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Summary

Infections due to mukdrug resistant organisms (MDROs) are a major concern
worldwide. With very few new antibiotics on the market, infection prevention and control
measures, including these of biocides, are paramount to limit the spread of MDROse Littl
is known about the impact of biocide overuse and the selective pressure they exert or
adaptive mechanisms (s®lection) within bacteria. This study evaluated the effects of
biocides commaly used in the UK on antibiotic susceptibility and on the mecmasithey
might trigger within carbapenemapeoducing Enterobacteriaceae (CPE).

The minimum inhibitory concentrations (MICs) afwide range of antibiotics and
four biocides (benzalkonium dride, chlorhexidine digluconate [CHX], copper sulphate
and silve nitrate) were determined for mullrug resistant, carbapenemamseducing
Escherichia colandKlebsiella pneumoniaisolates collected from UK hospitals. Regarding
biocides, MICs were faud to be much lower than-mse concentrations found in most
commercial products (e.g. CHX MICs: @B ug/mL; CHX concentration in a skin
decontamination product: 40,000/mL). Correlation were detected between antibiotic and
biocide MICs, especially between CHX and carbapenems, cephalosporins, ciprofloxacin anc
tetracycline inK. pneumoniaeExposure to @X for 50 strains led to increased lag phase
duration and changes growth rate. Addition of effluspump inhibitor reduced the CHX
MICs. These findings seemeditmlicate theénvolvementof efflux in reduced susceptibility
to CHX and antibiotics. Overexgssion of effluxrelated genesa€rB, extruding a wide
range of anbiotics; smvA for cationic compounds) was observed following exposure to
subMIC CHX concentrations for twdK. pneumoniadgsolates. However, the molecular
changes did not necessarily tséate at the phenotypical level, with unchanged susceptibility

towards CHX and several antibiotics.

Thiswork highlightedthe involvement of efflux pumps following CHX exposure in
CPE; while it did not result in reduced susceptibility to antimicrobialsggurtions should

still be taken, considering the extensive use o€idies.
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Impact of commonly used antimicrobial biocides on resistance and-regisg&ance in
carbapenemasaroducing Enterobacteriaceae

Chapter 1. Generalintroduction

1.1 Definitions

T h e tastimicrobial’ encompasseboth antibiotics and biocidesSgientific
Committee on Emerging and Newly Identdiélealth RisksSCENIHR, 2009; Harbartat
al., 2014. On one handntibiotics are defined as active substances of synthetic or natural
origin harbouring antinfectve activity against bacteria in human or animal tissues
(SCENIHR, 2009; Wales & Davies, 201®n the other handbjocidesareactive chemical
substances able to destroy, render harmless, prevent the action of, or exert a controlling effec
on harmful organismsSCENIHR, 2009; Wales & Davies, 2015

Biocides targeting bacteria include difgctants, antiseptics and preservatives, and
can also be referred to as microbiciddafllardetal, 2013 ; i n this study,
will be used in its narrow meaning, i.e. microbici@gsinfectants are used on inanimate
objects to reduce their amounts of mionganisms; highevel disinfectants are referred to
as sterilants (Wales & Davies, 2015; Beiest al, 2016. Antiseptics are used for skin
decolonisatin or to treat infections in surface wounds but cannot be used within the body
(SCENIHR, 2009; Harbartbkt al, 2014. Preservativesare chemicals added to products
such as cosmetics or food to inhibit the growthnocro-organisms within the products
(SCENIHR, 2009; Wales & Davies, 2015

1.2 Rise of antibiotic resistance: a global public health threat

1.2.1 Current status and international guidelines

Since the discovery of penicitliin the latel920s Fleming, 1929, antibiotics have
been heavily used and relied upon, especiallyHertreatment ofevere infectionswWorld
Health Organizatin, WHO, 20183 However resistance has now befund to emerge all
around the wadd for almost all the currently available classes of antibioten(ola, 2015;
WHO, 2018

The development of antibiotic resistam@urally occurs, as most antibiotics derive
directly or indirectly from microbial products; genes similar to the ones involved in antibiotic
resistance have been found in samples aged several millions of years. The ability of bacteri:
to develop adaptatio mechanisms existed well before the intrdaurc of antibiotics in

human health I(edell et al, 2016; Alavet al, 201§. However, the rise of antibiotic
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resistance has been accelerated by the extended use sars@ i these compounds, and
seems to be mainly linked to thelective pressure applied by both human and animal
medicines, as reported by the World Health Organization (WH@)14 YWHO, 2014. In
veterinary medicine, antibiotics belonging to the same cdaasethe ones prescribed in
human medicine are used to previeféctions, but also as growth facto@h@attopadhyay,
2014. The United Kingdom (UK) Departmentf ddealth estimated however that the
antibiotic consumption in human health had a more important impact on antibiotic resistance

than veterinary medicindJK Department of Healt£2013.

Without regards to the factors involved in the emergence and spread of resistance
among bacteria, the increasing number of-treatable infections due to muttrug resistant
organisns (MDROSs) is now a public health threat and a major challengesrcome\(VHO,
2018y). Infections caused by MDR@ngendendveseimpactson clinical outcomes such
as higher morbidity and mortality ratdddcVane, 2017; WHO, 2018band are estimated
to account for up to 10 million deaths by5POReview on Antimicrobial Resistance, 2014
International (WHO, United Nains) and nationalReview on Antimicobial Resistance,
2016; UK Department of Health, 20018ommissions, in addition of groups of experts
(Wilsonet al, 2019, highlighted key aspects and edited guidelines for the current and future
management of resistance to antibiotics.
of action developed three main courses of actidfis Department of Health, 20]9
including the reduction of the need for and unintentional exposure to antibiotics (where
infection prevention and control measures are paramount, awiheg measures), the
optimisation of the use of the current antibiotics in both human and animal health
(highlighting the importance of antibiotic stewardships and data surveillance), and the need

for innovation (including new antibiotics, new diagnostiols and vaccines).

In additionto the human perspective, resistance to antibiotics involves higher costs
due to consumption of healthcare resources. This cost is estimated at 1.5 billion euros per
year in EuropeK Department of Health, 2013VHO, 2014, and couldeach more than
100trillion US dollars in the whole world by 205&€view on Atimicrobial Resistance,

2014). Few antibiotics have been developede the last decadqcorresponding to the so

call ed d i )s mastly ebasged om @xisting molecules antibioticinhibitor
combinations and a minorityof them target the MDROBswolved in the most severe
infections such as carbapenemaseducing bacteri@Review on Antimicrobial Resistance,
2015; WHO, 2020. Most ofthe current antibiotics have bediscoveredduringthe 1940s

and 1960sCoateset al, 20029. Nowadys, the antibiotic market is not the most attractive
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for economic reasons: antibiotic therapy is a shemin process, lasting several days, and
resistances likely develop reducing the lifetime ofreatmentqLewis, 2013; Review on
Antimicrobial Resistance, 2015; Lawsal, 2019.

1.2.2 Multi-druqg resistant organisms on priority list for the development of new

antibiotics

The WHO reported in its communicatian 2014 seved MDROs of particular
concern \WHO, 2014, and more recently classified them according to their importance
(level three being medium priority and level one being critical prioNi#O, 2017;
Tacconelli et al, 2018. Medium priority organisms include penicillisistant
Streptococcus pneumoniésorldwide leading cause of communigagquired pneumonia),
fluoroquinolonegesistantShigella spp. (major cause of diarrhoea and dysentery) and
ampicillin-resistanHaemophils influenzaeMDROs in high need for new antibiotics (level
two) include, among others, ndyphoidalSalmonellaspecies (involved in foodborne illness
through the ingestiof contaminated water and/or food but also in enteric fever) and
Neisseria gonorrbea with reduced susceptibility to cephalosporins and fluoroquinolone
(involved in sexually transmitted infections able to lead to severe complications related to
thereprodut i ve tract), al ongsi de s oBoecheretamb e r
2009; Lawset al, 2019. The high priority ESKAPE organisms include vancomycin
resistantEnterococcus faeciurf * )Ewhich is a major organism involved in bloodstream
infections, and methicilliresistantStaphylococcusaureus( MR S A, ©S7) wi t
susceptibility to vancomycin. MRSA treatment options become limited, due to the
combination of toxicities outcomes arebistanceWHO, 2014. The following MDROs are
identified as critical priority for the need of new antilusti(level one) Acinetobacter
speci es (A ), iresistantdanietobgcter baamabng Psemdenmnas
aeruginosa( * Pdssociated with amereasing incidence of resistances to quinolones,
carbapenems but also aminoglycosides and polymyxingoftant threat especially for
ventilator dependent patients and individuals suffering from cystic fibrosis); carbapenem
resistant EnterobacteriaceaeR[E), including extendedpectrum-lactamase (ESBL)
producing E.coli and Klebsiellas peci es (" K, but Klebsiedlao S
pneumoniaearbapenemasgroducing Enterobacteriaceae) &mterobactes peci es (
especially found in healthcaessociatednfections Boucheret al, 2009; Lewis, 2013;
WHO, 2014; WHO, 201y
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The present work will focus on Enterobacteriaceae species, espé&ciaetlf and

K. pneumoniae

1.2.3 Focus orEnterobacteriaceae

Multi-drug resistant Gam-negative bacterievere defined as resistant to at least three
different classes of antibios (Magiorakoset al, 20129. CRE are increasingly reported,
especially in urine sample§ifzpatick et al, 2014; Wilsonet al, 201§. Both the UK
Department of Health and the WHO expressed a high l#vebncern abouE. coli and
K. pneumoniaéharbouring important resistances in their reports, as major contributors for
healthcareassociated andbonmunity-acquired infectionsyK Department of Health, 2013;
WHO, 2014.

Infections due to thosearticular organisms are mainly bloodstream infections,
followed by respiratory and urinatgyactsinfections (Lee & Burgess, 2012; Drekong al,
2014; Pitoutet al, 2019. Several major clones, identified by multilocus sequence typing
(MLST) are reported in the literature worldwide. Regardihgoli, the mostsuccessful
isolates produce ESBLs and/oldreg to the sequence type (ST) ST131 often associated to
fluoroquinolone resistanc&{oodfordet al, 2011; Wilsoret al, 2016. ForK. pneumoniag
the predominant ST is ST258, its variants (ST11, ST340, ST5i®) less common. The
K. pneumoniaeésT258 clone is strongly ssciated with KPC productioriN@parsteket al,
2012; Pitoutet al, 2015; Davidetal., 2019, especially G2 (clade 1) and KP&3 (clade
II) (Peirancet al, 2017%.

1.3 Antibiotics

1.3.1 Mechanisms of action

Antibiotics exert their antimicrobial properties through different mechanisms, as
illustrated in Figure 1-1. However, most molecules seem to interfere with three main
pathways cell wall synthesis (essential to maintain the integrity of the organism and for
osmoregulation), ribosome suimits (translation step for protein synthesesji ®NA
(deoxyritonucleic acid) gyrases and topoisomerase(involved in the chromosomal
replication Lewis, 2013. Thep-lactams, including penicillins (e.g. penicillin, amoxicillin),
cephalosporins (e.g. cefepime, ceftazidinearbapenems (e.g. imipenem, ertapenem) and

monobactams (e.g. aztreonam) are part of the most pfestcribed antibioticsiredell et
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al., 2016 and target the cell wall synthesis through inhibition of the pdinibinding
proteins (PBPs)Hazraet al., 2014.

DNA gyrase Cell-wall synthesis
* Penicillins
* Cephalosporins
— | * Glycopeptides
* Carbapenems
* Monobactams

DNA-directed
RNA polymerase

* Sulphonamides

mRNA Folic acid : i
* Trimethoprim

metabolizm
t

RNAIMq(

305
705 initiation

505 T

[Oxazolidinones] [Protein :ynthesis]

ESN S

* Macrolides, * Aminoglycosides
* Chloramphenicol | [ * Tetracyclines
* Clindamycin

[J Antibiotic [ Target

Figure 1-1. Bacterial targets for antibiotics.

Figurefrom Lewis, 2013 Most antibiotics targetnajor bacterial functions, such as protein
synthesis (e.g. by targetingther the 50S or 30S sulmits of the ribosom@scell-wall
synthesis(e.g. by inhibiting penicillirbinding prdeins [PBP$, which is the caseof
B-lactam antibiotics or chromosomal replicatiofe.g. through the inhibition of DNA

gyrase or topoisomerass.

1.3.2 Resistance to antibiotics

Some bacterial species are intrinsically less susceptible than others due to specific
properties, e.g. mycobacte@md Grarmegative bacteria are less susceptible than Gram

positive bacteria due to their cell wattucturesenyer & Maillard, 2002; Wales & Davies,
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2015; Nasiriet al,, 2017. Antibiotic resistance mechanismancalso be acquired, through
horizontalgenetransfer(HGT) or mutation Andersson & Hughes, 2012; Lewis, 201®
counteract the deleterious effects of antibiotics. They can result in a decreased entry of the
molecules, an increased efflux, the alteration and/orpreduction of the target or the
enzymatic modification or destruction of the antibiptis illustrated irFigure 1-2 (Poole,

2002; Lews, 2013; these mechanisms will be further detailed in the following sections.
Additional mechanisms include metabolic changes leading to the formation of persister cells.
Persisters are negrowing (dormant) but still vidb bacteria with importantly driced
susceptibility to antibiotics, and are found to be a frequent cause of chronic infections
(Lewis, 2013; Woockt al., 2013. Persisters can be found within biofilms; bacteria living
within a biofilm are also dss susceptible to antibiotics than their planktam@mwying
counterparts. Indeed, theoblm matrix acts as an additional barrier, limiting the amount of
antibiotic able to reach its targdtawset al, 2019, and bacterial growth rates are usually
lower within biofilms, rendering antibiotics of which the mechanism of action affects an
active target (e.qg. cell wall symesis fo3-lactams) inefficientDaset al,, 1998; Lewis, 2013;

Alav et al, 2018.

Increased efflux
D _~ Antibiotic
Efflux pump- C,‘ -

Decreased influx

/
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Antibiotic [ _v GNP Target amplification
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Figure 1-2. General mechanisms of resistance to antibiotics within bacteria.

Figure fromAlav et al, 2018 Mainantibiotic resistance mechanisms result in the limitation

of the antibiotic impact on its target (target alteration or owehpection), the decrease in
intracellular antibiotic concentration (decreased intake or increased efflux), or the antibiotic

inactivation (modification or destruction).
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1.3.2.1 Resistance mechanisms limiting the impact of antibiotics on their target

Target modification or overproduction are involved in resistance to several
antibiotics as a way to limit their impact on thacterid target Denyer & Maillard, 2002
Indeed, modificatiorof lipid A has been reported reduce the affinity of polymyxins to
their target Ciu et al, 2016. Target modification has also been saeaffect susceptibility
to aminoglycosides and fluoroquinolones, with modified 16S ribosomal Ridénucleic
acid)methylases and DNA gyrase/topoisomerasspectively lfedell et al, 2019.

1.3.2.2 Resistance mechanismscreasing the intracellular antibiotic concentration

In order to deease the intracellular concentration of antibiotics, bacteria can either
reduce the amount of antibiotics entering the cell, increase the amount expelled from the
cell, or a combinatiorof both. Changes in membrane permeability (especially outer
membrandor Gramnegative bacteria) include changedipopolysaccharid€LPS), fatty
acid or protein compositions and changesyarophobicity Denyer& Maillard, 2002;
Ortega Morenteet al, 2013; Wales & Davies, 2015However, altered membrane
permeabilitydoesnot seem to confer resistance on its own but can become significant when

additional resistance mechanisms are invohNRehfyer & Maillard, 2002; Poole, 20n2

Porins (also referred to as outer membrane prgt@kig are hydrophilichannels
spanning the outer membraoné Gramnegative bacteria enabling the specific or non
specific entry of several cqmounds depending on their size and chafger{andez &
Hancock, 2012; Choi & Lee, 201.%everal porins have been describeH.icoli, including
OmpC, OmpF and Phobényer& Maillard, 2002; Choi & Lee, 2019 A mutation in the
sequence or @ownregulation ofthe expression of poriancoding genes can lead to a
decrease in porin availability (loss of porins); alone, or in combination with an alteration of
t he por ilsize shiscamesult m a decreadeentry of antibioticsExamples of both
phenomenaan be found among Enterobacteriacedth the loss of OmpF involved if-
lactam resistance iB. coli (Denyer & Maillard, 20@; Choi & Lee, 2019 or a decreased
susceptibility to cefoxitin ifK. pneumoniaafter inactivation of thempK36gene following
insertion in the sequencBényer & Maillard, 2002; Iredekt al, 2016.

Bacterid efflux pumpsare able to expel a wide range of substrates, from antibiotics
(e.g. fluoroquinolones, tetracyclines) to biocides and djésa{do & Pages, 2012; Venter
et al, 2015. They can be lassified into fve superfamilies: the multidrug and toxic
compound extrusion (MATE) family, the small multidrug resistance (SMR) family, the
major facilitator superfamily (MFS), the ATP (adenosine triphospHate)ing cassette
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(ABC) superfamily and theesistancenodulaton-division (RND) family (only found in
Gramnegative bacteriaMarquez, 2005; Alaet al, 2018, asillustrated inFigure1-3. In
Gramnegative bacteria, the RND family is of particularportance, with the example of
AcrA-AcrB-TolC in E.coli, as they are associated with high levels of resistance to
antibiotics Poole, 2007; Suat al, 2014; Slipskiet al, 20189.

/ \ A, = = Periplasm
{ \ \
: / ‘\ / \
f TS VT 4184 ‘
[ MATE | {}ﬂ( swe 110 mes [T '™
T\ L% X X o ;
\ ‘l \ / |
\ , \ / !
: T\’ - \ ’ \' ‘ Cytoplasm
Drugs Drugs Drugs Drugs
ATP

Figure 1-3. Bacterial efflux pump superfamilies.
Figure from Alav et al, 2018 Efflux pumps expel their substrates to the exgHfular
environment through antiport mechanisms (mostly protons but also sodium ions) or using

ATP. ADP: adenosine diphosphat@M: outer membrane; IM: inner membrane.

1.3.2.3 Resistance mechanisms resulting in antibiotactivation

The modification or destrucin of antibiotics by bacterial enzymes have been
reported for several antibiotics and aim to avoid their binding to their target. For instance,
the predominant mechanism of resistancp-tactams is the hydrolggion of thef3-lactam
ring of these compouws byp-lactamasesRoole, 2002; Lewis, 20}3and modifications of
aminoglycosides (acetylation, phosphorylation) has been found to impair titigirtatind
to their target (ribosomes), rendering these artidsonefficient Poole, 2002; Iredebt al,

2016.
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1.3.3 Focus on carbapenems and carbapenemases

1.3.3.1 Carbapenems

Carbapenems belong to ttseiperfamily of (-lactam antibiotics Their pioneer
molecule, thienamycin, producég Streptomyces cattleyaas first reported in 197®ue
to low rates for the purification of this natural product and stability issues, synthesis of
derivatives wasnvestigated Queenan & Bush, 2007; Pappallace et al, 201). The first
developed was imipenem, released on the market in 1985 for the treatment of severe bacteri
infections {entola, 201% Imipenem washoweveradministered with an inhibitor od
human renaénzymewhich was able to degrade Mevertheless, this led to tdevelopment
of more stable compounds, including meropenem, ertapenem and doripenem, the main
carbapenems referred to in the literatiMaitinezet al, 2010; PappWallaceet al, 201J).

The mechanisms of action of carbapenems ardasito the ones of the oth¢¥
lactams; they inhibit PBPs, stoppiogll wall synthesisandresulting in the weakening of
peptidoglycanwhichis not able tqrotect the cell from osmotic pressure anymétapp
Wallaceet al, 2011; Hazreet al, 2019. Nonetheless, they exert a broader antimicrobial
spectrum thaf-lactams and their combinations due to their ability to bind several different
PBP subtypesSauvage & Terrak, 20)6while being stable to hydrolysis by almost all
ESBLs and AmpC (ampicilliydrolysing enzynes), which are othef-lactamases
(Thomson, 201p . |l ndeed, t h ergsortder aet mdeneseBereairsfections a s t
including the ones caused by ESBtoducing Enterobacteriacedddrtinezet al, 2010;
Djahmi et al, 2014; Morrill et al, 2015. Some 6 them are more active against Gram
negative bacteria eftapenem and meropenem) or against Gpasitive ones (e.g.
imipenem), whiledoripenem shows good antimicrobial properties against both. Their
properties also differ in terms of potency and stability, with doripenem less susceptible to
degradation by cadpenemases, or a narrower spectrum for ertapenem, which is not
effective forthe treatment of infectionsaused byP. aeruginosa(Martinez et al, 2010;
PappWallaceet al, 2011; Bassetti & Righi, 20}5

1.3.3.2 Carbapenmases

Now, carbapenemasgeroducing Enterobacteriacea@RE), among other MDR®,
constitute a major threat, compromising the efficacy of thesditastreatmentsDavid et
al., 2019. The resistance mbanisms inelved include a reduced permeability through loss

of porins and/or expression of efflux pumps, alteration, reduction and/or elimination of the
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target (common mechanisms with otfdactams) but also production of carbapenemases.
Combinations othese mecinisms can result in synergistic activities against carbapenems
(MartinezMartinez & Gonzaled.opez, 2014; MacVane, 2017 Carbapenemases can
belong to Ambler classes A, B and3actamasesiihomson, 2010; Cantaet al, 2019; a

brief overviewis presented imable 1-1. They will be further detailed in the following

sections, albeit theyiWnot constitute an exhaustive list of #fle existhg carbapenemases.
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Table 1-1. Key carbapenemases mediating resistance in Enterobacteriaceae.

Table adaptettom MacVane, 2017Not all existing carbapenemases are listed in this table.

GES: Guiana extendespectrum  B-lactamase; IMI: imipenemhydrolyzing
B-lactamasetMP: active @ imipenem [-lactamase; KPKlebsiellapneumoniae
carbapenemaseiDM: New-Delhi metallop-lactamase; OXAoxacillinase;

SME: Serratiamarcescensnzyme; VIM:Verona integrorencoded metall@-lactamase.
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1.3.3.2.1 Class A arbapenemasegenicillinases

The class A carbapenemases became of major importance with the discovery anc

subsequent massive spread of KRGducing bacteria around the world. KPC enzymes
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were first reported i1996 in NorthAmerica (Yigit et al, 2001 and theblakpc gene family
includes now more than 40 variants according to the National Database of Antibiotic
Resistant Organisms (NDARO), a tool published by theodal Center for Biotechnology
Information (NCB), with blakpc2 and blakec.s being the most commonly found variants
(MartinezMartinez & Gonzalez.opez, 2013 However, after resequencinglakpc, it

was found that its firstly established sequence was wrong, mbakirg:1 andblakpc.2 the

same variantNordmannet al., 2009; Pitoutet al, 2015. KPC enzymes confer low to
moderate resistance to carbapenems, while they are highly active against penicillins and
cephalosporins. The genetic determinants coding for KPC enzymes are mainly found in
Tn4401, a transposorolind in a wideange of transferrable plasmids, allowing it to quickly
spread among other strains and spe@¢shmiet al, 2014; Nordmann, 20})4

Other members of the class A carbapenemases agetf@ia marescengnzymes
(SME) and imipenerhydrolysingp-lactamaseg¢lMI) . They are able to hydrolyse a wide
range of substrates like penicillins, some cephalosporins and carbapéyahmigt al,
2014; MartinezMartinez & GonzalezlLopez, 2014 According tothe NDARO, five
variants ofblasye have been described to date, as well as 18 variarts@f (including

blanmc-a; nonmetallo carbapenemase).

Guiana extendedpectrump-lactamasesGES were first considered as EE&
About 40 variants dblaceshave leen identified to date (according to the NDARO), but only
some GES enzymes, including GBS GES4, GES5, GES6, GES11, GES14 and
GES18 are categorised as carbapenemases. The genes coding these enzymes are mainly
present as genes cassettes on classtdgrions but have also been found on some
Enterobacteriaceae chromosomédaltinezMartinez & Gonzaledopez, 20134 They
confer resistance to broapectrum cephalosporins and, for several variants, to

carbapenems, as mentioremtlier Nordmann & Poirel, 2014

1.3.3.2.2 Class B carbapnemases: metaHlb-lactamases

Metallo-B-lactamases (MBLs) are able to hydrolyse almosB-ddictams, with the

exception of monobactams. Their activity relies on the presence of zinc ions in their core.

The first plasmieencoded MBL, IMPL (for'a c t i v e o0 n-ladtameasq), &ase m 3
detectedn P. aeruginosan the late1l980s Watanabest al, 1991). Snce then, IMP enzymes
have spread worldwide and more than 70 variantéapier have been described (NDARO).
Their corresponding genes are mainly present within class 1 integrons gene cassettes, but

also on class 3 integrons and, less commonly, conebsomes. Another subclass of MBL,
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VIM (Verona integrorencoded metall@-lactamase)is also known to be disseminated
through the spread of class 1 integroN®rdmann & Poirel, 2014 To date, about 60
differentblaviv variants have been identified (NDARO)

The most recently discovered MBLs aNDM enzymes ew-Delhi metallof-
lactamasg in the late 2000sY(ong et al, 2009. Since then, NDM enzymes have been
progressively identified on all continents, with a dissenmmaéspecially associed with
travel (including medical tourism) in AsiZtnarlickaet al, 2015. Twentysix variants have
been reported so far according to the NDARO. Genes coding for these enzymes can be foun
either on chromosomes (mainly #cinetobactespecies) or plasmid€longing to different
incompatibilty groups, mediating an efficient spread among bactBjeh(ni et al, 2014;
MartinezMartinez & Gonzaled.opez, 2014

1.3.3.2.3 Class D carbapenemases: oxacillinases

OXA (oxacillinase) ezymes are narrowpectrum (-lactanmases. Among the
approximately 800 enzymes (according to the NDARO), not all of them are carbapenemases
and other members of this family &E&BLs Nordmann & Poirel, 2014 They harbour a
weaker activity against carbapenems than the previously dedcdarlapenemases.
However, resistant phenotypes can be obsemeh OXA are present alongith another
resistance mechanism like porin loss, expression of efflux pumps or ESgibsii et al,

2014.

The main OXA enzyme with carbapenemase activity are OX8 and its
derivatives (OXA48-like); these variants differ by a small number of amino acid
substitutions Matherset al, 2013. The corresponding genes are flankedvy copes of
the same insertion sequence within the transpos@@99This genetic context favours both
the expression and the mobilization of the genetic detemts MartinezMartinez &
GonzakzLopez, 2014; Rout etal., 2015.

1.4 Biocides

1.4.1 General

Biocides englobe a wide range of unrelated chemical famititsring various
possible uses, from food preservatives to Hegtel disinfection compounds. Examples of
biocide families, biocidal compounds and possiides ag listed inTable1-2.
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Table 1-2. Biocide familiesand their associated uses.
Data extracted fronfrraiseet al, 2013 (chapter 2). Not all existing families of biocides,

biocidal compounds or uses are listed in this table. QAC: quaternary ammonium compound.

Chemical families Examples of conpounds Examples of uses
Alcohols Ethanol, phenoxy ethanol  Surface disinfection, skin decolonizatio
Glutaraldehyde,
Aldehydes formaldehyde High-level disinfection
Surfacedisinfection, skin decolonizatior
Biguanides Chlorhexidine, alexidine dental cae
lodine compounds, chlorine Wound treatment, skin decolonization,
Halogens compounds sanitizing agents in the food industry
Fungicide/algicide and other
Heavy metal microbicidal prgerties, burn wound
derivatives Copper, silver treatment
Acridines, triphenylmethane
Microbicidal dyes dyes Wound treatment, local antiseptics
Organic and Food preservatives, insecticides,
inorganic acids Acetic acid, salicylic acid fungicides
Hydrogen peroixde,peracetic
Peroxygens acid High-level disinfection
Preservatives, disinfectants for
Phenols Triclosan manufactured products
Surface disinfection, preservation of
Surfaceactive agents QACs pharmaceutical and cosmetic products

While being around fodecades, biocides were put aside during the antibiotic golden
era;however there is a revival of interest for these compounds with the rise of antibiotic
resistance and the subsequent need for improved infection control and prevention practices
(Maillard et al, 2013. The extemive useand misuse of biocides, now found in hospitals
settingsbut also in homeleaning products, cosmetics and textiles among others, is how
questionable regarding the hypothetic detrimental effect on human health of these
compounds and their possibferolvement in driving antibiotic resistanc&/@illard, 2005;
SCENIHR, 2009; Morrissegt al, 2014.

The present workwill focus mainly onfour biocidal compoundsChlorhexidine
digluconate(CHX) andbenzalkoniunchloride (BZC; aquaternary ammonium compound
[QAC]), both cationic compoundsare amongst the most commonly used biocides in
healthcare settingR(ssell, 1986; BuffeBataillon et al, 2012b; Ortega Morentet al,
2013;Kampf, 2019. Copper and silveitwo heavy metals, were alsaclodedas they seem

to harbour less toxicity to both humans and the environment and are involved in more recent
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technobgies through the development of antimicrobial surfaces and adiobgs
respectively(O'Gorman & Humphreys, 2012; SCENIHR, 2014; Cavassal, 2015; Hans
et al, 2015.

1.4.2 Mechanisms of action

As opposed to antibiotics, biocides usually possess multiple targets within the
baderial cell (Figure 1-4), which is thought to limit the possibility to develop mechanisms
resulting inreduced susceptibility to these compounB®dmfield, 2002; Yazdankhaét
al., 20089.

Bronopol
Cu2+‘ Ag*
Pheanol Ethylene oxide
Formaldshyde Very low Glutaraldehyde
ng* c:u:unce?trf.!tinns ﬂydro%?n paroxid.g Eof:n}rafdshyﬂg
Merthiolate cause lysis ¥pochiontes mylene oxide Cytoplasmic
i i lodine Glutaraldshydes
Sodium hypochlorite Chlorinated Chilorinated membrane

isothiazolones isothiszolones
)

1
-5H groups

Cytoplasmic =
constituents, -NH; groups Coagulation |-

K*, 260 nm material,
ribose, leaked

Cytoplasm

— High
concentrations
ng2+
Phenaols
Chiorhexidine
Glutaraldehyde

-COOH groups

Phenaols

Detergents L,
Chlorhexidine Cationic agents
Alcohols —
Parabens Electron transport

Acridines Proton-maotive 2 4-Dinitrophenol Hexachlorophane systam

Ethylene force Carbanilides

oxide Oxidative Salicylanilide
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Hypochlorites Long-chain

Ethylene oxide organic acids

Ethidium bromide

Figure 1-4. Different biocides' mechanisms of action ifbacteria.
Figurefrom Fraiseetal., 2013(chapter 5, page 96). Biocidpessess several targets within

bacteria, and their mechams of action can depend on their concentrations.

BZC and CHX, both cationic compounds, share some similarities in their
mechanisms of action. Indd, theyare attracted by the negative charges on the bacterial
membrane and displace timetal cations (Mg, C&*) ensuring its stabilityMaillard, 2002;
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Gilbert & Moore, 200%. QACs are then able to integrateo the membrandhanks to their
hydrophobic tail, disturbing the lipid bilayer, resulting into a progressiveatgakf cellular
content Buffet-Bataillonet al, 2012l). The activity of QACs, including BZC, depends on
their concentrations: low concentrations wouldule in the loss of proton and sodium
gradientsand of thesubsequerdbility to regulate osmosigndeed, the pron-motive force,
relying on proton gradient, is@ytoplasmicmembrandocatedprocesaipon which several
major cell functions relyMaloney et al, 1974; Kashket, 19§5At medium concentrations
more severe effects are observedrmambrandocated processes, including respiration, cell
wall synthesis and solute transpdrigh concentrations of QACseableto solubilise the
membranes and edse the entire cell content, resulting in bacterial d&ithgrt & Moore,
2005; BuffetBataillonet al, 20121).

The mechanism of action &HX differsto the one of QAsIin the fact that CHX
does not integrate the membrane britiges pairs of adjacemlar heads groups in the
membraneo displace the metallic cationSi(bert & Moore, 200%. Like QACs, he activity
of CHX is dosedependent: at lower concentrations, a reduction in membrane fluidity, as
well leakage of cellular constituen{including potassium ions and protons) are observed.
Low concentrations of CHX also affect respiratory functions armdte transportAt high
concentrations of CHXhe cytoplasmic constituents are coagulated associated with the loss
of t he méeuntord iategety, resulting in its bactericidal effe¢Gilbert & Moore,
2005; Fraiseet al, 2013page 20).

Silver and copper ions interact especially with thiol groups, which are essential for
the activity ofvariousenzymesKraiseet al, 2013page 42). Reaction with these groups can
lead to cell inhibition or inactivation through interencewith electron transport (then
inhibiting cellular respiration) foexample Maillard, 2002; Glassesat al, 201Q. Silver salts
also causemembrane damagas can be indicated kyotassium leakagend inhibit cell

division mechanismdfaiseet al, 2013page 42).

1.4.3 Mechanismsnvolvedin reduced susceptibility to biocides

Mechanismsdading © reduced susceptibility to biocides are similar to the ones
involved in antibiotic resistance. Firstly, it can be driven by degradation, dilution or
modification of the biocide; examples include the enzymatic degradation of trickesan i
Pseudomonsputida(Schweizer, 2001; Yazdankheahal, 2006, or the presence of catalase

or superoxide dismutase for oxidizing ageiaiflard, 201§. Target alteration has also
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been reported for triclosan, with mutations fabl, rendering the biocide iffecient
(Schweizer, 2001; Yazdankhehal, 2009.

Changes in membrane permeability, including in the cell wall composition and the
loss of porins can be involved in reduced susceptibility to biocides, while useabging
the sole mechanism#/gillard, 201§. For exanple, deficiency in OmpF and/or OmpC has
been described to contribute to the reduced susceptibility to silizecoli (Li et al, 1997.
Efflux has also been reported for biocides, e.g. QAC efflux camdsiatel by the Qac
efflux pumps belonging to the SMR family, with the importance ofgheE and qaayk
genes in Enterobacteriaceae; these determiaaatsommonly found on class 1 igtens,
allowing their wide disseminationTézel & Pavlostathis, 20)5Another efflux pump,
CepA, confers CHX protection iK. pneumonia€Ortega Morentet al,, 2013. Copper and
silver efflux can be mediated through the Cus and Siesys inE. coli (Nies, 2003.

Physblogical and metabolic changes, including biofilm formation, can be involved
in the cevelopment of reduced susceptibility to biocides as well, as bab@@uring a
low to null metabolism are less susceptible than the ones with an important metabolic
adivity (Ortega Morentet al, 2013; Maillard, 2018

1.4.4 Role of biocides in antibiotic resistance

1.4.4.1 Co-selection mdéeanisms

Reduced susceptibility to different classes ofraitrobials can be due to several
mechanisméncluding caresistance, cros®sistance and eagulation; they constitute the
different coeselection mechanisms between biocides and antibiotics faurhcteria
(BakerAustinet al, 2006; BuffetBataillonetal., 20123.

Coresistancanechanisms depend on the presence of several genetic determinants
responsible for the reduced susceptibility to several aoidials on the same mobile
genetic element, like a plasmid or a transposon; the selective pressutredeby one
compound wouldelect for both genetic determinants to be expressed or transteatet (
Austinet al, 200§. In Gramnegative bacteria, thgaayk gene, involved in QAC efflux, is
widely found on class 1 integrons, atpwith other genetic determinants suchsas,
conferring resistance to sulphonamidBkit & Schmitz, 1999; Dominguest al, 2019.
Coresistance mechanisms are also thought to be involved between susceptibility to
antibiotics and heavy metalBgkerAustin et al, 2006; Jakobseat al, 2011 Palet al,

2015.
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Crossresistance happens when sedvantimicrobials share the same target, initiate
acommon pathwaleading bacterial inhibition and/or death, or share a common access route
(Fernandefuentest al, 2012). Such mechanisms depend on the presence and ity abi
of a common resistance mechanism to counteract the differ@innicrobials; as a
consequence, if a crosssistance mechanism is developed following exposure to one
compound, resistance or rexa susceptibility to the other compound will arise afl we
(Buffet-Bataillonetal, 20123 . As previousl|l ynwthibghltightrediisn abha!

‘“biocide resistance s etobutedamdsan expdl dnimpottanp u mp s a r e
range of substrate¥he efflux pump AcrAAcraB-TolC, found inE. coli for example, can

extrude different antibiotics and biocides, esply QACs Poole, 2007; Sust al, 2014.

Coregulation mechanisms would occur when the exposuran antimicrobial
impacts one or several regtdry responses, themselves impacting bacterial susceptibility to
other unrelated compoundBgkerAustinet al, 2009; they can result in the induction of
stress response or an increased efflux amongrotBore et al, 2007; Osei Sekyere &
Amoako, 201Y. For example, thenar operon can be expressed followitmpper exposure,
resulting, among other consequencesriralteration of the outer mbrane permeability
(Haoet al, 2014.

1.4.4.2 Currentcontroversy and clinical relevance

It is to date not clear whether or not theewf biocides has an influence on the
maintenance and sgad of antibiotic resistance genes. Indeed, a-teng exposure to sub
inhibitory concentrations of biocides has bebown to impact several regulation pathways,
including the SOS response witliacteria, boosting gene transfer and facilitating mutatio
(Jutkina et al, 2018. This is exacerbated withabteria growing in biofilms, where
exchanges are enhanced within the populatidrezgl & Pavlostathis, 2015; Buffet
Bataillon et al, 2016. The scientific community is divided, with several studies claiming
the linkage between antibiotic and biocide susceptibility, mainly due to efflux punhgs,
othersreport nocorrelation between reduced susceptibility between thesienicrobials
(Oggioni et al, 2013; Harbarthet al, 2014; Kampf, 2016; Kampf, 2018 Without
consensus, it seems reasonablessume that the overusedamisuse of biocides could
present a risk for resistanselection, even if none has been observed to date; in order to
keep biocides efficient at controlling infections, precaution principles should be applied
(SCENIHR, 2010; Oggionet al,, 2013; Ortega Morentet al, 2013; Harbarttet al, 2014;
Guptaet al, 2018.
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1.5 Scope of the study

Thi s st udmpact o comnmonly usedl arttimicrobial biocides on resistance
and crosgesistance in carbapenemgweducigy Ent e r o b,aiméddorundarstanc e ’
the role playd by several biocides frequently used within healthcare settings, including in
infection control and prevention regimens (BZC, CHX, copper and silver ions) in the
maintenance of antibiotic resistargenes among clinicatarbapenemasgaoducingg. coli

ard K. pneumoniaeThe subsequent objectives were:

1 To establish the baseline susceptibility to the four biocides investigated and
to a wide range of antibiotics

1 To look for potential links between segatibility to biocides and antibiotics
and select represtative isolates for further experimental work

1 To measure the impact of exposure to-subbitory concentrations of

biocide on the phenotypic and molecular levels
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Impact of commonly used antimicrobial biocides on resistance and-regisg&ance in
carbapenemasaroducing Enterobacteriaceae

Chapter 2. Bacterial susceptibility profiles to antimicrobials

2.1 Introduction

2.1.1 Bacterialsusceptibilityprofiles to chemotherapeutic antibiotics

The determinations of the minimum inhibiting concentratidi(; the lowest
concentration able to inhibit bacterial growth) and of the minimum bactericidal
corcentration (MBC; the lowest concentration able to kith&ro-organism) are routinely
used, easy to implement (including hitfitoughput testing) techniqués estimate then
vitro effect of antimicrobials Turnidge & Patersn, 2007; Wiegandet al, 2008§.
Establishingsusceptibility profiles to antibiotics is of particulanportance to define the
susceptible (“high I|Iikelihood of therape
i nt er medi dihoed ofitHerapegihsudcasdwden exposure to the eganteased
either by adjusting the dosing regimen oriby s concentration at t
resistant (“high likelihood of therapeut
status of abacterium European Committee on Antimicrobi&@usceptibility Testing
EUCAST, 20193 and therefa to choose the appropriate treatment for a bacteredtioh
(Turnidge & Paterson, 2007; Iredadt al, 2016. However, these assays do not reflect
clinical conditions: they are usually performed with rapidigwgng bacteria belonging to a
single lacterial species w#h a standardised inoculum, in rich media and controlled
conditions, while in reality bacteria usually grow slower than in the testing conditions
(Mouton, 2018; in addition,as examples, baatia could also be growing in biofilms with
other species instead of their planktonic counterparts, or form an abscess with higher
bacterial density and deleterious conditions for some antibiotitsdpations or additional

barriers limting the antibioic penetration among other8rpok, 1989; Iredelét al, 2016.

National and international commissions, including the Clinical and Laboratory
Standards Ingute (CLSI), the European Union Committee on AntimicabSusceptibility
Testing (EUCAST) and th®ritish Society for Antimicrobial Chemotherapy (BSAC),
propose &ndard protocols for antibiotic susceptibility testidgdrews, 2001; CLSI, 2012,
EUCAST, 2019t and sebreakpoints, which are cuafff values enabling to decipher between
susceptible, intermediate and resistant isolaBSAC, 2015; CLSI, 2019; EUCAST,
2019h. MIC values indicated for a reference strain (&gcoli American Type Culture
Collection[ATCC] 2592) are usually in accordance betweke differen standards. This
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is partly due to wide ranges of concentrations the MIC obtained for the qualityl strano
can fall into: despite the target MIC for fewtdomotics being different between standards,
the authorised ranges of concentrationsrlap Table2-1). However, when considering the
clinical breakpoints, mre discrepancies are observed betweendifferent stad ar d s’
recommendations, which could have an impact on the subsequent susceptibility profile of
the tested organismTéble 2-2). In order tofacilitate internabnal standardisation of
susceptibility testing, BSAC cead to develop its own recommendations in January 2016
and redirected laboratories towards EUCAST standards. However, as this work started
before this event, antibiotic suscepltlyi testing had akady been performed following
BSAC’ s

commissions.

pr ot o ceed for highightmg thet diiferences between the various

Table 2-1. Target MICs and authorised ranges of concentrations for several antibtics
given by BSAC (2015), EUCAST (2019) and CLSI (2019uidelines forE. coli ATCC
25922.

Target values and ranges were included when available. Antibiotics for which MIC
target/rage values were not indicated for the three standards, and antibiesesfing the
same MIC target/range for the three standasmgre not included in thigble. The fold
change observed between the different standards is indicated as a range, frammtbenm

to the maximum folechange observe@MD: broth microdilution;ISA: Iso-Sensitest agar;
CAMHB: cationadjusted MuelleHinton broth.

Standard BSAC EUCAST CLSI Fold-
Method Agar-dilution BMD BMD change
Media ISA CAMHB CAMHB gﬁ%";gﬁ{‘
Target Target Min  Max | Min Max standards
pug/mL pug/mL pug/mL
Aztreonam 0.25 0.125 0.06 0.25| 0.06 0.25 1-4
Cefixime 0.25 05 0.5 1 0.25 1 1-4
Cefpodoxime 0.25 0.5 0.25 1| 0.25 1 1-4
Ciprofloxacin 0.015 0.008 0.004 0.016/ 0.004 0.016 1-4
Ertapenem 0.015 0.008 0.004 0.016/ 0.004 0.016 1-4
0.016 1-8
Meropenem 0.008 0.03 0.008 0.06| 0.008 0.06
Trimethoprim 0.25 1 05 2 0.5 2 1-4
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Table 2-2. Breakpoints for several antibiotics given by BSAC (2015), EUCAST (2019)
and CLSI (2019) commissions foEnterobacteriaceae

Antibiotics for which breakpoints were not indicated for the three stalsdamnd antibiotics
presenting the same breakpoints betwthe three standards were not included in this table
The foldchange observed between the different standards is indicated as a rangbefrom t

minimum to the maximum foldhange observe®: susceiible; R: resistant.

Standard BSAC EUCAST CLSI Fold-
Method Agar-dilution BMD BMD change
Media ISA CAMHB CAMHB between
S £ R> S £ R> S £ R> different
standards
pg/mL pg/mL pg/mL
Amikadn 8 16 8 16 16 32 1-2
Ampicillin 8 8 8 8 8 16 1-2
Aztreonam 1 4 1 4 4 8 1-2
Cefepime 1 4 1 4 2 8 1-2
Cefixime 1 1 1 1 1 2 1-2
Cefpodoxime 1 1 1 1 2 4 1-4
Ceftazidime 1 4 1 4 4 8 1-4
Chloramphenico 8 8 8 8 8 16 1-2
Ciprofloxacin 0.5 1 0.25 0.5 0.25 0.5 1-2
Ertapenem 0.5 1 0.5 0.5 0.5 1 1-2
Fosfomycin 32 32 32 32 64 128 1-4
Gentamicin 2 4 2 4 4 8 1-2
Imipenem 2 8 2 4 1 2 1-4
Mecillinam 8 8 8 8 8 16 1-2
Meropenem 2 8 2 8 1 2 1-4
Nitrofurantoin 64 64 64 64 32 64 1-2
Ofloxacin 0.5 1 0.25 0.5 2 4 1-4
Piperacillin 8 16 8 16 16 64 1-4
Tobramycin 2 4 2 4 4 8 1-2
Trimethoprim 2 4 2 4 8 8 1-4

Several factors are known to influence MIC and MBC values, as well as disk
diffusion methods. The protocol used, as highlighted previously, is of import&oce
example, regarding colistin susceptibility testibgpth dilutions methods are recommended
by the CLSI and EUCAST over aghased (agadilution or disk/gradientdiffusion)
protocols due to the poor diffusion of colistmagar Giske & Kahlmeter, 2018; Matuschek
et al, 2019. The broth composition, including the amount of nutrients available and the pH,
can impact the MIC Green, 1978; Buchta & Otcenasek, 1996; §died et al, 2015;
Mouton, 201§; the cation concentrais seem to be particularly relevant when testing
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cationic compoundsQhow et al, 1989; Bocket al, 2018. The material of the plates and
their coating canmpact the availability of certain compounds like polyamg, whose
binding onto the surface depends on the plastic Ushdgandet al, 2008; Bocket al,
2018. The MIC values obtained can also depend on tit@linnoculum used for the
antimicrobial susceptibilitgesting: this phenomenon is referred to as the inoculum effect,
and is well described for several antibiotic/mian@anism combinaties, including for
examplep-lactams an@-lactamaseproducing isolatesBrook, 1989; Argemet al, 2013;
Smith & Kirby, 2018§. The growth phase the micavgganismsarein when the test carried
out can dso have an impact on the kill eabf some agentsAfgemi et al, 2013. The
incubation conditions (temperature, duration of incubation, agitaiochta & Otcenasek,
1996; Saweet al, 1997; Argemiet al, 2013 and the precision in the preparation of the
assay (urnidge & Paterson, 200&re other factors influencing MIC determination and

impacting iner-laboratory variability in measurementddutonet al, 2019.

It is important to note that MICs aMBCs represent a range of concentrations rather
than discrete values: for twfold dilution series, if a MIC valel is indicated as fig/mL, it
corresponds in réity to a concentration strictly greater th@® pg/mL and lower or equal
to 1ug/mL (Turnidge & Paterson, 2097n addition, it seems commonly admitted that MIC
determinations wit hfiml d pdiulsutoiromi nfursomneadhwoot |
acceptable error rang&yrnidge & Paterson, 2007; Wesgateal, 2016; Moutoret al,
20138.

2.1.2 Bacterialsusceptibilityprofiles to biocides

Breakpoints are welllefined for a wide range of antibiotics (as shown previously),
howeverthis is not the case for biocidaddrrisseyet al, 2014. Indeed, biocides are used
at concentrations much higher than the ones investigatetto for MIC determination, as
shown witha few examplesn Table2-3 below. The definitionof a breakpoint as a coff
value able to distinguish between susceptinld resistant isolates and, therefore, indicating
a success or failure of treatment is theadequaten the case of biocidesHbrneret al,
2012; Maillardet al,, 2013; Harbarttet al, 20149.
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Table 2-3. Examples of MICs obtained for severalE. coli reference strains in the
literature for different biocides and correspording in-use concentrations of biocides.

Non-exhaustive lists of commercial products and their corresponding biocide concentrations

(when available) are indicated for different biocides. BZC: benzalkonium chloride; CHX:

chlorhexidine digluconate; CS: coppaiphate; ISB: IseSensitest brothMHB: Mueller-

Hinton broth;SN: silver nitrate TSB: tryptone soya broth

Design of the

Examples of h-use
concentrations

Reference assay Biocide MIC Strain tested
Hammond Agardilution BZzZC 20-50 E. coliATCC Dettol Cleansing
et al, 1987 with ISA pg/mL 10536 and Surface Wipes
ATCC 11776 | (Dettol) for surface
disinfection: 04 %
wiw
Bock et Microdilution BZC 8-16 E. coliATCC .
al., 2018  with different pHg/mL 10536 Dermax Therapeutic
broth/plates Shampoo_(DermaI
Laboratories) for
scalp conditions:
5,000pg/mL
Boreet al, Microdilution BzZC 13 E. coliATCC
2007 with TSB ug/mL 47076 Beechams Max
Strength Sore Throa
(GSK):
1,200ug/lozenge
Biagi et Microdilution CS 12,500 E.coliCCUG | Copper and copper
al.,, 2014  with CAMHB pg/mL 50175 alloys surfaces
Suterlinet Microdilution CS 1,024 E. coliaTcC | ( B0% copper) as
al, 2018  with ISB 2,048 25922 antibacterial surface
ug/mL (Hanset al, 2015
Sutterlinet Microdilution SN 16-32 E. coliATCC Avoca Silver Nitrate
al.,, 2018 with ISB png/mL 25922 Applicator (Bray)

for warttreatment:
75 %w/w (up to
22.5mg SN releasec
on treatment site)
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Table 2-37 Continued

Design of the

Examples of n-use
concentrations

Reference assay Biocide MIC Strain tested
Naparstk Agardilution CHX 2 ug/mL  E.coli ATCC HiBiScrub®
etal, 2012 with CAMHA 25922 (MélInlycke) for skin
Hammond Agardilution CHX 1.5 E. coliATCC | disinfection:
etal, 1987 with ISA ug/mL 10536 and 40,000ug/mL
ATCC 11776 .
___ : Medipal®
Tetz & Macrodiluion CHX 2 ug/mL  E. coliATCC Chlorhexidine
Tetz,2015 (broth’)) 25922 Surface Wipes (Pa|)
Braoudaki Macrodilution CHX 4 pg/mL E.coliATCC | for surface
& Hilton,  with nutrient 700728 disinfection:
2004 broth 2 %lwipe
O'Driscoll  Macrodilution CHX 0.6 E. coliNCTC
. . Corsodyl Treatment
et al, 2014 \t/)wtktlhnutrlent pHg/mL 4174 Mouthwash
ro (Corsodyl) for
Thomaset Macrodilution CHX 0.2 E. coliATCC gingivitis:
al,, 2000  with nutrient Hg/mL 10536 2,000pg/mL
broth
Wesgateet Microdilution CHX 7 pug/mL  E. coliATCC
al.,, 2016  (broth?) 8739
Grareet Microdilution CHX <1 E. coliATCC
al,, 2010  with CAMHB pg/mL 25922
Bocket Microdilution CHX  0.1252  E. coliATCC
al., 2018  with different Hg/mL 10536
broth/plates
Koburger  Microdilution CHX 8 ug/mL E. coliATCC
etal, 2010 with MHB 35218
McBainet Microdilution CHX 13 E. coliATCC
al., 2004  with nutrient Hg/mL 8729
broth

In order to decipher between witgpe and isolates exhibiting reduced susceptibility

to a bocide, researchers have established epidemiologicalftualues (ECOFF) based on

the distribution of MIC of wildtype isolates for a given biocide/organism camakion

(Turnidge & Paterson, 2007; Iredetial, 2016); isolates presenting MIC values higher than

the ECOFF (corresponding to the concentration at which 95 to%®%Bthe population

would be inhibited or killed founimodal distributions, or the concentration between the two

subpopulations for bimodal distributions) would then be considered as toleMatrissey

etal., 2014; Lavilla Lermaet al, 2015. However, with the lack of a standardised method

for biocide susceptibility testingMaillard et al, 2013, and the different factors impacting

MIC determination (mentioned in the previous sectmmantibiotic susceptibility testing),
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thevariability of MIC values for biocides found in the literature is importaathighlighted

in Table2-3. In spite of this, MIC determination for biocidesems to be preferred to other
biocidetestingprotocolssuch as timkill studiesor suspension tests for examgBritish
Standards Institution, 1997; British Standards Institution, 2005; Magaad, 2013 in the
literature, especially with the possibility bfgh-throughput testingMaillard et al, 2013;
Wales & Davies, 2015

2.1.3 Aim

In this work, MICs for a wide range of antibiotics and MICs and MBCs for four
commonly usediocides were determined for a collection of 210 isolates. The aim was to
establish a susceptibility baseline enabling the seleaforepresentative organisms for

further investigations.

2.2 Material and methods

2.2.1 Bacterialisolatesand cultivation

2.2.1.1 Bacterialisolates

A total of 210 carbapenemapeoducing isolates (18Qlebsiella pneumoniaand 50
Escherichia coli provided by Public He#di England, were considered for this study. Their
detailed information ipresented in appendix Three collection strains were also included
as elements of comparison for susceptibility profiles and/or as quality controls when
required:K. pneumoniaeATCC 13883 (used in a similar studidaparsteket al, 2012,

E.coli ATCC 25922 ancE. coli NCTC (National Collection of Type Cultures)3846
(recommended by EUCAST and CLSI for antibiotic susceptibility testing).

The 210 isolates were collected from 69 different hospitals across the United
Kingdom between July 2010 and August 2015. They were mainly isolated from rectal swabs
(27.1%), urine (D.5%), faeces (10.%) and blood cultures (9%). Four isolates were
collected from the hospital environment and the isolation sites of 10 isolates were not
indicated. Wholegenome sequencing (WGS; lllumina) was performed by Public Health

England prior ¢ this study, enabling the identification of carbapenenr

eaeeding genes

and multilocus sequence types (MLSTSs) of the different strains.

The selection of thessolates by Katie Hopkins from Publidealth England was

based on several criteria indicatedappendix |. Firstly representative strains from recent
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outbreaks (notaplin North-West England) were included. Moreover, the sequence types

(STs) and their combinations with carbapenerasmding genes were of particular interest

in this processtosnur e a wi de variety of isolates for t
K. pneumoniaesT258 ancE. coli ST131, are widely distributed internationally and show

enhanced abilities to spread, colonize padsist Chenet al, 2014; Mather®t al, 2015;

Pitoutetal, 2015 . * | nt e rcrncartespadedl to clones which were also identified

outside the UK in the | iter atwerlkbeledassuehi ns i ndi c
when they were referred by multiple laboratories and associated with different
carbapenemases, whiteot beingpd escr i bed as ‘high ri sk’ in the
Frequently found ST/carbapenemase combinations among carbape/peotassng
Enterobacteriaceae n t he Uni ted Kingdom were tagged as

Health England. Finally, sewar isolates with unusual MLST profiles, infrequently

identi fied, indi cated as outl ier cl ones’ , wer

Among the selecteé. coli isolates,blanom-s (excluding combination with others,
24.0%) and blakpc2 (22.0%) were the most commonly encountered carbapenemase
encoding genes. One isolate possessed blabv-4 and blaoxa-1s1 and another one
harbouredblanpm-s and blaoxa-181. Out of 24 STs, the most frequent ones were ST636
(12.0%) and ST131, ST38, ST405 and 3048.0% each). This information was unknown
for three isolates. Regarding tKe pneumoniadsolates, amongst the 11 carbapenemase
encoding genes or combinations presblaipc2 (31.9%), blanom-1 (23.8%) andblaoxa-as
(19.4%) were the most represedt Two isolates presented a combinatioblafpm-1 and
blaoxa-232 and another one possessed boldnom-1 and blaoxa-1s81. The K. pneumoniae
population covered 57 different STs (the ST of four isolates was unknown), tste mo
encountered ones being ST1418T15 (7.26 each), ST231 (6.%), and ST11, ST258 and
ST307 (5.8% each).

2.2.1.2 Storage andultivation

The different isolates were stored frozer&8PC in cryopreservative tubes (Protect,
Technical Service Consultants Ltdeyood, UK). A single colony growon tryptone soya
agar (TSA, E&O Laboratories Ltd, Bonnybridge, UK) was transferred into a tube containing
ceramic beads in a cryopreservative fluid acco
vortexing, the suspensiomas left at room temperature férto 10min. The liquid was

removed and the tube placed-80°C. When needed, strains were defrosted by taking one
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bead out of the cryopreservative tube and used to inoculate a TSA plate and incubated &
37 £ 1°C overnigh.

Liquid cultures were inoculateby transferring several colonies from a TSA plate
into 25 mL of tryptone soya broth (TSB, Oxoid, Basingtoke, UK) and incubated overnight
at 37+ 1°C. The cultivation of several colonies was chosen to avoid picking @&smghnt

colony whichcouldhava f f ect ed a strain’s behaviour.

2.2.2 Biocides

Four biocides were investigated in this study: benzalkonium chloride (BZC),
chlorhexidine digluconate (CHX; both from Sigmddrich, Gillingham, UK), copper(ll)
sulphate pentahydratéCS) and silver nitrate (SN; botfrom Acros Organics, Geel,
Belgium). Stock solutions were prepared from powder for BZC, CS and SN and from a
liquid solution (20% wi/v) for CHX in deionized water, sterilized by filtration through
0.20pm cellulose acetatsterile filters and kept at roort@mperature in the dark for a
maximum of two weeks or less if any visible degradation was observed (precipitation or
change in coloration). Stock solution concentrations corresponded to 10 times the working
solution concetnations, the latter being obta&id by dilution in R2A broth (LabM, Heywood,

UK).

2.2.3 Minimum inhibitory concentratiordetermination for antibiotics

Determination of antibiotic MICs was performed prior to this study by Public Health
England (Colindale)The potocol was based on the BSAC adduntion method Andrews,
200]). The investigated antibiotics were piallin (AMP), piperacillin (PIB, temocillin
(TEMO), imipenem (IPM), meropenem (MEM), ertapenem (ETP), cefoxitin (FOX),
cefotaxime (CTX), ceftazidime (CAZ), cefepime (CPM), aztreonam (ATM), amikacin
(AK), gentamicin (CN), tobramycin (TOB), ciprofloxacifCIP), tigecycline (TIG),
minocydine (MIN) and colistin (COIl).. Agar plates containing serial doubling dilutions of
antibiotics (SigmaAldrich, Gillingham, UK) were prepared in lstensitest agar (Oxoid,
Basingstoke, UK).

2.2.3.1 Preparation of inoculum by direcblony suspension

A minimum of five individual, wellisolated colonies growing on a norhibitory
agar plate were touched with a swab and resuspended-8eisitesbroth (SB; Oxoid,
Basingstoke, UK) until reaching a turbidity equivalent to a 0.5 McFarland standard,
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corresponding to dacterial density of approximately x3.0° CFU (colony forming

unit)/mL. Suspensions were stored at 4°C until used.

2.2.3.2 Plate inoculation

Suspensios were diluted 1/3 in Is&ensitest broth in microtitre plates. The
microtitre plate was then placed on a tipdint inoculator Mast Group Ltd, Merseyside,
UK). Pinsinoculated 0.33 L of the suspensions in the microtitre plates onto the antibiotic
contaning agar plates in ascending concentrations. Control plates containing no antibiotics
were also inoculatedsaontrols and a L loopful from each microtitre well was streaked
on a cystindactoseelectrolytedeficient (CLED; Oxoid, Basingstoke, UK) agplate to
control the purity of the suspensions. Each spot resulting from the inoculation corresponded
to appoximately 1.5 x1&CFU. Plates wericubated at 3& 2°C for 1820 hours.

2.2.3.3 MIC determinatiorfor antibiotics

Plates were read by h e S o r cany @unf®r (Reccéptive Instruments Ltd.,
Suffolk, UK) with the Sorcerer MIC software and the MICs calculatete doublechecked
by eye. The MICwas defined as the lowest concentration of antibiotic inhibiting visible
growth. One or two colonies, as wels hazes of inhibited growth, were not taken into

account.

2.2.4 Minimum inhibitory concentration determination fbrocides

The protocol detailed in the following sections was adapted from th0306
1:2006 microdilution brotiprotocol (nternational Organization for Standardizatio@08),
recommended by EUCASTEUCAST, 2019¢ and he CLSI MOZA9 standard CLSI,
2012. The asay was performed ipolystyrene, tissueulture treated, round bottom-9¢&ll
microtitre plates (Corning, Ewloe, UK) using the Viaflo Assist pipgtiassistant (Integra,
Zizers, Switzerland) in order to allow highroughput testing. The experiments were
conducted in tripliate.

The catioradjusted MuelleHinton broth (CAMHB) recommended in the standard
protocol was replaced by R2A broth for botlthh and diluent uses. The CAMHB possessed
a high content in salts, which was not compatible with the range of CHX concentrations
tested here, causing precipitation. The biocide working solutions pH were between 7.2 and
7.4, except for CS. The pH measufedthe different CS solutions are listedTable 2-4.
They could not be increased due to precipitation issues. The effects of this acidic
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environment on bacterial growth were assessed by performing growth cuR2A4 ioroth
adjusted to different pH values. Fifty. of bacterial sapension K. pneumoniaeATCC
13883 ofE. coli ATCC 25922) containing approximately®lOFU/mL (as described further

in section3.2.3.1page66) was aded to 5QuL of a pHadjusted R2A solution in a Bioscreen
Honeycomb microplate (Fisher Scientific, Loughborough, UK). The plate was incubated in
a Bioscreen C Angker (Oy Growth Curves Ab Ltd, Helsinki, Finland) for Bdurs at 37°C

with continuous shaking. The optiansity (OD) was measured at 600 nm evemnyird

Table 2-4. pH values measured for different concentations of copper sulphate
solutions.

CS solutions were prepared in R2A broth to reflect the experimen@itioms of the assay.

CS concentratiors (ug/mL) pH

15,979.5 3.56
7,989.8 3.67
3,994.9 3.81
1,997.4 3.98
998.7 4.22
499.4 4.63
249.7 5.37
124.8 6.25
62.4 6.70
31.2 6.91
15.6 7.01
7.8 7.06

2.2.4.1 Bacterial suspension wash and optical derailjystment

Bacteria were grown overnight in 28L TSB at 37+ 1°C. The suspensions were
centrifuged at 5,009 for 10min at 20°C. Each pellet wassuspended in 1L R2A broth
and subsequently diluted to reach anegfhvalue between 0.150 and 0.175. This range
was higher than the one recommended in the ISO 207296 (0.080 to 0.130) in order to

ensure a high enough bacterial density for thev8b plate inoculation.

The ODs2snrradjustedsuspension was diluted at 1/100 in R2A broth, corresponding
to approximagly 10 CFU/mL. This suspension, referred to as the inoculum test suspension,

was kept at 4°C until needed.
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2.2.4.2 Viable counts

Viable counts wre performed to ensure a high enough bacterial concentration in the
inoculum suspensions. According to the I1ISO 7218720viable counts are considered
reliable when comprised between 10 and 300 Cfrtdernational Organization for
Standardization, 2007Below 10 CFU, the number would not btistically significant
(not representative of the sample), while above 300 CFU colonies would be too close to be

able to distinguish different colonies.

A 1/500 dilution from each inoculum suspension was performed in R2A broth. Two
volumes, 4QuUL and 1@ pL, were spread on TSA plates. With an inoculum suspension of
10° CFU/mL, these volumes would result in 80 and 200 CFU on the plates, respectively.
Colonies were enumerated after an overnight incubation of the TSA plates 48G7The
means © counts within 10 and 300 CFU were used to determine the real bacterial

concentrations.

2.2.4.3 96-well plateinoculation

The layout of the 96vell microtitre plates is presentedrFigure 2-1. Theplates were
first filled with 50 L of R2A broth. Twafold serial dilutions of the biocides, one over the
top four rows, another over the bottom four rows, were performed across tls @katept
in the last column where no biocide was added. kifftyof the inoculum suspension was
then addeda each well, resulting in a final bacterial concentration of approximately
5.5x10° CFU/mL, except for the top and bottom rows whergib®f R2A broth was added
as negative controls for each biocide. Two plates were necessary in order to determine the
MIC of each strain for the four tested biocides. Additional plates were included to enable the
testing of bothK. pneumoniaeATCC 13883 ancE. coli ATCC 25922, used as quality

controls. Microtitre plates were incubated for 16 tchddirs at 34 1°C.
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Figure 2-1. 96-well microtitre plate layout.

Bi oci

Testing for one strain and two biocides with three technical replicates each was performec

on one 96well plate.

Due to the design of this protocdijocides underwena ¥4 dilution in the first
column. Fowtimes more concentrated solutions were then needed to fill in the plates. The
highest tested concentration for BZC, CHX and SN being@28L (concentrations range:

128 to 0.12%ug/mL), each solutin used to fill inthe 96well plates had to contain
512ug/mL of the corresponding biocide, except when stated otherwise. In a similar way,
two CS solutions reaching 15,97%&/mL and 3,994.9i9/mL were used for the MIC testing
of the studied strains (ocentration range3,994.9 to 3.ug/mL) and the ATCC strains

(concentration range: 998.7 to Ju§/mL), respectively.

2.2.4.4 MIC determinatiorfor biocides

The MIC was defined as the lowest concentration of the active agent able to inhibit
growth of the consided organism. The M therefore corresponded to the lowest
concentration of biocide where neither turbidity nor growth at the bottom of the well was

observed with a naked eye.
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2.2.5 Minimum bactericidal concentration determination for biocides

The MBC was defineds the lowest caentration of an active agent able to kill the
considered organism. In order to determine the MBC, the biocides needed to be neutralised

to allow the recovery of any viable bacteria which growth could be inhibited.

2.2.5.1 Neutralisercomposition

Biocides were ndralised both by dilution and by the use of a universal neutraliser
recommended by the standard BS EN 12987 @ritish Standards Institution, 19R7ts
composition was as follow: 3L polysorbate 8030g/L saponin3 g/L lecithin (all three
from Acros Organics, Geel, Belgium), gl sodium thiosulfate (Fisher Scientific,
Loughborough, UK) and @/L L-Histidine (SigmaAldrich, Gillingham, UK) in tryptone
sodium chloride (TSC) buffer. Sodium thiosudfavas used to queh the effects of the
heavy metals. Lecithin was used to counteract the activity of CHX, while both lecithin and
polysorbate 80 neutralised BZC, a QAIIinstoret al, 2002; Suttoret al,, 2002; Koburger
et al, 2010). The TSC was preged by mixing 8.9/L sodium chloride (Fisher Scientific,
Loughborough, UK) and @/L tryptone (Oxoid, Basingtoke, UK) in deionized water. The

neutraliser was sterilized by autoclaving at £23°Cfor a minimum holding time of 1Bin.

2.2.5.2 Neutraliser efficacy and toxicity assessments

The efficacy of the neutraliser to quench the activity of the tested biogadetested
by adding 1QuL of the highest concentration of the biocide used (&L for BZC, CHX
and SN, 15,797.ag/mL for CS) to 180uL of neutraliser, except when stated otherwise. In
a similar way, the neutraliser toxicity was evaluated by mixingl16f R2A broth to 18QuL
of neutraliser. After briefnixing and 530 min contact, 1QIL of an inoculum test suspension
(asde<ribed in sectior2.2.4.1page31; eitherK. pneumoniadTCC 13883 oE. coliATCC
25922) was added. The suspension was briefly mixed and, after, 2 1/50 dilution in
R2A broth wagperformed and 20QL and 80uL were spread on two distinct TSA plates for
viable counts. Coloniesere enumerated after an overnight incubation at B%C. A viable
count was also performed on the inoculum suspensions without any contact with a biocide
(as described prevsly in section2.2.4.2page 32) to determine the original bacterial

concentration.

The neutraliser was considered efficient if less than onerdeduction was observed

when comparinghe bacterial concentration in the rmalised biocide solutions to the
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untreated control. It was considered toxic if more than ong legluction was observed

compared to the untreatedntrol Knappet al, 2013.

2.2.5.3 MBC determination fobiocides

The MBC determination was based and adapted from a previous study performed by
Knapp andcolleaguesZ015. After reading the MIC, the wellsorresponding to the three
concentratns immediately above the MIC and the one corresponding to the MIC were
neutralised as described below. The two wells correspgndd the concentrations
immediately below the MIC were also neutralised as controls. After neutralisation, the
microtitre plaes used for MIC determination were kept at 4°C for a maximum bbads

in case further testing was needed.

TwentyuL from each selected well was removed and transferred tqull86f
neutraliser. After brief mixing and-30min contact, 2QuL from each sspension was
removed and dropped on a TSA plate (except stated otherwise), assltagure2-2. TSA
plates were incubated overnight at 8I°C and the MBC corresponded to the lowest
concentration of biocide where no growth whserved on TSA. If growth was observed on
TSA for all the tsted concentrations, the wells containing higher concentrations of biocides

were neutralised following the same protocol.
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Figure 2-2. MBC determination protocol steps.

After determining the MIC as the lowest concentration of biocide where no growth was
observed (red circle), six wells (three above the MIC, the one corresponding to the MIC and
two below tle MIC; red rectangle) were neutralisedd&iermine whether the bacteria were
killed or if their growth was inhibited by the biocide. The MBC was read as the lowest

concentration of biocide where no growth was observed on TSA (green circle).

2.2.6 Statisticalamalysis

Statistical analysis was performegsing Prism GraphPad 5 for Windows.
Calculations of mean and minimum to maximum values were realised for each species and
each biocide, separately for MICs and MBCs. The lowest concentrations able to inhibit 50%

(MICs0) or 90% (MIGyg) of the total number 6 tested isolatesvere also determined.
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Similarly, the lowest concentrations able to kill 50% (MiCor 90% (MBGo) were
calcul at ed. D’ Agostino and Pearson nor ma
distribution of the values. Comparison betwediC and MBC distributions of the four
biocides for both species were performed using Krugkall | i s test f ol | ¢

multiple comparison pogest.

2.3 Results

2.3.1 Impact of pH orbacterialgrowth

Due to low pH issues encountered with CS at high concenmigatihe growth of both
K. pneumoniaddTCC 13883 andE. coli ATCC 25922 was assessed by performing growth
curves in pHadjusted R2A solutiong-igure2-3). Mean of three replicates are presented in
the figure below. For both spies no growth was observed at pH 3.24 and below, while
growth was obtained in all cases for pH 6.09 and above. At pHE.58|i ATCC 25922
was not able to grow over a-Pbur period, while in 2/3 repeats growth was observed for
K. pneumoniaédATCC 13883 Solutions harbouring pH values between 4.53 and 6.09 were
not obtained probably due to the buffering capacity of the broth. Two CS solutions in R2A
harboured pH values within that range: 49%g4mL (pH=4.63) and 249.dg/mL
(pH=5.37). Solutions containg 124.8ug/mL CS (pH=6.25) or less corresponded to pH

values able to support growth fiir pneumoniaendE. coli isolates.
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Figure 2-3. Growth curves performed in different pH-adjusted R2A solutions forboth

K. pneumoniaeATCC 13883 andE. coli ATCC 25922.
The y axis corresponds to blanked édanvalues. Each point represented the mean of three

values (n=3). In the case Kf pneumoniaeATCC 13883, growth in R2A at pH 4.53 was

obtained in 2/3 repeats.
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2.3.2 Neutraliser efficacy and toxicity assessments

The neutraliser was efficient in quenching the activities of each biocide at the
concentrations tested (0 to 0d@10 reduction for both spees for he four biocides).
However, for one isolate (kP4), the SN concentration range had to be increased to
1,024pug/mL. This concentration was not neutralised (&@dlo reduction for both reference
strains) in the described conditions and the protbed tobe altered. In this case, pQ
from the selected wells was added to §80of neutraliser. FortyL of the obtained
suspensions was dropped on TSA plates. Neutralisation of ggd@4. SN was obtained in

these conditions (08910 reduction).

Reaarding he toxicity assessment, 0 to Qo810 reduction was observed for either
K. pneumoniaeor E. coli ATCC strains. The neutraliser was not toxic for both reference
strains. By extent, the neutraliser was considered as not toxic for the studied sjsaties
strains were susceptible strains, more likely to be inhibited by low concentrations of

compounds than resistant isolates.

2.3.3 Susceptibility profiles t@antibiotics

Regarding thantibiotic susceptibility testing performed by Public Health England,
MIC values are presented in appendix Il Kirpneumoniaesolates and in appendix Il for
E. coli isolates. The resistant / intermediate / susceptible status of each isolate for eact
antibiotic were based on breakpoints established by BSAEIitrobactaaceae when
available BSAC, 2015. The breakpoint for FiRand a ECOFF foMIN were obtained from
EUCAST recommendatiorf@ UCAST, 2009; EUCAST, 2019b

A summary of the susceptibility statuskbofpneumonia@ndE. coli isolates for the
different antibiotics tested in presentedTiable 2-5. RegardingK. pneumoniadsolates,
12/160 strains were not tested against any of the investigatiddibtics. Eightyfour to 93%
of the 16(K. pneumoniaésolates have been tested for eanhbiotic. Regarding thE. coli
strains, 680 did not possess any antibiotic susceptibility data. Except for MIN, 76% 88

of the 50E. coli isolates have been tested for each antibiotic.
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Table 2-5. Suseptibility profiles to antibiotics for the overall K. pneumoniaeand E. coli
populations.

The percentage of the tested strains corresponding to eaelgory (R: resistant

I: intermediate S: susceptiblg is indicated for each antibiotic tested, for both species.
Isolates without MIC values for spéc antibiotics were not included in the percentage
calculations for the corresponding antibiotiédAP: ampicillin; PIP: piperacillin; TEMO:
temocillin; TOB: tobramycin; AK: amikacin; CN: gentamycin; CTX: cefotaxime; CAZ:
ceftazidime; CPM: cefepime; FOXefoxitin; IPM: imipenem; MEM: meropenem; ETP:
ertapenem; ATM: aztreonam; CIP: ciprofloxacin; TIG: tigecycline; MIN: minocycline;
COL: colistin;N/A: not avaihble.

K. pneumoniae E. coli
R | S R | S

é AMP 100 0 0 100 0 0
S pp 100 0 0o/ 100 0 0
& TEMO 85 0 15 82 0 18
53 TOB 70 1 28 57 9 34
=3 AK 32 11 57 32 0 68
<3 cN 57 1 42 48 2 50
o, CTX 91 5 4 95 2 2
% S CcAz 84 5 10 80 14 7
8 & CPM 73 14 13 70 16 14
FOX 84 0 16 80 0 20

s g IPM 56 32 12 43 36 20
§ % MEM 61 22 16 43 20 36
ETP 100 0 0 98 2 0

g ATM 88 1 11 81 0 19
S cp 76 3 21 52 7 41
g TIG 18 27 56 0 0 100
g MIN 46 0 54/ N/A  NA  NA
© coL 8 0 92 0 0 100

All of the tested isolates were resistant to AMP, AUG, PIP and ETP (with the
exceptionof Ec-181 for ETP, showing an intermediate status). In addition, resistance to
TEMO, TOB K. pneumonia@nly), cephalosporins, ATM and CIK.(pneumoniaenly)

was observed for at least two thirds of the tested population for both species, except stated

otherwise. Approximately half of thiested isolees showed resistance for CN, IPM, MEM

and MIN (K. pneumoniaenly). Intermediate profiles were not commonly detdc(O to
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32 % of the tested population dependinglos antibiotic). Susceptibility for morban 50%
of the tested population was observed only for AK, ENcoli only), TIG (56% for
K. pneumoniagl100% of the tested isolates f& coli) and COL (924 for K. pneumoniae
and 100% for E. coli).

2.3.4 Susceptibilityprofilesto biocides

2.3.4.1 Klebsiella pne@moniaesolates

Results obtained for the reference stigipneumoniaddTCC 13883 are presented
in Table2-6. The data obtained for the overall population are grouped in appendix IV and
summarised iMable2-7. The reference strain MICs and MBCs were below the mean and
the MIGso of the overall population for each biocide. Regarding the clinical isolates, data
obtained for BZC, CHX, and to some extent SN, wa&reilar, as oppad to CS where
hi gher values were obtained. According t ¢

MBC values were not normally distributed for any of the biocides tested (p<0.05).

Table 2-6. Mean biocideMIC and MBC for the reference strain K. pneumoniaeATCC
13883.

MICs and MBCs were determined at least in triplicate for each biock$).(®D: standard

deviation
Mean SD

BzC MIC 3.2 0.7
pg/mL  MBC 3.6 0.4
CHX MIC 1.4 0.4
pg/mL MBC 1.6 0.5

CS MIC 38.1 6.0
pg/mL MBC 59.0 6.0

SN MIC 1.6 0.5
pg/mL  MBC 1.7 0.3
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Table 2-7. Summary of the MICs and MBCs obtained for the four investigated biocides
on the overallK. pneumoniaepopulation.

For each isola, MICs and MBCs were determined at least in triplicate for each biocide
(n=3).

BzC CHX CS SN
pg/mL pg/mL pg/mL pg/mL
MIC MBC | MIC MBC | MIC MBC | MIC MBC

Mean 7.3 8.8| 6.2 7.2 157.0 171.4| 49 5.0
Minimum 2.0 33| 20 2.7 7.8 15.6 2.0 2.0
Maximum 16.0 32.0| 16.0 16.0| 417.0 417.0| 256.0 256.0
MIC s/ MBCso 8.0 8.0 6.7 8.0| 167.3 2072 4.0 4.0
MIC 9dMBC g0 10.7 13.3| 8.0 10.7| 249.7 249.7| 4.0 4.0

The distributions of the overall population f pneumoniaasolates according to
their MIC and MBC for the different investigated biocides are presentédgure 2-4.
Regarding BZC an@€HX, MIC and MBC values followed similar timodal distributions
(Dunn’ s test,; pran@e, bimodal, distmbbtion was oaserwénr €& With
the exception of K4 exhibiting a MIC of 25g/mL, the repartitions of MICs and MBCs
for SN were narrow (2 pg/mL). Distributions of MICs and MBCs for both CS and SN
were significantly different when compared to the other investigatedibid es ( Dunn’ s t es
p<0.05). MBC were usuallgquivalent or duble the MIC for each biocide (no statistically
significant difference between their distribut
ratio higher than two was obtained for p(MBC/MIC ratio: 3.2),Kp-78 (2.5), Kp102
(2.7) with BZC and KgB (2.7), Kp-19 (4.0), Kp107 (4.0), Kp126 (3.3) with CS.
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Figure 2-4. Repartition of MICs and MBCs for four biocides amongK. pneumoniae
isolates.

The irtervals of concentrations (ipg/mL) are indicated on the axis as [A; B,
corresponding to concentrations higher or equal to A but strictly lower thaf® and
MBC repartitions among the 16Q pneumoniaésolates are indicated for BZC, CHX, CS
and SN.

The impact of the carbapeneseaproduced by the isolates on the MIC repatrtitions
was investigated Figure 2-5). Whenconsidering each biocide separately, NDMIM -,
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OXA-48like-andKPGpr oducing i solates presented similar
p>005). The outlier Kg4 with an elevated SN MIC possessed bothdda and blaxa-232.
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Figure 2-5. Repartition of MICs among K. pneumoniaeisolates according to their
produced carbapenemases.

The intervalsof concentrations (inug/mL) are indicated on the axis as [A; B,
corresponding to concentrations higher or equal to A but strictly lower thavil®
repartitiors among the NDM (n=41), VIM- (n=15), OXA48like- (n=54) and
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KPC-producing (n=53K. pneumaiae isolates are indicated for BZC, CHX, CS and SN.
Isolates producing a combination of two different carbapenemases were represented in bot

categories.

2.3.4.2 Escherichia colisolates

The MICs and MBCs obtained f&. coli ATCC 25922are grouped ifTable 2-8.
The data obtained for the clinical isolates are summaris@édbie 2-9 and detailed values
are included in appendix V. MICs and MBCs obtained for the referstmag were in
accordance with the 50% most susceptible fraction of the clinical isolates investigated,
except with BZC where the reference strain MI&vhigher than the MKgobtained for the
overall population. BZC susceptibility data seemed higher than CiEXdali while, despite
a narrow range of values, SN MIC and MBC were comparable to those of CHX. CS showed
higher values for both MIC and MBC wh compared to the other biocides. Data were not
normally distributed (p<0. 05Agostinoand Beargon o f

normality test.

Table 2-8. Mean biocide MICs and MBCs for the referene strain E. coli ATCC 25922.
MICs and MBCs were determined at least in triplicate for each biock$).(®D: standard

deviation
Mean SD

BzC MIC 5.7 1.7
pg/mL MBC 5.8 0.8
CHX MIC 1.7 0.3
pg/mL MBC 1.7 0.3

CS MIC 31.2 0.0
pg/mL  MBC 38.1 12.0

SN MIC 1.1 0.3
pg/mL  MBC 1.2 0.2
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Table 2-9. Summary of the MICs and MBCs obtained for the four investigated biocides
on the overallE. coli population.

For each isolate, MICs and MBCs were determined at least in triplicate for each biocide
(n=3).

BzC CHX CS SN
pg/mL pg/mL pg/mL pg/mL
MIC MBC | MIC MBC | MIC MBC | MIC MBC
Mean 5.2 6.6 2.0 28| 61.8 728| 26 2.8
Minimum 2.7 2.7 0.5 1.7 78 156 1.7 1.7
Maximum 8.0 16.0f 4.0 53| 249.7 249.7| 4.0 54
MIC s/ MBCso 4.0 6.7 2.0 27| 31.2 312 20 2.7
MIC 9dMBC g0 8.0 10.7| 3.9 40| 124.8 203.2| 4.0 4.0

The overall repartitions of MICs and MBCs for BZC, CHX, CS and SN obtained for
theE. coli isolates are present@dFigure2-6. Uni-modal distributions of MICs and MBCs
were obsared for BZC, CHX and SN, while a doubtell shape with a wider range of
concentrations was obtained for CS. MIC and MBC distributions thf BAC and CS were
significantly different than the ones obtained
p<0.05). No significant difference between the distributions obtained for CHX and SN was
detected (Dunn’ s t est gnificent differeneds .wereNabsergetdl at i st i c a
between MIC and MBC distributions when considering each biocide separately (Bunrit e s t ;
p>0.05), with MBC beingisually double or equivalent to the MIC. MBC/MIC ratios higher
than two were however obtained for-E87 (MBC/MIC ratio: 33) and Ee210 (2.4) with
BZC, Ec161 (2.7) and EQ06 (4.0) with CHX, and E&58 (2.7), E€162 (3.2) Ec187
(2.7), Ec199 (2.7) and EQO06 (16.0) with CS. With regards to266, however, MICs were
difficult to evaluate due to the low tudity obtained after incubation when growth was

obtained, which could influence the ratio value.
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Figure 2-6. Repartition of MICs and MBCs for four biocides amongE. coli isolates.
The intervals of concentiians (in pyg/mL) are indicated on the axis as [A; BJ,
corresponding to concentrations higher or equal to A but strictly lower thfi@® and

MBC repartitions among the 98 coli isolates are indicated for BZC, CHX, CS and SN.

The repartitions of MIC and MBC acating to the carbapenemasecoding genes
possessed by the different isolates are shmwhigure 2-7. The type of carbapenemase
produced (NDM, VIM, OXA48like and KPC) did not have an impact on the MIC and

MBC distributionwhenonsi dering each biocide separa
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Figure 2-7. Repartition of MICs for four biocides among E. coli isolates according to
their produced carbapenemases.

The intervals of concentratis (in ug/mL) are indicated on the axis as [A; B,
corresponding to concentrations higher or equal to A dhuctly lower than B MIC
repartitions among the NDM(n=21), VIM- (n=3), OXA-48like- (n=13) and KPEC
producing (n=15. coli isolates are indated for BZC, CHX, CS and SN. The isolates

producing acombinationof different carbapenemases were represented in both categories.
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When comparing both species, MIC and MBC distributions for each biocide were
si mil ar ( Du n,rexcept for €1dXt Were ptatistically Significant higher values
were obtained for thK. pneumoniag opul ati on (Dunn’s test;

2.4 Discussion

Regarding antibiotic susceptibility profiles, all isolates in this study were categorised
as multidrug resistat according to a drmonised definition established by international
e X p er t grug resistantetisidefined as marsceptibility to at least one agent in three
or more ant i mi Bagiorbkosat bl, 2012;tMathecer al., 2045. Ex{ensive
drugresistanre c or r e s p-suscepsbility to at leastoone agent in all but two or fewer
antimicrobial cat egor i efrecommenaedraatibigicandd i n ¢
antibiotic categories to test for resistance bygheakos and colleagues). As not every
recommended category of antibiotics was tested for this work, it was not possible to define
any isolate as extensivetirug resistant. No padrug resistant isolate was identified, as no
‘ n-@usceptibilitytoallaget s i n all ant i mdetectedbsolatds werea t e
susceptible to at least one of the testetibiotics Magiorakoset al, 2012. It is important
to note however that MICs were determinedaggrdilution method, including for colistin,
for which testing is now recommended to be performed by broth dilution methods; this could
lead to false estimates of MICs and, thus, mect susceptibility profiles to colistirsjske
& Kahlmeter, 2018; Matuschedt al, 201§.

As opposed to antibiotics, MIC determination for biocides is not a standardised
procedue, preventing from being able to compare data with the existing literature
moreover, a similar lack of standapdotocol is also observed when considering biocide
susceptibility testing in general, mostly due to the differences in regulations between
courtriesand/or agenciesome more stringent than otheasd factors inherent to the test
protocol itself such athe biocide concentration and formulation or the contact time for
example(SCENIHR, 2009; Knappt al, 2015. When focusing on MIC determinatiotine
method (agadiffusion, macrodilution and microdilution methg)d the media and its
composition, the nature and coating of the microtitre plates (for microdilution method)
among otheparameterscanhave a major impact on the Mi@btained KMaillard et al,

2013; Wessels &ngmer, 2013; Boclet al, 201§. This canbe illustrated inTable 2-10

(K. pneumoniagandTable2-11 (E. coli), regrouping MIC values collected from different
studies using arious methods and media combinations. Even when the same protocol was
followed, e.g. the broth microdilution method detdilen the 1ISO 20774:2006, any
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modification would impact the results. Indeed, in this study, the recommended CAMHB had
to be replace by R2A broth due to precipitation outcomes with CHX. The cation content,
especially Mg" and C&", is lower in R2A than il€CAMHB. Divalent cations are known to
increase the susceptibility towards QACSs, including BZC, and to impact some antibiotic
MICs (Chow et al, 1989. When comparing MIC data obtained in this study Eocoli
ATCC 25922, values similar to the ones found in the literature were obtained for@&Bidé (
etal., 2010; Naparstelet al, 2012; Tetz & Tetz, 20)5but trey were very different for CS

and SN Sutterlinet al, 2018). K. pneumoniaeATCC 13883 was used in only two of the
studies grouped ifable2-10 below, and a 2to 8-fold difference in MIC was obtained for
CHX (Naparstelet al, 2012; Hashenet al, 2019. Due to this variability, the MIC values
found in the literature werused as indicators of general trends rather than strictly being

comparel to the results generated in this study.
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Table 2-10. MICs reported in the literature and from this study determined by

different prot ocols for K. pneumoniae

*Individual MICs were not reported; thedicatedvalues correspond to the MI&. **Data

were available only on graphics and not mentioned in thetekare therefore an estimation

in this table. CAMHA: catioradjusted MuelleHinton agar; ISB: Isé&ensitest broth;
MHA: Mueller-Hinton agar; MHB: MuelleiHinton broth TYE: tryptone yeast extract

broth.
Reference Design of the assay Biocide MIC ( € g / n Isolates tested
This study Microdilution with BzZC 2-4 K. pneumoniae
R2A ATCC 13883
This study Microdilution with BzZC 2-16 Clinical isolates
R2A
Pastrana Agar-dilution BzC 32-128 Clinical isolates
Carrasceet al, (media?)
2012
Abuzaidet al, Agar-dilution with BZC 16-64 Clinical isolates
2012 ISA
Hammondet Agar-dilution with BZC 15 K. pneumoniae
al., 1987 ISA ATCC 10273
Curiaoet al, Microdilution BzZC 16 Clinical isolate
2015 (broth?)
Guoet al, Microdilution BzZC 8-32 Clinical isolates
2015 (broth?)
Morrisseyet Microdilution BzC 16* Not specified
al., 2014 (broth?)
Wandet al, Microdilution BzZC 1-32 Preantibiotic era
2015 (broth?) and modern isolate
Vijayakumaret Microdilution with BzZC 8-32 Clinical isolates
al., 2018 MHB
Houari & Di Microdilution with BzZC 125 Clinical strain
Martino, 2007 TSB
Knappet al, Microdilution with BZC F 20** Unilever collection
2015 TSB isolate
This study Microdilution with CHX 1-2 K. pneumoniae
R2A ATCC 13883
This study Microdilution with CHX 2-16 Clinical isolates
R2A
Pastrana Agar-dilution CHX 16-64 Clinical isolates
Carrasceet al, (media?)
2012
Naparstelet Agar-dilution with CHX 8-256 Clinical isolates
al., 2012 CAMHA
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Table 2-107 Continued

Reference Design of the assay Biocide MIC ( € g / n Isolates tested
Naparstelet Agar-dilution with CHX 16 K. pneumoniae
al., 2012 CAMHA ATCC 13883
Abuzaidet al,  Agar-dilution with CHX 4-128 Clinical isolates
2012 ISA

Hammondet Agar-dilution with CHX 40 K. pneumoniae
al., 1987 ISA ATCC 10273
Block & Agar-dilution with CHX 2-128 Clinical isolates
Furman, 2002 MHA

Tetz& Tetz, Macrodilution CHX 32 Private collection
2015 (broth? isolate

Koljalg et al, Macrodilution with  CHX 16 Clinical isolates
2002 CAMHB

Bocket al, Microdilution CHX 128512 Prechlorhexidine /
2016 (broth?) modern era isolates
Curiaoet al, Microdilution CHX 32 Clinical isolate
2015 (broth?)

Guoet al, Microdilution CHX 32 Clinical isolates
2015 (broth?)

Morrisseyet Microdilution CHX 32 Not specified

al., 2014 (broth?)

Wandet al, Microdilution CHX 0.2532 Pre-antibiotic era
2015 (broth?) and modern isolate:
Wandet al, Microdilution CHX 32-512 Clinical isolates
2017 (broth?)

Grareet al, Microdilution with CHX 2-4 Clinical isolates
2010 CAMHB

Suwantaraet ~ Microdilution with CHX 2->32 Clinical isolates
al., 2014 CAMHB

Zhouet al, Microdilution with CHX 16-32 Clinical isolates
2015 CAMHB

Hashemiet al, Microdilution with CHX 4 K. pneumoniae
2019 MHB ATCC 13883
Vijayakumaret Microdilution with CHX 16-64 Clinical isolates
al., 2018 MHB

Darouicheet Microdilution with  CHX  6.25 Clinical isolate
al., 2008 TSB

Houari & Di Microdilution with  CHX 625 Clinical isolate

Martino, 2007

TSB
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Table 2-107 Continued

Reference Design of theassay Biocide MIC ( € g / n Isolates tested
Knappet al, Microdilution with CHX = %Y * Unilever collection
2015 TSB isolate
This study Microdilution with SN 1-2 K. pneumoniae
R2A ATCC 13883
This study Microdilution with SN 2-256 Clinical isolates
R2A
Elkrewiet al,  Agardilution SN 1-8 Clinical isolates
2017 (media?)
Kapooret al, Macrodilution with SN 5-20 Clinical isolates
1989 TYE
Cavassiret al, Microdilution with SN 3.413.5 Enterobacteriaceae
2015 both CAMHB and (no species
TSB indication)

Table 2-11. MICs reported in the literature and from this study determined by
different protocols for E. coli.

*Individual MIC were not reported; thedicatedvalues correspond to th#MICgo. ISA: Iso-
Sensitest agakB: Luria-Bertani broth MHA: Mueller-Hinton agarMHB: Mueller-Hinton
broth

Reference Design of the assay Biocide MIC ( € g / n Isolates tested

This study Microdilution with BzC 4-8 E. coliATCC
R2A 25922

This study Microdilution with BzZC 2.7-8 Clinical isolates
R2A

Hammondet Agar-dilution with BzZC 20-50 E. coliATCC

al., 1987 ISA 10536 and ATCC

11776

Hammondet Agar-dilution with BZC 25-100 Clinical isolates

al., 1987 ISA

Soumetet al, Macrodilution with  BZC 16-32 Avian and poraie

2012 MHB isolates

Curiaoet al, Microdilution BzC 16 Clinical isolate

2015 (broth?)

Morrisseyet Microdilution BzZC 32 Not specified

al., 2014 (broth?)

Aarestrup & Microdilution with BzC 16-128 Isolates from

Hasman, 2004 CAMHB livestock animals

Beieret al, Microdilution with BzC 4-32 Food animals and

2016 CAMHB clinical isolates
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Table 2-117 Continued

Reference Design of the assay Biocide MIC ( € g / n Isolates tested

Bocket al, Microdilution with BzC 8-16 E. coliATCC

2018 different broth/plates 10536

Deuset al, Microdilution with BzZC 4-32 Isolates from

2017 MHB patients and broiler

chickens

Henlyet al, Microdilution with BzZC 15.6 Clinical isolate

2019 MHB

Boreet al, Microdilution with BzC 13 E. coliATCC

2007 TSB 47076

Houari & Di Microdilution with BZC 62.5 Clinical isolate

Martino, 2007 TSB

This study Microdilution with CHX 1.32 E. coliATCC
R2A 25922

This study Microdilution with ~ CHX 0.54 Clinical isolates
R2A

Naparstelet Agar-dilution with CHX 2 E. coliATCC

al., 2012 CAMHA 25922

Hammondet Agar-dilution with CHX 15 E. coliATCC

al., 1987 ISA 10536and ATCC

11776

Hammondet Agar-dilution with CHX 1-5 Clinical isolates

al., 1987 ISA

do Amorimet  Agar-dilution with CHX 2.67 Clinical isolate

al., 2004 MHA

Tetz & Tetz, Macrodilution CHX 2 E. coliATCC

2015 (broth?) 25922

Tetz & Tetz, Macrodilution CHX 16 Private collection

2015 (broth? isolate

Koljalg et al, Macrodilution with  CHX 2 Clinical isolates

2002 CAMHB

Braoudaki & Macrodilution with  CHX 4 E. coliATCC

Hilton, 2004 nutrient broth 700728

O'Driscollet Macrodiluion with CHX 0.6 E. coliNCTC 4174

al., 2014 nutrient broth

Thomasetal,  Macrodilution with  CHX 0.2 E. coliATCC

2000 nutrient broth 10536

Curiaoet al, Microdilution CHX 8 Clinical isolate

2015 (broth?)

Morrisseyet Microdilution CHX 16* Not specified

al., 2014 (broth?)

Wesgateet al, Microdilution CHX 7 E. coliATCC 8739

2016 (broth?)
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Table 2-117 Continued

Reference

Design of the assay Biocide MIC ( € g / n Isolates tested

Aarestrup & Microdilution with CHX 1-2 Isolates from

Hasman, 2004 CAMHB livestock animals

Beieret al, Microdilution with CHX 0.254 Food animals and

2016 CAMHB clinical isolates

Grareet al, Microdilution with CHX <1-2 E. coliATCC

2010 CAMHB 25922 and clinical
isolates

Suwantaragt Microdilution with CHX 2-4 Clinical isolates

al., 2014 CAMHB

Bocket al, Microdilution with CHX 0.1252 E. coliATCC

2018 different broth/plates 10536

Deuset al, Microdilution with CHX 0.54 Isolates from

2017 MHB patients and broiler
chickens

Koburgeret al, Microdilution with CHX 8 E. coliATCC

2010 MHB 35218

McBainet al, Microdilution with CHX 13 E. coliATCC 8729

2004 nutriert broth

Darouicheet Microdilution with CHX 0.39 Clinical isolate

al., 2008 TSB

Houari & Di Microdilution with CHX 80 Clinical isolate

Martino, 2007 TSB

This study Microdilution with CS 31.252.0 E. coliATCC

R2A 25922
This study Microdilution with CS 7.8249.7 Clinical isolates
R2A

Aarestrup & Microdilution with CS 1,997.4 Isolates from

Hasman, 2004 CAMHB 5,992.3 livestock animals

Biagi et al, Microdilution with CS 12,500 E. coliCCUG

2014 CAMHB 50175 and clinical
isolates

Sutterlinet al, Microdilution with CS 512-2,048 Clinical isolates

2018 ISB

Sutterlinet al,  Microdilution with CS 1,0242,048 E. coliATCC

2018 ISB 25922

Harrisonet al,  Microdilution with CS 1,124 Not specified

2005 LB broth

Deuset al, Microdilution with CS 512-4,096 Isolates from

2017 MHB patients and broiler

chickens
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Table 2-117 Continued

Reference Design of the assay Biocide MIC ( € g / n Isolates tested
This study Microdilution with SN 0.8-1.3 E. coliATCC
R2A 25922
This study Microdilution with SN 1.7-4 Clinical isolates
R2A
Elkrewiet al,  Agar-dilution SN 1-8 Clinical isolates
2017 (media?)
Sutterlinet al, Macro- or SN 8-32 Isolates from humat
2014 microdilution(?) with and wild
ISB faecal samples
Cavassiret al, Microdilution with SN 3.4135 Enterobacteriaceae
2015 both CAMHB and (no species
TSB indication)
Sutterlinet al,  Microdilution with SN 8-512 Clinical isolates
2018 ISB
Sutterlinet al,  Microdilution with SN 16-32 E. coliATCC
2018 ISB 25922
Harrisonet al,  Microdilution with SN 10.2 Not specified
2005 LB broth
Deuset al, Microdilution with SN 2-4 Isolates from
2017 MHB patients and broiler
chickens
Henlyet al, Microdilution with SN 31.3 Clinical isolate
2019 MHB

Uni-modal distrilutions were obtained for BZC, CHX and SN in both species, being

in accordance with previowsork (Kumariet al, 2011; Deut al, 2017, while CS MICs

and MBCs followed a bmodal distribution. This could indicatthe presence of different

subpopulations harbouring a wide range of tolerance thidsshathin the collection of

strains used for this studyMobrrissey et al, 2014. MBCs were usually found to be

equivalent ortwo-fold higher than MICs for both species and for all the biocides

investigated, apart from the few exceptions mentionediquely. This seemed to be in

accordance with the literature, especially for cationic compounds like BZC and Biad{ (
et al, 2014; Morrisseet al, 2014; Bocket al, 2016.

Regarding CS susceptibility profiles, it is important to notice that the ranges of MICs

and MBCs obtained miglitave been affected by the acidity of the solution goimg the

highest concentrations of CS. Growth curves in R2A broth adjusted to similar pH values

than the onegpresented inTable 2-4 (page 31) were performed for bothE. coli and

K. pneunoniae reference strains. It appeared that, at pH equivalent to a CS solution of
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approximately 249.@g/mL, growth was not observed. As a consequefae strains
harbouring MICs and/or MBCs corresponding to this value, it was not possible to determine
if the inhibitory/killing effect was due to the low pH, the concentration of CS, or a

combination of both phenomena.

Despite available cutff valuestod eci pher bet ween Susc
isolates to certaibiocides Morrisseyet al, 2014, the variability inherent to the design of

the assay does not enable the use of such established thresholds. Moreover, the literatu
does not seemtagree on the notion of ‘“resibst an
labelled as resistant when their MIC and MBC are higher than the ones obtained for a
standard strainQuoet al, 2019, when they are not inactivated g inuse concentration

of a biocide or a concentratidimat inactivates other strains of that organi&anipf, 2018,

or when a change in susceptibility renders a biocide ineffective against a given organism tc
which it was previously susceptibl&dillard et al, 2013. However, isolates showing a
reduced susceptibility to a biocide, hence whose MbGId be higher than a reference strain

or mast of the population, could still be killed by theuse concentration of the bioeichs
highlightedpreviously Table 2-3 page25) (do Amorimet al, 2004; Maillardet al, 2013;
Harbarthet al, 2014; Wales & Davies, 20}5andwith the exampleof this study where

CHX MICs ranged from 0.5 to 16ug/mL (when considerindpoth species while a skin
disinfection solution, HiBiScru®, contains 40,000g/mL CHX. As a consequence, the
term ‘resistanceorbiocides paber niseg ‘hree@ducded
isolates harbouring high MICk addition,MIC values do not necesdgrcorrespond to an
indicator of success or failure of disinfection procedures, as testing conditions for MIC
determination do noterf | e c-li f & Juse &dnditions for biocides. Indeedipcidal
solutions usually consist im mixture of one or more active compounds at high
concentrations, formulated with excipients and applied for a specific amount of time (i.e.
contact time) ondifferent suréce types, under different conditions (e.g. temperature,
humidity, nutrient availability for microorganisgis among other parametersyhen
determining MICs,some important differences are thatly one biocidal compounds
investigated at darhe, and putn contact with a specific bacterial densitycubated ove4
hoursat 37°C in rich mediaSCENIHR, 2009; Maillarckt al, 2013;Morrisseyet al, 2014;
Knappet al, 2015; Pellinget al, 2019.

Regarding SN dataone strain, K@4, showed an important reduction in
susceptibility, with an MIC and MBC of 25&/mL, while the other clinical isolates were

inhibited and/or killed by concentrations between 2 apd/4L. It appears that K94 was

Pageb7



Hélene Heérault Cardiff University 2019

isolated from a woundlrain. Although no additional information regarding the potential
treatments received by the patient was provided, it is known that silver can be used as an
antimicrobial agent in wound treatments, inchgiwound dressingg3aisfordet al, 2009;
Kumariet al, 2011; Deu®t al, 2017. A hypothesis explaining this particularly high MIC

for SN could be that K94 was in contact with sdlethal concentrations of silver ions,
consequently reducing its susceptitilio this antimicrobial McHughet al, 1975; Ipet al,

2009.

When comparing both speciés,pneumoniagsolates seemed to be less susceptible
to three out of four biocides th&h coli, while similar MIC and MBGralues were observed
for SN. This fact was consistent withepious studies wher€. pneumoniaavas found to
harbour higher MICs for CHX thag. coli (Koljalg et al, 2002; GueRevilletet al, 2019.
Isolates didnot seem to be segregated according to their carbapenemasding genes
regarding their MIC and MBC distributions. This did not agree with the findings by Deus
and colleagues, where differences in MICs were observed based on the producedrESBL
E. coli (Deuset al, 20179.

2.5 Conclusion

This work enabled the establishment of baseline data regarding the susceptibility
profiles to four commonly used biocides of a wide collection of clinical isolates.

Nonetheless, thy coul d not be categorized as suscepti
standardisation of the method leading to important variability within the results obtained, the
absence of widekaccepted thresholds and thecidsignifican
concentrations within commercial products are found to be well abewdItBs determined

in vitro.
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Impact of commonly used antimicrobial biocides on resistance and-regisg&ance in
carbapenemasaroducing Enterobacteriaceae

Chapter 3. Links betweensusceptibility to biocides and antibiotics

3.1 Introduction

3.1.1 Current statusndassociated risks

Several sectors rely heavily on the use oflamtics, biocides and heavy metals,
including healthcare but also farmingcaaquaculture, amongthers SCENIHR, 2009;
Ortega Morenteet al, 2013; Romerat al, 2017. Low, subinhibitory concentrations of
thee antimicrobials can reach and persist in the environment, through inappropriate use,
excretion after treatment, dilution or degradation in the environment among others
(Andersson & Hughes, 2014; Wales & Davies, Z0WartinezSuarezet al, 2016; Gadea
et al, 2017a.

A major concern is, with the importance of infection prevention and control measures
relying especially on biocides to limit the spreadMiDROs, that biocides may instead
contribute to this Maillard et al, 2013; Harbartket al, 2014. Indeed, exposure to sub
inhibitory concentrations of antibiotics or biocides can trigger several mechanisms within
bacteria for them to counteract the adverse effects of tb@sgpounds Andersson &
Hughes, 201%and can result in reduced susceipitibto other unrelated antimicrobials; this
is referred to as ceseelection. Ceselection between different antimicrobials can occur
through different mechanisms: -tesistance, cros®sistance and eeguldion (Baker
Austinet al, 2006; BuffetBataillonet al, 20123. Co-resistance can happen wtiea genes
responsible for resistance to each compound are located on the same mobile genetic elemel
e.g.qaqk, involved in QACs efflux, andull, conferring resistance to sulphonamides, both
present in class 1 integrons and widespread afGoagrnegative bacterid{uit & Schmitz,

1999; Domingue®t al, 2019. The seletive pressure exerted by one compound would
select for both genetic determinants to be expressed or transferredréSissmce results

from the ability of a common resistance mechanism to counteract several unrelated
animicrobials; a development of sistance as a response to the selective pressure exerted
by one compound would result in resistance to the other antimicrobial asBué#t{
Bataillonet al, 20123. An example of crosgesistance would be thevolvement of efflux
pumps, such as AcrABolCin E. coli, able to expel a wide range of substraso{e, 2007;

Sun et al, 2014. Exposure to antimicrobials could engender a cascade of tegula
responses imp#éag bacterial susceptibility teeseral compounds, e.g. copper provoking the

dissociation of the transcriptional repressor MarR from its promoter region, resulting in the
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expression of thenar operon involved in antibiotic resistance and virulence (vethpng
other consequences, an alteration of the outer mempemneeability;Hao et al, 2014.
This phenomenon can be referred to asagulation BakerAustinetal., 2008.

Conflicting reportscan be found in the literature regardingssdection between
biocides and antibiotic&nhanadhast al, 2013; Harbartlet al., 2014; Kampf, 2016; Kampf,
2018, and the clinical ginificance of such links between these antimicrobials is questioned
(Wales & Davies, 2015 The impact of the use of biocides ¢ tmaintenance and spread
of resistance genes among bacteria is controversial within the sciecdiinmunity;
nonetheless, the precaution principle, i.e. using biocides when appropriate and according to

the manufacturers r e ¢ ormmirdntal ensure aheis efficabya st

(Oggioniet al, 2013; Harbarttet al, 2014; Wilsoret al, 2016.

3.1.2 Investigatimg potentialinks between biocide and antibiotic susceptibility

No international organisation (includj the Food and Drug Administration in the
United States or the European Chemicals Agency) indicates what tests to conduct when
investigating bacterial resistance to biocide and, thereforegsistance mechanisms it
antibiotics, to ensure the safetytbéseproducts Kaillard, 2019. A first gep to investigate
the presence of links between susceptibility to biocides and antibiotics is to perform
correlation studies. Based on statistical analysis, correlation studies can indicate the presence
of hypothetica relationships between two factorsdaigive an insight about the next

experimental work to perfornChowet al, 1989; Lavilla Lermaet al, 2015.

The involvement of c@election mechanism(s) is often associated with a fithess cost
for the bacteriagspecially crossesistance such as effluArfdersson & Hughes, 2010;
Andersson & Hughes, 20L2Exposure to suimhibitory concentrations of biocidewhile
monitoring bacterial growth can enable the evaluatidh®fssociated fithess cost, through
measurements of the lag phase duration or the growth rate, i.e. an extended lag phase could
be linked to adaptation from the bacteria in order to resgmtite selective pressure before
resuming normal growthMaillard et al, 2013; Andersson & Hughes, 2014Analyses of
the outer membrane composition (proteins, fatty acids) @ogerties (hydrophobicity,
permeability) is also important when considering ciessstance mechams Gnanadhas
et al, 2013. Reevaluating antimicrobial susceptibility in the presence of additional
compounds, such as ethylenediaminetetraacetid @&DTA) known to disturb the
membrane structutey chelating the divalent cations withiRelletieret al, 1994; Saweet
al., 1997; Denyer & Maillard, 20Q2 or in the presence of efflux pump inhibitors, e.g.
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carbonyl cyanide-ghorophenylhydrazone (CE&} orreserpinearquez, 2005; Opperman
& Nguyen, 2015; Alawet al, 2019, could also prode insights regarding the involvement
of an alteation of the membranpermeability or an increasm efflux, respectively
Expression analyses through transcriptomics studies fjtptare realtime polymerase
chain reaction[PCR], RNA-sequencing) can Ig unveil the underlying mechanisms
following exposure to sumhibitory concentrations of biocide$sanadhagt al, 2013;
Kim et al, 201&).

3.1.3 Aim

The aim ofthis chapter wato determine if correlations between ¢ige and
antibiotic MIC were present for the 210 strains comprised within this study. Fifty
representative isolates were then selected to pursue further work and investigatectheep

and nature of potential links between susceptibility to biocidesatiliotics.

3.2 Methods

3.2.1 Investigation of links between susceptibility to biocides and antibiotics

3.2.1.1 Choice of test and interpretation criteria

The MIC and MBC values obtained for BZCHX, CS and SN did not follow a
normal distribution (see sectiof.3.4 page41). Using Prism GraphPad 5 for Windows,
correlation studies wer e t h aramdtriotesedegurdbedf o r

to be more robust when extreme valuesimvelved Ferguson, 2009; Mukaka, 2012

Correlations were considered significant whewagpues were lower than 0.05.
Positive r scores indicateagitive correlations, i.e. when one variable increases, the other
one increases too. Negative values highlighted inverted correlations, i.e. wheariabée
increases, the other one decreases. The strength of the correlations was measured based
criteria established within similar studies, including one performedSomureususing
Spear ma@ggenieta, 2315 ( and two others where P
test used for normally distributed dategs usedl(avilla Lermaet al, 2015; Romeret al,

2017. Correlations were then categorized as weak wherr €0.4, moderate when
0.4<r<0.7, and strong when 0<7r < 1 (considering the absolute valuerpfThe stronger

the correlation, the more the variation of one variable is explained by the variation of the
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other one, i.e. if A and B are strongly correlated, a variation in A will be mainly explained

by a variation in B and viceersa (Goodwin & Leech, 2006

3.2.1.2 Data pretreatment

Correlations studies were performed using MIC and MBC values obtained during the
establishment of the susceptibility profilesiiocides (see sectidh3.4page4l) and, when
data were available, MICs determined for a widege of antibiotics prior to this study by
Public HealthEngland (see sectidh3.3page39). Regarding antibiotic MICs, when values
wer e i ndixcat(exd baes n‘g> t h e tesiad fphtlee IHC detesmimateom t r at i o
of a given antibiotic),, it.heey twdrce dhan gceodn ciemtt c
values weres<y'nd{(gatbed ngsthe | owest concentrat

determination of a specific antibiotic),thegw e changed t o y' . As Spear:
on the rank of the values and not the values themselves, these changes were necessary to
include all tle available data in the correlation studies without having an impact on the scores

obtained Lambert, 2004

3.2.2 Selection of representative strains for furtberdies

3.2.2.1 Rationale for theselectionof strains

In order b proceed with further experiments, a more manageable amount of strains
was needed. A target number of 50 strains was considered, instead of the initial 210 isolates.
K. pneumoniaésolates represented 76.2 % (160/210) of the initial population, &hdeli
represented 23.8 % (50/210 isolates). In order to keep the same ratio between both species,
the target was to select 88 pneumonia€76.0 %) and 1E. coli (24.0 %) isolatesThe aim
was to choose isolates harbouring different categories of MICs/&u8ZC, CHX, CS and

SN to represent the initial population.

The first step was to allocate a sgitoup number to each strain and for each biocide
according to their MIC. The swuiroups were designed dadicated in Table 3-1
(K. pneumoniagandTable3-2 (E. coli). The summary of the different allocated garbups
for each strain is indicated in appendix VI #orpneumoniaeasolates and in appendix VII

for E. coli isolates
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Table 3-1. Design of the different subgroups for each biocide for K. pneumoniae
isolates.

Sub-group MIC range (ug/mL)  Number of strains within the sub-group

BZC1 [2; 4] 7
BZC2 [4; 8] 65
BZC3 [8; 16] 80
BZC4 [16; 32] 8
CHX1 [2; 4] 10
CHX2 [4; 8] 75
CHX3 [8; 16] 74
CHX4 [16; 32] 1
cs1 [7.8; 15.6] 1
CS2 [15.6; 31.2] 8
CS3 [31.2; 62.4] 24
[62.4; 124.8[ 19

[124.8; 249.7] 54

[249.7; 499.4] 54

SN1 [2; 4] 79
SN2 [4; 8] 80
SN3 [256; 517 1

Table 3-2. Design of the different subgroups for each biocide forE. coli isolates.

Sub-group  MIC range (ug/mL)  Number of strains within the sub-group

BZC1 [2; 4] 4
BZC2 [4; 8] 39
BZC3 [8; 16] 7
CHX1 [0.5; 1] 1
CHX2 [1; 2] 18
CHX3 [2; 4] 26
CHX4 [4; 8] 5
cs1 [7.8; 15.6] 3
CS2 [15.6; 31.2] 18
CS3 [31.2; 62.4] 13
[62.4; 124.8] 3

[124.8; 249.7] 10

[249.7; 499.4] 3

SN1 [1; 2] 1
SN2 [2; 4] 39
SN3 [4; 8] 10

CS was the biocide hashring the widest range of MICs for both species, therefore

it was the biocide with the highest number of -gmbups. The second step consisted in
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picking an equivalent number of strains within each CSgobp. For example, regand)
E. coli, the targetvas to select 12 isolates. As there were 6 CSgsabps, 2 isolates from
each sulgroup had to be picked. The same rationale was then applied to the other biocides

to have approximately the same number of strains within eaegrsup of each biocide.

The last step consisted in choosing a limited number of isolates when several
candidates were available within the same-grdup. In this case, the availability of WGS
data (performed prior to this study by Public Health England)avadability of antibidic
susceptibility profiles, the sequence type and the carbapenemeseing genes harboured
by the different isolates were considered. These criteria were decided in order to facilitate
further experiments by avoiding completing eygxisting data (WGS, mdibiotic
susceptibility profiles) and to ensure representative and different isolates (in terms of

molecular characterisation, provenance, susceptibility profiles) would be investigated.

3.2.2.2 Selectedstrainsand characteristics

The 38 slectedK. pneumoniaeand the 12 choseB. coli isolates, and the different
subgroups they belong to (indicated with a X), are listedlable 3-3 and Table 3-4,
respectively. The total number stfains within each sugroup is indicated at the bottom of
the table. More detailed information about #estrains (provenance, carbapenemase
encoding genes, susceptibility profiles to biocides) are available in appendix | (highlighted

in blue).
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Table 3-3. SelectedK. pneumoniaeisolates and their subgroup for each biocide.
The different sulgroups each of the selected isolates belong to (as determined previously,
seeTable3-1 page 63), i.e. BZC14, CHX1-4, CS16 and SN13, are indicated with a X.

BZC CHX CS SN
Stain |1]|2|3]4|1]|2|3]4 1]2]3 123
Kp-1 X X X
Kp-7 X X X
Kp-13 X X X
Kp-16 X X X X
Kp-18 | X X X X
Kp-19 | X X X X
Kp-20 X X X X
Kp-22 X X l X
Kp-26 | X X X
Kp-27 X X X X
Kp-28 X X X X
Kp-30 X X | X | X
Kp-45 | X X X X
Kp-51 | X X X
Kp-58 X X X X
Kp-61 X X X
Kp-63 | X X X
Kp-69 X X X X
Kp-79 X X X X
Kp-85 X X X
Kp-88 X | X X
Kp-94 X X X
Kp-96 X X X X
Kp-99 X X X X
Kp-101 X X e X
Kp-106 X X X
Kp-107 X X X X
Kp-109 X X X
Kp-112 | X X X
Kp-114 X X X
Kp-115 X X X
Kp-118 X X X X
Kp-125 X X X
Kp-126 X X X X
Kp-136 X X X X
Kp-147 X X X X
Kp-149 X X X
Kp-155 X X X
Total | 7]/120|13| 8] 9/ 15| 14]|0] 1| 8| 7 19]18] 1

Page65



Hélene Heérault Cardiff University 2019

Table 3-4. SelectecE. coli isolates and their subgroup for each biocide.
The different sulgroups each of the selected isolates belong to (as determined previously,
seeTable3-2 page63), i.e. BZC13, CHX1-4, CS16 and SN13, are indicated with a X.

BZC CHX CS SN
Stain |1|2|3/1]2|3/4 1|23 1|23
Ec-158 X X X X
Ec-161 X X X
Ec-165 X X | x X
Ec-172 X X X X
Ec-180 X X X X
Ec-187 X X X X
Ec-188 X X X X
Ec-191 X X - X
Ec-198 | X X X
Ec-199 | X X X X
Ec-206 | X X X X
Ec-207 X X X
Total3631344223*174

3.2.3 Growthcurvesanalysis

The protocol detailed is this section is adapted from a pioneer study in the exposure
of bacteria to low concentrations @timicrobials Gullberg et al, 201]). To ensure
continuity with the MIC determinations performed in the previous chapter, considering the
different factors able to impact MIGmoculum size, temperature, volumes), the previously
described adapted version of the 13@761:2006 was followed Ipternatianal
Organization for Standardization, 2Q0&rowthcurves were performed on the 50 selected
isolates and were exposed to CHX only. CHX was chosen ftrefiuexperiments with
regards to the correlations found and its important use as a biocide in &eakbttings.

Experiments were carried at least in triplicate3n

3.2.3.1 Bioscreerplates inoculation and incubation

The bacterial suspensions were prepassd] bacterial counts were checked as
describedin sections2.2.4.1 and 2.2.4.2 (page 31). The assay was performed using
Honeycomb Bioscreen plates (Fisher Scientific, Loughborough, UK), whose layout is

presented ifrigure3-1.
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Figure 3-1. Bioscreen plates layout.
Testing for six strains with three technical replicates pa$ormed using two Bioscreen

plates simultaneously.

The CHX concentrations to test depended on tB&EBpreviously determined (see
appendix IV and appendix V for CHX MBC values measuredfgmeunoniaeandE. coli
isolates, respectively) for the differeisolates. Indeed, the highest concentration tested for
each strain corresponded to twice its MBCcase variability was to be observed between
both methods.

Two-fold serial dilutions of CHX were prepared in R2A, in centrifuge tubes. Each
solution correponded to twice the final tested concentration, i.e. if the concentration to test
was 0.5ug/mL CHX, the solution was prepared apd/mL CHX in the centrifuge tube.

Fifty L of the different CHX solutions in R2A was distributed to the corresponding.wells
R2A broth only was used for the bottom row, as a ce¢ control. FiftyuL of the
inoculum suspension (approximately X00° CFU/mL) was then added to each well over
three columns; R2A broth was used for the last column as a control without bacteria.
K. pneumoniaddTCC 13883 andE. coli ATCC 25922 were used as quality controls. Plates
were ncubated at 37°C for Z#burs in a Bioscreen C Analyzer (Oy Growth Curves Ab Ltd,
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Helsinki, Finland) with continuous agitation (medium amplitude, rotation speed not

specified). The OD was measured evergig at 600nm.

3.2.3.2 Dataacquisition and prreatment

Bioscreen Gvasused in combination with the software EZExperiment for Windows
(Oy Growth Curves Ab Ltd, Helsinki, Finland). The @Bmmeasured every din for each

well were automatically grouped into a spreadsheet.

The ODyoonm measured for R2A broth antle different solutions containing CHX
was found to decrease over time and to vary between experimeitiissteated inFigure
3-2. The ODBoonmmeasured for the first 40 to HAin were especially high when compared
to the following time points, and these values were higher than th@dmeasured in
wells containing baeria as well, leading to negative values when blanking against the
bacteriafree well OD values. To avoid this, for each well, thestdkh value was blanked
aganst its own value measuredwin after the beginning on the incubation, corresponding
to the frst time point after the start of the agitation mechanifter blanking, the Olgbonm

values were converted into logarithms and plotted against time.
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Figure 3-2. Variations in ODsoonm Values over timefor R2A only, R2A containing
leg/mL and 32eg/mL CHX.

The ODyonmWas measured everyrdin over a 24our period. Data were obtained for 14
replicates for 32ig/mL CHX, 24 replicates for fig/mL CHX and 25 replicates for R2A
broth only.

3.2.3.3 Determination of lag phase duratiandgrowth rate

Due to very low blanked Odgonmvalues at the early stages of growth, the lag phase
duration and growth rate determinations weseried manually for each technical replicate
after plotting the blanked Qfbnm and their logarithm values against time using Prism
GraphPad 5 for Windows, respectively. The means obtained for the different parameters
from the technical replicates congted one biological replicate. Each parameter was

determined over a minimuof three biological replicates.

The lag phase duration corresponded to the elapsed time until the point where ar
increase in the blanked @#3m values leading to the exponentiglowth phase was
observed. Its determination is illustraied-igure3-3. The lag phase delay was obtained by
subtracting the lag phase duration measured when the strain was grown in R2A only
(O pg/mL CHX) to the lag phase durationeasured & set concentration (g/mL CHX):
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Figure 3-3. Lag phase duration and grovih rate determinations.

Blanked ORoonmand corresponding In(Qlvnm) values were obtained from one technical
replicate where Kf115 was exposed to®/mL CHX. The data point corresponding to the
end of the lag phase is indicated in red. The lag phas¢ia@uicaresponded to 130Min.

A linear regression (orange line) was fitted on the exponential growth phase on the
In(ODsoonn) against time graph. Its slope corresponded to the growtj (at61388 mirt).

The ¢ value showed that the regression fitthd cuwe (the closer to 1.0 the better the fit).

The growth rate was calculated based on the Ig¢ef) versustime graph, as
illustrated in Figure 3-3. A linear regression as fitted on the linear part of the curve
correspondig to the exponential growth phase, so to obtain a coefficient correlavialue
the closest to 1 possible (representing a perfect correlation between the model and the curve).

The slope of the lineaegression corresponded to the growth pate

The doubling time1/,, corresponding to the time needed for the bacterial population

to double, was determined fadlow (Hall et al, 2014:

‘ 1 1¢
Oy ——
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3.2.3.4 Statisticalanalysis

Statistical analyses were carried using Prism GraphPad 8 for Windows. CHX MICs
obtained with the Bioscreen assay were compared to the ones previously obtaireeiin 96
plates using twavay analysis of variance ANOVA) followed by Sid k ' s mul t |
comparison postest. Differences were considered significant when p<0.05. For each strain,
the different parameters measured at each CHX concentration tested were compared to tr
control condition, i.e. bacteria growing CHX-free R2A broth(i.e. Opg/mL CHX) using
theoneway ANOVA f ol | o we-tést(signifidant differences when pg@08$)t
For the growth rate only, when CHX concentrations were tested for both a clinical isolate
and the reference strain belonging to the sameiepethedifference between them was
assessedusingtwway ANOVA f ol | o w-est (signyfical whtkia p<0.35). p 0 ¢

3.2.4 |Investigation ofpossiblecrossresistance mechanisms between biocides and

antibiotics

3.2.4.1 Determinationof minimum inhibitory concentrains of dlorhexidine in
the presence of a chelator of cations

CHX MICs were determined in the presence of the ion chelator
ethylenediaminetetraacetic a¢lEIDTA; SigmaAldrich, Gillingham, UK). A stock solution
containing 1,20Qug/mL EDTA (pH 8.08.5) wasprepared in distilled water, filtered onto
0.20pum cellulose acetate membrane filter and stored@far up to a month. The solution

was diluted in R2A when needed for testing.

MICs for CHX were determined in the presence 0fug/mL EDTA. The CHX
concentrations tested ranged from B8/mL to 0.0312%ug/mL for K. pneumoniagsolates,
and from 4ug/mL to 0.00783ug/mL for E. coli isolates.This concentration of EDTA was
chosen to ensure the growth of all the tested isolates tafiBng several concentrations
(EDTA MIC for both reference strains corresponding to i@snL).

The inoculum was prepared as previously described (see sécidnlpage3l).
The microtitre platewvere first filled with 50uL R2A containng twice the final appropriate
concentration of EDTA (120g/mL EDTA, for a final concentration of §dg/mL). The
serial dilution was performed by mixing pQ of a fourtimes concentrated solution of CHX
(128pug/mL CHX for K. pneumoniae 32pg/mL CHX for E.coli) in R2A containing
120pug/mL EDTA across the microtitre plate, except in the final column (control without

biocide). FiftyuL of the inoculum suspension (approximately 110° CFU/mL) was
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finally added tahe wells, except in the control wellstivout bacteria where R2A broth was
used instead. Plates were incubated fan@4rs aB7°C+ 1°C. MICs were read as the lowest

concentrations of CHX without growth as perceivedabyn-aidedeye.

3.2.4.2 Determination ofminimum inhibitory concentrations of chlorhexidine in
the presence of a protanotive force inhibitor

The protoamotive force inhibitor carbonyl cyanide3-chlorophenylhydraane
(CCCP) was prepared at 2,00/mL in 100% dimethylsulfoxide (DMSO; both from Acros
Organics, Gee Belgium), sterilised byfiltration on 0.20um nylon membrane filter and
stored at 4C for up to a month. This concentration allowed to reach a final concentration of
DMSO below toxic ¢vels (DMSO MIC was %6 v/v for bothK. pneumoniaddTCC 13883
andE. coli ATCC 25922 when tested as previously described). When needed, the solution
was diluted in R2A.

MICs for CHX were determined in the presence ofuginL CCCP (1% v/v
DMSO) forK. pneumoniaedsolates (except for k3, which needed the concentratior&
reduced to fug/mL to be able to grow) and 1@/mL CCCP (0.8% v/iv DMSO) forE. coli
isolates (as they were not able to grow at higher concentrations of CCCP). The CHX
concentrationgsested ranged from 3&/mL to 0.0312%ug/mL for K. pneumoniaésolaes,
and from 4ug/mL to 0.00783ug/mL for E. coli isolates.These concentrations were below
the CCCP MIC obtained for bo#a pneumonia@ndE. coli ATCC strains (4Qug/mL).

The inoculumwas prepared as previously detailed (see se2tibd.1page3l). The
microtitre plates were first filled with 50L R2A containing twice thefinal desired
concentration of CCCP (4@y/mL CCCP forK. pneumoniag20ug/mL CCCP foiE. coli).

The serial dilution was performed by mixing P of a fourtimes concentrated solution of
CHX (128pg/mL CHX for K. pneumoniag32ug/mL CHX for E. coli) in R2A containing

either 40ug/mL or 20ug/mL CCCP dependingn the species across the microtitre plate,
except in the final column (control without biocide). Finally, |0 of the inoculum
suspension (approximately xA.0° CFU/mL) was addetb the wells (RA broth was used
instead as a control without bacteriRjates were incubated for Bdurs at37°C+ 1°C.

MICs were determined as the lowest concentrations of CHX without growth as seen by a

naked eye as previously described.
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3.2.4.3 Statisticalanalysis

CHX MICs measured in the presence of either EDTA or CCCP wenpar@d to
the MICs previouslybtained (see appendix IV and appendix V for detailed valuissy
twoway ANOVA f ol | o we-testIbiffereDaeswere tohsidered gigngidant

when p<0.05. e test was performed with GraphPad Prism 8 for Windows.

3.3 Results

3.3.1 Correlationstudy

3.3.1.1 Klebsiella pneumoniarsolates

3.3.1.1.1 Correlationsbetween biocides

The Spearman’s r scores obtained aft el
and MBCs between biocides asaownin Table 3-5. For each biocide, strong positive
correlations were observed between MICs and MBCs, and weak to moderate positive
correlations were obtained between BZC and CHX, for the ovéatineumoniae
population and the different carbapenemas®lucing categaes with the exception of the
KPC-producers where no correlation between BZC and CHX was detected. A moderate to
strong positive correlation was determined between CHX and SN forpvdiducers, \ile
the relationship between these biocides correspondadvieak inverted correlation for
NDM-producers. Weak to moderate correlations between both heavy metals were obtainec

when considering the overall population and the KiP@ucers.
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Table 3-5. Spearman’s r sores between biocide MICs and MBCs folK. pneumoniae
isolates.

Correlations were considered as weak when r ranged from 0 to 0.4, moderate when r ranged
from 0.4 to 0.7 and strong for valuasove 0.7 (when considering the absolute value of r).
Only signific a n't correlations (Spear man’ s test;
Correlations were calculated for the whiilgoneumonia@opulation (n=160) and according

to the carbapenemases pmodd (NDM, VIM-, OXA-48like- and KPGCproducing

K. pneumoniagsolates). When an isolate possessed a combination of carbapenemases, it
was represented in both categories.

CHX BZC CS SN
Mic | MBC | mic | mBCc | mic | mBCc | mic | MBC
> | MIC
T
O | MBC | 0.850
5| 9| Mc 0.407| 0.454
o | @ | MBC | 0.323| 0.359] 0.823
S n | MIC
< | ©| MBC 0.936
~ | MIC 0.158
9| MBC 0.935
> | MIC
T
O | MBC | 0718
SO | MIC | 0.371] 0461
n| N
& | @ | MBC | 0.389] 0.393| 0.847
= | o | MIC
= | © | MBC 0.959
= MIC
MBC | -0.317 0.927
> | MIC
T
O | MBC | 0908
slol mc 0.593| 0.620
— N
| o | MBC 0.744
S | g | MC
S | 9| mBC 0.971
~ | MIC 0.721| 0.655
?1'MBC | 0630 0521 0.875
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Table 3-57 Continued

CHX BZC CS SN
MIC MBC | MIC MBC | MIC MBC | MIC MBC

MIC
MBC 0.869
MIC 0.542] 0.535
MBC 0.394| 0.473| 0.863
MIC
MBC 0.984
MIC
MBC 0.973
MIC
MBC 0.794
MIC
MBC 0.794
MIC
MBC 0.828
MIC 0.561] 0.414
MBC 0.436 0.910

54)
CS |BZC |CHX

OXA (n

53)
CS |BzC |cHX | SN

KPC (n

SN

3.3.1.1.2 Correlations between biocides and antibiotics

The different correlationsalculated between biocide and antibiotic MICs are
summarised inTable 3-6. Regardingthe overall K. pneumoniaepopulation, weak to
moderate positive correlations were obtained between CHX and carbapenems,
cephaloporins, AK,ATM, CIP and TIG. Weak positive correlations were also calculated
between BZC and AK, TIG and MIN. Weak inverted correlations were obtarmebn
CS and MEM, cephalosporins and TEMO.

When considering the NDMroducers, moderate positive cdateons were
determined between CHX and TIG and MIN, and weak positive correlations between BZC
and MIN. Weak to moderate inverted correlations were iobth between CS and
carbapenems, CTX, CPM and CIP. Regarding the -gtbbducers, moderate to strong
postive correlations were determined between either one or both of the cationic biocides
and carbapenems, FOX, CTX, aminoglycosides and TIG. @&hAke-producers
harboured weak to moderate positive correlations between CHX and carbapenems, FOX
TIG, MIN and COL. Similarly, weak to moderate positive correlations were obtained
between BZC and aminoglycosides, TIG and MIN. Weak to moderate inverted correlations

were determined between CS and carbapenems. ForpkdiDcers, weak to moderate
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positive correlationsvere calculated between CHX and FOX, CAZ &M, andweak

inverted correlations were found between BZC and TOB.

Table 3-6. Spearman’s r scores between biocide and antibiotic MICs fd€. pneumoniae
isolates.

A), correlations between biocide MICs and carbapenem and cephalosporin MICs. B),
correlations between biocide MICs and aminoglycoside and other antihvis.
Correlations were considered as weak when r ranged from 0 to 0.4, moderate when r ranged
from 04 to 0.7 and strong for values above 0.7 (when considering the absolute value of r).
Only significant correl ati onsd if Shisetableeman’ s
Correlations were calculated for the whKlepneumonia@opulation (h=160) and accongd

to the carbapenemases produced (NDMIM-, OXA-48like- and KPCproducing

K. pneumoniaasolates). When an isolate possessed a combination of eadrapses, it

was represented in both categories. The pair number indicates on how many isolates the

correlation was determined according to their antibiotic MIC availabilities.

A Carbapenems Cephalosporins
IPM MEM ETP FOX | CTX CAZ | CPM
[ Pairs 148 148 147 147 147 148 139
§ CHX | 0.218| 0.297| 0.245| 0.363 0.225| 0.191
I | BZC
5 CS -0.1%8 -0.185| -0.178 -0.232
SN
~ | Pairs 41 41 41 41 41 41 37
S | cHX
< | BzC
2| cs | -0344] 0331 -0310 -0.317 -0.435
< | sN
. | Pairs 14 14 14 14 14 14 12
=3 | CHX 0.683| 0.613
£|BzC | 0582| 0810/ 0839 0.746| 0.570
= | CS
Y
< | Pairs 48 48 47 47 47 48 45
©© | CHX | 0.378| 0.451| 0.444| 0.496
£ | BzC
<[ cs | -0362] -0.424] -0295
© MsN
& | Pairs 48 48 48 48 48 48 48
10 | CHX 0.469 0.412
< | BzC
%é cs
SN
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Table 3-6 17 Continued

B Aminoglycosides Other antibiotics
TOB | AK CN |TEMO | ATM | CIP | TIG MIN | coL
| Pairs 148 148 148 135 143 148 147 138 148
@ | CHX 0.209 0.165| 0.163| 0.370| 0.434
& | BzC 0.166 0.285| 0.263
= | Cs -0.233
SN
~ | Pairs 41 41 41 36 40 41 41 39 41
S | CcHX 0.426| 0.588
< | BzC 0.366
Z | cs -0.343
< | sN
| Pairs 14 14 14 14 14 14 14 13 14
Llél’ CHX | 0.591| 0.534| 0.585 0.650| 0.740
£ | BzC | 0.768| 0.783| 0.652 0.638
= | CS
> SN
< | _Pairs 48 48 48 48 44 48 47 44 48
O | CHX 0.406| 0.363| 0.290
i/ BZC | 0.356| 0.357| 0.317 0.422| 0.324
< | cs
© MsN
o | Pairs 48 48 48 40 48 48 48 45 48
| CHX 0.342
% BZC | -0.293
o CS
* [ sN

3.3.1.2 Escherichia colisolates

3.3.1.2.1 Correlationsbhetweerbiocides

The results of the Spearman’s correl a
the overall population oft.coli and after segregation according to the produced
carbapeemases are preseniadlable3-7. Strongpositive correlations between MICs and
MBCs for each biocide were observed in all cases, except for{ddElucers (moderate
correlation between CHX MICs and MBCs) and \Yfivbducers (no significartorrelation).

Weak to moderate positive correlations were obtained between both cationic compounds
with the exception of VIM and KPCproducers (no significant correlation). Moderate to
strong positive correlations were observetiNeen BZC and SN for ¢hoverall population

and for NDM and OXA48-like-producers. Weak positive correlations were calculated

between heavy metals when considering the ovEralbli population only.
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Table 3-7. Spearman's r scoredetween biocide MICs and MBCs forE. coli isolates.
Correlations were considered as weak when r ranged from O to 0.4, moderate when r ranged
from 0.4 to 0.7 and strong for values above 0.7 (when considering the absolute value of r)
Onl vy significant correlations ( Spdableeman’ s
Correlations were calculated for the wh&ecoli population (n=50) and according to the
carbapenemases produced (NDMWIM-, OXA-48like- and KPGCproducing E. coli

isolates). When an isolate possessed a combination of carbapenemases, itegastep

in both categories. N/A: not available as isolates possessed the same MIC for at least one of

the agents investigated.

CHX BZC CS SN
MIC MBC | MIC MBC | MIC MBC | MIC MBC

MIC
MBC 0.715
MIC 0.370| 0.422
MBC 0.418] 0.464| 0.790
MIC
MBC 0.843
MIC 0.345| 0.500 0.283
MBC 0.411 0.295] 0.873
MIC
MBC 0.567
MIC 0.608] 0.590
MBC 0.549| 0.648| 0.750
MIC
MBC 0.724
MIC 0.485
MBC 0.907
MIC
MBC
MIC
MBC
MIC
MBC
MIC
MBC

=50)

CS | BZC |CHX

All (n

=21)

CS |BZC [CHX | SN

NDM (n

3)

CS |BZC |[CHX | SN

VIM (n

SN
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Table 3-71 Continued

CHX BZC CS SN
MIC MBC | MIC MBC | MIC MBC | MIC MBC

MIC
MBC 0.769
MIC 0.740
MBC 0.562| 0.635| 0.844
MIC 0.598
MBC 0.701 0.926
MIC 0.608| 0.800
MBC 0.615| 0.815 0.995
MIC

MBC 0.779
MIC

MBC 0.837
MIC

MBC 0.992
MIC

MBC 0.731

13)
CS |BZC |CHX

OXA (n

15)
CS |BzC |cHX | SN

KPC (n

SN

3.3.1.2.2 Correlations between biocidesd antibiotics

The different Spearman’s r scores cal
are presentedn Table 3-8. Regardingthe overallE. coli population, aweak positive
correlation was obtained between SN and TEMO. Np#ducers harboured moderate
positive correlations between TEMO and both BZC and CS. No significant correlation was
calculated for VIMproducers. Moderate positive coritadas were obtainedetween CHX
and ETP and AK, and between CS and IPM, ETP and CPM for-@B#ke-producers. A
strong positive correlation was also observed between SN and COL for this group.
Regarding KPproducers, a moderate positive correlation wetemined between BZ

and CTX, and moderate inverted correlations were obtained between CS and FOX and CPM
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Table 3-8. Spearman's r scores between biocide and antibiotic MICs fd&. coli isolates.

A), correhtions between biode MICs and carbapenem and cephalosporin MICs. B),
correlations between biocide MICs and aminoglycoside and other antibiotic MICs.
Correlations were considered as weak when r ranged from 0 to 0.4, moderate when r ranged
from 0.4 to 0.7and strong for valueabove 0.7 (when considering the absolute value of r).
Only significant correlations (Spear man’ s
Correlations were calculated for the wh@ecoli population (n=50) and according to the
carbgpenemases produced@M-, VIM-, OXA-48like- and KPCproducing E. coli

isolates). When an isolate possessed a combination of carbapenemases, it was represented
in both categories. The pair number indicates on how many isolates the correlation was
determineé according to their antibiotic MIC availabilities. N/A: not availabk isolates

possessed the same MIC for at least one of the agents investigated.

A Carbapenems Cephalosporins
IPM MEM ETP FOX CTX CAZ CPM
Pairs 44 44 44 44 44 44 43
CHX
BzC
CS
SN
Pairs 21 21 21 21 20
CHX
BzC
CS
SN
Pairs 3 3 3 3 3 3
CHX
BzC
CS
SN
Pairs 11 11 11 11 11 11 11
CHX 0.641
BzC
CS 0.630 0.678 0.656
SN
Pairs 11 11 11 11 11 11 11
CHX
BzC 0.660
CS -0.696 -0.637
SN

All (n=50)

NDM (n=21)

:3)

VIM (n

OXA (n=13)

KPC (n=15)
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Table 3-81 Continued

B Aminoglycosides Other antibiotics
TOB AK CN TEMO ATM CIP TIG COL
Pairs 44 44 44 38 43 44 44 44
CHX
BzC
CS
SN 0.322
Pairs 21 21 21 16 20 21 21 21
CHX
BzC 0.510
CS 0.573
SN
Pairs 3 3 3 3 3 3 3
CHX
BzC
CS
SN
Pairs 11 11 11 11 11 11 11 11
CHX 0.603
BzC
CS
SN 0.857
Pairs 11 11 11 10 11 11 11 11
CHX
BzC
CS
SN

50)

All (n

=21)

NDM (n

:3)

VIM (n

=13)

OXA (n

=15)

KPC (n

3.3.2 Growthcurvesanalysis

3.3.2.1 Unusualgrowthpatterns

When performing the Bioscreen assay, it was decided not to pursue WADGEC
Despte viable counts corresponding to expected bacteoalcentration, very low and
variable ORoonmWere measured for this isolate, rendering the data unreliable and difficult

to analyse. As a consequence; 206 was removed from any further experiment.

Several isolates showed variability in growth at sarnecentrationsi.e. growth was
not observed for all the replicates under set conditions/(K{p-45, Kp-51, Kp-94, Kp-99,
Kp-106 and E€07). As this impacted the different analysis, and to facilitaddtowing

explanations, this group of strainswilltf t her be r ef ergreawttlo stsr
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One isolate in particular, kp25, harboured an exponential growth phase separated
in two distinct parts asllustrated inFigure3-4. As a consequence, analysis, when needed,
were performed on each part, | alpeyindicetel as “firs

on the figure below.

0.25—
Kp-125
0.20-—
0.15—
£
E
S 0.10
=
=)
0.05
0.00
200 400 600 800 1000 . 1200 .. 1400
05 Time (min)
~*= 0 pug/mL = 0.0625 pg/mL e 0.125 pg/mL
—— 0.25 pg/mL 0.5 pg/mL = 1 pg/mL
2 pg/mL 4 pg/mL 8 ng/mL

—= 16 ug/mL

Figure 3-4. Growth pattern of Kp-125 when exposed to different concentrations of
CHX.

The blanked OByonmis indicated on the y axis. Each curve corresponds to the growth of
Kp-125 in R2A containing the indicated CHX concentration. tiaek blue dashed box
indicates the data points correspomgia the first growth phase of K25, and the brown
dashed box corresponds to its second growth phase. This figure corresponds to one replicate

only.

3.3.2.2 Klebsiella pneumoniaisolates

The detailed esults obtained for th&. pneumoniaaeference strain andicical
isolates are presentadappendix VIII. Isolates for which statistically significant differences

were observed when compared to the control condition are detailedli@3-9.
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Table 3-9. Results obtained from the growth curves study for the K. pneumoniae

isolates.

Experiments were carried at least in triplicate for each condit®8)(Values in bold and

red corresponded to sificant differences (oneva y

ANOVA

f ol

| owe-d

by

test; p<0.05) observed when compared to the @te¥ R2A growth condition (fg/mL

CHX). Only isolates and concentrations at which significarfedéhces for at least one of

the investigated pameters are displayed, alongside with the control condition. For

“var-gabiveh

strai

nS”,

t he

concentration

at

highlighted in orange. Statistical analyses weoé performed on doubling times as they

were inkrred from the mean growth rate values.

Lag phase
-% duration Lag phase | Growth rate U | Doubling
& | CHX (min) delay (min) (mint) time ty | ODsoonm Max
(ug/mL) | Mean SD | Mean SD | Mean SD (min) Mean SD
o 411,436.1 0.0]1,218.0 42.8|0.0000 0.0000 0.002 0.003
x 2| 3299 134.6/ 117.7 124.3/0.0119 0.0018 58.3| 0.216 0.010
8 1| 2185 415 0.4 8.4]0.0122 0.0012 57.0| 0.230 0.008
8 0.5| 213.0 36.9 -5.0 11.3|0.0124 0.0012 56.1| 0.235 0.008
$ 0.25| 209.3 38.2 -4.2  7.8/0.0123 0.0013 56.5| 0.238 0.009
-2 0.125| 210.0 36.6 -8.1 14.9|0.0124 0.0011 55.8| 0.240 0.007
8 0.0625, 210.4 36.6 -7.7 14.1|0.0124 0.0012 56.1| 0.240 0.008
@ 0.03125 2115 37.4 -6.6 12.8| 0.0121 0.0014 57.2| 0.239 0.009
;' 0.01563| 213.3 38.7 -4.8 9.7/0.0120 0.0014 57.7| 0.233 0.009
0| 218.1 428 0.0 0.0]/0.0124 0.0019 55.9| 0.210 0.012
16|1,436.1 0.0|1,316.4 10.1|0.0000 0.0000 0.005 0.006
E‘_ 8(1436.1 0.0|1,316.4 10.1|0.0000 0.0000 0.005 0.004
B4 4| 5359 115.9| 414.9 120.4| 0.0204 0.0030 34.0/ 0.2 0.009
0| 119.7 101 0.0 0.0]/0.0184 0.0022 37.7| 0.263 0.018
3211,436.1 0.0]1,299.3 16.8| 0.0000 0.0000 0.005 0.005
~ 16]1,436.1 0.0|1,299.3 16.8| 0.0000 0.0000 0.004 0.005
f} 8| 1,168.6 337.8| 1,031.7 333.4| 0.0061 0.0074 114.0| 0.074 0.081
4| 314.1 144.1| 177.7 136.6| 0.0121 0.0018 57.1| 0.195 0.017
0| 136.8 16.8 0.0 0.0/0.0089 0.0011 78.3| 0.245 0.014
16|1,436.1 0.0|1,316.8 6.3|0.0000 0.0000 0.005 0.005
! 8/1436.1 0.0/1,316.8 6.3|0.0000 0.0000 0.002 0.002
S 411436.1 0.0/1,316.8 6.3|0.0000 0.000 0.002 0.002
x 2| 1718 64.3 52,5 65.0{0.0174 0.0019 39.8| 0.288 0.023
0| 1193 6.3 0.0 0.0]0.0167 0.0011 41.4| 0.308 0.024

Page83



Hélene Heérault Cardiff University 2019
Table 3-91 Continued
Lag phase
= duration Lag phase | Growth rate i | Doubling

& | CHX (min) delay (min) (min) time ty> | ODsoonm max
(ug/mL) | Mean SD | Mean SD | Mean SD (min) Mean SD
8(1436.1 0.0]/1,311.3 6.6]0.0000 0.0000 0.002 0.002
© 411,436.1 0.0]1,308.7 4.5|0.0000 0.0000 0.001 0.001
& | 0.0625] 125.0 6.8 0.2 0.5]0.0172 0.0030 40.3| 0.300 0.014
< 1 0.03125 1252 7.0 0.4 1.1/0.0173 0.0028 40.1| 0.296 0.008
0| 1248 6.6 0.0 0.0/0.0175 0.0028 39.5| 0.279 0.004
8/1436.1 0.0/1,329.2 5.6|0.0000 0.0000 0.001 0.002
® 411,436.1 0.0]1,328.9 5.2|0.0000 0.0000 0.002 0.003
S 2| 139.3 36.9 32.3 34.5/0.01F 0.0018 50.7| 0.260 0.013
* | 0.03125| 1069 5.6 0.0 0.0/0.0131 0.0011 52.9| 0.288 0.009
0| 1069 5.6 0.0 0.0/0.0137 0.0010 50.7| 0.274 0.012
8(1436.1 0.0/1,329.6 9.5|0.0000 0.0000 0.002 0.003
f_? 411,436.1 0.0{1,329.6 9.5|0.0000 0.0000 0.003 0.002
> 2| 162.7 76.3 56.2 70.4|0.0122 0.0022 57.0| 0.246 0.016
0| 1065 95 0.0 0.0]/0.0114 0.0017 60.7| 0.247 0.012
16]1,436.1 0.0]/1,329.9 4.7|0.0000 0.0000 0.005 0.009
8 8(1,436.1 0.0/1,329.9 4.7|0.0000 0.0000 0.001 0.002
§' 4| 585.0 64.5| 477.7 61.9]|0.0155 0.0011 44.9| 0.244 0.013
0| 106.2 4.7 0.0 0.0]/0.0152 0.0012 45.5| 0.297 0.012
16|1,436.1 0.0|1,306.4 10.2|0.0000 0.0000 0.003 0.005
c,\}l 8(1436.1 0.0|1,306.4 10.2|0.0000 0.0000 0.002 0.003
< 4| 4595 224.6| 330.2 227.1| 0.0163 0.0017 42.5| 0.245 0.008
0| 129.7 10.2 0.0 0.0/0.0158 0.0011 43.8| 0.281 0.007
16| 1,436.1 0.0|1,296.0 32.6|0.0000 0.0000 0.004 0.005
8(1,436.1 0.0]1,296.0 32.6|0.0000 0.0000 0.001 0.001
af 4| 4925 299.6| 352.4 267.0| 0.0206 0.0014 33.6| 0.228 0.010
> 2| 140.1 326 0.0 0.0/0.0172 0.0009 40.6| 0.280 0.005
0.0625, 140.1 32.6 0.0 0.0]0.0158 0.0001 43.9| 0.303 0.002
0| 140.1 326 0.0 0.0]/0.0163 0.0004 42.5| 0.291 0.001
16|1,436.1 0.0|1,311.1 10.8|0.0000 0.0000 0.002 0.002
8(1436.1 0.0/1,311.1 10.8|0.0000 0.0000 0.003 0.003
4(1,436.1 0.0(1,311.0 11.0| 0.0000 0.0000 0.003 0.001
2| 181.0 54.0 56.0 56.1|0.0123 0.0006 56.4| 0.273 0.016
8, 1| 1253 10.7 0.3 0.6|0.0108 0.0006 64.2| 0.280 0.012
> 0.5| 125.0 10.8 0.0 0.0]0.0105 0.0006 65.8| 0.285 0.011
0.25| 125.0 10.8 0.0 0.0|0.0105 0.0007 66.2| 0.286 0.011
0.125| 125.0 10.8 0.0 0.0]0.0106 0.0007 65.2| 0.284 0.011
0.0625/ 125.0 10.8 0.0 0.0/0.0112 0.0011 61.9| 0.277 0.011
0| 125.0 10.8 0.0 0.0]/0.0129 0.0016 53.9] 0.261 0.007
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Table 3-97 Continued

Lag phase

= duration Lag phase | Growth rate i | poubling
& | CHX (min) delay (min) (min) time ty> | ODsoonm max
(ug/mL) | Mean SD | Mean SD | Mean SD (min) Mean SD
16]1,436.1 0.0]1,334.3 15.8|0.0000 0.0000 0.001 0.002
Q. 8/1,436.1 0.0|1,334.3 15.8|0.0000 0.0000 0.001 0.002
g 411,137.2 409.4| 1,035.4 418.3| 0.0064 0.0090 107.7| 0.097 0.132
0| 101.8 15.8 0.0 0.0] 0.0181 0.0014 38.4| 0.300 0.010
16|1,436.1 0.0]1,326.4 13.9|0.0000 0.0000 0.003 0.004
UHP 8/1,436.1 0.0|1,326.4 13.9|0.0000 0.0000 0.002 0.002
> 4| 8914 499.6/ 781.6 503.0| 0.0121 0.0096 57.2| 0.142 0.115
0| 109.7 13.9 0.0 0.0] 0.0209 0.0008 33.2| 0.288 0.008
16|1,436.1 0.0]1,311.0 12.6|0.0000 0.0000 0.002 0.001
$ 8/1,436.1 0.0|1,311.0 12.6| 0.0000 0.0000 0.001 0.002
> 4| 388.7 63.5| 263.7 71.5|0.0127 0.0015 54.8| 0.165 0.004
0| 1251 126 0.0 0.0] 0.0122 0.0012 56.9| 0.237 0.008
8(1,436.1 0.0|1,311.3 20.4|0.0000 0.0000 0.000 0.000
E?' 411,436.1 0.0|1,313.3 24.4|0.0000 0.0000 0.003 0.001
2 2| 166.4 30.3 41.7 19.4|0.0133 0.0009 52.1| 0.259 0.017
0| 1248 204 0.0 0.0] 0.0140 0.0011 49.7| 0.279 0.018
16|1,436.1 0.0]1,265.0 27.9|0.0000 0.0000 0.001 0.001
$ 8/11,436.1 0.0|1,265.0 27.9|0.0000 0.0000 0.003 0.004
:% 4| 632.0 101.7| 445.3 111.2|0.0118 0.0010 58.5| 0.185 0.008
0| 1711 27.9 0.0 0.0] 0.0101 0.0016 68.4| 0.210 0.014
16|1,436.1 0.0]1,308.6 18.7|0.0000 0.0000 0.003 0.003
% 8/1,436.1 0.0|1,308.6 18.7|0.0000 0.0000 0.003 0.002
> 4| 825.4 247.2| 694.7 257.4|0.0178 0.0021 38.9| 0.220 0.011
0| 1275 18.7 0.0 0.0] 0.0162 0.0013 42.8| 0.270 0.005
8/1,436.1 0.0|1,312.9 10.8|0.0000 0.0000 0.002 0.001
o 411,436.1 0.0|1,312.0 11.6|0.0000 0.0000 0.001 0.000
S 2| 1276 4.3 4.4 6.6| 0.0151 0.0002 45.9| 0.251 0.006
x 0.03125| 123.2 10.8 0.0 0.0 0.0142 0.0009 49.0| 0.283 0.006
0| 123.2 10.8 0.0 0.0] 0.0153 0.0006 45.4| 0.271 0.007
8/1,436.1 0.0|1,319.3 19.6| 0.0000 0.0000 0.001 0.001
411,436.1 0.0|1,319.3 19.6| 0.0000 0.0000 0.003 0.005
% 0.125| 116.8 19.6 0.0 0.0] 0.0182 0.0019 38.0| 0.279 0.005
< | 00625 116.8 19.6 0.0 0.0] 0.0181 0.0014 38.3| 0.281 0.004
0.03125| 116.8 19.6 0.0 0.0] 0.0183 0.0010 37.9| 0.280 0.005
0| 116.8 19.6 0.0 0.0] 0.0182 0.0018 38.0] 0.269 0.004
< 161,436.1 0.0]1,321.9 9.0|0.0000 0.0000 0.004 0.005
o 8/1,436.1 0.0|1,321.9 9.0| 0.0000 0.0000 0.003 0.002
> 4| 917.4 479.0/ 8024 483.6| 0.0074 0.0068 93.6| 0.180 0.157
0| 1142 9.0 0.0 0.0] 0.0115 0.0011 60.3| 0.323 0.017
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Table 3-91 Continued
Lag phase
= duration Lag phase | Growth rate i | Doubling
& | CHX (min) delay (min) (min) time tyz | ODsoonm max
(ug/mL) | Mean SD | Mean SD | Mean SD (min) Mean SD
16|1,436.1 0.0|1,309.1 10.7|0.0000 0.0000 0.003 0.003
$ 8(/1436.1 0.0]1,307.1 11.0|0.0000 0.0000 0.006 0.007
2 4| 373.3 99.7| 246.2 101.8| 0.0139 0.0022 49.9| 0.193 0.011
0| 127.0 10.7 0.0 0.0]0.0102 0.0Q15 68.0| 0.240 0.015
o 16|1,436.1 0.0|1,308.8 10.3|0.0000 0.0000 0.006 0.005
S 8(1,129.3 184.0| 1,001.7 189.4| 0.0100 0.0060 69.4| 0.098 0.060
x 0| 127.3 10.3 0.0 0.0/0.0113 0.0012 61.6| 0.225 0.017
3 811436.1 0.0/1,305.3 2.3|0.0000 0.0000 0.002 0.003
E_' 4| 4374 28.8| 306.7 31.1|0.0157 0.0027 44.1| 0.196 0.009
< 0| 1308 23 0.0 0.0]/0.0126 0.0017 54.9| 0.240 0.007
32/1,436.1 0.0]1,319.8 6.1|0.0000 0.0000 0.016 0.006
S 16|1,436.1 0.0|1,319.8 6.1|0.0000 0.0000 0.009 0.006
E_' 8 1,220.3 256.5| 1,1040 259.8| 0.0045 0.0049 154.5| 0.102 0.106
X 4| 303.0 7.4 186.7 9.4|0.0143 0.0009 48.3| 0.251 0.005
0| 1163 6.1 0.0 0.0]/0.0118 0.0004 58.6| 0.299 0.005
~ 16|1,436.1 0.0|1,322.4 0.8]|0.0000 0.0000 0.008 0.009
= 8(1436.1 0.0]1,320.6 3.9|0.0000 0.0000 0.006 0.002
Q— 4| 333.7 629 220.0 63.3|0.0148 0.0028 46.7| 0.165 0.019
0| 1137 0.8 0.0 0.0]/0.0087 0.0011 79.4| 0.103 0.014
o 811436.1 0.0/1,336.1 5.1|0.0000 0.0000 0.022 0.032
= 411,436.1 0.0{1,335.0 5.7|0.0000 0.0000 0.020 0.029
fz— 2| 1200 24.1 20.0 21.5{0.0119 0.0024 58.2| 0.284 0.010
0| 1000 51 0.0 0.0/0.0119 0.0011 58.1| 0.291 0.008
N 16|1,436.1 0.0|1,324.6 6.2|0.0000 0.0000 0.006 0.006
3 8(/1,436.1 0.0/1,324.6 6.2]|0.0000 0.0000 0.005 0.001
Q— 4| 458.6 52.3| 347.1 50.3|0.0172 0.0009 40.3| 0.226 0.005
0| 1115 6.2 0.0 0.0]/0.0124 0.0018 55.8| 0.271 0.003
< 16|1,436.1 0.0|1,316.7 16.1| 0.0000 0.0000 0.007 0.006
3 811436.1 0.0/1,316.7 16.1|0.0000 0.0000 0.006 0.003
f;’- 4| 490.2 18.7| 370.7 18.2|0.0192 0.0009 36.1| 0.234 0.009
0| 1194 16.1 0.0 0.0]0.0122 0.0010 56.6| 0.264 0.004
16|1,436.1 0.0|1,336.4 6.3|0.0000 0.0000 0.003 0.003
© 811436.1 0.0/1,336.4 6.3|0.0000 0.0000 0.004 0.001
‘:-3_' 411,436.1 0.0{1,336.4 6.3|0.0000 0.0000 0.008 0.002
X 2| 1228 14.1 23.1 20.2|0.0141 0.0019 49.2| 0.269 0.012
0 99.7 6.3 0.0 0.0]0.0127 0.0006 54.6| 0.275 0.002
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Table 3-97 Continued

Lag phase

= duration Lag phase | Growth rate i | Doubling
& | CHX (min) delay (min) (min) time tyz | ODsoonm max
(ug/mL) | Mean SD | Mean SD | Mean SD (min) Mean SD
% 16|1,436.1 0.0|1,283.9 18.6|0.0000 0.0000 0.006 0.008
< 8(1436.1 0.0]1,283.9 18.6|0.0000 0.0000 0.001 0.002
) 4| 3223 20.6/ 170.0 35.5|0.0055 127.1| 0.030 0.009
0 2| 160.2 32.9 8.0 19.6|0.0136 0.0015 51.0| 0.071 0.006
‘g_‘ 1| 152.2 18.6 0.0 0.0]0.0139 0.0015 49.9| 0.080 0.005
X 0| 152.2 18.6 0.0 0.0]0.0127 0.0020 54.6| 0.094 0.008
% 16|1,436.1 0.0|1,103.8 6.3|0.0000 0.0000 0.007 0.009
S 8/1436.1 0.0/1,103.8 6.3|0.0000 0.0000 0.001 0.002
S 4| 624.3 885 292.0 924]|0.0145 0.0020 47.8| 0.146 0.012
5 2| 396.3 121 64.0 7.2]0.0102 0.0014 67.8| 0.166 0.012
E_ 1| 3376 3.2 53 6.5/0.0107 0.0013 64.5| 0.182 0.007
% 0| 3323 6.3 0.0 0.0]0.0102 0.0004 68.1] 0.201 0.008
© 16|1,436.1 0.0|1,289.5 20.5|0.0000 0.0000 0.002 0.0®
Y 811,436.1 0.0/1,294.0 19.5|0.0000 0.0000 0.004 0.004
Q— 4| 404.6 35.0{ 258.0 23.7|0.0153 0.0017 45.4| 0.220 0.005
0] 146.6 20.5 0.0 0.0/0.0123 0.0003 56.5| 0.278 0.012
© 8(1436.1 0.0/1,334.3 4.0|0.0000 0.0000 0.030 0.030
9 411,436.1 0.0(1,334.3 4.0|0.0000 0.0000 0.025 0.022
Q— 2| 1138 17.3 12.0 13.9/0.0188 0.0046 36.9| 0.269 0.025
0] 1018 4.0 0.0 0.0]0.0201 0.0019 34.5| 0.278 0.008
~ 16| 1,436.1 0.0|1,326.5 3.0/ 0.0000 0.0000 0.004 0.003
3 811436.1 0.0/1,326.5 3.0|0.0000 0.0000 0.003 0.002
Q— 4| 3354 14.7| 225.8 12.0|0.0155 0.0022 44.9| 0.246 0.002
0] 109.6 3.0 0.0 0.0/0.0127 0.0015 54.8| 0.327 0.003
3211,436.1 0.0/1,331.8 6.0|0.0000 0.0000 0.005 0.008
16|1,436.1 0.0|1,331.8 6.0|0.0000 0.0000 0.005 0.008
2 8/1436.1 0.0/1,331.0 6.3|0.0000 0.0000 0.001 0.001
E_' 4| 219.0 23.5| 114.7 22.7|0.0192 0.0035 36.0] 0.226 0.013
x 2| 1043 6.0 0.0 0.0/0.0170 0.0011 40.8| 0.261 0.006
1| 1043 6.0 0.0 0.0/0.0170 0.0011 40.8| 0.268 0.008
0| 1043 6.0 0.0 0.0]0.0160 0.0010 43.3| 0.287 0.005
16]1,436.1 0.0|1,296.2 12.7|0.0000 0.0000 0.000 0.000
0 811436.1 0.0/1,296.2 12.7|0.0000 0.0000 0.003 0.002
] 4| 397.2 85.3| 257.3 86.1|0.0153 0.0020 45.4| 0.167 0.007
Q— 2| 1479 20.6 8.0 9.8/0.0125 0.0011 55.5| 0.197 0.006
0.0625, 139.9 127 0.0 0.0|0.0110 0.00a8 63.1| 0.219 0.005
0] 1399 127 0.0 0.0]/0.0111 0.0005 62.7| 0.210 0.003
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3.3.2.2.1 Differencesn MICs between assays

The CHX MICs obtained with the Bioscreen assay are summarisgable 3-10,
alongside the values previgly determined in 9vell plates. Significant differences
bet ween bot h me-tesh p<d®.85)wWekiolberved & pnpumsniadTCC
13883 (foldchange: 2.8), K{¥ (1.5), Kp26 (2.0), Kp63 (2.0), Kp69 (2.0), Kp99 (1.8)
and Kp101 (2.0), withhigher MICs obtained with the Bioscreen assay.

Table 3-10. Differences between CHX MICs obtained with the 9&vell plate and the
Bioscreen assays for th&. pneumoniaereference strain and clinical isolates.

MICs were determined at least in triplicatee3n Significant differences (twaay
ANOVA f ol | owe d-tebtypy<0Db) dra ikdicated pm baddtand red.

96-well plate assay| Bioscreen assay
CHX MIC CHX MIC
pg/mL pg/mL
Strain Mean SD Mean SD

K. pneumoniae

ATCC 13883 1.42 0.41 4.00 0.00
Kp-1 8.00 0.00 8.00 0.00
Kp-7 8.00 0.00 12.36 4.18
Kp-13 6.67 2.31 4.00 0.00
Kp-16 4.00 0.00 4.00 0.00
Kp-18 4.00 0.00 4.00 0.00
Kp-19 2.67 1.15 4.00 0.00
Kp-20 4.00 0.00 4.00 0.00
Kp-22 3.33 1.15 4.00 0.00
Kp-26 4.00 0.00 8.00 0.00
Kp-27 8.00 0.00 8.00 0.00
Kp-28 8.00 0.00 8.00 0.00
Kp-30 3.33 1.15 4.00 0.00
Kp-45 6.67 2.31 5.60 2.19
Kp-51 5.33 2.31 6.67 2.07
Kp-58 8.00 0.00 8.00 0.00
Kp-61 2.00 0.00 4.00 0.00
Kp-63 4.00 0.00 8.00 0.00
Kp-69 4.00 0.00 8.00 0.00
Kp-79 2.00 0.00 4.00 0.00
Kp-85 2.00 0.00 4.00 0.00
Kp-88 2.67 1.15 4.00 0.00
Kp-94 4.00 0.00 6.40 2.19
Kp-96 8.00 0.00 8.00 0.00

Page88



Chapter 3- Links between susceptibility between biocides and antdsoti

Table 3-107 Continued

96-well plate assay| Bioscreen assay
CHX MIC CHX MIC
pg/mL pg/mL
Strain Mean SD Mean SD
Kp-99 8.00 0.00 14.40 3.58
Kp-101 4.00 0.00 8.00 0.00
Kp-106 10.67 4.62 12.00 4.38
Kp-107 8.00 0.00 8.00 0.00
Kp-109 3.33 1.15 4.00 0.00
Kp-112 6.67 2.31 8.00 0.00
Kp-114 6.67 2.31 8.00 0.00
Kp-115 4.00 0.00 4.00 0.00
Kp-118 2.00 0.00 2.00 0.00
Kp-125 8.00 0.00 8.00 0.00
Kp-126 8.00 0.00 8.00 0.00
Kp-136 4.00 0.00 4.00 0.00
Kp-147 8.00 0.00 8.00 0.00
Kp-149 8.00 0.00 8.00 0.00
Kp-155 8.00 0.00 8.00 0.00

3.3.2.2.2 Impacton the maximum Odgonm

The detailed results obtained for each isolategaoeiped in appendi¥Ill, and

statistically significant results presented Tiable 3-9 (page 83). The highest ORBoonm

measured during the growth was recorded and reported @sn@Dax for the 38 selected

clinical isolates and the reference strain. For all the strains, theax was obtained

at the beginningfahe plateau phase. Within each strain, theséda max values obtained

when exposed to each tested concentration were compared to the comtiiobn, i.e. the

strain growing in R2A only (@ig/mL CHX). All K. pneumoniaeasolates reached QBynm

max ranging from 0.200 to 0.340 approximately, exceptlBp and Kpl25 (first growth

phase only) for which the Qbhnmmax was lower (approximately 0.100).

For 12/39 isolates (K, Kp-13, Kp-19, Kp-20, Kp-22, Kp-61, Kp-63, Kp-85, Kp-

109, Kp115, Kp118 and Kp136), the Olgonm max was not impacted by the CHX

concentrations they were exposedtofeaney A NOV A

except for concentrations corresponding to their MIChmiva.

Regarding

observed

at t

-grdwths t var habl| ea

foll owed by

he concentration to

S i g &ohmmaixavasn t

whi ¢ h
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p<0.05). For Kp26, Kp-27, Kp-58, Kp-69, Kp-79, Kp-96, Kp-101, Kp112, Kpl114, Kp-
126, Kp147 and Kp7, exposurdo CHX concentrations corresponding to half their MIC

significantly decreased their @f3nmmax. This observation was extended to 1/4 and 1/8 of
their MICs as well for Kgl25 (for both phases) and Kig9. On the contrgtr the ORoonm
max observed when exped to half its MIC significantly increased for H7.

Regarding the other isolates, there seemed to be a tendency where;dfis @BX
measured in CHXree media was significantly lower than when the bacteria wengigg
in CHX-containing R2A. The refence strainK. pneumoniaéATCC 13883, harboured a
significantly higher Olghonmmax when growing in R2A containing CHX at concentrations
below half its MIC (2ug/mL) when compared to CHKee media. A similar phenomemo
was observed for K80, and, to adsser extent, for kft6, Kp-18, Kp-28, Kp-79, Kp-88 and
Kp-155.

3.3.2.2.3 Impacton the lag phase duration

The detailed results obtained for each strain gamiped in appendix VIII, and
statistically significant differences iad phase duration are highlightedTiable 3-9 (page
83). The lag phase durations measured fohéagpneumoniaésolate tested under different
CHX exposure conditions (CHX concentratsoexpressed as a fraction of their CHX MIC)
are presented ifigure 3-5. Whenno growth was observed, the lag phase duratiaa w
considered as equal to 1,43éin, corresponding to the last time point where thesdoHa
was measwd. For each strain, the lag phdseation measured for each CHX concentration
was compared to growth in the CHd¥ee R2A (Oug/mL CHX).
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Figure 3-5. Changes in lag phase duration ii. pneumoniaasolates depending on CHX
concentrations exyressed as fractions of the organisis MIC.

Experiments were carried at least in triplic&te3) and reported results correspond to mean
values and standard deviatior§. pneumoniaeisolates segregated into three different
clusters:gtbwt hvatrabhe” (red), for whicl
concentrations correspondirig approximately half of their MIC values; the strains for
which significant changes indaphase duration eve obtained, mostly when exposed to
concentrations corresponding to half their MICs (black); the strains for which no significant
difference in lg phase duration was measured across the different CHX concentrations

investigated (blue).

In the cases of K16, Kp-20, Kp-22, Kp-79, Kp-85, Kp-88, Kp-109 and Kpl18
(blue isolates ifrigure3-5), the exposure to X did not haveany impact on the lag phase
duration (onew a y ANOVA f ol | owe d -tedt;yp>0D5), nexcept tfor s

concentrations corresponding to their MICs or above.

Regardi ng -g hewt k aed isoltesarsidure 3-5), thelag phase
duration was signi fi c atest; b<p.05ewhereexmpbsed to th® u r
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concentration at which the variability in growth was observed (phenomenon observed as
well at the following dilution for Kp7 and Kp-106). For most strains (239; black isolates

in Figure3-5), including the reference strakh pneumoniaéATCC 13883, the duration of

the lag phase was signifialy increased when exposed to concentratammsesponding to

half their MICs, up to approxintaely 700min delay when compared to CHXee R2A for

Kp-69. Regarding K25, the lag phase was also significantly longer when exposed to a
quarter of its MIC wikn considering the second growth phase only.

3.3.2.2.4 Impact on thegrowthrate

Growth rates measuredrfall the investigate&. pneumoniaésolates are presented
in appendix VIII. Fora majority of isolates (23/39), including the reference strain
K. pneumoniaéATCC 13883, exposure to CHX concentrations lotemn their MICs did
not have any significant inggt on their growth rate when compared to the Gké control
(0 pyg/mL CHX). Without CHX, the growth rates measured ranged from 0.6087 for
Kp-7 (correspondingik: 79.4min) to 0.0209 mirt for Kp-51 (t/2: 33.2min).

Regarding -ghewt hasinbies”, the growth rate
concentration tawhich variablity was observed was significantly lower than in Cift&e
R2A, with the exception of K99 where no difference was observétie results obtained
for the following statistically significant differences observedgoriped inrable3-9 (page
83). When exposed toalf their MICs, Kp7, Kp-28, Kp-96, Kp-107, Kp112, Kp-114, Kp
125 (second growth phase), @6, Kp147, Kp149 and Kpl55 harboured a significantly
higher growh rate than in R2A only. However, it was significantly decreased when
considering the first growth phase of @5 (for which only one replicate wabtained).
Kp-30 had a significantly higher growth rate when growing in Cir&€ R2A than when
exposed to GX, except when exposed to half its MIC where there was no significant

difference.

The comparisons between the growth rates measured for thaldsoiates and the
reference strairk. pneumoniaeATCC 13883are grouped in appendix IX; statistically
significant differences observed are presentdéigure3-6. Whenboth a clinical strain and
the reference strain were able to grow, there was no or almost no significant difference
( Si d a ktéesg p>p.@bksbetween their growth mfer 21/38 clinical strains. Regarding
Kp-1, Kp-13, Kp-16, Kp-20, Kp-26, Kp-28, Kp-45, Kp-51, Kp-69, Kp-79, Kp-88, Kp-136
and Kp149, these isolates harboured significantly higher growth rates than the reference
strain when growing in CHXontaining R2A §i d a k “test; px@0%)t Few isolates
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(Kp-7, Kp-63, Kp96, Kp-107 and Kpl25 fa its second growth phase only) displayed
significantly lower growth rates that. pneumoniaeATCC 13883 when growing in R2A
containing different pdStespes0OdB).centrati ons |
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Figure 3-6. Comparison between the growth rates measured for the clinical isolates and
the reference strain K. pneumoniae ATCC 13883 when exposed to different sub

inhibitory concentratio ns of CHX.

Experiments were carried at least in triplicates3{n Data points regsent the mean of the
different replicates and bars represent the corresponding SD. Only isolates presenting
significant differences when compared to the reference stragaway ANOVA followed

by Si d atdst)ae digplaged in this figure. *: p<8,0*: p<0.01, ***: p<0.001, ****:
p<0.0001.
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Figure 3-61 Continued

3.3.2.3 Escherichia colisolates

The detailed results obtained for tBecoli reference strain and clinical isolates are
presentedn appendix X. Results obtained for strains harbouring statistically significant

differences for anyf the parameters investigated are highlighte@iahle3-11.
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Table 3-11. Resultsobtained from the growth curves study for theE. coli isolates.

Experiments were caed at least irriplicate for each condition &8). Values in bold and

red corresponded to significant differences (ana y

ANOVA

f ol

| owe-d

by

test; p<0.05) observed when compared to the @td® R2A growth condition (pg/mL

CHX). Only isolates and conceations at which significant dérences for at least one of

the investigated parameters are displayed, alongside with the control condition. For

“var-gabiveh

strai

ns )

t he

concentration

at

highlighted in oange. Statistical analyses waret performed on doubling times as they

were inferred from the mean growth rate vall&3: standard deviation

Lag phase
-% duration Lag phase | Growthrate i | Doubling
& | CHX (min) delay (min) (minh) time t, | ODsoonm Mmax
(ug/mL) | Mean SD | Mean SD | Mean SD (min) Mean SD
© 811436.1 0.0/1,321.7 15.5/0.0000 0.0000 0.030 0.027
9 411,436.1 0.0(1,321.7 15.5|0.0000 0.0000 0.027 0.025
,_,dj 2| 1478 51.7 33.3 38.3|0.0133 0.0028 52.1| 0.222 0.022
0| 1144 155 0.0 0.0/0.0140 0.0027 49.4| 0.221 0.004
o 8|1436.1 0.0/1,321.7 9.0|0.0000 0.0000 0.019 0.021
9 411,436.1 0.0(1,321.7 9.0| 0.0000 0.0000 0.027 0.030
L,dj 2| 133.8 283 19.3 21.5/0.0144 0.0047 48.3| 0.229 0.018
0] 1144 9.0 0.0 0.0/0.0147 0.0025 47.0| 0.238 0.011
o 8/1436.1 0.0/1,321.7 11.4|0.0000 0.0000 0.020 0.021
st 411,436.1 0.0(1,321.7 11.4|0.0000 0.0000 0.028 0.028
,_,"j 2| 301.1 166.9| 186.7 159.5/0.0143 0.0017 48.4| 0.211 0.015
0| 1144 114 0.0 0.0/0.0134 0.0026 51.7| 0.229 0.008
811436.1 0.0/1,326.3 4.0|0.0000 0.0000 0.002 0.002
5 411436.1 0.0(1,326.3 4.0/ 0.0000 0.0000 0.002 0.002
E 211436.1 0.0/1,326.3 4.0|0.0000 0.0000 0.006 0.003
L 1| 109.8 4.0 0.0 0.0/0.0145 0.0005 48.01 0.219 0.004
0] 109.8 4.0 0.0 0.0/0.0129 0.0003 53.5| 0.221 0.005
811436.1 0.0/1,306.3 4.0|0.0000 0.00® 0.004 0.002
411,436.1 0.0|1,306.3 4.0|0.0000 0.0000 0.006 0.004
© 2| 1431 23 13.3  2.3/0.0130 0.0017 53.2| 0.212 0.006
® 0.25| 1298 4.0 0.0 0.0/0.0118 0.0017 58.8| 0.236 0.003
,_,dj 0.125| 129.8 4.0 0.0 0.0]0.0115 0.0014 60.5| 0.237 0.003
0.0625| 129.8 4.0 0.0 0.0/0.0116 0.0018 59.5| 0.234 0.005
0.03125 129.8 4.0 0.0 0.0]0.0121 0.0019 57.3| 0.232 0.006
0] 129.8 4.0 0.0 0.0]0.0124 0.0014 55.9| 0.218 0.010
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Table 3-117 Continued
Lag phase
= duration Lag phase | Growth rate 4 | Doubling
& | CHX (min) delay (min) (min) time ty> | ODsoonm max
(ug/mL) | Mean SD | Mean SD | Mean SD (min) Mean SD
811436.1 0.0/1,315.7 6.1|0.0000 0.0000 0.005 0.006
411,436.1 0.0{1,315.7 6.1|0.0000 0.0000 0.002 0.004
211436.1 0.0/1,315.7 6.1]0.0000 0.0000 0.011 0.002
Py 05| 1204 6.1 0.0 0.0/0.0130 0.0016 53.1| 0.240 0.004
5 0.25| 1204 6.1 0.0 0.0(0.0129 0.0017 53.9| 0.245 0.002
- 0.125| 1204 6.1 0.0 0.0/0.0124 0.0017 56.1| 0.244 0.001
0.0625| 1204 6.1 0.0 0.0/0.0119 0.0017 58.2| 0.246 0.002
0.03125| 1204 6.1 0.0 0.0/0.0124 0.0017 56.1| 0.247 0.003
0| 1204 6.1 0.0 0.0/0.0143 0.0019 48.5| 0.228 0.003
411,436.1 0.0]1,330.6 10.3|0.0000 0.0000 0.004 0.003
%0 211436.1 0.0/1,331.1 10.2|0.0000 0.0000 0.016 0.007
5 1| 1125 109 7.0 14.0/0.0123 0.0003 56.2| 0.201 0.007
L 0.125| 1055 10.3 0.0 0.0]/0.0113 0.0014 61.3| 0.200 0.010
0| 1055 10.3 0.0 0.0]/0.0111 0.0014 62.6| 0.184 0.009
411436.1 0.0{1,327.3 5.5|0.0000 0.0000 0.006 0.003
2 211436.1 0.0/1,328.1 4.8|0.0000 0.0000 0.016 0.006
5 0.125| 108.8 55 0.0 0.0]/0.0113 0.0008 61.5| 0.149 0.011
- 0.0625| 108.8 55 0.0 0.0/0.0114 0.0011 61.0| 0.148 0.008
0| 1088 55 0.0 0.0]/0.0133 0.0014 52.0/ 0.157 0.012
~ 16|1,436.1 0.0|1,309.9 8.7|0.0000 0.0000 0.002 0.003
I 8/1436.1 0.0/1,309.9 8.7|0.0000 0.0000 0.001 0.002
,_,dj 4| 797.6 699.5| 671.4 703.4| 0.0077 0.0088 89.8| 0.108 0.116
0| 126.2 8.7 0.0 0.0]0.0140 0.0012 49.5| 0.231 0.005

3.3.2.3.1 Differences inrMIICs between assays

CHX MICs determined with the Bioscreen assay and the previowgeB@late

determnation aregrouped inTable3-12. Despitea tendency towards higher values with the

Bioscreen assay, no significant differences between the MICs obtained with both methods

wer e
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Chapter 3- Links between susceptibility between biocides and antdsoti

Table 3-12. Differences between CHX MICs obtained with the 94vell plate and the
Bioscreen assays for th&. coli reference strain and clinical isolates.

MICs were determined at least in triplicatee3n No significant dferences (tweway
ANOVA f ol | owe d-tebtyp>0®%b) dverekobservepd besveen both outsSD:
standard deviatian

96-well plate assay| Bioscreen assay
CHX MIC CHX MIC
pg/mL pg/mL
Strain Mean SD Mean SD

E.coli ATCC

25922 1.67 0.33 2.00 0.00
Ec-158 2.00 0.00 4.00 0.00
Ec-161 1.00 0.00 2.00 0.00
Ec-165 4.00 0.00 4.00 0.00
Ec-172 2.00 0.00 2.00 0.00
Ec-180 4.00 0.00 4.00 0.00
Ec-187 2.00 0.00 2.00 0.00
Ec-188 4.00 0.00 4.00 0.00
Ec-191 1.67 0.58 2.00 0.00
Ec-198 1.67 0.58 2.00 0.00
Ec-199 2.00 0.00 2.00 0.00
Ec-207 4.00 0.00 6.00 2.19

3.3.2.3.2 Impact on thenaximunODsoonm

The ODyoonmmax values obtained for each strain and each concentration tested was
compared to the control {@/mL CHX) to see if exposure to CHX had any significant
impact on this parametemhe detailed results obtained for each strain are grouped in
appendix X;Table 3-11 (page 97) highlights strains for which statistically significant
differences were determined. @HX-free R2A, ORoonm max measured for thE. coli
isolates ranged from 0.157 (H®9) to 0.238 (EA.65).

Exposure to suMIC concentrations of CHX did not have any significampact
(oneway ANOVA f ol | o we destpy0.0%) omtime éfohim max fop 8418 t
E. coli strains, including the reference str&ncoli ATCC 25922. A significant difference
was observed forE2 0 7, a -drvawti la bdter ai n”
which variability in growth was observed |i¢/mL). Ec188, Ec191 and E€198 harboured

significantly higher Olgyonmmax values when compared to the Glfi¥e control for some

, COncéngation atx p o

of the CHX concentrations tested, but never when exposed tthaalMICs.
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3.3.2.3.3 Impact on the lag phasturationand delay

The detailed results measured for each isolate are graupagpendixX; an
overview is presentechiFigure 3-7. No significant impact on the lag phase durativhen
isolates were exposed to sMdC concentrations of CHX was detected for a majority of
isolates (8/12blue isolates Regardind=c-207 (red isolate)a significant increase in the lag
phase duration when exposed to the concentration at which leagiadwth was observed
was detected (sekable3-11 page97). Whenexposed to half their MICs, E65, Ec180
and Eel188 (black isolates)harboured a significantly extended lag phaseation
(regpectively 19min, 187minand 13mi n; Dunnett’' s test wit h

1600

1200

Lag phase duration (min)

800
400
C s - & <
0 T T T T T T T T
Q C C C C C < C
D N\ \ \ D \ D
FHITHFFT HS

\bbt \\,,;\o \\\b \\% \\b‘ \\'\» N

CHX concentration relative to organism MIC

—— "Variable-growth strains"
—— Strains with significant differences in lag phase duration
Strains without any impact on lag phase duration

Figure 3-7. Changes in lag phase duration inE. coli isolates depending on CHX
concentrations expressed as fractions of the orgeamé MIC.

Experiments were carried at least in triplicate3nand reported results correspond to mean
values and standard deviatiois.coli isolates segregated into three different clusters: the
“var-gabive h Es207, anred), for Which vaability in growth was observed at
concentration corresponding to approximately halfitef MIC; the strains for which
significant changes in ¢p phase duration &ve obtained, mostly when exposed to

concentrations corresponding to half their MICs (blatg;strains for which no significant
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difference in lag phase duration was measured across the different CHX concentrations

investigated (blue).

3.3.2.3.4 Impact onthe growth rate

The growth rates measured for each strain @esented in appendix X, and
significant results highlighted ifrable 3-11 (page97). In biocidefree environment, the
growth rates measured for the coli isolates ranged from 0.01h3in? (Ec-161;
61.2min) to 0.0147min (Ec-165; t/2: 47 min). The growth rates d&. coli ATCC 25922,
Ec-158, Ee161, Ec165, Ec172, Ec180, Ec188, Ec191 and E€198 were not significantly
impacted by CHX exposure at any of the tested concentrations, except when exposed to the
MICs o above. At 4ug/mL CHX (concentration at which variability in growth was
observed), the growth rate of 207 was significantly decreased when compared to growth
in CHX-free R2A.Ee1 8 7" s growt h rate was significa
its MIC. Ec199 harbared significantly lower growth rates than in R2A only when exposed
to 0.0625 and 0.128g/mL CHX.

The growth rates of each isolate were compared to the ones obtained with the
reference straic. coli ATCC 25922 (appendix Xl). Whehoth thetested clinicaisolate
and the reference strain were able to grow, there was no or almost no significant difference
between their growth rates at the different CEDOncent r ati ons -tdsie st e
p>0.05).

3.3.3 Crossresistance mechanisms between igies and antilgitics

3.3.3.1 Investigation of dypotheticareduced membrane permeability

The CHX MICs for the 49 selected isolates were determined in the presence of
60 ug/mL EDTA. The results angresented iTable3-13for theK. pneumoniaésolates and
in Table3-14for theE. coli strains. A sigificant decrease (Dunnétts -fest; §<005)in
CHX MIC was observed for 22/3K. pneumoniaeand for 7/11E. coli isolates in the
presenceof EDTA; no foldchange> 8.0 was measured (maximum fattlange: 4.8 for
Kp-58).
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Table 3-13. Comparison between CHX MICs with or without addition of EDTA for
K. pneumoniaeclinical isolates.

CHX MICs were determined at least in triplicatee3n CHX MICs in R2A only were
previously measured in chapter 2. CHX MMish addition of EDTA were measured in the
pres@éce of 60ug/mL EDTA. Statistical significance was determined by-imeyy ANOVA
foll owed by -teBtismnifieanttwhes p<p.@sshown in bold and red). No-fold
change higher or equal to 8.0 waeteted. SD: standard deviation

CHX only CHX+EDTA
CHX MIC
CHX MIC (ug/mL) (ng/mL)

Strain Mean SD Mean SD Fold change

Kp-1 8.00 0.00 3.78 0.39 2.1
Kp-7 8.00 0.00 4.00 0.00 2.0
Kp-13 6.67 2.31 3.33 0.00 2.0
Kp-16 4.00 0.00 356 0.77 1.1
Kp-18 4.00 0.00 2.67 0.67 15
Kp-19 2.67 1.15 2.00 0.00 1.3
Kp-20 4.00 0.00 225 0.50 1.8
Kp-22 3.33 1.15 3.11 1.02 1.1
Kp-26 4.00 0.00 3.83 0.34 1.0
Kp-27 8.00 0.00 3.00 0.67 2.7
Kp-28 8.00 0.00 3.67 0.39 2.2
Kp-30 3.33 1.15 156 0.20 2.1
Kp-45 6.67 2.31 3.33 1.15 2.0
Kp-51 5.33 2.31 222 0.39 2.4
Kp-58 8.00 0.00 1.67 0.58 4.8
Kp-61 2.00 0.00 3.33 0.67 0.6
Kp-63 4.00 0.00 4.00 0.00 1.0
Kp-69 4.00 0.00 3.78 0.39 1.1
Kp-79 2.00 0.00 4.00 0.00 0.5
Kp-85 2.00 0.00 289 1.02 0.7
Kp-88 2.67 1.15 355 0.39 0.8
Kp-94 4.00 0.00 3.78 0.39 1.1
Kp-96 8.00 0.00 3.11 1.02 2.6
Kp-99 8.00 0.00 222 0.39 3.6
Kp-101 4.00 0.00 222 0.39 1.8
Kp-106 10.67 4.62 289 0.38 3.7
Kp-107 8.00 0.00 3.56 0.77 2.2
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Table 3-137 Continued

CHX only CHX+EDTA
CHX MIC
CHX MIC (pg/mL) (ug/mL)
Strain Mean SD Mean SD Fold change
Kp-109 3.33 1.15 3.33 0.00 1.0
Kp-112 6.67 2.31 3.33 0.00 2.0
Kp-114 6.67 2.31 355 0.39 1.9
Kp-115 4.00 0.00 3.78 0.39 1.1
Kp-118 2.00 0.00 0.89 0.19 2.2
Kp-125 8.00 0.00 4.00 0.00 2.0
Kp-126 8.00 0.00 3.55 0.39 2.3
Kp-136 4.00 0.00 3.33 1.15 1.2
Kp-147 8.00 0.00 3.78 0.39 2.1
Kp-149 8.00 0.00 711 154 1.1
Kp-155 8.00 0.00 244  0.77 3.3

Table 3-14. Comparison between CHX MICs with or without addition of EDTA for
E. cdi clinical isolates.

CHX MICs were determined at least in triplicatee3n CHX MICs in R2A onlywere
previously measured in chapter 2. CHX MICs with addition of EDTA were measured in the
presence of 6Qg/mL EDTA. Statistical significance was determirmdiwo-way ANOVA
foll owed by -tebBtsmgmfieanttwhea p<p.@sshown in bold and riid) fold-
change higher or equal to 8.0 waetectedSD: standard deviation

CHX only CHX+EDTA
CHX MIC
CHX MIC (ug/mL) (ng/mL)
Strain Mean SD Mean SD Fold change
Ec-158 2.00 0.00 1.50 0.58 1.3
Ec161 1.00 0.00 0.67 0.24 15
Ec-165 4.00 0.00 2.00 0.00 2.0
Ec-172 2.00 0.00 0.88 0.25 2.3
Ec-180 4.00 0.00 0.92 0.17 4.4
Ec-187 2.00 0.00 1.50 0.58 1.3
Ec-188 4.00 0.00 1.61 0.68 2.5
Ec191 1.67 0.58 0.89 0.10 1.9
Ec-198 1.67 0.58 0.58 0.38 2.9
Ec-199 2.00 0.00 1.56 0.51 1.3
Ec-207 4.00 0.00 1.75 0.50 2.3
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3.3.3.2 Investigationof a possible enhanced efflux

CHX MICs were determined ithhe presence of CCCP. These results are summarised
in Table3-15 for K. pneumoniagsolates and iffable 3-16 for E. coli strains. CHX MICs
were found tdbe significantlyd e c r e as e d (-test; pg0.85) in th@respnoesof
CCCP for most stragregardless of the species (37/38&fopneumoniagl0/11 fork. coli).

The foldchange observed was equal to or greater than 8.0 for R1{88&umoniadupto a
33.8fold decrease in CHX MIC for K{i25 in the presence of CCCP) and 1A.Xoli

isolates

Table 3-15. Comparison between CHX MICs with or without addition of CCCP for
K. pneumoniaeclinical isolates.

CHX MICs were determined at least in triplicatee3h CHX MICs in R2A only were
previously measured in chapter 2. CHX MICs with addition of CCCP were measured in the
presence of 20g/mL CCCP, except for K3 where this concentration was decreased to
5ug/mL. Statistical significance was determined hyotwvay ANOVA followed by
Dunn et iestésigmficaat when p<0.05, shown in bold and red). €blshges equal to

or higher than 8.0 were highlightedgreen.SD: standard deviation

CHX only CHX+CCCP
CHX MIC
CHX MIC (pg/mL) (ug/mL)

Strain Mean SD Mean SD Fold change

Kp-1 8.00 0.00 0.83 0.17 9.6
Kp-7 8.00 0.00 042 0.14 19.2
Kp-13 6.67 2.31 0.42 0.09 16.0
Kp-16 4.00 0.00 0.50 0.00 8.0
Kp-18 4.00 0.00 0.78 0.25 5.2
Kp-19 2.67 1.15 039 0.24 6.8
Kp-20 4.00 0.00 0.78 0.25 5.2
Kp-22 3.33 1.15 061 0.33 5.4
Kp-26 4.00 0.00 042 0.21 9.6
Kp-27 8.00 0.00 1.00 0.59 8.0
Kp-28 8.00 0.00 0.92 0.17 8.7
Kp-30 3.33 1.15 0.61 0.10 5.4
Kp-45 6.67 2.31 0.39 0.05 17.1
Kp-51 5.33 2.31 0.33 0.09 16.0
Kp-58 8.00 0.00 1.16 0.29 6.9
Kp-61 2.00 0.00 0.42 014 4.8
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Table 3-157 Continued

CHX only CHX+CCCP
CHX MIC
CHX MIC (pg/mL) (ug/mL)

Strain Mean SD Mean SD Fold change

Kp-63 4.00 0.00 1.00 0.00 4.0
Kp-69 4.00 0.00 0.67 0.29 6.0
Kp-79 2.00 0.00 0.79 0.25 2.5
Kp-85 2.00 0.00 0.50 0.00 4.0
Kp-88 2.67 1.15 0.56 0.23 4.7
Kp-94 4.00 0.00 0.61 0.19 6.6
Kp-96 8.00 0.00 0.28 0.05 28.9
Kp-99 8.00 0.00 094 0.10 8.5
Kp-101 4.00 0.00 0.83 0.00 4.8
Kp-106 10.67 4.62 0.72 0.25 14.7
Kp-107 8.00 0.00 1.00 0.00 8.0
Kp-109 3.33 1.15 0.39 0.13 8.5
Kp-112 6.67 2.31 042 0.14 16.0
Kp-114 6.67 2.31 1.33 0.34 5.0
Kp-115 4.00 0.00 0.72 0.25 5.5
Kp-118 2.00 0.00 0.67 0.30 3.0
Kp-125 8.00 0.00 0.24 0.02 33.8
Kp-126 8.00 0.00 0.72 0.25 11.1
Kp-136 4.00 0.00 0.47 0.05 8.5
Kp-147 8.00 0.00 0.83 0.17 9.6
Kp-149 8.00 0.00 094 0.10 8.5
Kp-155 8.00 0.00 094 0.10 8.5
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Table 3-16. Comparison between CHX MICs with or without addition of CCCP for
E. coli clinical isolates.

CHX MICs were detanined at least in triplicates ¥8). CHX MICs in R2A only were
previously measured in chapter 2. CHX MICs with addition of CCCP mewesured in the
presence of 1Qg/mL CCCP. Statistical significance was determined byway ANOVA
foll owed by -tdBtusignifedant when pg0d) shbwn in bold and red). Feld
changes equal to or higher than 8.0 were highlightegean.SD: sandard deviation

CHX only CHX+CCCP
CHX MIC
CHX MIC (ug/mL) (ng/mL)
Strain Mean SD Mean SD Fold change
Ec-158 2.00 0.00 0.56 0.10 3.6
Ec161 1.00 0.00 0.48 0.17 2.1
Ec-165 4.00 0.00 0.67 0.29 6.0
Ec172 2.00 0.00 0.50 0.00 4.0
Ec-180 4.00 0.00 056 0.10 7.2
Ec-187 2.00 0.00 0.67 0.17 3.0
Ec-188 4.00 0.00 0.50 0.00 8.0
Ec191 1.67 0.58 0.78 0.25 2.1
Ec-198 1.67 0.58 0.48 0.04 3.5
Ec-199 2.00 0.00 0.72 0.25 2.8
Ec-207 4.00 0.00 1.78 0.39 2.3

3.4 Discussion

Data for antibiotic MICqperformed prior to this work) were not available for all
Il sol ates and were, sometimes, expressed in a w
orsy” ) . ibgthese &xtreine values was not considered, as it would have resulted in
the loss of @0 many data points. Converting the MICs into resistant, intermediate or
susceptible status according to the breakpoints provided for Enterobacteriaceae was a

possibility but would have had too big an impact on the accuracy and sensitivity of the test.

Ther ef or e, as Spearman’s test i's based on the
themsel ves, MI Cs <=yx'prwesrsee cc oansv e'r> exd iamtdo ‘* 2x’' a
There are no established criteriansgto measur

making difficult the interpretation atesults Kraemer, 2006 When interpretation criteria
were detailed in the literature, studies did not s¢ée@magree on thresholds discriminating
weak, moderate and strong correlations, e.g. strong correlations correspondstgpresr
higher than either 0.3, 0.5, or 0.7 in absolute valGesdn, 1978; Chowt al, 1989; Koljalg
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et al, 2002; Lambert, 2004; Condeilt al,, 2012; Mukaka, 2012; Lavilla Lernet al, 2015;
Oggioniet al, 2015; Romercet al, 2017. For this work, the interpretation critetaed was
adapted from similar studies where Spear

of the Spearman’s test) tests were uocsed
antibiotics and biocided &villa Lermaet al, 2015; Oggioniet al, 2015; Romeraet al,

2017. It is however important to bear in mind that correlations do not involve causality, and
do not constitute a proalf crossresistance for example, only an indication of a potential
link (Chow et al, 1989. Regarding tk currentstudy, a bias irthe establishment of
correlations could be that all the investigated microorgasiiwere multidrug resistant and
carbapenemase producettserefore harbouring elevated antibiotic MICs for a wide range
of compounds Moreover, for some of the syimpulatiors investigated (based on the
carbapenemase produced), the number of isolates tateaccount for the calculation of

the Spearman’s r scores were | owealiVIM-Vven
producer sulgroup containing only three istées, where a minimum of five was necessary

for the calculation with Prisr@raphPd 5.0 for Windows

For both species, independently of the carbapenemase produced, positive
correlations were found between some biocides, especially between cationic compounds
and to some extent between heavy metals, which could be expected consi@arsimilar
chemical properties. However, conflicting reports have been published, some indicating a
correlation between similar compounds, e.g. BZC @htK (Braoudaki & Hilton, 2004;
Gadeaet al, 2017a; Gadeat d., 2017b; Kampf, 2018; Wandt al, 2019, and others
showing no link between thenkRémeroet al, 2017; Wancet al, 2017; Shepherdt al,

2018. Crossresistance mechanisms can arise when antimicrobials altarget, an entry
route or a mechanism of actioRefnandezuenteset al, 2019. For example, BZC and
CHX, despitehaving different mechanisms of action, interact both with the bacterial outer
membrane (which harbours atmeegative charge) and displace the divalent cations within
(Gilbert & Moore, 2005; Ortega Moreng¢ al, 2013. Several mechanisms, including efflux

for BZC, CHX (e.g. AcrABToIC, Qac proteins, CepAoole, 2005; Jaglic & Cervinkova,
2012; Ortega Morentet al, 2013; Ane<t al, 2019, CS and SN (e.g. CusCFBA, CopA,

Sil proteins;Nies, 2003; Poole, 2005; Ortega Moresteal, 2013; Aneset al, 2015 and
permeability alterations (e.g. changes in hydrophobicity, outer membrane protein and fatty
acid compositions @rtega Morenteet al, 2013; Wales & Davies, 20)15have been

previously repaed inE. coli andK. pneumoniae
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Only few significant correlations between antibiotic and biocide MICs were detected
for the overallE. coli isolates. When considering sgboups based on the carbapenemase
produced, our data are in accordance with a ptevistudy showing no cresssistaice
between CHX and antibiotics when &ncoli reference strain was exposed to increasing
concentrations ofCHX (Thomaset al, 200Q. Links between QACs and antibiotics
including CIP, Buffet-Bataillonet al, 2016; Soumegt al, 2016; Henlyet al, 2019, IPM,
tetracycline, Braoudaki & Hilton, 2004; Soumet al, 2012, andcephalosporingSoumet
et al, 2016; Kampf, 2018have been reported in the literature. One study claimed no
significant differences in antibiotic resistaneere observed between households using
QACs and the ones who did n@drba, 201p Many poteriial links were unveiled for the
K. pneumoniaeisolates. This could be surprising as both species belong to the
Enterobacteriaceae family. RegardiKgpneumoniaesolates, the diérent correlations
observed for the overall population were found in nbbat at least 2/4 sugroups based
on the carbapenemase produced. Surprisingly,-pitdiucers and NDMyroducers did not
harbour similar correlation patterns, despite the commaatufes between these
carbapenemasgdoth belong to the Ambler class B (nikig3-lactamases). Positive
correlations were detected between BZC and TIG, MIN and aminoglycosides, except for
KPC-producers where the association was inverted. Previous repanged different
correlations between exposure to BZC and changes in Mi&diafloxacin and tetracycline
(but not for aminoglycosides) iR. aeruginosa(Mc Cayet al, 2010; Kimet al, 2018b.

CHX was found to be positively associated with carbapeneemhalosporins, TIG, MIN
and to sme extent, aminoglycosides; previous studies showed similar associ&tidjasy

et al, 2002; Romeret al, 2017. A weak positive correlation was found between CHX and
CIP when considering the global populatitas previously reported for Granegative
bacteriaKoljalg et al, 2003, and between CHX and COL only for OX#8-like-producers.
These associations betare cationic biocides and antilics, especially tetracyclines and
derivatives Ball et al., 1980; McMurry et al, 1980; Srinivasaret al, 2014, and
ciprofloxacin (Nikaido & Pages, 2012; Soumet al, 2012; Slipskiet al, 2018, tend to
pinpoint towards the expression of efflpymps as a potential cresssistance mechanism.
Correlations between CHX and COL were previously showf pneumoniaeand thought

to be linkedto efflux or changes in the outer membrane or the NR8n@ et al, 2017,
Hashemiet al, 2019; Zhanget al, 2019. After being left aside for years éuto
nephrotoxicity sidesffects Gupta, 2015 COL represents now one of the last resort
treatments for severe infections. Itttsrefore paramount to protect this molecule from

emerging resistance and possible ciesistance mechanism&HO, 2014; Giet al, 2016;
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Liu et al, 2019. In most cases, CS was found to be negatively correlated with carbapenems
and cephalosporins. Thigas surprising, as copper has been previously reported to be
involved in the deepression of the antibiotic resistance responsg.coli (Hao et al,

20149). In the literature, heavy metals and antils®tould be found to lead to-cor counter
selective consequences, although the latter were seen with mercury and not\&&gesr (

& Davies, 201%.

CHX was one of the biocides with which most of the correlations with antibiotics
were observed. Its use is especiakyevant in healthcare settings for a wide range of
applications (e.g. dentistry, skdecolonizationRussell, 1986 However,the presence of
links between CHXeduced susceptibilitgnd antibiotiaesistance, i.e. whether or not £s0
resistance mechanisms between these antimicrobials might be involved, nemcéeias due
to conflicting reportgOggioniet al, 2013; Kampf, 2016 Here, we chose to focus the peo
of this study on CHX, usin@ limited number of isolates representative of the original

population, to pursue further experimental work.

The Bioscreen assay was able to confirm the CHX MICs previously measured in 96
well plates for the investigated isiés. Firstly, determinatiorier lag phase duration and
growth rate were performed by hand, which carebspowerful and accuratdan software
specifically designed for this task, such as GrowthRd##l et al, 2014; Juneet al, 2019.
However, due to the very low OD values obtained (due to a combination of both the initial
inoculum and the blanking system linked to the decreasing R2A broth I08s\y@aeviously
mentioned), such software could not be usax.some isolates, at specificrm@ntrations
of CHX (around their MICs)bothgrowth and no growth were observed across the different
replicatesfor each strainThese isolatesweree f er red t o as the *“v
When exposed to these specific CHX concentratistagjsti@lly significantchanges in
ODsoonmmax, lag phase duration and growth nat¥e sometimemeasuregdalthough high
standard deviation values were ob&l for these parameterBhis phenomenon seemed
however to be linked to the variability in growth obshwnder these specific conditions
A minority of isolates (14/3¥. pneumoniagnone of the investigatdsl. coli) was not able
to grow at the same menum density (based on Q&nmmax values) when exposed to CHX
concentrations corresponding to half theilCs, compared to the control conditions. A
decrease in the maximum OD was reportel.iooli ATCC 10536when exposed to CHX
concentrations correspding to approximately 2/8 MIC, but not 1/3x MIC (Cheunget
al., 2019, or to subinhibitory concentrations of QAC3Aalsh et al, 2003; prolonged

exposure to very low concentrations of BZC (0.000202% the MIC) also resulted in
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maximum bacterial density i&. coli (Forbeset al, 2019. Exposure to 1/ MIC had
however a significant impact on the lag phase duration for a majority of isolates (27/39
K. pneumoniaeand 3/12E. coli), delaying the regrowth of the bacteria for up @D ™in.
Extended lag phase duration was previously reported for bathli and K. pneumoniae
following exposure to low concentrations of triclosan, and associated with a high fithess cost
(Curiaoet al, 2015.

When considering the growth rate, no variation was obserfogd most
K. pneumoniag27/39) andE. coli (9/12) isolates when exposed to CHX. A similar trend
was observed in a previous study where no significant change in growth rate was measured
after longterm exposure to CHX K. pneumoniagZhanget al, 2019. Several isolates
from both species harboured increased growth rate values when exposed to half their MICs,
and to some extent to lower concentrations. Tdlservation could be linked to a
phenomenon previously observedAnaeruginosaandS.aureus referred to as hormesis,
where exposure to a low concentration of biocide could result in a stimulating effect rather
than a neutral or deleterious odofalesFernandezt al, 2014. Another explanation for
these elevated growth rates could be linked to the desigrecddbay itself. The initial
inoculum used (% 10° CFU/mL) resulted idow turbidity during the lag phase, which in
turn corresponded to very low logarithm values. It has been previously reported that low OD
values could lead to abnormal growth rates@et al, 2013, which could be the case here.
Regarding Kpl25 (first growth phase only), a significant decrease in growth rate was
observedvhenexpose to half its MIC. It is however of importance keep in mindthat
only one replicate was obtained for this condition. Nevertheless, exposure to QACs was
shown to negatively impact the growth ratesPiraeruginosaand E. coli (Walshet al,
2003. Effects of QACs were thoing to be linked to interactions with natital targets in
this previous study. Lonterm exposure to sdinhibitory concentrations of BZC or
octenidine (a biguanide like CHX) also resulted in a decreased growth rate when compared
to the original strain irP. aeruginosa(Mc Cay et al, 2010; Shepherdt al, 2018. The
growth rates of the clinical isolates and the refeeestrains were compared for both species.
No significant differences were observed betweenadinand reference strain f&. coli
(except at concentrations at whiéhcoli ATCC 25922 was not able to grow). Similar
observations were made for méStpneumoniadsolates (21/38 clinical isolates). A group
of K. pneumonia@utgrew the reference straf13/38), whileK. pneumoniaedATCC 13883
was able to outcompete five clinical isolates at lower CHX concentrations. For these isolates,
theminimum selectiveoncentratiofMSC) i.e. the minimal concentration of antimicrobial

able to select for resistanamuld be estimated (Rg/mL). The rationale behind the MSC
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determination idllustrated inFigure3-8. The ‘tradi tional’ sel ect
theory that enrichment for resistant bacteria can only occur within a chegacentrations
comprised between the MICs of the susceptible (corresponding to the reference strain in thi:
study) and of theesistant strain. However, Gullberg and colleagues demonstrated that
enrichment in resistant bacteria can also happen atlowen c ent r at i -Mh € [
selective window. This range of concentrations corresponds to values between the MIC of
the suseptible strain and the concentration at which the susceptible strain is able to
outcompete the growth of the resistant straoryesponding to the MS(Gullberget al,

2011).

A Sub-MIC Traditional
selective window selective window

\

Growth rate

' MSC ' MIC e MIC,,

Antibiotic concentration

Figure 3-8. Minimum selective concentration determination rationale.

Figure from Gullberget al, 2011 The t r adi ti onal ' d&badkgraund) v e
corresponds to the concentrations between the MIC measured for the resistant strain (MIC
and the one for theusceptible strain (Ml&s9 . ThMdl C'sudel ecti ve wi
background) corresponds to concentrations lower than the Mithile the growth rate
measured for the resistant strain is still higher than the one for the susceptible strain. The
concentration corresponding to the point where the reference strain is able to outcompete the

resistant strain corresponds to the minim selective concentration (MSC).

When investigating crossresistancemechanisms with the addition of CCCP or
EDTA for CHX MIC determinations, only differences in MICs equal to or higher thiaho8
between CHX alone and CHX+compound were consideredamtidndeed,for a given

condition, a 2-fold variationin MIC valuesis commonwhen determining MICs(Osei
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Sekyere & Amoako, 2037 As a consequence, if between tdistinct conditions MICs
differ by 4folds or less, the valuenges could overlap, and the difference in BN@uld
not be significant. Therefore, a minimum ofd@d variation in MIC values enabled the

discriminationbetween significant and nesignificantdifferences

No potentiation (chages in MICs> 8.0-folds) of the effects of CHX was observed
when EDTA was added fdE. coli or K. pneumoniadsolates at the concentration tested,
which seemed consistent with previous observatiBusgell, 1986 Similar findings vere
published with QACs n E.coli (Walsh et al, 2003. EDTA increases membrane
permeability by chelating the divalent cations required for its stabBigji€tieret al, 1994;
Saweret al, 1997 Denyer & Maillard, 2002 This could indicate that changes in the
membrane permeability were not involved as a mechatmsiounteract the effects of CHX

in this study.

In the presence of CCCP, almost all isolates, regardless of the species, harboured a
statistically significant decrease in CHX MIC. A fetthange equal to or higher than 8.0 was
observed for approximately Half the studied. pneumoniaésolates and only oré. coli.

CCCP had been previously shown to potent@itéX (Abuzaidet al, 2012; Wancet al,

2017 but also colistini et al, 2016; Osei Sekyere & Amoako, 2Q1ahd ciprofloxacin

(in Acinetobacter baumannifrdebili et al, 2014. CCCP disruptthe protoamotive force,

which is necessary for efflux pumps belonging to the SMR, MFS, RND and to some extent,
the MATE superfamilies, to extrude their substratdarguez, 2005; Alawet al, 2018§.
However, CCCRcan interfere with other bacterial functions, inéhgl cell division and
metabolism, and impact membrane permeabiliiggset al, 2015; Alavet al, 201§. In

that regard, potentiation of colistin using CCCPIddae linked to the restoration of negative
charges on the membrane surface rather than efflux; indeed, colistin, as well as CHX, is a
cationic compound, therefogereduction of the net negative charge (e.g. following a change
in the LPS composition) omé& membrane would decrease the affinity of these compounds
for the structuréNi et al, 2016; Wancet al, 2017. A cooperation between both increased
efflux (through SmvA, a member of the MFS superfamily) anchgha in LPS structure has
been previously reported to decrease CHX susceptibilityPrsteusmirabilis as well
(Pellinget al, 2019.

When investigating common resistance mechanisms betweglbioacs and
biocides, the scientific community does not seem to reach a consensus, especially about their
clinical relevanceNlaillard et al., 2013; Oggionkt al, 2013; Kampf, 2016 When cross

resistance mechanisms between bicgided antibiotics are investigated, one of the most
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encountered hypotheseés the role of efflux pumpsBfaoudaki & Hilton, 2004; Baker
Austin et al, 2006; Gnanadhaet al, 2013, although this does not excludeetpossibility
that several distinct mechanisms may be involved at osweh as alterations in the
membrane structur@as well (Wand et al, 2017; Pellinget al, 2019. Conflicting
observations are reported abboks between the presea of these efflux pump genes and
elevated MICs for biocides. For instangamE, reported to encode an efflux pump widely
distributed among Gramegative bacterial@glic & Cenimkova, 2012, or cepAandsmvA
present irk. pneumoniagamong others, are thought to be involved in reduced susceptibility
to CHX or QACs Wandet al, 2017; Slipskiet al, 2018; Wancet al, 2019. Some studie
reported a correlation between the presence ofoomaore ofthese genes and reduced
susceptibility to biocidesAbuzaidet al, 2012; Gueet al, 2015; Wuet al, 2015; Zhanget

al., 2019, while others did ndind any link between theniN@aparstelet al, 2012; Azadpour

et al, 2015;Vijayakumaret al, 2018. Efflux pumps are associated with an important fithess
cost and might be unlikely to be selected at very lowcentrationsAndersson & Hughes,
2012. In addition, additional information is still required to elucidate the complete
mechanism of extrusion linked to several efflux syseincluding te MFS superfamily
Indeed, these efflux pumps, like SmvA, are located withinrther membrane and expel
their substrates into the periplasmic space, where CHX is likely to cause daotiagye
transporters, such as outer membrane proteos)|d be neededo release CHX in the
outside environmentSjipski et al, 2018; Pellinget al, 2019. Another explanation could
be that these proteins might not be single components but part of tripartitessysteiarly

to the RND superfamilye.g. theAcrA-AcrB-TolC system Pasqueet al, 2019; Pellinget

al., 2019.

3.5 Conclusion

Overall, the findings in this study (correlations between antibiotic and biocide MICs,
extended lag phase when exposure to-ighibitory concentrations, impact of CCCP on
MIC values) indicate the expression of efflux pumpy mecount as a resistance mechanism
between CHX and some antibiotiosainly in theK. pneumoniaésolates studied. Theext
chapter will explore the phenotypic and transcriptomic consequences following exposure to

subinhibitory concentrations of CHX
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Impact of commonly used antimicrobial biocides resistance and cresssistance in
carbapenemasaroducing Enterobacteriaceae

Chapter 4. Effects of exposure to subnhibitory concentrations of

chlorhexidine

4.1 Introduction

4.1.1 Conditiors leading to exposureto subinhibitory concentrations of

antimicrobials

Sub-inhibitory concentrationsf antibiotics can be found in various environments,
generatg gradients of antibiotic concentrations and applying selective pressure on the

bacterial communities within, as highligist inFigure4-1 (Andersson & Hughes, 2014

In human medicine, suinhibitory concentrations of antibiotics can be found within
the body, linked to pogsharmacokinetic properti€poor distribution and/or penetration in
the targeted tisssg¢ and poor padint compliance, among other facto’nfersson &
Hughes, 20114 In animal production, antibiotscare also used as feed additives to promote
growth, and consequently administered at low doses over longer periods of time, exposing
t he ani mal s’ -inhibitony cohcentrdbas Chattopadhyay, 20)4Residual
concentrations of antibiotics were reportacanimalderivedproducts destinetbr human

consumption, including meat and milkglipour et al, 2013; Ramatlat al, 2017%.

After antibiotic therapy, up to 8% of the administered antibiotics can be excreted
without undergaig any change, mainly through urine but also faeces and reach wastewater
and the global environment without being fullggraded by wastewater treatment plants for
example Diwan et al, 2010; Anderson & Hughes, 2D4; Van Epps & Blaney, 20)6
Antibiotic can persistwer long periods of time in the environment, including soil and water,
and enrich their ecosystems in antibiotic resistance determinants and, therefore, antibiotic
resistant bacteriadan Epps & Blaney, 2016; Cycaat al, 2019.

Pagell5



Hélene Heérault Cardiff University 2019

Human medicine Animal husbandry  Plant production Aquaculture

Therapeutic use Therapeutic and preventive use or growth promotion
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Hozpital <se——C mmunity
Antibioticz Resistant Antibiaotics Resistant bacteria
(Urine and fasces) bacteria (Urine and faeces) (Direct spread or run-off)

Environment

Lakes, riverz and zoilz

TAntl'b iotics
Pharmaceutical industry
Accidental and intentional

release of antibiotics from
production plants

Figure 4-1. Residual antibiotic concentrations and associated resistance are transferred
between interconnected envionments.

Figure from Anderson & Hughes, 2D4. Residual subinhibitory concentrations of
antibiotics are found in the environmefrom the surroundings of their production to their
utilization in human and veterinary medicine or in other agricukiglated settings,

resulting h elevated sel¢iwe pressure enabling the rise and transfer of antibiotic resistance.

Biocides, especially in formulations designed for surface and/or skin
decontamination, usually involve a mixture of several acorapounds$CENIHR, 200%.
Different parameters have been reported to impact the @ffafebiocidesSomeare linked
to the biocidal product itself: its chemical properties, its formulation (e.g. possible
incompatibility due to interaction with excipients), its stability (especially towards changes
in pH and temperature) and its concemvratand the sulegjuen effects of dilution upon
activity (Maillard, 2018. Other parameters are related to the surface treated and the use of
the biocidal product: extended contact time are correlated with enhanced efficacy, and high
organic loads on the surface could quench the activity of thadeidMaillard, 2005.
Finally, some factors are related to the miorganisms themselves: the type of micro
organisms (bacterial spores being ldeest susceptiblandviruses the most susceptible), the
number of micreorganisms (higher number will be more difficult to eradicate), and their
physiological state (e.g. presence of biofilm with protecting matrix and reduced metabolism
harder to disinfec than planktoré baderia) (Maillard, 2005; Maillard, 2018 As a
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conseqguence, an improper use, e.g. incorrect dilution, short contact time, dirty surface,
and/or a degradatiori the biocide (e.g. bacterial degetion of QACsm aerobic conditions;

Tezel & Pavlostathis,2015 could lead to microbial eosure to suinhibitory

concentrations of biocides.

4.1.2 Impact of exposure to stihhibitory concentrationsf biocides

As highlighted in the previous section, contact time is an important parameter in
biocide efficacy. Indeed, short or prolonged exposurebiticides can hay various
detrimental effects on bacteria, as illustratedTable 4-1. Expositionto subinhibitory
concentrations obiocidescould trigger different mechanisms (see beldegdingto a
further deceaseof intracdlular concentrationof biocides;this decrease could enable
bacteria to survive rather than suffering irreversible damage if the exposure was prolongec

and/or at higher concentrations of biocide®illard, 201§.

Table 4-1. Global impact of short-term or prolonged exposure to biocides obacterial
functions.

Table adaptettom Maillard, 2018A shortterm or prolonged exposure to biocides can lead
to various cellular effects engendering reversible (highlighted in blue) or irreversible

(highlighted in red) consequences on baatgrowth and grvival.

Degree of damage Consequences
&) Disruption of the transmembrane protol
7 motive force, leading to an uncoupling o)
S oxidative phosphorylation and inhibitior o
) of active transport across the membran 7
+— | -
E’ Inhibition of respratory or g’
n catabolic/anabolic reactions )
Disruption of metabolic processes id
Disruption of replication
% Loss of membrane integrity, resulting ir Imbalance of pH
3 leakage of essential cellular constituen
< (potassium ionsniorganicphosphée, @
2 pentoses, nucleotides and nucleosides 2
Q | proteins) N
5 Coagulation of intracellular materials Commitment to o
[ cell death 5
Q (autocidal =
pathway) -
Lysis Cell death
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Exposure to suinhibitory concentrationsfdiocides havdoeen reported to trigger

two major mechanisms in bacteria: the induction of the SOS response, and the promotion of

mutations, as illustrateth Figure 4-2 (Tezel & Pavlostathis, 20}5The SOS response

corresponds to a generalised regulatory response triggered by DNA damage or oxidative

stress for examplen order for tle bacteria to ensure its surviv@ifhmonset al, 2008;

Baharoglu & Mazel, 2014 The expression of a wide range of genes can subsequently be

altered (e.g. involved efflux, virulence, global mabolism;Kreuzer, 2018 especially in

order to promote the uptake of mobile genetic elements (including transposons, integrons,

plasmids, via horizontal gene transfer [HGT] and homologous recombindtexel(&

Pavlostathis, 2005 The SOS response has been shown to be induced following exposure

and/or adaptation to BZQ €HX in E. coli (Boreet al, 2007; Moeret al, 2012; Curiacet

al., 2015. Moreover, exposure to stibhibitory concentrations of CHX resulted in an

increase HGT rate in the same bacteridotKinaet al, 2018. On tre other hand, increase

in mutation rates has also been reported following exposure {alsibitory concetrations

of biocides; for example a mutation mutS involved in mismatch repair, was observed

following adaptation to CHX ifK. pneumoniag(Wandet al, 2017).
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Figure 4-2. Global bacterial response following exposure to sulmhibitory
concentrations of biocides.

Figure from Tezel & Pavlostathis, 2019=xposureto subinhibitory concentrations of
biocides (QACs in his example) cannduce the SOS sponse, impacting the global
regulation of the expression of a wide range of genes and promoting acquisition of genetic
determinants through horizontal gene transfer (HGT). The apparition of mutations can also

be promotedpotentially leadng to reduced seeptibility or resistance mechanisms.

4.1.3 Aim

In this chapter, the aim is to assess the phenotypical and molecular responses of twt
selectedK. pneumoniaeisolates following exposure to sutthibitory concentrations of
CHX.

4.2 Methods

4.2.1 Rationale br theselectionof strains and concentrations

Two K. pneunoniaeisolates were selected to investigate the effects of exposure to
subinhibitory concentrations of CHXE. coli isolates demonstrated few differences in
growth pattern when exposed to CHX,iortheir CHX MICs with the addition of either
CCCP or EDTA(see chapter 3)K. pneumoniaasolates were chosen according to the
observed folechange in CHX MIC when CCCP was addaad to the availability afesults
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generated by the growth pattern analgsisayat the tme of the selectignisolates for which
changes in lag phase duration and/or changes in growth rate when exposed to CHX were

preferred.

The two selecte. pneumoniaevere Kpl and Kp125. Kp125 showed the most
important foldchange in CHXMIC when CCCP s added (33.8), and KpCHX MIC
was redued by 9.6fold in the same condition. Both isolates presented an extended lag phase
when exposed to half their MICs (corresponding fm/mL CHX) and the growth rate of
Kp-125 during its first grath phase was gnificantly decreased when exposed to thas
concentration of CHX and 144MIC (2 pg/mL CHX).Moreover, Kp125 belongs to ST258,

a clone especially significant in tieénic (Matherset al, 2015.

4.2.2 Exposure towb-inhibitory concentrations of chlorhexidine

A schematic view of the CHX stibhibitory concentration exposure and following

assays ipresented ifrigure4-3.
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Figure 4-3. Outline of the exposure to sutnhibitory concentrations of CHX and
subsequent assays.

Kp-1 and Kp125 were firstly exposed to either 0, 2 opgfmL CHX until they reached
mid-exponential phase or for 3@urs depending on the assay. ForKYb exposed to 0 and

4 yg/mL only (see dashed blue box), a second exposure to the same concentrations of CH:
was performed for 4Bours. Antimicrobial susceipility testing and virulencassays were
performed directly after this second exposure (PRE; pastpesure). For RNA sequencing,

as bacteria needed to be harvested duringexjmbnential growth phase, @Bhradjusted
bacterial suspensions obtainedafe exposure were usedmoculate fresh R2A containing

CHX concentrations (0 or gg/mL) corresponding to prior exposure. These suspensions

were incubated until they reached their rakponential growth phase for RNA sequencing.

Isolates were grown overnight in B8 TSB at 37 1°C and suspensions were
washedvith R2A, ODs2snnradjustedvalues rangdfrom 0.150 to 0.175%nddiluted in R2A
to reach bacterial density of approximately £10° CFU/mL as detaileth section2.2.4.1
(page3l). Ten mL from these suspensions was then @tldl@éOmL of either R2ZA (Qu g / mL
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CHX, control condition) or twice concenteal CHX solutions in R2A corresponding to final

CHX concentrations of either(2/4xMIC) or 4p g / (@2 xMIC), e.g. 10mL of bacterial

suspension added to bl of a solution cotaining4p g/ mL CHX f or a final <cor
of2Zug/ mL CHX. Suspensi ohAlC witle shaking (Ib@m)buatt e d a't 37
reaching either migéxponential phase (RNA sequencing) after 30hours of culture,

enabling bacteria for all tested condit® to reach the plateau phase (antimicrobial

susceptibility testing, virulence assay). Based on growth curve studies usiBigsheeen

(see chapter 3)poth isolates reached makponentl phase at OB)snm values of

approximately 0.07@.100. Several sties proposed exposumver 24hours before

performing antimicrobial susceptibility testinBdreet al,, 2007; Henlyet al, 2019. It was

however not possible in this work as, when growing ing¢/ mL CH Xains ¢oold h s

take up to 2&ous to reach the plateau phase.

An additional CHX subnhibitory concentration exposure was performed for
Kp-125onlyatOand g g/ mL C Hestigateoif an extended exposure could lead to
additional or more important responses; several rstéfh expogres are described in the
literature Forbeset al, 2019; Henlyet al, 2019. After a first 3Ghour exposure to either
Qordpg/ mL CHX, bacteri al s WsprAdjustedoas descvbedr e wa s h e «
in the previougparagraplfvalues ranged from 0.150 to 0.17Bgforeinoculating fresh R2A
containingQug/ mL CHX i f the fir mthe mesqneeofdrgd mibas per f
CHX,ordpg/ mL CHX i f t he fdormedisthe peseqmrecdigr/ enLwaH Xp e r
Suspensions were incubated forhtirs at 3PC+ 1°C. Suspensions were subsequently
processed for antimicrobial susceptibility testing a&imdlence assay (see sections below).
As sampling for RNA sequencing had be performed during midxponential growth
phase, these suspensions were in parallel used to inoculatec@tdning R2A, i.e.
containingQug/ mL CHX i f pr eviowmnadsin tleeypesexceofeg /was per f
CHX, or containing4s g/ mL CHX exposuperwasvperiormesd in the presence of
4ug/ mL CHX. These suspen€il8wstil miedexpenentiah c ubat ed
growth phase was reached. The contrgd @ / mL ) hmhest tedted €HX concentration
4pug/ mL) wer e 1 nv espbstregposard(PRE) as moditak olesdrfect c t
effects were obtained withi4 g / @HX (see sectio.3.2.2page82).
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4.2.3 Pheotypic impact of exposure to subinhibitory concentrations of

chlorhexidine

4.2.3.1 Determinaion of susceptibilityprofiles to antimicrobials

After 30 hours of exposure to either O (control condition), 2, eg/dL CHX, the
bacterial suspensions were centrifdgat 5,00 for 10min at 20°C. The pellets were
resuspended in 1L of the correspating broth (see below) and suspensions were adjusted
to ODs2snm ranging between 0.150 to 0.175, corresponding to approximately
1.0x10° CFU/mL bacteria. Subsequent stelepended on the protocol followed, as detailed
below. Experimentsiereperformedat leastin triplicate (re3).

4.2.3.1.1 MIC determinationsising broth microdilution protocol

Susceptibility testing for BZC and CHX was performed as previously described in
section2.2.4(page30) usingR2A broth.The ODy2snnradjustel suspensiongrange:0.150
0.175) were diluted 1/100 in R2Acorresponding to approximately x00° CFU/mL)
before inoculation of the microtitre plates. Viable counts were performed as previously
detailed (see sectidh2.4.2page32). BZC or CHX tested concentrations ranged from 128
to 0.15pu g/ mL. The final bact er i alappraximataye n t
5.0x10° CFU/mL. K. pneumoniaeATCC 13883 was included as a quality control. Plates
were incubated at 37 1°C and MICs were read after 24 hours and corresponded to the
lowest concemations able to inhibit growth as seen by a naked eye.

MIC determinations for TIG and COL were performed in a similar way, with the use
of CAMHB instead of R2Aand polystyrene nontreated, round bottom microtitre plates
(Corning, Ewloe, UK instead of theissueculture treated ones following the standard 1ISO
207761:2006protocol (nternational Organization for Standardization, 200AMHB was
prepared by adding sterile magnesium chloride and calcium chloride solutions to sterile
Mueller-Hinton broth MHB; Oxoid, Basingstoke, UK in order for it to reach final
concentrations of&* and Mg+ of 25mg/L and 12.5ng/L, respectively. Stock solutions of
10 mg/mL magnesium chloride (Acros Organics, Geel, Belgium) anehd/énL calcium
chloride (Fisher Scientific, Loughborough, UK) wengrepared in distilled water and
sterilised by filtation through a0.20m cel | ul ose acetate meml
solutions and CAMHB were kept at°@. TIG and COL (both fronSigmaAldrich,
Gillingham, UK) stock solutions were prepared at 640 and 1280/ mL , respec
distilled water andiltered througha @0y m cel | ul ose acetate me
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solution was keptat4 C up to 60 days following manufact ul

solutions had to be prepared on the day of the testing due to stability issues.

The ODxzsnrradjustedsuspension$OD range: 0.1500.175)werediluted 1/100 in
CAMHB (corresponding to approximately Ix@®° CFU/mL) before dispensing to the
microtitre plates. Tested concentrations ranged from 32 to 0.BI2b mL f or bot h
antibiotics. The final bacterial ocentration correspaled to approximately
5.0x10° CFU/mL.E. coli ATCC 25922 (susceptible strain) aBdcoli NCTC 13846 (COL
resistant) were included as quality controls, as recommendddUBAST EUCAST,
201%). MICs were detaenined after 24ours incubation at 3% 1°C as mentioned in the
previous paragraph. The susceptible, intermediate, or resistant status towards TIG and COL
was determined accor di BUCASTP20lBW CAST' s breakpoi n

4.2.3.1.2 Antibiotic susceptibilityestingusing disediffusion assay

Discdi ffusion assays were performed accordi ng
(EUCAST, 2019ato assess possible changes in susceptibility profiles fatigwexposure
to CHX for other antibiotics, including two aminoglycosides (AK and CHhiree
carbapenems (IPM, MEM, ETP), three cephalosporins (CAZ, FOX, CPM) and a
monobactam (ATM). Disc cartridges were storeeR@PC before first use, and at 4°C in the
presence of a desiccant when opened. These antibiotics corresponded to the onies for w
correlations were observed in the previous chapsee (section3.3.1.1.2 page 75).
Antibiotic-containing and lank (control) discs were purchased from Oxdégingstoke,
UK). Mueller-Hinton agar MHA ; Oxoid, Basingstoke, UKwas prepared according to the
manufacturer’s recommendat i #3% foratminimum | sed by
holding time of 15min, and 25mL was poured in 9&hm diameter Petri dishes

(corresponding to adhm height of agar as recommended by EUCAST).

After a maximum duration of 1&in after their preparation, each @Bxradjusted
bacterial suspensionranging from 0.150 to 0.175correspading to approximately
1.0x10° CFU/mL) was swabbed onto the surface of the agtiree directions, ensuring no
gap was left between the streaks. Antibiotic discs were applied using a dissdigpenid,
Basingstoke, UK with a maximum of six discsep agar plate, and within IBin after
swabbing. Discs were gently pressed upon to ensure their close and even contact with the
surface of the agar. Plates were incubated fond#s at 3% 1°C kefore measuring the
inhibition diametersE. coli ATCC 2592 was included as a quality control (susceptible
strain). Inhibition diameters lower thann@im could not be measured, as this value
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corresponded to the disc diameters. The susceptible, intermedratgstant status towards
the investigated antibioticsag determined according to breakpoints provideBUWZAST
(EUCAST, 2019k

4.2.3.1.3 Statistical analysis

Mean and standard deviation were calculated dach antimicrobial MIC or
inhibition diameter, for botlstrain and under each tested condition. Statistically significant
differences were assessed using -ore y ANOVA foll owed by

comparison test using Prism GraphPad 8 for Windowsi{gignt when p<0.05).

4.2.3.2 Virulenceassayusing the wax moth faae modelGalleria mellonella

4.2.3.2.1 Bacterial suspensiowashand OD adjustment

After a 3Chour exposure to either O (control condition), 2, qugdnL CHX, the
bacterial suspensions were centrifugedb&00g for 10min at 20°C. The pellets were
resuspendechilOmL sterile distilled water (sdi®; obtained by filtration through a 0.2@n
cellulose acetate membrane filter) and thesfada was adjusted to reach a value between
0.150 and 0.175, correspangd approximately to 1.810° CFU/mL bacteria. Subsequent
tenfold dilutions were prepared in se®l down to 1.0k10° CFU/mL. Viable counts were
performed as previously describéske sectior2.2.42 page32) to control the bacterial

concentratn.

4.2.3.2.2 Galleria mellonellanaintenance and injection

The waxmoth larvaeGalleria mellonellais recognised as an alternate infection
model to estimate bacterigirulence WWandet al, 201). G. mellonellalarvae (Livefood
UK Ltd, Rooks Bridge, UK)were kept in the dark at 4°C for a maximum of two weeks to
avoid the formation of pupad.€uko & Raivio, 2012 To limit the impact of bacteria
naturally occur rin, they wavenbathet fer felw amwde a & ogVv/ivE k
ethanol prior injection. They were subsequently placed in sterilmr@0diameter Petri
dishes by groups of 10 individuals and allowed to equilibrate to room temperature for an

hour before injectionlfsuaet al, 2013.

G. mellonellalarvaewere injected with 1QIL of bacterial suspensions containing
either 1.0x10%, 1.0x10’ or 1.0x10° CFU/mL, corresponding to bacterial loads of,100°

and 10 CFU, respectively. Injections were performed in the last haemocoel using a
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Hamilton syringe with a 2gauge cementederdle (Hamilton, Birmingham, UK); the

syringe was deadaminated with 706 (v/v) ethanol and rinsedith sterile distilled water

(sdHO) prior to the firstinjection and between each injectioarresponding to different

bacterial test conditiond.€uko & Raivio, 2012; Insuat al, 2013. The injection protocol

was validated by including a toxicity control where individuals were injected wifh. 19

100% DMSO (Hardinget al, 2013; Allegraet al, 2018. Additional controls, including
injection of 10uL sdHO, i ndi vi dual s ‘stabbed’” without inje
also performed to ensur@ah was not linked to injection trauma or poor hedftBuaet

al., 2013. A schematic view of the injection protocol is presente#igure4-4.

Experimental conditions

0 ng/mL 2 ug/mL 4 ng/mL
CHX

CHX CHX

Controls
Untreated  ‘Stabbed’ only sdH,O DMSO

Galleria mellonella larvae

Figure 4-4. Outline of the virulence assay usings. mellonellalarvae.

G. mellonelldarvae were injected with 16 of bacterial suspensions containing eithef; 10

10° or 1P CFU, after exposure to either 0, 2 gugémL CHX. Control conditions included
untreated | arvae, |l arvae ‘stabbed’ but without

Pagel26



Chapter 4- Effects of exposure to stibhibitory concentrations of chlorhexidine
10 L sdHO and larvaenjected with 1QuL 100% DMSO. Ten larvae were injected for

each condition.

After injection, the wax moth larvae were incubated ai37C and survival was
monitored every 2#ours for a period of five days. Larvae were considered dead when no
movemenivas observed after gentle stimulation with a st@ipettetip (Wandet al, 2011;
Insuaet al, 2013. Ten larvae were used feach condition, athexperimentsvereperformed

at least in triplicate @3).

4.2.3.2.3 Statigical analysis

The mean and standard deviat(&D) of G. mellonellasurvivalweredeterminedor
each tested condition using Prism GraphPad 5 for Windows. The differdysmesed were

assessedbytwway ANOVA foll owed by Bontestandwemrei ' S

considered significant when p<0.05.

4.2.4 Molecular mechanisms involved after exposure to suibhibitory

concentrations of chlorhexidine

4.2.4.1 Investigation of theresereof plasmids

The presence of plasmids within Kpand Kp125 was investigated 81 digestion
followed by pulsed field gel electrophoresis (PFG# the help of Dr. Refath Farzana
(School of Medicine, Cardiff UniversityYhe S1 nuclease, purified frokspergillus oryzae
is able to linearize plasmids by targeting supercoiled DNAsbkmg the migration of
plasmids in agarose gels to their tmelecular sizeRittie & Perbal, 2008; Toleman, 2018
Thefollowing sections are based on a previously established prot©eatdrs for Disease
Contol and Prevention, 2017; Toleman, 2p18

4.2.4.1.1 Preparationof plugs

Isolates were streaked onto BrilliantE'l (urinary tract infeton) Clarity agar
(Oxoid, Basingstoke, UK) and grown overnight at+37°C. Two loopfulsof bacteria were
then transferred in &L of cell suspension buffer (160M Tris, 100mM EDTA, in
ultrapure sterile water, pH 8.0; both from Sig/larich, Gillingham UK) and the
suspensions Ofnmwere adjusted to 0-8.0 (approximately 1.810° CFU/mL bacteria).

Pagel27



Hélene Heérault Cardiff University 2019

TwentypL of proteinase K (20ng/mL stock solution, corresponding to 4@§) was
added to 40QL ODsionradjusted suspension (approximately 1x@0° CFU/mL). A
subsequent volume of 4Q of melted agarose (560°C) was added, and the mixtwras
poured in plug moulds and enabled to solidify. The agarose was prepared UsBepKem
Gold agarose (Lonza, Slough, UK) in FEDTA (TE) buffer (10mM Tris, 1mM EDTA,
in ultrapure sterile water, pH 8.0).

4.2.4.1.2 Bacterial cell lysis in agarose plugs

Each garose plug (containing bacteria) was transferred intond =ell lysis
solution (50mM Tris, 50mM EDTA, 1% N-Lauroylsarcosine sodium sgBigmaAldrich,
Gillingham, UK], pH 8.0) containing 0.hg/mL proteinase K. Preparations were incubated
for 1.5 to2 hours at 55°C with continuous shaking (i@). The lysis buffered was then
removedandplugswere washed with 181L pre-heated (55°C) sterile ultrapure water before
another 15nin incubation at 55°C with shaking (step repeated twice). After discattung
water, seven washes were performed withml5pre-heated $5°C) TE buffer and 15nin
incubaton at55°C with shaking. After the last wash, bl of fresh TE buffer was added to
the plugs.

4.2.4.1.3 Digestion with S1 nuclease

Plugs weresliced using a single edgazor blade inta 2.0 to 2.5nm wide section;
one section per isolate was then transferred0@uL 1X restriction buffer (Roche Life
Science, Welwyn Garden City, UK). The preparation was incubated fmirit 37+ 1°C
and the buffer discarded. A wwhe of 20QuL of S1 nuclease mix (50 S1, 20ug bovine
serum albumin, in 1X restriction buffé®pche Life Science, Welwyn Garden City, UK) was
added per plug slice, and preparations were incubatedtat¥7 for 1.5 to 2 hours.

4.2.4.1.4 Pulsedfield gel electroforesis

The S1 nuclease mix was discarded and|200f 0.5X Trisborate EDTA (TBE)
buffer (5.4g/L Tris, 2.75g/L boric acid, InM EDTA, pH 8.0) was added to the plug slices
andincubatel for 5 minutesat roomtemperature. Each plug slice was then loaalethe
bottom of a well of the PFGE agarose geP{1SeaKem gold agarose in 0.5X TBE). The
LambdaPFG ladder (New England BioLabs, Ipswich, UK) was also loaded on the gel to
enable the determination of plasmid sizes. Wells were sealed with a small vdlwaero

PFGE agarose gel.
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The loaded PFGE agarose gel was then placed into a CHHF BFGE macke
(Bio-Rad, Watford, UK) in the presenceagproximately 2. 0.5X TBE. Ethidium bromide
(SigmaAldrich, Gillingham, UK) was added to the TBE at a final corcation
corresponding to 0.fig/mL. The cooling modulevasset at 10°C with a pump flow rate of
1 L/min. The electrophoresis parameters corresponded to a voltage/ah6of gel for a
running time of approximately 2@urs. The presence of plasmids wasealed using a UV
transilluminator and photographed using a UVP Geldoc Il imaging system (UVP,
Cambridge, UK).

4.2.4.2 Wholegenomesequencing

4.2.4.2.1 Genomic DNA extraction DNA library preparation and

sequencing

The genomic DNA extraction, DNA library preparation ahd DNA sequencing
wereperformed byPublic Health England prido this study. DNA was extracted using the
Wizard Genomic DNA Purification kit (Promega, Chilworth Southampton, UK) according
t o t he mapraiotch@reigetrak 2018 DNA libraries were prepared following

t he manufacturer’s recommendations with
sequenced using a HiS&p00 system (both from lllumina, San Diego, USA) with a
sequencing depth of ppximately 100x per sampléiqdlay et al, 2016; Martinet al,

2017.

4.2.4.2.2 Genomessemblyand annotation

The WGS data assembly and antiotasteps were performed by Nicholas Ellaby
(Public Health England)rhe segences were assembled into several contigs using SPAdes
(http://cab.spbu.ru/software/spadesdcessed on 28/09/2019) with ddfasettings and

filtering contigs with a coverage higher or equal to 20x ehiéngth greater than 200 bp
(Bankevichet al, 2013, and Prokka {ttps://github.com/tseemann/prokleecessed on
28/09/2019) was used to annotategeeaomes$eemann, 2034
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4.2.4.3 RNA sequencing

4.2.4.3.1 Total RNAextraction

Bacteria were exposed to either O (control), 2 pgAnL CHX until they reached
their exponential growth phase (corresponding to aséof approximately 0.100). Four
replicates were performed for each condition, except stated otherwise (n=4). Suspensions
were then snafrozen by plunging the centrifugabes for 13 seeonds in a mix of absolute
ethanol and dry ice (approximatelf0°C) in order to inactivate enzymes and prevent RNA
degradation Qalehi & Najafi, 2013 The suspension was rntex-mixed and tb operation
repeated two additional times before centrifugation at 500@& 10min at 4°C. The
supernatant was discarded and the pellet froze80&€C until recovered after a maximum of
one week for total RNA extraction. The expostioéal RNA extradbn and subsequent steps
leading to RNA sequencing were performed on four separate replieateptif stated

otherwise (n=4).

The total RNA was extracted using the RiboPure Bacteria kit (Fisher Scientific,
Loughborough, UK) according the manufacturérs i nstructi ons. This prot
a phenol extraction followed by glafibre filter purification of the total RNA. All
centrifugation steps were performed at 16,8G0 4°C. The final elution was performed in
two steps with anlation of 25yLeach and was f ol l owed by DNase |

quality and concentrations were assessed (see below) and fre88fCatintil needed.

The concentration of total RNA recovered was measured using the Qubit RNA
BroadRange assay kit with the Qubit 03.reader (InvitrogerFisher Scientific,

Loughborough, UK) foll owing the manufacturer’s
was assessed using a 2200 TapeStation with an RNA ScreenTape (both from Agilent

Technologies, Stockport, UK) accordingtothenmiac t ur er s 1 nstructi ons.

4.2.4.3.2 Messenger RNAnrichment

The total RNA extracted underwent messenger RNA (mRNA) enrichment using the
MICROBEXxpress kit (Fisher Scientific, Loughborough, UK) according to the

manufacturer’s i nstruct i orosmed by lcapturingRaAA e nr i ¢ hn
removing the 16S and 23S ribosomal RNA (rRNA) from the total RNA population. After
measuring their concentrations and evaluating their quality, mBiN#&hed samples were

stored at80°C until needed.
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The concentration of each mRNgxriched sample was assessed using the Qubit
RNA High-Sensitivity assay kit with the Qubit 3.0 reader (Invitroggésher Scientific,
Loughborough, UK). The sampl es’ qguality
an RNA ScreenTape (both from Agilerédhrologies, Stockport, UK) as mentioned above.

4.2.4.3.3 Library preparation and RNA sequencing

The library preparation and sequencing steps were performed by Angela Marchbank
(Genome Hub, School of Biosciences, Cardiff Universitjyje mRNA samples were used
as tenplates for the synthesis of complementary DNA enabling the generation of the library
preparations using the TruSeq Stranded mMRNA sample preparation guide (lllumina, San
Di ego, USA) with dual i ndex adapters, ac
Thesequencing was carried using a NextSeq 500 with adugiput cartridge (1x75, single
ended; both from lllumina, San Diego, USA) enabling the generation of approximately
400million reads in total (corresponding to approximately 13 million readsgmepb).

4.2.4.3.4 Dataanalysis andnterpretation

The assembly, annotation and differential expression analysis were performed by
Dr. Barbara SzomolaySchool of Medicine, Cardiff Universityand Thomas Whalley
(School of Medicine, Cardiff UniversityA transcrippme was generated using Trinity with
def aul t s e t-normaligesby r@agde tt hicehbhegrét al(201]); reads were
trimmed with TrimmomaticBolgeret al, 2014). For quality control purposes, the raw reads
were mapped to the newly created transcriptome uddmyvtie2 (ttp:/bowtie
bio.sourceforge.net/bowtié@dex.shtmlaccessed on 28/09/281L angmead & Salzberg,

2012. As over 80% of the raw reads mapped to the transcriptothess suggested the

assembly was correct.

The raw transripts created by Trinity were theannotated using Trinotate
(https://github.com/Trinotate/Trinotate.github.io/wiki/Softwanstallationrand dat-

required accessed on 28/09/2019The reference database was generated following
recommendat i on s website Hads,e201B dhisenalded thé @eation of a
reference database of transcripts from UniprottpE://www.uniprot.org/accessed on
28/09/2019), with preicted proteins using Transdecoder

(https://github.com/TransDecoder/TransDecoder/releasascessed on  28/09/2019),

predicted protein domains using HMMERif://hmmer.org/accessed on 289/2019,

predicted signal peptides using SignalP httd://www.cbs.dtu.dk/cgbin/nph
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sw_request?signalaccessed on 28/09/2019), predicted transmembrane regions using

TMHMM (http://www.cbs.dtu.dk/cgbin/nphsw_request?tmhmm accessed on
28/09/2019) and rRNA identification using RNAMMERt{p://www.cbs.dtu.dk/dg

bin/sw_request?rnammaiccessed on 28/09/2019). These annotations were then merged

with the names in the downstream expression matrix with a utility perl script supjtied
Trinotate. When several different genes were associated with one sequericet tme
indicated by the software was used for further analysis, as this corresponded to the best hit
for its identification. However, no confidence interval or probgbwas associated to the

gene identified by the software.

The raw reads were then apped onto the transcriptome using Kallisto
(https://pachterlab.github.io/kallisto/ab@dcessed on 28/09/20Fryantet al,, 2017 with

default setting and an estimated fragment length of 2080 bp. Raw reads were also

quantified during mapping.

To visualise and detect thegsence of outliers, the raw transcript level reads were
transformed with the variance stabilizing transform using the DESeq2adRage
(https://bioconductor.org/packages/rededvioc/html/DESeqg2.html accessed on
28/092019;Love et al, 20149. Outliers were identiéd by using the Mahalanbois distance
after performing principal component analysis and removed from the subsequent analyses.

Differential expression between téferent conditiors was performed using the DESeq2

R packagean internal normalization wasgdormed by dividing the counts obtained for a
given gene under one specific condition by the mean count measured for the same ge
across all exposure conditiorieereforeenabling the measurement of idgld-changes in
gene expression between two distinct conditidrové€ et al, 2014. Gens were considered
differentially expressed when they had a Benjaklathberg adjusted-palue lower than

or equal to 0.05 and a Ipfpld-change in expression af least: 1 (Hassaret al, 2013.

4.3 Results

4.3.1 Phenotypicresponseafter exposure to suibhibitory concentrations of

chlorhexidine

4.3.1.1 Effectson susceptibilityprofilesto antimicrobials

The MICs and inhibition diameters obtained fag thfferent investigated antibiotics
were within the EWaldeS EUCAST, 2010 arcept focEecdli
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ATCC 25922 with COL where the MIC measu(@dL1+ 0.03ug/mL) was below the range
(0.25 to2 pg/mL). However, the COL MIC obtained for the second reference skato)i

NCTC 13846 (3.8 1.1pug / mL )

2 or 8ug/mL).

agreed

Wi t h pHg/me, exEeptionaly T ' s

The mean MIC values measud for TIG, COL, BZC and CHX, before and after

exposure to either 0, 2 orgg/mL CHX are groupeth Table4-2. Overall no statistically

significant dfferences (onavay ANOVA

f ol

owed

by

Tukey’ s

for any of the determined MIC when cparing before and after exposure, and between the

different exposure conditions, for both isolatéew statistically significant differences

(p<0.05) were observed; when comparing the untreated control and all other conditions for
BZC MIC in Kp-1, betweerthe untreated control and Kipexposed to fig/mL CHX (R2A

only) for CHX, between the untreated control and the PRE conditions for COL-i?Kp

and between the untreated control and the PRE conditipg/if@L. CHX only) for BZC in

Kp-125. However, the foldhanges in MICs were of approximately 2 ig¥thcorrespond to

the accepted variability when performing Miétermination Turnidge & P&erson, 200).

No change in susceptibility (susceptible to resistant orwirea)was observedor neither

Kp-1 nor Kp125 under any of the tested conditions.

Table 4-2. TIG, COL, BZC and CHX MICs obtained before and after exposure to 0, 2

orde g/ mL .CHX

A), MIC values obtained for K{i beforeexposure (first column) or after exposure to 0
(Kp-1+0), 2 (Kpl+2)or4 (Kpl+4)ug/mL CHX. B), MIC values obtained for Kp25
before exposure (first columny after exposure to 0 (kp25+0), 2 (Kp125+2) or 4
(Kp-125+ 4) yg/mL CHX. C), MIC vdues obtained for K125 after a 4&our reexposure
to 0 (Kp-125+ 0 PRE) or 4 (Kpl25+ 4 PRE)ug/mL CHX. Experimentsvere performed

at least in triplicate @B3). A red background indicates a resistant phenotype towards the

corresponding antibiotic and green background indicates susceptibility, according to
E U C A ShréalkpointsEUCAST, 2019. SD: standard deation.

Kp-1 Kp-1+0 Kp-1+2 Kp-1+4
A MIC (ug/mL) | MIC (pg/mL) | MIC (ug/mL) | MIC (ug/mL)
Mean SD | Mean SD | Mean SD | Mean SD
TIG 8.0 0.0 95 48 99 37 64 22
COL 0.18 0.07 0.13 0.10 0.16 0.07 0.12 0.03
BZC 16.0 0.0 76 0.7 76 0.7 75 1.2
CHX 8.0 0.0 4.7 1.9 50 1.7 6.1 15
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Table 4-27 Continued

Cardiff University

Kp-125 Kp-125+0 Kp-125 + 2 Kp-125+4
B MIC (ug/mL) | MIC (ug/mL) | MIC (ug/mL) | MIC (ug/mL)
Mean SD | Mean SD | Mean SD | Mean SD
TIG 40 1.9 32 10 30 1.2 33 16
COL 0.23 0.15 0.31 0.10 0.35 0.14 0.27 0.10
BzZC 16.0 0.0 21.3 6.2 25.3 6.7 26.7 7.5
CHX 8.0 0.0 55 2.6 6.0 1.3 70 20
Kp-125 + 0 PRE Kp-125 + 4 PRE
C MIC (ug/mL) MIC (ug/mL)
Mean SD Mean SD
TIG 5.0 2.0 4.0 0.0
COL 0.50 0.00 0.38 0.05
BzZC 32.0 0.0 28.0 5.1
CHX 8.0 0.0 8.0 0.0

The mean inhibition diameters obtained for the different tested antibiotics before and

2019

after exposure arpresented imable4-3. No statistically significant difference (ongay

ANOVA

antibiotic, for neither Kdl nor Kp125, and under any of the investigated exposure

f ol

| owe d

by

Tukey'’s

test ;

p>0.05)

conditions. Similarly, no change inusceptibility towards the different investigat

antibiotics was obtained after exposure to the different CHX concentrations investigated.
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Table 4-3. Antibiotic inhibition diameters obtained before and afterexposure to 0, 2 or
4e g/ mL CHX

A), Inhibition diameters obtained for Kp before exposure (first column) or after exposure

to 0 (Kp1+0), 2 (Kpl+2)or4 (Kpl+4)ug/mL CHX. B), Inhibition diameters obtained

for Kp-125 before exposure (firgtolumn) or after exposure @ (Kp-125+0), 2 (Kp

125+ 2) or 4 (Kp125+ 4) yg/mL CHX. C), Inhibition diameters obtained for K25 after

a 48hour reexposure to 0 (K{125+0 PRE) or 4 (Kpl25+4 PRE) ug/mL CHX.
Experiments were carried at least iplicate (r23). A red backgrond indicates a resistant
phenotype towards the corresponding antibiotic and a green background indicates
abreakpaints EWCASTE 2019)E AKC AndK&Cins

ATM: aztreonan; CAZ: ceftazidime; CIP: ciprofloxacin; CN: gentamycin; CPM: cefepime;

susceptibility,

ETP: ertapenem; FOX: cefoxitin; IPM: imipenem; MEM:ermapenem SD: standard

deviation
Kp-1 Kp-1+0 Kp-1+2 Kp-1+4

A Inhibition (mm) Inhibition (mm) Inhibition (mm) Inhibition (m m)

Mean SD Mean SD Mean SD Mean SD
IPM 143 1.2 156 0.9 16.0 0.9 158 1.2
MEM 13.0 1.0 148 1.0 145 1.6 148 0.8
ETP 10.3 0.6 11.1 0.6 106 2.0 11.2 0.8
ATM 6.0 0.0 6.0 0.0 6.0 0.0 6.0 0.0
CIP 6.0 0.0 6.0 0.0 6.0 0.0 6.0 0.0
CAZ 6.0 0.0 6.0 0.0 6.0 0.0 6.0 0.0
CPM 123 0.6 119 14 125 0.5 122 1.2
FOX 6.0 0.0 6.0 0.0 6.0 0.0 6.0 0.0
AK 6.0 0.0 6.0 0.0 6.0 0.0 6.0 0.0
CN 6.0 0.0 6.0 0.0 6.0 0.0 6.0 0.0

Kp-125 Kp-125+0 Kp-125 + 2 Kp-125+4

B Inhibition (mm) Inhibition (mm) Inhibition (m m) Inhibition (mm)

Mean SD Mean SD Mean SD Mean SD
IPM 8.0 0.0 95 0.6 9.8 05 9.0 0.0
MEM 6.0 0.0 6.0 0.0 6.0 0.0 6.0 0.0
ETP 6.0 0.0 6.0 0.0 6.0 0.0 6.0 0.0
ATM 6.0 0.0 6.0 0.0 6.0 0.0 6.0 0.0
CIP 6.0 0.0 6.0 0.0 6.0 0.0 6.0 0.0
CAZ 6.0 0.0 6.0 0.0 6.0 0.0 6.0 0.0
CPM 7.3 0.6 7.3 0.5 7.3 05 7.0 0.0
FOX 6.0 0.0 6.0 0.0 6.0 0.0 6.0 0.0
AK 140 0.0 145 0.6 143 0.5 145 0.6
CN 18.3 0.6 19.0 0.0 188 0.5 19.0 0.0
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Table 4-37 Continued

Cardiff University

Kp-125 + 0 PRE Kp-125 + 4 PRE

C Inhibit ion (mm) Inhibit ion (mm)

Mean SD Mean SD
IPM 100 0.8 98 05
MEM 6.0 0.0 6.0 0.0
ETP 6.0 0.0 6.0 0.0
ATM 6.0 0.0 6.0 0.0
CIP 6.0 0.0 6.0 0.0
CAZ 6.0 0.0 6.0 0.0
CPM 7.0 0.0 73 05
FOX 6.0 0.0 6.0 0.0
AK 14.8 0.5 14.0 0.0
CN 188 0.5 19.0 0.8

The

4.3.1.2 Effectsonvirulence

2019

The detailed results obtained for the virulence assay are preseteoendix XII.

untreated,

‘stabbed’

(no

20 groupsthdrbbowad per f or me

survival rates of 97.5, 96.3 and 1@0Dafter fivedays of incubationtespectively. All the

larvae injected with DMSO had died BRéurs after injection. Important variability in

survival rates was measured for all the isoléleb< exposurebacterial loads combinations.

No statistically significant (twavay ANOVA followed byB o n f e r r eesti p>&05)p o s t

difference was observed between the different conditions regardless of the isolate when

larvae were injected with $@FU, with survival rates ranging from 83.3 to 9&uGfter five

days of incubation. Foboth bacterial idates, and under all the tested conditions,
h i gtdste p<0.06)Baeatf mtesr werei obtainedpwvatis t

significantly

increasing bacterial loads.

The results obtained for Kp are presented Figure4-5. For aset bacterial load, no

statistically significant differences were observed in virulence whedl s exposed to

the different CHX concentrations.
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Kp-1
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-0~ Kp-1+0; 10°CFU @ Kp-1+2; 10°CFU - Kp-1+4; 10°CFU
—# Kp-1+0; 10° CFU Kp-1+2; 10°CFU Kp-1+4; 10°CFU

Figure 4-5. G. mellonellalarvae survival rates after injection of several bacterial loads
of Kp-1 previously exposed to different CHX concentrations.

Experiments were carriezlitat least in triplicate @3). Survival rates (in %) were rmsured
after one to five days incubation following injection of eithe?, 1@P or 1¢* CFU of Kp-1
previously exposed to either 0 (Kp-0), 2 (Kpl1+2) or 4 (Kpl+4)ug/mL CHX. Reported

values corresponded to mean and samhdeviation obtained for eachnobtion.

The results obtained for Kp25 arepresented irFigure4-6. When 16 CFU were
i njected, a si gni-test; p<®.05) de¢rdase nnfservival avasi obssrveg o
with increasing cncentrations of CHX the isolate was exposed to, for the figigxe only
(no difference was obtained in survival rate when comparing secondary exposure to either (
or 4ug/mL CHX at this bacterial load). This phenomenon was however not observed when
10° CFU were injected. No statistically significant differencesemaiserved in virulence
after reexposure between exposure 0 angg4d mL CHX ( B o ntése p>0.Ghn i ' S
For a set CHX concentration, survival rates were found to be significantly lower after re
exposure for ug/mL (R2A only) when compared to virmlee measured after the first
exposure to the same concentration (with@BU only). The virulence observauKp-125
after reexposure to 4ig/mL CHX with a bacterial load of 2@FU was significantly less
important than the one measured for-K@b afterthe first exposure to the same CHX

concentration.
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-} Kp-125+0PRE; 10°CFU - Kp-125+4PRE; 10°CFU

Figure 4-6. G. mellonellalarvae survival rates after injection of several bacterial loads
of Kp-125 previously exposed to different CHX concentrations.

Experiments werearriedoutat least in triplicate @3). Survival rates (in %) were measured
after one toiffe days incubatiofollowing injection of either 18 1 or 1¢* CFU of Kp-125
previously exposed to either 0 (Kj25+0), 2 (Kp125+2) or 4 (Kpl125+4)ug/mL CHX, or
after a second exposure to 0 (Kp5+0PRE) or 4 (K125+4PREug/mL CHX. Reported
values orresponded to meamnd standard deviation obtained for each condition
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When comparing both isolates, Kip was found to be sign
posttest; p<0.05) more virulent than Ki25. Indeed, the survival rates observed when
injecting 16 CFU after exposure tory of the CHX concentrations were lower in-Hghan

in Kp-125 (similar observations were made with a bacterial loadoCEQ).

4.3.2 Molecular changesafter exposure to sumhibitory concentrations of

chlorhexidine

4.3.2.1 Detection ofplasmids

Several plasmids werdetected by PFGE following S1 digestion for both isolates, as
illustratedin Figure4-7. Thetop, very bright band observed in both lanes corresponded to
the chromosomal DNA. Three bands were observed fet gpproximately 34&b, 240kb
and 19Ckb) and four bands were obtained for-Kp5 (approximately 19Kkb, 150kb, 97kb
and <48kb).

436.5KD m—
388.0Kh m——

339.5Kkb m—
291.0Kkb s—
242.5Kb we—

194.0 kb s—

145.5KD m—

97.0 kb se—

48.5 kb me—

Figure 4-7. Plasmid detection using PFGE following S1 digestion for Kfi and Kp-125.
S1 digestion I|linearized the isolates’ p
molecular size on the electrophoresss. g
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4.3.2.2 Whole genome sequencing

An overall of 495,706 and 247,68p were obtained from WGS for Kp and
Kp-125, respectivg. These numbers went down to 487,543 and 245,509 when considering
contigs with a minimum coverage of 20x and a minimum length obp0This represented
however only a small fraction (<®@) of the expected genome size; indeed, another
K. pneumoniaeSTZ8 isolate possesses a chromosome of approximately 5,4@p000
(GenBank access number: LAKK01000012.1). Because of thdg, movotrangriptome
assembly was preferred for the differential expression analysis instead of mapping the reads

to a reference geme.

4.3.2.3 RNA sequencing

The genes for which expression was statistically significant (Benjaioainberg
adjusted pvalue; p<0.05, and legfold-change of at least 1.0) between the different
exposure conditions for Kp are groupedn Table 4-4. Overall, more genes had their
expression alted by exposure to gg/mL than by 2ug/mL CHX when compared to the

control condition(Quq / mL CHX) . When the same gene’ s expres
CHX treatments, the foldhange in expression was equivalent or more importanggtmL

CHX. A wide range of cellular activities were impacted by exposure to CHX, including
various metabolism pathways, cellular respiration and electron transfer (upregulation up to
2 log fold-change after exposure to both CHX concentrations when compared to the
contol), stress response (mainly upregulation after CHX exposure) and efflux and transport
activities (mainly upregulation after exposure tpgdmL CHX). Regarding efflux, several

genes acoding multidrug efflux pumps were found to be upregulated after x@oto

4 ug/mL CHX, includingacrD (logz fold-change: 1.1)mdtB (1.2) and the cationic efflux
pump-encoding gensmvA(3.5). The expressions of genes encoding a DNA polymerase
(dnaB) and a DNA gyraseglyrA) involved in cell replication activities wereudnd to be
downregulated after CHX treatment. The expression of genes encoding for chaperonins were
upregulated, except foasmA which expression was downregulated (involved in the
prevention of misfolding for outer membrane protein mutants). Genes encpdintegins
involved or associated with ribosomes were globally downregulated. The production of
fimbriae was decreased after CHX treatment, and degradation of putrescine was increased.
No change in the expression profiles of global regulators includiagand sox were
detected, but increased expressiorplofiM (part of the Pho regulon) was observed after

exposure to both CHX concentrations.
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Table 4-4. Differential expression analysis between exposure to diffent CHX
concentrations for Kp-1.

Exposure of Kgl to either O or ug/mL CHX was performed in quadruplicate (n=4), and
exposure to ig/mL CHX was performed in triplicate (one outlier removed; n=3).
Differential expression analysis was performed by comgakip-1 exposed to Rg/mL

CHX (Kp-1 2/0) or exposed todg/mL CHX (Kp-1 4/0) to the control condition (@/mL

CHX). Differential expression was expressed in foid-change (FC). Only genes for which

the differential expression was statistically sigraht Benjamn-Hochberg adjusted p
value p<0.05) and with at leds 1 log fold-change are presented in this table. Upregulated
genes are highlighted in green, and downregulated genes in red. When numbers are indicate
in brackets, it means several difént sequences were identified as the same gene in the
database. 31 not significant and/or with a ledold-change lower tham 1; OM: outer

membrane; OMP: outer membrane protein; rRNA: ribosomal RRNA: transfer RNA.

Kp-12/0 Kp-14/0
log. FC log. FC
Gene name | Mean SD | Mean SD Associated function Reference
Antibiotic resistance
ampC | ns |  -1.0 0.2] p-lactamase | Jacoby, P09

Cellular respiration / electron transfer

Wang & Gunsalus,

fdhF ns 1.5 0.6 | Formate dehydrogenas 2003
Wang & Gunsals,
fdnG ns 2.1 0.7 | Formatedehydrogenasdg 2003
Maupin &
fhlA ns 1.3 05 | Formate dehydrogenas Shanmugam, 1990
Nitrate/nitrite
narkK ns 2.0 0.7] transporter
Nitrate/nitrite
narU 1.8 02 21 0.1] transporter
narZ ns 13 0.4 | Nitrate reductas Buenoet al, 2012
nasR 19 06 1.8 0.5 Nitrate regulation Goldmanet al, 1994
nfsB ns 15 0.1 ] Nitrate reductase Rau & Stolz, 2003

Cell wall synthesis and/or maintenance

Diaminopimelic acid

dapE -1.1 03 ns synthesis Wu et al, 1992
Artola-Recolonsetal.,
mitC 1.0 0.3 ns Murein transglycolase | 2014

DNA modification and/or transfer

Tomasiewicz &

dnak ns -1.4 0.4 | DNA polymerase McHenry, 1987
Pourahmad Jaktaji &

gyrA ns -16 0.4 | DNA gyrase Mohiti, 2010

mukB 105 1.7 121 1.6| Chromosome partition | Niki et al,, 1992
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Table 4-471 Continued
Kp-12/0 Kp-14/0
log, FC log2 FC
Genename | Mean SD | Mean SD | Associated function Reference
Efflux and transport
Multi-drug effluxpump,
acrB ns -1.4 0.5| RND family Alav et al, 2018
Multi-drug efflux pump,
acrD ns 1.1 0.3 | RND family Alav et al, 2018
Multi-drug efflux pump,
RND family Brucella
bepG ns 16 0.2] spp.) Martin et al, 2009
Microcin secretion,
mchF ns 11 0.3 ] bacteriocin transport | Poeyet al, 2006
Multi-drug efflux pump,
mdtB ns 12 0.3 | RND family Kim & Nikaido, 2012
Multi-drug efflux pump,
mdtM ns 11 0.2 | MESfamily Krizsanet al, 2015
Ribitol transporter,
rbtT ns 1.4 0.3 | MFS family Paoet al, 1998
Cationic compounds
efflux pump, MFS
SMVA 3.1 04 3.5 0.3] family Villagra et al, 2008
Stress response
RNA regulatory protein
linked to oxidative
achA ns 1.1 0.2 ] stress Gruer & Guest, 1994
Alcohol dehydrogenase Khil & Camerini
adhP ns 14 0.2] linked to DNA damage | Otero, 2002
Transcriptional
activator linked to UV
gcvA -1.1 03 ns exposure Sargentiniet al, 2016
Involved in trehalose
synthesis and
OtsA ns 1.0 0.2 | osmoprotection Joseplet al, 2010

Transcription, translation and post-translation modifications

Prevents misfolding of

asmA ns -1.3 0.2 | mutant OMPs Prietoet al,, 2009

groL (1) 1.2 04 1.2 0.3

groL (2) 12 0.3 1.2 0.3 Goltermanret 4.,

groL (3) 16 05 15 0.4 | Chaperonin 2015

lysS ns 19 0.5] LysinetRNA ligase Levequeet al, 1990
Ribosomeassociated

rbbA ns -1.6 0.6 | ATPase Ganoza & Kiel, 2001
Modification of 23S

rlhA -6.0 19 ns rRNA Kimuraet al, 2017

Virulence-associated

fimD (1) ns -11.1 3.0 Involved in

fimD (2) ns -3.1 0.8 | export/assembly of

fimD (3) ns -1.3 0.3 | fimbriae Nishiyamaet al, 2008
Involved in putrescine

puuB ns 15 0.2] degradation Nemotoet al, 2012
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Table 4-471 Continued

Kp-12/0 Kp-14/0
log, FC log2 FC
Genename | Mean SD | Mean SD | Associated function Reference
Other
Lactaldehyde
aldA 1.3 04 16 04 | dehydrogenase Limon et al, 1997
Involved in arginine
argl ns 1.1 0.3 biosynthesis Celis, 1977
Biotin sulfoxide Pierson & Campbell,
bisC -21 04 -13 0.4 | reductase 1990
budB ns 1.7 0.4 | Acetolactate synthase | Blomgvistet al, 1993
Involved in cobalamin
cbiD ns 1.1 0.4 synthesis
Involved in cobalamin
chiF ns 1.7 0.5]| synthesis Mooreet al, 2013
Creatinine
crnA ns 13 0.5 | amidohydrolase Beuthet al, 2003
cysl ns 47 1.4 | Sulfite reductase Ostrowskiet al,, 1989
Sulfate adenylyl Hummerjohanret al,
cysN ns -1.2 0.3 | transferase 1998
dcp ns 2.8 0.9 | Carboxypeptidase Henrich et al, 1993
Ethanolamine Bovell & Warncke,
eutB 1.7 05 2.0 0.5 | degradation 2013
Involved in dycolysis | Charpentier &
gapA ns 1.1 0.2] and glyconeogenesis | Branlant, 1994
gltA -1.2 04 -1.0 0.3 Citrate synthase Parket al, 1994
Glucoserelated
peptidaseinvolved in
entry into stationary
mtfA -1.1 0.3 -1.2 0.3 | growth phase Gohleret al, 2012
Part of the Pho regulon| Jochimseret al, 2011;
phnM 1.2 04 1.7 0.3 global regulation SantosBeneit 2015
rutG ns 2.4 0.6]| Pyrimidine permease | Kozminet al, 2013
Unknown / putative
UniProt
ybgA 3.0 09 ns Uncharacterized proteirl (YBGA_ECOLI)
Uncharacterized,
putative transcriptional | FloresBautistaet al,
ybhD ns 1.1 0.3 regulator 2018
UniProt
ydhK ns 1.7 0.4 | Uncharacterized proteil (YDHK _ECOLI)
UniProt
ydhS ns 19 0.6 | Uncharactered protein| (YDHS ECOLI)
Uncharacterized, might
be part of the ABC Vondenhoffet al,
yejA 26 07 ns transporter family 2011
UniProt
ygaD ns 1.7 0.5 Uncharacterized protei (Q1R800 ECOUT
Uncharacterized, might
be involved in OM Mitchell et al, 2017;
yhdP 1.0 03 ns permeability Mitchell et al, 2018
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The genes for which expression was statistically signifi(BehjaminHochberg
adjusted pvalue; p<0.05, and log fold-change of at least 1.0) between the different
exposure conditions (first exposure only) for-Kp5 are groupeih Table4-5. Similarly to
Kp-1, more genes were differentially expressed aft@oswre to 4ug/mL than 2ug/mL
when compared to the control conditionu@mL CHX), and when the expression of a gene
was altered in both conditions, tleéfect was mainly more important after exposure to
4 ug/mL CHX than to Zug/mL CHX. The impact of CHXxposure on the different cellular
activities seemed more contrasted, with genes linked to the same cellular activity found both
upregulated and downregéd. As seen with Kfi, most genes involved in cellular
respiration and several mutlrug efflux pump-encoding genes were found to be
upregulated, especially after exposure f@gnL CHX: acrD (log. fold-change: 1.2)emrD
(1.3 after exposure to | &/mL CHX) andsmvA(1.9). However, genes encoding proteins
related to iron transport were downregulated. The expression of severatdliéd genes
(DNA polymerase and gyrase, helieagmtegrase, transposase, recombinase) was found to
be downregulated aftetHX exposure, while other were upregulated (genes related to
plasmid transfer and conjugation, mismatch repair). An overall decrease of the expression
of genes involved in transgtional, translational and pestinslational modifications, and
related tovirulence, was observed. The expressiopluiM as previously seen for Kp,

was also increased after CHX exposure inlkp.
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Table 4-5. Differential expression analysis between exposure to different CHX
concentrations for Kp-125.

Exposure of Kpl25 to either 0, 2 or gg/mL CHX was performed in quadruplicate (n=4).
Differential expression analysis was performed by comparind Zpeposed to 2ig/mL

CHX (Kp-125 2/0) or exposed toug/mL CHX (Kp-125 4/0) to the control condition

(0 pg/mL CHX). Differential expression was expressed in fotf-change (FC). Only genes

for which the differential expression was statistically signific@dénjamn-Hochberg
adjusted p valugp<0.05) and with at leagt1 log fold-change are presented in this table.
Upregulated genes are highlighted in green, and downregulated genes in red. When numbe
are indicated in brackets, it means several diffesequences were identified as the same

gene in the database. ns; significant and/or with a lagfold-change lower that 1.

Kp-125 2/0| Kp-125 4/0

Gene log: FC log: FC
name Mean SD| Mean SD Associated function Reference
Cellular respiration / electron transfer

ccmF ns -1.1 0.3 | Cytochrome c synthesis | ThonyMeyeret al, 1995
hemA ns -9.6 2.4| Involved in heme synthes| Darie & Gunsalus, 1994
narU 1.1 0.2 1.7 0.2 Nitrate/nitrite transporter | Buenoet al, 2012

nfsB ns 1.2 0.3]| Nitrate reductase Rau & Stolz, 2003

pntB 79 1.6 10.3 1.6 | NAD(P) transhydrogenas¢ Clarkeet al, 1986

Cell wall synthesis and/or maintenance

Endopetidase involved in

nipC ns 1.5 0.4 | peptidoglycan turnover | Xu et al, 2015
Involved in O antigen
rfbD 14 04 1.6 0.4 | synthesis Boelset al, 2004

DNA modification and/or transfer

Tomasiewicz &

dnak ns -1.1 0.2 | DNA polymerase McHenry, 1987

gyrA(1) ns -1.8 0.5 Pourahmad Jaktaji &

gyrA(2) ns -1.4 0.5| DNA gyrase Mohiti, 2010

helD -2.4 0.8 ns DNA helicase Mendonceet al, 1993

intB (1) -1.0 0.2 -1.1 0.2

intB (2) ns -1.1 0.2| Integrase Hochhutet al, 2006
Involved in plasmid Henderson & Meyer,

mobA 15 05 2.1 0.5] transfer 1999

mukB 1.4 05 2.2 0.5| Chromosome partition Niki et al, 1992

mutS 49 1.2 6.0 1.2 | Mismatch repair Acharyaet al, 2003
DNA repair and

recC -1.4 04 -1.1 0.4 | recombination Myers & Stahl, 1994

SOpA 1.0 0.2 ns Plasmid patrtition Kim & Shim, 1999

tnpA -2.1 05 -1.4 0.4 | Transposase Horak & Kivisaar, 1998
Involved in F pilus

traH 2.2 0.6 2.7 0.6 | formation (conjugation) | Arutyunovet al, 2010

xerC ns -1.1 0.3 | Recombinase Cornetet al, 1997
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Table 4-571 Continued
Kp-125 2/0| Kp-125 4/0
Gene log: FC log: FC
name Mean SD| Mean SD Associated function Reference
Efflux / transport

Multi-drug efflux pump,

acrD ns 1.2 0.3 | RND family Alav et al, 2018
Oligopeptides ABC

appF 19 04 2.7 0.4 transporterBacillusspp.) | Koide & Hoch, 1994
Permease involved in
aromatic amino acid

aroP 20 0.6 ns transport Cosgriff & Pittard, 1997
Multi-drug efflux pump,

emrD 1.3 04 ns MES family Alav et al, 2018

entE -19 05| -1.6 0.5] Enterobactin synthesis

entF -1.8 0.5 ns (iron transport) Raymondet al, 2003

fcuA ns -1.0 0.1

fepA = 0.6 ns Ozenbergeet al, 1987;

fepC 2.0 04| -1.6 0.4| associated withron Miethke & Marabhiel,

fes -2.1 0.6 ns transport 2007; Grimet al, 2012
P-type ATPase, involved
in cation tansport Sardesai &

kdpA ns 1.6 0.4 | (potassium) Gowrishankar, 2001
Phosphoglycerate Varadhachary &

pgtP ns 1.2 0.2 ] transport, MFS family Maloney, 1991

rbtT (1) ns 1.7 0.3] Ribitol transporter, MFS

rbtT (2) 16 04 2.5 0.4 family Paoet al, 1998
Cationic compounds efflu;

SmvA 14 0.3 1.9 0.3| pump, MES famy Villagra et al, 2008
ABC transporter involved

SSUA ns -1.2 0.4 in uptake ofsulfonates Eichhornet al, 2000
Involved in potassium

trkA -2.2 0.6 ns uptake Bossemeyeet al, 1989

Stress response

Antirepressor linked to

bluF ns 1.0 0.2 blue light exposure Tschowriet al, 2009
Involved in acclimatation
of nutritionally starved

cspE 1.1 0.3 ns bacteria in fresh media Baeet al, 1999
Involved intrehalose
synthesis and

OtsA ns 1.1 0.1| osmoprotection Joseptet al, 2010
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Table 4-57 Continued

Kp-125 2/0| Kp-125 4/0
Gene log: FC log: FC
name Mean SD| Mean SD Associated function Reference
Transcription, translation and post-translation modifications
Translation elongation
epmA ns -1.6 0.6 | factor aminoacetylase Vivijs et al, 2016
ileS ns -3.5 1.3] IsoleucinetRNA ligase Chalkeret al, 1994
lysS 1.8 0.2 ns Lysine-tRNA ligase Levequeet al, 1990
rapA (1) ns -1.1 0.2 RNA polymerase
rapA (2) ns 1.9 0.5| associated protein Sukhodolets & Jin, 1998
rlhA ns -23.6 2.9 | Modification of 23S rRNA| Kimuraet al, 2017
50S ribosomal protein L1
rplA ns -4.0 1.4 | synthesis Fuetal, 2013
Virulence associated
Involved in
export/assembly of
fimD -1.1 0.3 -1.2 0.3| fimbriae Nishiyamaet al, 2008
Jelsbalet al, 2012;
Involved in spermidine Chattopadhyayt al,
gss ns -3.1 1.1 | metabolism 2013
hcpA 1.3 04 ns Fimbriae synthesis Hernandegt al, 2011
higA ns -2.8 1.0| Antitoxin Wood & Wood, 2016
yefM ns 1.1 0.3 Antitoxin Cherny & Gazit, 2004
Other
Acetyl-coenzyme A
acs ns -22.3 3.9 synthetase Kumaii et al, 2000
agP ns 1.0 0.2]| Glucosel-phosphatase Pradel & Boquet, 1989
Pierson & Campbell,
bisC ns -4.0 1.3 | Biotin sulfoxide reductase| 1990
can ns 1.9 0.7 | Carbonic anhydrase Merlin et al, 2003
Carbamoyl phosphea
carB 1.4 0.2 1.2 0.2]| synthetase Nyunoya & Lusty, 198
cysl ns 1.7 0.6 Sulfite reductase Ostrowskiet al, 1989
Involved in pyruvate
dxs ns 4.0 0.9]| degradation Handaet al, 2013
Glutaminesynthetase
glinE 21 04 1.3 0.4 | adenylyl-transferase Rheeet al, 1985
Guanosine monophospha
guaA -1.3 04 -1.4 0.4 | synthetase Tiedemaret al, 1985
Isopentenyl disphosphate
idi 76 2.0 ns isomerase Hahnet al, 1999
Involved in aromatic
livF 1.1 0.2 ns amino acid accumulation | Koyanagiet al, 2004
Transcriptional regulator
involved inquorum
IsrK -6.8 1.9 ns sensing Xavier & Bassler, 2005
Mechanosensitive channe
mscK 1.2 04 ns involved in ion regulation | Li et al,, 2002
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Table 4-571 Continued

Kp-125 2/0| Kp-125 4/0
Gene log: FC log: FC
name Mean SD| Mean SD Associated function Reference

Other (continued

Part of the Pho regulon, | Jochimseret al, 2011;
phnM 1.1 0.2 1.5 0.2] global regulation SantosBeneit, 2015
Phosphate acetyl
transferase involved in CastaneCerezoet al,
pta 11 04 1.1 0.4 ] acetate metabolism 2009

Unknown / putative

Putative transposase for

no name 3.7 1.2 ns insertion sequence UniProt
UniProt
ybgA -1.1 04 ns Uncharacterized protein | (YBGA ECOLI)
Uncharacterized, puiae | FloresBautistaet al,
ybhD ns 1.3 0.5] transcriptional regulator | 2018
Inner membrane protein
yejM 49 1.3 4.5 1.3]| (unknown function) De Lay & Cronan, 2008
yhfK ns 4.2 1.5| Uncharacterized protein | UniProt (YHFK_ECOLI)
Uncharacterized, putative| FloresBautistaet al,
VjiR 12 04 ns transcriptional regulator | 2018

ATPase associated with
iron transport Bacillus
yusV -1.2 0.2 ns spp.) Ollingeret al, 2006

The results obtained for the differential expression analysis afexp@sure to either
0 or 4pg/mL CHX for Kp-125 are grouped imable4-6. Repeate@gxposure in R2A only
(Kp-125 OPRE/O) seemed to have an impact on a wide range of biological functions,
including increased expression of genes involved in cellular respiration and electron transfer,
in DNA-related functions, and in iron transpoiyt notin efflux (no change iracrB
expression, decreased expressiorsfovA. However, only two replicates were obtained for
the second exposure tuf/mL CHX (Kp-125+ OPRE), which could bias the analysis. Few
significant changes were observed when compahi@dirst and second exposure tpgfmL
CHX (Kp-125 4PRE/4), with thenost pronounced being amcreasedexpression oflhA
(logz fold-change: 2.7), involved in translation, arats(19.4), involved in the biosynthesis
of acetyl coenzyme A. When compdre the first exposure, the second exposuregigdL
CHX resulted in less differentially expressed genes (based on a first or sg@ynu ACHX
exposureversusO pg/mL CHX exposure differential expression analysis) but with similar
effects, e.g. incresed expression of respiratiassociated genes andsvhvA The second
exposure to ig/mL CHX had an important impact on a wide range of celliulactions
when compared to the second exposure fig/thL CHX (Kp-125 4PRE/OPRE): cellular
respiration and ektron transferelated genes were found to be upregulated, as were efflux

Pagel48



Chapter 4- Effects of exposure to stibhibitory concentrations of chlorhexidine

and transportelated genes (includingcrD, silA andsmvA except foriron transport, and
genes encoding proteins involved in transcriptional, translational ortraosiational
modifications. Similarly to the differences observed after single exposure to both O or
4 ug/mL CHX, chaperonirencoding genes and several DiX#laed genes were found to

be downregulated (helicase, integrase, replication initiation, recombinase) while gene

related to plasmid transfer and mismatch repair were upregulated.
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Table 4-6. Differential expression analysis between before and after rexposure to different CHX concentrations for Kp125.

Exposure of Kpl25 toeither 0, 2 or 4i9/mL CHX was performed in quadruplicate (n=4)epgosure to ig/mL was only obtained over two different
experiments (n=4), while rexposure to fig/mL CHX was performed in quadruplicate (n=4). Differential expression analysis wasnpedf by
comparirg Kp-125 before and after +exposure to ug/mL CHX (Kp-125 OPRE/0), before and afteregposure to fig/mL CHX (Kp-125 4PRE/4),
and by comparing K{i25 reexposed to 1g/mL CHX with the control condition (one exposure ogdmL CHX; Kp-125 4PRE/0) andith re-exposure

to Opg/mL CHX (Kp-125 4PRE/OPRE). Differential expression was expressedifdiogchange (FC). Only genes for which the differential expression
was statistically significanBenjamn-Hochberg adjusted p valup<0.05 and with at lest + 1 log- fold-change are presented in this table. Upregulated
genes are highlighted in green, and downregulated genes in red. When numbers are indicated in brackets, it meanemesatjdéhces were

identified as the same geimethe databas&s: not significant and/or with a lpépld-change lower that 1.

Kp-125 OPRE/O| Kp-125 4PRE/4| Kp-125 4PRE/0| Kp-125 4PRE/OPRE
log: FC log. FC log: FC log: FC

Gene name Mean SD Mean SD Mean SD Mean SD Associated function Reference

Cellular respiration / electron transfer

Wang & Gunsalus,

fdnG ns ns 1.2 0.3 1.4 0.4 | Formate dehydrogenase | 2003

Darie & Gunsalus,
hemA -1.1 0.3 ns ns 1.2 0.3 | Involved in heme synthesig 1994
narU ns ns ns 1.8 0.2 | Nitrate/nitrite transporter
narV ns ns 1.2 0.3 ns Nitrate reducatse
narZ ns ns ns 1.9 0.6 | Nitrate reductase Buenoet al, 2012
nfsB ns ns ns 1.3 0.3 | Nitrate reductase Rau & Stolz, 2003
pntB -6.5 21 ns ns 7.4 2.0 | NAD(P) transhydrogenase| Clarkeet al, 198
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Table 4-61 Continued

Kp-125 OPRE/O

Kp-125 4PRE/4

Kp-125 4PRE/O

Kp-125 4PRE/OPRE

log2 FC log> FC logx FC log2 FC
Gene name Mean SD Mean SD Mean SD Mean SD Associated function Reference
Cell wall synthesis and/or maintenance
rfbD (1) ns ns ns 6.6 2.3] Involved in O antigen
rfbD (2) -26 05 ns ns 3.4 0.5 | synthesis Boelset al, 2004
DNA modification and/or transfer
helD (1) ns ns ns -2.5 0.9 Mendonceet al,
helD (2) 1.2 0.2 ns ns -1.4 0.2 | DNA helicase 1993
Nucleoidassociated pretn | Holowkaet al,
hupB -22.3 4.6 ns ns 13.9 4.5 | (DNA compaction) 2017
intB (1) 1.0 0.2 ns ns -1.7 0.2 Hochhutet al,
intB (2) 1.2 0.2 ns ns -1.2 0.2 | Integrase 2006
Involved in plasmid Henderson &
mobA ns ns ns 2.6 0.6 | transfer Meyer, 1999
mukB ns ns ns 1.8 0.6 | Chromosome partition Niki et al, 1992
Acharyaet al,
mutS -6.5 14 ns ns 7.8 1.4 | Mismatch repair 2003
Replication initiation Betteridgeet al,
repA ns ns ns -1.2 0.2 | protein 2004
Horak & Kivisaar,
tnpA 19 05 ns ns -2.1 0.5 | Transposase 1998
Involved in F pilus Arutyunovet al,
traE ns 15 04 15 04 2.7 0.5 | formation (conjugation) 2010
xerC 1.1 0.3 ns ns -1.7 0.3 | Recombinase Cornetet al, 1997
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Table 4-61 Continued

Cardiff University

Kp-125 OPRE/O| Kp-125 4PRE/4| Kp-125 4PRE/O| Kp-125 4PRE/OPRE
log2 FC log> FC log, FC logz. FC
Gene name Mean SD Mean SD Mean SD Mean SD Associated function Reference
Efflux and transport
Multi-drug efflux pump,
acrB ns ns ns 1.2 0.2 | RND family Alav et al, 2018
appF(1) ns 1.0 0.2 11 0.2 1.4  0.2] Oligopeptides ABC Koide & Hoch,
appF(2) -21 05 ns 14 04 3.5 0.4 | transporterBacillusspp.) | 1994
citH ns ns ns 24 0.9 | Citrateproton symporter | Poset al, 1998
entE -21.4 4.3 ns ns 20.6 4.1 | Enterobactin synthesis (iro; Raymondet al,
entS 40 1.2 ns ns ns transport) 2003
Ozenbergeet al,
fepC 1.8 04 ns ns -1.2 0.4 1987; Miethke &
Associated with iron Marahiel, 2007,
fes 20 0.7 ns ns ns transport Grimet al, 2012
Sardesai &
P-type ATPase, involved i Gowrishankar,
kdpA ns ns ns 2.2 0.6 | cation transport (potassiun| 2001
Phosphoglycerate transpol Varadhachary &
pgtP ns ns ns 1.1 0.2 | MES family Maloney, 1991
rbtT (1) ns ns ns 1.6 0.3 | Ribitol transporter, MFS
rbtT (2) -20 05 ns ns 3.1 0.5 | family Paoet al., 1998
Silver efflux pump, RDN | Ortega Morentet
silA ns ns ns 6.2 2.4 | family al., 2013t
Cationic compounds efflux
SMvVA -1.3 04 ns 1.1 0.3 2.4 0.4 | pump, MFES family Villagra et al, 2008
Involved in potassium Bossemeyeet al,
trkA ns ns ns 2.3 0.7 | uptake 1989
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Table 4-61 Continued

Kp-125 OPRE/O

Kp-125 4PRE/4

Kp-125 4PRE/O

Kp-125 4PRE/OPRE

log. FC log. FC log, FC logz. FC
Gene name Mean SD Mean SD Mean SD Mean SD Associated function Reference
Stress response
Alcohol dehydrogenase Khil & Camerini
adhP ns ns 15 0.3 2.0 0.4 | linked to DNA damage Otero, 2002
Involved in trehalose
synthesis and
OtsA ns ns ns 1.2 0.2 | osmoprotection Joseplet al, 2010
Transcription, translation and post-translation modifications
Involved in RNA LopezVillamizar et
cpdB ns ns ns -1.1 0.3 | degradation al., 2016
cysS -19 05 ns ns ns CysteinetRNA ligase Zhanget al, 2003
Translation elongation
epmA ns ns ns -1.3 0.3 | factor aminoacetylase Vivijs et al, 2016
groL (1) ns ns ns 2.0 0.6
groL (2) ns ns ns 2.3 0.7 Goltermanret 4.,
groL (3) ns ns ns 2.7 0.7 | Chaperonin 2015
ileS ns ns 4.2 1.2 ns IsoleucinetRNA ligase Chalkeret al, 1994
Levequeet al,
lysS -1.8 0.2 ns ns 1.8 0.2 | LysinetRNA ligase 1990
RNA polymerase Sukhodolets & Jin,
rapA -1.6 05 ns ns 2.7 0.5 | associated protein 1998
rihA (1) ns ns 1.0 0.2 1.0 0.2
rihA (2) ns 227 29 ns ns Maodification of 23S rRNA | Kimuraet al, 2017
rimM ns ns ns -1.2 0.3 | Modification of 23S rRNA | Punekaiet al, 2012
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Table 4-61 Continued

Cardiff University

Kp-125 OPRE/O| Kp-125 4PRE/4| Kp-125 4PRE/O| Kp-125 4PRE/OPRE
log. FC log. FC log: FC log. FC
Gene name Mean SD Mean SD Mean SD Mean SD Associated function Reference
Tran scription, translation and post-translation modifications (continued
50S ribosomal protein L1
rplA ns ns ns -5.1 1.6 | synthesis Fuetal, 2013
Celesniket al,
rpsT ns ns ns -1.2 0.4 | 30S ribosomal subunit S2( 2007
Virulence-associated
Involved in Nishiyamaet al,
fimD 1.8 04 ns ns -1.9 0.4 | export/assembly offinbriae | 2008
Gamma
aminobutyraldehyde
dehydrogenase involved in Schneider &
prr ns 1.0 0.2 ns ns putrescine degradation Reitzer, 2012
virB4 ns ns ns 2.3 0.6 | Type IV secretion system | Durandet al, 2010
Other
Acetyl-coenzyme A
acs ns 194 3.9 ns ns synthetase Kumariet al,, 2000
Membrillo-
Aldehyde alcohol Hernandezt al,
adhE -14 04 ns ns 1.2 0.3 | dehydrogenase 2000
Adenosine monophosphat{ Morrison & Shain,
amn ns ns ns -1.1 0.1 | nucleosidase 2008
Involved in cellulose
bcsE ns ns 1.0 0.3 ]| synthesis Fanget al, 2014
Pierson &
bisC ns ns ns -5.7 1.5 Biotin sulfoxide reductase | Campbell, 1990
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Table 4-61 Continued

Kp-125 OPRE/O| Kp-125 4PRE/4| Kp-125 4PRE/O| Kp-125 4PREOPRE
log. FC log. FC log, FC logz. FC
Gene name Mean SD Mean SD Mean SD Mean SD Associated function Reference
Other (continueg
Blomqyvistet al,
budB ns 14 0.3 14 0.3 1.7 0.3 | Acetolactate synthase 1993
can ns ns ns 3.6 1.1 | Carbonic anhydrase Merlin et al,, 2003
Carbamoyl pbsphae Nyunoya & Lusty,
carB -1.3 0.2 ns ns 1.2 0.2 | synthetase 1983
crnA ns 1.7 0.5 ns 1.4 0.5 | Creatinine amidohydrolase Beuthet al, 2003
cynT ns ns ns 1.2 0.2 | Carbonic anhydrase Merlin et al, 2003
Ostrowskiet al,
cysl ns -24 0.6 21 0.6 ns Sulfite reductase 1989
dcp -105 2.0 ns ns 11.3 1.9 | Carboxypeptidase Henrichet al, 1993
Succinic semialdehyde Langendoriet al,
gabD 1.1 0.2 ns ns -1.1 0.2 | dehydrogenase 2010
Involved in aromati@amino | Koyanagiet al,
livF -1.1 0.3 ns ns ns acid accumulation 2004
Transcriptional regulator | Xavier & Bassler,
IsrK 74 2.1 ns ns ns involved in quorum sensin¢ 2005
Involved in methionine Weissbach & Brot,
metE -1.1 04 ns ns 1.6 0.4 | synthesis 1991
Mechanosensitive channel
msK -1.6 0.5 ns ns 1.3 0.5 involved in ion regulation | Li et d., 2002
Glucoserelated peptidase,
involved in entry into
mtfA ns ns ns -1.1 0.2 | stationary growth phase | Gohleret al, 2012
pdeB ns ns ns -1.2 0.3 | Phosphodiesterase Chaoet al, 2013
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Table 4-61 Continued
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Kp-125 OPRE/O

Kp-125 4PRE/4

Kp-125 4PRE/O

Kp-125 4PRE/OPRE

log. FC log. FC log: FC log. FC
Gene name Mean SD Mean SD Mean SD Mean SD Associated function Reference
Other (continueg
phnC ns ns ns 1.2 0.5 Jochimseret al,
phnM -1.2 0.3 ns ns 1.6 0.3 | Part of the Pho regulon, 2011; Santos
phnU ns ns ns -2.0 0.6 | global regulation Beneit, 2015
Phosphate acetyl
transferase involved in CastaneCerezoet
pta -15 05 ns ns 1.2 0.5 | acetate metabolism al., 2009
Involved in ironsulfur
sufB ns ns ns 1.0 0.3 | cluster synthesis Yudaet al, 2017
Involved in regulation of
proteasgroduction
tenA -1.2 04 ns ns 1.4 0.4 | (Bacillusspp.) Tomset al, 2005
Unknown / putative
UniProt
kpn78578 -19.6 4.9 ns ns 21.1 4.7 | Putative transport protein | (Y4047 _KLEP7
Uncharacterized, putative | FloresBautistaet
ybhD ns ns 15 04 1.8 0.5 | transcriptional regulator al., 2018
UniPrit
ybjX ns 1.3 0.2 ns ns Uncharacterized protein | (YBJX_ECOLI)
Uncharacterized, putative | Solomonet al,
ydcl ns ns 11 0.3 1.0 0.3 | transcriptional regulator 2014
Uncharacterized protein,
putative drug/metabolite | Santiviagoet al,
yddG ns 11 0.2 ns ns transporter 2002
UniProt
yddH ns 1.0 0.3 1.2 0.3 1.3 0.3 | Uncharacterized protein | (YDDH_ECOLI)
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Table 4-61 Continued

Kp-125 OPRE/O

Kp-125 4PRE/4

Kp-125 4PRE/O

Kp-125 4PRE/OPRE

log2 FC log> FC log, FC logz. FC
Gene name Mean SD Mean SD Mean SD Mean SD Associated function Reference
Unknown / putative (continued

Inner membrane prein De Lay & Cronan,

yejM -7.4 1.8 ns ns 6.8 1.8 | (unknown function) 2008
Uncharacterized, putative | FloresBautistaet

ViiR ns ns ns -2.3 0.7 | transcriptional regulator al., 2018

UniProt

yncG ns ns ns 1.1 0.3 | Uncharacterized protein | (YNCG_ECOLI)
Uncharacterized, putative | UniProt

yXxjC ns 1.2 0.3 ns ns transporterBacillusspp.) | (YXJC_BACSU)
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The comparison between thdferentialexpression profiles obtained for both Hp
and Kp-125 following a single exposure to either 2 qrgdmL CHX when compared to the
control condition (R2A only, ig/mL CHX)is presented ifigure4-8. Although a majority
of the genes of which the expression \aiered is present only in one isolate, some were
consistently upor downregulated consistently across bhasolates. Among them, efflux
related genes, such asrD andsmvA were found to be upregulated, as welphsM, a part
of the Pho regulon. Thexpression of two genes associated with DNA modificatiomg
(DNA polymerase) andyrA (DNA gyrase), was denregulated following CHX exposure
in both isolates, as well ahA (modification of 23S rRNA) anfimD (export and assembly
of fimbriae).A geneencoding an uncharacterized protgingA was found to be upregulated
following CHX exposure in Kl but dowregulated in Kgpl25.
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Cellular respiration / electron transfer: narU, nfsB

DNA modification and/or transfer: mukB

Efflux / transport: acrD, rbtT, smvA

Stress response: ofsA

Transcription, translation and post-translation modifications: /ysS
Other: cysI, phnM

Unknown / putative: ybhD

Kp-1 Kp-125
Upregulation Upregulation
29
(26%)
%) 1(1%)
'bgA rapA
24
(22%)
Kp-1 Kp-125

Downregulation Downregulation

DNA modification and/or transfer: dnaF, gyr4
Transcription, translation and post-translation modifications: r7hA

Virulence associated: fimD
Other: bisC

Figure 4-8. Differential expression patterns following a single exposure teither 2 or
4 eg/mL CHX compared to R2A onlyobtained for both Kp-1 and Kp-125.

Exposure to either 0 (R2A only), 2 opdg/mL CHX was performed at least in triplicate for
both isolates. Only genes for which the differential expression was statistically significant
(BenjaminHochberg adjusted p valup<0.05) and with at least 1 log fold-change are
considered for this diagram. The number of apdownregulated genes for each strain is
indicated in the corresponding section, with the associated percentage of thmtatat of

genes for which thexpression was altered indicated in brackets.
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4.4 Discussion

Exposure to sulnhibitory concentrations of CHX did not result in reduced
susceptibility to either CHX, BZC or different antibiotics including carbapenems,
cephalospans, ATM, aminoglycosides, TiIGand COL. However, for most antibiotics
(ATM, CIP, CAZ, FOX, AK and CN for Kdl; MEM, ETP, ATM, CIP, CAZ and FOX for
Kp-125), susceptibility testing was performed using the disc diffusion method, and the
inhibition diameters masured before exposure alngadorresponded to the lowest
measurable value {@m, corresponding to the disc diameters). As a consequence, it was not
always possible to assess a potential reduced susceptibility for these antibiotics after
exposure to CHXwhich could have biased oabservationsMoreover, although the disc
diffusion method has advantages, such as a reduced cost and an easy implementation,
especially for multiple drug testing as performed in this studies, its results are qualitative
(i.e. resistant, intermediate, sustibfe), as opposed to quantitative results obtained with
broth dilution methods, i.e. MIC valué¢Bickertet al, 1987; Relleet al, 2009. Indeedt
seems difficult toestablishcorrelations between inhibition zone diameters and MICs
(Dickert et al, 1987; Humphrie®t al, 2018; therefore,changes irinhibition diameters
might not indicate a change in MIGut would be able to show a switén susceptibility
category, e.g. from susceptible to resistdeller et al, 2009; Humphriet al, 2018.
Regarding colistin, xposure testepwiseincreasing CHX concentratiomss been reported
to lead to rduaed susceptibility to COL (which was not observed in this study) but without
any impact on BZC or other antibiotic MICs & pneumoniaesolates, and thought to be
linked to an enhanced efflux or mutations in specific genes related to codistgtane
(Wandet al, 2017; Hashenetal., 2019; Zhangt al, 2019. Such differences in the results
obtained could however be linked to the exposure method used, i.e. a single exposure to MIC
concentrations corresponch g t o h al $MIQ ihthis studygeesusdan adaptation
to stepwisancreasing CHX concentratismeaching up t@2-fold oftheor gani sm’ or i gi na
MIC in the abovementioned publication®No changen antibiotic susceptibility profile was

observe after longterm exposure to BZC iKlebsiellamichiganensigKim et al, 2018l).

Regarding virulence, exposure to CHX did not seem to have an effect on the
pathogenesis of Kf, but virulence increased with inaging CHX concentrations for
Kp-125. However, reexposure to 4ig/mL resulted in a decreased virulence when cmexgb
to the first exposure. Virulence has previously been reported to be reduced after prolonged
exposure to increasing CHX concentrationK.ipneumonia¢Wandet al, 2017%. InE. coli,

a prolonged exposure to BZC also led to a decrease in virulence usiGgrtieionella
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model Henly et al, 2019. Exposure to onidine, a compound relatéd CHX, did not
result inan increased virulende P. aeruginosaeither (Shephercet al, 2019. Kp-1 was
found to be more virulent than KI5, despite belonging to a ST less wideagdrthan the
“hirghs k’ ST 25 812%id parivdi. iTlishseegr however to be in accordance
with theliterature, where virulence in ST2B8 pneumoniaésolates is described as isolate

dependant but not more important than in other $el{erset al, 2015.

Both isolates possessed several large plasidigseumoniagsolates belonging to
ST258 appear to possess a pKpdke plasmid of approximatively 11, carrying the
blakrc gene, and the presence bése plasmids seemed to be related to the abiliyeske
isolates to persist and spread in the environmBtdti{erset al, 2015. A plasmid of
approximately 9'kb was detected for k@25 by S1 digestion followedy PFGE, which
could be compatible with the presence of a pKp@ke plasmid. Unfortunately, the WGS
data did not enable the construction of closed sequences corresponding to either th
chromosome or the plasmids present witkp-1 or Kp-125, with a coerage of less than
10% when compared to the published sequence of the chromosomi€. phaumoniae
ST258 isolate (GenBank access number: LAKK01000012.1).

We chose to perform a single exposure to CHX (with one repeated exposure
Kp-125 without increasig the CHX concentration), while most of the studies mentioned in
the following paragraphs based their observations following-teng and/or adaptation
with increasing concentrations of biocides, which might not reflectozalitions Soumet
et al, 2019. This difference inxposure protocol could explain some of the discrepancies
between the literature and the work performed in this study. Repeated exposure in R2A only
had a significant impaain various biolgical functions for Kpl25 including an overall
downregulation ofyenes involved in cellular respiration and electron transfaich was
not consistent with previous findings reporting increased expression of genes related to thes
functions inE. coli (Forbeset al, 2019. No change in the expression of efflietated
(except a decreased expressiosnmvA was observed after+exposure to ug/mL CHX.

Only two replicates were obtained for this condition {K3b+0PRE)which could bias the

analysis.

The expression ofjroL, encoding a chaperonin, was found to be upregulated
following CHX exposure. Chaperones interact with proteins at at@rstlational level to
ensure their correct folding. Overexpression of chapeeoneding genes, especiatiyolL,
has been previously shown to result in reduced susceptibility to aminoglycosides, as thest

antibiotics are known to promote translational misiegdGolterman et al, 2015.
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Association between upregulation gfoL. and reduced susceptibility to aminoglycosides
was however not observed in this study. Overproduction of chaperones was also found to be
related to stress response following exposure to increasingentrations of CHX in

P. aeruginosa(Hashemiet al, 2019. Similarly, the expression afyrA, encoding a DNA
gyrase, was found to be dowegulated following CHX exposure. Quinolones target the
DNA gyrase to exert their antimicrobial activity, and mutationgyirA or gyrB have been
previously reported to impair the effects of these antibiotds Cay et al, 2010;
Pourahmad Jaktaji & Mohiti, 2010; Sanckhéespedest al, 2015. However, changes in

CIP susceptibilig following CHX exposure could not be assessed as both isolates showed
important resistance to this antibiotic already. Regarding resistéo 3-lactams, no
significant change in expression was observed neithdddaip-1 (Kp-1) norblakec2 (Kp-
125);ampCwas found to be downregulated in Hponly after exposure to 4g/mL CHX.

No changes in susceptibility profiles to carbapenems, cephalosmorATM were observed

after CHX exposure, but both isolates already harboured important levels of resistance
towards these antibiotics. For polymyxins (including colistin, polymyxin E), increased MICs
have been reported following exposure to CHX or BE@,were mainly linked to mutations

in pmrB, ultimately resulting in a decrease of the net negative chardes ofiter membrane,
decreasing the affinity of thesmtibiotics Vandet al, 2017; Kimet al, 2018h). Neither
increase in colistin MIC nor decrease or changpnmB expression was observed in this

study.

For both isolates, exposure to subibitory concentrations of CHX (especially
4 ug/mL, corresponding to half their MIC) led to an increased expresdiefflux systems,
includingacrB or acrD, emrD (Kp-125 exposetb 2 ug/mL CHX only),mdtB mdtM, smvA
and, to some extensilA (Kp-125 after second exposure tqug/mL CHX only). No
statistically significant difference in the expressiongat genes f(hked to QAC efflux;
Abuzaidet al, 2012, or thecusefflux system (extruding copper and silvertega Morente
et al, 2013 was detected. AcrB, AcrD and MdtB are part of the RDN efflux pump family,
with AcrB and MdtB involved in efflux of a wlie range of antimicrobial compounds, and
AcrD harbouring a narrower spectrum, mainly restricted to aminoglycosises ét al,
2015. EmrD and SmvA are part of the MFS efflux pump family and have been reported to
expel amphipathiccompounds for EmrDand cationic compounds(including CHX,
octenidine, some QAQsamong several bacterial species suchKagpneumoniaeor
P. mirabilis for SmvA (Yin et al, 2006; Pellinget al, 2019; Wancet al, 2019. MdtM,
another merer of the MFS family, is thought to be involved in pH regulation and extrusion
of bile salts Holdsworth & Law, 2012; Let al, 2015. SilA, another member of the RND
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family, has been reported to mediate effldisibver ions in Granmegative bacteriadrtega
Morenteet al, 2013. Similarly to this work, upregulation of the expressiorswivAlinked

to the loss of its repressor Sm{Wandet al, 2017; Wancet al, 2019, or cepA(Zhanget
al., 2019 following exposure to increasing CHX concentrations.ipneumoniadas been
previously reportedand inP. mirabilis as well forsmvA(Pelling et al, 2019. Regarding
smvA in the highlighted studies, overexpressairsmvAwas directly linked to increased
CHX MICs in the Gramnegative organisms investigated Exposure to increasing
concentrations of BZC has also been reported to increase the expressioB afidacrF

in triclosanresistantK. pneumoniag(Gadeaet al, 20173, as well as inE.coli with
increased expression atrA, acrBandtolC (Bore et al, 2007; Moenet al, 20129 and
mdtED, mdtNOPandmdtM (Forbeset al, 2019. The expression ahexAor mexB(but not
smvA, part of the RND efflux pump family, was upregeld in P. aeruginosafollowing
adaptation to CHX or BZOMc Cayet al, 2010;Kim et al, 2018a; Hashenat al, 2019.
The equivalent efflux system icinetobacter baumannadeABC thought to be related to
CHX efflux, was also found to be upregulated following CHX exposure in this species
(Hassaret al, 2013. Interestinglyincreased expression of efflux purapcoding genes was
not linked to a reduced suscdijiity to CHX, BZC or any of the investigated antibiotics in

this work, as opposed to the abawentioned studies.

No change irexpression of outer membrane proteimcoding genes was detected in
this study, while this phenomenon has been reported folgpasposure to BZC or CHX in
several Granmegativebacteria Boreet al, 2007; Forbest al., 2019. However, a decreased
expression ofsmA of which the corresponding protein is known to be involved in the
prevention of misfolding of outer membrane protein mutaRtsefo et al, 2009, was

obsened.

The expression of global regulators, includingrea operon involved in mukdrug
resistance osoxRSnvolved in stress respondeyval & Lister, 2013, was not inpacted by
exposure to sumhibitory concentrations of CHX. These findings were similar to another
study performed iik. coli after longterm exposure to low (0.0002 to 0.0%Rof their MIC)

BZC concentraons (orbes et al, 2019. On the contrary, other reports measured an
increase in the expression of the global regulators following exposure to increasing
concentrations of antimicrobialB@reet al,, 2007;Buffet-Bataillon et al, 2012a; Curia@t

al., 2019.

Regarding virulenceelated genes, expression &6MmD, involved in fimbriae

assembly and exporlN(shiyamaet al, 2009, was found to be downregulated following
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CHX exposure, while enhanced expression of motiyated genesafter longterm
exposure to BZC has been previously reportdel ooli (Forbeset al, 2019. Fimbriae have
been Bown to be linked to virulence and pagienicity especially through enhanced
adhesion Jonsoret al, 2005. Putrescine and spermidine, two polyamines involved in the
stabilisation of the outer membrane, have been linked to virulenEmterobacteriaceae
(Jelsbaket al, 2019. Genes related to putrescine degradatparb@ndprr) were found to

be wregulated, andss involved in spermidine metabolism, was downregulated following
CHX exposure.These findings disagreed with an increase of spermidine biosynthesis
observed irP. aeruginosdollowing longterm exposure to BZXK{m et al, 20183. After
second exposure topg/mL CHX only,virB4, encoding a type IV secretion systeknown

to be involved in virulenceMoth et al, 2012, was foundo be upregulated when compared

to its expression following to second exposurd&RA only (Oug/mL CHX). The overall
response following CHX exposure suggested either an unchanged or a decreased virulence
for both isolates. This was in accordance with ibgults observed when performing the

virulence assay using. mellonellalarvae.

Overall, everthough some changes were observed at the molecular level with the
RNA-sequencing data, this did not have an impact on the phenotypical level, i.e. no changes
in antimicrobial susceptibility or virulence were obtained. It seems important to highlight
the fact that increased expression, i.e. increased amount of MRNA obtained for a given gene,
does not correlate with an increase in the corresponding protein poyd{Ritardet al,

2012; Pellinget al, 2019. Indeal, several reglation levels are present between both stages,
including posttranscriptional regulatiomvith mRNA degradationsmall RNAs or RNA
binding proteins among othergArraiano, 1993; Van Asschet al, 2015); translational
regulationwith for example differences in ribosome occupancy and density observed across
a global mRNA populationRjcardet al, 2012; and postranslational regulatigne.g.
protein phosphorylation3rangeasset al, 2015; Macelet al, 2019. It is then possibléo
hypothesizghat the alterations in gene expression observed in this study did not result in an
increased or decreas@roduction of the correspdimg proteins, which could explain the
absence of phenotypical changes for both investigatedtesofaomplementary assays
would have beenecessaryo understand better the role and involvement of the key genes
identified by RNAsequencing in response@X exposurein order to obtain overlapping
information between the different datasd@sre et al, 2007; Forbegt al, 2019. Among

them, quantitativereattime PCR targetinga smaller amount of genes blgiss time
consuming and morgensitivethan RNAsequencinggcan be useth order to confirm the

observations made previougBoreet al, 2007; Costat al, 2013; inactivation of some of
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these genes by genemtid deletion mutantgould be of interesin order to assess their
direct impact on MIC for examplas performed by Wand and colleaguesfovAandsmvR
(Wandet al, 2019; proteomic approa@s where changes in the protein profiles following
antimicrobial exposureanbe assessed, would be able to provide the missing link between
alterations in the transcriptome and tieservedghenotype Bore et al, 2007; Hashemet

al., 2019.

4.5 Conclusion

In conclwsion, exposure to stbhibitory concentrations of CHX led to an altered
expression profile of several genes, including the efflux penmgoding geneacrB and
acrDinvolved in antibiotic resistance, asthvA involved in CHX efflux, which were fand
to beupregulated following a single CHX exposure. However, the effects observed at the
molecular level did not engender phenotypical changes, i.e. decreased susceptibility to othe

antimicrobials or increased virulence.
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Impact of commonly usedntimicrobial biocides on resistance and cn@ssstance in
carbapenemasaroducing Enterobacteriaceae

Chapter 5. General discussion

Susceptibility pofiles to biocides and antibiotics have been established®10
carbapenemasaroducingE. coli andK. pneumoniaelinical isolates in this study. Thanks
to standard protocols and available breakpoints for antibiotic susceptibility testing
(following BSAC’ s r e c o mme n sty: Andrems, 2000y BSAR,i2@)5it was
possible to categorise these isolates as rdulty resistant. However, such established
guidelines do not exigor biocides making it difficulto compare MICs with the literature.
Indeed, MIC values can be impacted by a wide range of factors, including the method (agat
dilution, broth macreor micro-dilution protocol), the media and its composition in nutrients
and especially cations (e.g. CANB is recommended for antibiotic susceptibility testing
using broth microdilution protocol by EUCAST and CLSI, and contains increased
concentrations of Ca and Mdg*; CLSI, 2012; EUCAST, 2019¢ ard, for broth
microdilution, the material the microtitre plates are made of and the nature (if any) of the
coating Maillard et al, 2013; Wessels & Ingmer, 2013; Boekal, 2018. The MIC values
obtained within his study were within the same erdof magnitude as MICs described in
the literature for these organisms while being on the lower side of the randele2-10
page51 andTable2-11 page53), except for CS where MICs measured in this study were
found to be up to 1,500 times lower than the ones reportéticioli (lowest CS MIC
measured in this study: 7.8/mL; highest CS MIC reported ifiable2-11: 12,500ug/mL
by Biagi et al, 2014. The broth used in our study, R2A, contains less nutrients (including
c&* and M¢") than the CAMHB used by Biagi and colleagues, whimhi@ partly explain

the differencesloserved.

For BZC, CHX and CSK. pneumoniadsolates seemed to harbour higher MIC
values thark. coli isolates, which was consistent with previous repdttdjélg et al, 2002;
GuetRevilletet al, 2012. It hasbeen previously highlighted th&t coli might lack the gene
smvA encoding an efflux pump of particular importanc&irpneumoniaend involved in
extrusion of cationic compounds, including CHXdndet al, 2019. In thisstudy, exposure
to subrinhibitory concentrations of CHX for twid. pneumoniae&lso led to an upregulation
of smvA which could play a role in the défence observed in CHX susceptibility between

K. pneumonia@andE. coli.

For each biocide, the MIC distribution of bdth pneumoniaeandE. coli isolates
was not affected by the type of carbapenemase (NDM, VIM, @Z8Hke or KPC)
produced, which disagrdevith a previous study where differences in MICs were linked to

Pagel67



Hélene Heérault Cardiff University 2019

the ESBLs produced i&. coli (Deuset al, 2017 . When Spearman’s <correl
determined, different correlations between antibiotic aémetide MICs were obtained

according to the type of carbapenemase produced in this sspaygialy fork. pneumoniae

where mostorrelations were obtained for ViVand OXA48-like-producers. Following

exposure to sumhibitory concentrations of CHX, however, no differences in antimicrobial

susceptibility profiles were observed for neither-KgNDM-producer) nor Kgl25 (KPG

produer). Moreover, no significant difference in the expressiorblafpm-1 (Kp-1) or

blakpc2 (Kp-125) was observed following exposure to CHX. Overall, we did not observe

different effects according to the type of carbagraase produced in tike pneumoniaand

E. coli populations studied.

The correlation study performed in this work unveiled links between susceptibility
to CHX and different antibiotics (amikacin, aztreonam, ciprofloxacin, tigecycline,
minocycline) especly when considering the overalK. pnaumoniae isolates. We
formulated the hypothesis of a possible involvement of efflux pumps, aresistance
mechanism, especially as efflux has been previously described to be involved in reduced
susceptibility to gdrofloxacin andtetracyclines Ball et al, 1980; Poole, 2007 Another
crossresistance mechanism especially described when cationic compounds like
polymyxins, CHX and BZC are involved, is a reduced membrane permealihtyet al,
2018b; Hashen®t al, 2019. Addition of CCCP, acting as an efflux pump inhibitor through
disruption of the associated protorotive force Marquez, 2005; Alaet al, 2018, reduced
significantly the CHX MIC for most isolates, which was in accorsawith previous reports
(Abuzaid et al, 2012; Wancet al, 2017. On the other hand, additiai EDTA, known to
disturb the membrane and enhance perifisapPelletieret al, 1994; Saweet al, 1997,

did not potentiate the activity of CHX at the tested concentration in this collecisniats,

as previously observedR(ssell, 198h Together these results seemed to favour the
hypothesis of the involvement of efflux pumps rather than altered membrane permeability
as a common resistance able to counteract thetefftdtcCHX and several unrelated
antibiotics in CPE. Growth pattern anaf/sevealed a significant increase in lag phase
duration forK. pneumoniagsolates when growing in R2A containing a CHX concentration
corresponding to half their MIC. An extended fdtase has been previously reported in both

E. coli andK. pneumoniadollowing exposure to sulmhibitory concentrations of triclosan

and associated with an unknown mechanism involving a high ficesgsCuriaoet al,

2015. Similar observations have been madP.iaeruginosaollowing longterm exposure

to BZC, where changes in growth patterns were associated with a general decrease in global
metabolism Kim et al, 201&). Efflux pumps have been showm be associated with an
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important fitness cost in bacteria, rendering them unlikely to be selected at very low
antimicrobial concentrationsAfidersson & Hughes, 2012 Transcriptomic analysis
following exposure to suimhibitory concentrations of CHX in twl. pneumoniaésolates
indicated a global upregulation of genes involved in antimicrobial efflux, incluaing
involved in the extrusion of various antibiotics and biocides ar®, expellingmainly
aminoglycosidesAneset al, 2019, andsmvA described as a cationic compounds efflux
pump especially relevant for extrusion of CHXKnpneumoniagdWandet al, 2019. On

the other hand, edradicting expression profilesere observed for genes involved in cell
wall synthesis and maintenance, sometimes beirgpugownregulatedfollowing CHX
exposure. While it was not possible to draw conclusions regarding the involvement of altered
membrae permeability as a common reéaisce mechanism between antibiotics and CHX,
this work showed that upregulation of efflux pwmpcoding genes was part of the response
observed following CHX exposure in CPHowever, it seems of importance to highlight
thefact that a cooperation betwealtered permeability and increased influx is possible and
act synergistically to confer a reduced susceptibility to some antimicrobials; in
K. pneumoniagbut also inP. mirabilis, an increased expression shvAwas obsered
following CHX exposure, as wiehs changes in the LPS structure, reducing the negative net
charges on the membrane and consequently decreasing the affinity of CHX, a cationic
biocide, for it Pellinget al, 2019 Wandet al, 2019.

We chose to investigate the effects of exposure to CHX ctratiems corresponding
to half or a quarter of therganisms MIC. Indeed, tese were the concentrations at which
most effects were observed on growth rates and lag pheasigots at the time of the design
of the following set of experiments (i.e. evaloatof the phenotypical and molecular effects
following exposure to sumhibitory concentrations of CHX). These concentrations were
within the ‘trawitiasesndefsakdcbyv&uWwi bdog
the MIC measured for the istdaharbouring reduced susceptibility (upper limit) and the one
measured for the reference, suscepiMiCb | e
sel ect i v errespondird) toewer aoncentrations comprised between the MIC of the
reference strai (upper limit) and the concentration up to which the reference strain is able
to outcompete the growth of the less susceptible strain (lower limit, corresponding to the
MSC), as shown ifigure 3-8 pagelll (Gullberget al, 2011). In our study, MSCs could
only be defined for a minority ¢f. pneumoniaésolates (and corresponded tpdmL CHX
in these cases), and CHX MICs measured for the clinical isolates aikd pheumoniae
ATCC 13883 reference strain were within the same magnitude order (CHX MICs ranged
from 2-16 ug/mL for the clinical isolates, and CHX MIC measured for the eafeg strain
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ranged from 22 pg/mL). It has however been shown that ldagn exposure to
concentrations as little as ones corresponding to 0.0002 and%.062f t he or gani sm’
MIC was enough to alter the transcriptomic profiléircoli, including forthe upregulation

of efflux-related gened~prbeset al, 2019. Moreover, we investigated the effects following

a single (or once repeated for HR@5) exposte to CHX. While adaptation protocols
involving exposureto increasing concentrations of antimicrobials are widddgcribed
(Wandet al, 2017; Henlyet al, 2019; Zhangt al, 2019, they might not specifically reflect

real conditions of exposure e.g. in the healtb@rvironment$oumetet al, 2012; Forbes

et al, 2019. However, the increased effects observed in these studies compared to the
present work could potentially be linked to the discrepancies in the protocawédll
(adaptation to increasing concentrationgiafimicrobials over a long period of timersus

single to dual exposure to constant CHX concentration in this study).

Mechanisms leading to reduced susceptibility to antimicrobials can appear through
mutations but also resistance determinadquisition, including by HGT Tezel &
Pavlostathis, 200)5 HGT can occur through three difent events: transformation,
corresponding to the ability of bacteria to acquire naked DNA from the environment;
transduction, corresponding of the transfer of genetic material between two bacterial cells
through a baetriophage; conjugation, corresporgliio an exchange of DNA (e.g. plasmids)
mediated by celto-cell contactvia a pilusproducedby the donor bacteridB(akely, 2015;

Sun, 2018 No measuremermf plasmid transferates was perfoned in our study. Indeed,

both Kp-1 and Kp125 possessed several, large plasmids of unknown sequences, and both
harboured resistant phenotypes towards a wide range of antibiotics, limiting the possibilities
for antibiotic selection followig conjugation. e results obtained from the RNA
sequencing seemed contradictory regarding horizontal gene transfer. No significant changes
were observed in the expression of genes involved in plasmid transfer-forHqowever,

for Kp-125, after exposureéo 4ug/mL CHX, traH, involved in the formation of a
conjugative pilus Arutyunovet al, 2010, was found to be upregulated, as welhashA
involved in plasmid transfer during conjugatidtefiderson & Meyer, 19990n the other
hand,intB, andxerC, two recombinases involved in si#pecific recombination, anecC,

involved in homologous recombinatioMyers & Stahl, 1994; Cornett al, 1997; Hochhut

et al, 2006; Blakely, 2015 were downregulated following CHX exposure. These
conflicting results did not enable us to identify a trend regarding altered conjugation rates
following exposure to summhibitory concentrations of CHX inK. pneumoniag
phenotypical assessment of the impaabqiosure to sumhibitory concentrations of CHX

on HGT would have been necessary to conclude. Indeed, Jutkina and colleagues reported an
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increase in bacterial conjugation rates following exposure to tetracycline concentrations
equivalent to 1/150 of thmicro-o r g a n MIG @utksnaet al, 2016 and to triclosan (a
widely used biocide) and CHX conceations equivalent to 1/20 and 1/200 of the micro
organi sm’ s MlJGkinaet &.,2018, iding arte. toly rec{pient strain. These
findings highlighted the risk of transmissioh resistance determinants between bacteria
under selective pressure applied by both antibiotics and biocides, which could enhance the
spread of multidrug resistant bacteria, especially within healthcare settings.

In this study, we investigated the effeofeexposure to CHX in planktonic bacteria.
Biofilms, corresponding to bacterial communities attached onto a surface and living within
an extracellular matrix (containing a wide range of substances including lipids,
polysaccharides, proteins) represent e the prevailing lifestyle for bacteriaridsay &
von Holy, 2006; Hobleyet al, 2015. Biofilm formation follows the attachment and
multiplication of bacterial cells onto a surface, and is especially relevant in healthcare
settings Donlan, 2001; Lindsay & von Holy, 20Rdndeed, biofiims have been preusly
associated with medical devices such as endoscopes and probases,(2001; Vickery
et al., 2013 , but also with hospital surfaces
involved in healthcarasso@ted infections l(edwochet al, 2018. Bacteria living within
biofilms have been shown to be less susceptible to antimicrobials through several
mechanisms, including protection from the extracellular matrixn@ctis a barrier and
impacting the penetram and/or stability of the antimicrobial agent, a reduced growth rate,
especially for bacteria at the bottom of the biofilm structure (linked to a gradient in oxygen
and nutrients from the surface to the bottomthe structure), impairing the effects of
antimicrobials acting on active metabolism and/or cell division, and enhanced exchanges of
DNA molecules including plasmids containing resistance determinants between the different
bacteria present within the bitrfi (Donlan, 2001; Lindsay & von Holy, 2006; Bridiet al,

2011; Stewart, 20)5An enhanced biofilm formation has been reported following exposure
to CHX inK. pneumoniad€Forbeset al, 2014 and after adaption to BZC irE. coli (Henly
et al, 2019. The effects of low concentrations on biocides on biofilm formation and

bacterial communities living within should consequentty be overlooked.

Overall, biocide MICs meaired in this study were much lower thanuse
concentrations found in commercialogucts, as highlighted ifable 2-3 (page 25).
Moreover, expsureto subinhibitory concentrationsf CHX did not resulin an increase in
MIC for neither CHX nor BZC, both cationic compounds, despite an upregulation of the

expression ofsmvAfollowing exposure (8to 11-fold change when compared to growth in
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R2A only). On the contrary, following adaptatitsam 4 to 128ug/mL CHX, the expression

of smvAhas been shown to be upregulated at up tmiDin K. pneumoniaghighlighting

its role in bacterial survival in the presence of hecide (Vandet al, 2019. The difference

in the magnitude of the uprelgtion observed could maybe be linked to the protocol
(adaptatiorversussingle exposure), as highlightedamprevious paragraph. Exposure to-sub
inhibitory concentrations d@HX did not result in reduced susceptibility to antibioticthis

study. Athough it was not possible to evaluate changes in susceptibility profiles for some
antibiotics including ciprofixacin due to high level of resistance towards these compounds
before exposuteincluding other isolates harbouring lower antibiotic MICs in thelg
would have helped identifying a general trend in antibiotic susceptibility profile following
CHX exposureMoreover, for all the tested antibiotics but tigecycline and colistin, the disc
diffusion method was used for its easiness to implement whesstigating several
antibiotics but few isolates; this technique only provides quantitative reshich do nd
correlate with MIC values obtained withoth dilution protoco(Dickertet al, 1987; Reller

et al, 2009; Humphriest al, 201§. In several studiesoweverareduced susceptibilitio
colistin especially was observed following CHX exposur&.ipneumoniagWandet al,

2017; Hashemet al, 2019; Zhangpt al, 2019. The increased expression of effitetated
genes observed at the molecular level, includicr@ andacrD involvedin antibiotic efflux,

did not translate at the phenotypic level in our study, as similarly obserizedoh exposed

to low concetrations of BZC Forbeset al, 2019. However, it seems important to keep in
mind that alteratiogin gene expression profiles, i.e. changes in the corresponding amount
of MRNA, does not always correlate witharges in protein production, as several levels of
regulations are involved between mRNA synthesis and the production of the corresponding
functional protein Ricardet al, 2012; Pellinget al, 2019. Moreover, patbgenicity,
although increased following the first exposure to CHX in-1%, was found to be
decreased towing the second exposure, and virulence in-Kpvas not affected by
exposure to CHX. Taken together, these results would suggest that, despitEcadapt
CHX seemed to be ongoing at the transcriptomic level, phenotypical changes, if any, were
not clinically relevant, i.e. did not affect susceptibility nor pathogenicity and, consequently,
possibilities of treatment of infection due to these orgasmisfhe clinical relevance of
common mechanisms between reduced susceptibility to biocides and antibéstibeen
widely discussed within the scientific community and does not seem to reach a consensus
(Maillard et al., 2013; Oggioniet al, 2013;Harbarthet al, 2014; Kampf, 2016; Kampf,
2019. Intheabsence o& standardised methdd assessusceptibility to biocides and their

potential impact on cselection (ceresistace, crosgesistance, coegulation) mehanisms
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(SCENIHR, 2009; SCENIHR, 20)0precautn principles should be appli¢d limit the

current overuse and misusf biocides.

Taking this work forward, making a parallel between planktgnamving and
biofilm-growing bacteria might have been of relevance, as biofiims represent the
predominant form of bacterial life, as highligd earlier. The determination of mmm
biofilm eradication concentrations (MBE®aillard et al, 2013 and the assessment of
changes in MBECs following antimicrobial exposweuld have brought insight in that
regard(Henly et al, 2019. Moreover, after establishing baseline susceptibility data for the
210 isolates, we chose to pursue further experimental work with CHX only; despite its
clinical relevance and the fact that mostretations between biocide amdtibiotic MICs
were obtained with CHX, BZC was also a good candida&xeral studies have reported
changes in transcriptomic profiles and/or antibiotic susceptibility profiles following BZC
exposure Kim et al, 2018a; Forbegt al, 2019; Henlyet al, 2019; therefore including
BZC in our studymight have added additional information to thereant knowledge
Regarding our transcriptomic data, confirmation of the changes observed with the RNA
sequencing by qumitative realtime PCR and/or using a proteomic approach might have
enabled us to draw more robust conclusions and to explain the disciep observed
between the molecular and phenotypical levélslling et al, 2019. Furthermore, the
addition of experiments assessing the functional consequences of CHX exposure, such a
uptake/extrusiorstudies enabling the visualisation of direct consequences on permeability
or efflux (Gnanadhast al, 2013; Srinivasaet al, 2014 or horizontal gene trafer rate
measurementsl(tkinaet al, 2016; Jutkinat al, 2018 would also have strengthened our
position regarding the impact of exposuo subinhibitory concentrations of CHX in CRE
Finally, it would have been interesting to expand this part of our work, i.e. the investigation
of transcriptomic and phenotypic changes following CHX exposure, by including other
isolates. Indeed, othetrains belonging to different STs and/or harbogriower antibiotic
MICs might have highlighted other alterations
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