as signal molecules (Hesdtal, 2011).

The production of exopolysaccharide (EPS) by Bartdyéa has been extensively studied
in recent years. Bcc bacteria are found to prodiveetypes of EPS, the majority of strains
produce large amounts of an EPS called cepaciametaropolysaccharide with a
heptasaccharide basic unit) (Goldberg, 2007). Gaparoduction plays an important role
in biofilm maturation (e.g establishing thick biaiis) and is also considered to play a

significant role in persistent colonisation in tBE lung (Riedel & Eberl, 2007).
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Figure 6. A model of Bcc biofilm formation and deveopment on an abiotic surface.

The five stages of the biofilm process and gengsired (shown in yellow): (1) the deposition of
organic and inorganic substances on a surface faroaditioning film; (2) planktonic cells swim
towards the substratum using flagella, form a reilée attachment to the surface and migrate to
form microcolonies; (3) aggregated cells transittona non-motile state and form irreversible
attachments to the surface; (4) microcolonies dfigate into mature biofiims where cells are
embedded in an exopolysaccharide matrix; (5) in fihal stages of the biofilm life cycle,
aggregates of the mature biofilm may break awaydisgkerse or individual cells may be shed into
the external environment. Adapted from Riedel ahdrE(2007).
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1.4.2 Acquired mechanisms

In addition to possessing intrinsic resistance thin@crobials, bacteria can acquire
resistance traits through the acquisition of rasis¢ genes, often encoded on mobile
genetic elements such as plasmids or transposomnss€¢R 1997); via mutation
(McDonnell & Russell, 1999); or by amplification ochromosomally encoded resistance

genes (Sandegren & Andersson, 2009).

1.4.2.1 Target modification

In contrast to antibiotics, which are generally sidered to have specific targets within the
bacterial cell, biocides (with the exception ofclwsan) are multi-factorial and target
multiple cellular components in a concentrationatetent manner. Consequently, site-
specific target modification or mutation is not @chanism often associated with biocide
resistance (McDonnell & Russell, 1999). Mutationneodification of the gene encoding
the specific target of triclosan (e.g. the Fablyang) is one exception that has been
observed. For example, B coli triclosan resistance has been associated with ionsat
within the fabl gene encoding the enoyl-acyl carrier protein reakee of fatty acid
biosynthesis (Russell, 2004b).

1.4.2.2 Plasmid mediated

Plasmid-encoded bacterial resistance to antibiososh asp-lactams, macrolides,
chloramphenicol and tetracycline is a well docurednphenomenon that often translates
into a serious clinical problem (Russell, 1997)eTgresence of plasmids has also been
associated with increased tolerance to biocidelsidimy chlorhexidine, QACS, triclosan
and formaldehyde (McDonnell & Russell, 1999). Imizast to antibiotic resistance, where
acquired resistance has significant clinical imaoce, the role of plasmids in conferring

resistance to biocides is potentially less sigaificthan that of intrinsic mechanisms.

Plasmid-mediated resistance to QACs by virtue otgr-dependent efflux systems has
been shown to occur in both Gram-negative (garEAl,qacE/F genes) and Gram-

positive bacteria (e.ggacA/B, smr, gac@Gnd gacH genes) (Chapman, 2003b). Often
located on mobile genetic elements such as comygggiasmids or intergrons (that

commonly carry additional resistance determinar@AC resistance has the potential to
spread rapidly through a population via horizonggine transfer (Chapman, 2003a)
(Russell, 2004b). Reductions in QAC susceptibititgdiated by these efflux systems are
not large but are still considered to be signiftq@@hapman, 2003b).
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Bacterial resistance mechanisms to the biocide dtitemyde may also be plasmid-
encoded (Chapman, 2003a; McDonnell & Russell, 190%sell, 2004b). For example,
plasmid-encoded changes to the outer membraneinsaié the cell envelope d&. coli

and Serratia marcescendiave been associated with a decreased susceptibilit

formaldehyde (Kaulfers & Brandt, 1987). Kuemmeee al. (1996) demonstrated that
formaldehyde resistance in a clinical isolateEofcoli VU3695 was associated with the
presence of the gluthione-dependent formaldehydeydtegenase (GSH-FDH) gene,
adhC, located on the large transmissible plasmid pVU368&tring of this plasmid

significantly decreased production of the proteint failed to abolish GSH-FDH activity
altogether, indicating in this instance that theaist possessed an additional

(chromosomally encoded) copy or copies of the Bresey & Actis, 2004).

1.4.3 Adaptive resistance

In contrast to intrinsic and acquired mechanismesistance, the phenomenon of adaptive
resistance is relatively poorly understood, andl watent years has not been thought to
participate in the acquisition of resistance traitsl breakthrough of resistant organisms.
Both intrinsic and acquired mechanisms of resigacan be characterised as an
irreversible phenotype independent of the preseonfean antimicrobial and/or
environmental stimuli surrounding an organism (Bedezet al, 2011). Adaptive
resistance can be characterised as the inductioes@ttance to one or more antimicrobial
agents in response to a specific signal sucheaprégsence of an antibiotic or biocide , an
environmental cue (e.g. pH, anaerobiosis) and/oiakactivities (e.g. swarming motility,
biofilm formation) (Fernandezet al, 2011; Russell, 2004a). Historically adaptive
resistance has been considered transient, witstaese reverting to wild-type levels upon
the removal of the specific stimuli; however, thare instances where original levels of
susceptibility may not be fully restored (Braoudé&kiHilton, 2004; Mawer & Greenwood,
1978). Several studies now suggest that the lavigicreased resistance and the duration
it persists (stability) is dependent on varioustdex including the type and dose of
antimicrobial, the length of exposure and the b@ltspecies (Fernandeat al, 2011;
Russell, 2004a).

Adaptive resistance mechanisms of Gram-negativeebaare still somewhat unexplored,
with most studies corresponding only to a few orgias. Although limited, these studies
suggest the mechanisms leading to adaptive resestare more complex than initially

thought, transcriptomic studies demonstrating theolvement of intricate regulatory
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systems (Fernandeet al, 2011).The major known mechanisms leading to adapt
resistance are diverse, ranging from the inducidnspecific mechanisms such as
degradative enzymes (e.g. inducible clagsl@ctamase, formaldehyde dehydrogenase) to
non-specific mechanisms such as outer membraneggeband active efflux. As a result,
resistance to the same class of antimicrobial andfoss-resistance to unrelated
antimicrobials are phenomena commonly encountenedxperiments of adaptation to

antibiotics and biocides.

The development of adaptive resistance via exposuseib-inhibitory concentrations of
antibiotics has been well documented in numerousebal species over the years. The
affect of adaptive resistance on the major aniibiotamilies (aminogylcosides,
fluoroquinolones f-lactams and polymxyins) and the specific mechasigmolved are
reviewed by Fernandez al. (2011). Adaptive resistance to aminogylcosidegarticular
has been extensively studied, and is perhaps lesstided forP. aeruginosaAlthough
the mechanisms involved are not fully understoedent studies demonstrate that reduced
intracellular levels of the drug following pre-exquwe can be attributed to increased efflux
through the MexXY-OprM pump. In addition, pre-exposto aminoglycosides has been
shown to induce the expression of genes involvethénanaerobic respiratory pathway
(e.g.denAandanr). The deviation of cellular energetics to an aober route was also
considered to contribute to resistance (Karlowskyal, 1997) as the accumulation of
aminoglycosides depends on a functional respirafathway (Taberet al, 1987) in
addition to the PMF.

Studies show that the induction of multiple resis&a determinants is not an unusual
response to the presence of an antimicrobial; Xamgple, multiple resistance mechanisms
have been associated with high level resistancButyoquinolones inP. aeruginosa
Recent microarray studies demonstrate the exposfirB. aeruginosato sub-lethal
concentrations of ciprofloxacin (a fluoroquionolowhich targets DNA gyrase) results in
the altered expression of genes encoding proteims various functional groups including
the overexpression of genes encoding the efflukesaysMiexAB and the induction of the
SOS response (Brazas & Hancock, 2005), therebyedsitry intracellular levels of the
drug and repairing damage to the DNA respectivélythis instance, high levels of
resistance are a consequence of the transitoryrimypation state (associated with the
SOS response) which facilitates the acquisition aofditional resistance traits (a

phenomenon referred to as adaptive mutation) (lRelezet al, 2011). Sasst al. (2011)
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demonstrated that a stable induction of multi-fHatoesistance determinants can occur in
B. cenocepaciaexposed to amikacin, meropenem and trimethoprifasidthoxazole

antibiotics.

Adaptive resistance to biocides is not a new pheammm, the ability of bacteria
developing resistance to gradually increasing dasfeghemical agents having been
recognised as far back as 1887 (Russell, 200%&ihce Adairet al. (1969) first reported
on the effect of a biocide on the adaptive reststaof P. aeruginosathere have been
many examples of biocide-induced adaptive resistaimc several bacterial species
(Fernandezet al, 2011). Although they are not yet fully understpdbe described
mechanisms leading to biocide-induced adaptivestaaste are considered diverse and
specific to the biocide (Fernandet al, 2011). Non-specific mechanisms of resistance
such as outer membrane alterations and activexeffta considered to be of particular
importance in biocide adaptation (Fernandeal, 2011), as generally (with the exception
of triclosan), biocides possess multiple celluknget sites (Denyer, 1995; Hugo, 1967).
Consequently, biocide-induced adaptive resistascdtén associated with cross-resistance
to antibiotics; a phenomenon which fuels concehas the indiscriminate use of biocides
in various environments contributes to the develepinof antibiotic resistance (Fernandez
et al, 2011; Gilbert & McBain, 2003). Several studiesvédnanvestigated resistance
mechanisms leading to biocide-induced resistancd #re effects on antibiotic

susceptibility.

Loughlinet al. (2002) demonstrated that the sequential pasdageasruginosastrainsin

the presence of sub-inhibitory concentrations afizaékonium chloride resulted in an
increased resistance to the agent and cross-ressta QACs (CPC and cetrimidine),
polymyxin B and chloramphenicol antibiotics. Chaegistics associated with resistance
were alterations to the outer membrane proteinilprothe uptake of benzalkonium
chloride, cell surface charge and hydrophobicihg &atty acid content of the cytoplasmic
membrane (Loughliret al, 2002). Another interesting observation was tlhat ¢ross-

resistance profiles of adapted strains differedlicating the mechanisms leading to
benzalkonium chloride-induced adaptive resistarmebé strain specific. Subsequent
studies have since demonstrated this phenomenoccta in other bacterial species. For
example, Braoudaki (2004) investigated adaptivestasce to QACs, chlorhexidine and
triclosan biocides iralmonella entericand E. coli, observing that cross-resistance to

clinically relevant antibiotics varied with the sgype and the biocide.
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Figure 7. Intrinsic, acquired and adaptive resistage mechanisms of Gram-negative bacteria.

The schematic summarises bacterial resistance misons with examples of their involvement in ardtli and biocide resistance, as described in sectio
1.4. Resistance mechanisms can be defined ast ififrinsic natural property of an organism; (idgaired, through the mutation of chromosomally elecb
genes, or via the acquisition of resistance gemesd=d on mobile genetic elements such as plasomidsansposons; (iii) adaptive, that involves the
induction of chromosomal, or plasmid encoded, taste determinants in response to stimuli- suchamsantimicrobial agent at sub-inhibitory
concentrations.
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1.5 PROJECT AIMS

This Ph.D studentship was funded by the Biotechmpland Biological Sciences Research
Council (BBSRC) in collaboration with the CASE spon Unilever Research UK. Since

Unilever are a leading manufacturer of home andqmsl care products, the questions and
aims investigated in this study reflect their comerad interests. The overall goal of the

project was to investigate the molecular basigpfeservative resistance in Bcc bacteria, the
research and strategies used to achieve this amensim Figure 8. The specific aims and

hypotheses of the project were as follows:

1) To examine the preservative susceptibility of Bcc dxteria (Chapter 3). The
minimum inhibitory and bactericidal concentratiasfspreservatives for a collection
of genetically diverse Bcc bacteria, from variosslation sources, were determined
using agar and broth dilution methods. This expuldiee relationship between Bcc
species diversity, isolation source and presergasivsceptibility Hypothesis 1: the
preservative susceptibility of Bcc bacteria is related to species diversity and source

of isolation.

2) To investigate adaptive resistance to preservativeagents in Bcc bacteria
(Chapter 4). The progressive subculture &. lata strain 383 on increasing
concentrations of preservative agents was usedpiore the adaptive resistance
potential of Bcc bacteria. Preservative and antibisusceptibility profiling of the
derivatives of the parental strain with adaptiveisiance was used to explore the
potential for cross-resistance to other antimicshiHypothesis 2: the stepwise
exposure of B. lata strain 383 to sub-lethal preservative concentrations will promote
stable adaptive resistance; in addition, this preservative-induced adaptive resistance
will confer cross-resistance to other antimicrobials.
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3)

4)

5)

To determine the molecular basis for isothiazolinoe and DMDM hydantoin
preservative resistance in Bcc bacteria (Chapter 5)Transposon mutagenesis was
used to search for the genetic determinants oisodlinone and DMDM hydantoin
preservative resistance in the genome stBaitata strain 383. The aim of this work
was to identify resistance mechanisms utilised log BacteriaHypothesis 3: Bcc
resistance to isothiazolinone and DMDM hydantoin preservatives is mediated by

multiple resistance determinants.

To examine differential gene expression in respons® isothiazolinone and
DMDM hydantoin preservatives (Chapter 5). A DNA microarray and
transcriptomic analysis was utilised to examinebglogene expression @&. lata
strain 383 in response to sub-inhibitory concertnat of the isothiazolone blend of
preservatives MIT/CMIT, and the formaldehyde dobMDM hydantoin. The aim of
this research was to identify genes and/or gertfengafts involved in Bcc resistance to
these preservative agentddypothesis 4: multiple preservative resistance
determinants will be identified in B. lata strain 383 by the differential expression of
genes and gene pathways in response to sub-inhibitory concentrations of

preservative.

To determine the molecular basis for adaptive resiance preservatives (Chapter
7). A DNA microarray and real time quantitative PCRthoels was utilised to
determine differential gene expression in a pregem-adapted. lata strain 383
derivative. The aim of this research was to idgntifsistance determinants involved
in Bcc adaptive resistance to preservative agéhgpothesis 5. multiple resistance
determinants leading to preservative-induced adaptive resistance in B. lata strain
383 will be identified by the relative differential expression of genes and gene
pathways in a preservative-adapted derivative of the wild-type.
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Figure 8. The main experimental approaches used tavestigate preservative resistance of Bcc bacteria

Three strategies were used to investigate Bcc a&bee resistance : (i) to characterise the dgtiof preservatives against Bcc bacteria usingwatlbn-
based techniques; (ii) to examine adaptive resistém preservatives by progressive subculturearptiesence of sub-lethal concentrations; (iii)étedmnine
resistance determinants by gene expression analygismutagenesis . Work contained within chapiershown in green, Chapter 4 is in red and Chaters
& 6 are shown in orange.

54



CHAPTER 2 — MATERIALS AND METHODS

2 MATERIALS & METHODS

2.1 CHEMICALS

Unless otherwise stated, the chemicals used in dthidy were obtained from Sigma-
Aldrich (Dorset, UK), ICN Biomedicals Ltd (Oxon, UKand Fisher Scientific
(Loughborough, UK). Preservatives and preservan@ancing agents were obtained from
suppliers listed in Table 2. All aqueous solutiavere prepared in ultra pure deionised

water>18MQ cm.

2.2 PREPARATION OF ANTIMICROBIAL AGENTS

2.2.1 Preservatives and preservative enhancing agents

For the purpose of this study EDTA, Dermosoft Qatiod sensivia SC50 are described as
preservative enhancing agents or potentiators. ddraposition of preservatives and
potentiators is shown in Table 2. Stock solutiohs 80% (w/v or v/v) were prepared on
the day of use, and were subsequently used to nerépdher preservative concentrations
where required. Active ingredient concentrationg {fothe preservative agents evaluated
are listed in Table 2. Stock solutions of wateroloble agents were prepared in
Dimethylsulfoxide (DMSO) and were heated to 45°Catd the dissolving process if

required.

2.2.2 Antibiotics
Antibiotic stock solutions were prepared at 100 mig/kexcept for polymyxin B (PMX)

which was at 120,000 units/ml. Kanamycin (Km), offoxacin (CIP), levofloxacin
(LVX), norfloxacin (NOR), and sparfloxacin (SPX)ténotics were dissolved in ultra pure
deionised water; glacial acetic acid and sodiunrdéwide were added to norfloxacin and
to sparfloxacin respectively to aid the dissolvipgocess. Tetracycline (Tc) and
trimethoprim (Tp) antibiotics were dissolved in DMS

2.3 MEDIA
All media were prepared with deionised water armilsged by autoclaving at 121°C. A

modified basal salts media (BSM) was predominamskyd in this study. This consisted of:
KoHPOL.3H,0O 4.25 ¢g/L, NaHPO,.H,O 2 g/L, NH,CI 40 g/L, MgSQ.7H,O 0.2 g/L,
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FeSQ.7H,O 0.012 g/L, MnSQH,O 0.003 g/L, ZnSQ7H,O 0.003 g/L, CoSQ7H,O
0.001 g/L and was supplemented with 0.5g/L casanaiciols (Becton & Dickinson,
Sparks, USA.), 0.5¢/L yeast extract, and a 0.4%)(glucose carbon source, abbreviated
to BSM (CYG). To avoid potentiating the activity @reservatives and preservative
enhancers, nitrilotriacetic acid &sNOs 0.1 g/L) was omitted from the media. BSM
(CYG) agar was prepared with 6 g/l purified agaxdid). Additional media included
Tryptone soya agar/broth (TSA/TSB), Luria-Bertagadbroth (LBA/LB), Iso-sensitest
agar/broth (ISO-A/ISO-B) and Mueller-Hinton agaottr (MHA/MHB), adjusted to
contain 20-25 mg/L calcium and 10-12.5 mg/L magmesi

2.4 BACTERIAL STRAINS
All organisms were drawn from the Mahenthiralinggrnoup strain collection at Cardiff

University. Species and strain designations foitdr&ad isolates are shown within Tables
5,6, 7 and 14.

2.4.1 Growth conditions
Unless otherwise stated, bacterial isolates wesi@ad from frozen stocks and cultured on

a BSM (CYG) at 30°C; clinical isolates often regdira higher temperature of 37°C.
Overnight cultures (18 hours) were prepared byufradng 3 ml of broth media with a
single colony from a revival plate, tubes were tirerubated, with shaking at 200 rpm, at

30 or 37°C for 18 hours, depending on the growdiuirements of each isolate.

2.4.2 Storage of bacterial isolates
Stocks of bacterial isolates were prepared by pEnding fresh colonial growth from a

pure culture plate into BSM (CYG) broth contain®¥ (v/v) DMSO. Stocks were then
maintained at — 80°C.

2.4.3 Enumeration of viable bacteria
Bacterial suspensions were enumerated using aevéabp count method. Serial dilutions

were performed in BSM (CYG) broth unless othervataed; triplicate 10 ul drops were
aspirated onto the surface of BSM (CYG) agar plated incubated at 30 or 37°C for 24
hours. Individual colonies were counted and the lmemof viable cells calculated and

expressed as colony forming units per ml (CFU/ml).
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2.4.4 Bacterial growth in modified basal salts media
The effect of modifying basal salts media (e.g.tting the chelating agent nitrilotriacetic

acid) on bacterial growth was investigated usingericc strainsB. arboris(Bcc1306),B.
cenocepacial2315, B. cenocepaciéHi2424),B. cenocepaciéBccl283),B. cenocepacia
(Bccl1291),B. contaminans(LMG 23255), B. lata strain 383 (LMG 22485)B. lata
(Bccl1294) andB. lata(Bcc1296) . Strains were revived and cultured ®thburs in BSM
(CYG) broth containing nitrilotriacetic acid as dabed in section 2.4.1, and diluted to an
optical density (OD) of 1+£0.2 (600 nm). Flasks @oning 25 ml of BSM (CYG) broth
with and without nitrilotriacetic acid were inoctéa with 1 x 18 CFU and incubated at
30°C on an orbital shaker at 150 rpm. Viable ce#se enumerated at 0, 8 and 24 hours,
as described in section 2.4.3; using BSM (CYG) ag#n or without nitrilotriacetic acid
for serial dilutions and agar plates as approprigtgnificant differences (P<0.05) in the
number of viable cells were determined using a Mé&fimtney (two-tailed) statistic test,

performed using the statistical software Minitald &/.

2.5 DNA EXTRACTION FROM BACTERIAL CELLS

2.5.1 Rapid DNA extraction from colony material
A single bacterial colony from a pure culture pldteth < 72 hours’ growth) was

aseptically transferred to 50 ul of 5% (w/v) ch&@exX 00 resin solution (Biorad,
Hertfordshire, UK, sterilised by autoclaving prioruse). DNA extraction was performed
by heating the sample to 98°C on a heated blocla forminute cycle, then immediately
placing the sample at 4°C for 5 minutes. This pgecgas repeated twice. Samples were
then centrifuged briefly at 800 g to sediment the resin and cellular debris and the
supernatant containing the crude DNA removed fbssquent use.

2.5.2 Genomic DNA extraction: Bead-beater method
Overnight (18 hours) cultures of the bacteria wastup and harvested by centrifugation

(1,400 xg for 10 minutes). The pellet was resuspended in|1l06f TE buffer (10 mM
Tris-Cl pH8, 10 mM EDTA pH8) and transferred to &ratube containing approximately
500 pl of 0.1 mm diameter washed zirconium beadssfi®c Products, Bartlesville,
Oklahoma) and 500 pl lysis buffer (50 mM Tris-CL§H0 mM EDTA pHS8, 1% (w/v)
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SDS) with 0.5 mg/ml Pronase (Boehringer/ Roche)ct8ria were lysed by pulsing a
microtube on a mini bead-beater machine (Biospedurits) for 10 seconds, and proteins
were digested during incubation for 1 hour at 37°€00 pl of saturated ammonium
acetate to lysate was added and mixed by a 5 squasd on the bead-beater machine.
Samples were briefly centrifuged at 15,000yxfollowed by the addition of 600 pl
chloroform. Samples were pulsed on a bead-beateicaldor 5 seconds and then
centrifuged for a further 7 minutes at 15,00Qyxto separate the phases. DNA was
extracted from the clear upper aqueous phase @aneilprecipitation. The DNA pellet
was washed with 70% (v/v) ethanol, dried under uat@and re-suspended in low-EDTA
TE buffer (10mM Tris-Cl pH8, 0.1mM EDTA) with RNas& at 0.5 pg/ml. High
molecular weight genomic DNA was quantified usingNanodrop 1000 (Thermofisher
Scientific, Leistershire, UK) and stored at -208€ subsequent use.

2.6 RANDOM AMPLIFIED POLYMORPHIC DNA (RAPD) ANALYSIS
RAPD analysis was carried out as described by Mairatingamet al. (1996). Primer

272,5- TGC GCG CGG G -3 (MWG Biotech, Covent @an, London) was used for all
reactions; reagents were from Qiagen (Qiagen, @wyvdussex, UK). Profile analysis was
performed in 25 pl reaction mixtures containing: AR buffer, 1 x Q-solution, 3 mM
MgCl, 200 pm dNTPs mixture, 1.6 uM RAPD primer, 1 UTaigpolymerase and 2 ul of
DNA template (either used neat if obtained by Cheletocol or diluted 1 in 10 if high
molecular weight genomic DNA)PCR thermal cycles were performed using a Flexigene
Thermal Cycler (Techne Ltd., Newcastle, United Kiom) as follows: 5 minutes at 94°C,
4 cycles of 5 minutes at 36°C, 5 minutes at 72°@jriutes at 94°C, 30 cycles of 1 minute
at 94°C, 1 minute at 36°C, 2 minutes at 72°C fatidvby a final extension time of 10
minutes at 72°C. The PCR product was visualisea b%% (w/v) high resolution agarose
gel as described by Mahenthiralingatnal. (1996) or 1 ul of the product was run on an
Agilent Bioanalyser 2100 (Agilent) using a DNA 750€hip according to the

manufacturer’s protocol.
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2.7 RNA EXTRACTION FROM BACTERIAL CELLS

2.7.1 Harvesting bacterial cells
Flasks containing 25 ml of BSM (CYG) broth were dotated with 2 x 1D CFU of a

bacterium and incubated at 30°C on an orbital shakd50 rpm. Experimental cultures
for microarray analysis (Section 2.9) were supplae@ with 0.00162% (v/v) dimethylol
dimethyl hydantoin or 0.00001498% (v/v) of the lleaf methylisothiazolinone and
chloromethylisothiazolinone preservatives. Growtisvwnonitored spectrophotometrically
throughout the incubation. Cultures harvested dtexponential growth phase (OD of 0.5
at 600 nm, 2 x T0CFU/mI) were promptly aliquoted into a microcefuge tube and
immediately snap-cooled in liquid nitrogen befoemtrifuging at 20,000 g at 4°C for 1
minute. The supernatant was removed and pellete wemediately frozen at -80°C.
Experiments were repeated with different startindtutes to obtain three biological

replicates.

2.7.2 Total RNA extraction
Total RNA was extracted within one week of harvasgtihe cultures using the RiboPure™

Bacteria Kit (Ambion, Applied Biosystems, Texas, )Ufcording to the manufacturer’s
instructions. This method combines the glass beadiated mechanical disruption of cells
with a phenol based detergent and denaturant (R&)A¥allowed by a glass filter-based
RNA purification. In brief, two cell pellets aresiespended in 350 pl of RNAwiz. Cells
were disrupted using Zirconia beads by a 10 sequisk on a bead-beater device. 0.2
volumes of chloroform were added to the lysate Hral aqueous and organic phases
separated by centrifugation. The upper aqueousept@staining the RNA was removed,
washed with ethanol and purified using a siliceefilEach sample was treated with DNase

I (Ambion) for 60 minutes to remove any contamingtgenomic DNA.

2.7.3 Lithium chloride purification and concentration of RNA
RNA samples were adjusted to 200 pl and 100 pkefdold 7.5 M Lithium chloride

(LiCl) (Ambion) added. Samples were placed at -2%C30 minutes. RNA was pelleted
by centrifugation at 16,000¢at 4°C for 30 minutes, and the supernatant remdreitets
were washed in 70% (v/v) ethanol, centrifuged g00® xg at 4°C for 15 minutes, and

air-dried under vacuum for 30 minutes. Each pellas resuspended in 15 pl of RNase-
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free water and the concentration of RNA determinezing the Nanodrop 1000
(Thermofisher scientific). Aliquots were adjustedan RNA concentration of 150 ng/ul
and subjected to a second DNase treatment; 2 puDNése | enzyme (Promega,
Hampshire, UK) was added to 7 pl RNA and 10 X hbufferomega). After a 1 hour
incubation at 37°C the reaction was terminated digirey 1 pl of stopping reagent and
heating samples to 65°C for 10 minutes. The RNAlityu was assessed with a
Bioanalyzer (Agilent Technologies Ltd, BerkshireK)Jusing the RNA 6000 Nano kit
(Agilent). This RNA was then used to synthesize ¢Dfdr use in reverse transcriptase

PCR, real-time quantitative PCR and microarray erpents.

2.8 GENE EXPRESSION METHODS

2.8.1 Generating cDNA for PCR-based methods
RNA was converted to cDNA using an Improm-ll Reeer$ranscription System

(Promega). This system was also designed to genemteral controls including, a
negative control without RNA (no-RNA) to controlrfeemplate contamination and an
internal positive control (template and controhpers included in the kit) to check activity
of the reverse transcriptase enzyme. In additigpeemental reactions without reverse
transcriptase (no-RT) were included to control fgenomic DNA or plasmid
contamination. 3 pl of RNA template and 1.25 plrafidom primers (Fisher Scientific)
were made up to 5 pl with nuclease-free water xpeamental samples. Negative control
samples did not contain RNA template. RNA tempéatd random primers reaction mixes
were first denatured by heating to 70°C for 5 neswnd then chilled at 4°C for 5 minutes.
RNA was then converted to cDNA in the following cgan mixture: 4 pl of buffer, 4.8 ul
of 25 mM MgCh 1 pl of 10 mM dNTP, 0.5 pl of RNasin inhibitor atdul of Improm
reverse transcriptase (or nuclease-free water deR controls), and made up to 15 pl
with nuclease-free water. 5 pl of the denaturetheriRNA mix was added to the reaction
mixture (except the no-RNA control) and placed th@mal cycling block. The following
cycles were used to generate cDNA : annealing fariftutes at 25°C, extension for 60
minutes at 42°C and 15 minutes at 70°C to deaetiht reverse transcriptase step. cDNA

was then stored at — 20°C for subsequent use.
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2.8.2 Reverse transcriptase PCR (rtPCR)
Reverse transcriptase PCR, a semi-quantitative adetivas used in conjunction with

quantitative real-time PCR (qRT-PCR) to validate BDNA microarray. rtPCR was used
to investigate the differential expression of gemB£668 and A3949 (under control
conditions, no preservative) in the adapted ddkigaB. lata 383-CMIT relative to
expression levels in the parental strain. Real-fG& of these genes was not possible due
to limited sensitivity. A housekeeping gene encgdatetoacetyl-CoA reductasph@Q
was included as a control as it had constant lesebxpression across all conditions. A
second housekeeping gene, recombinase@d, was also included as a control as it had
constant levels of expression under control coowliti Primers complimentary to the four
genes were designed (Table 4) cDNA was generatepreagously described (section
2.8.1) and 2 pl was added to the following Qiagsagents: 5 pl PCR buffer (10x), 10ul g-
solution (5x), 1 pl dNTPs (10 mM), 4 ul of 1:1 pgmmix (10 um), 0.25 uTaq (5
units/pl), and made up to 25 ul with nuclease-fneter. Reaction conditions for all
primers were as follows: initial denaturation at°®@6for 1 minute; 30 cycles of
denaturation at 96°C, primer annealing at 55°C 1faninute, extension at 72°C for 1
minute followed by a final extension step of 72% 10 minutes. PCR products were
analysed for differential amplification (and themes differential expression) after 20 and

30 cycles by visualisation on a 2% (w/v) agarode ge

2.8.3 Quantitative PCR (qRT- PCR)
In contrast to rt-PCR which is only semi-quantitafireal-time PCR is highly sensitive

and allows accurate quantification of transcriptsl &mall changes in gene expression
(Heid et al, 1996; Pfaffl, 2001). gRT-PCR was used to validateroarray results and to
investigate expression levels of the gene B100B.itata strains. The general gqRT-PCR
approach used in this study has been previouslyritbesl by Drevinelet al. (2008). gRT-
PCR was performed in triplicate using an ABsoluleGR SYBF Green kit (ABgene,
Epsom, UK) with MgCJ concentration of 3 mM.. Primers were designedatget five
genes with altered gene expression in the adapadative B. lata 383-CMIT and two
control genes of constant expression (Table 4)gdtagenes were selected to represent the
range of expression changes observed in the mrerpaxperiments (from 1.9 to 25 fold).
cDNA was generated (as previously described se@i®ri) and 2 pl was added to 10 pl
of ABsolute SYBR green mix, 0.4 pl of forward amderse primers (20 uM) and made up
to 20 ul with nuclease-free water. A standard cuves generated using 1 in 5, 1 in 25 and
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1 in 50 dilutions of the cDNA template, to assdss éfficiency of amplification. Internal
controls of ‘no-RT’ and ‘no-cDNA’ were included taontrol for genomic DNA
contamination and primer-dimer artefacts respelstiiexpression levels of housekeeping
genesphaC and/orrecA were used to normalise data. Amplifications wene on a MJ
Research PTC-200 thermal cycler with the optionresl-time fluorescence detection
(DNA Engine Opticon; Bio-Rad Laboratories, Hertfeinite, UK). Cycling conditions
were as follows: after an initial 15 minute thernaadtivation of the modified Tag-
polymerase at 95°C, 50 cycles of 15 seconds at, @P8econds at 62°C and 30 seconds at
72°C were performed. Data were obtained at 72°C raelting curve analysis was
performed at the end of the PCR to test for spedfCR product. Fold change was
calculated using the threshold cycler©f each reaction i.e. the PCR cycle number at
which the accumulating product yields a detectélblerescent signal. Two methodologies
were applied to quantify the relative expressiorele of the target genes (i.e the PCR
signal of the target transcript in adaptdata derivatives or otheB. latastrains relative

to the calibrator straiB. lata383).

2.8.3.1 Analysing qRT-PCR data using the comparative CT médtod
The comparative €or delta-delta (also known as thé“Z®") (Livak & Schmittgen, 2001)

assumes both target and reference genes are aphfth efficiencies near 100% and
within 5% of each other (Schmittgen & Livak, 2008he relative difference in expression
was calculated by first normalising the Gf the target gene to the reference gaimaCor
recA) for both the test and the calibrator samples. Adrenalised & values of the sample
of interest are then compared to the normalisedalues of the calibratoB( lata strain

383).The equation used was as follows:

[delta][delta] G= [delta] G sample- [delta] G caiibrator
Here, [delta] G sampiedenotes the Gvalue for the test condition (e.B. lata383-CMIT)

normalised to the housekeeping gphaCor recAand [delta] G caiibrator IS the G value
for the control condition or “calibrator'B( latastrain 383).
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2.8.3.2 Analysing gRT-PCR data using the Pfaffl method
The Pfaffl method accurately calculates the reéatiNfference in expression as it uses

calculated PCR efficiencies and normalisgdv@lues of the sample of interest versus the
calibrator (Pfaffl, 2001). Standard curves wereayated, by serial dilution of cDNA from

test samples and the calibrat®. lata 383, for target and reference genes. The
amplification efficiencies of each target and refere gene were calculated from the slope

of the standard curve using the following formula:
Efficiency = 10°/sloPe

The expression ratio between test samples andatliator was then calculated using the

following formula:

Ratio = (Etarge) ACT Target (calibrator—test)

(E referencé ACT Reference (calibrator — test)

Here, Eiagetis the amplification efficiency of the target gemanscript; EreferencelS the

amplification efficiency of the reference gene senipt.
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Table 4. Primers used in reverse transcriptase PCBnd quantitative PCR

Primer name Nucleotide Sequence (5" — 3") Amplicon size (bp)
phaC_RT fw AAGCGTTCGACAAGGTCAAG
phaC_RT rv CGGTCGAGTAGTTGGTCTGG 258
recA_RT fw AGAACATCCAGGTCGTGTCC
recA_RT rv TTCGCTGCATATTGAACGTC 214
B1004_RT fw CCCCGTCTACGTGTATTTCG
B1004_RT rv TAAACGTATGGTCCGCATTC 230
B1327 RT fw CATGTCGGTGTTTCCGTTC
B1327 RT rv ATGAACGTGCTCCACAGTCC 219
B1767 RT fw ACCTGATCAAGCTGCTCACC
B1767 RT rv CTTGTCCTTCTTTGCCTTCG 27
A6485 RT fw TTTCTGGGCTTTCGATGATG
A6485 RT rv CGCATGAAGTTCGTGTTCAG 280
B0668 RT fw CTGGACGCCGACATCATC
B0668 RT rv CCGCCAATACTGCGTCTG 228
A3516 RT fw TGTTCCTGATCCCCGTATTC
A3516 RT rv GCTTGAACTGCTCCTGAACC 288
A3949 RT fw CGTACTTCCCGCTCGTCTAC
A3949 RT rv CGCATAGATCTCGGTCGTG 239

Footnotes:

fw, forward primer; rv, reverse primer.

bp, base pair.
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2.9 MICROARRAY EXPERIMENTS
A two-colour microarray ofB. lata strain 383 was used to determine global gene

expression in response to a cosmetics grade bldnaneathylisothiazolinone and
chloromethylisothiazolinone preservatives, and a MW hydantoin preservative. In
addition, global gene expression of the presergaiyapted derivativB. lata 383-CMIT,

in the absence and presence of isothiazolinonematsves, was also explored.

A custom 4x44k microarray foB. lata strain 383 was designed by Oxford Gene
Technology (Oxford Gene Technology, UK) and manufed by Agilent (Agilent
technologies, Santa Clara, California) (design #12% using high-density 60-mer
SurePrint technology. The microarray was composeadid32 probes: 14071 probes were
derived from coding genes and intergenic regiorth@B. lata strain 383 genome, and 61
probes served as internal controls. Each probepnated three times, with a randomised
distribution. Experimental protocols and raw datan cbe found in ArrayExpress
(http://'www.ebi.ac.uk/arrayexpress/) under the ssimm number E-MEXP-2827 (withheld
until 20/07/2011).

2.9.1 Growth curve analysis
To ensure consistent RNA profiling, cells were lested at mid-logarithmic growth phase.

Growth curve experiments were performed to deteemsuitable sub-inhibitory
concentrations of preservatives for the microaeageriments. The minimum inhibitory
concentrations (MIC) of the isothiazolinone blenttl@MDM hydantoin preservatives
were determined foB. lata 383 andB. lata383-CMIT using a broth dilution method (see
section 2.9.1). Appropriate amounts of aqueouskssmlutions of preservatives were
added to BSM (CYG) broth to achieve test concénira approximately one quarter or
half that of the wild-type MIC: 0.00001% (v/v), @@01498% (v/v) for the isothiazolinone
blend; 0.00162% (v/v), 0.0027% (v/v) for DMDM hydaim. Briefly, flasks with 25 ml of
BSM (CYG) broth, with and without preservative, wenoculated with 2 x FOCFU and
incubated at 30° C on an orbital shaker at 150 rgBnowth was monitored
spectrophotometrically over 9 hours. Sub-inhibitocpncentrations for microarray
experiments were selected based on the followittgriar: (1) exposure to the preservative
resulted in altered growth dynamics but did novpre cells entering a logarithmic growth

phase; (2) an optical density of 0.5 at 600 nm sgashed within 8 hours. The method for
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harvesting cells and subsequent extraction of kA is described in sections 2.7.1. and
2.7.2.

2.9.2 Labelling first strand cDNA with amino allyl-dUTP
A Superscript™ Indirect cDNA Labelling System (ltregen, UK) was used to synthesise

first-strand cDNA incorporating chemically reactiveicleotide analogues (amino allyl-
dUTP). 10ug of total RNA were used per labelling reaction taamng 2.2 pul random
hexamers (400 ng/ul), and made up to 18 pl with OEReated water. Tubes were
incubated at 70°C for 5 minutes and placed onacersners could anneal. The following
reagents were added for the extension reaction: Bxufirst strand buffer; 1.5 pl 0.1 M
DTT; 1.5 pul dNTP mix (including amino-modified nedtides); 1 pl RNaseOUT™; 2 pul

SuperScript™ lll reverse transcriptase. Reactioagevincubated at 46°C for 3 hours.

2.9.3 Degradation of RNA and purification of amino allyl modified cDNA
After cDNA synthesis a hydrolysis reaction was perfed to degrade the original RNA.

15 ul of 1 N NaOH was added to each reaction gftetle mixing tubes were incubated at
70°C for 10 minutes. 15 pl of 1 N HCL was added gedtly mixed to neutralise the pH,
followed by 20 ul of 3 M Sodium acetate (pH 5.2phitorporated dNTPs and hydrolysed
RNA were removed using an lllustra CyScribe GFXifeation kit (GE Healthcare,
Buckinghamshire, UK) according to the manufact@w@rotocol. cDNA was eluted in 2 x
50 ul of DEPC-treated water (heated to 65°C), andipd by ethanol precipitation. 10 pl
of 3 M sodium acetate (pH 5.2) was added to eabh fallowed by 2 pl of 20 mg/ml
glycogen, and mixed. 300 pul of ice-cold ethanol wdded, and tubes incubated at -20°C
for 1 hour. The cDNA was pelleted by centrifugatanl4,000 xg at 4°C, and the pellet
washed in 80% (v/v) ethanol. After centrifugation 1,000 xg for 2 minutes, the
supernatant was discarded and the pellet air-dcledlA was resuspended in 5 pl of 2X

coupling buffer (Invitrogen).

2.9.4 Labelling of amino-allyl modified cDNA with Cy5™ Dye
The modified first strand of cDNA was chemicallypédled with Cy5™ dye (Amersham

Biosciences Ltd, Buckinghamshire, UK) in a separttp, to minimise any dye bias.
CyDye was resuspended to individual reaction figeadding 5 pl DMSO, and added to
the purified amino-allyl modified cDNA /coupling fiar suspension. Reactions were

gently mixed and incubated at room temperaturé 0n the dark for 1 hour.
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2.9.5 Purification of Cy5-labelled cDNA
An lllustra Cyscribe GFX purification kit (GE Hehttare) was used to purify the labelled

cDNA, removing unreacted dye. The kit was used @&@ing to manufacturer’s instructions
with one exception. To maximise recovery, purif@gb-labelled cDNA was eluted from
columns with 60 ul DEPC-treated water (heated tb@pand incubated for 5 minutes at
room temperature before collection by centrifugatiSamples were stored in protective

amber microtubes at -20°C for subsequent analysis.

2.9.6 Labelling reference genomic DNA with Cy3™ Dye
A DNA reference design was used for the microaraperiments with Cy3-labelled

genomic DNA, fromB. lata strain 383, run as the control channel for all eekpents.
Genomic DNA (extracted as described in section2.tas directly labelled with Cy3
Dye (Amersham) using a BioPrime® DNA labelling gyst(Invitrogen). 2 pg of genomic
DNA was added to a sterile microtube and the volumade up to 21ul with DEPC-treated
water. 20 ul of a 2.5x random primer/reaction buffex (supplied in the kit) was added.
Samples were placed on a thermal block and heat88°C for 5 min, and then placed on
ice for 5 minutes. While on ice, the following reags were added to the reaction mix: 5
pl of a 10x dNTP mix (1.2 mM each dATP,sGTP,dTTHB; @M dCTP; 10mM Tris pHS ;
1 mM EDTA), 3 pl of Cy3 dCTP (1 mM stock) and 1aflklenow enzyme (supplied in
kit). Reaction mixtures were incubated in the datk37°C for 2 h. The reaction was
terminated by the addition of 5 pul of stop buffeugplied in the kit).

2.9.7 Purification of Cy3-labelled reference DNA
An lllustra GFX PCR DNA and Gel Band Purificatioit Was used to purify Cy3-labelled

reference DNA, removing unincorporated/quenched By8. The kit was used according
to the manufacturer’s, instructions with one eximptto maximise recovery, purified
Cy3-labelled DNA was eluted from columns with 2x | BODEPC-treated water (heated to
50°C) and incubated for 5 minutes at room tempegdiafore collection by centrifugation.

Samples were stored in protective amber microtabe®0°C for subsequent analysis.

2.9.8 Quality control of CyDye labelled nucleic acids
A Nanodrop 1000 spectrophotometer (Thermo Fishegs wised to quantify the

concentration of generated cDNA, reference DNA tredamount of CyDye incorporated.
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Optimal concentrations of cDNA and CyDye rangednra0 to 70 ng/ul and 2.5 to 5.0
pmol/ul respectively. Higher dye levels are an ¢ation of unincorporated dye and may
increased the background noise on the array. litiaddfluorescence was measured by
electrophoresis on a miniature agarose gel (3 nil.®% w/v agarose gel containing 1 x
TAE (40 mM Tris acetate, 1 mM EDTA) poured into thpel mould and overlaid with a
glass microscope slide). 1 ul of the sample wasdhixith 1 pl 50% glycerol and loaded
into the gel and electrophoresed at 120 V for 20. mMhe gel, mounted on the glass slide,
was scanned at 560 nm and 675 nm (Gene TAC LS &ho@ic solutions) to visualise

the fluorescence of Cy3-labelled reference DNA @g8-labelled cDNA respectively.

2.9.9 Hybridisation
Microarrays were hybridised according to the TwdeDo Microarray Based Gene

Expression Analysis protocol version 5.5, (Febru2®97, order number G4140-90050,
Agilent) adjusted for the use of cDNA by omittirfgetfragmentation step. Labelled cDNA
was used at 825 ng per sample, labelled referedb® & 60 ng. Hybridisation samples
were prepared as follows: 1000 ng of Cy5-labellBdla, 70 ng of Cy3-labelled reference
DNA, 11 pl 10X blocking agent and made up to 53th nuclease-free water. Samples
were heat denatured at 98°C for 3 minutes thewatldo cool to room temperature. 55 pl
of 2X GEX Hybridisation buffer was then added te thenatured hybridisation mixture.
Samples were mixed, avoiding the introduction oblilas, and briefly centrifuged.
Agilent microarray hybridisation chambers were added and loaded with clean gasket
slides as instructed by the manufacturer. 102 thefhybridisation mixture was slowly
dispensed into the gasket wells, empty wells weagléd with 102 ul of 1X hybridisation
buffer (Agilent).The Agilent array was placed aetiside down onto the gasket slide and
the hybridisation chamber clamped. The assemblathbbr was rotated vertically, to wet
the gasket wells and assess the mobility of bublidsn the hybridising mixture, then

placed in a rotisserie in a hybridisation oven%Gfor 17 hours.

2.9.10 Washing slides
The washing procedure included the use of Agildabiisation and Drying solutions,

designed to protect against ozone-induced degmdatf cyanine dyes. The wash
procedure was conducted in five slide-staining esitontaining Agilent wash buffer or

solution and a magnetic stirring bar, placed on me#g stirring plates. In brief, after
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hybridisation the array-gasket sandwiched slideseweemoved from the chamber,
submerged in Gene Expression Wash Buffer 1 (withmagnetic stirrer) and carefully
separated. The array slide was placed in a sldeaad submerged in fresh Wash buffer 1
at room temperature for 1 minute. The slide rack ween transferred and submerged in
Gene Expression Wash Buffer 2 at 37°C for 1 minfmdowed by 1 minute in an
acetonitrile wash at room temperature. Finally #hele rack was submerged in the
Stabilisation and Drying solution for 30 secondscatm temperature. The slide rack was
removed slowly from the final wash to avoid preapes forming on the array slides.

2.9.11 Scanning the microarray
Microarray slides were scanned, at a resolutiorb gim, using a microarray scanner

(G2565 BA, Agilent) with Scan Control software viersA.7.0.3 February 2007 (Agilent).
The Extended Dynamic Range function with 100% afébo1PMT gain was enabled.
Scanned images were analysed and data extractegl fesature Extraction version 9.5.1

software (Agilent), using the FE protocol GE2_v5. 95

2.9.12 Microarray data analysis
After scanning, data were imported into GeneSp@¥ version 7.3.1. (Agilent) and

preprocessed with the Agilent FE data import plugNormalisation was performed with
the Agilent FE saved scenario as follows. Firstlyery spot of the signal channel was
divided by the control channel. Each chip was thermalised to the 50th percentile of all
measurements of that chip, then each gene was heechdo its median. Analysis was
performed using a list of 7749 coding sequencesJ)Céhd 6324 intergenic (IG) regions
of theB. latagenome. Changes in gene expression irBtHata derivative 383CMIT were
defined by fold change relative to expression Ilgviel the parental strain. Unreliable
features were removed from analysis; a P value @05 was required in at least half the
samples for a feature to be included in subsecaealtysis. Analysis was then performed
with a 1.5 fold change filter applied. One-way as& of variance (ANOVA) was
performed on the resulting gene lists using a Wekelst with 5% false discovery rate and
no multiple testing correction. Raw data can be nébuin ArrayExpress
(http://www.ebi.ac.uk/arrayexpress/) under the asimm number E-MEXP-2827 (withheld
until 20/07/2011); gene lists are provided on CD¥Ra appendices.
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2.10 TRANSPOSON MUTAGENESIS EXPERIMENTS
A mini-transposon Tn5 (pUT-Tn5) (de Lorenzo & Tinanil994) conferring Kanamycin

or tetracycline resistance and the plasposonMothOTp’ (Dennis & Zylstra, 1998)
conferring resistance to trimethoprim were congddor use in the mutagenesisBflata
strain 383 (LMG 22485). Preliminary experiments evperformed to determine a suitable
antibiotic selective marker. An agar dilution meth@vealed thaB. lata strain 383 was
intrinsically resistant to kanamycin and tetraayeliantibiotics. Therefore,.Bata strain
383 was subjected to transposon mutagenesis usaspgson pTWod-OTp’, a Tn5
derivative carrying a trimethoprim resistance casg®ennis & Zylstra, 1998).

2.10.1 Generation of plasposon mutant bank irB. lata strain 383

2.10.1.1Growth conditions
B. lata strain 383 was cultured at 30°C on TSA/TSB; mutavese cultured at 30°C on

TSA/TSB containing 100 pg/ml trimethoprim (TSA/B-T@0) and/or 120 units/ml
polymixin were required (TSA/B-Pmx). Escherichia coliHB101, carrying the self
transmissible “helper” plasmid PRK2013 with a kawyam resistance cassette, was
cultured at 37°C on LB agar/broth containing 50npidgdanamycin (Km50)E. coliJM109,
carrying plasposon pTod-OTp’ with a trimethoprim resistance cassette, watured at
37°C on LB agar/broth containing 100 pg/ml trimgim (Tpl00). Transconjugants,
carrying the plasposon, were selected on TSA coini 120 units/ml polymixin
(Pmx120, added to counter-select against Ehecoli donor strain) and 100 pg/ml

trimethoprim.

2.10.1.2Mating protocol
The plasposon was introduced to Brkholderiastrains via conjugal transfer during a

triparental mating as described by Dennis and gyl&t998). In brief, 3 mls of 18 hour
cultures ofE. coli donor strains and a 3 mis of an 18 hour culturéhefrecipienB. lata
strain 383 were harvested by centrifugation at @ 4@ for 10 minutes. The retaindsgl
lata and E .colicell pellets were re-suspended in 3 ml or 500 pil®froth plus 10 mM
MgSQO, respectively. 100 ul of each culture was platet transconjugant selective media

as a control for background growth in the presesfcine antibiotic. Donor and recipient
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cell suspensions were equally mixed (1:1:1), arf@l [1lncubated at 37°C for 24 hours on
a sterile 25 mm (2 um pore size) nitrocelluloseefibisc placed on the surface of a warm
dry non-selective LB agar plate containing 10 mM3y. Filters were vortexed in | ml
LB broth and 100 ul of the mating mix was platedoamnansconjugant selective media and
incubated at 30°C for 24 hours.

2.10.1.3Generation of the mutant bank
Individual transconjugant colonies were randombykpd using a sterile toothpick into 185

ul TSB-Tp20 in sterile 96-well microtitre platesdaimcubated at 30°C, 150 rpm shaking,
for 18 hours. 16 ul of DMSO was added to each &% final concentration) as a
cryoprotectant and the master plates stored at°€ 8@ future use. After screening for
preservative susceptibility, mutants of interestevstreaked to single colonies from the
master plate onto TSA-Tp20 from which overnighttaerds were inoculated for DNA

extraction.

2.10.2 Screening of mutants for putative auxotrophy
Using a multi-point inoculator (Boekel Inc.,Feastde.PA) 120 mm square TSA and

BSM agar (4 g/L glucose; not supplemented with iwasa acids or yeast extract) plates
were inoculated from each master plate and incdbate30 °C for 24 hours. Putative
auxotrophy was defined as ‘no growth’, or ‘a coesable reduction in growth (e.g.

microcolonies)’ on the minimal BSM agar from théserved on the complex TSA plate.

2.10.3 Screening of mutants for altered preservative suspébility
An agar dilution assay was used to identify mutawith increased or decreased

susceptibility to methylisothiazolinone, DMDM hydam, and the blend of
isothiazolinone preservatives. After autoclavin@MB(CYG) agar was cooled to 50°C and
an appropriate volume of preservative stock satutivas added to achieve final
concentrations equivalent to the Mi@ B. lata strain 383 (Wild-type), half the MIC and
four-fold lower than the MIC: the MICs were 0.00087v/v, 0.0135% v/v and
0.0000749% v/v for methylisothiazolinone, DMDM hydain and the blend of
isothiazolinone preservatives respectively. CdnB8M (CYG) agar plates without
preservative and BSM (CYG) agar plates containif@ ig/ml trimethoprim (BSM

(CYG) -Tp100) were also prepared. Using a multinpanoculator, a revival plate with
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180 ul BSM (CYG) broth per well was inoculated freach master plate and incubated at
30°C, with shaking at 150 rpm, for 18 hours. Thaved mutants were then replica plated
onto triplicate BSM (CYG) agar control plates, B$®IYG) -Tp100 and BSM (CYG) test
plates containing preservative and incubated aC3f 72 hours. To confirm a
phenotypic change, mutants of interest with a paadltered susceptibility profile were

rescreened on BSM (CYG) test plates as describ#dsrsection.

2.10.4 Sequencing of transposon flanking DNA and bioinforratic analysis
Genomic DNA was extracted from mutants with an eased susceptibility and/or

tolerance to the preservatives evaluated usingptioéocol described in section 2.5.2.
RAPD profiling analysis was used to confirm thentiy of theB. lata strain-383 mutants
(section 2.6). A nested PCR approach was used mifgngenomic DNA flanking the
transposon insertion site (Manoil, 2000; O'Sullivenal, 2007). Primer 1 and Primer 3
were designed to be used in conjunction with Pri@lerand Primer 4 as described by
O’Sullivan et al. (2007). All primers were supplied by MWG Biotechogy, UK. To
validate Primer 1 (5-AGG CTC AGT GCA AAT TTA TCCYand Primer 3 (5- TTG
AAC GTG TGG CCT AAG CGA GC-3’) each was used sefmyain conjunction with
Primer Pc (5-CGT CAC CAT TTG GGA GCA CAT GC-3); reverse primer targeting
the RP4 origin of transfer in the transposon. \&lwh of the paired primers was carried
out in a Peltier thermocycler (DYAD™) using theléating cycling conditions: 94°C for
5 minutes, 30 cycles of 94°C for 30 seconds, 5530 seconds and 72°C for 1 minute.
Each 25 pl reaction contained: 1x PCR buffer, @-solution, 3 mM MgCl 200 pym
dNTPs mixture, 1 uM of each primer, 1 UTdq polymerase and 2 ul of a 1:10 dilution
of genomic DNA as template. PCR products were Vise by electrophoresis on a 1.5%
agarose gel. The expected amplicon size of thedPriio paired with Primer 1 and Primer
3 was calculated as 458 bp and 426 bp respectively.

The first round of nested PCR was carried out Witimer 1, and Primer 2b (5-GGC CAC
GCG TCG ACT AGT CAN NNN NNN NNN ACG CC-3) in a Re&r thermocycler
(DYAD™) according to the following cycling conditis: 95°C for 5 minutes, 8 cycles of
94°C for 30 seconds, 30°C for 35 seconds and 78f@3 seconds, a single step of 95°C
for 5 minutes followed by 30 cycles of 94°C for 88conds, 30°C for 35 seconds and
72°C for 45 seconds. Each PCR reaction containedfIkaq polymerase, 1 uM of each
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primer, 200 uM of each dNTP, 1.5 mM MgC1X PCR buffer, 1X Q-Solution (reagents
by Qiagen) and 1 ul of a 1: 10 dilution of genomMidA as template. The second round of
nested PCR used Primer 3 and Primer 4 @5C CAC GCG TCG ACT AGT AC-3).
Cycling conditions were as follows: 95°C for 2 nties, 30 cycles of 94°C for 30 seconds,
42°C for 35 seconds and 72°C for 45 seconds amwabsingle step of 72°C for 5 minutes.
Each 50 pl PCR reaction contained 2.5 Uraf polymerase, 1 uM of each primer, 200
UM of each dNTP, 1X PCR buffer, 1X Q-Solution @eats by Qiagen) and 3 pl of PCR
product from the first round of PCR as templatedact from the second round of PCR
was purified using a QIAquick PCR purification k{Qiagen) and visualised by
electrophoresis on a 2% agarose gel. DNA was dightusing a Nanodrop 1000
(Thermofisher Scientific). In order to identify DN#anking the transposon insertion site
amplicons were sequenced using Primer 3. Transposentions were mapped to tBe
lata strain 383 genome (www.JGIl.doe.gov) by conductindatabase search, using the
Basic alignment search tool (BLAST), at thBurkholderia Genome Database

(www.Burkholderia.com).
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2.11 ASSESSING BCC SPECIES DIVERSITY IN THE ENVIRONMENTA L
INDUSTRIAL NICHE

2.11.1 Multi locus sequence typing (MLST) analysis of a dlection of Bcc isolates
from environmental industrial sources.
Multi locus sequence typing, a highly discrimingtatrain typing method described by

Baldwin et al. (2005), was performed on a collection of 67 Bcolated from
environmental industrial sources by Dr. Adam Baliunpublished). Sources included
aircraft fuel containers, water filter-heads, phaceutical products, raw materials used in
industrial processes and aqueous product. Envieatsh industrial sources were from
various geographical locations, including Europejs#talasia, Asia, North and South
America. The MLST website (http:pubmlist.org/bcdéveloped by Jolleyt al(2004)
was used to match allelic profiles and determirgpieace types (ST) where appropriate;
generation of a ST number required the allelic ipngf of all seven housekeeping genes,
whereas identification to the species level coudd dzhieved by profiling>2 of the
housekeeping genes. A selection of 19 environmendiaistrial Bcc strains, identified by
MLST analysis, was included in the strain colleetaused to evaluate Bcc preservative

susceptibility (see section 2.12).
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2.12 PRESERVATIVE SUCEPTIBILITY PROFILING

2.12.1 Minimum inhibitory concentrations (MIC) of individu al preservatives and
preservative enhancers

2.12.1.1Broth dilution assay
As a preliminary investigation, the susceptibiliof eight Bcc strains (Table 5),

representing prevalent species groups in a cadkecdf industrial isolates (see section
2.11.1), to preservatives and preservative enhar{Cable2) was determined by broth and
agar dilution methods. The eight Bcc strains whaentincluded in the larger collection of
83 Bcc used in subsequent preservative susceptitekting (see section 2.12.3). Three
non-Bcc bacteria were included in preliminary irtigegtions of preservative susceptibility:
antibiotic reference straink. coli (ATCC 12241),S. aureus(ATCC 12981) andP.
aeruginosa(ATCC 12903). Non-Bcc bacteria were assayed with llghest and lowest
MIC of the eight Bcc evaluatedStock solutions of preservative or preservativieagicer
were added to BSM (CYG) broth to achieve final @ntcations ranging from: 0 —
0.001213% v/v methylisothiazolinone, 0 — 0.0006% idothiazolinone blend, 0 —
0.002% w/v benzisothiazolinone, 0 — 0.1% w/v belnaetum chloride, 0 — 0.81% v/v
DMDM hydantoin, 0- 0.15% v/v phenoxyethanol, 0-%.2/v methyl paraben, 0 - 0.04%
w/v propyl paraben, 0- 0.75% w/v sodium benzoatk@— 5% EDTA .

Bcc strains (excepB. cenocepacial2315) were cultured for 18 hours in 3 ml of BSM
(CYG) broth at 30°C in a 14 ml tube shaken horialiytat 150 rpm;B. cenocepacia
J2315 and non-Bcc reference strains were cultur&¥ €. Cultures were adjusted to an
OD of 1+0.2 at 600 nm, equating to approximately 10° CFU/ml. Approximately 1 x
10° CFU of the test strains was added to the test amiral BSM (CYG) media (no
preservative or preservative enhancer) in replieagks of a 96-well microtitre plate (200
ul). Microplates were incubated with shaking (2@dn)y for 24 hours at 30°C or 37°C
depending on the test organism. The MIC was detaghas the concentration of
preservative at which there was an 80% reductiooptical density from the average
turbidity reading of control wells at 630 nm. Exjpeents were repeated with different

starting cultures to obtain biological replicates.
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2.12.1.2Agar dilution assay
The restricted solubility of propyl paraben (>0.048ad the opacity of caprylyl glycol and

Ethylhexyl gylcerin prevented the evaluation ofaage of concentrations in BSM (CYG)
broth. An agar dilution assay was used to invewtigaisceptibility to these agents, as
follows: after autoclaving, the BSM (CYG) agar wasoled to 50°C and an appropriate
volume of preservative stock added to the 25 magdr to achieve final concentration
ranges of 0 — 0.1% w/v for propyl paraben, 0 — Owi86 caprylyl glycol, and 0 — 2% wi/v
ethylhexyl glycerin; Bcc strains were cultured fd8 hours as previously described
(section 2.12.1.1) and diluted to an OD of 1+0.RPQ(Gwm); triplicate 10 pl drops of
bacterial suspension were aspirated onto the surfdicBSM (CYG) agar containing
preservative or preservative enhancer and cont®MB(CYG) agar plates without
preservative or enhancers. Plates were incubate2¥fhours at 30 or 37°C depending on
the test organism. The MIC was defined as the mimintoncentration of agent required

to inhibit bacterial growth.
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Table 5. The eight Bcc strains used in preliminarpreservative susceptibility testing

Accession number fro

MLST

Species BCCM/LMG culture . . . Isolatior
) ) Isolation source and other information Sequenc
Strain name collection: source coc :
(Other strain designations) ype
B. arboris
BCC1306 - Environmental industri ENVI 328t
B. cenocepacia lll-A
Cystic fibrosis patient sputum, UK; genc
J231¢ ESP LMG 1665¢ T available CLIN 28
(www.sanger.ac.uk/Projects/B_cenocepa
B. cenocepacia lll-B
BCC1283 - Environmental industrial ENVI 25C1
HI2424 ) Soil, US.A;‘ genome ayallat ENV 122
(http://genome.jgi-psf.org/mic_curl.html)
BCC1291 - Environmental industri ENVI 3221
B. lata
Forest soil, Trinidad; genome availe
Strain 38: LMG 2248t T (http://genome.jgi-psf.org/bur94/bur94.home.html)  ENV 101
BCC1294 - Environmental industri ENVI 981
BCC1296 - Environmental industri ENVI 11¢t
Footnotes:

BCCM/LMG, Belgian co-ordinated collections of mieboganisms, Ghent.
BCC, Cardiff strain collection
CLIN, clinical; ENV, environmental; ENVI, environmé&al industrial.

MLST, multi locus sequence typing

! Strain included in MLST analysis of Bcc isolatesnfi environmental industrial sources (this study)

T Type strain

ESPBurkholderia cepaci@omplex experimental strain panel
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2.12.2 Preservative combination testing
A checkerboard method was used for the measureofestisceptibility to combined

preservatives and preservatives with enhancerseasrided by Denyeet al(1985).
Checkerboard assays involved expodindata strain 383 (LMG22485) to serial dilutions
of two agents in BSM (CYG) broth. The blend of maothiazolinone and
chloromethylisothiazolinone preservatives was agred as just one agent for the

purpose of this assay.

2.12.2.1Checkerboard method
The range of concentrations evaluated extended gbstve the expected minimum

inhibitory concentration for each agent to zeromles were arranged so that the test
organism was exposed to all possible combinatidntest concentrations; the primary
preservative serial dilutions increasing (1.5-faddyoss the horizontal axis; the secondary
preservative or preservative enhancer serial ditgtincreasing (1.5-fold) on the vertical
axis of a microtitre plate (Fisher). Methylisothiéinone and the blend of isothiazolinone
preservatives were evaluated as primary agentsombmation with the following
secondary agents: methyl paraben, phenoxyethamdDNDd hydantoin and EDTA. As an
additional control, the primary agent was also ysdain combination with itself.
Appropriate amounts of stock solutions were addedB$M (CYG) broth to achieve
double that of the desired final concentrationtfar primary and secondary agents. Serial
dilutions increased 1.5-fold, final test concentnag ranged from: 0 — 0.00194% v/v for
methylisothiazolinone, 0 — 0.0000749% v/v for teethiazolinone preservative blend , O
— 0.004% wl/v for benzisothiazolinone, 0 — 0.0081&% VDM hydantoin, 0 — 0.15% wi/v
methyl paraben, 0 — 0.02% w/v benzethonium chloiide 0.3% v/v phenoxyethanol and
0 — 6% v/v EDTA. Ethylhexyl glycerin was not evale@d as its opacity in solution
prevented turbidometric analysis.

B. latastrain 383 was cultured for 18 hours as previodsiycribed and diluted to an OD
of 1+0.2 (600 nm). Approximately 5x1@FU were added to 1 ml of the secondary agent
at double the desired test concentration. Immegiatd0 pl of the suspension was
combined with 100 pl of the primary agent in a wadlla microtitre plate, thus diluting

each agent to its desired final concentration. Eyp®to double the desired concentration
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of the secondary agent fer 10 minutes did not alter viability. Plates wereubated at
30°C, with shaking at 150 rpm for 24 hours. The Mi&s designated as the concentration
of preservative at which there was an 80% redudtiooptical density from the average
turbidity reading of the control well (BSM (CYG)dith without preservative or enhancing
agent) at 630 nm. The combination first showingrdmibition of growth was taken as the

end-point.

2.12.2.2Bioscreen C assay
A checkerboard approach in a Bioscreen C Microlgickl Growth analyser (Labsystems,

Finland) was adopted to examine the growth dynamid3. lata strain 383 cultured in
BSM (CYG) broth containing the following combinat® of preservative agents:
methylisothiazolinone in combination with methylrglaen and the isothiazolinone blend
in combination with phenoxyethanol. Appropriate amts of stock solutions were added
to BSM (CYG) broth to achieve double that of thesiced final concentration for the
primary and secondary agents. Serial dilutions -{dld) were made and final test
concentrations ranged from: 0 — 0.001455% v/v nistbhiazolinone, 0 — 0.113% w/v
methyl paraben, 0 — 0.000056% v/v isothiazolinores@rvative blend and 0 — 0.225% v/v
phenoxyethanol. The inoculum was prepared as pusljadescribed in section 2.12.2.1
above. 100 ul of the secondary preservative agemtaming the inoculum was
immediately transferred to duplicate wells of thed8reen microplate containing the
primary test agent (100 ul). Growth analysis wasgomed for 48 hours at 30°C; turbidity
readings were taken at 5 minute intervals usingideWwand filter (450-580nm) after
shaking the microplates for 10 seconds at a meditensity. The MIC was designated as
the lowest concentration of preservative at whinkré was an 80% reduction in optical
density from the average turbidity reading of tbatcol wells (BSM (CYG) broth without

preservative or enhancing agent).

2.12.2.3Interpretation of checkerboard synergy testing
The observation of synergy between two agentsneéfias activity beyond that of the

additive effect of individual agents, involves arsié of their individual MIC and the
combined MIC for the test organism. The simultarse@ctivity of two agents in
combination was obtained from the sum of the faaal inhibitory concentration (FIC) of

each agent using the following equation:
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FIC = MIC of preservative in combination

MIC of preservative alone

Y FIC = FIC of primary preservative + FIC of secondareservative
A synergistic outcome was defined asydfIC <0.5, additivity/indifference was defined as
an Y FIC >0.5, antagonism was defined as)#C >4. The lowest FIC index of all the

non-turbid wells along the turbidity/non-turbidityterface was used.

2.12.3 Preservative susceptibility of a collection of 83 & bacteria
A collection of 83 genetically distinct Bcc straisslected from the Mahenthiralingam

Group collection at Cardiff University and Belgiumoordinated Collection of
Microorganisms (BCCM: http://bccm.belspo.be/abongylphp) were used to investigate
the relationship between preservative susceptibiBtcc species diversity and isolation
source Table 6. Bcc strains, identified and typgdMLST (Baldwin et al, 2005),
spanning the genetically diverse 17 species gr@daslaereet al, 2009), five novel Bcc
groups (recently resolved by MLST schemes) andassdied novel Bcc. The selected
strains encompassed reference strains from Bwkholderia cepacia complex
experimental strain panel (Coengé al, 2003; Mahenthiralinganet al, 2000b), Type
strains, and typical preservative challenge tegammsms (Ortlet al, 2006). Strains varied
in isolation source and included clinical (41), eommental (24) and environmental
industrial (20) strains. Ten non-Bcc species evalliaas a control group included multi
drug resistant reference strains, clinical and $hdll isolates and represented typical

preservative challenge test organisms (Table 7).

2.12.3.1MIC determination by agar dilution assay
An agar dilution-based assay was used to deterthasusceptibility of the collection of

strains to seven preservative agents. Aqueous soltkions (10% v/v) of dimethylol
dimethyl hydantoin, methylisothiazolinone, isotlumone preservative blend, and (10%
w/v) benzisothiazolinone, benzethonium chloridel aodium benzoate were made. Due to
the restricted solubility of methyl paraben andmhe/ethanol, stock solutions (10% w/v
and v/v respectively) were prepared in DMSO. Fiocahcentrations of DMSO in the

presence of the bacteria did not exceed 1% v/vveasl non-toxic to the test organisms.
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After autoclaving, the BSM (CYG) agar was cooled@C and an appropriate volume of
preservative stock added to the 40 ml of agar hoeae final concentration ranges of 0 —
0.008% wi/v for benzisothiazolinone, 0 — 0.4% w/wmbethonium chloride, 0 — 0.216% v/v
dimethylol dimethyl hydantoin, 0 — 0.004365% v/vtimgisothiazolinone, 0 - 0.000674%
v/iv methylisothiazolinone /chloromethylisothiazalimte, 0 — 0.4% w/v methyl paraben,
0.3% v/v phenoxyethanol and 0 — 0.8% w/v sodiunzbate. The triple vented 120 mm
square petri dishes (International Scientific siggplLtd, UK) were then over-dried. To
avoid a reduction in the activity of sodium beneotlte pH of the media was adjusted
from pH 7 to pH 5 for that particular evaluationlyonMaster plates of the bacterial
collection were produced as follows: strains werkuced for 18 hours in 3 ml of BSM
(CYG) broth at 30°C as previously described; cekbuwere adjusted to an OD of 1+0.2
(600 nm), DMSO was added as a cryoprotectant (8)and each suspension transferred
to a designated well of a 96 well plate (Fishee8tfic) which was then stored at — 80°C.
A new master plate was defrosted for 2 hours feretvaluation of each preservative agent.
Once defrosted a multi point inoculator was usettansfer approximately 1.5 pl of each
strain to a 96 well microplate containing BSM (CYKBpth (200 pl per well). The micro
plates were incubated with shaking (150 rpm) aC3f@ft 18 hours and the OD was read
using a Dynex Technologies MRXmicroplate absorbance reader with Revalation
application. Strains reached a consistent OD wheived by this method which correlated
to viable counts of between ~1¥18nd ~1x18 CFU/mI. A multi point inoculator was
used to place approximately 1.5 ul spots of eadtureufrom the revival plate onto the
agar surface of triplicate test and control platkites were incubated at 30°C for 24
hours. The MIC was designated as the lowest coratent of preservative at which no
there was no visible growth of the test organism.

2.12.4 Minimum bactericidal concentrations (MBC)

2.12.4.1Neutraliser efficiency testing
An efficient means of terminating or quenching #wtivity of preservatives, which was

non-toxic to the test organisms, was required faQvitesting. Neutralising solutions,
recommended by Unilever (2% w/v Tween 80 and 0.186peptone), and described by
Learet al (2006) (5% w/v Tween 80, 1.5% w/v lecithin) werealuated prior to MBC
experimentation. B. latastrain 383, cultured for 18 hours as previouslycdbsed, was
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diluted to an OD of 1+0.2 (600 nm). To evaluateitity of the neutralising solutions, 100
ul of a 1x 18 CFU/mI suspension was transferred to 900 pl ofraéser and dkD as a
control, and incubated statically at 20°C for 1(hates. Viable cells were enumerated as
described in section 2.4.3. To determine the efficy of inactivation of preservative,
lata strain 383 was exposed to the following putativelyral preservative concentrations:
0.097% v/v methylisothiazolinone, 0.01498% v/v fine isothiazolinone preservative
blend, 0.2% w/v benzisothiazolinone, 0.5% w/v bémaeium chloride, 2% v/v
phenoxyethanol, 0.54% v/v DMDM hydantoin, 0.2% whethyl paraben and 1% w/v
sodium benzoate. 100 pl of preservative at a metdéthal concentration was added to
800 ul of neutraliser, or did as control, immediately followed by 100 pl of a 10°
CFU/mI bacterial suspension and incubated stayielP0°C for 10 minutes. Viable cells
were enumerated on BSM (CYG) agar as describecedtion 2.4.3. The neutralising
solution - 2% w/v Tween 80 and 0.1% w/v peptonecanjunction with dilution of the
preservative- were the chosen methods of inactigapreservative activity in MBC

experiments.

2.12.4.2MBC assay
Preservative concentrations evaluated ranged frenmiaximum permitted concentrations

for use in rinse-off personal care products in Eébutated countries (Directive
76/768/EEC) to zero. Additional concentrations ad® fold, and 2 fold higher than the
maximum permitted levels of benzethonium chloridd ® MDM hydantoin respectively

were also evaluated. Concentrations up to 5 foghdn than the maximum permitted
levels of phenoxyethanol and sodium benzoate wée evaluated. The maximum
concentration of benzisothiazolinone (0.015% w/waleated was based on the
manufacturers’ recommendation; this agent is nompeed for use in personal care
products in EU regulated countries. Maximum pedittevels are as follows: 0.1% w/v
benzethonium chloride, 0.3% v/v dimethylol dimethylydantoin, 0.01% v/v

methylisothiazolinone, 0.0015% v/v isothiazolinorngreservative blend, 1% v/v
phenoxyethanol and 0.5% w/v sodium benzoate. Dusolability issues methyl paraben
could not be evaluated at higher bactericidal cotradons (>0.2% wi/v) using this

method.
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A master plate of the collection of 83 Bcc strajable 6) and 10 non-Bcc strains (Table
7) was defrosted and revived in BSM (CYG) brothdascribed in section 2.12.3.1. The
revived cultures were diluted tenfold and 20 ulthed each strain transferred to duplicate
microplates with test preservative concentrationd duplicate control plates without
preservative; test plates and one control plateewsrubated with shaking (150 rpm) at
30°C for 24 hours. To ensure the starting inoculuas of a detectable size, one control
plate was immediately neutralised and replica platato agar without overnight
incubation in the microtitre plate. After incubatiof the microtitre test plates, 20 ul of the
bacterial suspension was placed into 180 ul of rakser solution (also diluted the
preservative concentration tenfold) and left intachfor 10 minutes. After neutralisation,
a multi-point inoculator was used to place apprately 1.5 pl spots of each strain onto
the surface of triplicate BSM (CYG) agar plates amaibated for 24-72 hours at 30°C; the
MBC was determined as the lowest concentrationhatiwgrowth ceased. As the starting
number of viable cells was known it was calculatedt this method was capable of
detecting a ~99.25% rate of bacterial kill. To iy the efficacy of neutralisation of
higher test concentrations, after neutralisatiocafcentrations at or above the maximum
permitted level, a multi point inoculator was ugednoculate a 96-well microtitre plate
with 200 ul BSM (CYG) per well. The enrichment glstwere incubated with shaking
(150 rpm) at 30°C for 24 hours, and a visually sssent of growth conducted. A multi
point inoculator was used to place approximately |1l spots of each strain onto the
surface of triplicate BSM (CYG) agar plates to itiigrviable cells.
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Table 6. Collection of 83 Bcc strains used in presative susceptibility testing

Accession number from

Species, BCCM/LMG culture . . . Isolation MLST
. . Isolation source and other information Sequence
Strain name collection source code type
(Other strain designations)
B. ambifaria
AMMD ESP LMG 191827 Pea rhizosphere, USA; genome available ENV 77
(http://genome.jgi-psf.org/mic_curl.html)
BCCO02675SP LMG 19467 Cystic fibrosis patient CLIN 78
BCC033¢ LMG 17828 Corn rhizosphere, USA ENV 74
MEX-5 ) genome avaliable ENV )
(http://[genome.jgi-psf.org/mic_curl.html)
B. anthina
BCC0635FSP LMG 16670 Carludovica palmata, rhizosphere, | ENV 89
BCC0639 ESP LMG 209807 Soil, USA ENV 86
B. arboris
BCC004¢ - Clinical isolate, Europe CLIN 11C
BCC130¢ - Environmental industrial ENVI 3258
BCC131( - Environmental Industrial ENVI 327
BCC131: - Environmental industrial ENVI 328
B. cenocepacia Il1-A
BCC0016 LMG18827 Cystic fibrosis patient sputum, Gina CLIN 29
BCC00185SP LMG 16659 Cystic fibrosis patient ,UK CLIN 35
BCC0272 - Cystic fibrosis patient sputum, Canada CLIN 13
BCC0560 - Cystic fibrosis patient , Canada CLIN 33
12315EsP LMG 166567 Cystic fibrosis patient sputgm, UK; genome a\_/aéabl CLIN 28
(www.sanger.ac.uk/Projects/B_cenocepacia/)
BCC0742 (X100) Cystic fibrosis patient sputum, Prague CLIN 32
K56-2 - Cystic fibrosis patient CLIN 30
B. cenocepacia Il1-B
BCC00195sP LMG 18829 Cystic fibrosis patient, USA CLIN 40
BCC00205sP LMG 18830 Cystic fibrosis patient, Australia CLIN 39
BCC00215sP LMG 16654 Cystic fibrosis patient, UK CLIN 34
BCC0022EsP LMG 18832 Urinary tract infection,UK CLIN 36
AU1054 ) Cystic fibrosis pati.er.1t, USA; g(?nome available CLIN 122
( http://lgenome.jgi-psf.org/mic_curl.html)
HI2424 ) Soil, USA_; genome av_ailable ENV 122
(http://[genome.jgi-psf.org/mic_curl.html)
BCC1283 - Environmental industrial ENVI 250
BCC1291 - Environmental industrial ENVI 322
B. cenocepacia I11-D
BCC0446 - Cystic fibrosis patient, Sicily CLIN 46
B. cepacia
BCC0001 &P LMG 12227 Onion rot, USA ENV 10
BCCO00025sP LMG 2161 Forest soil, Trinidad ENV 1
BCCO0035sP LMG 18821 Cystic fibrosis patient, Australia CLIN 5
BCCO004EsP LMG 17997 Urinary tract infection, Sweden CLIN 2
B. contaminans
BCC0362 (R-9929) Cystic fibrosis patient CLIN 97
SAR-1 LMG 23255 Cystic fibrosi§ patignt, Czech Republic; CLIN 102
metagenomic strain from sargasso sea
BCC1281 LMG 23254 seawater enriched with polyhyfimxyrate, Japan ENV 178
BCC1315 - Environmental industrial ENVI 341
BCC1323 - Environmental industrial ENVI 323
B. diffusa
BCC0106 LMG 24266 Cystic fibrosis patient's throaan@da CLIN 107
BCC0169 (ATCC 29352) Soil ENV 108
AU1075 LMG 24065 Cystic fibrosis patient, USA CLIN 164
B. dolosa
BCC0072 (R-2879) Cystic fibrosis patient, USA CLIN 72
AU0645ESP LMG 189437 Cystic fibrosis patient, USA CLIN 72
AU3556 - Cystic fibrosis patient CLIN 215
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Table 6. Collection of 83 Bcc strains used in presvative susceptibility testing

(continued)

Accession number from

. . MLST
Spe<.:|es, BCCM/LMG, eLlilE Isolation source and other information sl Sequence
Strain name collection source code tvoe

(Other strain designations) yp
B. lata
Strain 383 LMG 22485 Forest soﬂ, .Trlnldad; genome available ENV 101
(http://genome.jgi-psf.org/bur94/bur94.home.html)

BCC129¢ - Environmental industrial ENVI 98

BCC129¢ - Environmental industrial ENVI 119

BCC1321 - Environmental industrial ENVI 339

BCC140¢ - Environmental industrial ENVI 103
B. metallica

BCC0095 - Cystic fibrosis patient sputum,Canada CLIN 828

AU0553 LMG 240687 Cystic fibrosis patient, USA CLIN -

B. multivorans
BCCO000555P LMG 18822 Cystic fibrosis patient, Canada CLIN 19
BCCO008F5s? LMG 16660 Cystic fibrosis patient, UK CLIN 27
ATCC1761655P LMG 17588 Soil,US ; genome available ENV 21
BCC0390¢FsP LMG 18825 Cystic fibrosis patient, UK CLIN 15
BCC0764 P LMG 130107 Cystic fibrosis patient, Belgium CLIN 397
BCC1421FsP LMG 16660 Cystic fibrosis patient, UK CLIN -

BCC1430 - Cystic fibrosis patient, UK CLIN -

BCC1560 - Environmental industrial ENVI 439
B. pyrrocinia

BCCO01715sP LMG 21822 Corn field soil,USA ENV 95
BCC0180QT EsP LMG 141917 Soil ENV 41
BCC0476E5SP LMG 21823 Water,UK ENV 92
B. stabilis
BCC0023 &SP LMG 142947 Cystic fibrosis patient sputum,Belgium CLIN 50
ovidone-iodine solution,

BCC0286 (ATCC 35254) Povid iodi lution,USA ENV 51

AU6735 - Cystic fibrosis patient CLIN 53
B. ubonenss
BCC1603 LMG 20358 Surface soil, T hailand ENV -
B. viethamiensis
BCC0027 &P LMG 18835 Cystic fibrosis patient, USA CLIN 58
BCC0028EsP LMG 16232 Cystic fibrosis patient sputum, Sweden CLIN 200
BCC0030¢5sP LMG 109297 rice rhizosphere soil,Vietnam ENV 65
BCC1304 - Environmental industrial ENVI -
BCC1309 - Environmental industrial ENVI 326
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Table 6. Collection of 83 Bcc strains used in presative susceptibility testing
(continued)

Accession number from

. . MLST
Spe<.:|es, BCCM/LMG, R0 Isolation source and other information el Sequence
Strain name collection source code tvoe
(Other strain designations) yp
BCC Kc
BCC1282 - Environmental industrial ENVI 333
BCC130( - Environmental industrial ENVI 334
BCC131: - Environmental industrial ENVI 335
BCC1314 - Environmental industrial ENVI 336
BCC4
BCC032285sP LMG 21824 Cystic fibrosis patient, USA CLIN 113
BCC0405 (T21) Environment ENV 112
BCC047¢ - Environment ENV 114
BCC5
BCC039" (R-10733t1) Clinincal sample CLIN 207
BCC047: - Cystic fibrosis patient, Italy CLIN 185
BCC101: - Environment ENV 14C
BCC6
BCC0044 - Cystic fibrosis patient,UK CLIN 206
BCC0288 - Cystic fibrosis patient,UK CLIN 116
BCC0398 (R-10741) Environment ENV 127
BCC8
BCC1191 - Cystic fibrosis patient CIIN 307
unclassified BCC
BCC0198 (R-6622) Environment ENV 48
BCC0276 - Soil, USA ENV a7
Footnotes:

BCCM/LMG, Belgian co-ordinated collections of mieboganisms, Ghent.

ATCC, American type culture collection

BCC, Cardiff strain collection

CLIN, clinical ; ENV, environmental ; ENVI, environental industrial.

MLST, Multi locus sequence typing

! Strain included in MLST study of Bcc isolates fremvironmental industrial sources
T Type strain

ESPBurkholderia cepaci@omplex experimental strain panel

& Hospital environmental isolate
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Table 7. Non-Bcc bacteria used in preservative susgtibility testing

Species, . Isolation
. Isolation source
Accession number source code
Pandoraea pnomenusa
BCC0092 Cystic fibrosis patient sputum,Canada CLIN
Pandoraea sputorum
BCC0212 Cystic fibrosis patient sputum,Canada CLIN
Acinetobacter baumanni
BCC0810 Clinical sample CLIN
Burkholderia gladioli*
BCC1317 Environmental Industrial ENVI
Pseudomonas fluorescens
LMG 17947 pre-filter water-works tanks,UK ENV
Pseudomonas putida
LMG 22577 Soil, USA ENV
Ralstonia mannitolytica
LMG 68667 Contaminated autoclave fluid, UK ENV
Ralstonia pickettii
LMG 59427 Tracheotomy patient, USA CLIN
Stenotrophomonas maltophilia
LMG958 T Mouth cancer patient CLIN
Enterococcus feacalis
ATCC 51299 Peritoneal fluid, USA CLIN
Footnotes:

LMG, BCCM/LMG culture collection, Ghent.

ATCC, American type culture collection

BCC, Cardiff strain collection

CLIN, clinical ; ENV, environmental ; ENVI, envirenental industrial.

! Strain included in MLST study of Bcc isolates fremvironmental industrial sources
T Type strain

& Source of outbreak infection in hospital
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2.13 ADAPTIVE RESISTANCE TO PRESERVATIVES
MLST analysis indicate®. latato be a commonly encountered species in a caledf

industrial isolates (see section 3.2.1). Type stBilata383 (LMG 22485), with available
genome sequence (http://www.jgi.doe.gov/) and mikbiv ranging preservative tolerance,

was used as a model strain to evaluate adaptivee3ctance to preservatives.

2.13.1 Agar dilution step-wise training of B. lata strain 383
An agar dilution method was used to evaluate adap#sistance to preservatives. Strain

383 was cultured for 18 hours in 3 ml of BSM (CY@&poth at 30°C as previously
described. To verify the MIC of the parental straift x 16 CFU of B. lata strain 383
were inoculated onto the surface of BSM (CYG) aghates containing a range of
preservative concentrations; plates were incubfte@4 hours at 30°C and the MIC was
designated as the lowest concentration of pregeevat which no there was no visible
growth. BSM (CYG) agar plates with a range of presgve concentrations &f fourfold
lower than the MIC of the parental strain were prep and inoculated with 1 x LGFU;
plates were incubated for 24 - 72 hours at 30°Cpréximately two to three colonies
swabbed from the BSM (CYG) agar with the highessprvative concentration in the
range were used to inoculate the next set of trgiplates; each plate with an increased
concentration (1.5 or 2 fold dependent on assaythefpreservative. If no growth was
apparent after 96 hours, the increase in presgevatincentration was lowered, and fresh
plates were inoculated with growth from the pregitiaining plate. Stepwise training was
stopped when subculture onto an increased contientrdid not result in growth within
168 hours. Derivatives oB. lata strain 383 cultured on BSM (CYG) agar with
preservative concentrations above the wild-type Mi€e stored at - 80°C in BSM (CYG)
broth, with 8% v/v DMSO as a cryoprotectant fortfigr analysis. After stepwise training,
the identity of the derivatives was confirmed Bslata strain 383 by RAPD analysis
(section 2.6) and each was renamed to reflect theepvative to which it had been

exposed to during stepwise training.

2.13.2 Assessing the phenotypic stability of derivatives
Stability of the adaptation was confirmed by repdagubculture (x10) on BSM (CYG) in

the absence of preservative. Identity of the déixiea was confirmed by RAPD analysis
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(Section 2.6) after repeated subculture. The anttand preservative susceptibility of the
passaged derivatives was determined as describeskdtions 2.13.4.1 and 2.13.2.1.
Passaged derivatives were stored at - 80°C in BS¥A) broth with 8% v/v DMSO as a
cryoprotectant for further analysis.

2.13.2.1Preservative MIC by broth dilution assay
A modified broth microdilution assay, based on €khand Laboratory Standard Institute

(CLSI) methodology, was used to determine the pvasee MICs of theB. lata 383
parental strain and derivatives before and aftpeated subculture in the absence of
preservative. BSM (CYG) broth with preservative camtrations ranging from 0 — 0.2%
w/v for benzisothiazolinone, 0 — 0.05% w/v benzeibm chloride, 0 — 0.405% v/v
dimethylol dimethyl hydantoin, 0 — 0.097% v/v mdtkgthiazolinone, 0 - 0.000749% v/v
isothiazolinone blend, 0 — 0.2% w/v methyl pargkeerd O - 0.75% v/v phenoxyethanol
were evaluated. Sodium benzoate was not evaluatgtbavth dynamics of the derivatives
at pH 5 had not been investigated. 18- hour pestwere prepared in BSM (CYG) broth
as previously described and diluted to an OD of.2£600nm); this consistently equated
to ~ 5 x 18 CFU/ml for this strain. 100 pl of a 5 x AOFU/mI suspension of the test strain
was added to 100 pl of the test media at doubleléiseed concentration (diluting it to the
desired final test concentration), and control tbbithout preservative, in triplicate wells
of a microtitre plate (200 ul). Microtire plates mancubated with shaking (150 rpm) at
30°C for 24 hours and the MIC designated as theesdration of preservative at which
there was no visible bacterial growth.

2.13.3 Growth analysis ofB. lata strain 383 derivatives cultured in the presence of
preservative using the Bioscreen C MBR
The growth dynamics dB. lata strain 383 wild-type and its derivatives were exzadi

using an adapted broth dilution assay in a Bioscrgkcrobiolgical Growth analyser
(Labsystems, Finland). Preservative concentratersduated were as follows: 0 - 0.1%
w/v  benzethonium chloride, 0 - 0.02% w/v benzigtblinone, 0 - 0.000375% v/v
isothiazolinone blend, 0 - 0.0405% v/vn  DMDM hydanto O - 0.0097% v/v

methylisothiazolinone, 0 - 0.1875% w/v  methyl pgmma and 0 - 1.5% v/v

phenoxyethanol; sodium benzoate was not evalu&@adin 383 and derivatives were
cultured as previously described. Cultures weratell to an OD of 1+0.2 (600nm); test
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and control media were inoculated with approximatek 16 CFU/ml and transferred to
triplicate wells of the Bioscreen microplate (200. (Growth analysis was performed for
72 hours at 30°C; turbidity measurements were taiteh minute intervals using a wide-
band filter (450-580 nm), after shaking the micede$ for 10 seconds at an intermediate
intensity. Experiments were repeated with differestérting cultures to obtain two

biological replicates, there being six technicglites in total.

2.13.3.1Estimation of lag phase and growth rate
The mean optical density of triplicate test welldtgr subtraction of the mean optical

density of blank wells without inoculum) were uséd generate growth curves.
Estimations of the length of lag phase (hours) gmvth rate (u) of the parentBl lata
strain and derivatives, cultured in the presencd ahsence of preservatives, were

determined from the growth curves generated. Thetrrate was calculated as follows:

1 = (NNt InNg) / (t - ©)

Where Nis the optical density at timand N,is the optical density at time.t

2.13.4 Antibiotic susceptibility profiling of B. lata strain 383 and derivatives

2.13.4.1Antibiotic ETests®
The antibiotic susceptibility dB. lata383 and its derivatives was determined using Etest®

strips as described by the manufacturer (AB Biogdidkne antibiotics were examined:
amikacin, azithromycin, ceftazidime, ciprofloxacingchloramphenicol, piperacillin,
trimethoprim/sulfamethoxazole, piperacillin and ognem. These represented six classes
of antibiotic with varying cellular targets (ChoptE096), all of which may be used in the
treatment of microbial infection in individuals WICF (Roseet al, 2009). Three antibiotic
reference organism§. aureugNTCC 12981),P. aeruginosgNTCC 12903) andE. coli
(NTCC 12241) were included as controB. latastrain 383 and derivatives were revived
on BSM (CYG) agar plates, reference strains on pBraand fresh colony growth was
resuspended in Iso-sensitest broth (Oxoid, BasikgstUK) to an OD of 0.5 at 630 nm.
Each bacterial suspension was swabbed onto duplisatsensitest agar plates and left to

dry for 15 minutes. Etest® strips were placed an ghbrface of the lawn of bacteria and
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incubated for 24 hours at 30°C or 37°C for refeeestrains; the MIC was determined
using the manufacturer’s guidelines. Experimentsewepeated with different starting
cultures to obtain biological replicates. An oveaadtibiotic susceptibility profile score for
the wild-type and derivatives was calculated byragimg the MICs. This was used as a
measure of overall multi-drug resistance in Ehdatawild-type and derivatives (Rosst
al., 2009).

2.13.4.2Fluoroquinolone susceptibility profiling of B. lata 383 derivatives
A modified broth microdilution assay, based on Cldsiidelines, was used to further

evaluate the susceptibility of the parental lata strain 383 and derivatives to
fluoroquinolone antibiotics. Aqueous solutions hifofoquinolone antibiotics (10 mg/ml)
were added to cation-adjusted Mueller Hinton (Mi)tb to make concentrations ranging
from 0 — 80 pg/ml for ciprofloxacin, 0 — 256 pg/for levofloxacin, 0 — 1024 pg/ml for
norfloxacin and 0 — 256 pg/ml for sparfloxack. lataand derivatives were cultured for
18 h in BSM (CYG) broth as previously describedult@es were diluted to an OD of
1+0.2 (600 nm) in cation-adjusted MH broth, equatio approximatley 5 x F@CFU/mI.
Approximately 1 x 18CFU of the test organism were added to the testanttol media

in triplicate wells of a 96 well microtitre plat2@0 pl). Microplates were incubated with
shaking (150 rpm) at 30°C for 24 hours; the MIC wasignated as the concentration of
antibiotic at which there was no visible bactegedwth. To determine the MBC, 100 ul
from the first four clear wells was aspirated oatsingle antibiotic free agar plate where it
was allowed to dry partially and then spread ower durface of the agar. The MBC was
determined as the concentration of antibiotic wrachieved a 99.9% or 3 lggeduction

in viable cells.
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2.13.4.3Screening for mutations in the topoisomerase gene$ B. lata derivatives
The main mechanism of fluoroquinolone resistanc@&ram negative bacteria develops by

accumulation of mutations in the quinolone resistadetermining region (QRDR) of the
topoisomerase genes (Drlica & Malik, 2003; Pepal, 2008). The QRDR afyrA, gyrB
genes and an extended region (that encompass€RD®) of theparC andparE genes
were sequenced in thg lata 383 parental strain and derivatives using the @ranisted
(Table 8)

The amplification conditions were as follows: DNAasvdenatured at 96°C for 1 minute,
followed by 30 cycles of denaturing at 96°C for thute, annealing at 55°C for 1 minute
and extension at 72°C for 1 minute, followed bynalfextension at 72°C for 10 minutes.
Amplification products were purified and both stlansequenced using ABI 3100 and
BigDye® chemistry (Applied Biosystems). Sequencesenanalysed and aligned using the
Staden package (Stadenal, 2000), BioEdit version 7.0.5.3, and ClustalW.
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Table 8. Primers used to amplify the QRDR of topoismerase genes

_ ) .. Amplicon
Primer Nucleotide Sequence (5 —-3°) Reference
size (bp)
gyrA_fw ATCTCGATTACGCGATGAGC
448 Popeet al.(2008)
gyrA_rv GCCGTTGATCAGCAGGTT
gyrB _fw GAAGAAGTTGTGGCGAAGG 309 This study
gyrB rv AGTCTTCCTTGCCGATGC Popeet al.(2008)
parC_fw TACCTCAGCTACGCGGTCA
498 This study
parC rv GTTGTGCGACGGGATTTC
ParE_fw GAAGCTCGCCGAACTCGT
595 This study
ParE_rv GTCCTTGCGCAGCTTGTC
Footnotes:

Fw, forward primer; Rv, reverse primer.
bp, base pair.
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2.14 BIOFILM ASSAYS

2.14.1 Biofilm biomass quantification in microtitre plates
An adapted biofilm assay (Peetatsal, 2008b) was used to determine biofilm biomass

production ofB .lata strain 383 and derivatives in the presence and absencrilnf
inhibitory preservative concentrationB. multivorans (ATTC 17616), a prolific and
consistent biofilm biomass producer, was includesl & control.  Preservative
concentrations evaluated ranged from half the M€ the test organism, to zerB.
multivoranswas assayed with preservative concentrations mgrigpm: 0.00034% v/v for
the isothiazolinone blend, 0.0097% v/v methylisatiolinone, 0.004% w/v
benzisothiazolinone and 0.027% v/v DMDM hydantddn lata strain 383 and derivatives
were all assayed at concentrations ranging fro®00@117% v/v for the isothiazolinone
blend, 0.000485% v/v methylisothiazolinone, 0.00M#v benzisothiazolinone and
0.00675% v/iv DMDM hydantoin. BotB. multivoransandB. lata strains were evaluated
with preservative concentrations ranging from: 8%7 w/v benzethonium chloride,
0.125% v/v phenoxyethanol and 0.05% w/v methyl pana Biofilm formation of both
strains in BSM (CYG) at pH 5 containing sodium baaite concentrations 0 — 0.1% wi/v

was also evaluated.

Bacterial cultures were grown for 18 hours in BSBK(G) broth as previously described
and diluted to approximately 1 x 4@FU/ml in BSM (CYG) broth with or without
preservative. Eight replicate wells of a flat-battgolystyrene 96-well microtitre plate
(Fisher Scientific) were inoculated with 200 pltbé suspension. Eight wells filled with
sterile BSM (CYG) broth served as blanks. Plateseviecubated statically at 30°C for 72
hours. After incubation, planktonic growth was remd and the plates washed three times
with PBS. The remaining biofilm was fixed with 99%tethanol for 15 min, after which
the supernatant was removed and the plates ad-dftee fixed biofilm was stained for 5
minutes with 0.1% v/v filtered crystal violet. 0.19#v crystal violet was found to be the
optimal concentration for staining (Peetetsal, 2008a).The excess stain was removed by
washing with running water and the plates air-dri€kde bound crystal violet stain was
released by adding 33% v/v glacial acetic acid r(filg and the biofilm biomass
enumerated by reading the optical density at 570usimg an automated microtitre plate
reader. Experiments were repeated with differeattiay cultures to obtain biological

replicates.
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2.15 SWARMING MOTILITY ASSAYS

2.15.1 Swarming motility in the presence of sub-inhibitorypreservative
concentrations
An adapted agar dilution assay was used to inwastigivarming motility of Bec strains in

the presence of sub-inhibitory preservative comegions as follows: molecular grade
agarose (Bioline, UK) was dissolved in isosensitesth (ISO; Oxoid, UK), at 2 g/L and
autoclaved. After autoclaving the agar was cooted3°C and an appropriate volume of
preservative stock solution added; 30 ml of tha agar was poured into triple-vented
petri dishes, and dried under laminar flow for 2hues. Semi-solid swarm plates were
produced with the addition of preservative conadians ranging from: 0 — 0.000749%
v/v for the isothiazolinone blend, 0 — 0.00097% w#ethylisothiazolinone, 0 — 0.002%
w/v benzisothiazolinone, 0.15% w/v benzethoniumodde, 0 — 0.0135% v/v DMDM
hydantoin, 0 — 0.25% v/v phenoxyethanol and 0 ¥0.w/v methyl parabenB.
cenocepacial2315(LMG 16656) andB. multivorans(ATCC 17616) were evaluated with
higher concentrations of the following preservaivanging from: 0 — 0.000674% v/v
isothiazolinone blend, 0 — 0.00194% v/v methylisagblinone, 0 — 0.008% wl/v
benzisothiazolinone and 0 — 0.054% v/v DMDM hydantdB. lata strain 383,B.
multivorans ATCC 17616 (a reference Bcc strain with good rdpoible swarming
motility) and B. cenocepacia J231%ere cultured in ISO broth at 37°C, or 30°C Bor
lata, for 18 hours and diluted to OD 1+0.2 (600nm). Apgmately 5 x 18 CFU were
inoculated into the agar at the centre of tripkcabft agar plate and left to dry for 15
minutes. Plates were incubated at 30°C or 37°Crdiapg on the test organism, for 24 - 48

hours and the diameter of the swarm measured (mm).

2.15.2 Swarming motility in the presence of sub-inhibitoryconcentrations of
chlorhexidine
Previous studies by Dr. Helen Rose (2009) demawestrsub-inhibitory concentrations of

the biocide chlorhexidine (0.1 - 5 pg), in semitd@warm plates consisting of 0.3% w/v
nutrient agar supplemented with 0.5% w/v glucoskibited/repressed swarming motility
of the control strairB. multivorans(ATCC 17616). To validate the modifications to the
swarming assay used in this study, semi-solid I&@rs plates were prepared with sub-
inhibitory concentrations of chlorhexidine rangifpm 0 — 5 pg/ml.B. lata 383, B.
cenocepacia J2318ndB. multivoransvere assayed as previously described.
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2.15.3 Swarming motility of B. lata 383 and preservative adapted derivatives
The adapted swarming assay was used to comparenswamotility of the parentaB.

lata strain 383 and preservative adapted derivativemi-Selid swarm plates (without
preservatives) were prepared as previously destriBe lata strain 383, adapted
derivatives andB. multivoransATCC 17616 were assayed as previously described.

Experiments were repeated with different startinlguces to obtain biological replicates.

2.16 EFFLUX INHIBITION ASSAY
The effect of efflux activity on isothiazolinone gservative and fluoroquinolone

susceptibility ofB. lata strain 383 and derivative 383-CMIT were studied using MC-
207,110 L-Phe-Arg-napthylamide (PBN) (Sigma Aldrich,UK); a broad spectrum EPI
shown to effectively inhibit clinically relevant fafx pumps in Gram negative bacteria,
especially those associated with the extrusionuifialone antibiotics (Pages & Amaral,
2009; Pageést al, 2005; Rajendraat al.,2010). The MIC of PAN was determined using
modified broth microdilution assay. Appropriate amts of an aqueous stock solution of
PABN (100 mg/ml) was added to BSM (CYG) broth to aghia range of concentrations 0
— 2.048 mg/mIB. latastrain 383 and derivative 383-CMIT were cultured for 18 hoass
previously described, and diluted to and opticaisity of 1+0.2 (600 nm) in BSM (CYG)
broth. Approximately 1 x T0CFU of the test organism were added to the testcanttol
media in triplicate wells of a 96-well microtitréape (200 pl). Microplates were incubated
with shaking (150 rpm) at 30°C for 24 hours; theCMVas designated as the concentration
of preservative at which there was no visible haaitgrowth.

A checkerboard assay was used to evaluate thet effestib-inhibitory concentrations of
PABN on the MIC of ciprofloxacin and the blend of isBizolinone preservatives.
Concentrations of PPN ranging from 0 — 0.512 mg/ml were evaluated imbmation
with ciprofloxacin at 0 - 30 pg/ml and in combimati with the isothiazolinone
preservative blend at a range of 0 — 0.001498%Sthains were cultured and diluted to an
optical density of 1+0.2 (600 nm) as previouslyafiteed. Approximately 1 x FaCFU of
the test organism was added to the test and camiedia in triplicate wells of a 96-well
microtitre plate (200 pl). Microplates were incudzhtwith shaking (150 rpm) at 30°C for
24 hours; the MIC was designated as the concemtrati ciprofloxacin or preservative

(alone and in combination with BAN), at which there was no visible bacterial growth.
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The fractional inhibitory concentrations for coméiions of antimicrobial and BN were

calculated from the MIC as described in sectior?2 2 B.
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3 PRESERVATIVE ACTIVITY AGAINST BCC BACTERIA

3.1 INTRODUCTION

Bcc bacteria are isolated from remarkably divers@agiical niches such as soils, waters,
rhizospheres, plants, animals, hospital environmemdustrial processes and infected
humans (Mahenthiralingamt al, 2008; Vialet al, 2011). Distribution of Bcc species is
heterogeneous and is dependent on the ecologichle n{Vial et al, 2011). The
characterisation of Bcc species diversity in vasiegological niches has not been equally
investigated, the deficiency in data perhaps disigprithe actual distribution of species in
many environments (Viaet al, 2011). Historically, research had focused extetgion
clinical epidemiology and to a lesser extent theasphere. Bcc species diversity in other
environmental niches, including the environmemtaldistrial niche, has not been
extensively studied. Characterising Bcc specigsiligion in the environmental-industrial
niche is innately difficult. Manufacturers may wish protect their public reputation and
prevent sensitive information passing to competitand hence deal with incidents of
contamination internally. Publication of such imgtes of contamination is often not a
priority for industry. In addition, industry maydia the research expertise to identify
accurately bacterial contaminants, especially widgard to diverse and dynamic
taxonomic groups such as the Bcc. Bcc encountesedoataminants are not routinely
identified to the species and strain level by maoufrers. Even larger studies of product
recalls and reports of microbial diversity in inthed processes often generically report
Bcc contaminants af3‘cepacid (Jimenez, 2007). To date, there has not beersi@isyatic
genetic typing study of the distribution of Bcc sigs encountered in industrial processes
that takes recent taxonomic progress into acc&onsequently, only limited information
of species diversity within this niche can be gegdefrom characterised outbreaks of
nosocomial Bcc infection resulting from the use aointaminated industrial product.
Applying genotypic methods to the characterisatbrBcc isolates from environmental-
industrial sources that reside within the Mahemiimgam group culture collection at
Cardiff University may expand the current knowledgfespecies diversity within this
niche.

Preservatives are used extensively in clinical,catiural, domiciliary and industrial

environments to reduce spoilage and the risk ddcindn. In industry, preservatives are
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incorporated (at regulated low levels) into raw enials and finished product to keep the
process hygienically secure. An inadequate or comfged preservative system can lead
to spoilage. This may result in economic loss Fa manufacturer and, depending on the
spoilage organism, may pose a risk to the consuBeerbacteria are frequently identified

Gram-negative contaminants of industrial proceg¢desenez, 2007), suggesting a high
tolerance to biocides (e.g. disinfectants) andgkedives used by the industry to prevent

microbial contamination.

The intrinsic resistance of the Bcc to biocides amdibiotics is well documented
(Mahenthiralingamet al, 2005), and is an aspect of their biology that auidedly
contributes to their success as opportunistic pphe® and contaminants of industrial
processes. Despite this, the relationship betweensBecies diversity and susceptibility is
poorly understood, with many studies outdated logmeadvances in Bcc taxonomy and a
considerable bias of literature focused on antibigsistance. A recent study by Rade
al. (2009) addressed these issues and surveyed thepsbsity of Bcc bacteria to
biocides commonly used as anti-infective agentsc&ptibility to chlorhexidine, CPC,
triclosan, benzalkonium chloride and povidone, e@rconsiderably across the complex.
Interestingly, B. cenocepacia,a prevalent species in clinical infection, gengral
demonstrated higher tolerance to biocides and iatiib. Although recognised as
important bacterial contaminants of preserved itréhlgproducts, preservative resistance
of Bcc bacteria and the relationship between sugukfy and taxonomy have not been

extensively studied.

The complex nature of many industrial products sastpharmaceuticals, cosmetics and
personal care product formulation, makes their gmkedion a challenge. Often, a single
agent (at permitted levels) is ineffective at pctitey such products from microbial
contamination (Denyeet al, 1985); many agents do not have a broad spectium o
antimicrobial activity against both bacteria anddu(Orthet al.,2006). Combinations of
preservatives (preservative systems) are frequeisid to protect raw materials used in
industrial process, and the finished product durioghnsumer use. Occasionally,
combinations of preservative agents show syneftggir ttombined effects greater than
would be expected from a basic additive effecthef tombined agents (Denyet al,
1985). The combination of phenoxyethanol and pargheservatives is a well known

synergistic preservative combination, and has beweploited commercially (Chopra,
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1996). Identifying synergistic activity or supereive activity against contaminating
microorganisms such as Bcc bacteria has obviouaradges, and is of significant benefit

to the manufacturer, offering enhanced preservattéwity at lower concentrations.

Phenotypic adaptation from planktonic to sessilks ¢& an important intrinsic mechanism
of antimicrobial resistance with regards to indystBiofilms are microbial communities
of surface attached sessile cells embedded in aixmait self-produced extracellular
polymeric substances (Donlan & Costerton, 2002kskHe cells within a biofilm often
have increased resistance to antimicrobial agardgalthe restricted permeation of agents
into the biofilm, decreased growth rates, the esgioa of various resistance genes and/or
the presence of persister cells (Peettral, 2008b;Lewis, 2001; Mah & O'Toole, 2001).
The incomplete penetration of the antimicrobialrdagato the biofilm often prevents its
eradication and buys time for at least some ofciés (perhaps many) to adapt to the
challenge and actively respond to it by deployingtgctive stress responses (Szomahay
al., 2005). Consequently, biofiims in industrial watgystems or pipelines have the
potential to act as a persistent reservoir of tasisorganisms. The formation of biofilm
can be a specific defence reaction to the presehastimicrobial agents (Hoffmaet al,
2005). Sub-inhibitory concentrations of antibiotltave been shown to stimulate biofilm
formation and exopolysaccharide production in Greegative and Gram-positive bacteria
(Hoffman et al, 2005). A recent study by Rose¢ al. (2009) (unpublished) demonstrated
sub-inhibitory concentrations of chlorhexidine, dadh lesser extent CPC, biocides altered
the maotility of Bcc bacteria, inducing biofilm foation and inhibiting swarming motility.
Sub-inhibitory concentrations of chlorhexidine didt elicit the same response in all Bcc
strains, suggesting the response to be strain fepgBiose, 2009).In addition, other
biocides such as triclosan and benzalkonium chéoridiled to elicit the same effect on
Bcc motility and biofilm formation, indicating thahe response may also be agent-
specific. To protect the consumer, preservativentsgare used at concentrations far lower
than those of disinfectant or antiseptic agentsopromised or inadequate preservative
system in industrial processes may expose contamgn&cc bacteria to sub-inhibitory
concentrations. The transition from motility to sié/, and the induction of Bcc biofilm
as a specific defence reaction in response to thgepce of sub-inhibitory preservative
agents, has not yet been investigated. The ideatidn and avoidance of preservative
agents that may elicit such a response in Bcc bacteay be of significant benefit to

manufacturers.
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3.1.1 Aims

The aims of this chapter were as follows:

1) to investigate Bcc species diversity of a collattad isolates from environmental-

industrial sources subjected to MLST analysis;

2) to investigate the preservative susceptibility ofcBbacteria, exploring the
relationship that Bcc species diversity and isolatsource have with preservative

susceptibility;

3) to conduct pairwise comparisons of isothiazolingmeeservatives and other
preservatives and preservative enhancers, in ampttto identify combinations

with high anti-Bcc activity;

4) to examine the effect of sub-inhibitory preservatigoncentrations on biofilm

biomass production and swarming motility in Bccteaa.
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3.2 RESULTS

3.2.1 Species diversity in a collection of Bcc isolatesoin environmental-industrial
sources
MLST analysis of a collection of 67 Bcc isolatesavered from environmental-industrial
sources revealed the following species diver@tylata (n = 17),B. cenocepacién = 11),
Novel Bcc (n = 9)B. viethamiensign = 8),B. arboris (n = 7), B. stabilis(n = 6),B.
cepacia(n = 3),B. multivorans(n = 3),B. contaminangn = 2), andB. ambifaria(n = 1).
57 of the isolates were assigned a sequence type [®n isolates were accurately
identified to the species level by partial MLST Bs& (i.e. fewer than seven loci were
sequenced) (Table 9). A total of 33 ST were isalatrom environmental-industrial
sources reflecting the presence of duplicate &raiithin the collectionB. lata the
predominant species group in the collection, hgahsdicularly low diversity of only 5
sequence types. A selection of 19 of these indusigblates spanning 8 Bcc species
groups, were included in a strain panel used in dlaluation of Bcc preservative
susceptibility (sections 3.2.3 and 3.2.4; Tablergpanel).

3.2.2 Bacterial growth on modified basal salts medium uskin preservative
susceptibility testing
A basal salts medium (Harelaetlal, 1975) was selected for use in the evaluationcaf B
preservative susceptibility. The modified minimal edium better represented
environmental-industrial conditions and was foumdbé less detrimental to the recovery of
stressed organisms in comparison to a nutrientmetlium (data not shown). The medium
was supplemented with 0.5 g/L casamino acids aBdgll. yeast extract to enable the
evaluation of auxotrophic organisms. The medium fuather modified by the removal of
the chelating agent nitrilotriacetic acid, to avdie potentiation of preservative activity.
Growth of nine Bcc strains in modified and unmcaatifiBSM (CYG) broth was evaluated
as described in section 2.4.4. A Mann-Whitney (taited) statistic test confirmed that
there was no significant difference (P >0.05) ia ttumber of viable cells of modified and
unmodified medium at 24 hours ; strains consisyaetiched between 1 x1GFU/mI and
1 x 10 CFU/mI in modified and unmodified medium. The resaloof the chelating agent
did not result in the precipitation of metal satgrove detrimental in turbidimetric assay.
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Table 9. Bcc species diversity in a collection oheironmental-industrial isolates revealed by
MLST analysis

Species/GroL Strain IC ST Sourct

B. ambifarie BCC140: 454 Process contamina
B. arboris BCC130¢ 325 Process contamina
B. arboris BCC130: 325 Process contamina
B. arboris BCC132¢ 325 Process contamina
B. arboris BCC131( 327 Process contamina
B. arboris BCC131: 328 Process contamina
B. arboris VANO1 349  Pharmaceutical produ
B. arboris BCC139¢ ¥ Process contamina
B. cenocepaciillA  BCC129¢ 241 Process contamina
B. cenocepaciillA  BCC128: 250 Process contamina
B. cenocepaciillA  BCC155¢ ¥ Process contamina
B. cenocepaciilllB  BCC131¢ 316 Process contamina
B. cenocepaciilllB  BCC132( 316 Process contamina
B. cenocepaciilllB  BCC132: 316 Process contamina
B. cenocepaciilllB  BCC129: 322 Process contamina
B. cenocepaciilllB  BCC129: 322 Process contamina
B. cenocepaciilllB  BCC129: 322 Process contamina
B. cenocepaciilllB.  BCC131¢ 338 Process contamina
B. cenocepaciilllB  BCC132: 340 Process contamina
B. cepacii BCC140% 3 Process contamina
B. cepacii BCC140¢ 205 Process contamina
B. cepacii BCC130¢ 324 Process contamina
B. contaminan BCC132: 323 Process contamina
B. contaminan BCC131¢ 341 Process contamina
B. lata BCC128: 98 Process contamina
B. lata BCC128¢ 98 Process contamina
B. lata BCC128¢ 98 Process contamina
B. lata BCC128" 98 Process contamina
B. lata BCC128¢ 98 Process contamina
B. lata BCC128¢ 98 Process contamina
B. lata BCC129( 98 Process contamina
B. lata BCC129: 98 Process contamina
B. lata BCC140¢ 103 Process contamina
B. lata BCC129¢ 118 Process contamina
B. lata BCC129: 118 Process contamina
B. lata BCC129¢ 118 Process contamina
B. lata BCC129¢ 118 Process contamina
B. lata BCC155¢ 118 Process contamina
B. lata BCC132: 339 Process contamina
B. lata VAN 05 342 Process contamina
B. lata VAN 06 -¥ Process contamina
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Table 9. Bcc species diversity in a collection oheironmental-industrial isolates

revealed by MLST analysis (continued)

Species/GroL Strain IC ST Source

Bcc group K VAN 03 333 Process contamina
Bcc group K VAN 04 332 Process contamina
Bcc group K BCC128: 332 Process contamina
Bcce group K BCC130: 332 Process contamina
Bcc group K BCC130: 332 Process contamina
Bcc group K BCC130( 334 Process contamina
Bcc group K BCC131: 33t Process contamina
Bcc group K BCC131¢ 33€ Process contamina
Bcc group Ki BCC141( 455 Aircraft diesel containe
B. multivoran VAN 02 373 Process contamina
B. multivoran BCC155¢ 43¢ Process contamina
B. multivoran BCC156( 43¢ Process contamina
B. stabilic BCC120: 50 Pharmaceutical produ
B. stabilic VAN 07 50 Pharmaceutical produ
B. stabilis BCC047¢ 51 Process contamina
B. stabilis BCC130¢ 337 Process contamina
B. stabilis BCC132¢ -¥ Process contamina
B. stabilis BCC155¢ -¥ Process contamina
B. vietnamiens BCC019¢ 60 Process contamina
B. vietnamiens BCC130! 60 Process contamina
B. vietnamiens BCC130¢ 32¢€ Process contamina
B. vietnamiens BCC130¢ -¥ Process contamina
B. vietnamiens BCC140¢ -¥ Aircraft diesel containe¢
B. vietnamiens BCC140¢ -¥ Aircraft diesel containe
B. vietnamiens BCC141! -¥ Aircraft diesel containe
B. vietnamiens BCC141: -¥ Aircraft diesel containe

Footnotes:

ST, sequence type of isolate

¥ Isolate identified to species level only, notigised a sequence type
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3.2.3 Preservative susceptibility of a collection of eighBcc bacteria

Prior to the evaluation of a collection of 83 Bt@ss spanning the genetically diverse 17
species groups, the susceptibility of a panel ghteiBcc strains (Table 5) to nine
preservatives and three preservative enhancinga@eable 10) was determined by broth
or agar dilution assays. The preliminary strainemtion represented species commonly
encountered in a collection of industrial isolatasd included five strains originally
isolated from industrial sources. Due to the limhig®lubility of propyl paraben in aqueous
solution (0.4 g/L), the susceptibility of Bcc batdecould not be determined using broth or
agar dilution methods. Approximate MIC values #r cenocepacia2315and B. lata
strain 383 determined by a broth dilution assayliceted that minimum inhibitory
concentrations exceeded those of the upper linsbhfbility; consequently, this agent was
not evaluated further. Solubility issues surrougdthe preservative enhancing agents
caprylyl glycol and Ethylhexyl glycerin also hineer susceptibility testing. In broth
dilution assays, higher concentrations of the pwedgire enhancers were opaque or
formed precipitate, preventing the measurement axftdsial growth by turbidometric
analysis. Higher concentrations of the aforemeetiopreservative enhancers formed a

hydrophobic layer on the surface of BSM (CYG) agaeyventing plating of bacteria.

Preservative susceptibility varied between and iwigpecies groups. None of the eight
strains evaluated had a broad-ranging high tolerdaacall nine preservatives evaluated.
For example, B. lata strain Bccl294 had among the highest MIC values for
isothiazolinone, DMDM hydantoin and sodium benzopteservatives, but among the
lowest MIC values to phenoxyethanol and methyl Ipana MIC values for
isothiazolinone, phenoxyethanol, DMDM hydantoin @adaben preservatives were below
the maximum levels permitted for use in personat gaoducts in EU-regulated countries
(Table2). However B. cenocepaci&ll2424 had an MIC greater than the permitted levels
for benzethonium chloride (>0.1% w/v). All eightahs had MICs greater than or equal
to the maximum permitted level of sodium benzoat®5% w/v). However, preservative
susceptibility testing of this agent was initiajperformed in medium with a neutral pH
(pH 7) and this may have reduced preservative iactwhich is optimal at pH 5.
B.cenocepacial2315, a multidrug-resistant clinical strain witicreased tolerance to
biocides (Roseet al, 2009), had the lowest MIC values of the collectfor four of the
nine preservatives evaluated. All Bcc strains hd@ Malues greater than the maximum

permitted level for the preservative enhancer EO¥@ 1% v/v).
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3.2.3.1 Preservative susceptibility of three non-Bcc refemece strains

E.coli (NTCC 1241),S. aureug(NTCC 12981) andP. aeruginosaNTCC 12903) were
evaluated with the highest and lowest MIC valuethefpanel of eight Bcc bacteria using
a broth dilution method. The minimum inhibitory cemtrations of the non-Bcc species in
relation to the collection of Bcc bacteria are showm Table 11. The preliminary
evaluation of susceptibility indicated that Bcc temiaa were more susceptible to
phenoxyethanol, methyl paraben and sodium benzbatenore tolerant to benzethonium
chloride and EDTA.
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Table 10. The susceptibility of eight Bcc strainsat preservatives and preservative enhancing agents

Specie MIC (% ) values for preservative and preservative enhancer
Strain designatic MIT MIT/CMIT" BIT PH BC DMH SB MP PP EDTA CG EG
B.arboris
Bcc1306 0.0007 0.0000375 0.001000 0.15 <0.0075 0.054 0.50 0.075 N/A 2 N/A >2
B. cenocepacia
J2315" 0.0005 <0.00000€4 0.00004 0.15 0.015 0.0027 0.75 0.075 >0.04 2 >0.25 0.5
HI12424 0.0010 0.0000743 0.0011 0.15 >0.1 0.00405 0.5 0.075 N/A 2 N/A >2
Bccl1283 0.0007 0.0005243 0.0011 0.025 0.05 0.0405 0.5 0.075 N/A 2 N/A 0.5
Bcc 1291 0.0010 0.0000749 0.0013 0.15 0.01 0.054 0.5 0.075 N/A 2 N/A 1
B.lata
Strain 383" 0.0010 0.0000375  0.002000 0.15 0.0100 0.00405 0.75 0.075 >0.04 3 >0.25 1
Bccl1294 0.0010 0.0004494 >0.0015 0.05 0.0500 0.0405 0.75 0.050 N/A 3 N/A 2
EontnBesd296 0.0007 0.0001124 >0.00z 0.15 0.0150 0.0041 0.75 0.075 N/A 4 N/A 1

MIC, minimum inhibitory concentration. MIT, methgbthiazolinone; MIT/CMIT, methylisothiazolinone aodloromethylisothiazolinone; BIT, benzisothiazalive; PH,

phenoxyethanol; BC, benzethonium chloride; DMH, efinylol dimethyl hydantoin; SB, sodium benzoate;,Mfethyl paraben; PP, propyl paraben; EDTA,

Ethylenediaminetetraacetic acid; CG, caprylyl gly&ds, Ethylhexyl glycol.

! A cosmetic grade commercial blend evaluated
2 04 refers to v/v for MIT, MIT/CMIT, PH, DMH and EDA'; % refers to w/v for other agents.

T Type strain

N/A, not assayed
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Table 11. Susceptibility of three non-Bcc referencstrains to eight preservatives and EDTA

Species MIC (%) values for preservative and preservatinbancer
Strain designation MIT MIT/CMIT BIT PH BC DMH SB MP EDTA
Escherichia coli
NTCC 124. 0.0009 0.000074 <0.00: >0.1¢ <0.00¢ 0.027 0.5C >0.07¢ <0.t
Staphylococcus aureus
NTCC 1298 0.0009 0.000074 <0.00: >0.1¢ <0.00¢ 0.02i >0.7¢ >0.07¢ <0.t
Pseudomonas aeruginosa
NTCC 12903 0.00097 0.0005243 >0.002 >0.15 <0.005 0.027 75>0. >0.075 <0.5
Highest Bcc MIC value® 0.00097 0.0005243 0.002 0.15 >0.1 0.054 0.75 0.07% 4
Footnotes:

MIC, minimum inhibitory concentration. MIT, methgbthiazolinone; MIT/CMIT, methylisothiazolinone aodloromethylisothiazolinone; BIT, benzisothiazalive; PH,
phenoxyethanol; BC, benzethonium chloride; DMH, elinylol dimethyl hydantoin; SB, sodium benzoate;, Mfethyl paraben; EDTA, Ethylenediaminetetraacatid.
! A cosmetic grade commercial blend evaluated

% The highest MIC value for a panel of eight Bcctbaa.

% refers to v/v for MIT, MIT/CMIT, PH, DMH and EDA'; % refers to w/v for other agents.

Due to solubility issues propyl paraben, caprylykcgl and Ethylhexyl glycerin were not assayed.
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3.2.4 Preservatives susceptibility of a collection of 8Bcc bacteria

3.2.4.1 Minimum inhibitory concentrations

An agar dilution assay was used to determine th@nmim inhibitory concentrations of a
collection of 83 Bcc bacteria and ten non-Bcc baatéor seven preservatives used in
industrial processes. Preservative concentratimasuated were based on the preliminary
assay of a collection of eight Bcc strains andehren-Bcc reference strains. The mean and
range MIC values (Table 12) demonstrated that pvasee susceptibility varied
considerably both between and within species oBite for example, the MIC values for the
blend of isothiazolinone preservatives were widdistributed (Figure 9, panel A). The
majority of Bcc strains>50 out of 83) shared a common MIC value for beraatm
chloride, DMDM hydantoin, phenoxyethanol and metpgtaben preservatives: 0.15% w/v,
0.0135% v/v, 0.25% v/iv and 0.1% w/v respectivelyalfle 12). MIC values for
isothiazolinone preservatives and sodium benzoate werhaps better resolved by the range
of concentrations evaluated (increasing two-fold)th the MIC values for>28 strains
clustering at two concentrations. For example, 8d al (out of 83) Bcc strains had MIC
values of 0.0000749% v/v and 0.00015% v/v respelstjvfor the isothiazolinone blend
(Figure 9). The identification of species-deperndifierences in preservative susceptibility
was not obvious, due to the considerable variatothin species and MLST groups.
Statistical analysis of many species or MLST growas not performed, as 12 of the (21)
groups evaluated had few @) representative strains within the collectiorond of the
species groups, including. lata (the predominating species in a collection of Bamated

from environmental-industrial sources), demonstraeilti-preservative resistance (MPR).

Susceptibility profiling revealed Bcc strains withigh MIC values %X the highest
concentration evaluated) for related and unrelptedervatives with different cellular targets.
For example,B.cenocepaciastrain Bcc1203 had high MIC values for the blend o
isothiazolinone preservatives (0.00064% v/v), bsothiazolinone (0.008% wi/v), and the
unrelated benzethonium chloride (0.4% w/v); thegoatlisplayed mid-range tolerance to
phenoxyethanol (0.25% v/v) and sodium benzoat€@4@4v) preservatives. However, a high
MIC value did not necessarily predict higher MIQues for preservatives of the same class;
B. cenocepacidBccl291 had high MIC values for methylisothiazofiro(0.0004365% v/v)
and the isothiazolinone preservative blend (0.00018%/v), but a lower MIC for

benzisothiazolinone (0.001% wi/v). Preservative spshbility (by MIC) also varied between
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isolates with identical sequence types (MLST angJysB.cenocepaciaH12424, an
environmental isolate of ST-122, had higher MICueal for the blend of isothiazolinone
(0.000674% vl/v), benzisothiazolinone (0.008% wi/wl enzethonium chloride (0.4% w/v)
preservatives thathe clinical isolateB.cenocepaciadAU1054 (ST-122).B. dolosastrains
Bcc0072 and AUO0645, both clinical isolates of ST-had identical MIC values for all

preservatives except methyl paraben and benzizatlimane.

3.2.4.2 Minimum bactericidal concentrations

The MBC of six preservatives for the collection8% Bcc strains and 10 non-Bcc bacterial
species was determined using a modified brothidiudssay as described in section 2.12.4.2.
Methyl paraben was not evaluated, as bactericidatentrations (>0.2% w/v) could not be
achieved in aqueous solution due to a limited shiybThe efficacy and toxicity of the
neutralising solution (containing 2% w/v Tween8@ah1% w/v peptone) was evaluated
prior to experimentation, as described in sectib22.1. To assess toxicity, approximately
10° CFU of B. latastrain 383 were exposed to the neutraliser or watex control. A (Two-
tailed) Mann-Whitney statistical test confirmed ttllaere was no significant difference (P
>0.05) in the number of viable cells recoveredradtgosure to the neutralising solution. To
assess the efficacy of terminating activity of fireservatives, approximately>.0FU of B.
lata strain 383 were exposed to putatively lethal cotre¢ions of preservatives (higher than
the MIC) that had been neutralised in a solutibB% w/v Tween 80 and 0.1% w/v peptone
solution, or in deionised water as a control. Apmately 16 CFU/ml were recovered after
exposure to preservatives neutralised by the 2% Twieen 80 and 0.1% w/v peptone
solution. The enumeration of viable cells indicatledt the inactivation of preservatives by
the neutralising solution may not have been 100%éct¥e; growth of viable cells was
slightly inhibited at lower dilutions in the dilainh series. To improve the efficacy of
preservative inactivation and reduce the conceatrao less than the MIC, an additional 1 in
10 dilution into an “enrichment plate”, followed layn 18 hour culture, was performed for

higher test concentrations.
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Table 12. Mean and range MIC values of preservativgefor Bcc and other bacterial species tested

MIC (%) values for preservatives

Species/group MIT MIT/CMIT! BIT BC DMH MP PH SB
(number of strains tested) Mean Range Mean Range Mean Range Mean Range Mean Range Mean Range Mean Range Mean Range
B. ambifaria (4) 0.00146  0.00097 - 0.00194 [ 0.000084 0.000037 - 0.000150 | 0.0015 0.0010- 0.0020 | 0.114 0.005 - 0.150 | 0.0135 a 0.088 0.050-0.100| 0.219 0.125-0.250 [ 0.250 0.200 - 0.400
B. anthina (2) 0.00194 2 0.000112 0.000075 - 0.000150 | 0.0030 0.0020 - 0.0040 | 0.150 2 0.0135 2 0.100 2 0.250 2 0.400 2
B. arboris (4) 0.00121  0.00097 - 0.00194 [ 0.000066 0.000037 - 0.000075 | 0.0020 0.0010 - 0.0040 | 0.150 2 0.0911 0.0135-0.2160 | 0.088 0.050-0.100| 0.144 0.125-0.150 [ 0.175 0.100 - 0.200
B. cenocepacia (15) 0.00158  0.00049 - 0.00437 | 0.000170 0.000037 - 0.000674 | 0.0023 0.0010 - 0.0080 | 0.201  0.010 - 0.400 | 0.0450 0.0135-0.2160 [ 0.080 0.050-0.100| 0.179 0.125-0.250 | 0.280 0.100 - 0.800
B. cepacia (4) 0.00133  0.00049 - 0.00194 | 0.000094 0.000037 - 0.000150 | 0.0030 0.0010- 0.0080 | 0.114 0.008 - 0.150 | 0.0135 a 0.100 a 0.200 0.150-0.250 | 0.375 0.100 - 0.800
B. contaminans (5) 0.00155  0.00097 - 0.00194 | 0.000120 0.000075 - 0.000150 | 0.0016 0.0010 - 0.0020 | 0.20 M 0.150 - >0.400| 0.0594 0.0135 - 0.1080 [ 0.100 a 0.250 a 0.280 0.200 - 0.400
B. diffusa (3) 0.00162  0.00097 - 0.00194 [ 0.000100 0.000075 - 0.000150 | 0.0013 0.0010 - 0.0020 | 0.150 2 0.0135 2 0.100 2 0.250 2 0.200 2
B. dolosa (3) 0.00162  0.00097 - 0.00194 [ 0.000125 0.000075 - 0.000150 | 0.0013 0.0010 - 0.0020 | 0.150 2 0.0135 2 0.067 0.050- 0.100( 0.125 2 0.100 2
B. lata (5) 0.00097 2 0.000210 0.000075 - 0.000674 | 0.0026 0.0010 - 0.0040 | 0.121 0.005 - 0.150 | 0.0486 0.0135 - 0.1080 [ 0.100 2 0.225 0.125-0.250 [ 0.280 0.200 - 0.400
B. metallica (2) 0.00146  0.00097 - 0.00194 | 0.000112 0.000075 - 0.000150 | 0.0020 a 0.150 a 0.0135 a 0.100 a 0.250 a 0.300 0.200 - 0.400
B. multivorans (8) 0.00158  0.00049 - 0.00437 | 0.000145 0.000037 - 0.000674 | 0.0024 0.0010 - 0.0080 | 0.150 a 0.0439 0.0135-0.2160 | 0.094 0.050-0.100| 0.169 0.125-0.250 [ 0.238 0.100 - 0.400
B. pyrrocinia (3) 0.00129  0.00097 - 0.00194 [ 0.000075 2 0.0010 2 0.150 2 0.0135 2 0.100 2 0.250 2 0.167 0.100 - 0.200
B. stabilis (3) 0.00146  0.00049 - 0.00194 | 0.000112 0.000037 - 0.000150 | 0.0017 0.0010 - 0.0020 | 0.150 2 0.0135 2 0.100 2 0.208  0.125-0.250 [ 0.233 0.100 - 0.400
B. ubonensis (1) 0.00097 ¥ 0.000150 ¥ 0.0020 0.150 ¥ 0.0135 ¥ 0.100 ¥ 0.250 ¥ 0.100 b
B. vietnamiensis (5) 0.00116  0.00097 - 0.00194 | 0.000127 0.000037 - 0.000150 | 0.0024 0.0020 - 0.0040 | 0.038 0.008 - 0.150 | 0.0351 0.0135-0.1080 [ 0.090 0.050-0.100| 0.165 0.125-0.250 | 0.420 0.100 - 0.800
BCC Kc (4) 0.00133  0.00049 - 0.00194 | 0.000243 0.000075 - 0.000674 | 0.0018 0.0010- 0.0040 | 0.114 0.005 - 0.150 | 0.0945 0.0540 - 0.1080 | 0.125 0.100 - 0.200| 0.250 a 0.400 a
BCC4 (3) 0.00129  0.00097 - 0.00194 [ 0.000100 0.000075 - 0.000150 | 0.0023 0.0010 - 0.0040 | 0.150 2 0.0180 0.0135-0.0270 | 0.100 2 0.250 2 0.167 0.100 - 0.200
BCC5 (3) 0.00129  0.00097 - 0.00194 [ 0.000075 2 0.0013 0.0010 - 0.0020 | 0.150 2 0.0135 2 0.083 0.050-0.100[ 0.208 0.125-0.250 | 0.167 0.100 - 0.200
BCC6 (3) 0.00194 2 0.000150 2 0.0027 0.0020 - 0.0040 | 0.150 2 0.0135 2 0.100 2 0.250 2 0.333  0.200 - 0.400
BCC8 (1) 0.00194 ¥ 0.000075 ¥ 0.0020 ¥ 0.150 ¥ 0.1080 ¥ 0.100 ¥ 0.250 ¥ 0.200 b
unclassified BCC (2) 0.00146  0.00097 - 0.00194 [ 0.000112 0.000075 - 0.000150 | 0.0020 a 0.150 a 0.0135 a 0.100 a 0.250 a 0.300 0.200 - 0.400
non Bcc (10) 0.00141 _ 0.00097 - 0.00437 [ 0.000075 0.000037 - 0.000150 | 0.0015 0.0010 - 0.0040 | 0.049  0.005 - 0.150 | 0.0243 0.0135- 0.1080 | 0.105 0.050 - 0.400| 0.233 @ 0.125 - >0.300| 0.130 0.100 - 0.400
Footnotes:
MIC, minimum inhibitory concentration. MIT, methgbthiazolinone; MIT/CMIT, methylisothiazolinone aodloromethylisothiazolinone; BIT, benzisothiazolie; PH,

phenoxyethanol; BC, benzethonium chloride; DMH, efiihylol dimethyl hydantoin; SB, sodium benzoate;, Mfethyl paraben.
1 A cosmetic grade commercial blend evaluated.

XI Number of strains with an MIC greater than thenbist concentration evaluated.

#Values the same for all strains within group .

¥ Only 1 strain evaluated in group.

% refers to v/v for MIT, MIT/CMIT, PH and DMH; % fers to w/v for other agents.
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Number of strains

Number of strains

isothiazolinone

Panels A and
isothiazolinone
preservative concentration (%). The maximum leweluse in rinse-off personal care products in EU
regulated countries is 0.0015% (EU cosmetics direGt6/768/EEC Annex VI).
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Figure 9. The susceptibility of Bcc and other bactéal species to the cosmetic grade blend of

preservatives.

B show the distribution of MIC and MB@lues (% v/v) respectively of the
preservative blend for Bcc and othacterial species tested. The legend shows
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The mean and range MBC values (Table 13) demoasdtithiat none of the species groups
had broad-ranging resistance to killing as the goregtive susceptibility varied considerably
both between and within species of the Bcc. As WMIC susceptibility testing, the
considerable variation of MBCs within species/ML§foups, and the limited number of
strains evaluated for some species groups, hindbeedlentification and statistical analysis
of species-specific differences. Examples of th&ridbution of MBC values within and
between species groups for the blend of isothinaok preservatives are shown in Figure 9.
As observed with MIC values, the majority of Bccasts £60 out of 83) shared common
MBCs for benzethonium chloride, DMDM hydantoin aptienoxyethanol: 0.05% w/v,
0.081% v/v, and 0.5% v/v respectively. MBC valuasi$othiazolinone and sodium benzoate
preservatives clustered at two values. For examf#leand 36 (out of 83) Bcc strains had
MBC values of 0.0001124% v/v and 0.00075% v/v fer isothiazolinone blend respectively.
Four strains B.cenocepacia, B. stabilis, B. viethamien8i§C Kc) were more susceptible,
with a lower MIC value of 0.0000449% v/v. One strgBCC8) was more tolerant, with a
higher MIC of 0.0015% v/v (Figure 9).

The highest evaluated concentrations of DMDM hyden¢0.081% v/v) and phenoxyethanol
(5% v/v) were bactericidal for all 83 Bcc straingakiated; the highest MBC values were 1.5
and four-fold greater than the highest MIC values the respective preservatives. The
highest evaluated concentrations of methylisothiaane (0.01% v/v), the isothiazolinone
blend (0.0015% v/v), benzisothiazolinone (0.015%)vand sodium benzoate (2.5% wi/v),
were sufficient to kill 82 out of 83 strains. Witheach case, a different isolate was resistant
to killing: B. dolosastrain 1356 survived killing with MIT; BCC8 (Bccl11Psurvived killing
with MIT/CMIT; B. diffusastrain Bcc0169 survived killing with BIT; anB. multivorans
strain Bcc0O0O05 survived killing with sodium benzmaEleven Bcc strains survived exposure
to the highest evaluated concentration of benza@thochloride (0.1% w/v), comprising nine
B. cenocepaciatrains,B. contaminanstrainBcc1323 and BCC Kc strain Bcc1313. Overall,
MBC values for isothiazolinone, benzethonium andiwm benzoate preservatives were

greater than two-fold that of the highest MIC value
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Table 13. Mean and range MBC values of preservatiggor Bcc and other bacterial species tested

MBC (%) values for preservativ

Species/group MIT MIT/CMIT T BIT BC DMH PH SB

(number of strains teste Mean Rangt Mean Range Mean Rangt Mean Range Mean Range Mean Rangt Mean Rangt
B-ambrana (4 0.00170  0.00097 - 0.00194 0.0002718 0.000112 - 0.000[750.0019 0.0015 - 0.003p  0.05C 2 0.081 2 0.500 a 0.750 0.500 - 1.000
B. anthina (2 0.00340  0.00194 - 0.00485 0.0004312  0.000112 - 0.000[750.0023 0.0015 - 0.003p  0.05C 2 0.081 2 0.750 0.500 - 1.000 1.750 1.000 - 2.500
B. arboris (4, 0.00267  0.00194 - 0.00485 0.000112 2 0.0026 0.0015-0.006p  0.050 2 0.162 0.081 - 0.324 0.500 a 1.250 0.500 - 2.500
B. cenocepacia (1! 0.00407  0.00194 - 0.00485 0.0004554  0.000045 - 0.001600.0028  0.0015 - 0.006p 0.6  0.050 - >1.000| 0.097 0.081-0.16 0.633 0.500 - 1.0p0 .05@ 0.250 - 2.500
B. cepacia (4 0.00267  0.00194 - 0.00485 0.0004312  0.000112 - 0.000[750.0034 0.0015 - 0.006p  0.050 a 0.081 a 0.500 a 2.000 0.500 - 2.500
B. contaminans (¢ 0.00369  0.00194 - 0.00485 0.0003674  0.000112 - 0.000[750.0021  0.0015 - 0.003p 0.24 0.050 - >1.000| 0.113 0.081-0.16 0.600 0.500 - 1.0p0 .60Q 1.000 - 2.500
B. difftusa (3 0.00388  0.00194 - 0.00485 0.0007500  0.000750 - 0.000®.0071 0.0030 - >0.015p  0.050 a 0.081 a 0.667 0.500 - 1.000 2.000 1.000 - 2.500
B. dolosa (3 0.0100Y  0.01000 - >0.01000| 0.0007500  0.000750 - 0.000750  @O00%.0030 - 0.006 0.050 a 0.081 a 0.500 a 2.500 a

B. lata (5, 0.00230  0.00097 - 0.00485 0.0003674  0.000112 - 0.000[750.0054 0.0015 - 0.015p  0.060 0.050 - 0.190 0.1.3 008162 0.500 a 1.300 1.000 - 2.500
B. metallica (2 0.00340  0.00194 - 0.00485 0.0007500  0.000750 - 0.000[750.0023  0.0015 - 0.003p  0.05C 2 0.081 2 0.500 a 2.500 a

B. multivorans (8 0.00456  0.00097 - 0.01000 0.0003515  0.000112 - 0.000[750.0026 0.0015 - 0.003p  0.05C 2 0.111 0.081 - 0.324 0.625 0.500 - 1.00p pI5  2.500 - >2.500
B. pyrrocinia (3 0.00194 a 0.000112 2 0.0020 0.0015-0.003p  0.050 2 0.081 2 0.500 a 1.500 1.000 - 2.500
B. stabilis (3 0.00162 0.00097 - 0.00194 0.000090  0.000045 - 0.00011@.0025 0.0015 - 0.003p  0.050 a 0.081 a 0.500 a 1.833 0.500 - 2.500
B. ubonensis (- 0.00194 ¥ 0.000112 ¥ 0.0030 ¥ 0.050 ¥ 0.081 ¥ 0.050 ¥ 0.050 ¥
B. viethamiensis (! 0.00427  0.00194 - 0.00485 0.0006090  0.000045 - 0.000[750.0024 0.0015 - 0.003p  0.050 a 0.081 a 0.800 0.500 - 1.000 1.450 a

BCC Kc (4; 0.00170  0.00097 - 0.00194 0.0002549  0.000045 - 0.000[750.0026  0.0015 - 0.003p 0.325 0.050 - >1.000| 0.122 0.081-0.16 0.500) a 1.375 1.000 - 2.500
BCC4 (3, 0.00388  0.00194 - 0.00485 0.0005375  0.000112 - 0.000[750.0035 0.0015 - 0.006p  0.05C 0.050 - 0.030 0.081 2 0.833 0.500 - 1.000 2.500 a

BCC5 (3, 0.00291  0.00194 - 0.00485 0.0003249  0.000112 - 0.000[750.0020  0.0015 - 0.003p  0.05C 2 0.081 2 0.500 a 1.000 a

BCC6b (3, 0.00291  0.00194 - 0.00485 0.0003249  0.000112 - 0.000[750.0030 a 0.100 0.050 - 0.200 0.081 2 0.500 a 2.000 1.000 - 2.500
BCC8 (1, 0.00485 ¥ >0.0018! ¥ 0.0015 ¥ 0.050 ¥ 0.081 ¥ 0.050 ¥ 0.050 ¥
unclassitied BCC (z 0.00340  0.00194 - 0.00485 0.0004312  0.000112 - 0.000[750.0023 0.0015 - 0.003p  0.050 a 0.081 a 0.500 a 2.500 a

non Bee (10 0.00375  0.00097 - 0.01000|  0.00028%Z 0.000045 - >0.001500 0.00345 0.0015 - >0.0150 0.109 05@- 1.000 0.089 0.081 - 0.16] 1.125 0.500 - 5.0p0 448 0.250 - >2.500
Footnotes:

MBC, minimum bactericidal concentration. MIT, melikgthiazolinone; MIT/CMIT, methylisothiazolinonend chloromethylisothiazolinone; BIT, benzisothiaaohe; PH,
phenoxyethanol; BC, benzethonium chloride; DMH, efihylol dimethyl hydantoin; SB, sodium benzoate.
! A cosmetic grade commercial blend evaluated.
XI' Number of strains with an MBC greater than théhbij concentration evaluated.
#Values the same for all strains within group.
¥ Only 1 strain evaluated in group.
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Preservative susceptibility of Bcc strains variedsiderably by MBC, within species groups.
Susceptibility profiling identified Bcc strains Wit high MBC values X the highest
concentration evaluated) for related and unrelptedervatives with different cellular targets.
Preservative susceptibility profiles (MBC values)Y aelect strains, including the
recommended preservative efficacy testing challdege organisnB. cepaciaLMG 1222
(ATCC 25416), with high MBC values for multiple gervatives or DMDM hydantoin, are
shown in Table 15. Preservative susceptibility aic Btrains of the same sequence type
varied less by MBCB. dolosastrains Bcc0072 and Bcc0305 (ST-72) had identicBICM
values for all preservatives except benzisothiapole (MBCs 0.006% and 0.003%
respectively) B. cenocepaci®AU1054 and H1244, both ST-122, had identical MBQugsa

for all preservatives evaluated.

3.2.4.3 Bcc preservative susceptibility in relation to is@tion source

The relationship between the original isolationrsetand Bcc preservative susceptibility was
investigated. The collection of 83 Bcc strains ulsedoreservative susceptibility testing were
originally from clinical (n = 41), environmental €n24) and environmental-industrial (n =18)
sources. Species and number of strains from eattien source are shown in Table 14.
Significant differences in the minimum inhibitormébactericidal concentrations of isolates
from different sources were determined using a kals8vallis and Mann-Whitney (Two-
tailed) statistical tests. Bacteria isolated fromvionmental-industrial sources had
significantly higher (P <0.0001) mean MIC and MB&lues for DMDM hydantoin than Bcc
from clinical or environmental sources (Figure IMgean MBC values of other preservatives
did not significantly differ (P >0.05) in relatioim the source of Bcc isolation. The mean
MICs of phenoxyethanol (0.25%) and methyl parab®rl%) for Bcc isolated from
environmental sources were significantly higher<(P.05) than MICs for Bcc from other
sources. The mean MIC of sodium benzoate for Bomfclinical sources (0.23% + 0.15)

was significantly lower (P<0.05) than MICs for Bitom other sources.
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Table 14. Bcc species and number of strains in gical, environmental and environmental-

industrial isolation source groups

Number of strains from isolation source

Species/group Clinical Environmental En.vironm'ental
(number of strains tested) industrial
B. ambifaria (4) 1 3

B. anthina (2) 2

B. arboris (4) 1 3
B. cenocepacia (15) 12 1 2
B. cepacia (4) 2 2

B. contaminans (5) 2 1 2
B. diffusa (3) 2 1

B. dolosa (3) 3

B. lata (5) 1 4
B. metallica (2) 2

B. multivorans (8) 6 1 1
B. pyrrocinia (3) 3

B. stabilis (3) 2 1

B. ubonensis (1) 1

B. vietnamiensis (5) 2 1 2
BCC Kc (4) 4
BCC4 (3) 1 2

BCC5 (3) 2 1

BCCS6 (3) 2 1

BCCS8 (1) 1

unclassified BCC (2) 2

Total number of strains 41 24 18
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Table 15. The preservative susceptibility profile MBC values) of 20 Bcc strains recommended for inchion in future preservative efficacy tests

MLST Preservative susceptibility profile by MBC (%)
Species, P —— Isolation 5
Strain name strain designation source code ef“ence MIT/CMIT  MIT BIT BC DMH PH B
ype
B. arboris
BCC1310 - ENVI 327 1 0.0001124 0.00485 0.0015 0.05 0.324 0.5 2.5
B. cenocepacia Ill-A
BCC0018 FEsP LMG 16659 CLIN 35 0.0001124 0.00194 0.0015 >1 0.081 0.5
BCCO560 - CLIN 33 0.00075 0.00485 0.003 >1 0.081 0.5 2.5
B. cenocepacia Ill-B
HI2424 - ENV 122 0.00075 0.00485 0.006 >1 0.081 1 25
BCC1283 FPET” - ENVI 250 1 0.0015 0.00485 0.003 >1 0.162 0.5 25
B. cepacia
BCCOOOQ1 FESPPET LMG 1222 T ENV 10 0.00075 0.00194 0.006 0.05 0.081 0.5 25
BCC0002 EsP LMG 2161 ENV 1 0.00075 0.00485 0.003 0.05 0.081 0.5 2.5
B. contaminans
SAR-1 LMG 23255 CLIN 102 0.00075 0.00485 0.003 0.05 0.162 0.5 25
BCC1315 - ENVI 3411 0.00075 0.00485 0.003 0.05 0.162 1 25
B. diffusa
BCC0169 (ATCC 29352 ) ENV 108 0.00075 0.00194 >0.015 0.05 0.081 0.5 2.5
B. dolosa
AU3556 - CLIN 215 0.00075 >0.01 0.006 0.05 0.081 0.5 2.5
B. lata
Strain 383 LMG 22485 T ENV 101 0.0001124 0.00194 0.003 0.05 0.081 0.5 25
BCC1294 - ENVI 981 0.00075 0.00194 0.003 0.1 0.081 0.5
BCC1296 - ENVI 1191 0.0001124 0.00485 0.015 0.05 0.081 0.5 1
B. multivorans
ATCC17616  EsP LMG 17588 ENV 21 0.00075 0.00485 0.003 0.05 0.081 1 25
BCC0390 FEsP LMG 18825 CLIN 15 0.00075 0.01 0.015 0.05 0.081 1 25
BCC1560 - ENVI 439 0.0001124 0.00194 0.0015 0.05 0.324 0.5 2.5
B. vietnamiensis
BCC0028 EsP LMG 16232 CLIN 200 0.00075 0.00485 0.015 0.05 0.081 1
BCC1309 - ENVI 326 0.00075 0.00194 0.003 0.05 0.081 1 25
BCC Kc
BCC1282 - ENVI 3331 0.0001124 0.00485 0.003 0.2 0.162 0.5 1
BCC1313 - ENVI 3351 0.0001124 0.00194 0.003 >1 0.081 0.5 1

Footnotes: MBC, minimum bactericidal concentration. MIT, mgilothiazolinone; MIT/CMIT, methylisothiazolinoneand chloromethylisothiazolinone; BIT,
benzisothiazolinone; PH, phenoxyethanol; BC, bdmaatim chloride; DMH, dimethylol dimethyl hydantoi8B, sodium benzoate. BCCM/LMG, Belgian co-ordauht
collections of micro-organisms, Ghent.; ATCC, Angari type culture collection ;BCC, Cardiff strairllection. CLIN, clinical; ENV, environmental; ENVEnvironmental-
industrial.; MLST, Multi locus sequence typing; Strain included in MLST study of Bcc isolates fr@mvironmental-industrial sourcesType strain:¥F Burkholderia
cepaciacomplex experimental strain panéf.' Preservative efficacy testing challenge test strain, isolate recovered during manufacturing process!ia-house”
challenge test organism.
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(A) Mean MIC of DMDM hydantoin
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H Clinical (41) ™ Environmental (24) ™ Industrial (18)

Figure 10. Increased tolerance to dimethylol dimetyol (DMDM) hydantoin in Burkholderia
cepacia complex isolates from environmental-industrial sotces.

The mean minimum inhibitory concentration (panelaAjl mean minimum bactericidal concentration
(panel B) of Bcc isolates from industrial sourcesravsignificantly higher than values of Bcc from

clinical and environmental sources (* P = 0.000,0Ttailed Mann-Whitney test). In EU-regulated

countries, a maximum level of 0.3% DMDM hydantarégulated for use in rinse-off personal care
products (EU cosmetics directive 76/768/EEC Anndk Yhe legend shows the isolation sources
(number of strains). Error bars show standard eBoc species from clinical, environmental and
environmental-industrial isolation sources areetisin Table 14.
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3.2.4.4 Preservative susceptibility of non-Bcc bacteria refrence strains

Preservative susceptibility of the 83 Bcc bacteras also compared with a control group of
ten non-Bcc species (Table 7). Bcc bacteria hadifgigntly higher (P <0.05) mean MIC
(0.000133% =+ 0.0001 v/v) and MB(@®.0004% £ 0.0004 v/v) values for the blend of
isothiazolinone preservatives than the non-Bccrobmfroup. The collection of Bcc strains
also had significantly higher mean MICs for benmeibm chloride (0.148% * 0.07 w/v) and
sodium benzoate (0.27% = 0.09 w/v) than the nondparies group (mean MICs of 0.049%
+ 0.07 w/iv and 0.13% + 0.09 w/v respectively). Then-Bcc species group had a
significantly higher mean MBC for phenoxyethanol3% + 1.3 v/v) and MIC for methyl
paraben (0.105% + 0.114 w/v) than the Bcc speaiespy(0.58% + 0.19 v/v, and 0.093% +
0.02 w/v respectively). There was no significarftedence in the MIC or MBC of Bcc and
non-Bcc bacterial species for methylisothiazolinomenzisothiazolinone and DMDM

hydantoin preservatives.

3.2.4.5 Activity of maximum permitted preservative concentrations

The collection of 83 Bcc strains and ten non-Bcctéaal species were evaluated with
preservatives at the maximum permitted concentratior use in rinse-off personal care
products in EU-regulated countries, as describeskation 2.12.3. Additional concentrations
above the maximum permitted levels of benzethonttworide, DMDM hydantoin, sodium

benzoate and phenoxyethanol were also evaluatec Mighest concentration of
benzisothiazolinone evaluated was based on the fangtoter’'s recommendation. MIC and
MBC values were determined, using agar and brdthiain methods respectively. Six of the
eight preservatives evaluated had strains with Mi@/or MBC values greater than the
maximum permitted level of use in personal caredpets (Table 16). The maximum
permitted levels of DMDM hydantoin (0.3%), phenothanol (1%) and methyl paraben
(0.4%) were most effective against the test orgasisAll of the 83 Bcc strains were killed
by maximum permitted levels of phenoxyethanol; 9l strains (Bcc and non-Bcc strains)
were killed by DMDM hydantoin.

Isothiazolinone preservatives efficiently inhibiteshd killed the majority of strains:
maximum permitted levels were bactericidal to 9ut(of 93) strains.B. dolosa strain
Bccl356, BCC8 andB. diffusastrain Bcc169 had MBC values greater than the biemn
levels of methylisothiazolinone (0.01%), the isa#ulinone blend (0.0015%) and
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benzisothiazolinone (0.015%) respectively. The mmaxn permitted level of sodium
benzoate (0.5%) effectively inhibited the growth86f Bcc strains, but was not high enough
to kill the majority of Bcc strains in the colleoti; 76 had MBCs greater than 0.5%.
Benzethonium chloride failed to inhibit growth bktmajority (74 out of 83) of Bcc strains at
maximum permitted levels af 0.1%. 13 Bcc strains, predominanBy cenocepaciapecies,
showed a high tolerance to benzethonium chloriddy MBCs up to ten times greater than

the maximum permitted level.

The collection of ten non-Bcc strains had MBC valusbove the maximum permitted
concentrations for six of the eight preservativesl@ated. The maximum permitted levels of
phenoxyethanol (1%), bactericidal to Bcc straingjbited the growth of non-Bcc strains but
was not bactericidal t&nterococcus faecaliandP. fluorescensThe former also had MBC

values above the permitted levels for sodium betezaad isothiazolinone preservatives.

3.2.5 Preservative combination testing

Pairwise comparisons of isothiazolinone preseresativin combination with other
preservatives or preservative enhancing agent® aemined againgt latastrain 383 (as a
model strain). The degree of interaction and inmtgiion of synergy testing (section
2.12.2.3), from the lowest FIC index of replicatiates, is shown in Table 17. All
combinations have an additive (anti-Bcc) activitgne of the combinations evaluated had a
synergistic outcome. The most efficacious combameti were methylisothiazolinone and
EDTA, and the isothiazolinone blend with phenoxgeibl or EDTA,; all had FIC indices of
0.8. EDTA (2% v/v), at 0.67 of the relative MIC,one than halved the concentration of
isothiazolinone preservatives required to inhisivgth, to< 0.14 of the relative MICs of
individual agents (Table 17). A checkerboard apghnoa a Bioscreen growth analyser was
used to examine growth dynamicsBflata cultured in BSM (CYG) with combinations of
methylisothiazolinone and methyl paraben, and theothiazolinone blend with
phenoxyethanol; lowest FIC indices for the respectombinations were 0.96 and 0.80.
Growth curve analysis revealed that the duratiorthef lag phase increased with greater
concentrations of the primary and/or secondary tag&sulting in a lower final optical
density (450-580 nm) at 24 hours (data not showfier an extended lag phase, the rate at

which the optical density increased (i.e. the glovdte) was similar to that of the control
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(without preservative); only combinations with héghconcentrations of phenoxyethanol

(0.15% v/v) had a slower rate of optical densityr@ase than the control.
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Table 16. Number of strains with MIC and MBC valuesgreater than the maximum regulated

concentration used in personal care products

Species/MLST group Number of strains with MIC and MBC values above tégulated preservative concentration

(number of strains MIT MIT/CMIT 2 BIT? BC DDH PH MP SB
evaluated) MIC MBC | MIC MBC | MIC MBC |[MIC MBC |MIC MBC |MIC MBC |[MIC MBC [MIC MBC
B. ambifaria (4) 0 0 0 0 0 0 3 0 0 0 0 0 0 - 0 2
B. anthina (2) 0 0 0 0 0 0 2 0 0 0 0 0 0 - 0 2
B. arboris (4) 0 0 0 0 0 0 4 0 0 0 0 0 3
B. cenocepacia (15) 0 0 0 0 0 0 14 9 0 0 0? 0 0 1 14
B. cepacia (4) 0 0 0 0 0 0 3 0 0 0 0 0 0 1 3
B. contaminans (5) 0 0 0 0 0 0 5 1 0 0 0 0 0 0 5
B. diffusa (3) 0 0 0 0 0 1 3 0 0 0 0 0 0 0 3
B. dolosa (3) 0 1 0 0 0 0 3 0 0 0 0 0 0 0 3
B. lata (5) 0 0 0 0 0 0 4 0 0 0 0 0 0 0 5
B. metallica (2) 0 0 0 0 0 0 2 0 0 0 0 0 0 0 2
B. multivorans (8) 0 0 0 0 0 0 8 0 0 0 0 0 0 0 8
B. pyrrocinia (3) 0 0 0 0 0 0 3 0 0 0 0 0 0 0 3
B. stabilis (3) 0 0 0 0 0 0 3 0 0 0 0 0 0 0 2
B. ubonensis (1) 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1
B. vietnamiensis (5) 0 0 0 0 0 0 1 0 0 0 0 0 0 1 4
BCC Kc (4) 0 0 0 0 0 0 3 2 0 0 0 0 0 0 4
BCC4 (3) 0 0 0 0 0 0 3 0 0 0 0 0 0 0 3
BCC5 (3) 0 0 0 0 0 0 3 0 0 0 0 0 0 0 3
BCC6 (3) 0 0 0 0 0 0 3 1 0 0 0 0 0 0 3
BCC8 (1) 0 0 0 1 0 0 1 0 0 0 0 0 0 0 1
unclassified BCC (2) 0 0 0 0 0 0 2 0 0 0 0 0 0 0 2
non-Bcc (10) 0 1 0 1 0 1 3 1 0 0 0 2 0 0 3
Total number of strains (93) 0 2 0 2 0 2 71 14 C ¢ ¢ 0 3 79

Footnotes

! The maximum level for use in rinse off personakgaroducts according to EU cosmetics directive
76/768/EEC annex VI .

2 A cosmetics grade commercial blend of methylistblinone and chloromethylisothiazolinone presivea
% Not permitted for use in personal care product&linregulated countries, concentrations evaluatesgd on
manufacturers recommended level .

MIC, minimum inhibitory concentration; MBC, minimubmactericidal concentration.

Abbreviated preservative names and maximum inlewssd : MIT, methylisothiazolinone 0.01%; MIT/CMIT
,methylisothiazolinone/ chloromethylisothiazolinah@015% ; BIT, benzisothiazolinone 0.015%; BC,
benzethonium chloride 0.1% ; DDH, dimethyl dimethgtlantoin 0.3%; MP, methyl paraben 0.4%; PH,
phenoxyethanol 1%; SB, sodium benzoate. 0.5%

% refers to v/v for MIT, MIT/CMIT, PH and DMH; %efers to w/v for other agents.

@14B. cenocepaciatrains evaluated .

MBC not determined for methyl paraben.
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Table 17. Activity of preservative combinations agast B. |ata strain 383

Agents in Concentration of agent in combination (%), Fracidnhe relative mic
combination MIT  MIT/CMIT  DMH PH MP EDTA
Primary (MIT) 8.63E-04 8.63E-04 3.78E-05 6.47E-04 6.47E-04 1.33E-04
0.09 1.00 0.04 0.67 0.30 0.14
Secondary 757E-05 2.92248E-06  0.00405 0.44 0.022 20
1.00 0.09 1.00 0.30 0.67 0.67
FIC index? 1.09 1.09 1.04 0.96 0.96 0.8
Relationship Additive Additive Additive Additive Additie Additive
Primary (CMIT) 2.92E-06 1.11E-05 1.1100E-05 2.2193E-05 2.2193E-05 45908
0.09 0.30 0.30 0.67 0.67 0.13
Secondary 8.63E-04 2.55E-05 0.00270 0.03 0.020 20
1.00 0.68 0.67 0.13 0.20 0.67
FIC index? 1.09 0.98 0.96 0.80 0.86 0.80
Relationship Additive Additive Additive Additive Additie Additive
Footnotes:

MIT, methylisothiazolinone MIT/CMIT, methylisothiafinone & chloromethylisothiazolinone blend; DMH,
dimethyl dimethol hydantoin ; MP, methyl parabe®H, phenoxyethanol; EDTA, Ethylenediaminetetréiace
acid; MIC, minimum inhibitory concentrationFraction of the relative MIC of the individual pervative.
2 Fractional inhibitory concentration index BFIC.

The relationship, or interpretation of synergy itest was derived from the fractional inhibitory omtration
index: a synergistic outcome defined as)@fIC < 0.5, additivity/indifference was defined as 8RIC > 0.5,
antagonism was defined &%IC > 4. The lowest FIC index of all non-turbid Vgehlong the turbidity/non-

turbidity interface of replicate plates was used.
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3.2.6 Biofilm biomass production in the presence of subnahibitory preservative
concentrations
A crystal violet assay was used to evaluate lbofiiomass formation dB. lata strain 383
and B, multivoransATCC 17616 cultured in BSM (CYG) broth containingbsinhibitory
preservative concentrations as described in setfidn Kruskal-Wallis and Mann-Whitney
(one-tailed) statistical tests revealed that tleas no significant increase (P>0.05) in biofilm
biomass formation for strains cultured in BSM (CY®joth containing preservative
concentrations of 0.5 of the relative MIC (Figure 11B. multivoransbiofilm formation was
significantly lower (P <0.05) when cultured in @b the relative MIC of all preservatives
except sodium benzoate (Figur®. In addition,B. cenocepaci&€4455 andB. multivorans
ATCC 17616 were cultured in BSM (CYG) with sub-ibiory concentrations of the
biocides chlorhexidine and CPC. There was no sgmt increase (P >0.05) in biofilm
formation of either strain cultured in the presenéesub-inhibitory biocide concentrations

(data not shown).

3.2.7 Swarming motility in the presence of sub-inhibitorypreservative concentrations
Swarming motility is a type of social behaviour,ackcterised by the rapid migration of
differentiated swarm cells on a semi-solid surflca et al, 2009). A modified swarming
assay was used to investigate the effect of subitohy preservative concentrations on
swarming motility in Bcc bacteria, as describeg@ttion 2.15. The swarming motility Bf
cenocepacial2315,B. multivoransATCC 17616 andB. latastrain 383 on semi-solid swarm
plates containing sub-inhibitory concentrationpdservatives (Figure 12) was not repressed
or inhibited by concentrations lower than 0.5 oé trelative MIC; swarming gradually
decreased in correlation with increasing presergationcentration. Reduced swarming at
0.5 of the relative MIC was attributed to a slighhibition of growth. In addition, sub-
inhibitory concentrations of chlorhexidine and CBiGcides in semi-solid swarm agar failed

to inhibit swarming motility oB. multivorans.
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Figure 11. The effect of sub-inhibitory preservatie concentrations orB. lata and B. multivorans
biofilm production.

The average absorbance, obtained by crystal vassay, of biofilms oB. lata strain 383 and.
multivoransATCC 17616 cultured in BSM (CYG) broth containisgb-inhibitory concentrations of
A) methylisothiazolinone B) benzisothiazolinone @henoxyethanol D) sodium benzoate.
Preservative concentrations are presented asdinactf the relative MICs. Error bars indicate the
standard deviation of the mean of triplicate stdinells of a test plate. Kruskal-Wallis and Mann-
Whitney (one-tailed) statistical tests revealedsignificant increase in biofilm production at sub-
inhibitory concentrations of preservatives (P >5).0
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Figure 11. The effect of sub-inhibitory preservatie concentrations orB. lata and B. multivorans
biofilm production (continued).

The average absorbance, obtained by crystal vassay, of biofilms oB. lata strain 383 and.
multivoransATCC 17616 cultured in BSM (CYG) broth containingpsinhibitory concentrations of
E) DMDM hydantoin F) methyl paraben G) isothiazole blend H) benzethonium chloride.
Preservative concentrations are presented asdnactf the relative MICs. Error bars indicate the
standard deviation of the mean of triplicate stdimells of a test plate. Kruskal-Wallis and Mann-
Whitney (one-tailed) statistical tests revealedsignificant increase in biofilm production at sub-
inhibitory concentrations of the preservatives eatdd (P > 0.05).
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Figure 12. Swarming motility of B. cenocepacia, B. lata and B. multivorans in the presence of
sub-inhibitory preservative concentrations.

The average swarm diameter (mm)Bofcenocepacid2315,B. lata strain383 andB. multivorans
ATCC 17616 cultured in BSM (CYG) broth containingibsinhibitory concentrations of A)
methylisothiazolinone B) benzisothiazolinone C) DM hydantoin D) isothiazolinone blend E)
methyl paraben F) phenoxyethanol. Preservative erdrations are presented as fractions of the
relative MICs. Error bars indicate the standardreof triplicate experiments.
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3.3 DISCUSSION

3.3.1 Bcc species diversity in the environmental-industal niche

MLST analysis of a collection of 67 Bcc isolatesnfr various environmental-industrial
sources revealed that isolates belonged to nineaidy named species or were novel
sequence typesB. lata (25.4%) and B. cenocepacig16.4%) were the most commonly
encountered species groups in the collection. A lwel of diversity was observed within
the B. lata species group; sequence types were predominantty 989. Isolates with these
sequence types generally shared a common geogahpbiarce of isolation (the exact source
of isolation is confidential). Currently, there litle information on the prevalence of the
recently formally named. lata species in various ecological niches, althougls rvidely
distributed, having been recovered from clinicalvieonmental and environmental-industrial
sources. In contrasB. cenocepaci#s a well documented dominant CF pathogen, vwattA
lineages IlI-A, 11I-B and IlI-D accounting for thenost transmissible and virulent strains
(Speertet al, 2002).Eight of the 67 environmental-industrial isolat2$.0%) were identified
as B. cenocepacia recAineage IlI-B. This subspecies is ubiquitous in the natural
environment and is commonly associated with plaitaspheres and aquatic environments
(Mahenthiralingamet al, 2008). Since water is the primary constituentmainy industrial
products (e.g<80% of shampoos (Perry, 2001)), and is used inwhshing of plant
facilities, it is highly likely that industrial wat supplies may be a potential source of
B. cenocepacidll-B contaminants. Interestingly, three of the é@vironmental-industrial
isolates (4.5%) were identified as belongingr@cA lineage IlI-A. This subspecies is not
commonly recovered from the natural environmenfrasent, its exact source and preferred
habitat remain a mystery. Therefore, contaminatedistrial product is one of the very few

niches from which the subspecies has been recavered

Other species groups encountered inclu@edvietnamiensis, B. arboris, B. stabilis, B.
cepacia, B. multivorans, B. contaminaarsd B. ambifaria.lsolates from these species groups
are widely distributed, havinglso been recovered from CF and non-CF infectionkthe
natural environment (Mahenthiralingamt al, 2008). Species distribution within the
collection indicated potential differences in Bcpesies distribution, and/or prevalence
between industrial processes. Contaminants of tndugrocesses, such as petroleum and
cosmetic products, may face very different envirental and metabolic challenges. It was

unsurprising thatB. vietnamiensiswas the predominant Bcc species recovered from
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petroleum products. The ability oB. vietnamiensisto degrade xenobiotics is well
documented (O'Sullivaet al, 2007); in 2010, Whitet al., (2010) identifiedTom pathway
genes as being involved in the degradation of mwidterosene irB. vietnamiensistrain
JW13.1a. Genetic typing analysis of a larger ctibecof Bcc strains from various industrial
processes would be required to identify significdiiterences in species distribution and
prevalence between industrial processes, and nsayidéntify species and sequence types

widely distributed within the environmental-induatmiche.

Several studies have highlighted geographical iffees in Bcc species distribution within
environmental and clinical niches (Mahenthiralingainal, 2008; Vial et al, 2011). For
example B. ambifarig the most commonly encountered species group iassdavith maize
cultivated in the USA and Italy (Dalmastei al, 2007; Rametteet al, 2005), was not
detected in the rhizosphere of maize cultivate@lina, whereB. cenocepacia rechneage
[1I-B was the dominant species recovered (Zhangi& 007). It is highly likely that similar
geographical differences could occur within the iemmental-industrial niche as the
manufacture of industrial products occurs at vaitacations, often using locally sourced
raw materials such as water. A recent study of 22 Btrains isolated from industrial
products in Argentina, South America reveal@dcontaminang36%) andB. lata (36%)
were the most commonly encountered spedesjietnamiensi$18%), B.cepacia(5%) and
B. cenocepacig5%) were also identified (Degrossi, 2011). Gepgreal differences in Bcc
species distribution and prevalence within the mmmental-industrial niche could well have
implications on the efficiency of current presemvatefficacy and quality control tests.
Preservative efficacy tests are conducted withmeaended reference test organisms, such as
B. cepacia(LMG 1222) and an “in-house” adapted organismatem from raw materials
and/or finished product (Ortbt al, 2006). It is not known whether manufacturers iraly
tailor challenge test organisms to accommodate rgpbgcal or regional differences in
species distribution. Preliminary reports of Bcoedps distribution and prevalence in
industrial and clinical sources in Argentina (Deggip 2011) suggest that future preservative
efficacy test recommendations should include repregiveB. contaminansand/orB. lata

challenge test organisms.
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3.3.2 Preservative susceptibility testing

MIC and MBC values provide useful information abth& concentration of preservative that
may be required to protect industrial product fronicrobial insult. However,in-vitro
susceptibility testing cannot predict the effectrnialation constituents may have on
preservative activity. In this study, preservatbeesceptibility testing was conductadvitro
using a modified basal salts medium. The modifiedimmeal medium better represented
environmental-industrial conditions; was less detmtal to the recovery of stressed
organisms; and was less likely to inactivate biecaktivity than a complex medium
(Chapmanet al, 1998). In order to evaluate accurately the awt-BRctivity of individual
preservatives, nitrilotriacetic acid was excludeanf the medium, as chelating agents may
enhance the activity of antimicrobial agents (Clpd©96). Modifications to the basal salts
medium did not significantly alter the growth dynasof Bcc bacteria, and did not influence
turbidometric analysis. The lowest concentration poéservative resulting in an 80%
reduction in optical density from the mean confrab preservative) was designated as the
MIC when testing individual or combinations of peegtives, using a modified broth
dilution method (Roset al, 2009). An 80% reduction was selected to allowttierincreased
opacity of some preservatives at higher conceptatthat resulted in a “background noise”
of turbidity that may be mistaken as bacterial gtowhe opacity of preservative enhancing
agents Ethylhexyl glycerin and caprylic acid in egus solution prevented evaluation by
turbidometric analysis. Indicators, such as reaswould provide an alternative means of
determining the end-point of MIC experiments foese compounds (Lambert & Pearson,
2000).

An efficient means of terminating or quenching Hutivity of preservatives that was non-
toxic to the test organisms was required for MBGtitg. This study adopted chemical
neutralisation and dilution methods in an attengptjiench preservative activity. Dilution
alone is not always sufficient at removing biodmeind strongly by chemical or electrostatic
forces to viable cells (Johnsten al, 2002). Higher test concentrations still inhibigrdwth
after chemical neutralisation. An additional dituti step and an overnight culture of
recovered cells from neutralised higher test cotrations successfully reduced active levels
and/or removed residual active preservative, asditating the detection of viable cells. The
efficacy of terminating activity of isothiazolinopeeservatives could have been improved by
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incorporating specific inactivators such as cys&mmoglycollate into the neutralising

solution (Denyer, 1995).

3.3.3 Preservative susceptibility varies between and with Bcc species

A recent survey of Bcc resistance to chlorhexidi@®C, triclosan and povidine biocides
demonstrated that levels varied widely across tmptex; species-dependent differences for
CPC were identified (Roset al, 2009). InterestinglyB. cenocepaciathe most prevalent
species in clinical infection, generally demongtdahigher levels of tolerance to biocides and
antibiotics (Roseet al, 2009). The main aim of this study was to invedtghe preservative
susceptibility of a collection of genetically diger Bcc bacteria isolated from clinical
environmental and environmental-industrial soursgsinning the current 17 species groups
and novel MLST Bcc groups. This study revealed thaceptibility to preservatives and
preservative enhancers also varied considerably betiwveen and within species and MLST
groups. The prevalence Bf lataspecies in a collection of Bcc isolates from emwvinental-
industrial sources (subjected to MLST analysis) Idonot be explained in terms of
preservative susceptibility. None of the speciesMitST groups demonstrated multi-
preservative resistance (MPR). Statistical analgsislifferences in susceptibility between
groups was not examined, as over half of the grdwgas few € 3) representative strains

within the collection of 83 strains.

Preservative susceptibility of individual strairesied considerably within species and MLST
groups of the collection. None of the Bcc straiesl high broad-ranging tolerance to all
preservatives evaluated. However, susceptibilityfilimg identified Bcc strains, such as
B.cenocepaciatrain Bcc1203, with high MIC and/or MBC values tmrelated preservatives
with different cellular targets e.g. isothiazolimoand QAC. Cross-resistance to structurally
unrelated compounds may indicate the involvemengeferalised resistance mechanisms
such as active efflux, alterations to the outer imme and/or cellular permeability in
preservative tolerance (Chapman, 1998; Chopra, )1988erestingly, differences in
susceptibility to preservatives with a common motiaction were observed. Isothiazolinone
preservatives predominantly target and oxidisel4toataining cytoplasmic and membrane-
bound enzymes; chloromethylisothiazolinone and isetiziazolinone are thought to have a
highly similar mode of action (Collieet al, 1990a; Collieret al, 1990b; Denyer, 1995).
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Susceptibility profiles demonstrated individual Bstcains with elevated tolerance to one or
more isothiazolinone preservatives remained sudiefb preservative(s) of the same class.
This may suggest that mechanistically similar agendy permeate the outer membrane via
different routes.

Preservative susceptibility profiles &. dolosaand B. cenocepaciastrains with identical
sequence types (by MLST analysis) varied by MIC &nd lesser extent MBC values. Both
B. dolosastrains with ST-72 were clinical isolates from @&tients;B. cenocepaciatrains
AU1054 and H12424 (ST-122) were isolated from chhi(CF) and environmental settings
respectively. Differences in susceptibility pro§ilare unsurprising as MLST analysis bases
identity on sequence homology at seven loci, andsuash cannot convey differences
elsewhere in the genome or other adaptations theat after the phenotype. Although
indistinguishable by MLST, H12424 has a large gemawh approximately 7.7 Mbp that
includes a 164.9 Kbp plasmid; the clinical strald1®54 has a smaller genome of ~7.2 Mbp
and does not carry a plasmid (www.burkholderia.cori)}2424 may possess additional
resistance factors to AU1054.

3.3.4 DMDM hydantoin tolerance in Bcc from environmentalindustrial sources

The collection of 83 Bcc strains used for suscdptittesting consisted of 41 clinical, 24
environmental and 18 environmental-industrial isedaThere were significant differences in
preservative susceptibility in relation to the &an source. Bcc bacteria isolated from
environmental-industrial sources had significartigher (P <0.0001) mean MIC and MBC
values for the formaldehyde releasing agent DMDMlamtoin. Previous exposure to
formaldehyde releasing agents has been attribotad tncreased tolerance in other bacterial
species isolated from industrial sources. For e@tajmindustrial isolates dP. aeruginosa
and E. gervoviaerecovered from cosmetics or the floor of an indakplant washing area
were more tolerant of DMDM hydantoin than ATCC sisa(Ferrareset al, 2003). Since
the source of isolation is unknown, elevated toleeato formaldehyde releasing agents in

Bcc from environmental-industrial isolates cannetasily explained.

Formaldehyde is a natural product of intermediaegaehydrate metabolism within cells;

organisms may possess a means by which to detestith product. Resistance to
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formaldehyde releasing agents, mediated by enzgnsgstems, has been demonstrated in
P. aeruginosa, P. putida, Enterobacter sppdB. cepacia(Chapman, 2003aMembers of
the Bcc potentially possess multiple pathways osmialdehyde detoxification (Marat al,
2004). Bcc tolerance to DMDM hydantoin is a commaghallenge to industrial
manufacturers. Bcc challenge tests of DMDM hydamjmieserved personal care products
exhibit an initial decrease in viable cell courften followed by a period where the organism
is non-culturable, this is then followed by an gase in the number of viable cells recovered
(Unilever, personal communication). The reasonthis trend is currently unknown. It is
possible that within the population a percentageetis retain viability, entering a viable but
non-culturable state (Oliver, 2005). It is unlikdlyat the emergent cells are from a sub-
population of persister cells. These latter ar@l@aEopulation of cells that neither grow nor
die in the presence of an antimicrobial (Keednal, 2004). However, upon removal of an
antimicrobial agent, persister cells revert to ddwype phenotype. Persisters exhibit
tolerance but not an increased MIC, which normedyults from the expression of specific
resistance mechanisms (Kerenal, 2004).1t is unknown whether a reduction in activity
levels of the formaldehyde releasing agent in thallenge test occurs prior to the re-
emergence of viable cells. However, Bcc bacter@vered from industrial sources had
significantly higher tolerance to this agent thaolates from other sources. This strongly
suggests that the selection of adapted tolerar#n@ms occurs in environmental-industrial
settings. Boroviart al(1983) reported a similar trend with formaldehydeserved product
challenged with Bcc bacteria (identified Rseudomonas cepagialthough lower levels of
formaldehyde (200 ppm) added to products exhikaredhitial activity, decreasing the CFU,
the organisms grew to their original numbers witlainshort period of time. Adapted
organisms recovered demonstrated a significanieasad tolerance to killing, and cross-

resistance to other antimicrobial agents (Boroeiaal, 1983).

The efficacy of formaldehyde-releasing preservatsystems (against Bcc bacteria) in
aqueous finished personal care products is sigmfig improved when combined with a
chelating agent such as EDTA (personal communicatimilever). Chelating agents such as
EDTA disrupt the lipopolysaccharide structure ire tbuter membrane of Gram-negative
bacteria, increasing cell permeability (Denyer, 39T his suggests that the outer membrane
may play an important role in Bcc tolerance to faliehyde releasing agents. Perhaps a
combination of Bcc resistance mechanisms resuléssynergistic reduction in susceptibility

(Chapmaret al, 1998). Low-level resistance to formaldehyde rgleg agents, mediated by
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a reduction in cellular permeability, can be insexh when combined with the enzymatic
inactivation of preservative agent that penetrdtepermeability barrier. The mean elevated
MIC and MBC values of DMDM hydantoin for environntahindustrial Bcc isolates were
still below the maximum concentration permitted éige in personal care products. However,
any reduction in susceptibility is of major concammd may have commercial consequences,
as the susceptibility of Bcc bacteria in the ndterasironment would be further reduced by

their presence within biofilms (Chapman, 1998).

3.3.5 Are Bcc bacteria more preservative-tolerant than na-Bcc bacterial species?

Preservative susceptibility of Bcc bacteria was parad to a collection of ten non-Bcc
bacterial species. The collection of non-Bcc baatercluded multi-drug resistant reference
strains; and clinical, environmental and environtakmdustrial isolatesAcinetobacteispp.,

P. fluorescensand P. putidaare challenge test organisms recommended by tsenélas,
Toiletry and Fragrance Association (CFTA) (Oethal, 2006). Bcc had a higher tolerance to
isothiazolinone preservatives, benzethonium chéoadd sodium benzoate, but were more
susceptible to phenoxyethanol and methyl parabmgmifisant differences in susceptibility
were not due to the preservative spectrum of dgtigs the non-Bcc bacterial strains like Bcc
bacteria were predominantly Gram-negative, faecalis was the only Gram-positive
organism evaluated. Paraben and benzoic acid pegses are thought to be mechanistically
similar, disrupting the proton motive force at tte#l membrane, and causing the acidification
of the cell cytoplasm (Maillard, 2002). Phenoxyetblaalso targets the cell membrane by
dissipating the proton motive force, but also imtisibonembrane bound enzymes. Higher
tolerance to sodium benzoate, but susceptibilitsnehanistically similar agents, may be as
a result of experimental conditions and/or an ientdlerance to aromatic compounds.
Susceptibility testing of sodium benzoate actiwitsgs conducted at pH 5, as the agent has
lower activity in neutral to alkaline conditionsc®bacteria have a high tolerance to acidic
conditions and have reportedly been recovered famulation with a pH o&3 (Borovian

et al, 1983). In addition, members of the Bcc are Wwalbwn for the capacity to degrade
aromatic xenobiotic compounds (Denef, 2007). FPRtedi metabolic pathways for the
degradation of benzoate can be found in numeroagBoomes, including. latastrain 383,

B. cenocepacia AU1054, and B. multivorans ATCC17616

(http://genome.ornl.gov/microbial/).
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3.3.6 Anti-Bcc activity of individual preservatives at maximum permitted

concentrations

The use of preservative agents in personal car@upts is strictly regulated, especially in
countries of the European Union and Japan. Attathié¢lde European Directive 76/768/EEC
are annexes which contain lists of preservativeglwhosmetic products may or may not
contain, as well as the permitted active levelprekervatives in the finished product. In this
study, a collection of 83 Bcc bacteria were evadatith preservatives at the maximum
permitted concentrations for use in rinse-off peedacare products, as outlined in the EU
directive 76/768/EEC. The maximum permitted lewd#l®MDM hydantoin, phenoxyethanol

and methyl paraben were most effective against lizateria. Although Bcc isolates from
environmental-industrial sources were significamtlgre tolerant to DMDM hydantoin than

Bcc from other sources, all Bec strains were kilbydhe maximum permitted level of 0.3%.

Due to the allergenic properties of chloromethyhsazolinone, it is only regulated for use at
low-levels when blended with methylisothiazolinorteven at low levels, the blend of
isothiazolinone preservatives was effective agabBwst bacteria. Only one clinical isolate,
from the novel MLST group BCCS8, had an MBC grediten the maximum permitted level.
Methylisothiazolinone and benzisothiazolinone diad excellent anti-Bcc activity, killing all

Bcc except clinical isolates @. diffusaand B. dolosarespectively. Maximum permitted

levels of benzethonium chloride failed to inhiliietmajority of Bcc bacteria when evaluated
using agar dilution methods. However, using a babliltion method the maximum levels of

benzethonium chloride were lethal to the majoritf3oc strains.

Agar and broth dilution methods evaluate the susuméfy of sessile and planktonic
organisms respectively. Susceptibility profilingirfluenced by many factors (Lambert &
Pearson, 2000). Differences may be attributed teraction with a preservative agent in a
solid and liquid medium. The few (n =11) Bcc steamith MBCs up to ten times greater than
the permitted level were predominanBy cenocepaciaa species known to possess high
levels of resistance to both biocides and antitso{iMahenthiralinganet al, 2005). This
species group also had the largest number (1%pr€sentative strains within the collection,
which may have biased the findings. However, otlspecies groups with> five
representative straing( lata, B. multivorans and B. viethamiensigre susceptible to

maximum permitted levels; only o2 contaminanstrain had an elevated MBC value. The
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least effective preservative at permitted levelss vgadium benzoate, failing to kill the

majority of Bcc (as discussed in section 3.3.5).

3.3.7 Anti-Bcc activity of preservative combinations

A single preservative agent is often inadequatéeption for an industrial process that may
face multiple challenges of microbial contaminadising manufacture and consumer use.
Preservative systems are carefully designed to mgnt, and function within, complex
product formulation, providing a spectrum of antrobial activity. Synergistic or super-
additive combinations of preservatives have sevadalitional advantages. A reduction in
concentration of individual agents may reduce tbst ©f manufacturing and prevent the
withdrawal of effective preservatives from the nmedrllue to allergenic reactions (Lundet
al., 2011). This study evaluated the interaction adsprvatives and enhancers, frequently
used in personal care products, with isothiazoknpreservatives; identifying combinations
with potential synergistic or super-additive antieBactivity. The lowest FIC index of all the
non-turbid wells along the turbid/non-turbid interé was used to define the outcome of an
interaction. As this method of interpretation ipoded to have the highest likelihood of
detecting synergy (Bonapaet al, 2002), synergy was strictly defined as @RIC < 0.5
(Eliopoulos, 1996).

Combinations of isothiazolinone preservatives VHIDTA, phenoxyethanol, methyl paraben
and DMDM hydantoin all had FIC indices just below ifdicating an additive effect.

Combinations of two preservatives at low conceitrat were just as effective as a high
concentration of a preservative alone. The bestbamations, resulting in the lowest
reproducible FIC index (~0.8), were observed whsothiazolinone preservatives were
combined with phenoxyethanol or EDTA. Both agentsupt the barrier properties of the
cytoplasmic membrane. In both cases, this promptseation of the isothiazolinone
preservative. None of the combinations evaluatedlied in a synergistic outcome. EDTA, a
chelating agent, has been shown to enhance or t@téerthe activity of numerous

antimicrobials (Denyeet al, 1985; Lamberet al, 2004). The interaction of other reported
enhancing agents, such as caprylyl glycol and kéxyll glycerine, with isothiazolinone

agents, could not be evaluated by turbidometridyaig® due to the opacity of agents in

agueous solution.
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The dose response of many antimicrobials is nagalinyet the analysis of combinations for
synergy is based on the linear addition of indialdeffects of agents(Lambegt al, 2003);
the Y FIC linear model is only applicable to mixtures asftimicrobials which individually
have similar dose responses (dilution coefficientancentration exponent) (Lambett al,
2003). The simple linear additive model ignores ¢bacept of the dilution coefficient and
describes the phenomenon of synergy for combinatidrere one or more of the components
have a dilution coefficient greater than 1 (Johnstt al, 2003). There are currently no
published lists that define the dilution coeffidiéar all of the preservatives evaluated in this
study. However, published coefficients for alcoh@s= 10) parabensy(= 2.5), quaternary
ammonium compounds) (= 1) and formaldehyden(= 1) (Russell, 2004b) agents would
suggest the linear model used in this study magyme an erroneous interpretation of the
interactions between compounds. Ultimately, theivigt of favourable preservative
combinations should be evaluated in the produdbeopreserved, as in vitro analysis of
interactions may not truly reflect potential result vivo; ingredients and formulation design
have been shown to influence the potential for syisic activity (Denyeeet al, 1985).

3.3.7.1 Sub-inhibitory preservative concentrations did notinduce biofilm formation or

inhibit swarming motility in B. lata strain 383or B. multivorans ATCC 17616.

Biofilm and swarming motility assays, which reveh&ib-inhibitory concentrations of seven
preservative agents, did not induce biofilm formator inhibit swarming motility irB. lata
strain 383or B. multivoransATCC 17616. The evaluation of a collection of geradly
diverse Bcc is required to characterise fully phgpic adaptation in response to preservative
agents, identifying species or strain specific etéhces. Sub-inhibitory concentrations of
biocides chlorhexidine and CPC, shown to inducdilbioformation and inhibit swarming
motility in a previous study (Rose, 2009), failedelicit the same responseBn cenocepacia
C4455 andB. multivorans when assayed in model systems used in this sftdyg. may be
attributed to differences in the protocol for detgring biofilm biomass production and
swarming motility. In this study, microtitre platesed to evaluate biomass production were
not coated in porcine mucin; a technique useddadherence of bacterial cells. Staining of
the biofilm biomass was performed using a ten-flolder concentration of crystal violet

(0.1% v/v), as described by Peetetsal (2008a), to improve resolution and reproducibility

137



CHAPTER 3 — PRESERVATVIVE ACTIVITY AGAINST BCC BACERIA

between replicates. Swarming assays were perfousied) a semi-defined medium (1ISO),
not a general purpose medium (NB) supplemented \aidditional glucose (0.5%).
Differences in the phenotypic response of test megas may have been a result of using
different stock cultures d8. multivoransATCC 17616 andB. cenocepaci&4455. Identical
isolates ofB. multivoransATCC 17616 have been shown to suffer genomic ideletand
subsequent phenotypic alterations (Mahenthiralingdnal, 2000b). Agnoliet al. (2011),
reported the loss of chromosome threeBincenocepaciastrains andB. lata strain 383
occurred at a remarkably high frequency in culwithout selective pressure (~1 in 1000 on
LB medium), the resultant strains demonstratingati@red phenotype. Bcc strains used in
this study may have suffered a genomic deletiomltaration that affected the regulatory
response to the presence of chlorhexidine and G&&des. However, bacterial stocks were
stored frozen, and not passaged, suggesting sych changes were unlikely.

Over the past decade, many studies have been deddute elucidate the regulatory
mechanisms involved in the transition from motilibysessility and biofilm formation (Cotter
& Stibitz, 2007; Karatan & Watnick, 2009). Quorunensing (QS), two component
regulatory systems and secondary signalling modscusuch as cyclic diguanosine
monophosphate (c-di-GMP), have been implicatedhm regulation of sessility in Gram
negative bacteria (Danielst al, 2004; Karatan & Watnick, 2009; Simet al, 2004).
Inhibiting the transition from motile to non-motiland the associated increase in resistance
to antimicrobials, make such regulatory systemsattnactive target. The Cepl/CepR system
is a well characterised QS system in Bcc bactehichvis shown to regulate expression of
target genes involved in diverse functions inclgdsmvarming motility, and the maturation of
the biofilm (Eberl, 2006; Hubest al, 2001). Studies indicate that all Bcc speciesaiarthe
Cepl/CepR system and utilise N-acyl-homoserineotaet{AHL) signal molecules to express
certain phenotypic traits in a population densiépehdent manner (Eberl, 2006). Additional
QS systems, which potentially interact with the B@ppR system, have also been identified
in Bcc species (Eberl, 2006). A study of the &mvifilm effect of several well-known QS
inhibitors in Bcc bacteria suggests that many camps (at sub-inhibitory concentrations)
do not affect the initial stages of attachmentmgihiofilm formation, but rather promote the
detachment of later stages (Bracknetnal, 2009). Whether quorum-sensing inhibitors,
used alone or in combination with conventional rardrobials, will ever be useful anti-

biofilm agent remains to be determined (Brackratal, 2009).
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3.3.8 Preservative susceptibility testing strain recommetiation
In order to determine whether raw materials andlied industrial products are adequately
preserved they are challenged by exposure to spetipes of bacteria and fungi
representative of organisms likely to occur as ammants during manufacture and
consumer use (Russell, 2003a). Challenge test mrgarare inoculated, as a single or mixed
inoculum, into samples of the test material and peeodically sampled at appropriate
intervals to determine survivors (Onth al, 2006; Russell, 2003a). This study revealed four
important findings that may impact on preservagffecacy testingyiz.
(1) preservative susceptibility varies considerdimth between and within Bcc;
(2) environmental-industrial isolates are signifitg more tolerant to certain
preservatives than Bcc deposited in nationkllre collections
(from environmental or clinical sources);
(3) B. lata andB. cenocepaciare commonly encountered species in the
environmental-industrial niche;
(4) there may be geographical differences in tistribution and prevalence of Bcc
species encountered in industry.
Microorganisms generally recommended for use imouarchallenge test methods are those
deposited in national culture collections; the attdentity of strains recommended for use in
methods such as CTFA are not identified. In addjti@a few preservative efficacy testing
guidelines recommend the use of in-house microlsmhins obtained from either
environmental sampling or contaminated product {Qet al, 2006). This study has
demonstrated the importance of using in-house s$&stins, as environmental-industrial
isolates are significantly more tolerant, to preagves such as DMDM hydantoin, than Bcc
deposited in national culture collections (from ieommental or clinical sources).
Burkholderia cepacigstrain not defined) an®. cepaciaATCC 25416 (LMG 1222) are
typically recommended for use in the United Sté&karmacopeia (USP) test method USP-29
and CTFA methods M-3/M-4 respectively (Oghal, 2006). MLST analysis of a collection
of Bcc isolates from environmental-industrial s@sademonstrated th&. cepaciawere
perhaps not a predominating speciBsjata andB. cenocepaciavere the most commonly
encountered species groups. Are recommerleckpaciastrains a good representation of
Bcc bacteria encountered in industry? Firstly, entrrrecommended Bcc challenge test
organisms fail to represent the diversity of Bceases encountered in industry, and any
geographical differences in the prevalence of Bpecis. In addition, preservative

susceptibility varies between and within Bcc speciéne varied preservative susceptibility of
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the recommendeB. cepaciaspecies group itself has important implicationsrf@thods that

do not specify a specific test strain.

Based on the findings of this study, Bcc strainsonemended for inclusion in future
challenge tests are shown in Table 15. This pafietsogenetically diverse representative
strains from species commonly encountered in enwmental-industrial sources. Selection
and inclusion of strains in challenge tests couddtdilored to represent prevalent species
and/or sequence-type of a region. All strains setebave an elevated preservative tolerance
(high MBC value);B. arboris (BCC 1310) andB. multivorans(BCC 1560) were the only
strains selected for elevated tolerance to DMDMamydin. Where appropriate, a national
culture collection strain and an environmental-stdal isolate were selected to represent the
species group. Common sequence types encountered dollection of environmental-
industrial isolates were include®. dolosaand B. diffusastrains with abnormally high
tolerance to isothiazolinone preservatives were aisluded; these species have not been

isolated from environmental-industrial sources ated
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3.4 CONCLUSIONS

The main conclusions from this chapter are as\dlo

1)

2)

3)

B. lata and B. cenocepaciavere the most commonly encountered Bcc species in
collection of Bcc isolates from environmental-inttigd sources. Further genetic
typing studies are required to explore differenoethe distribution and prevalence of
Bcc species between industrial processes, geogalplucations, and to identify
widely distributed prevalent sequence types in @gu Industrial epidemiology
would ultimately enable manufacturers to bettegearthese organisms and would
greatly enhance our understanding of Bcc specisrgity in relatively unexplored
ecological niches.

Preservative susceptibility varied considerablyhboetween and within Bcc species
groups. Species groups commonly encountered inlecton of Bcc isolates from

environmental-industrial isolates were not hightyetant to multiple preservative
agents. Bcc from environmental-industrial sourcesensignificantly more tolerant to
DMDM hydantoin, suggesting extensive use of thenage industrial processes

selects for highly tolerant Bcc bacteria.

Isothiazolinone, DMDM hydantoin, phenoxyethanol andhethyl paraben
preservatives were highly effective against Bcctdr@e when evaluated at the
maximum concentration for use in rinse-off persorae products in EU-regulated

countries.
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4)

5)

6)

Benzethonium chloride and sodium benzoate had thakest anti-Bcc activity at

maximum regulated levels.

Combinations of isothiazolinone preservatives watiher preservative agents and
EDTA resulted in an additive anti-Bcc activity. Thyeeatest anti-Bcc activity was
observed when methylisothiazolinone was combingd ®DTA, and when the blend
of methylisothiazolinone and chloromethylisothiamohe preservatives was
combined with phenoxyethanol or EDTA. None of tlenbinations were interpreted

as having synergistic or antagonistic activity agaBcc bacteria.

Sub-inhibitory concentrations of preservatives ageatid not induce the transition
from motility to sessility inB. lataandB. multivoransstrains. Further screening of a
genetically diverse collection of Bcc strains iguged to determine whether the

response and phenotypic adaptation to preservasiagent-and/or species-specific.
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4 ADAPTIVE RESISTANCE TO PRESERVATIVES

4.1 INTRODUCTION

To date the most extensively studied mechanismatereto intrinsic and acquired
resistance. In contrast, the phenomenon of adapgsistance has been relatively poorly
studied. Adaptive resistance can be defined asnthection of resistance to one or more
antimicrobial agents in response to the presence sgfecific signal, therefore, resistance
increases due to the conditions under which théebam is growing (Fernandezt al,
2011; Russell, 2004a). The stability of adaptiveistance to antimicrobials is somewhat
controversial and until recent years was not caredito play a role in the development of
resistance. Historically, adaptive resistance witenccharacterised as transient; however,
several studies now suggest the level of increassidtance and the duration it persists,
may depend on the antimicrobial agent, dose, timexposure and bacterial species
(Fernandezt al, 2011; Russell, 2004a). Therefore, resistance moaycompletely revert

to wild-type levels upon removal of a stimulus.

The development of biocide-induced adaptive restgtas not a new phenomenon, and
has been documented in several bacterial species foumber of chemical agents
including several preservatives (Orth & Lutes, 198bor example, adaptive resistance to
benzalkonium chloride, phenoxyethanol and isotHiaaoe biocides has been promoted
in Pseudomonas sppuia progressive sub-culture in media containindp-isunibitory
concentrations of an agent (Abdel Malek & Badradil,® Brozel & Cloete, 1994; Joynson
et al, 2002; Sondosset al, 1999). Although not yet fully understood, the im@tisms
leading to biocide-induced adaptive resistance amesidered diverse. Non-specific
resistance mechanisms (e.g. outer membrane pmtenations and efflux) are considered
important in biocide-induced adaptive resistance,ganerally biocides have multiple
target sites within a cell (Denyer, 1995). As sult cross-resistance to other biocides and
antibiotics are phenomena commonly encountered xperéments of adaptation
(Fernandezet al, 2011). Cross-resistance profiles of biocide-agmtrains have been
shown to vary, suggesting the mechanisms leadirgoiwide-induced adaptive resistance

can be agent and/or strain specific (Braoudaki &idj 2004; Loughliret al, 2002).

Biocides are used extensively in industry for plsamitation and as preservative agents of
raw materials and finished products. Although thagents are normally used at lethal or
inhibitory concentrations, within the environmeitete is likely to be a gradient of
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concentrations ranging from bactericidal to sulibnbry (Gilbert & McBain, 2003).
Preservatives of personal care products are useshaentrations considerably lower than
that of disinfectants; as a result, the risk of @yye to sub-inhibitory concentrations of
preservatives can be considered greater than thdismfectants. Exposure to sub-
inhibitory preservative concentrations may occua assult of the inadequate sanitation of
production lines i.e. a dilute product residueiratd in the process stream; the degradation
of a preservative system by contaminating microoisyas; the leaching or binding of
preservative agents; or the detrimental activityoomulation excipients on the activity of
a preservative system (Orét al, 2006; Orth & Lutes, 1985). Contaminating baeteri
exposed to sub-inhibitory concentrations, may hthe potential to develop biocide-
induced adaptive resistance that may contributiaécacquisition of additional resistance
traits, and the development of high-level resistanBorovianet al. (1983) detailed the
adaptation ofB. cepacia(P. cepacia)to preservatives in dilute product formulation.
Following exposure of thB. cepaciasolate (recovered from product formulation) td-su
inhibitory concentrations of formaldehyde in dilygeoduct, the adapted-isolate displayed
high-levels of resistance to formaldehyde and eresstance to benzoic acid.

Although members of the Bcc are frequently encaedteas contaminants of preserved
industrial processes, their adaptation to preseeshas not been extensively studied. The
identification of any preservatives that are reitaot to Bcc adaptation, and those that
may lead to the development of MPR or cross-rasigt@o other antimicrobials, would be
of considerable benefit to manufacturers.

144



CHAPTER 4 — ADAPTIVE RESISTANCE TO PRESERVATIVES

4.1.1

Aims

The aims of this chapter were as follows:

1)

2)

3)

4)

to investigate the potential for Bcc adaptive tasise to individual preservative
agents used in industrial processes, via the pssy@ subculture dB. lata strain

383 on media containing increasing sub-inhibitaygeentrations;

to determine the susceptibility of preservativegdd derivatives oB. lata strain
383 to individual preservative agents, using albrotcrodilution assay; thereby,
identifying which agents promote the induction esistance mechanisms that may

lead to preservative cross-resistance;

to examine the susceptibility of adapted derivatived B. lata strain 383 to
antibiotics, using Etest® strips and a broth midwghn assay; thereby,
identifying which agents promote the induction esistance mechanisms that may
lead to antibiotic cross-resistance;

to examine the stability of preservative-inducedigtance ofB. lata strain 383
(i.e. whether levels of resistance revert to wjlpget levels upon removal of the
priming preservative), via the sub-culture of addpderivatives in the absence of
preservative, with a subsequent re-evaluation cfcestibility (as previously
described in aims 2&3);

5) to characterise the growth dynamics of the adag¢envatives oB. lata strain 383

in the absence and presence of individual preseevagents, using a Bioscreen C

automated plate reader;
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6) to examine whether preservative-induced adaptissstance oB. lata strain 383

alters swarming motility;

7) to establish whether preservative-induced adaptsestance oB. lata strain 383
alters biofilm formation, by quantifying the biafil biomass production of adapted
derivatives, in the absence, and presence of masers, using a crystal-violet

staining assay.
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4.2 RESULTS

4.2.1 Adaptive resistance ofB. lata strain 383 to preservatives used in industry

Four derivatives oB. latastrain 383 were isolated as a result of its pravessubculture
on agar containing increasing sub-inhibitory corniaions of preservatives; the isolated
derivatives consistently grew at preservative catregions higher than that of the parental
strain. Adaptive resistance had been developed dthylisothiazolinone, the blend of
methylisothiazolinone and chloromethylisothiazolieg MIT/CMIT), benzisothiazolinone
(BIT) and benzethonium chloride (BC) preservativesThe preservative-adapted
derivatives were each assigned a suffix denotiegptiming preservative that had induced
adaptation (i.e.B. lata 383-MIT, 383-CMIT, 383-BIT and 383-BC). An incresabs
tolerance to methyl paraben, DMDM hydantoin andnpixgethanol, was not developed

by stepwise training using an agar dilution method.

Following isolation, the identity of preservativdegtedB. latastrain 383derivatives was
confirmed by RAPD analysis. RAPD profiles of theggrvative-adapted derivatives and
the parental strain are shown in Figure 13. Thetadiged bioanalyser fingerprint and
clustering analysis demonstrated the preservatiegied derivatives werB. lata strain
383: RAPD profiles were > 94.8% similar to the pediad strain.

Phenotypic analysis demonstrated that the preseevatiapted derivatives did not have an
altered cellular or colony morphology (data not whjy however, the BC-adapted

derivative produced a higher intensity of blue-greggment in confluent growth areas on
BSM (CYG) agar, and in BSM (CYG) broth cultureseaft8 hours of incubation.

4.2.2 Preservative susceptibility of adapted. |lata derivatives

4.2.2.1 MICs of preservatives determined by broth microdilution assay

A modified microdilution broth assay was used téedaine the susceptibility dB. lata
strain 383 (wild-type) and preservative-adaptedvdéves to seven preservatives used in
industry: the minimum inhibitory concentrations dotti-change from wild-type levels are
shown in Table 18. The MIC values for adapted d@erres did not exceed the maximum
regulated levels for use in personal care prodadiJ-regulated countries (s&able2 for

levels).
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Preservative susceptibility profiles varied betweelapted derivative®. lata 383-CMIT
and 383-BIT both demonstrated a four-fold increes®IC values for the MIT/CMIT
blend and benzisothiazolinone; however,lata 383-BIT displayed a two-fold increased
susceptibility to benzethonium chloride. The addptderivative B. lata 383-BC
demonstrated a two-fold increase in tolerance tazéonium chloride and
benzisothiazolinone agents, but a decreased talerém methylisothiazolinone, methyl
paraben and phenoxyethanol (Table 18). The praseevsusceptibility profile of the
isothiazolone-adapted derivative 383-MIT was simtla that of the wild-type, the only
difference being an increased susceptibility (twlobf to benzethonium chloride (Table
18). Interestingly, both isothiazolone and benzeilnm chloride adapted derivatives did
not demonstrate an altered susceptibility to DMDyddntoin, or an increased tolerance to
phenoxyethanol and methyl paraben preservativadde ).

Susceptibility profiles suggested that the mechasideading to MIT/CMIT and BIT-
induced adaptive resistance conferred cross-ressthetween the related compounds:
isothiazolone-adapted derivatives 383-CMIT and B8B-each demonstrated a four-fold
increase in MIC values for MIT/CMIT and benzisoteéinone. In addition, the
susceptibility profile of the benzethonium chloHaéaptive derivative 383-BC suggested
cross-resistance to the unrelated compound beh@gotinone, as the MIC for both

agents had increased two-fold (Table 18).
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Figure 13. RAPD profile analysis ofB. lata strain 383 wild-type and preservative-adapted

derivatives.

Digitalised Bioanalyser fingerprinting profiles andustering analysis were performed in
GelCompar (Applied Maths). Pearson correlation Igiritiy coefficient with UPGMA dendrogram
type was used and position tolerance optimisaticaas et at 0.5%. Preservative adapted
derivatives 383-CMIT, 383-MIT, 383-BIT and 383-B&ke >94.5% similar to the parental strain
(WT) by RAPD profile, and were deemed to be theeatnain by this method. Similarities are
shown at the tree branchd3. multivoransATCC 17616 is shown as an outlier profile for a
different Bcc species, with less than 30% simyat B. lata strain 383 and its preservative-

adapted derivatives.
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Table 18. Minimum inhibitory concentrations of preservatives for B. lata strain 383
and preservative adapted derivatives

MIC (%) and change (xfold) in MIC from wild-tydevel

B.lata strain
MIT/CMIT * MIT BIT BC MP PH DH
wild-type 0.00004681 0.0012125 0.000625 0.0125 0.09375 1878. 0.0063281
383-CMIT 0.00018725 x4 0.0012125 0.0025 k4 0.0125 - 3¥B9 - 0.1875 -| 0.0063281 -
383-MIT 0.00004681 -| 0.0012125 A 0.000625 |- 0.00625 0.509315 - 0.1875 -| 0.0063281
383-BIT 0.00018725 x4 0.0012125 0.0025 K4 0.00625 009375 - 0.1875 -| 0.0063281
383-BC 0.00004681 -| 0.0006063 x0.5 0.00125 |[x2 0.025 x2046875 x0.p 0.09375 xQOQ5 0.0063281
Footnotes:

MIC, minimum inhibitory concentration; MIT/CMIT, ethylisothiazolinone and
chloromethylisothiazolinone; MIT, methylisothiazmdine; BIT, benzisothiazolinone; BC, benzethonium

chloride; MP, methyl paraben; PH, phenoxyethandH) dimethylol dimethyl hydantoin;
L A cosmetic grade commercial blend evaluated

- No change from wild-type level.

% refers to v/v for MIT, MIT/CMIT, PH and DMH; % fers to w/v for other agents.
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4.2.2.2 Growth dynamics of adaptedB. lata derivatives cultured in the absence and
presence of preservatives
Growth dynamics oB. latastrain 383 and preservative adapted derivativéisarpresence
and absence of preservatives were determined asmgdified microdilution broth assay
and a Bioscreen C microbial growth analyser, asridesd in section 2.13.3. The growth
curves generated were used to estimate the lefddly phase and the growth rate (Figure
14 & Figurelb). In the absence of preservatives, the wild-type derivatives 383-CMIT,
383-MIT and 383-BIT, had a similar lag phase of5~fiours. The adapted derivative 383-
BC had a significantly longer lag phase of 10 #50hurs (P <0.05), in the absence of
benzethonium chloride. The mean growth rates optediaderivatives 383-CMIT and 383-
MIT were similar to wild-type levels of ~0.5 gengoms h'; however, derivatives 383-BC
and 383-BIT were significantly slower (P<0.05) & & 0.02 and 0.2 £ 0.02 generations
h™. The length of the lag phase increased and tleeafagrowth slowed proportionately
with increasing concentrations of a preservativenagor both wild-type and preservative-
adapted derivatives. Interestingly, although growt883-BC and 383-BIT was slower
when cultured in higher concentrations of the agehat had induced resistance (i.e.
benzethonium chloride and benzisothiazolinone), tbduction was not significantly

different from that observed in preservative-freedm (Figure 15, panels D and C).

The highest preservative concentrations, at which parental strain and adapted
derivatives were capable of growth, are shown ibl@d9. The isothiazolone-adapted
derivative 383-CMIT demonstrated the largest inseeia tolerance from wild-type levels:
383-CMIT grew in MIT/CMIT concentrations eight-foldgher than that of the wild-type,
after an extended lag phase of 51.2 + 4.26 houigui& 14, panel A). The adapted
derivative 383-BIT also demonstrated a large inseda tolerance, and was able to grow
in benzisothiazolinone concentrations up to foud-foigher than that of the wild-type,
after an extended lag of 36.2 + 0.3 hours (Figutedanel C). Growth curve analysis
demonstrated lower levels of adaptive-resistance nethylisothiazolinone and
benzethonium chloride preservatives. The BC-adapten grew in concentrations of
benzethonium chloride that were two-fold higherntithat of the wild-type, after an
extended lag phase of 30.9 + 3.4 hours. The gramtlysis demonstrated an increased
tolerance to methylisothiazolinone in the MIT-adapterivative that was not evident in
earlier evaluations of MIC values: 383-MIT was aldegrow in concentrations of MIT

two-fold higher than that of the wild-type, after extended lag of 45 + 2.2 hours.
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The analysis of the growth dynamics of adapted veévies in the presence of
preservatives, suggested the induced mechanisndindgeato MIT/CMIT-adaptive
resistance conferred cross-resistance to the delatghiazolone compound BIT (Table
19). Growth dynamics did not indicate that presewveainduced adaptive resistance
conferred cross-resistance to unrelated compouhiks. benzethonium chloride-adapted
derivative, which had demonstrated an increaseli@ td benzisothiazolinone (Table 18),
failed to grow in concentrations of the agent higian that of the parental strain (Table
19). In addition, none of the preservative-adaptedvatives grew in medium containing
higher concentrations of methyl paraben, phenoxeih and DMDM hydantoin, than
that tolerated by the parental strain (Table 19).

Preservative-adapteB. lata strain 383 derivatives were incapable of growthmiedia
containing concentrations of preservatives highantthe maximum regulated levels for
use in personal care products, in EU-regulated tci@sn(seeTable 2 for levels). The
growth of the preservative-adapted derivatives ireguhe following fold-reduction from
maximum regulated levels: a three-fold reductionbefzisothiazolinone levels for the
BIT-adapted derivative; a four-fold reduction of MCMIT and benzethonium chloride
enabled the growth of 383-CMIT and 383-BC derivadivand an eight-fold reduction of

methylisothiazolinone was required for the growtlisothiazolone-adapted derivatives.
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Table 19. The highest preservative concentration inwhich B. lata strain 383 and
adapted derivatives were capable of growth

Preservative concentration (%) and change (x féroin wild-type level

B.lata strain 1

MIT/CMIT MIT BIT BC MP PH DMH
wild-type 0.00004683 0.00060625 0.00125 0.0125 0.0938 930D 0.00506
383-CMIT 0.00037462  x8 0.00121250  x2 0.00250  x2| 0.0063 0.5x 0.0938 - 0.09375 - 0.00506
383-MIT 0.00004683 - 0.00121250  x2 000250  x2 0.0125 - 9O - 0.09375 - 0.00506
383-BIT 0.00018731 x4 | 000121250  x2 0.00500 x4 0.0125 - 0480 x05 0.09375 - 0.00506
383-BC 0.00004683 - 0.00060625 - 0.00125 - 00250  x2Z 0.04680.5 0.09375 - 0.00506

Footnotes:

MIT/CMIT, methylisothiazolinone and chloromethyltbéazolinone; MIT, methylisothiazolinone; BIT,
benzisothiazolinone; BC, benzethonium chloride; Miethyl paraben; PH, phenoxyethanol; DMH,
dimethylol dimethyl hydantoin.

L A cosmetic grade commercial blend evaluated
- No change from wild-type level.

% refers to v/v for MIT, MIT/CMIT, PH and DMH; % fers to w/v for other agents.
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Figure 14. The effect of increasing preservative ogentration on the mean lag phase dB.
lata strain 383 and preservative adapted derivatives.

The mean lag phase (hours) of B. lata strain 3&&-type (WT) and adapted derivatives cultured
in BSM (CYG) broth containingA) MIT/CMIT isothiazolinone blendB) methylisothiazolinone
(C) benzisothiazolinon¢D) benzethonium chloridéE) methyl paraberfF) phenoxyethano{G)
DMDM hydantoin preservative agents. All lag phasese over 5 hours, absent bars indicate no
growth at test concentration. The parental andsaéve strains failed to grow at concentrations
higher than that shown in the figure. Error barsvstihe standard error (SE) of six technical
replicates from two biological replicates. Sigrgiit differences (R 0.05) from the wild-type at
individual test conditions are denoted by an aste(Kruskal-Wallis and Mann-Whitney (two-
tailed) statistical tests).
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Figure 15. The effect of increasing preservative ogentration on the mean growth rate ofB.
lata strain 383 and preservative adapted derivatives.

The mean growth rate (generations h-1)Bof lata strain 383 wild-type (WT) and adapted
derivatives cultured in BSM (CYG) broth containif®y) MIT/CMIT isothiazolinone blend (B)
methylisothiazolinone (C) benzisothiazolinone (Bnbethonium chloride (E) methyl paraben (F)
phenoxyethanol (G) DMDM hydantoin preservative dgeifhe parental and derivative strains
failed to grow at concentrations higher than thHatven in the figure. Absent bars indicate no
growth at the test concentration. Error bars shoewstandard error (SE) of six technical replicates
from two biological replicates. Significant differees (P< 0.05) from the wild-type at individual
test conditions are denoted by an asterisk (Krdékalis and Mann-Whitney (two-tailed)
statistical tests).
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4.2.3 Antibiotic susceptibility of adapted B. lata derivatives

The susceptibility to eight antibiotics, determineging antibiotic Etest® strips, &. lata
strain 383 and preservative-adapted derivativesshiswn in Table 20. The MIC of
imipenem and azithromycin for wild-type and adaptiedivatives exceeded the highest
concentration on the Etest strip; therefore, aneiage in tolerance to either agent could not
be detected using this method. The MIC values of ftazelime,
trimethoprim/sulfamethoxazole and piperacillin daidt vary greater than two-fold from
wild-type levels.

Preservative-adapted derivatives 383-CMIT and 3B3d&monstrated a large (>25-fold)
increase in tolerance to ciprofloxacin, increadnogn 1.25 to >32 pg/ul (Table 20). These
derivatives also demonstrated a >two-fold incraa9dIC for chloramphenicol, from 160
to >256 pg/ml - exceeding the highest concentratbrthe Etest strip (Table 20). In
contrast to the increased tolerance to ciproflaxa8B3-CMIT and 383-BIT derivatives
demonstrated an increased susceptibility to anmkacwith an eight-fold and 19-fold
reduction in MIC respectively (Table 20). The Mi@lwes of ciprofloxacin and amikacin
for the derivative 383-MIT were similar to wild-tgdevels in contrast to 383-CMIT and
383-BIT. The antibiotic tolerance of the benzethiomichloride-adapted had not increased,;
rather,B. lata 383-BC demonstrated a three-fold decrease in the fdi amikacin and a

two-fold decrease in the MIC for chloramphenicobkveetected.

Using an overall antibiotic profile score, as agistic measure of multi-drug resistance in
the preservative adapted derivatives (Reisal, 2009), all derivatives had a profile score
lower than the parental straiB. lata strain 383 (wild-type) had the highest score of
>84.69, and derivative 383-BC had the lowest sobreb8.20.
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Table 20. Antibiotic MIC for B. lata strain 383, the preservative-adapted derivatives

and reference organisms

Mean MIC of strains (ug/mi) Antibiotic

Organism profile

AMK AZM CAZ CIP CHL IMP PIP SXT SERTE
B.lata strain
383 wild-type 192 >256 12 1.25 160 >32 24 0.25 >84.69
383-MIT 128 >256 10 15 128 >32 24 0.25 >72.47
383-CMIT 24 >256 12 >32 >256 >32 24 0.315 >79.54
383-BIT 10 >256 10 >32 >256 >32 16 0.25 >76.53
383-BC 64 >256 12 1.25 72 >32 28 0.315 >58.20
Reference strain
S. aureusNCTC 12981 3 3¢ 32 0.38 6 0.25 4 0.125 6.54
E.coli NCTC 12241 25 16 1.5 0.094 8 1¢ 28 ¢ 0.19 4.71
P. aeruginosaNCTC 12903 25 >256 7 0.25 >256 >32¢% 24 ¢ 3 >72.59
Footnotes:

MIC, minimum inhibitory concentration; AMK, amikagi AZM, azithromycin; CAZ, ceftazidime; CIP,
ciprofloxacin ~; CHL, chloramphenicol ; IMP, imipeme PIP, piperacillin; SXT,

Trimethoprim/sulfamethoxazole.* The antibiotic profile score was an average of Milues used as a
measure of overall multi drug resistan¢@®utside manufacturers quality control range.
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4.2.3.1 Fluoroquinolone susceptibility of adaptedB. lata derivatives

A modified microdilution broth assay was used teeistigate cross-resistance to (second
and third generation) fluoroquinolone antibioticsisothiazolone-adapted derivativBs
lata 383-CMIT and 383-BIT. The MIC and MBC of ciproflosia, levofloxacin,
norfloxacin and sparfloxacin antibiotics for therguatal B. lata strain and derivatives are
shown in Figure 16. Derivatives 383-CMIT and 383-Bkd higher MIC and MBC values
than the wild-type and other adapted derivativesafbfluoroquinolone antibiotics. 383-
BIT demonstrated a higher tolerance to ciprofloratevofloxacin and sparfloxacin than
derivative 383-CMIT. The MIC and MBC values for dhwquinolone antibiotics for the
derivative 383-MIT were closer to wild-type leve(figure 16). Derivative 383-BC
demonstrated higher tolerance to killing by cipsgficin and norfloxacin but showed
increased susceptibility to sparfloxacin and leaxdicin from wild-type levels (Figure 16).
Norfloxacin inhibited growth of all preservative agated derivatives and the wild-type at
<256 pg/ml; however, bactericidal concentrationsderivatives 383-CMIT, 383-BIT and
383-BC were found to be four-fold higher than thiathe MIC at 1024 pg/ml.

4.2.3.1.1 Screening for mutations in the topoisomerase genes$ preservative-adapted
derivatives with fluoroquinolone cross-resistance
Resistance to fluoroquinolone antibiotics may avigethe accumulation of mutations in
the topoisomerase genes (ggrA, gyrB parC andparE), which are the primary target of
this antibiotic. To determine whether the increadledroquinolone resistance of the
preservative-adapted derivatives was a result dhtion(s), fragments<695 bp) of the
topoisomerase genes, that encompassed the folloguinplone resistance determining
region (QRDR) of each gene, were amplified and themuenced in both directions: for
gyrA, the coding region of protein residues 50 — 120 seguenced, encompassing the
putative QRDR of protein residues 67 — 106 (Hopkihal, 2005; Popeet al, 2008); for
gyrB , the coding region of protein residues 376 — W28 sequenced , encompassing the
putative QRDR of protein residues 426 — 447 (Hopkinal, 2005) ; forparC, the coding
region of protein residues 50 — 100 was sequeraathmpassing the putative QRDR of
protein residues near Ser80 (Pagieal, 2008); forparE, the coding region of protein
residues 400 — 600 was sequenced, encompassimpyittitere QRDR of protein residues
420 — 529 (Hopkin®t al, 2005). On comparison, the aligned consensus segsevere
found to be identical (appendix 9.1); the preséveaddapted derivatives had not acquired
mutations within or outside the putative QRDR @ thpoisomerase genes.
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Figure 16. Susceptibility of B. lata strain 383 and preservative adapted derivatives to
fluoroquinolone antibiotics.

The minimum inhibitory and minimum bactericidal centrations of &) ciprofloxacin B)
levofloxacin C) norfloxacin D) sparfloxacin fluoroquinolone antibiotics, deteneil using a
modified broth microdilution assay based on CLSidglines (published 2006). The MIC and
MBC derived from four technical replicates withineobiological replicate are shown.
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4.2.4 Assessing the phenotypic stability of preservativexduced adaptive resistance

of B. lata strain 383
To assess the stability of preservative-inducedtna resistance oB. lata strain 383,
adapted-derivatives were repeatedly sub-culturedtha absence of the priming
preservative. RAPD analysis was used to confirm idhentity B. lata strain 383
preservative-adapted derivatives after sub-cultase,had been applied to the original
adapted derivatives after isolation (section 4.2After five and ten subcultures, the
growth dynamics of the adapted-derivatives in mexdiataining a range of preservative
concentrations, and the antibiotic susceptibiligrevre-assessed. Within ten sub-cultures,
the preservative and antibiotic susceptibility (lEgb18 and 20) of the preservative-
adapted derivatives (383-CMIT, 383-MIT, 383-BIT aB83-BC) did not revert to wild-
type levels.

4.2.5 Biofilm formation of preservative-adaptedB. lata strain 383 derivatives

The formation of biofilm biomass by preservativexptbd derivatives, cultured in the
absence and presence of sub-inhibitory preservatimeentrations, was determined using
a crystal-violet staining assay. The biofilm forroatof the derivatives 383-CMIT, 383-
MIT and 383-BIT was similar to that of the parerBallata strain 383 (Figure 17). The
benzethonium chloride-adapted derivative produdguificantly more (P <0.001) biofilm
biomass than that of the parental strain in BSM @} Yroth, in the absence and presence
of preservatives other than benzethonium chlorkde exception to this biofilm positive
phenotype was that, when cultured in the presemficgulo-inhibitory concentrations of
benzethonium chloride, the amount of biofilm biom&srmed by the derivative 383-BC,
reduced to that of parental strain (Figure 17, pB)eln addition, this derivative tolerated,
and formed a biofilm biomass in, BSM (CYG) brothpat 5, in the presence and absence
of sodium benzoate. Under these conditions, therpal strain and isothiazolone-adapted
derivatives did not form a biofilm biomass that wketectable by this method (Figure 17,
panel G).

Biofilm formation of the preservative-adapted datives, in response to sub-inhibitory
preservative concentrations, did not significamigrease (P >0.05Figure 173. Although
not significant (P >0.05), biofilm formation of tlaglapted-derivative 383-BC increased in
response to benzisothiazolinone and methyl paréBgare 17, panels D and F); biofilm
formation of 383-BIT also increased in responsestd-inhibitory concentrations of

phenoxyethanol (Figure 17, panel H).
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Figure 17. The effect of sub-inhibitory preservatie concentrations on the biofilm
biomass ofB. lata strain 383 and preservative adapted derivatives.

The mean absorbance, obtained by crystal violetyassf biofilms of B. lata strain 383 and
preservative adapted derivatives 383-CMIT, 383-M8B3-BIT and 383-BC cultured in BSM
(CYG) broth containing sub-inhibitory concentrasoof (A) MIT/CMIT isothiazolinone blendB)
methylisothiazolinongC) benzisothiazolinon¢D) benzethonium chloridéE) DMDM hydantoin

(F) methyl parabenG) sodium benzoatéH) phenoxyethanol. Preservative concentrations are
presented as fractions of the relative MICs. Sodhenzoate was assayed at pH 5, all other
comparisons were conducted at pH 7. Error barsatelistandard error of the mean of triplicate
stained wells of a test plate. Kruskal-Wallis andari-Whitney (one-tailed) statistical tests
revealed there was no significant increase in loiofproduction from control levels, in the
presence of sub-inhibitory concentrations of thesprvatives (P>0.05). 383-BC and 383-CMIT
had significantly different (P<0.002) biofilm proction from the wild-type in control conditions.
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4.2.6 Swarming motility of adapted B. lata derivatives

The swarming motility of preservative-adapted daties ofB. lata strain 383, on semi-
solid (preservative free) swarm plates, is showrrigure 18. Swarming motility of the
adapted derivative 383-MIT was similar to the wigbe: it exhibited the characteristic
blue-green pigmented dendritic swarm, and reachddmeter of 50.5 £+ 0.3mm at 48
hours (Figure 18, panel D). The adapted derivatB&CMIT and 383-BIT demonstrated
reduced swarming motility: the diameter of the smareached a mean diameter of 27.5 +
1.1 mm and 27.5 + 0.3 mm (Figure 18, panels C apdIrE addition, the adapted
derivatives 383-CMIT and 383-BIT displayed an atermorphology and reduced
pigmentation, as shown in Figure 18, panels C anthé adapted derivative 383-BC also
displayed poor swarming motility, with a swarm deter of 26 + 1.4 mm; however, the
swarm morphology and pigmentation were similaht bf the parental strain (Figure 18,
panel F).

162



CHAPTER 4 -ADAPTIVE RESISTANCE TO PRESERVATIVE

Figure 18 Swarming mofiility of B. multivorans ATCC 17616, B. lata strain 383 and
preservative-adapted derivative: of B. lata strain 383.

The swarm morphology ) B. multivoransATCC 17616(B) B. latastrain 383 wil-type (C)

B. lata 383-CMIT (D) B. lata 383-MIT (E) B. lata 383-BIT (F) B. lata 38:-BC on semi-solid
isosensitest swarm agar (without preservativedBdtours. The mean swarm diameter (£ STD
for the respective strains was as follows: 55&5mm, 50 mm, 27.5 + 1.1 mm, 50.5+ 0.3 n
27.5+ 0.3 mm and 26 £4 mm
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4.3 DISCUSSION

4.3.1 Stable adaptive resistance to preservatives can beveloped inB. lata strain
383

The preservative-induced adaptive resistandg. déta strain 383 was investigated via the
progressive sub-culture of the strain on media aoitg increasing sub-inhibitory
concentrations of an individual preservative. Tépproach represented exposure to low
levels of an active ingredient that may occur agslt of the inadequate sanitation of
production lines (i.e. residue of a dilute indudtproduct); the leaching or binding of a
preservative or preservatives within a system;@miie deleterious activity of formulation
excipients on a preservative system. The investigaif Bcc adaptation to combinations
of preservatives, often used in industry, and pcodarmulation (that may possess an

intrinsic anti-Bcc activity (Maillard, 2009), wagyond the scope of this study.

Adaptive resistance was developedBn lata strain 383 to methylisothiazolinone, the
MIT/CMIT isothiazolinone blend, benzisothiazolingn@nd benzethonium chloride
preservatives: these agents were from two of thee dlasses of preservatives evaluated in
this study. Preservative-induced adaptive resistavaes remarkably stable. The observed
increase in the level of resistance persisted énaiisence of the priming agent, without
reversion to wild-type levels. This suggests thatsprvative-induced resistanceBnlata
strain 383 may not be transient in nature, andréfmstance, once developed, may persist.

A high degree of stable adaptation to the blendbf/CMIT isothiazolone agents was
observed inB. lata strain 383. Exposure to sub-inhibitory concentragioof the
isothiazolones induced resistance mechanisms é¢satted in a four-fold increase in the
MIC, and the ability to grow in the presence of MIMIT concentrations eight-fold
higher than that of the parental strain. High leadhptation to the (cosmetics grade)
isothiazolone blend has also been documented ier diacterial species. For example,
Orth and Lutes (Orth & Lutes, 1985) reported adamtato MIT/CMIT, in which S.
aureus, P. aeruginosand E.coli increased their tolerance by 5 -, 10-, and 30-fold
respectively. Interestingly, the investigation ebthiazolone-induced adaptive resistance
in P. aeruginosaimplies that the chemical form of preservativesynadso affect the
stability of preservative-induced adaptation. Isablinone-induced resistance iR.
aeruginosahas been accompanied by the loss of a 35-kDa owtenbrane protein (T-
OMP), presumed to be involved in the uptake ofhsaolone molecules (Brozel &
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Cloete, 1994). Following exposure to the cosmaiiesle blend of isothiazolone
preservatives (MIT/CMIT), levels of resistance, ahd outer membrane profiles of the
adapted-derivative, did not revert to wild-typedbesswhen cultured in the absence of the
priming agents (Brozel & Cloete, 1994). In contrdevtels of adaptive-resistance induced
by the isothiazolones in their purest chemical farmere less persistent. In the absence of
the priming preservatives, levels of resistanceatestrated a reversion to wild-type levels,
and in association, the T-OMP reappeared in therauembrane profile (Windest al,
2000). The effect of preservative blends, in asttwith chemicals in their purest form,

on the stability of Bcc adaptation, may be wortliyusther investigation.

The cost to fitness (i.e. the rate of growth) efqarvative-induced adaptive resistancB.in
lata strain 383, appeared to be agent specific. Adaptdat methylisothiazolinone and the
blend of MIT/CMIT was less costly to fitness, aglitl not significantly alter the growth
rate or length of lag-phase. Benzisothiazolinoned @&enzethonium chloride induced
adaptive resistance reduced the fitness of thevaterés, this was indicated by a slower
growth rate and lag-phase increased to that ofwitg:type. These are characteristics
commonly associated with bacterial adaptation tnmacrobials (Joynsoret al, 2002).
Interestingly, the extended lag-phase of the B(ptthderivative significantly reduced in
the presence of sub-inhibitory concentrations a priming preservative (BC). This
suggests that following adaptation to benzethonaioride, the agent is required for

normal growth characteristics.

The survey of Bcc susceptibility to preservativesdiin industry (discussed in Chapter 3)
revealed that Bcc isolates from environmental-itidaissources were significantly more
tolerant to DMDM hydantoin than Bcc from clinicalndh environmental sources.
Interestingly, DMDM hydantoin-induced adaptive stance irB. latastrain 383 was not
promoted, via progressive sub-culture on BSM agantaining sub-inhibitory
concentrations; and cross-resistance to DMDM hyalantas not observed in any of the
four preservative-adapted derivatives. Similarijaative resistance to methyl paraben and
phenoxyethanol was not promoted by this method, tedfour preservative-adapted
derivatives did not display cross-resistance teetragents. Adaptive-resistance to DMDM
hydantoin, methyl paraben and phenoxyethanol, hesn bsuccessfully induced via
progressive culture in media containing sub-inbityitconcentrations, in other bacterial
species including. aeruginosa, E. coAndS. aureugAbdel Malek & Badran, 2010; Orth
& Lutes, 1985). This suggests that these agents beaecalcitrant td. lata strain 383
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adaptation. Whether adaptive resistance plays quoriant role in the selection of Bcc
with elevated tolerance to DMDM hydantoin in thevieonmental-industrial niche remains
to be determined. In the survey of Bcc preservasivsceptibility (Chapter 3), strains
demonstrating the highest MICs for DMDM hydantoieldnged toB. arboris, B.
cenocepaciaand B. multivoransspecies groups. Bcc adaptation to DMDM hydantoin
methyl paraben and phenoxyethanol, may be speciegen strain specific, and/or require

environmental factors not replicated in this study.

Whether preservative-induced Bcc adaptive-resistafacilitates adaptation to other

antimicrobials is also worthy of further investigat. The competence of the preservative-
adaptedB. lata derivatives to develop additional adaptive-resis¢ato preservative agents

such as DMDM hydantoin, methyl paraben and pherntbgyml, or to biocides used as

disinfectants, was not assessed in this study.

4.3.2 Preservative cross-resistance @. lata 383 derivatives

Isothiazolone-adapted derivatives 383-CMIT and B8B-demonstrated cross-resistance
to benzisothiazolone and the blend of MIT/CMIT mmestives; these are related
compounds that are considered to have a similaerbdction and cellular target (Collier
et al, 1990a; Denyer, 1995). The preservative suscéiptilprofile of the isothiazolone-
adapted derivatives varied, and adaptation to niistilfiazolinone did not confer cross-
resistance to other agents of the same class. Jumggests that the mechanism or
combination of mechanisms leading to isothiazoladaptive resistance may be agent
specific. Adaptation to benzethonium chloride wad associated with a reproducible
increase of tolerance to the unrelated preservatyemts evaluated, and cross-resistance to
related QACs was not investigated.

Cross-resistance to additional biocides, used siafdctants and/or antiseptic agents, was
not evaluated in this study. This is worthy of istigation as cross-resistance among
preservatives and disinfectants has potentiallyogsr implications in the ability to
eradicate resistant organisms from contaminatethe@s, or manufacturing processes,
using disinfectants (Chapman, 1998). Many clasdegpreservative agents, such as
alcohols, QAC, formaldehyde, bisguanides, and l@spls, also function as disinfectants
and/or antiseptics at higher concentrations (RUs26D4b). Although the reduction in
susceptibility, associated with preservative-indledaptive resistance, is generally quite
low, any reduction in susceptibility can be a peosbl (Chapman, 1998); whether
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preservative-induced adaptive resistance contrbtdehe selection and breakthrough of

biocide resistant Bcc bacteria remains to be erplor

4.3.3 Adaptation to preservatives can confer stable cros®sistance to antibiotics

In recent years, there have been growing conceaidlie extensive use of antimicrobials,
in domestic and industrial settings, may be a douting factor to the development and
selection of antibiotic resistant strains (Gilb&tMcBain, 2003). The present study
demonstrated that although the mechanisms leadingréservative-induced adaptive
resistance inB. lata strain 383 may not confer multi-drug resistancegytimay be
associated with a stable reduction in suscep#tdiitclinically relevant antibiotics such as

thefluoroquinolones.

Fluoroquinolone antibiotics have dual targets, ispmerase Il (DNA gyrase) and
topoisomerase IV, which are related but distinctyemes involved in DNA synthesis
(Chen & Lo, 2003). Two classically described resise mechanisms have been associated
with fluoroquinolone resistance in Bcc bacteria:

(1) an accumulation of mutations in quinolones®sice determining region

(QRDR) of the topoisomerase genes, resulting imaracid substitutions, that can

weaken quinolone binding;

(2) a reduction of the intracellular accumulatioh the drug by active efflux

(Popeet al, 2008).
Sequence analysis of tH& lata strain 383 derivatives revealed that fluoroquinelon
resistance was not mediated by target modificatiesistance was mediated by a different
mechanism or combination of mechanisms such aseaciflux and/or decreased
permeability. The observed levels of reduced susubly to isothiazolinone
preservatives, and fluoroquinolone antibiotics (H0& fold increase in MIC for both
agents), are indicative of active efflux as appostarget modification, and/or enzymatic
degradation of the drug (Piddock, 2006).

Interestingly, adaptive resistance to isothiazalmoagents (CMIT, BIT) conferred
increased susceptibility to amikacin. Bcc bactease intrinsically resistant to
aminoglycoside antibiotics; this inherent trait Haeen attributed to the structure of the
LPS in the outer membrane, and antibiotic modifyerigymes (Coenye, 2007b). The
primary target of aminoglycosides is the inhibit@iribosomal protein synthesis. To enter
the cell, cationic compounds such as amikacin ussel&promoted uptake system
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involving the interaction of polycation with thevdient cation-binding site of the LPS
(Coenye, 2007b). Binding of the aminoglycoside kssin the disruption of the outer
membrane, and increases uptake of the agent. Tutwse of the Bcc LPS conceals the
iron cationic binding sites, while the unique comition of the core oligosaccharide,
which contains less phosphate and 3-deoxy-D-magtm-2-ulsonic acid than the LPS of
other Gram negative bacteria, neutralise the negatharge to the outer membrane
(Coenye & Vandamme, 2007b). Aminoglycoside-inad¢ingg enzymes, which may
modify a specific amino or hydroxyl group of thengmound, contribute to the intrinsic
resistance of Bcc bacteria, but are unlikely toveseas the sole resistance mechanism
(Coenye & Vandamme, 2007b). An increased suscéptibito amikacin, in
isothiazolinone-adaptel. lataderivatives 383-CMIT and 383-BIT, may be an indimat
of changes to the LPS, the outer membrane, antéareduced activity of chromosomally-

encoded aminoglycoside-inactivating enzymes.

The variation in antibiotic susceptibility betwedime isothiazolone and benzethonium
chloride-adaptedB. lata 383 derivatives, provides further evidence that theuced

mechanisms of adaptive-resistance are agent-speEifrther investigation of antibiotic
cross-resistance in other preservative-adapted Bttains may ascertain whether

preservative-induced mechanisms are also stratifgpe

4.3.4 Adaptive resistance to preservatives can alter biofm formation and
swarming motility

The effect of preservative-induced adaptive rest#aon the swarming motility, pigment

production, and biofilm formation oB. lata strain 383 appeared to be agent specific:
adaptation to methyliosthiazolione was not assediatith a significant alteration to these

traits; while the isothiazolone-adapted derivati888-CMIT and 383-BIT demonstrated a

reduced swarming motility. Adaptation to benzetlhiomichloride was associated with a
reduction in swarming, an increase of pigment petidn, and an increase of biofilm

formation.

The association of preservative-induced adaptiststance and an increase of biofilm
formation is a trait that may have serious implmag in an industrial setting; as bacteria
associated within biofilms are considered to benifigantly less susceptible to
preservatives and biocides than their planktonioivadent (Cloete, 2003; Donlan &
Costerton, 2002; Mortoret al, 1998). Combined with the inherent resistance haf t
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bacterial biofilm, low levels of preservative-ingutadaptive resistance may be amplified.
Additionally, the limited penetration of antimicriabs through the biofilm may facilitate
the further adaptation of sheltered cells and #iection of resistant organisms (Chapman,
2003a; Szomolagt al, 2005).

Quorum-sensing systems have been associated v@thegulation of an arsenal of Bcc
genes, including those involved in swarming matilibiofilm formation and pigment
production (Eberl, 2006; Ventuet al, 2004). The altered phenotypic traits of adaf@ed
lata strain 383 derivatives suggest that preservatidegad resistance mechanisms may
be associated with an alteration in the secreiensing and/or regulation of QS systems.
Wopperer et al. (2006) demonstrated the degradation of short- Emg-acyl-chain
homoserine lactone (AHL) signalling molecules, is¢éitl by Bcc bacteria, abolished
swarming motility, and significantly reduced pigmearoduction. The role of AHLSs in
biofilm formation has been shown to be strain-dipgcdecreasing biofilm formation in
many Bcc strains but increasing the biofilm biomafssthers. The putative role of quorum
sensing in the preservative-induced adaptive wmesist of Bcc bacteria remains to be

examined.

4.3.5 Adaptive resistance and preservative challenge tesy

Preservative challenge or efficacy tests are usedetermine whether a raw material
and/or finished product, are adequately preservedtlaerefore hygienically secure. Test
samples are challenged with a single or mixed ilmowf recommended test organisms
that represent organisms likely to be encounteredc@taminants (Russell, 2003a).
Reference microorganisms from culture collectiorestgipically recommended for use in
challenge tests, and although not recommended  leffighcy test methods, manufacturers
generally include adapted ‘in-house’ isolates thetve been recovered from the

manufacturing process (Or¢h al. 2006)).

Reference strains represent the genetic diverSiypoountered contaminants but they may
fail to evaluate the efficacy of a preservativeteys against native adapted organisms,
which may possess resistance traits (i.e. intrjrsocjuired and adaptive) shaped by the
selective pressures of an industrial environmerttis Tstudy demonstrated a clear
distinction in the susceptibility, and additiondgmotypic traits, of a reference straB (

lata strain 383) and its preservative-adapted derivatiiereservative efficacy tests
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utilising only un-adapted reference strains, inseethe risk of overestimating preservative

efficacy, and as a result may increase the likelthof product failure.

Preservative-induced adaptive resistanc®.ofata strain 383 persisted in the absence of
the priming agent: resistance did not revert tastype levels. This suggests preservative-
induced adaptive resistance has the potential taribate to the development of Bcc
resistance to preservatives, as any reduction soegtibility may favour the subsequent
acquisition of additional resistance traits (viatation or horizontal gene transfer from
other resistant species) that may lead to highl Iessstance, and the breakthrough of
resistant organisms (Fernandetzal, 2011). Challenge tests are designed to evalbate t
efficacy of preservatives in protecting a productmaterial from microbial insult, but they
do not consider the capacity of an agent, or coatlnins of preservatives, to induce
bacterial adaptation that may lead to a reductiosusceptibility. The potential for the
induction of adaptive-resistance should perhapadsessed in parallel to the ability of a

preservative agent or system to inhibit and/ordhithllenge test organisms.
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4.4 CONCLUSIONS

The main conclusions gained from the study of prxedre-induced adaptive resistance in

Bcc are:

1)

2)

3)

4)

The progressive sub-culture &. lata strain 383 on increasing sub-inhibitory
concentrations of isothiazolone and benzethoniularicle preservatives developed
stable (not transient) adaptive resistance. Thatgse reduction in susceptibility
was associated with the cosmetic grade blend off @NIIT preservatives. Further
investigation is required to establish whether tmechanisms leading to
preservative-induced adaptive resistance, the leveeduced susceptibility, and

the stability of adaptation are Bcc species ansttain-specific.

Preservative-adaptd®l latastrain 383 derivatives remained susceptible tol¢eok

preservatives regulated for use in personal careygts.

Adaptive resistance to DMDM hydantoin, phenoxyetilaand methyl paraben
preservatives could not be promotedinlatastrain 383 by progressive subculture
on agar containing sub-inhibitory preservative @nrations. Adaptive resistance
to these agents may be Bcc species and/or stragifisp or require environmental

factors not replicated in this study.

Growth curve analysis suggested that the fithesst ob preservative-induced
adaptive resistance & latastrain 383, may be agent specific: adapted deviesti
383-BIT and 383-BC had slower growth rates thareiodapted derivatives, and
the parental strain. Following adaptation to bemaeium chloride, theB. lata

strain 383-BC derivative required the presence hef preservative for normal

growth.
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5)

6)

7

8)

9)

The preservative and antibiotic susceptibility pesf of preservative-adaptesl.
lata strain 383 derivatives varied. This suggested tihatmechanisms leading to

preservative-induced adaptive resistance may bet-ggecific.

The mechanisms leading to MIT/CMIT and BIT-induceskistance conferred
stable cross-resistance to fluoroquinolone anitsotFluoroquinolone resistance,
observed in adapted derivatives 383-CMIT and 38B-BVvas not mediated via
target modification; therefore, resistance waslyikee be mediated by a non-
specific resistance mechanism or combination ofraeisms, such as active efflux

and/or decreased cellular permeability.

Overall, preservative-induced adaptive resistamc®.i lata strain 383 was not
associated with multi-drug resistance: the presemradapted derivatives had an
antibiotic susceptibility profile lower than thatthe parental strain.

Preservative-induced adaptive resistancé.irata strain 383 affected swarming
motility, pigment production, and biofilm formatipm an agent-specific manner.
The alteration of these QS-regulated phenotypitstraay indicate an alteration in

the secretion, sensing and/or regulation of quosansing systems.

The progressive sub-culture Bf latastrain 383 in sub-inhibitory concentrations of
preservatives did not promote high levels of resisg¢; preservative-adapted
derivatives were susceptible to the maximum lewélpreservatives regulated for

use in personal care product.

10)A greater understanding of the potential for a @restive agent, or combination of

agents, to induce adaptive resistance in Bcc bactaay facilitate the design and
implementation of improved preservative stratedgined resist adaptation, thereby,

minimising the risk of developing preservative stsince.
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5 THE GENETIC DETERMINANTS FOR PRESERVATIVE RESISTANC E

5.1 INTRODUCTION

Bacterial contamination of preserved industrialducis can lead to economic loss, and
depending on the contaminating organism, may poskeath risk to vulnerable
consumers. Burkholderia cepaciacomplex bacteria, a group of closely related
opportunistic pathogens that are ubiquitous inrtawral environment, are predominant
Gram-negative contaminants of sterile and nonistgrreserved pharmaceuticals and
personal care products (Jimenez, 2007). MembettseoBcc are renowned for high levels
of intrinsic antimicrobial resistance, and theirilip to contaminate antimicrobial
solutions, and withstand antibiotic therapy, is lveelcumented (Mahenthiralingaet al,
2008). In order to better target these organisnssihportant to understand the molecular
and genetic determinants for antimicrobial resisann recent decades there have been
great advances in the characterisation of Bcc mtittbresistance mechanisms (Burns,
2007); however, these mechanisms only represenmnall sninority of the potential
resistance determinants of these organisms. Thetigebasis for Bcc preservative
resistance has not been extensively characterised.

Transposon mutagenesis remains one of the mostisaxédy used genetic techniques for
the characterisation of bacteria (Dennis & Zylsir@98); chromosomal mutants can either
be generated randomly or site-specifically (SchewiZ2008). There are many well
characterised transposons available for the muesierof Gram-negative bacteria (De
Lorenzo et al, 1990; de Lorenzo & Timmis, 1994; Hayes, 2003)wdaer, inherent

difficulties with their use often necessitate emgnng to improve transposition and

selection efficiency, as well as versatility andgt@ange.

The problems associated with the use of transposank as Tn5, have been largely
overcome with the development of mini-transpos@ch{veizer, 2008; Dennis & Zylstra,
1998). These small specialised transposons, enguhe® that the cognate transposase is
located outside the transposon’s inverted repesa#dly integrate into the target DNA
without its transposase; thereby preventing sules®dguwanspositional events and genomic
rearrangements (De Lorenad al, 1990). Denniset al. (1998) modified the basic Tn5-
based mini-transposon to include: a conditionajiorof replication, thereby facilitating
the rapid cloning of DNA flanking the site of inien; exchangeable antibiotic resistance
selective markers; and rare endonuclease sitesder to facilitate the localisation of the
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insertion within a physical genomic map by pulsaefigel electrophoresis. The basic
construct of the Tn@od plasposon, with a trimethoprim resistance cassesttehown in
Figure 19. Once introduced into the host bacterithma,selection marker is lost from the
cell population unless a transposition event tagkase that involves the expression of the
transposase gene, and the stable integration ofndnéer gene into the host genome
(Leveauet al, 2006). Since its original publication (Dennis &l&ra, 1998), plasposon
technology has been successfully used to genenatiniribraries of several, 3- andy-
proteobacteria; and has been successfully apmi¢iet study of Bcc bacteria (Dennis &
Zylstra, 1998; Engledowet al, 2004; Fehlner-Gardineat al, 2002; Fehlner-Gardiner &
Valvano, 2002; Komatseat al, 2003; Moreireet al, 2003; Ramost al, 2010).

Following mutagenesis, mutants can be analyseth&alteration of a specific trait; often
defined as a loss-of-function or gain-of-functidmepotype. Mutants-of-interest may then
be characterised and the genetic basis of the immtdetermined. In many plasposon-
based studies, the original protocol of rescueintpmwas used to determine the site of the
plasposon insertion within the genome. Brieflystmvolves the digestions of genomic
DNA of the plasposon mutant, self-ligation and sfanmation into a permissivié. coli
host strain, followed by the isolation of the plaspn, and sequencing using outward
facing primers targeting the plasposon (Dennis &s#g, 1998). Genomic flank-
sequencing is a one-step alternative method taeesloning; suitable for scenarios where
DNA fragments are not required for follow-up purgsge.g. for sub-cloning or as a probe
for Southern hybridisation). This method can ob@2MA adjacent to the site of insertion
directly from the genomic DNA of plasposon mutantsing outward facing sequencing
primers, that target the end of the plasposon,ahdrary primers (Leveaet al, 2006;
Manoil, 2000). This method significantly reducese ttime and effort involved in
characterising a mutant library, and is thereforeranamenable to high-throughput
(Leveauet al, 2006).

5.1.1 Aims
1) To investigate the genetic determinants of isothli@ze and DMDM hydantoin
susceptibility ofB. lata strain 383, by random insertion mutagenesis with th

plasposon derivative pModO-Tp'.
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Figure 19.The plasposon pTnMod-OTp' used for the miagenesis oB. lata strain 383.

The plasposon contains several modules (not t@saalresistance gene — the schematic shows a
trimethoprim resistance gene (Yps an open blue arrow; an origin of replicatipkiB1 oriR), for
replication inE. colihost such as DHbor JM109; an origin of transfer, (R4 T); a transposase
gene outside the inverted repeats (Tn5 tnp*); amal multiple cloning sites. Commonly used
restriction sites are labelled on the schematic.ifiRerted repeats. Adapted from Deneisal.
(1998) and Leveaat al(2006).
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5.2 RESULTS

Random transposon mutagenesis was used to inuvestiga genetic determinants of
isothiazolone and DMDM hydantoin resistanceBoflata strain 383. A mutant bank of
2905 derivatives oB. latastrain 383 was created using the plasposonNdddNOTp’ (as
described in section 2.10)To facilitate the rapidracterisation of mutants-of-interest,
DNA sequences flanking the transposon insertioa gie. the transposon-chromosome
junction) were produced directly from genomic DNsblated from the plasposon mutants
(as described in section 2.10.4). Two primers (Rd R3) were designed for this purpose,
to be used in conjunction with the published prisneé2b and P4 (O'Sullivaet al, 2007).
To validate the specificity of primers P1 and P&ied reverse primer (Pc) was designed;
as the use of primer 2b in conjunction with prinkRd&r would have resulted in variably
sized PCR product. The pairing of the designed gmrsn?1 and P3 with Pc resulted in PCR
amplicons of the expected size (458 bp and 426dapa not shown); therefore, the
validated primers were used in conjunction with prblished primers for all nested PCR

reactions, and primer P3 was used for genomic faguencing.

To test for randomness of transposon insertiores,bmk was screened for auxotrophic
mutants (as described in section 2.10.2). Auxotyopéin arise via the disruption of a
number of genes encoding biosynthetic precursbeseby providing a large target for
mutagenesis (Hughes, 2007). Of the 2905 mutantg,1l.336) were putative auxotrophs
and these mutants were randomly distributed througthe bank. In addition, ten of the
2905 mutants were selected at random, their idectibfirmed by RAPD profile analysis,
and the genetic basis of their mutation determimgdorrelation to thd. lata strain 383
genome (Winsor, 2008). The ten transposon insextroere located within different genes

located on the first (n = 6), second (n = 2) andltfn= 2) chromosomes (data not shown).

The B. lata strain 383 transposon mutant bank was subsequsatgened for altered
susceptibility to DMDM hydantoin, methylisothiazaotine and the isothiazolone blend
MIT/CMIT. Replica plating onto BSM (CYG) agar comisng a range of preservative
concentrations (as described in section 2.10.3) Abbve and below tH&. latastrain 383
MIC was used to identify mutants with an increaseddecreased susceptibility. This
resulted in two classes of mutant being identifigldich were designated as:

() those with a positive phenotype and an inceda®lerance to a preservative;

(i) those with a negative phenotype and an irsgdapreservative susceptibility.

Mutants-of-interest, with a putative altered susibégy, were rescreened for phenotypic
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confirmation. The preservative screens identifigdtal of 67 (2.3%) mutants with altered
susceptibility to that of the wild-type strain. &ktability of the Th mutants was proven by
replating onto the preservative agents. The idemitthese mutants was confirmed by
RAPD profile analysis (data not shown), and theegjenbasis of their mutation was
determined. The 67 mutants identified were catsgdribased on the cluster of

orthologous group (COG) assignment, as shown iheT2h

For reasons of simplicity, henceforth the mutatiovif be described as the encoded
protein homologue of the Tn disrupted genes; theiual roles in preservative resistance
should still be considered putative at this stage.
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Table 21.Transposon-interrupted genes dB. lata strain 383 exhibiting altered susceptibility to isthiazolone and/or DMDM hydantoin preservatives

xsli?r:gcfgeggge:ssignmem) Mutant name Phenotype :—nr?:rsr\'j;f:;- sliDtgA(zﬂanl;;ng UEEEsen ISeHien Putative gene product
gene(s) ID
Amino acid transport and metabolism 16:H8 CMITTMIT T B2900 GAT GT GCGT GGCCGAGCGGG branched-chain amicid efflux pump, AzIC (azaleucine resistance)
5:D11 CMITSMIT SDMH $  A5590 GAAGCCCGCCT TGAT CAGCT ketol-acid reductoisomsga
27:H4 CMITSMIT SDMH $  A5803 TGCCTGATGCCGCCCGACTA sulfate adenylyltransgeraubunit 2
Carbohydrate transport and metabolism 12:H10 DMHT A5936 @ GCCGCGCGGCT GCCGGCCGA Carbohydrate kinase, FGGY
24:C3 DMHT I: A5936 @ GCCGAAGGACT GGCT GCGCA Carbohydrate kinase, FGGY
12:C6 CMITSMIT S A3746 GGT GCGCT GT CGT GCGCGAA phosphogluconate dehyd@t
26:C6 CMIT S A6191 ® CGACCACGCCGTTCTCTTC PTS system fructose subfamiy ¢dbmponent
24:.C10 CMITSMIT S A5413 © CGGCCTTCTCGATCGCCT GC phosphopyruvate hydratase é=edl
Cell division and chromosome partitioning 16:A3 CMIT A3275 @ AT CGAGGACNAGAT CCACCG tRNA uridine 5-carboxymethylandmethyl modification enzyme, GidA
Cell envelope biogenesis, outer membrane 16:G9 DMHS A5770 CGAT CGCGACGCT CGCGT AA surface antigen (D15)
R:B9 CMIT A3741 TCGCGT GGACAGAACACGCT Rare lipoprotein B
8:E8 CMIT S [ A3741 GGCACCGT GCT GAT CCCGCC Rare lipoprotein B
29:G3 CMIT S B1913 GGGCT GGGCTTCCAGCACGA sugar nucleotidyltranafer-like
31:G7 CMITSDMH SMIT $  A3637 TCTCGACGCCGCGCGCCGCA S-adenosyl-methyltrareger Mraw
28:E10 CMITS A4275 GCCT CGT GCGCT GAGCACGG mandelate racemase/mueolaatonizing protein
12:E3 MITT A4646 AACTACAT CGGCAT CAAGAG RND efflux system outerembrane lipoprotein, TolC
Intracellular trafficking and secretion 13:A9 MIT TDMH T A3243 GCT CGACAT CGCGGAGAAAC General (type Il) secaatisystem protein E, Pule
31:F10 CMITSDMH $ A3244 GCCGACCCGCGGACCAACTC General type Il and kceetion system protein D, PulD
11:H2 MIT TDMH T A3240 GGCACGAT CAGCGCCGCCAG General (type Il) seovetpathway protein G, PulG
12:A11 MITTDMH T [ A3240 TTTCACGCT GATCGAGAT CA General (type Il) secreti pathway protein G, PulG
15:A4 MITT A3235 TGCACAT GGCCGGCCTTGTC General (type Il)secvetpathway protein L, PulL
26:D12 CMIT S A3536 GGT ACAGCCCCGGCGCGACG Sec-independent protenglocase, TatC
14:G4 CMITS [ A3536 GTACCAGCACGAGAAGAAGC Sec-independent proterarslocase, TatC
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x:Itai[i]r:gctac:ngggeasssignment) Mutant name Phenotype i-l;:?enrsrggtseoc?- sl:i)t,:/-\(zﬂoarl;';;ng Uanspeseninseiey Putative gene product
gene(s) ID
Coenzyme metabolism 12:F11 CMITS A3375 GTTCGGCT TGAACGGGCCGT S-adenosyl-L-homocystéiyerolase
30:C9 CMIT S A6137 CAT CT CGGCAGCGGCGT GCG phosphopantetheine agiétngnsferase, coaD
5:C4 CMITSMIT SDMH S A6230 GCCCGAGT GGAT CCGCGT GA lipoyl synthase
21:G10 CMITS A6192 GGCCGAGGCGGCGCGGCGCG glutathione synthetase
17:H5 CMIT S [ A6192 GCACGCGTACACCGCGTGCC glutathione synthetase
Defense mechanisms 31:C2 CMIT S A3192 GGGGT CAGGCGGCTTCCTCA N-6 DNA methylase (Typerodification system)
24:A11 CMIT A3212 GCCGGCACACGT GCCGCACG Type Il restriction emzg, res subunit
DNA replication, recombination, and repair 22:G4 CMIT S B2218 CAGCGACGCGT CGCCCGAGA DNA polymerase |, PolA
Energy production and conversion 16:E4 CMIT S A3289 GGCGCGGCT CAGT GCCGGCT FOF1 ATP synthase sulemsilon
21:F9 MIT S A6182 ATCACGCACAGTGCGTCGTC NAD(P)H-dependent glyckBphosphate dehydrogenase
General function prediction only 27:F3 MIT S A5887 GGT CAAGGACGT GCT GATCG putative nucleotide-bingdiprotein
12:B2 CMIT S A4597 GCT GGGCCGCCGAGACGTTC predicted metallophossherse
30:F5 CMIT S B0022 GCT CGAGCGT CACGACACCC predicted RND efflux tsporter
9:H1 CMIT S B1042 GATTCCGAATCGTGTCTTTC Phage terminase, GpA
30:A7 CMIT 8 A5349 AAT TGGT GATGAACAT CACG predicted lysophospholépiransporter , LpIT (MFS Hantiporter)
26:H7 CMIT B2862 TCTCGCTGCTCGGCTTCGCC Filamentous haemagghuiike
27:H12 CMITSMIT S A4150 GCT GTTCGATCT GGACGGCA predicted 2-phosphoglytel phosphatase
Inorganic ion transport and metabolism 18:H7 CMIT A4832 ATCGACGT CGAATAGACGC major facilitator transpt@r (Cyanate permease)
23:G5 CMIT S A5515 GAAGGCAAT CGGCGT GAGAC TonB-dependent siderophoeceptor (Fe transport)
Lipid metabolism 29:B7 CMIT A5291 CGCCGACGGGACGT CGCCGC 6-phosphogluconate dedgehase, NAD-binding
24:B11 CMIT S A6047 GT CGACGACCGCGCGGGCGA 3-hydroxyacyl-CoA dehygEnase
24:D9 CMIT SMIT S C6789 TCCAGGTACT GGATCAAATC beta-hydroxyacid dehydengise
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Table 21 Continued

x;:?r:gczegggeasssignment) Mutant name Phenotype I:?:rsr\??)ts:;- SE;IZA(ZfI(;';lEI;)ing lanspesonlinsenioy Putative gene product
gene(s) ID
Nucleotide transport and metabolism / Amino acahsport and metabolism 27:A11 CMPIMIT S A6132 GCAACGCCGAT CCT GCT GGG ribose-phosphate pyropihakinase
Posttranslational modification, protein turnovenaperones 4:H1 MIT B2297 TCGT CACGAT CGGGACGGTA OsmC-like protein (predid redox protein)
27:A12 MIT $ A4578 AGGTTTAAGAATTGT CAGAA SirA-like protein (predieed redox protein)
4:E4 CMIT SMIT S A4439 GTTTACGGTGTTCAAGCAGTT FtsH peptidase
8:F12 CMITSMIT 8 A5331 CCGCGAAGGT GCTCGAGATG Pl uridylyl-transferase
Secondary metabolites biosynthesis, transport catabolism 18:A7 CMIT® A3512 CGGTAGGAGT GGGGCTCACG ABC transporter AT Paseusith
11:E4 CMIT S A3514 CTTCACGGCCGCACGCGGCT ABC transporter, inner nbeame subunit (Toluene tolerance)
Signal transduction mechanisms 12:F5 MITT B0028 GT AAAGGCGCCGCACGCCGT diguanylate cyclase resgoregulator containing a cheY-like reciever a®@DEF domain
Transcription 26:G11 MITT A4647 © CGCTTGCCCT CCCCTCGAAC MarR family transcriptional utagor
6:H7 MITT B2931 ATCCGGACGT CAGT GTCGA LysR family transcriptiolma@gulator
3:E10 CMIT S A5807 @ GGCGATCTCCGACTACTACG LysR transcription factor, CysB
2:F5 CMIT SMIT S A6333 GCT CCAGAT CGT CGAGAAGC transcriptional regulatlice
12:D4 CMIT SMIT S C7481@ GCGGCGCGTTGCCTCGAATT transcriptional regulator-like
Translation, ribosomal structure and biogenesis 30:A4 CMIT AB478 GGCCGAGACCAT GTATGCGG peptide deformylase
7:D11 CMIT $ unidentified GTACAGATATT CCT CAGGGT 16S ribosomal RNA
15:C9 CMIT SDMH $ unidentified GGTTCTTAACT GAACCGAAA 16S ribosomal RNA
Unknown 4:A8 CMIT TMIT T B2208 GCGCT TAAGCAGCCCGAGGA hypothetical protein (eatellular localisation)
21:A6 CMIT A3517 ™ GACT T CGCGCT CGCGACGGT hypothetical protein
30:H9 CMIT SMIT S I: A3517 ™ CGTCCGCGCTCGCCGTGCTG hypothetical protein
24:H5 CMIT 8 Intergenict GGTACGAGT GGGACCAGT GG N/A
24:E3 CMITSMIT S A5058 GTTCTAAGCTGCAGCTTGTG hypothetical protein
16:C5 CMITS Intergenic? GAAGAAAATCGACTTCACTG N/A

Footnotes:

Abbreviations: DMH, DMDM hydantoin; CMIT, isothiazolone blend 8f1 methylisothiazolinone and chloromethylisothiammne; increased susceptibilityincreased tolerance.

Flanking genes of interest® A5935, a zinc-containing alcohol dehydrogena8é\6192 glutathione synthetas€A5414 KdsA, 3-deoxy-D-manno-octulosonic acid (KDBphosphate
synthase; ¢ A3274 branched chain amino acid (ABC) transpoftéd646_44 RND efflux , QacA family drug resistante§5808 branched chain amino acid transpofte£:7480 glutathione
S-transferase -like proteif; A3516 ABC transporter involved in resistance tgamic solvents . Brackets show multiple insertiaitsin a gene.! Intergenic region upstream of gene B1475, a
hypothetical protein with a predicted extracellutaralisation? Intergenic region upstream of gene B0512, a hygiithl protein.
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In total, 62 genes were associated with presematusceptibility; five of these mutants
(24:C3, 8:E8, 17:H5, 14:G4, and 30:H9) had multipi@nsposon mutation insertions
within the same gene (Table 21). All except one péimutants within the same gene
demonstrated the same phenotype (Table 21). Pawmgdnts 21:A6 and 30:H9, with
transposon insertion mutations of gene A3517 wéee éxception, with the former
identified as a negative phenotype in the MIT/CNEreen, while the latter was identified

as a negative phenotype in both isothiazolone ssr€eable 21).

5.2.1 ScreeningB. lata strain 383 mutant bank for altered susceptibility o DMDM
hydantoin
The DMDM hydantoin screens identified a total oetwe mutants (0.41%) with an altered
susceptibility to that of the wild-type strain (Tal21). Within these twelve mutants, five
demonstrated a stable positive phenotype and sisplayed a stable negative phenotype;
eight of the twelve mutants were also identifiedhasing altered susceptibility in the
isothiazolone preservative screens (Table 21). aktst with altered susceptibility to
DMDM hydantoin were associated with six COG categmrviz. amino acid biosynthesis
(n=2); the outer membrane (n=2); secretion (n=4xndlation (n=1); carbohydrate
metabolism (n=2); and coenzyme metabolism (n=1).

The five mutants (12:H10, 24:C3, 11:H2, 12:Al1l aI®tA9), identified as positive

phenotypes in the DMDM hydantoin screens, had pas@n insertion mutations within

four genes located on the first chromosome othiatastrain 383 genome. Two mutants
(12:H10 and 24:C3), identified only in the DMDM lgmtoin screens, were interrupted in
a carbohydrate kinase protein (gene A5936). Thieege adjacent to a zinc-containing
alcohol dehydrogenase superfamiliy protein, with%9%omology to a glutathione-

dependent formaldehyde dehydrogenase enzynie xenovoransTransposon insertion

mutation of the gene A5936 may have caused pdlactsfaltering the transcription of the
neighbouring gene, which are more likely to havayptd a role in formaldehyde

metabolism from its putative homology data (Hergsélolden, 1996).

Three of the mutations (13:A9, 11:H2, and 12:AlErevmapped to two genes within an
operon encoding core components of a type Il pnadecretion systewiz. gene A3243, a

cytoplasmic ATPase (PulE); and multiple insertiam® gene A3240, encoding a major
pseudopillin (PulG) (Table 21Figure 20). An additional fourth mutation (31:F10),
identified in the DMDM hydantoin screens, was mappe a gene within this operon.
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However, in contrast to the latter mutants, theugison of the outer membrane secretin
component (PulD) within the secretion system calmse81:F10 resulted in an increase of
susceptibility to DMDM hydantoin (Table 2&igure20).

In total, seven mutants (31:F10, 5:D11, 27:H4, 86:G1:G7, 5:C4, and 15:C9) were
identified in the DMDM hydantoin screens as havangegative phenotype. These had
inserts in six genes distributed on the first chvsome of theB. lata strain 383 genome,
with a seventh insert (15:C9) mapped to a 16SrRNAegthe exact location of the 16S
rRNA gene mutant could not be determined, beingesomvithin the genome. Mutant
16:G9 was the only one of these mutants with a DMBydantoin negative phenotype;
the other mutants were identified in both the DMDWjtantoin and isothiazolone screens
The 16:G9 mutation mapped to a surface antigeneprowvith homology to the

characterised protective surface antigen D-18aemophillus influenza@ homas, 1995).

Four of the seven negative DMDM hydantoin phenotypgants, demonstrated a greater
than four-fold reduction in the MIC from wild-tygevels. Mutation 5:D11, mapped to an
oxidoreductases enzyme (Table 21) that participatéise biosynthesis of branched chain
amino acids and coenzyme A; one of the main pradaotthis enzyme is NADPH (the
reduced form of nicotinamide adenine dinucleotiiegphate) a reducing agent involved
in many processes including the regeneration otagiione and the protection of
important intracellular components against damageehctive oxygen species. Mutation
27:H4 mapped to an enzyme that participates inhstép assimilation and purine
metabolism (Table 21) and plays an important rolprotein synthesis. Mutant 5:C4 was
interrupted in a lipoyl synthase encoding gene, emzyme that participates in the
biosynthesis of lipoic acid. In addition to itseds catalyst of metabolic reactions, lipoate
has an important role in redox metabolism - effedi quenching harmful free-radicals
and bridging cytoplasmic antioxidants, such asaghubne, with those that are membrane-
bound (Spalding & Prigge, 2010). The fourth mutatio overlap DMDM hydantoin and
isothiazolone screens, was mapped to MraW; an eazywith S-adenosyl-
methyltransferase activity which may participate the biosynthesis of pepidoglycan
(Carrionet al, 1999).

182



CHAPTER 5 — THE GENETIC DETERMINANTS FOR PRESERVA/H RESISTANCE

1Kb

< K K e e

Gene A3233 A3234 A3235 A3236 A3237  A3238 A3239 A3240  A3241 A3242 A3243 A3244

Size 29KD 18KD 48KD 40KD 25KD  14KD 21KD 17KD 14KD 44KD 54KD 81KD

DMH T DMHT DMH T DMH$

Phenotype ! MITT MITT MITT MIT/CMIT

Transposon insertion mutation

. General secretion pathway protein

Figure 20. The transposon mutation with the generabkecretion pathway that altered the
susceptibility of B. lata strain 383 to isothiazolone and DMDM hydantoin presrvatives.

The schematic shows the arrangement of twelve gfaeisA3234 A3244), within an operon
located on the 1st chromosome of Bhdatastrain 383 genome, that encode proteins of a genera
type Il secretion pathway; each drawn to the sgalen by the bar on the left. The putative
products of the genes are shown by the colour cé@gd and the site of transposon-insertion
mutation is labelled." The mutant phenotype is indicated Bsincreased preservative tolerance;
and S, increased preservative susceptibility. Transposmertion mutation of genes encoding
proteins E, G, and L (mutants: 13:A9, 12:Al11, 11:ldAd 15:A4), resulted in a decrease in the
susceptibility ofB. latastrain 383 to methylisothiazolinone and DMDM hydantpreservatives,
as described in (Table 21). In contrast to the abtive interruption of the gene A3244 (mutant
31:F10), which encodes the putative protein D camepo of the secretion system, resulted in an
increase in the susceptibility &. lata strain 383 to the isothiazolone blend MIT/CMIT and
DMDM hydantain.
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5.2.2 ScreeningB. lata strain 383 mutant bank for altered susceptibility b
methylisothiazolinone
The methylisothiazolinone screens identified 29 antg (0.99%) with altered
susceptibility. Within these 29 mutants, 11 dem@tetl a positive phenotype, whilst 18
demonstrated a negative phenotype (Table 21). wehthe 29 mutants with altered
susceptibility to methylisothiazolinone were algentified in other preservative screens;
seven overlapped with the DMDM hydantoin screend dd overlapped with the
isothiazolone  MIT/CMIT  screen. Mutants with  alteredsusceptibility to
methylisothiazolinone were associated with 12 C@@&goriesyiz. secretion (n= 4); post-
translation modification and chaperones (n=4); dcaption (n=4); amino acid
biosynthesis and transport (h= 3); unknown (n=3)e touter membrane (n= 2);
carbohydrate metabolism (n= 2); general functioedmtion only (n=2); coenzyme
metabolism (n=1); energy production (n= 1); lipiétabolism (n= 1); nucleotide transport
and metabolism (n =1); and signal transduction rmeidms (n= 1). Mutants were
interrupted in genes distributed throughout theghchromosomes of the Bf lata strain
383 genome: 23 on the first chromosome; five orstmdnd chromosome; and two on the

third chromosome.

Multiple mutations (13:A9, 11:H2, 12All, 15:A4) weermapped to protein components
PulE, PulG and PulL of a type Il general proteiaregon pathwayRigure20); all also had
been previously identified in the DMDM hydantoirresens (section 5.2.1). The mutation
of these genes within the operon resulted in tdeaton of susceptibility oB. latastrain
383 to methylisothiazolinone and DMDM hydantoin.

Four mutations identified in the methylisothiazolm® screens were associated with
posttranslational protein modification. Within thgroup, two mutations (4:H1 and
27:A12) were mapped to predicted redox proteing paaticipate in the regulation of
disulfur bond formation (Winsor, 2008): the insegstream of the OsmC-like protein
resulted in a positive phenotype; whereas an imserhutation of the SirA-like protein
was associated with a negative phenotype. MutattbB4 was mapped to a
metalloendopeptidase , a proteolytic enzyme thatsph pivotal role in the quality control
of membrane proteins under stress conditions (lté\l&yama, 2005 935). The fourth
mutation, 8:F12, mapped to an enzyme that catalysesiridylylation or deuridylylation

of protein PII. This signal transduction proteiayd a major role in the control of nitrogen
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metabolism (Arcondégugt al, 2001). The interruption of this gene resultedigreater

than four-fold reduction in the MIC value from thad-type level.

A second mutation associated with a signal transsluenechanism was also identified in
the methylisothiazolinone screen. Mutation 12:F5peal to a diguanylate cyclase (PleD)
response regulator containing a cheY-like recearet GGDEF domain; disruption of this
gene resulted in a decrease of MIT susceptibibiguanylate cyclases are responsible for
the synthesis of cyclic-di-GMP, a ubiquitous globatond messenger signalling molecule
in bacteria, involved in a broad range of cellyascesses (Paet al, 2007; Simmet al,
2004).

Four mutations 26:G11, 6:H7, 2:F5 and 12:D4, weepped to transcriptional regulators
(Table 21). Mutations 26:G11 and 6:H7 had posifenotypes, and both mapped to
genes with putative roles in the regulation of $ort systems. Mutant 26:G11 was
interrupted in a MarR family transcriptional regolagene A4647, a family of regulatory
proteins associated with bacterial drug transpsit@rkovicet al, 2002). Adjacent to the
interrupted regulator was a RND efflux system wihthmology to EmrB/QacA-EmrA-
TolC. Interestingly, mutation of the outer membrdipeprotein (TolC) component of this
efflux system (mutant 12:E3, gene A4646) resultedaidecrease of susceptibility to
methylisothiazolinone. The second interrupted tteapsonal regulator gene (mutant 6:H7,
gene B2931) belonged to the LysR family of trarganal regulator proteins, which had
a close proximity to a multi-drug resistance RNDfluaf system homologous to
EmrB/QacA-EmrA-TolC.

Three mutants (16:H8, 5:D11 and 27:H4), identifiedhe methylisothiazolinone screens,
were associated with amino acid transport and moésab (Table 21). 5:D11 and 27:H4
were oxidoreductase and sulphate metabolism mutafgs identified in the previous
DMDM hydantoin screens. Mutant 16:H8, interrupteda branched-chain amino acid
efflux pump AzIC permease protein, was identifiadgothiazolone screens as a negative
phenotype. The hydrophobic AzIC permease protes been shown to be involved in
resistance to azaleucine, a toxic analogue of heu(@elitskyet al, 1997; Harrisoret al,
1975).

The remaining mutants were all identified as negatiphenotypes in the
methylisothiazolinone screens. Two of the mutatigh®:C6 and 24:C10), hit genes

involved in carbohydrate metabolism (Table 21), amdre also identified in the
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MIT/CMIT screen. The 12:C6 mutant mapped to anyere that participates in the
Entner-Doudoroff pathway (glucose catabolism), gomaource of reducing power and
metabolic intermediates (Allenza & Lessie, 1982tnen & Doudoroff, 1952). The 24:C10
mutation interrupted an enolase enzyme gene, iedoiw glycolysis. Two mutations were

associated with the bacterial membrane. Mutant2inkpped to gene A6182, a glycerol
3-phosphate dehydrogenase (GpsA) that participatgbycerophospholipid metabolism;
and a beta-hydroxyacid dehydrogenase mutant (24d@y0gnzyme with a functional role
in lipid metabolism (Winsor, 2008). Mutations 5:Ghd 27:H12, were putatively
associated with oxidative stress: the former wapped to gene A6230 a lipoyl synthase
(LipA), and the latter was mapped to a predictedsphoglycolate phosphatise — a house
cleaning enzyme that metabolises 2-phosphoglycq@abeluced in the repair of DNA
lesions induced by oxidative stress (Pellieeal, 2003).

5.2.3 ScreeningB. lata strain 383 mutant bank for altered susceptibility b the blend
of isothiazolone MIT/CMIT preservatives

The isothiazolone blend MIT/CMIT screens select@dniutants (1.79%) with a stable

alteration of susceptibility, which was the largeamber of mutants identified in a single
preservative screen. Within this group, two mutgiis:H8 and 4:A8) demonstrated a
positive phenotype, whilst 33 demonstrated a negathenotype (Table 21). 19 of the 35
mutants, with altered susceptibility to MIT/CMIT, ene also identified in the other

preservative screens: six overlapped with the DMBydantoin screen and 17 overlapped

with the methylisothiazolinone screen (Table 21).

Mutants with altered susceptibility to MIT/CMIT weeassociated with 18 COG categories,
viz. general function prediction only (n= 6); unknog* 6); the outer membrane (n= 5);
coenzyme metabolism (n= 5); secretion (n= 3); tApson (n= 3); amino acid
biosynthesis and transport (n= 3); carbohydrateabmism (n= 3); lipid metabolism (n=
3); translation, ribosome structure (n = 3); poatslation modification and chaperones
(n= 2); secondary metabolites transport (n= 2)rgaaic ion transport (n= 2); defence
mechanisms (n= 2); energy production (n= 1); DNplication, repair (n= 1); nucleotide
transport and metabolism (n = 1); and cell divisjps 1) (Table 21). The mutants were
interrupted in genes distributed throughout Bhéata strain 383 genome: 39 were located
on the first chromosome; seven on the second ctsome; and two on the third
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chromosome. Mutants 7:D11 and 15:C9 were intertuptel6SrRNA genes whose exact
location could not be determined (Table 21). Mut&#:H5 and 16:C5, both with negative
phenotypes, had insertion mutations in intergeagians on the second chromosome of
the B. lata strain 383 genome: the former mutation mapped riegeon upstream of gene
B1475, a hypothetical protein with 80% homology do putative lipoprotein inB.
cenocepacial2315 (gene BCAM_1598); and the latter mutatiomtified upstream of
B0512, a hypothetical predicted MFS permease pr@Wwinsor, 2008).

Four of the mutants (18:A7, 11:E4, 21:A6 and 30;H&¢ntified as negative phenotypes
by the MIT/CMIT screens, were located in genes wof ATP-binding cassette (ABC)
family transport system, with homology to the Ttd@&2 transporter system reported to be
involved in resistance to organic solvents (Gamtiaal, 2010; Winsor, 2008). These
mutations were mapped to three components of thiesporter: the ATPase subunit
(Ttg2A); the periplasmic component (Ttg2C); and liypothetical nucleotide triphosphate
(NTP) binding protein with a STAS (sulphate transpoand anti-sigma factor antagonist)
domain. Mutation of the inner membrane subunit g&B814, and the hypothetical NTP
binding protein gene A3517, resulted in a greatantfour-fold reduction in the MIC
value for methylisothiazolinone from the wild-ty[evel.

Eight other mutations, identified in the MIT/CMITreens, were associated with transport
systems; this included the AzIC permease mutant Ha been identified in the
methylisothiazolinone screens (mutant 16:H8, Té&lg The remaining seven mutants
were identified as negative phenotypes in onlyMW€&CMIT screen (Table 21). Three of
these mutations were located within componentsnofganic ion transportersjiz. a
cyanate permease protein (18:H7); an outer membilard-dependent siderophore
receptor protein, involved in the active uptakeroh (23:G5); and a predicted RND-type
efflux transporter protein (30:F5). The mutationtleé predicted RND-efflux protein gene
B0022 resulted in a greater than four-fold reductiothe MIC value for MIT/CMIT than
that of wild-type levels. A fourth mutation, 3:E1@as mapped to CysB, a LysR family
transcriptional regulator reported to participate the transportation and reduction of
sulphate in Bcc bacteria (lwanicka-Nowicka al, 2007). Three of the transport-related
mutations (26:D12, 14:G4 and 31:F10) were assatiadéh intracellular trafficking and
secretion. Two of the three mutations assignedhi®o €OG category, mapped to a single
twin-arginine transport pathway protein TatC, anpamiant component of a protein-

targeting system dedicated to the transmembramslt@ation of fully folded proteins
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(Sargent, 2007). Mutant 31:F10 was interruptedulDPa secretion protein component of
a general protein secretion pathway that had besdsntified in the previous

methylisothiazolinone and DMDM hydantoin screenalf€ 21 Figure20).

Eight of the 52 mutants identified in the MIT/CMBcreen were associated with cell
envelope biogenesis and the outer membrane, aiddnfiptabolism. Two mutations were
mapped to genes involved in the biosynthesis orabwdism of membrane and cell
envelope components, these included: a MraW my&nts7), an enzyme involved in
peptidoglycan biosynthesis; and a sugar nucledtahyferase-like mutant (29:G3), an
enzyme involved in the production of polysacchasidehe peptidoglycan mutant (31:G7)
was identified as putative general fitness mutafter displaying a greater than four-fold
reduction in the MIC for all three preservativesegns, whereas the nucleotidyltransferase
mutant was unique to the MIT/CMIT screens. Two rtiates were associated with the
assembly and structure of the membrane bi-layerguégnto the MIT/CMIT screen, two
mutants (R:B9 and 8:E8) with a negative phenotypth llisrupted an LptE encoding
gene, a rare lipoprotein B formally known as RIgBis lipoprotein has been shown to
participate in the assembly of LPS in the leafliethe outer membrane (Sperandsaal,
2008). A predicted LpIT phospholipid flippase mutaB0:H7, gene A5349), with a
negative phenotype, was also identified only in MBE/CMIT screen. This enzyme
facilitates the rapid transfer of phospholipidsassr the cytoplasmic membrane and is
important in maintaining the structure and equilibr of the membrane bi-layer
(Pomorski & Menon, 2006).The interruption of thisng resulted in a greater than four-
fold reduction in the MIC value for MIT/CMIT from wd-type levels. Mutations
associated with lipid metabolism were also ideedifin the MIT/CMIT screen (Table 21);
these included two beta-hydroxyacid dehydrogenaséams (29:B7 and 24:D9), an
enzyme involved in the D-galactarate metabolic ess¢ and a hydroxyacyl-CoA
dehydrogenase mutant (24:B11), an enzyme involreddultiple pathways including that
of lipid metabolism(Winsor, 2008).

Five of the 52 mutations, identified in the MIT/CMsécreen, were associated with defence
against oxidative stress and xenobiotics. Two rartat(21:G10 and 17:H5) were mapped
to the same glutathione synthetase gene; an enmynodved in the biosynthesis of
glutathione and an essential component of the tt@dbx system (Smirnovat al). In
addition, the mutation 26:C6 was mapped to a negtibg gene upstream of the

glutathione synthetase. All three mutants demotestran increase of susceptibility in the
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MIT/CMIT screen. A second protein involved in redaas identified in the MIT/CMIT
screen: mutant 5:C4 was disrupted in a lipoyl ssghaan enzyme involved in the
biosynthesis of lipoate — a soluble molecule thagérghes free-radicals. Interestingly, a
homocysteine hydrolase mutant (gene A3375, 12:fbE)also identified in the screen as
a negative phenotype by a greater than four-folducgon in the MIC value for
MIT/CMIT. Homocysteine hydrolase participates ire teynthesis of cysteine (Kredich,

1996), which is a precursor of glutathione.

Four of the mutants, identified as negative phegmedy were assigned to COG categories
associated with the modification, replication, epair of DNA. Two of these mutants
(31:C2 and 24:A11) had disrupted defence mechani$dne was a DNA methylase,
which methylates DNA periodically throughout thengme in order to distinguish host
DNA from foreign DNA (Cheng, 1995); the second weatype lll restriction enzyme, that
cuts single or double-stranded DNA at specificssifdutation 22:G4 was mapped to a
DNA polymerase | enzyme, an important enzyme in@dlin DNA replication and repair
(Madigan, 2003). PolA-deficiency can lead to theusmaulation of single-strand gaps on
the leading strand (O'Rellly & Kreuzer, 2004). Alsssociated with DNA repair, mutation
27:H12 was mapped to a predicted phosphoglycolatsghatase, an enzyme involved in
the metabolism of 2-phosphoglycolate produced enrdpair of DNA lesions induced by
oxidative stress (Pellicat al, 2003).

Four mutants, identified as negative phenotypekenMIT/CMIT screen, were associated
with COG categories relating to the translatiommadification of proteins; two of these
mutants (7:D11 and 15:C9) had inserts within 168ARyenes. The mutation 4:E4 was
mapped to FtsH, a unique endoprotease that actssagatergral membrane-bound
proteins, rapidly eliminating abnormal proteinso(I& Akiyama, 2005). A peptide
deformylase mutant (30:A4) was also identifiedsthietalloenzyme performs a critical
cleavage step before further processing of newlkth®sised protein can occur. The
interruption of this gene resulted in a greatentfaur-fold reduction in the MIC value for
MIT/CMIT from the wild-type level.
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Figure 21. The transposon mutation of genes encodjnan ABC-type transporter which
altered the susceptibility ofB. lata strain 383 to isothiazolone preservatives.

The schematic shows the arrangement of six genésinwan operon, located on the 1st
chromosome of th@. lata strain 383 genome, that encode proteins of an ABE-transport
system involved in resistance to organic solvemach drawn to the scale given by the bar on the
left. The putative products of the genes are shbwrthe colour coded key, and the site of
transposon-insertion mutation is labellédThe mutant phenotype is indicated dsincreased
preservative tolerance; arid increased preservative susceptibility. Theriofation of genes
A3512, A3514 and A3517 (mutants 18:A7, 11:C4, 21ak@ 30:H9) resulted in an increase in the
susceptibility ofB. lata strain 383 to the isothiazolone blend MIT/CMIT; addition, mutation
30:H9, mapped to the hypothetical protein withire tbperon, resulted in an increase of
susceptibility to methylisothiazolinone.
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5.3 DISCUSSION

Transposon mutagenesis, using the plasposdod@@Tp’, successfully isolate®. lata
strain 383 mutants with altered susceptibility tiDM hydantoin, methylisothiazolinone
and the blend of MIT/CMIT preservatives. Transposartants demonstrating an increase
and decrease of preservative susceptibility wetectwsl, and the genetic basis of the
mutation was then determined by correlation toBh&atastrain 383 genome. The genetic
characterisation of the mutants with altered pregere susceptibility identified multiple
putative determinants d@. lata strain 383 preservative resistance, and did nogestga
single preservative target. This was perhaps riefleof the multi-factorial antimicrobial

nature of the preservatives evaluated.

The roles of the identified determinants, in th&s@nce oB. latastrain to preservatives,
are putative. They may be validated by complemgritie Tn mutants with the wild-type
gene, to restore the wild-type phenotype, or bgtimg site-directed/non-polar mutants.

5.3.1 The genetic determinants associated with DMDM hydaoin resistance
Formaldehyde, and formaldehyde donors such as DMipd&antoin, are extensively used
in a variety of settings for disinfection, antisepsand preservation purposes (Russell,
2004a). Bacterial resistance to these agents isdeetmented (Chapman, 1998), and has
been associated with formaldehyde dehydrogenasgmesz as well as changes to the
outer membrane of some Gram-negative bacteria {&su& Brandt, 1987; Wollmann &
Kaulfers, 1991). Four different pathways for théoddication of formaldehyde are known
in bacteria, three of which have been characteiis&lrkholderiaspecies: these include
the NAD-linked glutathione (GSH)-independent fordedlyde dehydrogenase, and NAD-
linked GSH-dependent formaldehyde oxidation systégheilet al, 1997; Marxet al,
2004).

The mutagenesis dB. lata strain 383 identified twelve genes putatively iniea in
susceptibility to the formaldehyde releasing ageMDM hydantoin. Within this group
five mutants were identified with a decreased lexesusceptibility to that of the wild-
type. Two of these mutants were interrupted in g&®936, a carbohydrate kinase
adjacent to a zinc-containing alcohol dehydrogerasgyme, with high homology to a
GSH-dependent formaldehyde dehydrogenasB. irenovorangChain et al, 2006). An
increase in the synthesis of formaldehyde dehydragges has been associated with an
increased resistance to formaldehyde agenf. iaeruginosaspecies (Ortlet al. 2006).
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The substrate for GSH-dependent formaldehyde delggtiase is hydroxymethyl
glutathione: the adduct formed between formaldehyohel the SH group of the
intracellular nucelophillic tripeptide, glutathior{&utheil et al, 1997; Hopkinsoret al,
2010). It is noteworthy that the glutathione systhamutants (21:G10 and 17:H5),
identified in the isothiazolone screens, were dettified in the DMDM hydantoin screen.
To test the putative role of the zinc-containingohlol dehydrogenase enzyme (gene
A5935) as a DMDM hydantoin resistance determinandjrected mutagenesis approach
could be applied using a recently published sydtanthe creation of targeted, non-polar
unmarked gene deletions Burkholderia (Flannaganet al, 2008). However, studies
suggest thaBurkholderiamay possess multiple formaldehyde detoxificatiotihyways that
may contribute to formaldehyde tolerance (Matxal, 2004 741). The mutation, and
consequential disruption, of a single pathway imgdlin formaldehyde detoxification may

therefore be compensated by other systems.

A type Il (T2S) protein secretion system (orthologdo BCAL3515 3527 (Holdeet al,
2009)) was also identified as a putative DMDM hydam resistance determinant by the
mutagenesis screen. Protein secretion by this mystea two-step process, whereby
proteins are first translocated across the innenbmane by the Sec or Tat pathway, and
then transported from the periplasm to the exthaleglenvironment via a secretin protein
localised in the outer membrane (Cianciotto, 200%pe Il secretion systems are required
for the secretion of a variety of enzymes (e.gtgases, lipases, chitinases, cellulases and
nucleases), toxins, and virulence factors (Ciatzjd005; Fehlner-Gardinat al, 2002;
Salmond & Reeves, 1993; Somvangtial, 2010). InB. lata strain 383, transposon
mutation of a T2S cytoplasmic ATPase (PulE) compgnand the major pseudopilin
(PulG), that facilitates the attachment of the A3é#o the inner membrane, resulted in a

decrease in susceptibility to DMDM hydantoin andimisothiazolinone preservatives.

The presence of eleven genes, for core secretotgips (T2S CDEFGHIJKLMN) within
the putativeB. lata strain 383 operon, suggests that the secretiorersyst functional
(Cianciotto, 2005). As mutation of the core protemmponents of the inner membrane
platform reduced the preservative susceptibilitydofatastrain 383, it would suggest that
a defective secretory pathway is associated witheased preservative tolerance. As the
core membrane platform components (i.e. the ATPaseyudopillins and protein L) are
known to be essential for T2S function (Somvanshial, 2010). Interestingly, an

orthologous T2S system operon B cenocepacial2315 was observed to be down-
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regulated during growth in sputum (Drevinek al, 2008). Sputum has multiple

antimicrobial compounds which may act in a simily to the preservatives studied.
Whereas the interruption of the T2S inner membrpalagform reduced susceptibility,

interruption of the outer membrane secretin proggeme increased susceptibility. The
secretin protein is responsible for the final ttaoation of proteins out of the periplasm to
the extracellular milieu. The observed increassusiteptibility may have been a result of
a detrimental accumulation of exoproteins in thepgtesm (Wandersman, 1992) or lack of

an essential secreted preservative resistance .facto

Until recent years the study of T2S systems hassed on the secretion of virulence
factors and their role in pathogenicity (CianciptB®05). Along with the expansion of
research into the role of T2S in environmental eg;lheir role as putative determinants of

Bcc bacteria preservative resistance is worthyigher investigation.

5.3.2 The genetic determinants associated with methylisiazolinone resistance

In addition to the identification of the previousliscussed T2S system, transport proteins
were identified as putative determinants of me#iothiazolinone resistance. The insertion
mutation of two transcriptional regulators of theaf® and LysR family, in close
proximity to RND type efflux systems (EmrB/QacA-EmiolC), resulted in a reduction
of the susceptibility ofB. lata strain 383 to methylisothiazolinone. Transcriptiona
regulators of the MarR and LysR families are knotwwncontrol expression of genes
encoding bacterial drug efflux components (Grkogtcal, 2002), by functioning as a
repressor or activator of transcription. Mutatiohtlee repressor or activator has been
associated with the overproduction of efflux comgais and enhanced efflux of
antimicrobials. For example, the production of mactive MexR repressor protein (of the
MarR family) in P. aeruginosahas been described to result in the over-exmnessi the
MexAB-OprM pump complex, with the enhanced efflibaaange of antibiotics including

fluoroquinolonesp-lactams and tetracycline (Srikumetral, 2000).

The interruption of the coding region of the Lys&nily regulator gene B2931 B. lata
strain 383, suggests the regulator may functioa pstative repressor of the neighbouring
RND system. Interestingly, a mutation upstream led MarR family transcriptional
regulator gene A4647 and the interruption of th8XDa outer membrane protein TolC
gene (A4647) of the adjacent RND system, decreasadceptibility to
methylisothiazolinone. The mutation of the laste@ewithin the putative operon would be
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unlikely to have resulted in the over-productionefffux components, thereby enhancing
efflux. This would suggest that the decreased esgwa of this specific pump, or perhaps
an alteration in the outer membrane protein prafileptake of the preservative agent, was
associated with decreased susceptibility. Similatie interruption of a 26.25 kDa outer
membrane permease protein (AzIC), of a branches@macid transporter, resulted in a

decrease of susceptibility to methylisothiazolinone

The mutation of a 57.8 kDa diguanylate cyclase QPlean enzyme involved in the
synthesis of the second messenger signalling mlelextdi-GMP in bacteria (Jenal &
Malone, 2006), resulted in a decrease of the stibdép of B. lata strain 383 to
methylisothiazolinone. PleD is a member of the oese regulator family of two-
component signal transduction systems, that costainheY-like receiver domain and a
highly conserved GGDEF domain (also referred t@a &GC or DUF1 domain)(Chaet
al., 2004). The association of the GGDEF domain witkeasory input domain couples
internal or external stimuli to a specific cellulegsponse (Pauét al, 2007). Upon
phosphorylation of the receiver domain, the actida®leD catalyses the conversion of two
molecules of GTP to ci-di-GMP (Chat al, 2004). The transposon mutagenesiB.dhta
suggests that a determinant, or determinants, dyisothiazolinone resistance may be
regulated by ci-di-GMP. Although many aspects ofdietGMP signalling remain
uncharacterised, it has been shown to regulaterray af cellular processes associated
with antimicrobial resistance such as the transitipom sessility to motility; the
production of exopolysaccharides; surface attachrmemwells; motility; and aggregation
(Jenal & Malone, 2006; Simmt al, 2004)

In addition to electrophillic attack, research segjg the intracellular generation of radicals
may be an antimicrobial mechanism of isothiazolagents (Chapmaet al, 1993).
Bacteria possess multiple mechanisms to protechdblves from toxic reactive species,
generated endogenously through metabolism or threxgosure to oxidising agents. Sir-
A-like and an OsmC-like predicted redox proteingtapive regulators of disulfide bond
formation, were identified as putative determinafiots methylisothiazolinone resistance.
The interruption of the coding region of a SirAdikpredicted redox protein, and an
insertion upstream of the OsmC-like predicted regmtein, resulted respectively in an
increase and decreaseRflatastrain 383 preservative susceptibility. The idecaifion of

a predicted 2-phosphoglycolate phosphatase mutathiei methylisothiazolinone screens,

suggests that methylisothiazolinone may also indDBE\ lesions via oxidative stress.
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Phosphoglycolate phosphatase mutants are showrcdomalate 2-phosphogylcolate,

which forms intracellularly through DNA repair mawcéry (Pelliceret al, 2003).

5.3.3 The genetic determinants associated with isothiazmhe blend (MIT/CMIT)
resistance
An ATP-binding cassette (ABC) family transporterstgm, with homology to the

Ttg2ABC transporter involved in multidrug resistanand toluene tolerance in
Pseudomonaspecies (Garciat al, 2010), was identified as a key determinanBofata
strain 383 resistance to the isothiazolone blend@/@MIT. Four mutants, with disrupted
Ttg2 transport proteins, demonstrated an increasesteptibility to the isothiazolone
blend. The ABC-transporter operon comprised ofgares encoding: an ATPase subunit
(Ttg2A); an ABC-transporter inner membrane permeasbunit (Ttg2B); an ABC-
transporter inner membrane subunit (Ttg2C); a \&eJHpoprotein; an ABC-transporter
auxiliary component (Ttg2D); and a hypotheticaltpno, predicted to be an NTP binding
protein with a STAS domain (sulphate transported anti-sigma antagonist(Aravind &
Koonin, 2000)). Mutants interrupted in the innermteane subunit (Ttg2C) and the latter
predicted NTP binding protein, displayed a greahen four-fold increase in the MIC
value for MIT/CMIT in preservative screens. Thiggeasts the ABC-transporter may be
involved in decreasing intracellular accumulatidrthe isothiazolone preservatives. NTP
binding proteins with a STAS domain in associatwith anion transporters, have been
shown to localise to the cytoplasmic portion of ttemsporter (Aravind & Koonin, 2000).
Therefore, findings suggest that the putative gfitdd MIT/CMIT may be regulated by

intracellular concentrations of a signalling molecar stimuli.

The mutation of a second transporter protein g&00Z2), belonging to the RND family,
was associated with a large increase in the subdgptof B. latato the isothiazolone
blend MIT/CMIT. The interrupted 92.4 kDa transpprotein had a 61% homology to the
organic solvents ABC transporter permease TtGupriavidus necatorAdjacent to the
interrupted coding region were other efflux complegmponents,viz. a vacJ-like
lipoprotein and a Ttg2D auxiliary toluene tolerampretein. Prior to the discovery of the
ABC-family toluene tolerance transporter Ttg2ABCHnputida(Garciaet al, 2010), the
majority of efflux pumps for organic solvents idéetd in Gram-negative bacteria
belonged to the RND family (Rameet al, 2002). This suggests that putative organic
solvents efflux systems from the ABC and RND fanmigy be involved in the efflux of
MIT/CMIT in B. latastrain 383.
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Electrophillic agents, such as isothiazolones, syeeifically attack cellular nuceolphiles
such as protein sulfhydryls (Chapma al, 1993). Glutathione is an intracellular
tripeptide that protects protein sulfhydryls by geeting a non-competing non-lethal
target. Glutathione-deficient bacteria may disgiggersusceptiblity to electrophilic agents
(Chapmaret al, 1993). The mutagenesis Bf latastrain 383 revealed glutathione to be a
putative determinant of susceptibility to the isat#iolone blend MIT/CMIT: as the
interruption of the coding region of a glutathiosynthase, and the mutation of a gene
flanking a glutathione transferase, resulted inraased isothiazolone susceptibility.
Putatively in connection with glutathione, the mtgtion of a homocysteine hydrolase, an
enzyme that participates in the synthesis of th&aghione precursor cysteine, also resulted

in an increase of susceptibility.

Oxidative-stress defence mechanisms (OsmC and Swé&e identified as putative
determinants oB. latastrain 383 resistance to methylisothiazolinonermitfor the blend
of isothiazolones MIT/CMIT. To counter oxidativereds, cells express proteins that
detoxify the cell and repair the induced damager¢S& Imlay, 1999). Interestingly,
although predicted redox protein mutants were dentified, a large number of mutations
putatively associated with the repair of inducechdge were identified in the MIT/CMIT
screens. These mutations were associated withytiteesis and assembly of membrane
components, protein synthesis, DNA repair or theab@isms of bi-products of DNA

repair machinery.
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5.4 CONCLUSIONS

The main conclusions from this chapter are as\alo

1.

B. latastrain 383 resistance to the formaldehyde releasyemt DMDM hydantoin
may involve its detoxification by glutathione-degent formaldehyde

dehydrogenase;

a type Il general secretory pathway was identiisch putativeB. lata strain 383
determinant of susceptibility to DMDM hydantoin amdethylisothiazolinone
preservatives. Defective secretion by this systamsed by Tn insertion was

associated with a decrease in the preservativeptisitity of theB. latastrain;

two multi-drug resistance RND type efflux pumpsthaiomology to EmrB/QacA-
EmrA-TolC complex systems, were putatively idestifias determinants 8f lata
strain 383 susceptibility to methylisothiazolinorihe interruption of LysR and
MarR family transcriptional regulators, in closeyimity to the coding region of
the efflux systems, also resulted in a decreasesdeptibility;

the mutation of PleD, a protein with a GGDEF digglate cyclase domain
involved in the synthesis of ci-di-GMP moleculesggested that a determinant or
determinants ofB. lata strain 383 resistance to methylisothiazolinone rbay

regulated by the second messenger signalling mielecu

two transporter systems, belonging to the ATP-ligdiABC) and RND families,
with homology to transporter systems involved itasise to organic solvents
(Ttg2) in Pseudomonaspecies, were identified as putative determinahB. data
strain 383 susceptibility to the blend of isothian® preservatives (MIT/CMIT);
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6. glutathione was identified as a putative determinah B. lata strain 383
susceptibility to the blend of isothiazolone preatives (MIT/CMIT), protecting
protein sulfhydryls by presenting a non-lethal &g the electrohillic preservative
agents;

7. proteins associated with countering the affectsogidative stress (e.g. the
regulation disulfide bond formation, lipid metalsoi and DNA repair), were
identified as putative determinants d&. lata strain 383 susceptibility to

isothiazolone preservatives.
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6 GENE EXPRESSION OFB. LATA STRAIN 383 IN RESPONSE TO
PRESERVATIVES

6.1 INTRODUCTION

The regulation of gene expression occurs primatifthe transcriptional level and is one of
the main mechanisms involved in initiating adaptprecesses in a cell. Coupled with
translation, changes in transcription can lead h® production of new proteins and
changes in the cellular machinery (Van Vliet, 20¥@ijdsmith & Elcock, 2001). The
detection and quantification of RNA transcripta&ipowerful means of gaining knowledge
of cellular functions and processes, and over tbars/ various methods of transcript
profiling have been developed. In recent decadhesiraditional step-by-step study of the
regulation and function of individual genes and tgits has been superseded by
technologies that enable the simultaneous anabfsmultiple genes. DNA microarrays
(DNA chips), developed in the 1990s during the geicorevolution, have become a
popular method for large scale gene expressionumeaent (Wildsmith & Elcock, 2001).
The expression level of thousands of genes, exgaleby an organism under certain
conditions, can be determined by the extraction @veérse transcription of mRNA into
cDNA, followed by labelling and hybridising the cl®No probes complementary to every
gene within the organism, that are attached to @ swpport usually made of glass
(Harrington et al, 2000). This technology is capable of extractirmstvamounts of
information about the transcriptome, which représethe complete collection of
transcribed sequences of a cell that can be usgdimoinsight into gene function, expand
our knowledge of cellular processes, identify po&ndrug targets, conduct genomic
comparisons (including the evolutionary classifimatof bacterial strains), and to capture
a genome-wide snap-shot of transcriptional actiuityresponse to a specific stimulus
(Harringtonet al, 2000; Leiskeet al, 2006).
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Within the last ten years, there has been a sufmtagrowth in the number of
Burkholderiaspecies genomes sequenced and made publiclyl@eaiMahenthiralingam,
2007). One of the many benefits of this excelleatadet is that it has enabled the
development of whole-genome microarrays for thelystof Bcc species. As a result of its
clinical significance,B. cenocepaciastrain J2315 (Vandammet al, 2003), a virulent
epidemic CF pathogen from the ET12 lineage, waditeeBcc pathogen to be selected
for genome sequencing (Holdehal, 2009), and following its public release the coetgl
J2315 genome became the basis for the first custosroarray of theB. cenocepacia
species (Leisket al, 2006). TheB. cenocepacianicroarray has since been successfully
used to profile global gene expression changesespanse to several environmental
stimuli, and for comparative genomics. For examdeevinek et al. (2008) used a
genomic array approach to characterise the globad @xpression changes in response to
growth in CF sputum. This revealed that genes &ssucwith antimicrobial resistance,
iron uptake, protection against oxygen, secretimhraotility were among the most altered
in sputum. Recently, Sass$ al. (2011) used the same trancriptomic strategy to exam
antimicrobial resistance traits Bf cenocepacid2315 by profiling global gene expression
changes in response to antibiotics, and spontari@ocsnocepaciautants with elevated
antibiotic resistance. The global mapping of genptithways, which mediate antibiotic
resistance in th@®. cenocepaciastrain, revealed that they are multi-factorialnature.
Interestingly, spontaneous resistance involved ngmee expression changes than that
observed in response to sub-MIC antibiotic expgsanel the altered gene expression in
the resistant mutants was stable irrespectiveeptesence of the priming antibiotic (Sass
et al, 2011). The microarray data identified known araVveit efflux genes, antibiotic
degradation/modification systems, and membranetifumcas determinants of resistance.
The transcriptomic analysis identified potentiardpeutic targets and a means potentially

to improve the efficacy of current antibiotics usedreat CF infection.
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The Agilent 60-mer SurePrint technology, which heen extensively validated di
cenocepacigDrevineket al, 2008; Leiskeet al, 2006), has since been used in the design
of custom microarrays for other Bcc species. RégeMahenthiralingamet al. (2011)
successfully employed a custom microarray, desigiedhe B. ambifaria AMMD
genome, to map genes that contribute to the bibsgid of enacyloxins on a global scale.
In the present study, a transcriptomic microarrageal approach was used to investigate
genes and gene pathways involved in Bcc preseeva@isistance, and those associated
with preservative-induced adaptive resistance,guaigustom gene expression microarray
designed to thdB. lata strain 383 genome. ThB. lata strain 383 genome-sequenced
reference strain (www.JGl.doe.gov) represented @ dpecies commonly encountered in
the environmental-industrial niche (Chapter 3, Bect3.2.1), and an isothiazolone-
adapted derivative with elevate preservative rasc, had also been isolated after its
progressive sub-culture in the presence of sulbituny preservative concentrations
(Chapter 4). Profiling global gene expression cleanigB. lata strain 383 provoked via
exposed to sub-inhibitory preservative concentratioand after preservative-induced
adaptive resistance was used to provide a novaghn@to the molecular mechanisms
involved in Bcc preservative resistance. The oVegamlal was to identify putative
resistance targets, and to facilitate the impleatéort of preservative strategies to better

target these organisms in industry.
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6.1.1 Aims

The aims of this chapter were to employ a transmmic, microarray-based strategy to

investigate the following:

1. How exposure to sub-inhibitory concentrations of DM hydantoin and the blend
of isothiazolone preservatives (MIT/CMIT), affecggne expression iB. lata
strain 383.

2. How preservative-induced adaptive resistance to hlend of isothiazolone
preservatives (MIT/CMIT) alters gene expressiorBoflatastrain 383.

3. How exposure to sub-inhibitory concentrations ot tisothiazolone blend

(MIT/CMIT) affects gene expression of the presemeatdapted. latastrain 383-
CMIT derivative.
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6.2 RESULTS

6.2.1 Growth curve analysis and RNA extraction

To ensure consistent RNA profilingells were harvested during the mid-logarithmic
growth phase. It was therefore necessary to astestiitable sub-inhibitory preservative
concentrations that would allow logarithmic grow@rowth curve analysis revealed that
0.00162% DMDM hydantoin and 0.00001498% MIT/CMIT revesuitable sub-inhibitory
concentrations for microarray analysis. When celduin the presence of preservatives at
these levelsB. latastrain 383 and its preservative-adapted deriva@8& CMIT reached a
mid-logarithmic growth phase, and the target optiemsity for harvesting (0.5 at 600nm),
within seven hours (in contrast to between five am hours for preservative-free
medium). B. lata strain 383 cultured in medium containing presewattoncentrations
above these levels (i.e. closer to half that ofNHE of B. lata strain 383) failed to reach
the target optical density for harvest within 9 reu

6.2.2 Microarray performance and data analysis
Five microarray experiments were conducted:
(1) B. latastrain 383 in a preservative-free medium;
(2) B. latastrain 383 in BSM (CYG) medium containing 0.00162%dDM
hydantoin;
(3) B. latastrain 383 in BSM (CYG) medium containing 0.00008%9
MIT/CMIT;
(4) the preservative-adapt&d lata strain 383-CMIT derivative in a preservative-
free medium;
(5) B. latastrain 383-CMIT derivative in a BSM (CYG) mediumntaining
0.00001498% MIT/CMIT.
Each of the five experimental conditions were pented as three biological replicates;
therefore, 15 arrays were analysed in total. Miceoa data were analysed using the
statistical software Genespring GX version 7.3 dascribed in section 2.9.12). Cluster
analysis of the replicate microarray data demotedréhat the transcriptomic dataset was
suitable for further analysis. The similarity ofngeexpression profiles between the five

experimental conditions is shown as a conditioe treFigure 22. Th®&. lata strain 383
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microarrays clustered together, as did the twoyarfar the preservative-adapt&d lata
strain 383-CMIT derivative.

After the removal of internal control genes, and tiormalisation of data, analysis was
performed using a list of 7749 coding sequenceb®B. latastrain 383 genome. A 1.5-
fold change filter criterion was applied to arrayngarisons using a confidence filter of
P<0.05. This generated four lists of genes:
(i) genes with differential expression in respotts®MDM hydantoin
(conditions 1 and 2);
(ii) genes with differential expression in respens MIT/CMIT
(conditions 1 and 3);
(iif) genes with differential expression in theepervative-adaptel. latastrain
383-CMIT derivative (conditions 1 and 4);
(iv) B. latastrain 383-CMIT genes with differential expressiesponse to the
MIT/CMIT (conditions 4 and 5).

Gene lists are shown in the following sections. fe@sons of simplicity, henceforth, the
differentially expressed genes will be describedtlasr encoded protein homologue.
However, their functions and roles in preservatigsistance should still be considered

putative at this stage.
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Figure 22. Condition tree analysis of the five miavarray experimental conditions.

The condition tree analysis of microarray experitatconditions: (1B. latastrain 383 wild-type,
cultured in preservative-free BSM (CYG) medium; B2)atastrain 383 wild-type, in BSM (CYG)
medium containing 0.00162% DMDM hydantoin; g)latastrain 383 wild-type, in BSM (CYG)
medium containing 0.00001498% of the isothiazolbtend MIT/CMIT; (4) B. lata strain 383-
CMIT ( a preservative-adapted derivative), culturegreservative-free BSM (CYG) medium; (5)
B. lata strain 383-CMIT, cultured in BSM (CYG) medium coiniag 0.00001498% of the
isothiazolone blend MIT/CMIT. Each experimental dition is an average of triplicate replicate
microarray experiments. In the condition tree, dhy conditions (1-5) are grouped according to
the degree of similarity of their expression pedilover the selected probes: where a correlation
distance of 1 represents identical microarrays. airay-to-array correlation analyses were as
follows: conditions 1, 2 and 3 = 0.8; conditionardd 5 = 0.4; conditions 1, 2 and 3 with 4 and 5 =
1.2.
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6.2.3 The validation of observedB. lata strain 383 microarray data

In order to validate the microarray results, foangs (B1004, B1327, A6485 and A3516)
with significantly higher levels of expression inet preservative-adaptdgl lata strain
383-CMIT, were examined using quantitative realeiCR (qRT-PCR) (Table 22). The
expression of two genes (B0668 and A3949) obsetwvedbe down-regulated in the
microarray was examined by semi-quantitative PERufe 23). Quantitative PCR data
was normalised using the expression levels of adiaeping genadcA), a control gene
without altered expression under these conditi@xgression of the genghaC another

control gene without altered expression, was usel@ntrol for semi-quantitative PCR.

The selected genes represented a range of expressinges observed in the preservative-
adaptedB. lata strain 383 microarray (-6.3 to +25 fold). QuantitatPCR demonstrated
that the expression levels of the four genes, okseto have significantly increased 1.9 to
25-fold in the microarray experiment, in the prestive-adapted derivative, were
consistently up-regulated from that of the paresti@in (Table 22). Expression analysis of
these genes correlated well with the results oleseby microarray analysis: gene B1004,
with a 25 fold change by microarray analysis ha®2 fold change by gRT-PCR; A3156,
with a 1.9 fold change by microarray analysis hdd7d fold change by gRT-PCR.

The differential expression of the selected ger@®6B and A3949, observed to have been
down-regulated (6.3 and 4.5 fold) by microarraylgsia, could not be quantified by qRT-
PCR due to limited sensitivity. Semi-quantitativ€ P was therefore used to examine the
differential expression of these genes, a methadl was successfully employed in the
validation of previous microarray expression dddaeyinek et al, 2008). Using pooled
cDNA from the microarray experiments, gene B066& wansistently amplified frorB.
lata strain 383 (microarray condition 1) within 30 cygl@long with the control gempdaC
(Figure23). In contrast, gene BO668 was not consistemtlyldied within 30 cycles for the
preservative-adapted derivative (microarray coadid) Eigure 23; this corroborated the
microarray data, showing that gene B0668 was deguoiated in the adapted strain.
While the control gengohaC was consistently amplified within 30 cycles, arfipt
product for gene A3949 could not be visualised daher strain, suggesting very low

levels of expression in both the parental and athgtrain.
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Table 22.Validation of theB. lata strain 383-CMIT gene expression by quantitative ral-time

PCR
Microarray gRT-PCR quantification
Gene Name Putative gene function Foldchange P-valug 284 o1 Pfaffl
B1004 Secretion protein, RND-type effluxsystem 25 0038 | 832.204143.40) 482.59 (+78.93)
B1327 MFS transporter protein 4.6 0.000749 178.94* 4105.
A6485 Phenylacetic acid degradation-related protein .8 2 0.000303 7.06 (x0.54) 7.70 (x0.27)
A3516 ABC-type transporter, auxllary component 19 00051 1.93 (x0.11) 1.74 (+0.03)

Footnotes: Quantitative rt-PCR values represent the mean fildnge (xSTDEV) of two biological
replicates (six technical replicates in total) anparison with the transcription level in the pas¢B. lata
strain 383. * fold change calculated from one kgidal replicate (three technical replicates). Data
normalised to the expression levels of theAreference gene A5979.
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Figure 23. The validation of microarray observedB. lata strain 383-CMIT gene expression
by semi-quantitative PCR.

The results of semi-quantitative RT-PCR on cDNAiwks from two biological replicates d3.
lata strain 383 (lanes 1- 4), and its preservative-aathgerivativeB. latastrain 383-CMIT (lanes
5-8), grown on preservative-free medium; with germoBNA (g) as a positive control. The PCR
products, amplified after 30 PCR cycles, are shéwrthe following genes: (iphaC (A5090; a
control gene without altered expression); (ii), rismate mutase (B0668; down-regulated 6.3
fold in the preservative-adapted derivative) ; &igthe inner membrane sub-unit of an ABC-type
transporter (A3949; down-regulated 4.5 fold in pineservative-adapted derivative).
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6.2.4 Differential B. lata strain 383 gene expression in response to DMDM

hydantoin
Microarray analysis oB. latastrain 383 cultured sub-inhibitory concentratioh®&DM
hydantoin preservative, demonstrated that 305 godenes were differentially expressed
with a 1.5 fold filter applied; this represente®%. of all CDSs annotated in tli®e lata
strain 383 genome. Filtering with a confidence lefeé”<0.05, the list was reduced to 47
genes: 15 up-regulated (Table 23) and 32 down-a¢gi1.5-fold (Table 24). Within this
list, four genes were significantly up-regulate?-fold and ten were significantly down-

regulated>2-fold. The observed maximum fold-change in expogswas 5.6-fold.

The differentially expressed genes were dissemin#dieoughout theB. lata strain 383
genome with 14, 27 and 5 genes located respectioBlythe first, second and third
chromosomes. The distribution of the 47 genes wigmificant differential expression
among COG categories is shown Figure 24. Genes were associated with 13 COG
categories involved in metabolism (n= 18), cellupaocesses and signalling (n= 13),
information storage and processing (n= 3) or wayerly characterised in function (n=
12).

B. lata strain 383 genes, observed to have been up-redutd@dold, in response to
DMDM hydantoin exposure, were involved in metalbmlisor outer membrane
biosynthesis. These included a zinc-containing redt@ehydrogenase, 5.6- fold; a short
chain dehydrogenase, 3-fold; hydroxphenylacetatérdxylase, 2-fold; and a glucose
phosphosphate uridyltransferase, 2.6-fold (Table ZBree outer membrane porin genes
located on the second chromosome, that encodedimsqiutatively 38 to 40 kDa in size,
were up-regulated >1.6-fold. Genes within a pugatperon (B1863_B1869), encoding an
ABC-type transporter system were also up-regulétéds-fold) in response to exposure to

the formaldehyde releasing agent (Table 23).

A larger number oB. latastrain383 genes (n= 32) were significantly down-regulated
response to sub-inhibitory concentrations of DMDiléntoin. Ten genes were observed
to have been down-regulatee?-fold; these genes were associated with amino acid
transport, signal transduction, lipid metabolistmorganic ion transport, the outer
membrane, or were poorly characterised (Table ¥Mithin this group, amino acid
transporter genes C7548 and B196, were down-regllaspectively by a 3.7 and 2.6-
fold. An outer membrane porin (gene B0225), pu&d$ivd0 kDa in size, was down-
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regulated 2.1-fold. Two genes encoding signal ttaosrs were also down-regulated
greater than 1.5-fold. These included a LuxR famdgulator with a cheY-like receiver
(gene B0664, down-regulated 2.1-fold) and a diglaeycyclase gene (C7110) with
GGDEF/EAL domains (down-regulated 2.0-fold).

A third putative signal transducer gene, encodicgeA homologue, was also observed to
be down-regulated (1.6-fold) in response to DMDMdl&wtoin (Table 24). CheA is a
signal transduction histidine kinase central to thignal transduction pathway for
chemotaxis (Hesst al, 1988). Also associated with motility, a flageltawok-associated
protein FIgK gene (A6361) with homology to BCALO5#6B. cenocepacia2315, was
down-regulated 1.7-fold. Other flagellar structuvalassociated genes were found to have
altered in expression by up to 1.3-fold or remaioedffected; however, these genes were

excluded from the final gene list because of therfcriteria applied across the data set.
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Table 23. Up-regulated gene expression iB. lata strain 383 exposed to DMDM

hydantoin
Gene Name  Foldchange p-value Putative gene function
AB6455 5.6 0.00291 Zinc-containing alcohol dehydrogenasegamily
B1023 1.8 0.00272 outer membrane protein (porin)
B1861 1.8 0.00476 transcriptional regulator, AraC kami
B1863° 1.6 0.022 Peptidase M55, D-aminopeptidase
B1867% 1.8 0.0409 ABC dipeptide/oligopeptide/nickel famigisporter, periplasmic ligand binding protein
B1869% 1.7 0.00389 Peptidase T2, asparaginase 2
B1873 1.7 0.0471 outer membrane protein (porin)
B2109 2.6 0.0375 UTP-glucose-1-phosphate uridylyltransteras
B2233 1.7 0.037 hypothetical protein
B2334 15 0.000602 hypothetical protein
B2410 2.0 0.0309 4-hydroxyphenylacetate 3-hydroxylase
B2594 1.6 0.0297 transcriptional regulator, LysR fgmil
B2596 1.6 0.00873 outer membrane protein (porin)
C6836 1.8 0.0127 Phytanoyl-CoA dioxygenase
C7587 3.0 0.0151 short chain dehydrogenase
Footnotes:

All genes shown were significantly altered in exgsien by>1.5-fold (p<0.05) and genes with a > two-fold
change in expression are shown in bold

& genes within a predicted operon
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Table 24. Down-regulated gene expression iB. lata strain 383 exposed to DMDM

hydantoin
Gene Name  Foldchange p-value Putative gene function
A3772 -1.6 0.0125 hypothetical protein
A4309 -25 0.0189 phosphatase-like
A4382 -1.6 0.0403 hypothetical protein
A4541 24 0.0494 hypothetical protein
A4545 -1.9 0.021 Phosphoesterase
A5091 -1.5 0.045 acetyl-CoA acetyltransferase
Ab5481 -1.5 0.00573 transcriptional regulator, histiirtilization repressor, GntR family
A5767 -1.8 0.0245 OmpA/MotB family protein
A6101 -2.0 0.0469 Acetoacetyl-CoA reductase
A6102 -1.5 0.0327 acetyl-CoA acetyltransferase
A6103 -1.6 0.0157 Phasin
A6244 -1.6 0.0162 5-Nucleotidase-like
A6361 -1.7 0.0237 flagellar hook-associated protelmkF
B0225 2.7 0.0228 outer membrane protein (porin)
B0424 -1.9 0.0241 Propionyl-CoA carboxylase
B0664 2.1 0.0267 transcriptional regulator, LuxR family
B0683 -1.5 0.049 Beta-lactamase
B1177 -1.6 0.0423 Short-chain dehydrogenase/reduSB&e
B1561 24 0.0359 hypothetical protein
B1561 -1.6 0.00471 hypothetical protein
B1750 -1.6 0.0237 Glycerophosphoryl diester phospteidiase
B1877 -1.6 0.0269 Metallophosphoesterase
B1961 -2.6 0.0188 glutamine ABC transporter periplasmicelrig protein
B1977° -1.6 0.0435 hypothetical protein
B1979° -1.6 0.0242 putative CheA signal transduction histidkinase
B1981 -1.6 0.0476 protein of unknown function DUF485
B2478 -1.5 0.0198 outer membrane protein (porin)
B2852° 2.1 0.029 Alkaline phosphatase
B2853" -1.7 0.00296 Alkaline phosphatase
C6744 -1.8 0.0356 Acyl-CoA dehydrogenase
C7110 -2.0 0.0408 diguanylate cyclase/phosphodiesterasBEE& EAL domains)
C7548 -3.7 0.0216 Amino acid transporter
Footnotes:

All genes shown were significantly altered in exgsien by>1.5-fold (p<0.05) and genes with a > two-fold
change in expression are shown in bold

& genes within a predicted operon
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COG Category

Function unknown

!lk

General function prediction only

Secondary metabolites biosynthesis, transport.g

Inorganic ion transportand metabolis

Lipid metabolism

Nucleotide transport and metabolisr

Amino acid transport and metabolisn

Energy production and conversio

Cell motility and secretion

Cell envelope biogenesis, outer membra

Signal transduction mechanism

Defense mechanisms

A%

i

Transcription

4 6 8

o

Number of genes in COG

= Down-regulated ™ Up-regulated

Figure 24. The distribution of B. lata strain 383 genes, differentially expresseith response to
DMDM hydantoin exposure, among COG categories.

The dark green and light green bars correspond7t@ehes whose expression significantly
decreased or increased (respectively) by at leadold (P < 0.05), in response to exposure to sub-
inhibitory concentrations of the preservative DMDiydantoin.
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6.2.5 Differential B. lata strain 383 gene expression in response to the isitholone
preservative blend MIT/CMIT
Microarray analysis, oB. lata strain 383 cultured in sub-inhibitory concentrasaf the
cosmetics-grade blend of isothiazolone preservatMEl/CMIT, demonstrated that 298
coding genes were differentially expressed with&fald filter applied; this represented
3.8% of all CDSs annotated in tBe lata strain 383 genome. Filtering with a confidence
level of P < 0.05, the list was reduced to 27 gength 21 up-regulated (Table 25) and 6
down-regulated> 1.5-fold (Table 26). Within this list, six genesre significantly up-
regulated> 2-fold and three were significantly down-regulate®-fold. The observed

maximum change in expression was 4.4-fold.

The differentially expressed genes were disseméh#tiroughout thd. lata strain 383
genome, with 6, 12 and 9 genes located respectionlythe first, second and third
chromosome. The distribution of the 27 genes witniBcant differential expression
among COG categories is shown Rigure 25 Genes were associated with 11 COG
categories involved in metabolism (n= 10), cellufaocesses and signalling (n= 3),

information storage and processing (n=2), or we@ly characterised in function (n=12).

B. lata strain 383 genes observed to have been up-regutdtddid in response to
MIT/CMIT exposure, were putatively involved in outamembrane biosynthesis,
metabolism, or were poorly characterised. Thesdudiec a capsule polysaccharide
biosynthesis gene (C7396, 2.6-fold), a dihdropydime dehydrogenase gene (C6656,
2.6-fold), a peptidase S10 gene (B0371, 2.3-fady an integral membrane protein that
putatively participates in regulating cation condunce (gene B2416, 2-fold) (Table 25).
Genes up-regulated greater than 1.5-fold putatiezlgoded a zinc-containing alcohol
dehydrogenase (gene A6455) that had been obseovbd tip-regulated in response to
DMDM hydantoin, and a phase terminase GpA protgene B1042;1.6-fold), that had
been identified previously as a putative deterntinainB. lata strain 383 MIT/CMIT
resistance in the transposon mutagenesis screbapt@t 5).

Only threeB. lata strain 383 genes were observed to have been dayatated greater
than or equal to 2-fold, in response to MIT/CMITpesgure. These putatively encoded a
short-chain alcohol dehydrogenase (gene C7132id2-fiavolved in metabolism, and two
genes putatively involved in the metabolism anahgpeort of amino acids (C7548 and
B1364; 3.3-, 4.4-fold) (Table 26).
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Table 25. Up-regulated gene expression iB. lata strain 383 exposed to MIT/CMIT

isothiazolone blend

Gene Name  Foldchange p-value Putative gene function

A3419 17 0.041 hypothetical protein

A4956 1.6 0.0492 putative aldehyde dehydrogenase
A5329 15 0.0235 30S ribosomal protein S2

A5720 1.6 0.0165 hypothetical protein

A6316 15 0.00227 transcriptional regulator, LysR fami
A6455 1.8 0.0169 Zinc-containing alcohol dehydrogersasge rfamily
B0371 23 0.0319 Peptidase S10, serine carboxypeptidase
B1025 1.8 0.0155 hypothetical protein

B1042™2 1.6 0.0231 Phage terminase GpA

B1301 20 0.0268 hypothetical protein

B1872 19 0.0137 Alpha-glucosidase

B1873 1.6 0.0488 outer membrane protein (porin)

B2416% 2.0 0.0173 SPFH domain-containing protein/band 7lygonbtein
B2417% 2.1 0.0418 hypothetical protein

B2823 19 0.0485 hypothetical protein

C6645 1.9 0.00407 Aldehyde dehydrogenase

C6656 2.6 0.028 dihydropyrimidine dehydrogenase
C7082 1.7 0.0373 Acyl-CoA dehydrogenase-like

C7208 1.7 0.0458 hypothetical protein

C7370 1.7 0.0203 hypothetical protein

C7396 2.6 0.0443 Capsule polysaccharide biosynthesis
Footnotes:

All genes shown were significantly altered in exgsien by>1.5-fold (p<0.05) and genes with a > two-fold
change in expression are shown in bold

™ Transposon mutant (9:H2) , interrupted in gene Bl@é&monstrated an increase of susceptibility én th
MIT/CMIT screens, as discussed in chapter 5.

& genes within a predicted operon
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Table 26.

Down-regulated gene expression iB. lata strain 383 exposed to

MIT/CMIT isothiazolone blend

Putative gene function

Gene Name  Foldchange p-value

B1771 -1.5 0.0201 Zinc-containing alcohol dehydrogensisperfamily
C6744 -1.7 0.000664 Acyl-CoA dehydrogenase

B1177 -1.7 0.0335 Short-chain dehydrogenase/reduSbse

C7132 -2.0 0.0107 Short-chain dehydrogenase/reductase SDR
C7548 -3.3 0.0233 Amino acid transporter

B1364 -4.4 0.00111 D-serine dehydratase

Footnotes:

All genes shown were significantly altered in exgsien by>1.5-fold (p<0.05) and genes with a > two-fold

change in expression are shown in bold
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COG category

Function unknown

General function prediction only -_l

Lipid metabolism -_I

Nucleotide transport and metabolism I

Amino acid transportand metabolisrr-_l

Carbohydrate transport and metabolism I

Energy production and conversior- I

Posttranslationalmodification, protein turnovéraperones I

Cell envelope biogenesis, outer membrane I

Transcription

Translation, ribosomalstructure and biogenesis I

0 2 4 6 8
Number of genes in GOG

= Down-regulated ™ Up-regulated

Figure 25. The distribution of B. lata strain 383 genes, differentially expressed in respse to

MIT/CMIT isothiazolone exposure, among COG categogs.

The dark green and light blue bars correspond to 27egemhose expression significantly
decreased or increased (respectively) by at leadbld (P < 0.05), in response to exposure to sub-
inhibitory concentrations of the isothiazolone preative blend MIT/CMIT.
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6.2.6 Differential gene expression in the preservative-aapted B. lata strain 383-

CMIT derivative
Microarray analysis, of the preservative-adapidlata strain 383-CMIT derivative,
cultured in a preservative-free medium, demondrateat 529 coding genes were
differentially expressed with the 1.5-fold filtepglied; this represented 6.8% of all CDSs
annotated in th8. latastrain 383 genome. Filtering with a confidence lefd?<0.05, the
list was reduced to 216 genes: 126 significantlyregulated (Table 27) and 90
significantly down-regulated>1.5-fold (Table 28). Within this list, 37 genes wer
significantly up-regulated2-fold, and 29 were significantly down-regulate?-fold. The
expression of seven genes had significantly altemede than 5-fold in the preservative-

adapted. latastrain 383 derivative.

The differentially expressed genes were dissemin#dieoughout theB. lata strain 383
genome, with 81, 103 and 32 genes located respécton the first, second and third
chromosome. The distribution of the 216 genes wignificant differential expression
among COG categories is shown Figure 26. Genes were associated with 19 COG
categories involved in metabolism (n= 80), cellupaocesses and signalling (n= 31),

information storage and processing (n= 16) or ey characterised (n= 89).

The largest fold-change in the expressiomBofata strain 383-CMIT genes, was observed
for a tripartite RND efflux system encoded on thexand chromosomeFigure 27):

expression of the HlyD family secretion protein gmment increased by 25-fold, the outer
membrane lipoprotein increased 10-fold, while egpien of the hydrophobe/amphiphile

efflux protein increased 9.3-fold (Table 27).

In total, the expression of twelve putative tranggs had increased >1.5-fold in the
preservative-adapted strain (Table 27), four os¢hbelonging to the ABC-family. The
expression of five genes within the putative oped@512 A3517 increased between 1.7-
to 2.1-fold. This operon encodes a putative ABGetyansport system homologous to the
Ttg2 system that is associated with tolerance gamic solvents irP. aeruginosaThis
ABC-type transport system was identified as a peatdeterminant ofB. lata
isothiazolone resistance in the mutagenesis st@tgyter 5). Expression of an ABC’Fe
siderophore transporter protein gene (B1768) harkased 4.5-fold, whilst expression of
two other ABC transporter systems had increasedo2213-fold (genes C7504, B0540 and
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B0541) in the adapted derivative (Table 27). Theression of three major facilitator
superfamily transporter proteins (involved in cdnpdrate transport) and two amino acid
transporter protein genes had also altered betde®ito 4.7-fold (genes A4968, B1327,
B0355, A5849 and C7469, Table 27). Expression dfomologue of an EmrB/QacA
family drug-resistance transporter protein gene8@¥ was also up-regulated 1.6-fold in
the preservative-adapted derivative. The expreseiothree putative outer membrane
porin proteins had increase by 1.6 to 1.9-fold (€aB7) in the preservative-adapted
derivative. These putative porin proteins rangedif88 to 40 kDa in size.

Three stress response protein genes were observeal gignificantly up-regulateell.9-
fold in the preservative-adapt®d lata strain 383-CMIT (Table 27). Within this group of
genes, B0269 and B0270 (up-regulated 2.1 and 1d9+eere putative signal transduction
mechanisms within a putative operon involved inistasice to tellurite (Taylor, 1999;
Winsor, 2008). A periplasmic superoxide dismutasetgin SodB gene -A5874,
orthologous to BCAL2757 iB. cenocepacia2315 - was observed to be up-regulated
(2.6-fold) in the isothiazolone-adapted strain (€ak7). Only a minor significant change
in the expression (1.2-fold) was observed for tlepper/zinc binding superoxide
dismutase SodC homologue (gene A5765) (see wwwaebk/arrayexpress E-MEX-
2827). In contrast, a homologue of a peroxidasegg&3905) was observed to have been

significantly down-regulated (2.8-fold) in the atizgb derivative (Table 28).

Several of the genes observed to be down-reguilaézd putatively associated with the
shikimate pathway that participates in the synseesif the three proteinogenic aromatic
acids and a broad range of mostly aromatic secgndastabolites including some
siderophores(Dosselaere & Vanderleyden, 2001).ldigest fold change (-6.3-fold) was
observed for a homologue of a chorismate mutase (0688). This had 73% homology
to the salicylate biosynthesis protein PchB RmaeuriginosaPAOl (Winsor, 2008)
involved in the synthesis of the siderophore pyboh&aille et al, 2002). A second gene
within the putative operon, encoding an AMP-syrdketand ligase, was also significantly
down-regulated by 4.3-fold (Table 28) in the prea@ve-adapted derivative. A third gene
B0678, that encoded a hypothetical protein, obskteebe significantly down-regulated
by 5.9-fold, was found to resided within a predictgperon containing a gene putatively
encoding a Fe (ll) pyochelin siderophore transpootein. Possibly in connection with
the biosynthesis of pyochelin, a phenazine biosgithprotein A/B gene (B1568) was

observed to be significantly down-regulated (-l in the adapted derivative.
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The five outer membrane protein genes observe@ wignificantly down regulatedl.5-
fold in the preservative-adapted strain (Table 28oded putative porins of a predicted
similar size to those that had been up-regulatedying from 37.5 to 41.8 kDa. The largest
fold-change in expression of 4.1-fold, was obseirfeedhe putative 39.8 kDa porin protein
gene A3634.

Other significantly down-regulated genes of noteuded gene A6361 which encoded a
putative flagellar hook-associated protein FlgKwderegulated 1.8-fold, Table 28). This
gene was also observed to be down-regulated ipdhental strain in response to DMDM
hydantoin (Table 24). The expression of other gem#kin the putative gene cluster
A6360 to A6364, that putatively encode structuramponents that contribute to the
assembly of a single flagellar system (orthologtmshe gene cluster BCALO561 to
BCALO577 in B. cenocepacial2315 (Holderet al, 2009)), was observed not to have
significantly altered greater thanl.5-fold in tltapted derivative.
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Table 27

. Up-regulated gene expression in preseniat-adaptedB. lata strain 383-CMIT

Gene Name Foldchange p-value Putative gene function

A35122 ™ 17 0.00613 ABC transporter, ATPase subunit
A35142T™ 2.0 0.00105 ABC transporter, inner membrane subunit
A3515°% 1.6 0.00904 VacJ-like lipoprotein

A3516% 1.9 0.00151 Toluene tolerance

A35172™™ 21 0.000163 hypothetical protein

A3699 18 0.00213 transcriptional regulator, AraC fami

A3783 16 0.000106 Glutamate synthase (NADPH)

A4033 15 0.00643 hypothetical protein

A4148 2.7 0.00197 hypothetical protein

A4203 18 0.00412 fumarate hydratase

A4255 16 0.00129 Excinuclease ABC, C subunit

A4268 17 6.69E-05 Electron transport protein SCO1Sen

A4500 16 0.00152 outer membrane protein, (porin)

A4671 1.6 0.00456 Host factor Hfg

A4811 19 3.73E-05 Low molecular weight phosphotyregimotein phosphatase
A4968 2.3 0.0455 Major facilitator superfamiy (MFS_1) tepporter
A5145 29 0.00586 Short-chain dehydrogenase/reductase SDR
A5209° 1.6 0.000151 hypothetical protein

A5210° 1.6 0.00247 protein-methionine-S-oxide reductase
A5212 15 0.000504 Transcriptional regulator, BolA

A5373° 25 0.000488 Cytochrome C oxidase subunit IV

A5374° 17 0.0101 Heme/copper-type cytochrome/quinol oxidadesunit 3-like
A5375° 1.6 0.00182 Cytochrome-c oxidase

A5376° 1.9 0.00124 Cytochrome o ubiquinol oxidase subunit Il
A5606 17 0.000364 globin-like protein

A5677 17 0.00408 transaldolase

A5701 15 0.0303 hypothetical protein

A5849 4.7 0.00161 Amino acid tranporter

A5867 1.6 0.00167 Drug resistance transporter EmrBAGad family
A5874 2.6 6.45E-05 Superoxide dismutase

A5884 1.8 0.000274 hypothetical protein

A5900 15 5.48E-05 pyridoxamine 5-phosphate oxidase

A5963 17 0.000401 hypothetical protein

AB000 15 0.00253 hypothetical protein

AB017 16 0.0039 hypothetical protein

A6115 15 0.00262 Sodium’hydrogen exchanger

A6170 15 0.0018 hypothetical protein

A6261 21 0.000106 hypothetical protein

AB482 2.4 1.32E-05 Transcriptional regulator, LysR family
AG484° 1.8 8.38E-07 Patatin

A6485° 2.8 0.000303 Phenylacetic acid degradation-relatetepr
B0083 19 0.0304 hypothetical protein

Footnotes:All genes shown were significantly altered in egq®ion by>1.5-fold (p<0.05) and genes with a greater thanfbld
change in expression are shown in b8liTransposon mutants (9:18:A7, 11:E4, 21:A6 and 3p;H®terrupted in genes within the
operon A3512_ 3517, demonstrated altered suscétitnilisothiazolone preservatives, as discussatapter 559 genes within a

predicted op

eron.
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Table 27. Continued

Gene Name Foldchange p-value Putative gene function

B0084 17 0.0219 hypothetical protein

B0088 16 0.000502 hypothetical protein

B0105° 1.9 0.00128 Radical SAM oxidoreductase

B0106° 1.9 0.000653 4-hydroxy-3-methylbut-2-enyl diphosphatiuctase
B0192 1.6 0.000182 membrane protein

B0213 1.6 0.00241 Aminoglycoside/hydroxyurea antilsiogisistance kinase
B0233 17 0.000411 hypothetical protein

B0269" 2.1 0.00705 stress protein

|3027of 1.9 0.0196 stress protein

B0278 15 0.000449 hypothetical protein

B0341 15 0.000418 transcriptional regulator, AraCiffam

B0355 19 0.0247 Maijor facilitator superfamily (MFS tfBnsporter

B0371 2.3 0.00379 Peptidase S10, serine carboxypeptidase

B0372 1.6 0.000677 NAD(+) synthetase

B0374 1.7 0.000124 hypothetical protein

B0443 35 2.84E-05 hypothetical protein

B0522 1.6 0.0153 transcriptional regulator, LysR famil

B0540° 2.1 0.00016 ABC transporter, inner membrane subunit

B0541° 2.3 5.44E-06 ABC transporter, ATPase subunit

B0619 24 0.0279 hypothetical protein

B0791 19 0.00149 protein of unknown function DUF81

B1004" 25.2 0.00038 Secretion protein, HlyD family

B1005" 9.3 0.000108 Hydrophobe/amphiphile efflux pump, HA& iy

B1006" 10.0 0.0039 RND efflux system, outer membrane liptging Nod T family
B1023 18 0.00189 outer membrane protein (porin)

B1025 1.7 0.0212 hypothetical protein

B1059 17 0.000352 Metallophosphoesterase

B1260 15 0.000456 hypothetical protein

B1270 1.7 0.0145 putative threonine efflux proteire-lik

B1327 4.6 0.000749 Major facilitator superfamily (MFS_3rsporter

B1331 15 0.00389 hypothetical protein

B1355 2.8 0.000485 hypothetical protein

B1467 5.2 0.000879 Carbonic anhydrase/acetyltransferaseisinle patch superfamily
B1677 1.6 0.0381 hypothetical protein

B1715 2.3 0.000197 TrkA-N, putative potassium channel grote

B1733 17 0.00102 short chain dehydrogenase

B1758 17 0.00016 ABC nitrate/sulfonate/bicarbonatal§atransporter, inner membrane subunit
B1768 4.5 0.0054 ABC Fe3+ siderophore transporter, innenlmnane subunit
B1770 19 0.00771 outer membrane protein (porin)

B1798 15 4.13E-05 DNA polymerase IV(family X)

B1906 1.6 0.0009 hypothetical protein

Footnotes:All genes shown were significantly altered in eeqmion by>1.5-fold (p<0.05) and genes with a greater than
two-fold change in expression are shown in bSifigenes within a predicted operon.
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Table 27. Continued

Gene Name Foldchange p-value Putative gene function

B1910' 1.9 7.58E-05 CDP-alcohol phosphatidyltransferase
B1911 17 0.00269 20G-Fe(ll) oxygenase

B1912 16 0.000123 hypothetical protein

B1913 ™M 21 4.62E-05 sugar nucleotidyltransferase-like

B1915 1.6 0.00111 Thiamine pyrophosphate enzyme, putatpleddphonopyruvate decarboxylase
B1916 2.0 8.56E-06 Aminotransferase, class V

B1918 22 0.00147 3-oxoacyl-(acyl carrier protein) synthase
B1919 1.6 0.00114 hypothetical protein

B1929 1.7 0.000885 Peptidase S33, proline iminopepéda
B2147 2.2 0.000504 citrate synthase

B2149 1.6 0.0127 succinate dehydrogenase catalytiarsub
B2154 1.6 0.0263 malate dehydrogenase

B2180 1.6 0.000877 hypothetical protein

B2185 2.8 0.00248 hypothetical protein

B2186 19 0.00118 GCN5-related N-acetyltransferase
B2211¢ 1.6 0.0018 1-deoxy-D-xylulose-5-phosphate synthase
B2212% 19 0.000803 farnesyl-diphosphate synthase

B2213¢ 1.8 0.00127 exodeoxyribonuclease VIl small subunit
B2300 1.6 0.00035 riboflavin synthase subunit alpha

B2511 15 0.00022 GCN5-related N-acetyltransferase
B2598 21 0.0488 Peptidase M20D, amidohydrolase

B2902 1.8 0.00143 Acid phosphatase

B2908 1.6 0.0127 hypothetical protein

B2947 15 0.000108 Histone deacetylase superfamily

B3063 2.0 0.0134 Glucose-methanol-choline oxidoreductase
B3083 15 5.29E-05 PpiC-type peptidyl-prolyl cis-trdssmerase
BROOO 2.5 0.0329 (ribosomal)

C6626 1.8 0.000465 Toluene tolerance protein (Ttg2D)
C6627 1.6 0.00105 Transcriptional regulator, LysR

C7150 1.8 0.0214 hypothetical protein

C7246 1.6 0.00277 Glutathione peroxidase

C7294 51 0.00205 AMP-dependent synthetase and ligase
C7344 1.9 0.00139 Cytochrome c, class |

C7345 1.9 5.13E-05 Glucose-methanol-choline oxidoréase
C7346 33 0.000394 hypothetical protein

C7469 1.8 0.0171 Lysine exporter family protein (LYSEGA)
C7477 1.6 0.000784 hypothetical protein

C7479 15 7.96E-05 Alpha/beta hydrolase

C7497 1.8 0.0176 metal-dependent phosphohydrolase
C7504 21 1.29E-05 ABC transporter, inner membrane subunit
C7542 1.7 0.000189 hypothetical protein

C7543 19 0.00144 hypothetical protein

CR008 2.7 0.0179 (ribosomal)

Footnotes:All genes shown were significantly altered in eeqsion by>1.5-fold (p<0.05) and genes with a greater thanfbld
change in expression are shown in b8ltiTransposon mutant (29:G3) , interrupted in genelB18emonstrated an increased
susceptibility in MIT/CMIT screens, as discussecimapter 5;* genes within a predicted operon.
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Table 28. Down-regulated gene expression in presetwe-adaptedB. lata strain 383-
CMIT

Gene Name  Foldchange p-value Putative gene function

A3313 -1.6 0.0366 Pyridoxamine 5'-phosphate oxidattee, FMN-binding

A3369 -2.0 0.0122 protein of unknown function DUF805

A3544 -34 0.0384 hypothetical protein

A3545 -15 0.0496 hypothetical protein

A3558% -1.6 0.00514 TPRrepeat protein

A3560% -1.7 0.00366 protein of unknown function DUF877

A3561° -1.6 0.00354 protein of unknown function DUF796

A3562° -1.6 0.000772 protein of unknown function DUF1316

A3566" -1.7 0.016 ImpA-like (Type M secretion associated)

A3567" -1.8 9.53E-05 Rhs element Vgr protein

A3568° -1.9 0.0107 hypothetical protein

A3576 -15 0.00809 hypothetical protein

A3634 -4.1 0.000367 outer membrane protein, (porin)

A3758 -1.5 0.00066 ABC amino acid transporter, ATPasleunit

A3863 -1.6 0.00465 Glycosyltransferase-like

A3865 -1.7 0.00912 hypothetical protein

A3905 -2.3 0.00522 Peroxidase

A3918 -1.7 0.00682 D-lactate dehydrogenase

A3949 -4.5 0.00248 ABC Fe3+ transporter, inner membraneisitb

A4113 -3.0 0.00065 cold-shock DNA-binding domain protein

A4383 -1.5 0.0118 cytosine/purines, uracil, thiamalantoin transporter

A4384 -1.5 0.0196 outer membrane protein, (porin)

A4521 -1.8 0.0383 dual specificity protein phosphatase

A4704 -2.0 0.00403 alkanesulfonate monooxygenase

A4739 -1.5 0.00944 Thiosulphate-binding protein

A4920 -1.6 0.0074 Methylated-DNA-(protein)-cysteinenBthyltransferase

A4989 24 0.00444 hypothetical protein. Putative transgort

A4990 -1.7 0.00636 hypothetical protein

A4991 -2.0 0.033 3-oxoacyl-(acyl-carrier protein) synthase

A4992 -1.8 0.0219 hypothetical protein

A4993 -1.8 0.0288 Glycine C-acetyltransferase

A4994 21 0.0182 hypothetical protein

A5004 -1.8 0.0384 hypothetical protein

A5274 -1.7 0.0132 transcriptional regulator, LysR fami

A5288 -2.0 0.0203 4Fe-4S ferredoxin, iron-sulfur binding

A5507 -1.6 0.00318 Toxic anion resistance

A5803™ -1.5 0.00698 sulfate adenylyltransferase subunit 2

A5806 -1.5 0.0013 Nitrite/sulfite reductase

A6297 -1.6 0.000471 ABC thiosulphate transporter,giasimic ligand binding protein

A6361 -1.7 0.0255 flagellar hook-associated protein

B0296 -1.8 0.0315 Hydrophobe/amphiphile efflux pumpBd

B0668° -6.3 0.00659 chorismate mutase

B0670° -4.3 0.0288 AMP-dependent synthetase and ligase

B0672° 21 0.0184 Non-ribosomal peptide synthetase modules

B0676" -25 0.0176 ABC effluxpump, fused inner membrane AfitPase subunits

Footnotes:All genes shown were significantly altered in eegsion by>1.5-fold (p<0.05) and genes with a greater thanfbld
change in expression are shown in b8liTransposon mutant (27:H4), interrupted in gene A58@monstrated an increased
susceptibility in the preservative screens, asudised in Chapter 8¢ genes within a predicted operon.
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Table 28. Continued

Gene Name  Foldchange p-value Putative gene function

B0678 -5.9 0.0476 hypothetical proteiﬁ

B0681 -4.0 0.0172 transcriptional regulator, AraC family
B0683 -3.1 0.00297 Beta-lactamase

B0686 -2.4 0.014 TonB-dependent receptor

B0811 -1.6 0.0207 GCN5-related N-acetyltransferase

B0937 -3.2 0.0436 transcriptional regulator, AraC family
B0997 -1.5 2.87E-05 Sodiunvdicarboxylate symporter

B1428 -1.8 0.0178 hypothetical protein

B1429 -3.1 0.0458 hypothetical protein

B1485 -1.5 0.0233 TonB-dependent receptbr

B1496 -1.7 0.0154 FAD dependent oxidoreductase

B1497 -1.9 0.00896 hypothetical protein

B1567 -1.6 0.0238 Acyl-CoA dehydrogenase-like

B1568 -1.9 0.00821 Phenazine biosynthesis protein A/B
B1748 -2.5 6.02E-05 outer membrane protein (porin)

B1771 -1.7 0.00804 Zinc-containing alcohol dehydrogensuperfamily
B1832 -1.5 0.00548 hypothetical protein

B1980 -1.5 0.00318 Na+/solute symporter

B2103 -3.2 0.00737 outer membrane protein (porin)

B2324° -1.5 0.0169 Aromatic-ring-hydroxylating dioxygenabeta subunit
B2325° 2.4 0.00264 ring hydroxylating dioxygenase, alphbunit/Rieske (2Fe-2S) protein
B2365 -1.5 0.000914 Polyhydroxyalkanoate depolymerase
B2842 -1.6 0.0261 Beta-lactamase-like

B2884 -1.9 0.0143 hypothetical protein

B2926 -1.7 0.0296 hypothetical protein

B2933 -1.6 0.0269 hypothetical protein

B2934 -1.6 0.0121 hypothetical protein

B2939 -1.5 0.0287 outer membrane autotransporterlbarre
B3091 -1.5 0.0211 Alpha/beta hydrolase

C6545 -1.6 0.0369 hypothetical protein

C6591 -1.6 0.00379 Haemaglutinin/autotransporterditeein
C6622 -1.7 0.0228 transcriptional regulator, LysR fami
C6820 2.1 0.0194 hypothetical protein

C6876 -1.7 0.00584 collagenase

C7073 -2.6 0.0121 ring hydroxylating dioxygenase, alphawunib
C7095 -1.6 0.0143 hypothetical protein

C7132 -1.6 0.00398 Short-chain dehydrogenase/redu&iaie
C7142 -2.0 0.0377 FAD dependent oxidoreductase

C7206 -1.5 0.00191 Flp/Fap pilin component

C7251 -1.5 0.0248 Sodium-dicarboxylate symporter

C7252 -1.6 0.0208 hypothetical protein

C7455 -1.7 0.0107 outer membrane protein (porin)

C7548 -3.6 0.0197 Amino acid transporter

C7559 -1.7 0.03 Acetyl-CoA C-acyltransferase

C7691 -2.2 0.00415 protein of unknown function DUF6, traesmrane

Footnotes:All genes shown were significantly altered in eegmion by>1.5-fold (p<0.05) and genes with a greater than
two-fold change in expression are shown in bdlgenes within a predicted operdsiderophore-iron transport

associated.
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Figure 26. The distribution of differentially expressed genes of preservative-adaptdsl lata
strain 383-CMIT genes, among COG categories.

The dark orange and light orange bars correspond toggh@s whose expression significantly
decreased or increased (respectively) by at le&dbld (P< 0.05), relative to expression levels of
the parental strain.
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1kb
—
Gene B1000 B1001 B1002 B1003 B1004 B1005 B1006 B1007
Product TetR LysR SDR  MerR HlyD RND Efflux RND outer 2-oxoacid
secretion hydrophobe/ membrane dehydrogenase
protein amphiphile lipoprotein
protein
Size 23kDa 33kDa 26kDa 18kDa 44kDa 113 kDa 53 kDa 99 kDa
Localisation C u* u* U CM CM oM C
Putative Ortholog  N/A BCAM BCAM BCAM BCAM BCAM BCAM BCAM
1950 1949 1948 1947 1946 1945 1944
Microarray fold
change in NS NS NS  +1.4 +25 +9.3 +10 NS
expression

Figure 27. The organisation of genes encoding an RNefflux system, over expressed in the
preservative-adaptedB. lata 383-CMIT derivative.

The schematic shows the arrangement of three dlEee$81004_1006, as green arrows), within a
putative operon located on the secdhdata strain 383 chromosome, that encode proteins of a
tripartite efflux system of the RND family; eachadm to the scale given by the bar on the left. The
putative gene products, subcellular localisatio putative orthologs iB. cenocepacid2315, are
also shown. Abbreviations: C, cytoplasm; CM, cyasphic membrane; OM, outer membrane; U,
localisation unknown; U*, protein may have multipbealisation sites. The fold change in gene
expression in the preservative-adapted derivativepared to the parent@l latastrain 383 (based

on microarray analysis) are shown; NS: no significzhange in expression was observed between
the preservative-adapted derivative and the pdrstngan (P > 0.05).
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6.2.7 Differential gene expression in the preservative-aapted B. lata strain 383-

CMIT derivative exposed to MIT/CMIT
Microarray analysis of the preservative-adapted lata strain 383-CMIT derivative
cultured in 0.00001498% MIT/CMIT, demonstrated thaf4 coding genes were
differentially expressed with a 1.5-fold filter djgul; this represented 3.5 % of all CDSs
annotated in th8. latastrain 383 genome. Filtering with a confidence lefd?<0.05, the
list was reduced to 29 genes: 18 significantly eguiated (Table 29) and 11 significantly
down-regulated>1.5 fold (Table 30). Within this list, 11 genes wesignificantly up-
regulated>2-fold and three were significantly down-regulate2-fold. Overall, global
gene expression did not significantly alter morantid.2-fold in response to exposure to

the priming preservative MIT/CMIT.

The differentially expressed genes were dissemin#dieoughout theB. lata strain 383
genome: with 6, 15 and 8 genes located respectivalythe first, second and third
chromosome. The distribution of the 29 genes witniBcant differential expression
among COG categories is shown in Figure 28. Gena® \associated with 15 COG
categories involved in metabolism (n= 12), cellufaocesses and signalling (n= 6),
information storage and processing (n= 2 ), or wegerly characterised in function (n=
9).

An acetylglutamate kinase-like gene (B2621), puédy involved in the biosynthesis of
arginine, demonstrated the largest fold-change2(eld) in expression in response to
exposure to sub-inhibitory concentrations of theth&mzolone blend of preservatives
MIT/CMIT (Table 29). Arginine is a potential prasor of polyamines and is involved in
a variety of degradative pathways (Cureh al, 1986). In connection, an ABC-type
transporter protein of spermidine/putrescine polyas (gene C6818) was also observed

to be significantly down-regulated by 1.7-fold.

A putative homologue of a paraquat-inducible prot& (gene C6818) of unknown
function, was observed to be significantly up-regedl (1.5-fold) in response to the
isothiazolone preservatives. The paraquat-induqiotdein B (gene C6816) within this
putative operon, with a predicted extracellularalsation (Winsor, 2008), was observed
to be significantly down-regulated 3.7-fold (TabR&and 30).
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Of the 29 genes observed to have altered signtficam response to the isothiazolone
blend, two were putatively associated with motilapd adherence. Expression of a
secretin assembly protein of a type-IV pHig; C7201)(Kachlanyet al, 2001) was found
to be significantly up-regulated 2.8-fold (Table).28 structural flagellin proteinHlg;
A3343) was observed to be significantly down-retpdal.7-fold in response to the
isothiazolone blend (Table 29).

Expression of two outer membrane porins, not oleskrio have been differentially
expressed in the absence of the priming presepjatras observed to have significantly
altered in response to the isothiazolone presemestiThese two porins were of a similar
predicted size at 38 and 40 kDa; however, gene B observed to be up-regulated by
2.1-fold (Table 29), whereas gene B0225 was obdetwebe down-regulated 2.1-fold
(Table 30).
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Table 29. Up-regulated gene expression of preserwat-adapted B. lata strain 383-
CMIT exposed to the isothiazolone blend MIT/CMIT

Gene Name  Foldchange p-value Putative gene function

A3269 3.2 0.00729 ABC branched-chain amino acid family $gaorter, inner membrane subunit
A4539 24 0.00947 metal-dependent hydrolase

A5942 2.0 0.0135 Isochorismatase hydrolase

B0175 17 0.0477 Cytochrome bd ubiquinol oxidase, siitdu

B0937 21 0.0325 transcriptional regulator, AraC family

B0950 17 0.0465 Major facilitator superfamily (MFS tfBnsporter

B1443 1.8 0.0349 short chain dehydrogenase

B1665 1.6 0.0337 transcriptional regulator, Crp/Fmnifia

B1722 21 0.0199 outer membrane protein (porin)

B2299 2.2 0.0491 ABC efflux pump, fused ATPase and innenbrane subunits
B2475 1.7 0.0103 Amidohydrolase

B2621 4.2 0.0135 Acetylglutamate kinase-like

B2638 2.3 0.00205 hypothetical protein

C6717 1.7 0.0389 ABC spermidine/putrescine transpgdrteer membrane subunit
C6818 15 0.0369 Paraquat-inducible protein A

C7123 24 0.015 Short-chain dehydrogenase/reductase SDR

C7201 2.8 0.0367 Flp pilus assembly protein secretin CpaC

C7402 2.2 0.00971 hypothetical protein

Footnotes:All genes shown were significantly altered in eegsion by>1.5-fold (p<0.05) and genes with a
greater than two-fold change in expression are shavold
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Table 30. Down-regulated gene expression of presative-adaptedB. lata strain 383-
CMIT exposed to the isothiazolone blend MIT/CMIT

Gene Name Foldchange p-value Putative gene function

A3343 -1.7 0.0387 Flagellin

A4309 -1.6 0.0361 phosphatase-like

A5858 -1.6 0.0489 hypothetical protein

B0225 -2.1 0.0156 outer membrane protein (porin)
B1961 -1.6 0.0067 glutamine ABC transporter periplasmmding protein
B2852 -1.5 0.0428 Alkaline phosphatase

B3016 -3.0 0.00317 urocanate hydratase

BRO0O -1.9 0.0459 16S rRNA

C6816 -3.7 0.0189 Paraquat-inducible protein B'
C7537 -1.5 0.0202 hypothetical protein

C7633 -1.6 0.0213 Pirin-like protein

Footnotes:All genes shown were significantly altered in eegsion by>1.5-fold (p<0.05) and genes with a
greater than two-fold change in expression are shavbold

231



CHAPTER 6 — GENE EXPRESSION = LATASTRAIN 383 IN RESPONSE TO PRESERVATIVES

COG category

Function unknown

I
General function prediction only (T

Secondary metabolites biosynthesis, transport.and
Inorganic ion transport and metabolis
Nucleotide transport and metabolis ]

Amino acid transport and metabolisn i 1

Carbohydrate transport and metabolism ]

Energy production and conversio

Intracellular trafficking, secretion, and vesicula

Cell motility and secretion

Cell envelope biogenesis, outer membra

]]Iﬂ

Signal transduction mechanism

Defense mechanisms

|

Transcription

Translation, ribosomalstructure and biogene

0 1 2 3 4 5

Number of genes in COG
® Down-regulated Up-regulated

Figure 28. The distribution of differentially expressed genes of preservative-adaptesl. lata
strain 383-CMIT genes in response to MIT/CMIT exposre, among COG categories.

The dark and light purple bars correspond to 2&gavhose expression significantly decreased or
increased (respectively), by at least 1.5 fold (B.85), relative to the expression levels of the
preservative-adapted derivative cultured in a mediontaining 0.00001498% v/v MIT/CMIT.
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6.2.8 Expression analysis of the RND efflux pump gene B0@ by qRT-PCR

Global gene expression analysis of the preservan\aptedB. lata strain 383-CMIT,
revealed an over-expression of a tripartite RNDetgfflux system (loci B1004 to B1006),
irrespective of the presence of the priming prestere MIT/CMIT (section 6.2.6).
Subsequently, gene expression of the secretioreiprabmponent (gene B1004) of the
efflux system Figure27), inB. latastrain 383 and the preservative-adaedata strain
383-CMIT derivative, was analysed using qRT-PCRlescribed in section 2.8 To extend
our gene expression analysis, we evaluated whetedRND-efflux gene was up-regulated
in threeB. lataisolates (Bcc1294, Bccl1296, and Bccl1406) from remvnental-industrial
sources when cultured in the absence of preseesBv latastrain Bcc1296 was selected
for analysis based on a high native tolerance ¢oigbthiazolone blend MIT/CMIT that
had been observed in the survey of preservativeegptibility (Chapter 3). The MIC value
of MIT/CMIT for this strain (0.000674% v/v) was fod to be nine-fold higher than that of
the referenceB. lata strain 383 (0.0000749% v/v), and the otBerlata strains isolated

from environmental-industrial sources (Chapter 3).

gRT-PCR analysis of the isothiazolone-adafedata strain 383 derivatives, revealed
that changes in the relative expression of genedBIfilom that oB. latastrain 383) were
largest for derivativeB. lata strain 383-CMIT (116.8 + 62.4 fold) ari8l lata strain 383-
BIT (81 £ 20.2 fold) (Table 31). Only a minor inase in gene B1004 expression (1.6 +
1.5 fold) was observed for the methylisothiazolie@uapted derivativB. latastrain 383-
MIT (Table 31). ForB. lata strains isolated from an environmental-industr@irse, the
largest change in relative expression of the RNirefgene was observed inB lata
strain Bcc1294, with a fold-change of 236.8 (+ #34rom transcription levels iB. lata
strain 383 (Table 31). The two other lataisolates from environmental-industrial sources
demonstrated minor changes in the relative expressithe efflux gene. Transcription in
strain Bcc1396 was 5.7 (x 1) fold higher thBnlata strain 383, while transcription in
strain Bcc1406 was found to be 3.3 (+ 2.4) foldheigtharB. latastrain 383 (Table 31).
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Table 31. Relative expression levels of RND efflugene in B. lata isolates and

preservative-adaptedB. lata strain 383 derivatives, as determined by qRT-PCR

Mean relative expressionih lata strain(=STDEV)
Gene 383wt  383-CMIT  383-MIT 383-BIT 1294 1296 1406

B1004 1(0) 116.8(62.4) 1.6(1.5) 81.0(20.2) 236.8(184.4) 5.7(1) 3.3(2.4)

Footnotes:

Values represent fold change (mean of biologicalidates) in comparison to the transcription lemeB.
lata strain 383. Data are normalised to the expredsial of the reference gepdaC(A5090) producing a
lower fold change than when normalised tord®A gene in

Values> 2 fold change are shown in bold

gRT-PCR, quantitative real-time polymerase chaattien
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6.2.9 The affect of efflux inhibition on the isothiazolore and ciprofloxacin

susceptibility of B. lata strain 383 and preservative-adapted derivatives
Antibiotic susceptibility profiling of the preserree-adapted. latastrain 383 derivatives
demonstrated that in addition to a decreased stilitigyp to isothiazolone preservatives,
B. lata strain 383-CMIT and 383-BIT displayed decreased cejisbility to
fluoroquinolone antibiotics (Chapter 4). Globahgeexpression analysis of the adapted
derivative B. lata strain 383-CMIT revealed the over-expression of B#004-B1006
encoded RND-type efflux system, irrespective of gihesence of the priming preservative
MIT/CMIT (Table 27, section 6.2.6). Microarray dateere subsequently corroborated by
gene expression analysis of the RND-efflux geneGBlQusing quantitative RT-PCR
(section 6.2.3).

In addition to target modification, active effluxa®r been attributed to increased
fluoroquinolone resistance in Gram-negative baatérlica & Malik, 2003). To assess
the role of RND-efflux in the susceptibility d. lata strain 383 to the isothiazolone
preservative blend and ciprofloxacin, efflux intikn assays were performed using the
efflux inhibitor MC-207,110 (PAN), as described in section 2.16. The dipeptide
compound has been shown effectively to inhibitichily relevant RND-efflux pumps in
Gram-negative bacteria by working as an active aditgqy of multiple structurally
dissimilar antibiotics (Kviset al, 2008; Pageést al, 2005).

The sensitivity of the parentBl. latastrain 383, and its preservative-adapdedvativeB.
lata strain 38-CMIT, to the isothiazolone preservatilenid MIT/CMIT and ciprofloxacin,
increased in the presence of 0.512ml of the efflux inhibitor (Table 32). The parahB.
lata strain demonstrated a 2-fold and 3-fold reductiespectively, in MIC values for
ciprofloxacin (1.41 + 0.6ug/ml) and MIT/CMIT (3.49E-0.5 pg/ml) (Table 32). &h
preservative-adapted derivative demonstrated ddéafiod 4-fold reduction respectively in
MIC values for ciprofloxacin (11.25 + 5@&/ml) and MIT/CMIT (2.81E-04 + 1.32E-04%)
(Table 32). Although a greater fold-change in Ml@lues were observed for the
preservative-adapted derivative, its ciprofloxaamd MIT/CMIT susceptibility was not

reduced to wild-type levels in the presence ofeffleix inhibitor (Table 32).
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Table 32. The MICs of ciprofloxacin and the MIT/CMIT isothiazolone blend in the

presence and absence of the efflux pump inhibitor K-207,110

Ciprofloxacin MIC fig/ml) Isothiazolone blend MIC (%)
op CIP plus Fold MIT/CMIT plus Fold
Strain e 512 mg/L change | viT/cMIT alone 512 mg/L change
MC-207,110 MC-207,110
B. lata 383 1.41 ¢0.6) 0.70 (+0.3) 2 3.49E-031.63E-05) 1.05E-050) 33
B. lata 383-CMIT 11.25 (5.3) 1.88 (20) 6 2.81E-041(32E-04) 7.02E-0%8.31E-05) 4

Footnotes:

Values represent the mean MIC values (+ STDEV),rardn fold change, of two biological replicateshwit
a total of 6 technical replicates.
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6.3 DISCUSSION

Transcriptomic analysis, using a custom ma&ddata strain 383 DNA microarray, was
successfully used to gain an insight into the raspoofB. lata strain 383 to DMDM
hydantoin and the isothiazolone blend of, and thenges in the transcriptome associated
with preservative-induced adaptive resistance. Quasine RT-PCR and semi-quantitative
PCR expression analysis of select genes was usadidate the microarray data. Overall,
the up- or down-regulation of genes observed bysehmethods correlated to the
microarray results. Global mapping revealed mudtigenetic pathways are putatively
utilised byB. lata strain 383 to resist sub-MIC levels of preservajvend are altered in

the preservative adapted derivative.

The role of these determinantsBn lata strain 383 resistance to preservatives remains to
be confirmed, via the generation of isogenic knoak-mutants and perhaps proteomic
analysis. An inherent limitation of the DNA microay data is that the resulting
transcriptome does not take into account posttatioglal events. Although in most cases
there is a high correlation between the transamgt@and the proteome (Washburn & Yates
lii, 2000) (Ehrenreich, 2006; Zhangt al, 2010), the production of mMRNA does not
necessarily predict that a protein will be traredlatand expressed from a transcript.
Conversely, proteomic analysis has been showntectddifferentially expressed proteins
that were not detected as differentially expresisethe transcriptome (Zlosnikt al,
2008). This may therefore identify additional rémice determinants that may not have
been identified in the present study.

6.3.1 B.lata strain 383 global gene expression in the presence@MDM hydantoin

The transcriptomic microarray-based approach rede#that there were few significant
alterations in B. lata strain 383 gene expression in response to subiiahib
concentrations of the formaldehyde releasing agMbDM hydantoin. In addition, the
observed significant changes in gene expressior sm@ill, less than, or equal to, a 5.6-
fold change from the transcriptional levels obsdrire the absence of the preservative.
Genes with the largest fold-change were associatiéid metabolism, amino acid or
dipetide transport, and the biosynthesis of theeroutembrane. These did not include

genes encoding known formaldehyde resistance merhan

Bacterial resistance to formaldehyde and formaldeljonors such as DMDM hydantoin
has been associated with an increased synthedwmofildehyde dehydrogenases. The
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investigation ofB. lata strain 383 DMDM hydantoin resistance determinaot€ng a
transposon mutagenesis-based approach, had iddntdi zinc-containing alcohol
dehydrogenase , putatively involved in the metanolof the toxic formaldehyde released
from DMDM hydantoin via a glutathione-dependent nfiatdehyde dehydrogenase
pathway (Chapter 5). Interestingly, the transcnptoanalysis oB. latastrain 383 global
gene expression in the presence of the formaldelsldasing agent DMDM hydantoin,
did not reveal a significant alteration in the eegmion of this gene or others that are
putatively involved in pathways for formaldehydetaiéfication. The zinc-containing
‘long-chain’ alcohol dehydrogenase gene that wasoied to have been up-regulated 5.6-
fold in response to the formaldehyde releasing algad poor homology to formaldehyde
dehydrogenases identified Burkholderiaspecies, with less than 30% homology to the
GSH-formaldehyde dehydrogenase (Bxe A0713B.irxenovorangWinsor, 2008). This
suggests that either the detoxification of formbjde is not a primarf. lata strain383
resistance determinant or that the concentratiorDRIDM hydantoin evaluated was
insufficient to induce a significant change in tke&pression of genes involved in
formaldehyde metabolism. The inductionkofcoli andH. influenzaglutathione-dependent
formaldehyde dehydrogenases has been shown to atconcentrations matched to the
kinetic properties of the enzyme, with concentragiof formaldehyde less than 0.6 ppm

resulting in negligible amounts of induction (Guthet al, 1997).

The investigation of resistance determinants usingransposon mutagenesis-based
approach also identified a putative type Il genesatretory pathway (Chapter 5).
Transcriptomic analysis revealed that minor sigaifit changes in expression (less than a
1.5-fold decrease) of several genes within thiseerpathway had occurred B. lata
strain 383 in response to sub-MIC of DMDM hydantoiithough only minor changes
were observed, the significant decrease in theesspn of several secretion system
protein genes may have had a dramatic effect ophilgsiological activity of the secretion
system. The correlation of the transposon mutagerieslings with the transcriptomic
analysis oB. latastrain 383 would therefore suggest that a redudtiadhe activity of this
secretion system may be associated with elevatechtice to DMDM hydantoin. Further
research is required to validate this assumptiodta explore the putative role of this type

Il secretion system iB. latastrain 383 preservative resistance.

Transcriptional analysis @. latastrain 383 genes down-regulated in response to DMDM

hydantoin revealed genes associated with motility ehemotaxis. This included a gene
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encoding a putative flagellar hook-associated pmotnd a homologue of CheA, a
histidine kinase signal transducer that may pgdig in the regulation of chemotaxis
(Hesset al, 1988). The transition from motility to sessiliyy a recognised antimicrobial
resistance mechanism. Sessile cells, especialsettitat are biofilm-associated, are often
considered to be less susceptible to antimicrobiladsr their planktonic counterparts
(Donlan & Costerton, 2002). In members of the Bseyeral clusters of discrete genes
across the genome are reported to contribute t@yhthesis and assembly of the whole
flagellum (Holdenet al, 2009). On closer inspection, the expression bkwflagellar
structural genes iB. latastrain 383 remained unaffected or had small sigaifi changes
of less than 1.3-fold. This would suggest thasitnlikely that a significant alteration to

the flagellum occurred in response to sub-MIC of DI hydantoin.

6.3.2 B.lata strain 383 global gene expression in the presencktbe isothiazolone
preservative blend MIT/CMIT

The transcriptomic analysis of the global gene esgion ofB. latastrain 383 in response

to sub-MIC of the isothiazolone blend of presemedi MIT/CMIT revealed few

significant changes in expression greater tharfdldh-perhaps as a result of the evaluated

preservative concentration being too low to indowgor changes in gene expression or

because the combined action of numerous smallet-clohnges in gene expression

translated into a biologically significant effeat preservative susceptibility.

The exposure dB. latastrain 383 to the isothiazolone blend resulted larger number of
genes being significantly up-regulated. The majooit the genes with altered expression
were associated with the biosynthesis of the aumbrane or metabolism. Interestingly,
this included the up-regulation of a putative cd@gwlysaccharide biosynthesis gene. The
capsular polysaccharide export protein within tbéfpve cluster of 12 genes involved in
the biosynthesis and export of capsule polysacgbgWinsor, 2008) was also observed to
be over expressed. However, this export proteire geas excluded from the final gene list
because of the filtering criteria. The bacteriapsule constitutes the outermost layer of
the cell, and consists of highly hydrated capsptdysaccharides that are linked to the cell
surface via covalent attachments to either phogphesl or lipid-A molecules (Roberts,
1996). The increased expression of capsular pdisacies may indicate that the
formation of a capsule may play a role in the dedenfB. lata strain 383 against the
harmful effects of the preservative agent, eitheealy or by promoting adherence.

Capsular polysaccharides are thought to promoteaderence of bacteria to each other
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and to surfaces, thereby facilitating the formatwina biofilm (Roberts, 1996). The
putative role of the polysaccharide B lata preservative resistance may be worthy of

further investigation.

The investigation oB. lata strain 383 determinants in MIT/CMIT resistance gsen
transposon mutagenesis-based approach identifistadeputative genetic pathways that
were multifactorial in nature (Chapter 5). Thisluded a putative ABC-type transporter
system homologous to the Ttg2 system involved sistance to organic solvents
aeruginosa(Ramoset al, 2002). The transcriptomic analysisBf lata strain 383 global
gene expression in response to sub-MIC of the imodlone blend, did not reveal the
induction of this genetic pathway. This may indécttat the transporter is not a primary
lata strain 383 isothiazolone resistance mechanism @t the concentration of

preservative evaluated was insufficient to indusexpression.

The expression of a putative phage terminase Gp# ¢fgat had also been identified as a
putative resistance determinant by transposon raogsgs, had significantly altered in
response to the isothiazolone preservatives. Tleeofdhe putative prophage terminase in
susceptibility to isothiazolone agents is not ¢learthe expression of other phage-related
genes within the element (loci B1028 B1047) did sighificantly alter by greater than
1.2-fold. This prophage module contains many gemes®ding small hypothetical proteins
without functional annotations as well as homolagoEBurkholderiaphage proteins such
as Bcep22 (a phage whose hosts originate fromudignial soils) and a homologue oBa
pseudomallephage protein gp33. WhilBurkholderiaphages are not reported to carry
known pathogenicity factors or toxins, some encqa@deins that might contribute to the
fitness of the host outside the lytic phage repilicacycle (Summeset al, 2007). For
example,B. cenocepacigpghage BcepBlA encodes a homologue of phosphoadenosi
phosphosulfate reductase, an enzyme that funciiotisee assimilatory sulphate reduction
pathway. InBurkholderia, limited sulphate assimilation has been shown to affect the
biosynthesis of the siderophore pyochelin, usedeguester iron from the environment
(Farmer & Thomas, 2004).
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6.3.3 The global gene expression of the preservative-adigl B. lata strain

383CMIT
Transcriptomic analysis of global gene expressianthe preservative-adaptdsl lata
strain 383-CMIT, revealed that changes to the ti@p®me were not transient and were
stably maintained in the adapted-derivative, in dhsence of the priming preservative.
The number of differentially expressed genes wassiderably higher in the preservative-
adapted derivative than in the parental strainlofohg exposure to sub-MIC
concentrations of both DMDM hydantoin and isothlare preservatives; and, overall,
involved larger-fold changes in expression. In #ddj isothiazolone-induced adaptive
resistance imB. latastrain 383 involved significant changes in theregpion of genes that
were distinct from those altered by a single sulizMkposure. In total, only five genes
whose expression was observed to have significaitgred by at least 1.5-fold in the
parental strain exposed to sub-MIC of the isotH@z® blend, were observed to have a
stable alteration of expression in the preservadiya@pted derivative=({gure 29. Genes that
were differentially expressed in both the pareftadl derivative strain were associated
with metabolism or the transport of amino acids.

The largest significant alteration in gene exp@ssbserved in the preservative-adapted
strain was not induced by a single exposure toMLli-in the parental strain. The
expression of an RND-type efflux system was fountlé over expressed (up-regulated by
up to 25-fold) in the preservative-adapted denxatirrespective of the presence of the
priming preservative. This RND efflux system, lemhbn the secon8. latachromosome,
was found to be one of the few orthologs of thendy characterised RND-9 operonBn
cenocepacigdencoded by BCAM1945-1947 genes) (Guglieranal, 2006; Perriret al,
2010). The RND-9 operon shares amino acid simylaoitthe well characterised multidrug
MexEF-OprN efflux system i®. aeruginosgPoole, 2001). Interest in this efflux system
has grown since the observed over-expression d@®M1947 gene in sputum from CF
patients (Drevineket al, 2008). Recent studies, utilisimpd knockout mutants oB.
cenocepacia2315 (Buronket al, 2009; Coenyet al, 2011) have focused on determining
the biological significance and role Bf cenocepaci&ND-efflux systems. A phenotypic
study ofrnd mutants by Coenyet al. (2011) demonstrated that RND-9 may be a lifestyle-
specific chlorhexidine tolerance mechanism Bof cenocepacialinked to resistance in
sessile, but not planktonic, cells. Transcriptoama phenotypic analysis ohd mutants

by Bazziniet al.(2011) revealed that the biological role of the RBIBystem may not be
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restricted to the sole transport of toxic compouymdther, it may play an important wider

role in motility and/or chemotaxis.

Gene expression analysis by qualitative RT-PCRobaomated the over-expression of the
RND-efflux B1004 gene in thd. lata strain 383-CMIT derivative, observed in the
microarray data. Subsequent gene expression amadgealed that the RND-efflux gene
was also over-expressed in the benzisothiazolirolagpteB. latastrain 383 derivative in
the absence of the priming preservative. Interghktirexpression of the RND-efflux gene
in the methylisothiazolinone-adapted derivative hatlgreatly increased from that of the
parental strain and was considerably lower thamn dfighe other isothiazolone-adapted
derivatives. This suggests that that the RND-effagstem may be an agent-specific
preservative resistance mechanisnBolatastrain 383. Further investigation is required to
confirm this speculation, via the creation of anRBfflux knockout mutant irB. lata
strain with subsequent preservative susceptibpityfiling, and/or by RND-efflux gene
expression analysis &. lata strain 383 derivatives adapted to preservatives different

class.
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B. latastrain 383 in
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Figure 29. The number of overlapping significantlydifferentially expressed genes irB. lata
strain 383 and its preservative-adapted derivative.

The Venn diagram shows the number of genes that significantly altered in expression (>1.5-
fold, p<0.05) inB. lata strain 383 in response to the isothiazolone blehdreservatives
MIT/CMIT; in the preservative-adapteB. lata strain 38-CMIT derivative, in the absence of
preservative; and in the preservative-adafgethtastrain 38-CMIT derivative in response to the
isothiazolone blend MIT/CMIT. Five genes (B0371,08%, B1771, C7132 and C7548) observed
to have a significantly altered in expressiorBinlata strain 383 in response to the isothiazolone
blend were also significantly altered in the preasve-adapted derivativi. latastrain 383-CMIT
cultured in the absence of preservatives. Two gép@337 and BR000) were significantly altered
in the preservative-adapted derivative in the atseand presence of preservative; however, the
AraC family transcriptional regulator gene B0937aswobserved to be down-regulated in the
absence but up-regulated in the presence of pegserv
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The regulation of RND-efflux systems in Gram-negatibacteria is usually tightly
regulated (Grkovicet al, 2002) and many pump component-encoding operongicoa
physically linked regulatory gene that encodesegith repressor or an activator protein
(Kumar & Schweizer, 2005). IR. aeruginosathe over expression of RND-efflux systems
has been attributed to mutation of the regulatotgan genes (Schweizer, 2003). Bn
cenocepacial2315, a hypothetical MerR family regulatory gemAM1948) of the
orthologous RND-9 operon was identified as a puatregulator of the system
(Guglierameet al, 2006). The putative regulatory gene is locatejcaht to the gene
encoding the periplasmic membrane fusion proteldABI1947), which is located next to
that for the transporter protein (BCAM1946), andligergently transcribed (Guglierame
et al, 2006). The orthologous RND-efflux operonBnlata strain 383, whose orientation
is flipped to that ofB. cenocepacigWinsor, 2008) also has a divergently transcribed
MerR family transcriptional regulator (B1003) loedt adjacent to the periplasmic
membrane fusion protein gene (B1004). The exprassfothis putative transcriptional
regulator gene was observed to have significanttyeiased by 1.4-fold in the preservative-
adapted derivative, but was excluded from the fgele list by filtering criteria. Further
investigation is required to confirm the role oisttputative regulatory protein in the
regulation of the RND-efflux system B\ latastrain 383, and re-sequencing is required to
determine whether mutation of the regulatory proggne was associated with the over-
expression of the efflux-system in the isothiazelaalapted derivative.

Efflux inhibition assays demonstrated that the sp8bility of the preservative-adapted
derivative B. lata strain 383-CMIT, to both the isothiazolone prestwea blend
MIT/CMIT and ciprofloxacin, increased in the presenof the efflux inhibitor MC-
207,110 but failed to revert to wild-type level$ig suggests that either the inhibition of
preservative efflux was insufficient, or other magisms are significantly contributing to
isothiazolone and ciprofloxacin resistance in thesprvative-adapteB. lata strain 383-
CMIT derivative.

Gene expression analysis &. lata isolates from environmental-industrial sources
demonstrated higher levels of RND-efflux B1004 gerpression than the reference strain
B. lata strain 383. This suggests that RND-efflux may gkay a role in the native
preservative resistance d@. lata strains from environmental-industrial sources, and
consequently may be a potential target to imprdwee dfficacy of current preservation

strategies in industry. The level of relative RNffileex B1004 expression was observed to
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vary between th8. latastrains. TheB. latastrainBcc1294 demonstrated the highest-fold
change in RND-efflux B1004 gene expression, witlatree levels considerably higher
than the laboratory-derived preservative-adapt®d lata strain 383 derivatives.
Interestingly, this environmental-industrial is@atvas observed to be highly tolerant of
isothiazolone preservatives in the survey of Boeservative susceptibility (Chapter 3).
Further investigation is required to determine wbetRND-efflux is a primary native
resistance mechanism of thig lata strain, and other native strains that demonstrate
elevated isothiazolone tolerance.

The susceptibility of &. cenocepacial2315 RND-9 knockout mutant (Coenge al,
2011) to the isothiazolone preservative blend waflp assessed, by microdilution assay
(section 2.16 in Chapter 2), in order to investgdie role of the orthologous RND-efflux
system in the preservative resistance of Bcc speaatiger tharB. lata The isothiazolone
susceptibility of theB. cenocepaci&®ND9-efflux mutant was observed to be the same as
the parental strain (data not shown). This suggeststhe RND-9 efflux system may not
be a primary isothiazolone resistance mechanisiB. inenocepacia2315. However, as
the parental strain had a low native tolerancénéoisothiazolone blend when evaluated in
a BSM (CYG) medium, the baseline level of suscdpyibmay have prevented the
identification of subtle changes in the susceptibibf the B. cenocepacia@2315 RND9-

efflux mutant.

In addition to the over expression of RND-efflux nge (B1004_B1006), the
transcriptomic analysis of global gene expressiothé preservative-adapt&d lata strain
383-CMIT revealed other putative resistance deteamis. These included an observed
significant increase in the expression genes engodiputative ABC-type efflux system,
with homology to the Ttg2 transporter being asdedavith resistance to organic solvents
in P. aeruginosa(Ramoset al, 2002). This suggested that the efflux of isotbiame
preservatives may involve more than one type dfpefbump system imB. latastrain 383.
The putative role of this efflux systemih latastrain 383 resistance to isothiazolones was
corroborated by its previous identification as atagiue isothiazolone resistance
determinant in the transposon mutagenesis studgpi€h 5). The baseline expression
levels of this efflux-system did not significantijter in the parentd®. lata strain 383, in
response to sub-MIC of the isothiazolone blends™muld suggest that its induction or
over-expression irB. lata strain 383 occurs in the presence of higher isothtme

concentrations. The putative role of the ABC effeystem inB. lata strain 383
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isothiazolone resistance requires confirmationsThay be achieved via the generation of

an ABC-efflux knockout mutant by methods describgd-lannagarmet al. (2008).

The significant fold-change in the expression @ibanologue of the superoxide dismutase
SodB, and a minor change in the expression of aokague of SodC, suggested that the
induction of bacterial defence against oxidativest had occurred as a result of prolonged
exposure to increasing sub-lethal concentrationsth& isothiazolone preservatives
However, the reasons why other antioxidant encodieges such as catalases remained
unaffected, or were down-regulated as in the caseputative peroxidise, are unknown.
Superoxide dismutase detoxifies the @nion by a dismutation reaction that generates
H.O, and Q (Fridovich, 1995), thereby preventing the accumarfabf the toxic anion that
can cause lethal damage to cellular proteins, mamnasr and nucleic acids (Lefebre &
Valvano, 2001). Intracellular reactive oxygen spsgcisuch as superoxide () can arise
naturally via the metabolism of oxygen and/or fridme antimicrobial activity of certain
antimicrobial compounds, including the electroghilisothiazolones. The observed
increase in expression of superoxide dismutad®. ilata strain 383-CMIT may provide
greater protection from oxidative damage, therelmagovely contributing to isothiazolone

resistance.

In addition to identifying putative resistance dgimants, the transcriptomic analysis also
revealed interesting changes in the expressiorenég associated with the production of
the siderophore pyochelin, as several genes assoaiath the biosynthesis and transport
of the siderophore were down-regulated in the pves@e-adapted derivative. In order for
Bcc bacteria to survive, iron must be scavenged thi@a production and uptake of
siderophores, which are low molecular weight chmegamolecules that sequester iron from
the other iron-containing molecules present inghoundings (Viakt al, 2007). In Bcc
bacteria, pyochelin is biosynthesised from saligyldy the successive addition and
cyclisation of two molecules of cysteine (ThomaB0?). The biosynthesis of pyochelin,
like other siderophores, is regulated by the afditg of iron (Farmer & Thomas, 2004).
However, its regulation may also involve the auallty of assimilatable sulphur. The
biosynthesis of pyochelin iB. cenocepaciavas found to be particularly sensitive to the
availability of assimilable sulphur from the intedlclar cysteine pool (Farmer & Thomas,
2004). The observed decrease in expression of gasesciated with pyochelin
biosynthesis and transport in the preservativetadidp. lata strain 383-CMIT derivative

may be indicative of iron limitation. However, itay also be an indication of a depletion
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of intracellular cysteine pools via prolonged expesto isothiazolones which interact with

vulnerable protein sulhydryls.

6.3.4 The global gene expression of the preservative-adigl B. lata strain
383CMIT in response to MIT/CMIT

The exposure of the preservative-adapted lata strain 383-CMIT to sub-MIC
concentrations of isothiazolone preservatives teduh few significant changes in gene
expression. This is perhaps a result of the evedlpteservative concentration, which was
low enough to enable the growth of the wild-typeinly insufficient to elicit a dramatic
response from the adapted derivative, as it hadrbeaccustomed to exposure to higher
concentrations. Although the observed changes e gxpression were relatively small
(less than 4.2-fold), they involved genes differBotn those that were observed to have
differential expression in the preservative-adamgtedvative, and in the parental strain in
response to MIT/CMIT. Only two genes in the preasie-adapted derivative were
observed to have a significantly altered expressiorthe presence, and absence, of
MIT/CMIT preservatives. These included an AraC fignianscriptional regulator, which
was found to be significantly down-regulated in #iesence of the priming preservative
but up-regulated in its presence, and a 16S rRN#®& ge

The largest fold-change in gene expression wasredgdor a putative acetylglutamate
kinase-like gene, an enzyme involved in the secetep in the route of arginine
biosynthesis (Ramon-Maiquest al, 2006). Arginine is synthesised from glutamate
through the intermediate generation of ornithiner(i@ et al, 1986). It is an important
amino acid involved in various biological processaad along with ornithine, is a
potential precursor of polyamines. The expressiomm ABC-type transport protein gene,
putatively involved in the transport/uptake of thelyamines spermidine and putrescine
(Tabor & Tabor, 1985), was also observed to beifstgmtly up-regulated in response to
MIT/CMIT. The increased expression of these gendhe preservative-adapted derivative
may be a result of, or a mechanism against therggoe of, ROS and/or oxidative stress
caused by MIT/CMIT exposure. The activity of enzymevolved in polyamine synthesis,
and proteins involved in their transport, have bgleown to increase iB. coli in response
to oxidative stress (Tkachenko & Nesterova, 20@®)yamines are shown to inhibit the
opening of porins in the outer membrane and a cpresd decrease in the permeability of

the outer membrane has been linked to increasgamale synthesis and export (Nikaido,
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2003). The reduced permeability potentially limigstake of exogenous sources of ROS,

thereby promoting defence against damage inducexibiative stress.

In addition to the above, significant changes ie #xpression of putative paraquat-
inducible protein genes with unknown function, webserved irB. latastrain 383-CMIT.

As paraquat is a superoxide radical-generatingtagi@s would suggest that exposure to
sub-MIC of the isothiazolone preservative may hgeeerated superoxide radicals and
consequently the induction of defence mechanismasafgdamage induced by oxidative
stress. Why the expression of these paraquat-ibdugroteins was not altered in the
parentalB. lata strain 383, when subjected to the same sub-MICtsagprieservative-

adapted derivative, is unknown.

Trancriptomic analysis also revealed the down-ratiuh of a homologue of flagellin gene
(fliC) in the preservative-adapted derivative, in respato sub-MIC of MIT/CMIT. The
expression of other genes encoding flagellum strattomponents, with the exception of
gene A3342, remained unaffected in the presensil@MIC of the isothiazolone blend.
The expression of gene A3342, encoding a putatizgellar hook protein, was also
observed to be down-regulated 1.5-fold but wasugbed from the list by filtering criteria.
The down-regulation of only two out of several getleat contribute to the assembly of
the whole flagellum is insufficient evidence to gagt a decrease in the motility®f lata
strain 383-CMIT in response to sub-MIC of the primmpreservative. However, changes in
the expression dB. lata strain 383appendages were not limited to the putative flagell
genes, but also occurred in a putative pili-encgpdjene. The gene for a structural unit of a
putatively flp-type IV pili (Kachlanyet al, 2001) involved in non-specific adherence to
surfaces, was observed to be up-regulated 2.8-faldresponse to MIT/CMIT
preservatives. The combined observations may iteliea decrease in motility and
potentially the promotion of adherence to surfages a transition from motile to sessile
state) of the preservative-adapted derivative ie tresence of sub-MIC of the
isothiazolone preservative blend; however this pecslative and requires further

investigation.
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6.4 CONCLUSIONS

The main conclusions from this chapter are as\alo

1. Preservative-induced adaptive resistance involverersignificant gene expression
changes than those provoked by exposure to subHaoty concentrations of
DMDM hydantoin and the isothiazolone blend MIT/CMIT

2. The exposure ofB. lata strain 383 to sub-MIC of DMDM hydantoin and
MIT/CMIT did not elicit large changes in gene exgs®n, or induce the
differential expression of key putative resistadegerminants that were identified
in the transposon mutagenesis study (Chapter 3.ty have been a result of the
test preservative concentrations being too lowgfdhe combined action of several
small changes in the gene expression contributintge resistance @. latastrain

383 to low levels of the preservatives.

3. Gene expression changes in the isothiazolone-atidhtdata strain 383 were

stable irrespective of the presence of the prirpirggervative.

4. Transcriptomic analysis revealed that isothiazolowleiced adaptive resistance in

B. latastrain 383 is multi-factorial in nature.

5. A novel putative role for an RND-efflux system (B B1006 genes) was
identified in relation to isothiazolone-induced ptige resistance iB. lata strain
383.

6. A novel putative role for an ABC-type transportgstem, homologous to the.
aeruginosaTltg2 system involved in resistance to organic eols, was identified

in relation to isothiazolone-induced adaptive fesise to irB. latastrain 383.
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7. The susceptibility of the preservative-adaptd lata strain 383-CMITto the
isothiazolone preservative blend and ciprofloxamtibiotics, increased, but failed
to revert to wild-type levels in the presence of efflux inhibitor, thereby
suggesting the involvement of other resistancerohetants.

8. The increased expression of superoxide dismutaggyaraquat-inducible protein
genes in the preservative-adapted derivative, sigdbat prolonged exposure to
MIT/CMIT may generate ROS, and that the inductidndefence mechanisms
against oxidative stress may contribute to the taapesistance oB. lata strain
383.

9. A significant decrease in the expression of gendstely associated with the
biosynthesis and transport of the siderophore pslatimay suggest a depletion of
assimilable sulphur in the isothiazolone-adaptiBe lata strain 383-CMIT

derivative.
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7 GENERAL CONCLUSIONS AND FUTURE RESEARCH

7.1 CONCLUSIONS

A novel and systematic study of the preservativecaptibility of Burkholderia cepacia
complex bacteria was undertaken. The activity ofess preservatives on a genetically
diverse panel of Bcc strains, which took into cdasation recent changes in taxonomy, was
evaluated, and the role of Bcc species diversityréservative susceptibility was explored. A
genome sequencdl latastrain that represented a Bcc species commonlyueteed in the
environmental-industrial niche was selected as #alde model strain. Transposon
mutagenesis and transcriptomic analysis of glolealkgexpression was successfully used to
investigate the molecular basis for preservatiwgestance and preservative-induced adaptive

resistance.

In this chapter, the general conclusions of eacinrbady of work will be reiterated with
respect to the aims and hypotheses stated in Ghhpbe addition, the main areas of future

research generated from these findings will beudised.

1) Hypothesis 1:the preservative susceptibility of Bcc bacteria iselated to species
diversity and source of isolation

Despite Bcc bacteria being recognised as a predorhimacterial contaminant of preserved
raw materials and finished products in industry,cBspecies diversity within the

environmental-industrial niche is poorly understooBcc bacteria encountered as
contaminants are not routinely identified to theaps or strain level and the publication of
instances of Bcc contamination are not a prioatyrhanufacturers. The relationship between

preservative susceptibility and Bcc taxonomy hadbeen extensively studied.

The present study utilised MLST data analysis tpaexi current knowledge of Bcc species
diversity in the environmental-industrial niche dadentifiedB. lataandB. cenocepacias
commonly encountered species groups. This indicttat the currently recommend&l
cepaciachallenge test organisms may not represent thergity of Bcc species that are
commonly encountered as industrial contaminantfght of this, a collection of Bcc strains
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that represented the species diversity encounter environmental-industrial niches were

recommended as potential future challenge teshease (Table 15).

The relationship between preservative susceptibilcc species diversity and source of
isolation was systematically investigated usinglection of genetically diverse Bcc strains
that accounted for recent changes in taxonomy amwuws isolation sources. Preservative
susceptibility was observed not to be related gr&gs diversity, as susceptibility varied both
between and within species groups. In addition, @eservative susceptibility was observed
not to be related to the source of isolation foreseof the eight preservatives evaluated.
However, Bcc isolates from the environmental-indabtniche were observed to be
significantly less susceptible to DMDM hydantoirathBcc from clinical and environmental
isolation sources. This suggested that the useMDR hydantoin in the environmental-

industrial niche may select for Bcc that are higiolgrant of this preservative group.

Overall, the limited survey of industrial preseivatresistance performed herein, indicated

that it was not linked to specific Bcc speciesrdifire the stated hypothesis is rejected.

2) Hypothesis 2: the stepwise exposure ofB. lata strain 383 to sub-lethal
preservative concentrations will promote stable adative resistance; in addition,
this preservative-induced adaptive resistance witonfer cross-resistance to other
antimicrobials.

Preservatives are often used at concentrationslofaer than that of disinfectants or
antiseptics. As a result, the risk of exposureute-ighibitory concentrations of preservatives
may be considered greater than that of disinfestalithough it is stringently avoided, the
exposure of contaminating bacteria to sub-inhigitmsncentrations may occur as a result of
the inadequate sanitation of production lines, degradation of preservatives by other
microbial contaminants, or by the detrimental attiof formulation excipients (Ortlet al,
2006). Bacterial adaptation to sub-inhibitory cartcations of antimicrobials is well
documented but the competency of Bcc to adapt &seovatives, and the mechanisms

leading to Bcc adaptive-resistance, had not bestesatically studied.

The present study investigated preservative-indwaaiaptive resistance of Bcc bacteria via

the progressive subculture Bf latastrain 383, in sub-inhibitory preservative concatns.
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Stable adaptive-resistance to isothiazolone anddikanium chloride preservatives was
induced inB. lata strain 383 by this method. The antimicrobial susibdfy profile, and
level of susceptibility, of the four preservativéapted derivatives varied, this suggested that
the mechanisms leading to preservative-inducedtaga@sistance iB. latastrain 383 may

be agent specific. Stepwise exposure to sub-irdnpipreservative concentrations did not
elevate resistance above that of the maximum praee concentrations regulated for use in
the personal care industry. However, the inductibatable adaptive-resistance mechanisms
via exposure to sub-inhibitory concentrations miay @n important role in the selection and
development of preservative resistant Bcc in theirenmental-industrial niche. As any
stable reduction in susceptibility can translate ibiological significance by facilitating the
acquisition of additional resistance traits thatynk@ad to the development of high-level
resistance. Knowledge that may be of significanndh¢ to manufacturers is that
phenoxyethanol, methyl paraben and DMDM hydantoiarewidentified as putatively
recalcitrant toB. lata strain 383 adaptation. However, the high level ative resistance to
DMDM hydantoin observed in Bcc isolates from thevimnmental-industrial niche also
indicates that the agent is not recalcitrant tqgateon in real situations.

Cross-resistance to other antimicrobials, includamgibiotics, is a phenomenon commonly
encountered in experiments of biocide-induced adaptesistance. This is of particular
concern as biocides are extensively, and oftersanighhinately, used in domiciliary, clinical

and industrial settings. The present study demaitesirthat isothiazolone-induced adaptive
resistance conferred stable cross-resistance ter gbheservatives of the same class,
suggesting that preservative-induced adaptatioont® agent may diminish the efficacy of
others. In addition, two of the isothiazolone-addpB. lata strain 383 derivatives

demonstrated stable cross-resistance to fluorotpneantibiotics; which was mediated via a
non-specific resistance mechanism not a specifidification of the antibiotic target.

However, elevated levels of resistance to fluornglane antibiotics were accompanied by
an increase in susceptibility to the aminoglycosidgbiotic amikacin. Overall, preservative-
induced adaptive-resistance B. lata strain 383 was not associated with multi-drug

resistance indicating that greater overall fitn@as not promoted by preservative exposure.

Stable adaptive resistance to preservatives wasgisa inB. latastrain 383. This conferred
stable cross-resistance to other agents, but netalbvincreased multi-drug resistance;

therefore the stated hypothesis is accepted.

253



CHAPTER 7 — GENERAL CONCLUSIONS AND FUTURE RESEARCH

3) Hypothesis 3 Bcc resistance to isothiazolinone and DMDM hydamin
preservatives is mediated by multiple resistance terminants.

Bcc bacteria are renowned for high levels of irdigrresistance to antimicrobials. Although
there have been great advances in the characiemigt antibiotic resistance mechanisms,
the molecular basis for preservative resistanceniohtheen extensively studied. In contrast to
antibiotics, the antimicrobial action of the majprof preservatives is considered to be multi-
factorial in nature. Understanding the interacti@tween Bcc bacteria and preservatives, and
the identification of the resistance determinargsgssential in order to better target these
organisms and to facilitate the implementation rapioved preservative strategies which

target resistance mechanisms.

In order to discover genes and gene pathways ti@ide Bcc resistance determinants for
isothiazolone and DMDM hydantoin preservativés, lata strain 383 was subjected to
transposon mutagenesis using the plasposorMpd@Tp’. The identified preservative
resistance determinants Bf lata strain 383 were multi-factorial in nature, and rrg$e target
for preservatives was not apparent. Resistanceeadleased formaldehyde from DMDM
hydantoin may involve its detoxification by a gliti@ne-dependent formaldehyde
dehydrogenase pathway. A novel putative role gfpe tl secretion system was identified in
relation to DMDM hydantoin and methylisothiazoliromesistance. While several efflux
transporter systems, belonging to several supelitnivere identified as putative resistance
determinants in relation to the isothiazolone blefus included a novel putative role for a
homologue of an ABC-type transport system being@ated with resistance to organic
solvents. Bacterial defence mechanisms againstatiwel stress were also identified in

relation to isothiazolone preservatives.

Several putative resistance determinants wereifgighin relation to DMDM hydantoin and

isothiazolone preservatives; therefore, the sthypdthesis is accepted.
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4) Hypothesis 4:multiple preservative resistance determinants wilbe identified in
B. lata strain 383 by the differential expression of geneand gene pathways in
response to sub-inhibitory concentrations of preseative.

Investigating how Bcc bacteria deal with the stessassociated with exposure to
preservatives is fundamental to understanding why &n successfully contaminate and
grow in preserved raw materials and finished produadustry. The present study used the
genome sequend® latastrain 383 as a model strain for this area of metediven thaB.
lata strain 383 has a large genome of 8.67 Mb (Mahaithgam, 2007) and the potential to
possess multiple genetic pathways for a given fanctranscriptomics profiling was selected
as a suitable high-throughput approach to invetsitiee response &:. latastrain 383 to sub-
MIC of DMDM hydantoin and isothiazolone MIT/CMIT gservatives.

The analysis of global gene expression revealedsignificant changes in response to sub-
MICs of both preservatives. This suggests thateeithe combined contributions of minor
changes in the expressionBflatastrain 383 resistance determinants was sufficeen¢sist
sub-MIC levels, or that the evaluated concentratiovere insufficient to induce large
transcriptional alterations. The expression of keyative resistance determinants that were
identified in the transposon mutagenesis studynaidsignificantly alter in response to sub-
MICs of both preservatives. This suggests thaeeithe putative key resistance determinants
identified were not primary defence mechanismB.itatastrain 383, or that their differential

expression was not induced at the low concentratiobat were evaluated.

Transcriptomic profiling identified multiple puta@ resistance determinantsiflatastrain
383; therefore, the stated hypothesis is accepted.
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5) Hypothesis 5: multiple resistance determinants leading to presemtive-induced
adaptive resistance inB. lata strain 383 will be identified by the relative
differential expression of genes and gene pathways a preservative-adapted
derivative of the wild-type.

The molecular mechanisms leading to bacterial adiapt to antimicrobials have only
recently started to be understood. Although notfyky characterised in many bacteria, it is
apparent that adaptive-resistance is more comgianr tnitially thought, often involving
intricate regulatory responses (Fernanag¢zal, 2011). Global gene modulation and the
resistance mechanisms involved in preservativededwadaptive resistance in Bcc bacteria

had not been extensively studied.

A transcriptomic microarray-based approach wasessfally used to gain insight into global
changes in gene expression associated with isolbi@-induced adaptive resistanceBn
lata strain 383. Changes to the transcriptome were\stallntained in the absence of the
priming preservative, and several resistance datants that were multi-factorial in nature
were identified by transcriptomic analysis. A noyeitative role for a RND-efflux system
(B1004_B1006 genes) was identified as an adapésistance mechanism, whose expression
was not observed to alter in the parental straira®@ingle sub-MIC exposure. Additional
gene expression analysis suggested the over-ekpres$ the homologue RND-efflux
component gene iB. lata strains from the environmental-industrial niche hwitative
elevated levels of isothiazolone resistance. Glogahe expression analysis of the
preservative-adaptesl. lata strain 383 derivative also revealed the increaggdession of a
second active efflux system belonging to the ABRetgfflux family that had been identified
as a putative resistance determinant by transposdagenesis (A3512 A3517 genes). This
suggested that active efflux is putatively a kegthgazolone-induced adaptive resistance
mechanism oB. lata strain 383, and therefore a potential target torawe the efficacy of
isothiazolone preservatives against Bcc bactertze $usceptibility of the preservative-
adapted derivative was observed to increase ipitegence of an efflux inhibitor, but failed
to revert to wild-type levels, therefore suggesting involvement of additional determinants

in adaptive-resistance.

Transcriptomic profiling identified multiple putag resistance determinants of the
preservative-adapte. lata strain 383-CMIT derivative; therefore, the statgghdthesis is

accepted.
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7.2 FUTURE RESEARCH

The following section discusses the main areasinfré research that were generated from
the findings of the present study. Other areastwaof further investigation are discussed in

previous chapters.

1. Further genetic typing studies are required to @eptlifferences in the distribution of
Bcc species in the environmental-industrial nicheaious geographical locations,
and to identify prevalent sequence types in ingudtne identification of prevalent or
globally distributed sequence types may impact oment challenge tests, as their
inclusion as ‘in-house’ native adapted Bcc testanigms may be beneficial to
manufacturers. The identification of geographicaffedences in Bcc species
distribution may also be beneficial, enabling mactirers to challenge preservative
systems with test organisms representative of peevaegional Bcc species or

sequence types.

2. Current preservative efficacy testing procedurasall involve the traditional, and
time consuming plate count method. Rapid procedudhes exploit established
technologies such as ATP-based bioluminescenceedaenre-based testing, and flow
cytometery-based assays provide economic benefitetyicing time-of-testing but
have inherent disadvantages such as, requiring-ampichment step and the lysis of
cells, being non-discriminative in that growth afyamicroorganism will trigger a
positive response, or a reliance on a stain or af/¢he signal device (Orttt al.
2006). The application of bacterial bioluminescentgreservative efficacy testing
procedures may provide a rapid means to quantiéplei CFU directly via light
emission without additional pre-enrichment, celidding or the need for exogenous
substrate. The use of bioluminescence bacterianesiged to expredsix genes, as
reporters of various microbial phenomenon is weltuimented (Van Der Meer &
Belkin, 2010), and has been shown to be a sens#ne real-time reporter of
antimicrobial efficacy (Dhir & Dodd, 1995; Marques al, 2005; Thorret al, 2007)
with excellent correlation between bioluminesceand traditional plate count data.
Light emission from self-bioluminescent bacterialiiectly linked to metabolism and
can be accurately quantified with a high level ehgtivity, in a non-destructive

manner and in real-time, using a luminometer. Rd@oant reporter Bcc strains, and
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other relevant bacterial species, that constitigtivexpress thePhotorhabdus
luminescencéux operon (Meighen, 1991) could be constructed aiided in future

challenge tests.

. The preservative-adapted derivatives Bf lata strain 383 demonstrated stable
alterations in susceptibility and several phenatygraits. A transcriptomic

microarray-based approach was successfully usgovéstigate changes in the global
gene expression of thB. lata strain 383-CMIT derivative, and identified putative
resistance determinants via stable alterationsh® ttanscriptome. Genome re-
sequencing of the adapted derivatives would adthitodataset and may reveal any
mutations, and/or genomic rearrangements that oetuas a result of prolonged

exposure to sub-MIC of preservatives.

. Several key genetic pathways were identified in present study as putative
preservative resistance determinant8ofata strain 383, via transposon mutagenesis
and transcriptomic analysis. In particular, theeraf the RND-efflux system

(B1004_B1006 genes), the ABC-efflux system (A3512527 genes) and the type Il
secretion system (A3244 A3233 genes) in presewatresistance, requires
confirmation via the generation of non-polar/siteected gene mutations and

complementation studies.

. Active efflux was identified as a putative key isiazolone resistance mechanism in
B. lata strain 383, and consequently efflux-system popetantial target to improve
the efficacy of isothiazolone preservatives agaBst bacteria. The present study
demonstrated an encouraging increase in the siusitigpof a preservative-adapted
B. lata strain 383 derivative in the presence of the effinkibitor phenylalanine
arginine pB-naphthylamide (MC-207,110). This warrants the eafabn of other
compounds designed and synthesised to inhibit bakcefflux pumps (Pageést al,
2005), and those derived from natural sources (Stast al, 2007).
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